MISSOURI

S&l

Library and

Learning Resources Scholars' Mine
Doctoral Dissertations Student Theses and Dissertations
Spring 2012

Dual active bridge converters in solid state transformers

Hengsi Qin

Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations

b Part of the Electrical and Computer Engineering Commons
Department: Electrical and Computer Engineering

Recommended Citation

Qin, Hengsi, "Dual active bridge converters in solid state transformers" (2012). Doctoral Dissertations.
1914,

https://scholarsmine.mst.edu/doctoral_dissertations/1914

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.


https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/doctoral_dissertations
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/doctoral_dissertations?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F1914&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F1914&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/doctoral_dissertations/1914?utm_source=scholarsmine.mst.edu%2Fdoctoral_dissertations%2F1914&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

DUAL ACTIVE BRIDGE CONVERTERS IN SOLID STATE TRANSFORMERS

by

HENGSI QIN

A DISSERTATION
Presented to the Faculty of the Graduate School of the
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY

In Partial Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY
n

ELECTRICAL ENGINEERING

2012

Approved
Dr. Jonathan W. Kimball, Advisor
Dr. Mariesa L. Crow
Dr. Mehdi Ferdowsi
Dr. Badrul Chowdhury
Dr. Bruce M. McMillin



(© 2012
Hengsi Qin
All Rights Reserved



1l

ABSTRACT

This dissertation presents a comprehensive study of Dual Active Bridge (DAB)
converters for Solid State Transformers (SSTs).

The first contribution is to propose an ac-ac DAB converter as a single stage
SST. The proposed converter topology consists of two active H-bridges and one high-
frequency transformer. Output voltage can be regulated when input voltage changes
by phase shift modulation. Power is transferred from the leading bridge to the lag-
ging bridge. It analyzes the steady-state operation and the range of zero-voltage
switching. It develops a switch commutation scheme for the ac-ac DAB converters.
Simulation and experiment results of a scaled down prototype are provided to verify
the theoretical analysis.

The second contribution is to develop a full-order continuous-time average model
for de-dc DAB converters. The transformer current in DAB converter is purely ac,
making continuous-time modeling difficult. Instead, the proposed approach uses the
dc terms and 1st order terms of transformer current and capacitor voltage as state
variables. Singular perturbation analysis is performed to find the sufficient conditions
to separate the dynamics of transformer current and capacitor voltage. Experimental
results confirm that the proposed model predicts the small-signal frequency response
more accurately.

The third contribution addresses the controller design of a dc-dc DAB converter
when driving a single-phase dc-ac inverter. It studies the effect of 120 Hz current
generated by the single-phase inverter. The limitation of PI-controller is investigated.
Two methods are proposed to reduce the voltage ripple at the output voltage of DAB
converter. The first method helps the feedback loop with feedforward from inverter,
while the second one adds an additional resonance controller to the feedback loop.
Theoretical analysis, simulation and experiment results are provided to verify the

effectiveness of the proposed methods.



v

ACKNOWLEDGMENT

I would like to thank Dr. Jonathan W. Kimball, my adviser and the chairman of
my doctoral committee. The present work would not have been complete without his
help. His insights and advice were instrumental in the formation of this dissertation.

I would also like to thank the remainder of my doctoral committee. Dr. Mariesa
L. Crow and Dr. Badrul Chowdhury provided useful power systems background and
perspective for the present work. Dr. Mehdi Ferdowsi has provided insightful help
on modeling of power converters. Dr. Bruce M. McMillin provided a useful outside
perspective.

Most of my doctoral research was supported by the ERC Program of the Na-
tional Science Foundation under Award Number EEC-08212121. I would also like to
thank the faculties and colleagues at the FREEDM Center.

I thank my family for all of their support and encouragement. My mother has
always been a source of help, support, and encouragement. My father, for a short 16
years, was my role model, mentor, and friend.

Finally, I would like to thank my wife, Jun, for her constant love and support.



TABLE OF CONTENTS

Page

AB S T R AC T iii

ACKNOWLEDGMENT ... e iv

LIST OF ILLUSTRATIONS .. e vii

LIST OF TABLES ... X
SECTION

1. INTRODUCGTION ..t 1

1.1. BACKGROUND . .. 2

1.1.1. Smart Grid and the FREEDM System ............................ 2

1.1.2. Solid State Transformers .............cccoiiiiiiiiiiiiiiii. 3

1.1.3. Dual Active Bridge (DAB) Converters ...............ccooevvie... 5

1.2. LITERATURE REVIEW . ... o 7

1.2.1. Analysis and Applications of DAB Converters.................... 7

1.2.2. Modeling of Power Converters ..............ccooviiiiiiiiiinaeean.. 9

1.2.3. Control of Power Converters ..............ocoiiiiiiiniiiinneian.. 11

1.3. WORK SUMMARY ... 13

2. DUAL ACTIVE BRIDGE CONVERTERS. ... 16

2.1. CIRCUIT CONFIGURATION ...t 16

2.2. STEADY STATE ANALYSIS ... 19

2.2.1. Steady-State Model of DC-DC DAB Converters ................. 19

2.2.2. Steady-State Model for AC-AC DAB Converters................. 22

2.3. SOFT SWITCHING ANALYSIS. ..o 23

2.4. LOSS EVALUATION ... 25

2.4.1. Conduction LoSS ......coviiiii e 25

2.4.2. Switching LosS ... ..o 27

2.4.3. Copper LoSs ...t 28

2.4.4. COre LOSS oot 28

2.5. SWITCH COMMUTATION SCHEMES ..., 29

2.6. SIMULATION RESULTS ... 32

2.7. HARDWARE DESIGN ... o 32

2.8. EXPERIMENT RESULTS ... e 36

2.9. CONCLUSIONS .o 41



vi

3. GENERALIZED MODELING OF DAB CONVERTERS .................... 43
3.1. DAB DC-DC CONVERTERS . ... 44
3.2. GENERALIZED MODEL OF DAB CONVERTERS ................... 45
3.3. SMALL-SIGNAL AVERAGE MODEL ..., 50
3.4. SINGULAR PERTURBATION ANALYSIS ..o 52
3.5. EFFECT OF CAPACITOR EQUIVALENT SERIES RESISTANCE.. 54
3.6. SIMULATION AND EXPERIMENT RESULTS .................oo. 56
3.7. CONCLUSION S . 60

4. CONTROL OF DAB CONVERTERS DRIVING INVERTERS ............. 62
4.1. SYSTEM CONFIGURATION AND APPROXIMATION .............. 63
4.2. MODEL ANALYSIS .o 66
4.3. TWO PROPOSED SOLUTIONS ... .o 71

4.3.1. Method 1: PI Plus Feedforward Control .......................... 72
4.3.2. Method 2: PI-R Control ... 73
4.3.3. Implementation in Digital Processor........................ ... .. 76
4.4. SIMULATION AND EXPERIMENTAL RESULTS ..................... 78
4.5, SUMMARY ..o 83

5. SUMMARY AND CONCLUSIONS ... e 85

5.1. FUTURE WORK ... 86
BIBLIOGRAPHY ..o 89



Figure

1.1
1.2
1.3
14
2.1
2.2
2.3
24
2.5
2.6
2.7

2.8

2.9
2.10
2.11

2.12

2.13

Vil

LIST OF ILLUSTRATIONS

Page
Configuration of SST1 ... o 5
Configuration of SST2 ... .. 5
Configuration of SST3 ... .. 6
Configuration of SST4 ... o 6
DAB converter schematic ........ ... 17
DAB converter schematic ............oooiiiiii i 18
Operation Modes .........oooiiiii e 18
Switch commutation transients........... ... 23
Soft switching analysis. ....... ... 26
Switch commutation from S1to S2 ........ ... 30
Simulation Waveforms. Upper line: primary side transformer voltage
(V), middle line: secondary side transformer voltage (V), lower line:
transformer current (A) ... 33

Simulation results. For waveforms in (a), upper trace is input voltage
(V) and lower trace is output voltage (V). For waveforms in (b), upper
trace is primary side transformer voltage (V), middle trace is secondary
side transformer voltage (V), and lower trace is transformer current (A). . 34

Hardware diagrami....... ..o i 36
Experimental Prototype ...... ..o 37

Input and Ouput Waveforms. From top, v; (250 V/div), i; (2 A/div), v,
(250 V/div), dp (2 A/div), 4 I8/dIV. oo oot 38

Switch transient experiment results. For (a), from top, Vs (10V/div),
Vas (100V/div), Ve (10V/div), Vi (100V/div), 400 ns/div. For (b),
from top, Vs (10V/div), Vis (100V/div), Vs (10V/div), Iy (1A/div), 400
ns/div. For (c), from top, Vs (10V/div), Vys (100V/div), Vs (10V/div),
Vis (100V /div), 400 ns/div. For (d), from top, Vs (10V/div), I4 (2A/div),
Vs (10V/div), Viy (100V/div), 400 18/diV. ..oeeeeeeeeeeeeeeeee 39

Transformer waveforms. From top, v, (250 V/div), ve. (250 V/div),
s (2 AJdiV), 200 US/AIV. +ooee e 40



2.14

2.15
2.16
3.1
3.2
3.3
3.4
3.5

3.6

3.7

4.1
4.2
4.3
4.4
4.5

4.6

4.7
4.8
4.9
4.10

viil

Soft-switching range under a RL load. From top, i, (2 A/div), v, (100

V/div), i, (2 A/div), 4 ms/div. ... 40
Measured output voltages at different input voltages........................ 41
Calculated and measured power efficiency........................ 41
DAB converter schematic ... 44
Simplified DAB converter schematic ..., 45
Experimental Prototype of DC-DC DAB Converter......................... 56
Diagram to measure control-to-output transfer function .................... 58

Without ESR. Calculated and measured control-to-output gain. Dashed
line: proposed full-order continuous-time model; solid line: reduced-order
continuous-time model; dash-dot line: full-order discrete-time model;
crosses: results from detailed switching simulation; and circles: results
from hardware measurement. All gains are measured in dB. ............... 59

With ESR. Calculated and measured control-to-output gain. Dashed
line: proposed full-order continuous-time model; solid line: reduced-order
continuous-time model; dash-dot line: full-order discrete-time model;
crosses: results from detailed switching simulation; and circles: results
from hardware measurement. All gains are measured in dB. ............... 60

Duty ratio step change of the designed DAB converter, Output voltage

(V) 61
Circuit Configuration of Multi-stage SSTs ..., 64
Conventional Power Flow of Multi-stage SSTs...................o . 64
Novel Power Flow of Multi-stage SSTS ..o 64
Simplified schematic of a DAB converter driving an inverter ............... 66

Variation of DAB Control-to-Output Transfer Function caused by In-

verter (Vertical line marks 120 Hz)...........oooii 69
Bode Plot of DAB Control-to-Output Transfer Function caused by Dif-

ferent Parameters (Vertical line marks 120 Hz). ..., 70
Small-Signal Schematic of Closed-loop Controlled DAB Converter. ........ 71
Diagram of Pl-only control ......... ... .. 71
Bode Plot of Pl-only Method (Vertical line marks 120 Hz). ................ 72

Bode Plot of PI-only Method with higher gain (Vertical line marks 120 Hz). 72



4.11
4.12
4.13
4.14
4.15

4.16

4.17
4.18

4.19

5.1
5.2

1X

Diagram of PI plus Feedforward control................... ... ... .. 73
Diagram of PI-R control ........ ... ... 74
Bode Plot of PI-R Method (Vertical line marks 120 Hz). ................... 76
Output Impedance with Pl-only control (Vertical line marks 120 Hz). .... 77
Output Impedance with PI-R control (Vertical line marks 120 Hz). ....... 7

Simulation Results. From top to bottom: output voltage of DAB con-
verter (V), duty ratio of DAB converter, output power of inverter (W) ... 80

Experimental Hardware Diagram ...................o i, 81
Picture of Experimental Hardware................. ... i 82

Experimental Results. From top to bottom: Input Voltage of DAB Con-
verter (V), Output Voltage of DAB Converter (V), Output Voltage of
Inverter (V), Transformer Current of DAB Converter (A). 4ms/div........ 83

Single-phase 10 kVA 7.2 kV/120 V SST configuration ...................... 87
Three-phase 30 kVA 7.2 kV/120 V SST configuration ...................... 88



Table
2.1
2.2
2.3
3.1
4.1
4.2
4.3
4.4
4.5

LIST OF TABLES

Page
Current-based Commutation ...............oooiiiiiiiiiiiiii i, 30
Circuit Parameters ... ... ... 35
Transformer Design ...... ... 35
Circuit Parameters ..... ... 57
Circuit Parameters of DAB Converter................oooiiiiiiiiiii ... 68
Transformer Design of DAB Converter ..., 68
Circuit Parameters of Inverter................ o 68
Parameters of Controllers. ........ ..o 79
Parameters of Digital Filters ........ ... 79



1. INTRODUCTION

In order to reduce the dependence on non-renewable fossil fuel and the amount
of greenhouse gas emission, the demand for higher penetration of renewable energy
has been growing rapidly during the last two decades. The major sources of renew-
able energy include wind energy, photovoltaic energy, hydrogen fuel cell energy, tidal
energy, and geothermal energy. Most of these energy resources are utilized in the
form of electric energy. Because of the unpredictable, and distributed nature of most
renewable energy resources, the higher penetration of renewable energy will bring
some challenges to the existing electric power system.

The existing electric power distribution system needs to change in order to in-
corporate more renewable energy resources. The conventional power system includes
large, centralized power generators (by burning gas, oil, or coal or by hydra-power),
where power generation is usually predictable and schedulable. Electric power is pro-
vided to consumers by passive transformers, transmission lines, and substations. The
flow of electric power is uni-directional, from generators to consumers. However, this
situation is about to change. Firstly, renewable power sources are distributed and
might be located near the end consumers (such as roof-mounted solar panels or a fuel
cell station near a residential community). Furthermore, the direction of power flow
is not always in one direction any more. Consumers are able to sell electric energy
back to the grid. Secondly, renewable power sources are usually not as schedulable
and predictable as centralized power generators are. Therefore, it is necessary and
preferable to install electric energy storage at the distribution level. Energy storage
devices can be in the forms of battery stations or the on-board batteries of plug-in
hybrid vehicles.

The trends of power generation at the distribution level, bi-directional power
flow, and energy storage are analogous to the transition from TV broadcasting to the
computer network. In computer networks users are able to create, store, and exchange
information. Similarly, the next generation of power grid is sometimes referred as the
“Energy Internet” [1], which includes energy router, intelligent fault interrupting de-

vice, energy storage device, and the related control and communication equipment.



The Future Renewable Electric Energy Delivery and Management (FREEDM) Sys-
tem is a prototype of the next generation of power systems with high penetration of
energy storage and generation at the distribution level. In the FREEDM system, with
the rapid development of power electronic devices, it is becoming possible to apply
high frequency pulse-width modulation (PWM) converters as solid state transformers
(SSTs) at the distribution level [2, 3, 4, 5, 6, 7]. An SST is able to control power flow,
which is the “energy router”, one of the key enabling components, in the FREEDM
system [1].

Subsection 1.1 provides an overview of the FREEDM system, SSTs, and Dual
Active Bridge (DAB) converters, which are used in certain stages of some SST con-
figurations. Subsection 1.2 presents a comprehensive literature review on the state-
of-the-art on the topology, modeling, control, and applications of DAB converters.

Finally, the contributions of this dissertation are summarized in Subection 1.3.

1.1. BACKGROUND

1.1.1. Smart Grid and the FREEDM System. The term “smart grid” is
a relatively broad concept with a number of definitions [8]. Some define smart grid as
"electric grid using digital technologies”. This definition includes smart meters that
enable two-way communications between the utility and consumers (bi-directional
smart metering), and variable electricity prices based on the demands during a day.
Another definition of smart grid includes self-healing capability of power grids, in
which distributed sensors and automatic controllers help power grid recover from
faults of transmission lines and substations. The FREEDM System presents a broader
concept of smart grid, which includes deeper penetration of distributed renewable
electric power generation and more interaction between utility and consumers [1].

The FREEDM System identifies three key technologies: plug-and-play inter-
faces at both 400 V dc and 120/240 V ac split phase, electric energy router, and a
distributed communication and control protocol [1]. The interfaces at 400 V dc and
120/240 V ac allow the installation of distributed power generation, such as small
wind-turbines or solar arrays, at the distribution level. Similarly, energy storage de-
vice can also be connected to these standardized buses. The energy router enables

direct control to power flows. It allows bi-directional power flow and selling electric



energy back to utility. The energy router also provides more features to the dis-
tribution power system, such as power factor correction, fault current limiting, and
sag/swell ride-through capability. All these characteristics will improve the power
quality at the distribution level. A distributed communication and control protocol
provides more functionalities beyond two-way communications between utility and
consumers by smart meters. It serves as an upper level supervisor and controller
for the distribution system, enabling management and optimal operation of power
generation and distribution.

Currently there is no device available to realize all of the functions of an en-
ergy router discussed above. Conventional passive transformers have no control on
power flows. Switched capacitor banks and Static Var Compensators (SVCs) provide
no more than reactive power compensation. A Unified Power Quality Conditioner
(UPQC) is able to provide power factor correction and harmonics compensation.
However, none of these devices has all the functionalities of an energy router. The
concept of a Solid state transformer (SST) is introduced to fill this void.

1.1.2. Solid State Transformers. SSTs are essentially high switching

frequency power electronic converters that have the following functionalities:

e They provide galvanic isolation between the input and the output of the con-

verter.
e They provide active control of power flow in both directions.

e They provide compensation to disturbances in the power grid, such as variations

of input voltage, short-term sag or swell.

e They provide ports or interfaces to connect distributed power generators or

energy storage devices.

The main role of SSTs in the FREEDM System is that they acts as buffers
among power grid, loads, distributed energy sources, and energy storage devices. By
decoupling the load from the source, the consumers would not see the disturbance
at the grid side because the disturbance is compensated by the SSTs. This is the
advantage of SSTs for consumers. At the same time, the power grid would not see

the reactive power generated by loads, which is compensated by SSTs. Therefore, the



distribution system becomes more efficient and stable. This is the advantage of SST's
for the power grid. Additionally, SSTs are buffers for renewable power sources, which
help reduce the impact of unpredictable and unschedulable fluctuations of renewable
electric power sources on both power grids and loads. This the advantage of SST's for
renewable power generation.

There are a number of candidate circuit configurations for SSTs. Four of them
are briefly described as follows, all of which are single-phase, 60 Hz, 7.2 kV /120 V

distribution transformers.

1. SST1 is the cascaded connection of a 60 Hz passive transformer and a low-
voltage back-to-back ac-dc-ac converter (Figure 1.1). Because only low voltage
power converters are used, this SST configuration uses off-the-shelf switching
devices that are widely available. Although the configuration of SST1 looks
trivial, it does have the power flow controllability required for SSTs. Therefore,
it is considered as an SST configuration. However, it lacks a high frequency
transformer and the 60 Hz transformer can be bulky. This configuration sets a

base line for the analysis and evaluation of other SST configurations.

2. SST2 consists of three converter stages. Its first rectifier stage uses input-series-
output-parallel configuration because available silicon-based devices are unable
to block the peak voltage at the 7.2 kV side. Each two-level rectifier converts
one-third of the input voltage to a 4 kV dc bus (Figure 1.2) [1]. Three dc-dc
Dual Active Bridge (DAB) converters, whose outputs are parallel-connected,
provide galvanically isolated power conversion to a 400 V dc bus in the second
stage. A single-phase low-voltage dc-ac inverter converts 400 V dc to utility ac
voltage in the third stage. SST2 is the most complex configuration. However, it
has the full features of an SST: compact high frequency transformer, power flow
control, power factor correction, and a low voltage dc bus for energy storage

devices.

3. SST3 is similar to SST2 at the DAB and inverter stages. The difference is at
the rectifier stage (Figure 1.3). SST3 uses a flying-capacitor multilevel ac-dec
converter to provide a 12 kV dc bus for three paralleled-connected dc-dc DAB

converters [9].
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Figure 1.1. Configuration of SST1

I
Figure 1.2. Configuration of SST2

4. SST4 uses an direct ac-ac version of DAB converter (Figure 1.4) [4]. It comprises
three ac-ac DAB converters in an input-series-output-parallel connection. It is
a single stage power converter, the simplest one of all four configurations. On
the other hand, this simple topology controls only active power and lacks a dc

port for renewable energy generation.

In the second, third, and fourth SST configuration, the galvanic isolation is

achieved with a high-frequency transformer in a DAB converter.
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Figure 1.4. Configuration of SST4




1.1.3. Dual Active Bridge (DAB) Converters. A DAB converter is a
high-power, high-power-density, and high-efficiency power converter with galvanic iso-
lation [10, 11]. It consists of two H-bridges of active power switching devices and one
high-frequency transformer. The high-frequency transformer provides both galvanic
isolation and energy storage in its winding leakage inductance. The two H-bridges
operate at fixed 50% duty ratio and the phase shift between the two bridges control
the amount and direction of power flow. Based-on the configuration of switching de-
vices, there are dc-dc DAB converters and ac-ac DAB converters. From Figure (1.2)
to Figure (1.4), SST2, SST3, and SST4 all have some kind of DAB converters in cer-
tain stage of power conversion. In SST2 and SST3, de-dc DAB converters are used,
which connect the high voltage dc bus (12 kV) and the low voltage dc bus (400 V).
In SST4, single stage ac-ac DAB converters are used as the main power conversion

circuit.

1.2. LITERATURE REVIEW

Each power electronic converter design has four aspects: converter topology,
model of the converter, controller for the converter, and other characteristics related
to the application-specific background of the converter. The converter topology and
operation must be analyzed in order to provide guidelines for designing a working
converter. The power converter must be modeled accurately enough to capture the
dynamics of the power converter and to provide insight for feedback and/or feedfor-
ward controller design. The controller must stabilize the control loop and achieve
good steady-state and dynamic response. Overall, both the power converter and
its controller must consider the application background and any application-specific
attribute. This subsection summarizes prior works in these four aspects of power
converters, with focuses on DAB converters.

1.2.1. Analysis and Applications of DAB Converters.  Bidirectional
isolated dc-de DAB converters were initially proposed in [10] and [11] as candidates
for high power density and high power dc-dc converters. The DAB topology is at-
tractive because it has zero-voltage switching (ZVS), bidirectional power flow, and
lower component stresses. A DAB converter consists of two H-bridges and one high-

frequency transformer. One H-bridge converts the input voltage to an intermediate



high-frequency ac voltage, while another H-bridge converts the high-frequency square
wave ac voltage back to the output voltage. A high-frequency transformer is used
along with high-frequency switching devices because it reduces the weight and volume
of passive magnetic devices. Beside galvanic isolation, the high-frequency transformer
also has some leakage inductance in its primary and secondary windings, which to-
gether act as an energy storage component. The leakage inductance also helps achieve
soft switching. During switching transients, transformer current resonates with the
capacitors in parallel with switching devices, limiting the dv/dt and di/dt across the
switches. Soft switching helps to reduce switching loss and achieve higher power
efficiency.

Unlike other isolated de-de converters using asymmetrical topologies [12, 13, 14],
DAB converters have a symmetrical circuit configuration, which enables bi-directional
power flow needed for SSTs. The power flow of a DAB converter can be controlled
by varying the phase shift between those two bridges. Such phase shift changes the
voltage across the transformer leakage inductance. In this way the direction of power
flow and the amount of power transferred are controlled. Power is transferred from
the leading bridge to the lagging bridge.

DAB converters have become an interesting research topic during recent years.
Some researchers focus on improvement of modulation methods. Dual phase-shift
modulation has been proposed to reduce reactive power and loss for DAB converters
[15].  Hybrid modulation methods have been developed to increase soft-switching
range [16, 17]. Phase shift modulation plus duty-ratio control has been applied
to DAB converters to achieve higher degree of control freedom [18; 19, 20, 21, 22].
Different modulation methods are evaluated and compared in [23]. New switching
strategies are presented to reduce the switching loss and increase efficiency of DAB
converters[15, 24]. More detailed circuit models are developed and analyzed to ad-
dress some parasitic and nonlinear effects of DAB converters [25, 26]. Some published
works focus on efficiency evaluation of DAB converters [27, 28]. Several circuit design
optimizations are published in [29, 30, 31, 32, 33, 34, 35]

The DAB dc-dc converter has been used in battery-application systems, such as

uuninterruptible power supplies (UPS), battery management systems, and auxiliary



power supplies for electric vehicles or hybrid electrical vehicles. For instance, an off-
line UPS design based on the DAB topology is investigated in [36]. DAB converters
are applied to manage bidirectional energy transfer between an energy storage system
and a dc power system [37, 29, 38, 39]. DAB converters have been selected as a key
component for automotive applications [40, 41, 42, 43, 44, 45]. DAB converters are
also identified as the core circuit in the power electronic converter system between an
ac power system and a renewable power source [46, 47, 48, 49]. The topology of DAB
converters has been extended to allow multiple input/output ports [38, 50, 51, 52, 39].
The use of DAB converters in high power renewable power generation is reported in
[34].

1.2.2. Modeling of Power Converters. Good controller design requires
good plant models [53]. A high switching frequency power converter is essentially a
nonlinear and time-varying system due to its switching nature. However, most control
methodologies prefer a linear and time-invariant plant. Therefore, various modeling
techniques have been proposed to approximate the nonlinearity and time-varying
behaviors of a power converter and to provide a linear, time-invariant approximation
of the power converter of interest.

One commonly used modeling technique is state-space averaging [54, 55, 56,
57, 58]. This conventional technique assumes that the switching frequency is much
higher than the frequencies of interest and that the ripples in the state variables
(such as inductor current and capacitor voltage) are small enough. It approximates
the matrix exponentials in the solution of the power converter state equations us-
ing only linear and bi-linear terms, removes all quadratic terms, and results in a
time-invariant model. This model can be further linearized around an steady-state
operating point and then a linear, time-invariant small-signal model is derived. State-
space averaging essentially takes the dc terms in the Fourier series of state variables.
There is another averaging technique called generalized state space averaging, which
keeps more terms in the Fourier series of state variables (normally the switching-
frequency terms) [59, 60, 61, 62, 63, 64]. One advantage of generalized averaging
is that it does not assume that the ripples of state variables are small. This tech-

nique discards less information and might be able to obtain more accurate models.
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Besides generalized averaging, there is another averaging technique, called the Krylov-
Bogoliubov-Mitropolsky (KBM) averaging method [65, 66]. Instead of using Fourier
series of state variables, the KBM method approximates converter state variables by
piecewise-polynomial equations. The effect of ripples caused by switching is included
in this way. The KBM method is simpler than generalized averaging and does not re-
quire small ripples either. However, it might not be as useful as generalized averaging
is when modeling pure ac state variables.

The three modeling techniques discussed above are all in the continuous-time
domain. On the other hand, sampled-data models are in the discrete-time domain
(67, 68, 69, 70, 57, 71]. A sampled-data model uses the fact that state variables of
power converters have cycle-by-cycle repeatable trajectories in steady state. It is of-
ten derived by integrating the switched piecewise linear differential equations of state
variables over one control cycle. The integration is in fact solving the state equa-
tions given a set of initial conditions, which involves multiplication and integration
of exponentials. This process is often approximated by Taylor series expansions.

The controller design for DAB converters, like other power converters, also re-
quires an average model of DAB converters. Currently there are two approaches
to model a DAB converter in the literature: (1) a simplified reduced-order model
that neglects the transformer current dynamic [72, 73, 74]; (2) a full-order discrete-
time model that preserves the dynamic of transformer current [75, 76]. Discrete-time
modeling is one approach to model those converters with large variation and resonant
operations. However, a continuous-time model is usually preferred because it provides
more physical insight and facilitates control design. The conventional state-space av-
eraging technique for de-dc converters requires negligible current ripple [58]. However,
this condition is not satisfied in DAB converters because the transformer current of
a DAB converter is purely ac. Instead, the generalized averaging technique, which
uses more terms in the Fourier series of state variables, is able to capture the effect
of pure ac current on converter dynamics [60, 62]. Therefore, generalized averaging
technique is used in the present work to model DAB converters.

The rule-of-thumb for a dc-dc converter design is to separate the dynamics of
current and voltage by selecting proper converter parameters. The simplified reduced-

order model mentioned above assumes that the dynamics of the transformer current
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are significantly faster than those of the output capacitor voltage. However, this
assumption has not been verified analytically. Singular perturbation theory provides
an analytical approach to separate the dynamics of different time-scales and provides
the conditions of separation of the dynamics [77, 78]. The criteria of time-scale
separation of state variables in de-dc boost converters is reported in [78].

1.2.3. Control of Power Converters. A closed-loop controller is required
when the output voltage of a power converter needs to be regulated and source/load
disturbances need to be compensated. The idea of closed-loop control is essentially
using the error between actual output and its reference to eliminate or minimize the
error. The conventional controller design method for power converters is: derive the
small-signal model around a steady-state operating point, find the control-to-output
transfer function of the converter, specify the expected loop gain based on design
specifications, and design the controller transfer function to match the desired loop
gain [58]. A Proportional-Integral (PI) controller is a commonly used controller for
power converters that require zero steady-state error when the reference is a dc signal.
A lead compensator is another kind of controller for power converter that increases
the phase-margin of the loop gain. One drawback of both PI controller and lead
compensator is that they only achieve infinite gain at dc, making it difficult to obtain
zero steady-state error if the reference or disturbance is a low-frequency ac signal.

A Proportional-Resonant (PR) controller is proposed to achieve infinite gain at
a given frequency. It is analytically verified that PR controllers in a stationary frame
are equivalent to PI controllers in a D-Q rotational frame [79, 80]. A PR controller
is suitable for single phase ac applications because power in single phase systems
is fluctuating at 120 Hz (second-order harmonic) [81, 82]. A PR controller is also
used in three-phase inverters to achieve zero steady-state error and to compensate
voltage harmonics and/or unbalanced contents caused by nonlinear loads, without
using the time-consuming coordinate transformations [83, 84, 85, 81]. PR controllers
have been applied to single-phase active rectifiers [86], grid-tie inverters [87], UPS
[88], distributed power generation [89], and dynamic voltage restorer (DVR) [90]. A
comprehensive review of PR controllers for single-phase dc-ac inverters is presented

in [81]. The sensitivity of PR-controlled single-phase inverters is discussed in [91].
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Impedance matching of a PR-controlled inverter is addressed in [92]; and the im-
plementation of PR controllers in the form of digitial filters is discussed in [93] and
[94].

The controllers described above are essentially designed for one operating point.
Large phase margin and gain margin are necessary to ensure stable dynamic response
when operating point deviates. However, the dynamic performance is not guaranteed
when there is a large deviation of operating point caused by significant disturbance.
Gain-scheduling control is one method of improvement [95, 96, 97, 98]. A set of
controllers are selected using the above mentioned methods for different operating
points. A supervisory controller switches between parameters according to feedback
information, improving the performance over a wide operating range.

Adaptive control is a broader variant of gain-scheduling control. An adaptive
controller adjusts its control parameters dynamically [99]. On-line parameter ad-
justment is able to provide better performance than the off-line adjustment in gain-
scheduling control. Adaptive control is suitable for a system where the structure is
known while the parameters of the system are varying or unknown. For instance,
load resistance is treated as an unknown parameter in [100] and better output volt-
age regulation is achieved with an adaptive PI controller. Adaptive control has also
been applied in active rectifiers [101], inverters [102], and fuel cell power generation
systems [103].

Beside the control design methods based on (usually linear) small-signal average
model, there are other nonlinear methods which use large signal models for controller
design. One method is Lyapunov-based backstepping design. A positive-definite
energy-like function, called a Lyapunov function, is defined based on the large signal
converter average model. Control design is accomplished when the control input is
able to make the time derivative of the Lyapunov function negative-definite [104, 105,
106, 107]. The Lyapunov-based control technique has been applied to de-dc converters
[108], active-front-end rectifiers [109], and voltage-source inverters [110]. Another
nonlinear control method is sliding mode control (SMC) [111]. SMC is a variable
structure control method. It defines a set of control structures. By switching between
the control structures, the state variables are controlled to slide along a predefined

expected trajectory. The switching nature of SMC makes it suitable as a controller for
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power electronic converters. SMC has been applied in the control of de-dc converters
[112; 113], ac-ac converters [114], and doubly-fed inductor generators [115]. One
advantage of nonlinear-based designs is that global stability and performance are
studied and can be analytically verified. Another advantage of such control methods
is the possibility of compensating for the non-minimum phase effect of boost-type
converters [116].

Computational intelligence paradigms can also be applied for power converter
controllers. Fuzzy logic is a computational intelligence paradigm. Advantages of
fuzzy logic control include ease of implementation and resistance to disturbances
[117]. Fuzzy logic has been used in adaptive energy management for electric vehicles
[118], grid-tie solar inverters [119], and active front-end rectifiers [120].

There might be stability problems when two converters are cascaded connected
[121, 122]. The load converter appears to be a negative impedance when it is tightly
regulated by a fast control loop. Such negative impedance would make it difficult to
develop a stabilizing controller [123]. This problem has been widely studied for de-dc
converters. The rule-of-thumb is that the output impedance of the driving converter
should be less than the input impedance of the loading converter. Some studies based
on state space models show that the problem of destabilizing negative impedance can
be solved by filtering, or adding active damping [124, 125].

There are a number of literatures on the control of DAB converters. The state-of-
the-art is using PI controllers with some simplified assumptions on converter models
(126, 127, 128, 129]. As in multi-stage SSTs, a dc-dc DAB converter and a dc-ac
inverter are cascaded. This issue is analyzed in [72, 130]. A relatively large dec-link
capacitor is used to reduce the voltage ripple caused by second order harmonic. When
several dc-dc DAB converters are connected in input-series-output-parallel configu-
ration, instability problems might happen when bus voltage and output power are
not balanced. Therefore, the works in [131] and [132] introduce voltage and balance

control methods to solve such problems.

1.3. WORK SUMMARY
This dissertation presents the circuit analysis, modeling, design optimization,

and controller design of DAB converters for SSTs.
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The circuit analysis and operation principles of DAB converters are discussed
in section 2. It studies steady-state operation and shows the principle of using phase-
shift modulation to control the power flow of DAB converters. The proposed topology
uses the leakage inductance in high frequency transformer, permitting soft-switching
and regulation of output power by phase-shift modulation (PSM), which are absent
in previously reported solutions [6]. This section also develops the conditions for
achieving soft switching and analyzes the range of soft switching for different operation
conditions. The analysis is applied to both de-dc DAB converters and ac-ac DAB
converters. Simulation of a dc-de DAB converter and an ac-ac DAB converter are
developed. A scaled-down prototype ac-ac DAB converter is built. Simulation and
experimental results verify the theoretical analysis. Part of section 2 comes from the

following papers:

e Solid State Transformer Architecture using AC-AC Dual Active Bridge Con-

verter, submitted to IEEE Transactions on Industrial Electronics.

e AC-AC Dual Active Bridge Converter for Solid State Transformer, IEEE ECCE
2009

e A Comparative Efficiency Study of Silicon-based Solid State Transformers,
IEEE ECCE, 2010

e Identifying techniques, topologies and features for maximizing the efficiency
of a distribution grid with solid state power devices, North American Power

Symposium 2010, NAPS 2010 (Second author)

Section 3 focuses on the development of a full-order continuous-time state-space
average model using generalized state-space averaging technique. The pure ac trans-
former current is modeled by using the dc and first order terms in the Fourier series.
The proposed full-order continuous-time average model uses the dc terms and first
order terms of transformer current and capacitor voltage as state variables, resulting
in a third-order model if capacitor equivalent series resistance (ESR) is not consid-
ered and a six-order model if ESR is considered. A control-to-output-voltage transfer

function is derived for DAB converters. Experimental results of a 200 W dc-dc DAB
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converter prototype confirm that the proposed model correctly predicts the small-
signal dynamic response and more accurate prediction can be obtained if capacitor
ESR is taken into account. By using singular perturbation theory, this section also
develops the sufficient conditions for the separation of voltage and current dynamics,
which is later confirmed by experimental results. Part of section 3 comes from the

following paper:

e Generalized Average Modeling of DC-DC Dual Active Bridge Converters, ac-

cepted for publication in IEEE Transactions on Power Electronics.

Section 4 discusses the controller design for DAB converters when driving a
single-phase dc-ac inverter. The conventional rule-of-thumb is to select an adequately
large output capacitor bank to absorb the 120 Hz harmonic current. Because 120 Hz
is relatively low, this might result in a large capacitor at the dc bus, increasing cost,
weight, and volume. The large capacitor bank is also one major factor affecting
the reliability of SSTs. This section addresses the effect of the 120 Hz harmonic
current generated by single phase dc-ac inverters. By analyzing the loop gain of
a DAB converter controlled by a PI controller, this section discusses the limitation
of PI controllers. Two solutions, feedforward and a proportional-integral-resonant
controller, are proposed to reduce the demand for large dc bus capacitance. In the
first method, additional feedforward control is added to reduce output 120 Hz voltage
ripple. The second method uses a proportional-resonant controller to achieve high
gain at 120 Hz in the loop-gain. In this way, DAB converters can track the power
fluctuation at 120 Hz and then reduce output 120 Hz voltage ripple. Part of section
4 will be submitted to IEEE ECCE 2012.

Finally, the contributions of this work and recommendation for future research

are discussed in section 5.
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2. DUAL ACTIVE BRIDGE CONVERTERS

This section discusses the circuit configuration, steady state operation, modula-
tion, switching commutation, and circuit design of DAB converters for SSTs. It also
describes the analysis and design of a DAB converter prototype as a case study.

This section is organized as follows: subsection 2.1 describes the circuit of a
DAB converter, with both dc-dc variant and ac-ac variant discussed. Subsection
2.2 develops the steady state input-output relations of DAB converters. The effect of
introducing ac-ac power conversion is stressed. Subsection 2.3 develops the conditions
for soft switching and analyzes the range of soft switching of DAB converters at
different operating conditions. Subsection 2.5 explains how to implement the switch
commutation schemes for DAB converters. Sections 2.6 provides simulation results of
DAB converters. Subsection 2.7 describes the design of a 200 W ac-ac DAB converter
prototype as a case study. Subsection 2.8 presents the experimental results to verify
the theoretical analysis. Finally, subsection 2.9 summarizes the contribution of this

section.

2.1. CIRCUIT CONFIGURATION

A DAB converter consists of two switching bridges and one high-frequency trans-
former. Each switching bridge is made up of four high-frequency active controllable
switching devices (MOSFETs or IGBTS) in an H-bridge connection. Such connection
is similar to the one used in full-bridge dc-dc converters. However, instead of using
uncontrollable switching devices (such as diodes) bridge in the other side of trans-
former, DAB converters use two active bridges formed by active controllable devices.
This is why the name “Dual Active Bridge” is given to this kind of converters.

A transformer is used to provide galvanic isolation between the input side and
the output side of a DAB converter. A high-frequency transformer is preferred to
reduce the weight and volume of the magnetic core. Compared to those converters
using line-frequency transformers, DAB converters uses more silicon devices (whose
price is continuously going down) while using less copper and smaller magnetic core

(whose price is continuously going up). Besides galvanic isolation, the high-frequency
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transformer has some amount of leakage inductance in its primary and secondary
windings. The leakage inductance has two purposes: (1) it is used as energy storage
components in DAB converters and (2) it reduces the dv/dt across switching de-
vices during commutation transients, facilitates soft switching, and reduces switching
losses.

Figure 2.1 shows the circuit schematic of a dc-dc DAB converter. In the
schematic, power MOSFETSs can be used in place of IGBT-diode pairs. The IGBT-
diode pairs can conduct current bidirectionally, so does the channel of power MOS-
FETs. Therefore, the circuit shown in Figure 2.1 is able to conduct bidirectional
current. Furthermore, DAB converters have symmetrical dual active H-bridge con-
figuration, which help achieve bidirectional power flow. On the other hand, such
configuration can only block positive voltage. Therefore, the topology shown in Fig-

ure 2.1 is only for de-dc DAB converters.

FlRATRAL TR R
T I D W e

s, s HJiloih-freq transgf;rmer __|_Sg| —
G, R

Figure 2.1. DAB converter schematic

Lt

An ac-ac DAB converter can be built using a different switching device configu-
ration. Figure 2.2 shows the circuit schematic of an ac-ac DAB converter. Also note
that IGBTs can be used in place of power MOSFETSs. Since the input and output
voltages are both ac, the switches in an SST must block voltage in both polarities.
Additionally, they must conduct current in both directions. Therefore, each switch
cell consists of two anti-serial connected switching devices.

In both dc-dc converters and ac-ac ones, resonant capacitors are connected in

parallel with each switch cell to enable soft switching.
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Figure 2.2. DAB converter schematic

The inherent symmetry of the power circuit in a DAB converter ensures bidi-
rectional power flow. Each bridge is controlled using two-level modulation, with fixed
50% duty ratio. A DAB converter is controlled by Phase-Shift Modulation (PSM).
Both the direction and the amount of power flow is regulated by controlling the phase
shift between the those H-bridges. Power flows from the leading bridge to the lagging
bridge. Two operating modes, corresponding to two directions of power flow of a DAB
converter, respectively, are given in Figure 2.3(a) and Figure 2.3(b). In Figure 2.3(a),
positive power flow is defined as power from the left to the right for the converter
shown in Figure 2.1, while in Figure 2.3(b), negative power flow is defined as power
from the right to the left. The next section will present the equation that describes

the amount of power transferred by a DAB converter.

Primary Primary
Bridge Bridge
Secondary Secondary
Bridge Bridge
Transformer Transformer
Current Current

(a) Positive Power Flow (b) Negative Power Flow

Figure 2.3. Operation Modes
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2.2. STEADY STATE ANALYSIS

As shown in Figure 1.2, Figure 1.3, and Figure 1.4, the DAB converters in SST's
at the distribution level described in this work is a voltage step-down converter from
the high voltage side to the low voltaeg side. With the help of isolation transformers,
the voltage transfer ratio can be very large (such as 7200 V:240 V) or very small (such
as 240 V:7200 V), depending on the direction of power flow. This makes it difficult
to analyze. Furthermore, conventional approaches cannot provide much insight when
the voltage level scales (for instance, using an existing design of a 240 V:120 V DAB
converter to facilitate the design of a 208 V:120 V DAB converter).

This work derives a per-unit steady-state model of a DAB converter for circuit
analysis and converter design. This model works for both de-dec DAB converters and
ac-ac DAB converters. By using a per-unit model, the parameters of both bridges of
an DAB converter can be scaled up/down easily to design a voltage step up/down
SST.

2.2.1. Steady-State Model of DC-DC DAB Converters. Let v;, v,,
Upri, and v be input voltage, output voltage, transformer primary winding voltage
and transformer secondary winding voltage, respectively (as shown in Figure 2.1).
Xpri = WsLpr; and Xgee = wsLsee are the transformer leakage impedances due to leak-
age inductance at primary and secondary winding, respectively, where w, represents
switching frequency. Assume that the DAB converter is operating in Quadrant 1
(which means positive input voltage and power transferred from the left to the right
in Figure 2.1). During Interval I (from 0 to ¢, as shown in Figure 2.3(a), where ¢ is

the phase shift between two bridges), the current at transformer primary side is

lopri = lopri + =9, (1)
pri

where i and g, are the primary side current at time wyt = ¢ and wst = 0,

respectively. Similarly, the current at transformer secondary side is

Vsec — Vo

XS@C ¢’ (2)

1¢,sec = 10,sec +
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where iy 5 and ig .. are the secondary side current at time wyt = ¢ and wt = 0,
respectively.

A per-unit system at both windings can be defined as

Sp
I ri — )
b7p %7;07‘1' (3)
Sp
I sec ) 4
> %,sec ( )
b2 i
Zb,prz = 57'1:“17 (5)
and
v2sec
Zb,sec = I‘)S"b 5 (6)

where Sj, is base apparent power; V} ,,; and Vj ... are base voltage at primary and
at secondary side, respectively; I, ,,; and I} 4. are base current at primary and at
secondary side, respectively; and Z, ,,; and Z; s are base impedance at primary and
at secondary side, respectively. Base voltages and base apparent power are determined
by the specifications of an SST.

By using (3), (4), (5), and (6), all voltage and currrent variables, v;, o, Upri, Usecs
10,pris 20,sec, Lo pris tgsec; can be converted into their corresponding per-unit variables,
Vipu, Vopus Upripus Usec,pu) iO,pri,pua iO,sec,pua iqﬁ,pri,puu id),sec,puu respectively. It is also

intuitive that

iO,pm’,pu = 7;0,sec,;zm = iO,pua (7>

IiQS’pri’pu = igzﬁ,sec,pu = /id)’pUJ (8)
and

Upri,pu = Usec,pu = Ut,pu- 9)

The transformer leakage reactance can be lumped as X, = Xpri/Zbpri + Xsee/ Zb sec-

Using the per-unit system defined above and substituting all per-unit variables into
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(1) and (2), the per-unit transformer current is

. . Uz’,pu + Uo,pu
pu

¢. (10)

Similarly, during Interval II (from ¢ to 7, as shown in Figure 2.3(a)), the transformer

current is

. . Ui, u Uo, U
lrpu = Lgpu T . X . (m—9). (11)
pu

In steady state, the transformer current is symmetrical every half switching

period ir ,, = —10 . Therefore, iy, and 4y, are calculated as
, 1
iogn = 55— (7 = 26) Vo = Tign) (12
pu
, 1
lopu = 55— (TVo,pu — (T = 20) Vigpu) - (13)
pu

From (12) and (13), the input current averaged over one switching period is

. 1, . Vo,pu ¢
Lipu = % (7m¢>,pu + (2¢ - 7T) ZO,pu) = X:u Qb (1 — ;) . (14)

The amount of power transferred to the load is controlled by the phase shift
angle between two bridges ¢, the input voltage, and the output voltage, as described

in (15),

Ui puVo,pu 2
RI—%fﬂ<¢—;)- (15)
pu

Ideally, when the loss of a converter is insignificant, output power is equal to input

power:
P = 'Ui,pu%i,pu =P, = 'Ug,pu/RPu’ (16)

where R,, = and R is load resistance. Using per-unit notation, the ideal dc

_R_
Zb,sec
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voltage transfer ratio is

_ Yopu _ Bu [0
o= o _ ¢(1 W). (17)

'Ui,pu Xpu

Equation (17) shows that the voltage transfer ratio of a de-dc DAB converter is
determined by transformer leakage inductance, phase shift between bridges, and load
resistance.

2.2.2. Steady-State Model for AC-AC DAB Converters. The steady-
state model in (17) is valid for de-dc DAB converters, in which the output capacitor
has infinite impedance at dc. However, (17) does not hold true for the ac-ac case
when there exists an output filter and the impedance of capacitor is no longer infinite
for an ac frequency (for example, at 60 Hz).

In the steady state of an ac system, (16) becomes

. Vopu d (1
F)i = Vi pulipu = Po = R:u + E (§CPUU§,pu) ’ (18)

where Cp, = C' - Zj, . and C'is filter capacitance. Converted (18) into the frequency

domain, the voltage transfer ratio becomes

1 ¢ R
ac — 1—-—= S . 19
L XpugZS ( 71‘) SRy Cpy + 1 (19)

According to (19), output voltage will vary sinusoidally as input voltage varies.
Because ac-ac DAB converters use four-quadrant switching cells (as shown in Figure
2.2), this ratio holds regardless of the polarity of input voltage and the direction of
transformer current. In steady state, output voltage follows input voltage sinusoidally.
The load and output filter introduce a small phase shift between input and output
voltages in steady state. This shows the feasibility of applying ac-ac DAB converters
as galvanically-isolated fixed-frequency SSTs. Note that this steady-state model is
valid for frequencies much lower than the switching frequency. This is generally the
case because the switching frequency is in the range of kilo-hertz and it is much higher

than the 60 Hz line frequency.
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2.3. SOFT SWITCHING ANALYSIS

Figure 2.4(a) shows the soft switching transient of the primary bridge in the first
operating quadrant. At the end of switching interval I, S1p and S2p are turned off.
No switch is conducting during the soft switching transient. The four capacitors in
parallel with the switch cells and transformer leakage inductor resonate. Switches S3n
and S4n are turned on while C1 and C2 are charging and C3 and C4 are discharging.
They begin to conduct when the voltages of C3 and C4 reach zero, realizing zero
voltage turn-on for incoming switches S3n and S4n. When soft switching is not valid,

hard switching is carried out by the switching devices as shown in Figure 2.4(b).

S3n

- Jhet t
[ _/—IE1 c3 }—
| 2] ]
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(a) Soft switching
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I’ j133p c3 %
,J_
S2n —| —|
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- F4 Tcz
(i) Switch Interval | (i) ZVS Transient (iii) Switch Interval Il

(b) Hard switching

Figure 2.4. Switch commutation transients

There are three switching states in every half switching period, two switching
intervals and one switching transient. It is possible to solve the dynamic equations

of all three states analytically. But the resulting transcendental equations complicate
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analysis and do not provide much physical insight for converter design. An alternative
is to exclude switching transients at first and include their effects later.

Soft switching requires adequate energy storage in the leakage inductor to charge
the resonant capacitors that are in parallel with the outgoing switches and to discharge
the resonant capacitors that are in parallel with the incoming switches. Resonant
capacitors are chosen according to the transient behavior of the switching device.
Define a per-unit ZVS admittance as Y espu = 2 % - Zy where C, is the resonant
capacitance across the switching cells, L; is the lumped leakage inductance of the
high-frequency transformer winding, and Z, is the base impedance respect to the
SST side of interest. According to [11], the minimum per-unit transformer current

for soft switching is

[min,pu = Y;‘es,puvvi,puvo,pu- (20)

According to Figure 2.3(a), the conditions for soft switching in Quadrant 1 are
10pu < —Lminpu a0d gy > Linpu. Substitute (17) into (12), (13), and (20) to find

the soft switching criteria:

Ry 5 3Ry o TRy

Zlpu g3 OTpu o Ty 21
pru¢ Xpu¢ + X,,u¢ <% (21)
Rpu » (7R

_ N d—n>0T 99
Xpu¢+(Xpu+)¢ >0, (22)

where ¥ = 2Y,.cs pur/ BpuXpur/ @ — %2 . A similar analysis can be applied when ¢ < 0

and power flows in the opposite direction (as shown in Figure 2.3(b). The currents

at wst = ™ and wst = ¢ become

) 1

L0,pu = % (Vi pu — (T = 26) Vo pu) (23)

) 1

Lopu = X ((m = 20) Vipu — TVopu) - (24)
pu

Conditions are then ig ,y, > Lninpu a0d g py < —Iminpu (Figure 2.3(b)). The minimum
leakage inductor current for ZVS is unchanged. Thus, the soft switching criteria given

in (21) and (22) are still valid for negative power flow. Note that this soft-switching
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analysis uses a per-unit system. Therefore, the results can be easily scaled up or down
to match designs at various voltage ratings and voltage transfer ratios.

Figure 2.5(a) and 2.5(b) combine the results of (21), (22) and (15). Figure
2.5(a) shows the effect of transformer leakage inductance on soft-switching range
(solid lines). The voltage transfer ratio fixed at 1.0 pu. It illustrates whether soft
switching is valid when output power varies and voltage transfer ratio is fixed at 1.0
pu. Increasing leakage inductance results in a wider soft-switching range. However,
high leakage inductance limits power output capability. Figure 2.5(b) shows the
effect of load power factor on soft-switching range. The shaded area represents soft
switching range. The voltage transfer ratio fixed at 1.0 pu and leakage inductance
is fixed. As load power factor becomes lower, more phase shift between input and

output voltages causes narrower soft-switching range.

2.4. LOSS EVALUATION

One challenge for SSTs is the need for high power efficiency. Power losses in
a DAB converter come in the forms of conduction loss and switching loss of power
circuit, as well as core loss and copper loss in the high-frequency transformer. This
section focuses on the quantitative analysis of losses in the power semiconductors and
the high-frequency transformers of DAB converters. The calculation in this section
will focus on loss evaluation of ac-ac DAB converters.

2.4.1. Conduction Loss. FEach power semiconductor device in the current
conduction path has forward voltage, which contributes to conduction loss. The for-
ward voltage can be modeled as vee = Veeo + Ronti¢ for an IGBT, vgs = Rop iy for a
MOSFET, and vy = vso + Ronaif for a diode [133], where v, is the static forward
voltage for an IGBT, vy is the static forward voltage for a diode, and R,y ¢, Ronm,
and R, q are the on-time resistance for an IGBT, a MOSFET, and a diode, respec-
tively. In each four-quadrant switch cell of an ac-ac DAB converter, the conduction
path always consists of two devices, regardless of current direction. Therefore, the
forward voltage drop is v = (Veeo + Vo) + @5 (Ront + Rond) when using IGBTs and
v = 2i Ry m when using MOSFETS.

According to Figure 2.3(a), the piecewise linear transformer current approxima-

tion consists of three parts: two triangular parts and one trapezoidal part. Using the
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Figure 2.5. Soft switching analysis.

waveform symmetry over half-cycle, the RMS current at the primary side of trans-

former is

L. : : . .
Irms,pri - \/3_7'(' (Zg,PTiT + Z?ﬁ,pri (¢ - T) + (7'(' - (b) (Z(Z),pri + Zi,pri o ZOJ""”QP”))? (25)

i »
where 7 = —22 @,
20,pri ¢, pri

In steady state, phase shift ¢ can be calculated using (17). The expressions
in (12) and (13) can be converted into SI system. The RMS current of the high
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frequency transformer in an ac-ac DAB converter is calculated using the symmetry

of transformer current:

1 /. . o 20 . .
s pri = 7 \/ B pri 8 pri — 10.prilgpri + —l0pril.pri- (26)

The RMS current at the secondary side of transformer ,,,s s can be calculated in a
similar way.
Finally, the conduction loss of two bridges is

Prond = 2RonI? 4+ 2R, 17 (27)

rms,pri rms,sec’

2.4.2. Switching Loss. As discussed in Section 2.3, ac-ac DAB converters
experience both soft switching and hard switching during a single 60-Hz cycle. The
number of soft switching events over that of hard switching events depends on circuit
parameters and load conditions.

When designed properly, an ac-ac DAB converter allows soft switching most of
the time. Switching devices are turned on and off with ZVS. Therefore, ZVS turn-
on energy for one four-quadrant switch is close to zero, and turn-off energy can be

calculated as

(tflsw)2

1207. Y (28)

Esoft =

where t; is the fall time of switching device, I, is the current during switching
commutation, and C, is the snubber capacitance.

Soft switching is not valid when voltage is zero-crossing or when load is too
light. In these situations, hard-switching commutation is used. Hard-switching losses

include device switching loss and the energy loss in the snubber capacitors.
1 2
Ehard = Eon + Eoff + §Crv ) (29)

where the turn-on energy F,, and turn-off energy E,f; of a switching device can

be found in the manufacture’s datasheet. Thus, the switching loss of ac-ac DAB
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converters 1s

Nso Nar
Psw = fsw <TftEsoft + h—dEhard) s

N (30)

where N is the number of switching commutation events is a single 60-Hz cycle, Ny
and Npq.q are the numbers of soft-switching and hard-switching events, respectively,
in one grid cycle.

Note that the switching loss of an ac-ac DAB converter is slightly different from
that of its de-dc counterpart. Both 7y and %, vary sinusoidally. ZVS is invalid around
zero-crossing points. However, the extra hard switching losses are not significant
because the voltage is also low around those points.

2.4.3. Copper Loss. The transformer in an ac-ac DAB converter operates
at a frequency range of several kilo-hertz where the skin depth of wire is close to
the wire diameter. Therefore, the high-frequency effect on winding resistance can be
significant. The ac winding resistance of a high-frequency transformer is calculated
using the orthogonality between skin effect and proximity effect [134]. AC resistance

is the product of dc resistance and a factor representing skin and proximity effects:

_ sinh&(n) +siné(n) sinh {(n) — sin(n)

= +n*(2m—1 , 31
cosh () —cosé(n) " T cose(n) + con ) o
where £(n) = @#‘fﬂ and d(n) = \/TTM' The dc component of winding resistance

is Ry = ”]\XT where NV is the total number of turns and A is the copper area of the

wire. Copper loss is calculated using winding ac resistance and RMS current:

Pcu = [2 Rac,pri + [2 Rac,sec- (32)

rms,pri rms,sec

2.4.4. Core Loss. According to [135], peak flux density is

Vims X 10°

By = -1ms =~
T 4AANFA,’

(33)

where A, is the core area of the magnetic core. Core loss depends on magnetic flux,

operating frequency, the core weight, and the voltage waveform. For simplicity, it is
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given by

P.ore =kfmB, (34)

ac?

where parameters k, m, and n for a given core material can be found in [135] or the

manufacturer’s datasheets.

2.5. SWITCH COMMUTATION SCHEMES

DC-DC DAB converters use the IGBT-diode pairs (or power MOSFETS) that
normally appear in single-phase dc-ac inverters. Therefore, the existing commutation
method for inverters can be applied to de-dc DAB converters.

However, ac-ac DAB converters use four-quadrant switches, which makes switch-
ing commutation difficult. Multistep commutation schemes are normally used for
hard switching [6] because inductive current should not be open and capacitive volt-
age should not be shorted. One advantage of the proposed ac-ac DAB converter is
that it permits soft switching over a wide range. Inductive current can be conducted
through capacitors when no switching device is conducting during soft switching com-
mutation. This approach makes switch commutation less challenging. However, as
discussed in [4], the criteria for ZVS cannot be met for all operating conditions.
Therefore, a method to transition seamlessly between soft and hard switching must
be developed. This work presents a novel switch commutation scheme to permit both
soft switching and hard switching that uses transformer current as a reference signal.
Table 2.1 summarizes the commutation sequence. Figure 2.6 demonstrates that this
commutation scheme is suitable for both switching scenarios. The switching com-
mands are the same for switches in a pair, e.g., Sy, is the same as Sy, while Ss, is
the same as Sy,,.

There are three transient switching states. As shown in Figure 2.6(a), before
switching commutation, Si,, Sin, S2p, and Sy, are conducting. The transformer
current is positive enough to satisfiy the conditions for soft switching. At tq, the
nonconducting switches (51, in this case) are turned off. Since Sy, is still conducting,
Sin is turned off at zero voltage. The first transient state (g — 1) is relatively short,

just for the nonconducting switches to turn off. At ¢;, the to-be-conducting switches
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Table 2.1. Current-based Commutation

it >0 1 <0
S1 Transient S2 S1 Transient S2
time | < to | to-ty | tite | ta-ts | > t3 | < to | to-ts | tite | tats | > t3
Slp 1 0 0 1 0 0 0 0
Sln | 1 0 0 0 0 1 0 0
S2p 1 1 1 0 0 1 0 0 0 0
S2n | 1 0 0 0 0 1 1 1 0 0
S3p | 0 0 0 0 1 0 0 1 1 1
S3n | 0 0 1 1 1 0 0 0 0 1
Sdp | 0 0 0 0 1 0 0 1 1 1
S4n | 0 0 1 1 1 0 0 0 0 1
$ft sw!héhing —I;l!a!r‘d_switching

Sip L P Sip

S .

Sap Sip |

is ' iy .

Ve v

t " h bt
t) ts t)
(a) Soft switching case (b) Hard switching case

Figure 2.6. Switch commutation from S1 to S2

(S4n) in the incoming switching cells are turned on. However, it does not begin
conducting because the diode in parallel with Sy, is reverse-biased. Thus, Sy, is turned

on at zero current. At ¢y, turning off the outgoing switches (.5;,) starts the resonating
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commutation. Cf is being charged while C} is being discharged. No switch conducts
during this process, and the dv/dt across switches is limited. After completing the
commutation from the outgoing to the incoming switch cells, Sy, is turned on at zero
voltage at t3. The switch cells are again ready to conduct bidirectional current and
the converter enters another conducting state. All four switching devices commutates
at soft switching.

At the operating point shown in Figure 2.6(b), the transformer current is nega-
tive before the switching transient, meaning soft switching is not valid. However, the
same commutation scheme can be applied. Commutation process begins with turning
off the nonconducting switches at ty. They turn off at zero voltage. Then at ¢;, the
incoming switches are turned on at hard switching. The energy stored in Cj is also
discharged through Sy, during ¢; to t2, resulting an inrush current spike. Because
the dv/dt is not controlled, it is a hard-switching event. During this process, C is
charged by the source voltage. Once the voltage on C} rises, Sy, stops conducting
because the diode is reverse-biased. At ty, the outgoing switches (Sy,) are turned
off. And at t3, Sy, turns on. The converter enters another conducting state and hard
switching commutation ends.

Since a switching device cannot be turned on or off instantaneously in practice,
it is necessary to insert deadtime in the commutation scheme described above. The
time interval from ¢y to t; must be long enough to turn off non-conducting switches,
and the time interval from ¢; to ¢ must be long enough to turn on incoming switches.
Considering device switching specifications and safety margin, the deadtimes ¢y to
t; and t; to ty are both 400 ns in the experimental system described in Section 2.8.
Out-going switches must be turned off after ZVS transients, which means t3 —ty > tg,
where t4 is the amount of time to complete ZVS transients. The dv/dt across the

switching device can be approximated by

dv \% it
at ty G (35)

where V' is the voltage across C; or C,, i; is transformer current during commutation,
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and C. is resonant capacitor. Therefore, the deadtime for ZVS transient is

=0V (36)

1

tq is a design trade-off. Switching energy is low if C, is large. However, large C.,
leads to large t4. In (36), t4 is small if 4; is large, which means soft switching range is
limited. However, t4 is too long if a very wide soft switching range is required. When
V' varies sinusoidally over a period of 60 Hz, i; also varies sinusoidally. Therefore, the

peak voltage and current can be used.

2.6. SIMULATION RESULTS

To verify the above theoretical analysis and design, the present work developed
an ac-ac DAB converter simulation model using PLECS. The circuit parameters are
compiled in Table 2.2. Two operating points were simulated, and the results are
shown in Figure 2.7 — 2.8.

The first case is a phase shift of ¢ = 35° and Rj,eq = 100 Q (1.0 pu), which
is in the ZVS range. Figure 2.7(a) indicates that the transformer current changes
direction correctly and that there is adequate energy to realize ZVS. The second case
is for a phase shift of ¢ = 14° and Rjpeq = 300 Q (3.0 pu), which is outside the ZVS
range. Figure 2.7(b) shows that the transformer current does not change direction at
wst = ¢, so that ZVS is not valid at the secondary bridge.

Figure 2.8(a) shows that output voltage is nearly sinusoidal, which is an ad-
vantage of high-switching frequency. Switching ripple is apparent, but it could be
reduced with additional output filter if necessary. Figure 2.8(b) is the zoom-in of
Figure 2.8(a) around voltage zero-crossing. It clearly shows the small phase shift
between input voltage and output voltage, which can be predicted by (19). It also

confirms that soft switching is not valid around voltage zero-crossing points.

2.7. HARDWARE DESIGN
This section addresses the hardware design an ac-ac DAB converter. It discusses
the selection of key components and high-frequency transformer design for a proof-

of-concept 200 W 220 V/120 V ac-ac DAB converter.
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(a) Simulation Waveforms with ZVS. (b) Simulation waveforms without ZVS.

Figure 2.7. Simulation Waveforms. Upper line: primary side transformer voltage (V),
middle line: secondary side transformer voltage (V), lower line: transformer current

(A)

Peak voltages on both sides of converter are approximately 300 V and 170 V,
respectively. Considering enough safety margin, switching devices rated at 600V are
selected. Peak currents can be calculated using (14) and (15). Device current rating
is chosen to be 7 A. For designing simple gate drivers, it is preferable to use high-
voltage power MOSFETS, such as those using CoolMOS or SuperMESH technologies.
Two anti-series connected MOSFETSs form one four-quadrant switching cell. Turning
both MOSFETSs on permits conduction of bidirectional current, as in synchronous
rectification. A total of sixteen MOSFETSs is used for an ac-ac DAB converter.

As mentioned before, the resonant capacitors in parallel of the each switch is
a design trade-off. In this study, soft switching is valid until power is less than 0.3
pu. For instance, at the low voltage side, the rated output RMS voltage is 120 V
and the rated output RMS current is 1.2 A. Given a design choice of C, = 4.7 nF,
an input voltage of V' = 120 V, and load point corresponding to 0.3 pu power is
ir =0.3x1.2=0.36 A, ty = 1.56us according to (36). Therefore, the deadtime from
to to tg is chosen to be t; = 2us. The deadtime for the high voltage side is calculated
in a similar way.

The next step in circuit design is to select the necessary amount of inductance in

the transformer windings using the per-unit model presented in the previous sections.
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(a) Input voltage and output voltage waveforms. (b) Simulation waveforms at voltage zero-
crossing.

Figure 2.8. Simulation results. For waveforms in (a), upper trace is input voltage (V)
and lower trace is output voltage (V). For waveforms in (b), upper trace is primary
side transformer voltage (V), middle trace is secondary side transformer voltage (V),
and lower trace is transformer current (A).

The converter specification is 200 W, 220 V input, and 120 V output. Therefore,
base power S, = 200 W, primary side base voltage V4, = 220 V, secondary side

2
base voltage Vj s = 120 V, primary side base impedance Zj i = Vlig% = 216 €,
Vis

and secondary side base impedance Zj 5., = S—:‘ = 72 Q). The phase shift at rated

operating point is chosen to be ¢ = 35° = 0.61 rad/s. According to (17), the per-unit
transformer winding reactance is

X,, = 1-2) = 0.683 pu, 37
=25 (1-2) = 0683 (37)

where the per-unit load resistance R, = 1.39 (100 @ in SI), and per-unit voltage
transfer ratio v = 1.0 at the rated operating point. If the transformer inductance is
equally distributed between two windings and the switching frequency is chosen to

be fs = 10 kHz, the inductance of the primary side is

1 X0 Zb i
L = -2 — 1174 nH
p 2 27Tfs 7 fett, (38)
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and the inductance of the secondary side is

1 Xpu Zb,sec

Lsec =5
2 2rfs

=391 uH, (39)

Therefore, the primary winding inductance is set to 1200pH, while the secondary
winding inductance is set to 360uH.

The high-frequency transformer plays an important part in an ac-ac DAB con-
verter. A ferrite magnetic core ETD-49 was used here because it has high saturation
flux density and low core loss. Table 2.2 and Table 2.3 summarize circuit parameters

and transformer design specifications, respectively.

Table 2.2. Circuit Parameters

Inductance, HV

Inductance, LV

Switch Frequency

1200 pH 360 uH 10 kHz
ZVS Capacitor, HV | ZVS Capacitor, LV | Switching Device
2.7 nF 4.7 nF ST STD8NM60OND

600V 7TA MOSFET

Input Capacitor

Output Capacitor

Load Resistor

3 uF 4 pkF 100€2
Table 2.3. Transformer Design
Core Type Ferrite ETD49
Peak Flux Density 02T
Core Area 2.11 cm?
Window Area 2.73 cm?
wire, HV 120 turns AWG 20
wire, LV 70 turns AWG 20
MMF HV: 3 portions, 1 layers
Layout LV: 2 portions, 1 layer
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A controller for the ac-ac DAB converter was implemented in a single-chip Cy-
clone II series FPGA from Altera. It reads input voltage polarity and transformer
current direction signals, feeds them to a look-up table, and then outputs PWM sig-
nals. Figure 2.9 shows the controller block diagram of the ac-ac DAB converter. A

picture of the experimental prototype is shown in Figure 2.10.

N:
M Brldge g Brldge @

l x
\ J \
Voltage zero Current
Cross sensor direction sensor PWM

,j Signals

FSM
> LUT
Tgck'—» counter —
FPGA

Figure 2.9. Hardware diagram

2.8. EXPERIMENT RESULTS

This section presents the experimental results of the 200 W, 220 V/120 V ac-ac
DAB converter prototype discussed in the previous section.

Figure 2.11(a) and Figure 2.11(b) show the waveforms of input and output
voltages and currents at 1.0 pu input voltage, in forward and reversed power flow
direction, respectively. Input and output currents are sinusoidal. Output voltage
follows input voltage, with a small phase shift as predicted in (19) and the simulation
results in [4]. In Figure 2.11(b), current becomes out-of-phase of voltage because
power is flowing in reversed direction. It confirms that the ac-ac DAB converter

allows bi-directional power flow. Figure 2.11(c) shows the waveforms at 0.9 pu input
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Figure 2.10. Experimental Prototype

voltage. It confirms that an input voltage sag can be compensated by varying the
phase shift in the ac-ac DAB converter.

Figures 2.12(a) and 2.12(b) show the soft-switching transient from Sy, and Sy,
to Sy, and Sy, in the first quadrant. Sy, is turned on after its drain-to-source voltage
becomes zero. S, and Sy, are turned off when their drain-to-source voltages are zero.
Sin is turned on when its drain current is zero. The current ringing in Figure 2.12(b)
is the result of body diode reverse recovery. Therefore, Sj,, S4,, and Sy, switch at
zero voltage, while Sy, switches at zero current. Figures 2.12(c) and 2.12(d) show
the soft-switching transient from S, and Ss,, to S5, and S, in the third quadrant.
Similar results are observed at the low voltage side. Sj,, is turned on after its drain-
to-source voltage becomes zero. Sg, and Sg,, are turned off when their drain-to-source
voltages are zero. Ss, is turned on when its drain current is zero. Therefore, Ss,,, Ssp,
and Ss,, switch at zero voltage, while S5, switches at zero current. The circuit of an
ac-ac DAB converter is symmetric. So soft switching is valid for other switches.

Figure 2.13(a) shows transformer voltage and current waveforms. The direction
of current permits soft switching for commutation at both primary and secondary
bridges. Figure 2.13(b) shows the transformer voltage and current around zero-
crossing points. A small phase shift occurs between primary and secondary voltages,

as predicted in (19).
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(c) Experiment waveforms of reverse power flow.
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Figure 2.11. Input and Ouput Waveforms. From top, v; (250 V/div), 7; (2 A/div),
v, (250 V/div), i, (2 A/div), 4 ms/div.

Figure 2.14(a) and Figure 2.14(b) show the soft-switching range under RL loads.
In this case, the load impedance is 1.0 pu and its power factor is 0.86 lagging. Figure
2.14(a) marks the soft switching range and Figure 2.14(b) is a zoomed-in view of
Figure 2.14(a). The soft switching range begins at the point in the 60 Hz cycle where
the current at ¢ is positive to drive the soft switching transients and it ends when
the current at m becomes too low to drive the soft switching transients. The circuit
is symmetric, so that the same range applies near both the positive peak and the
negative peak. In Figure 2.14(b), soft switching is only valid around 80 degrees to
120 degrees during one 60 Hz period, which is consistent with the calculated result
given by Figure 2.5(b). This experiment verifies that the soft-switching range decreses

as load power factor decreases.
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Figure 2.12. Switch transient experiment results. For (a), from top, V,, (10V/div),
Vs (100V/div), Vi, (10V/div), Vg (100V/div), 400 ns/div. For (b), from top, Vi
(10V/div), Vs (100V/div), Vg, (10V/div), I (1A/div), 400 ns/div. For (c), from top,
Vs (10V/div), Vi (100V/div), V,, (10V/div), Vas (100V/div), 400 ns/div. For (d),
from top, Vs (10V/div), I; (2A/div), Vs (10V/div), Vs (100V/div), 400 ns/div.

Figure 2.15 shows the output voltages at different input voltages. Test results
of a MassGI isolated transformer is provided as comparison. The MassGI product is
a commercial “transformer” that uses the circuit topology and control method of [6].
The output voltage of the MassGI isolated transformer varies if its input voltage is
changed. On the other hand, the output voltage of the proposed ac-ac DAB converter
can be regulated when input voltage varies. Figure 2.15 clearly indicates that the
proposed ac-ac DAB converter is able to regulate output voltage and compensate
variations in input voltage.

Figure 2.16 shows the calculated and measured efficiency of a prototype ac-

ac DAB converter. Efficiency calculation was based on the loss evaluation methods
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Figure 2.13. Transformer waveforms. From top, v, (250 V/div), ve.. (250 V/div),
ipri (2 A/div), 200 us/div.
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Figure 2.14. Soft-switching range under a RL load. From top, i, (2 A/div), v, (100
V/div), i, (2 A/div), 4 ms/div.

discussed in [28] and efficiency measurement was performed by measuring input volt-
age/current and output voltage/current. The measured results are consistent with
the calculated ones. Efficiency is high around rated power because of soft switching.
However, efficiency drops significantly when power is less than 30 %. The reasons for
low efficiency at light load are: (1) soft switching is not available at light load and
(2) the transformer loss becomes more significant at light load. Higher efficiency is
necessary to compete with traditional transformers, which requires overall converter

design optimization [35] and possibly a new switching strategy [24].
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2.9. CONCLUSIONS

This section has analyzed the steady-state operation of DAB converters. High-
frequency transformers are used in DAB converters to minimize the bulk of passive
components. Four-quadrant switch cells and phase-shift modulation ensure that en-
ergy can flow in both directions. Operating modes and soft switching conditions have

been analyzed in detail using a generalized per-unit model. Soft switching is valid
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over a wide range of load and voltage variations. A design case study is given. Sim-
ulation and experiment results confirm that the proposed ac-ac DAB converter can
provide direct ac-ac power conversion with soft switching.

This work presents a proof-of-concept study of applying ac-ac DAB converters
as SSTs. Several challenges remain for the success of SSTs: (1) the availability of
SiC-based high-voltage high-frequency switching device; (2) Hardware optimization
and control strategy to improve low power efficiency; and (3) achieving high voltage
isolation (input-to-output, phase-to-ground) without significant cost or performance
penalties. These will be investigated in future works. Other SST topologies face
similar challenges, plus additional difficulties (such as interaction between stages in

a multi-stage topology) or expenses (such as high-voltage capacitors).
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3. GENERALIZED MODELING OF DAB CONVERTERS

The design of the controller requires a small-signal average model of the DAB
converter. There are two approaches to model a DAB converter: (1) a simpli-
fied reduced-order continuous-time model neglects the transformer current dynamic
[72, 73, 74]; (2) a full-order discrete-time model preserves the dynamic of transformer
current [75, 76]. Discrete-time model is one approach to model those converters with
large variation and resonant operations [69]. A full-order discrete-time model can
obtain higher accuracy at low frequencies than a reduced-order model does [76]. How-
ever, a continuous-time model is usually preferred because it provides more physical
insight and facilitates control design.

The conventional averaging technique for dc-dc converters requires negligible
current ripple [58]. This is not satisfied in DAB converters because transformer cur-
rent is purely ac. Instead, a generalized averaging technique, which uses more terms
in the Fourier series of state variables, is used in the present work [60, 62]. General-
ized average modeling has been applied to single-phase ac-dc rectifier [136] and dc-ac
resonant inverter system [137]. This section develops a full-order continuous-time
state-space average model for de-dc DAB converters. As compared to the existing
reduced-order continuous-time model [72, 73, 74], the proposed model is more accu-
rate at dc and low frequency, and also properly captures effects of capacitor ESR.

This section is organized as follows. Subsection 3.1 describes the operation
principles of DAB dc-dc converters as background. Subsection 3.2 presents the de-
velopment of a full-order continuous-time average model of DAB converters using the
generalized averaging approach. Subsection 3.3 discusses the small-signal control-
to-output transfer function based on the proposed average model. Subsection 3.4
presents the sufficient conditions of time-scale separation of the dynamics of inductor
and capacitor of de-dc DAB converters. Subsection 3.5 discusses the effect of capaci-
tor equivalent series resistance. Simulation and experimental results are provided in

Subsection 3.6. Finally, subsection 3.7 summarizes the contributions of this section.
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3.1. DAB DC-DC CONVERTERS

The schematic of a DAB dc-dc converter is given in Figure 3.1. Note that Figure
3.1 is slightly different from Figure 2.1. The reason for such difference is that the
model in Figure 3.1 uses a Norton equivalent circuit as its load. Therefore, it can
model the effect of bi-directional power flow of dc-dc DAB converters. The high-
frequency transformer provides both galvanic isolation and energy storage through
its winding leakage inductance. There is a resonant capacitor in parallel with each

transistor-diode pair in order to enable soft switching.

ok AT RATY CRARAT ||
SRR R R W I Ko

ok tTkiTo.  oRiTRET

Figure 3.1. DAB converter schematic

-

A dc-de DAB converter can be controlled by (1) the phase shift ¢ between two H-
bridges, (2) the duty ratios of switching devices, and (3) the switching frequency. For
simplicity, this work only analyzes phase shift modulation (PSM) at fixed switching
frequency and fixed 50% duty ratio. Power is transferred from the leading bridge to
the lagging bridge, which is given by

. VsUy
B 2N.stt

d(1—4d), (40)

where N is the turns ratio of the high-frequency transformer, v, is the input voltage,
v, is the output voltage, phase shift ratio d is equal to %, ¢ is the phase shift in

radians, f, is the switching frequency, and L, = % + Lo is the leakage inductance of

the high-frequency transformer, referred to the output side.
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3.2. GENERALIZED MODEL OF DAB CONVERTERS

The model is derived by assuming that transformer magnetizing current is not
significant, the voltage drop across transistor-diode pairs is negligible, and transistor
switching transients are negligible. This subsection uses a simplified circuit schematic

(as shown in Figure 3.2).

e

| +
__C §R CD_ NV,

o

Figure 3.2. Simplified DAB converter schematic

The input capacitance Cj, is usually relatively large. Therefore, the dynamics
of the input capacitor are not considered in this work (Figure 3.2). The current
source on the output may be of either polarity for bidirectional power flow. The
voltage at the input side is referred to the output side, which is represented as V; =
% Transformer leakage inductance at both windings is lumped as an equivalent
inductance L;, referred to the output side. Similarly, transistor on-time resistance
and transformer winding resistance are lumped as an equivalent resistance R, (Figure
3.2). Using PSM, the voltage at the transformer input side, v,, can only have two

states: (1) +V; when transistors Q1 and Q2 are on; (2) —V; when transistors Q3 and

Q4 are on. Therefore,

vp(T) = 51(7)vi(T), (41)
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where the switching function at input bridge, s1(7), is

(42)

where T' = 1/f;. Throughout the analysis, 7 is used to denote the time within a

period, referenced to the rising edge of s;. Similarly, at output bridge,
,US(T) = 52(7)UO(T)> (43)
and the switching function at output bridge, so(7), is

1, L<r<Iy

So(T) = (44)

NI m|%

-1, O§T<§0r —|—%§T<T.

If we select transformer current, i;, and output capacitor voltage, v,, as state variables,

then the state equations of a DAB converter can be derived as

di(1) Ry, s1(7) So(T)
dr _Elt(T) + Ttvi(T) - L—tUo(T), (45)
and
dve(t) 1 So(T) . Iy
= —R—Covo(f) + . i(T) — o (46)

Equations (45) and (46) are both time-varying and nonlinear. To derive a linear
time-invariant model, the next step is to apply averaging. The basic idea of averaging
is to represent a state variable, x(7), during the interval t—T < 7 < ¢, using its Fourier

series

o(r) = ) (ahw(t)e™ 7, (47)
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where w, = 27 f,, and (x)x(t) is the k™ coefficient in the Fourier series

1

<x>k(t) = T[_Tx(T)e_jkaTdT.

1 [ 1 [
= = / x(T) cos kwsTdT — j— / x(7) sin kwsdr. (48)
T Jir T Jer

This formulation is equivalent to [60] where 7 =t — T + s and s € [0,7)).

Conventional state-space average can be applied when the ripples in state vari-
ables are small, which in fact only considers dc terms (k = 0) in (47) and (48).
However, the transformer current in a DAB converter is purely ac, meaning ripple is
large and the dc term is zero. The generalized averaging technique uses more terms
in the Fourier series to represent more details in the model. In the case of DAB con-
verters, it is natural to include more terms (both £ = 0 and k = £1) in the Fourier
series to represent the averages of state variables.

According to [60, 62], the derivative of the k" coefficient for variable z is

— (@) (t) = () (t) = Jhws(x)i(t), (49)

where (£z); represents the average of the differential of a state variable in (45) and

(46). The k'™ coefficient of the product of two variables x and y is

[e.e]

(zy)r = Z (T)r—i(y)i (50)

1=—00

Consider that the 1% coefficient and the —1% coefficient in Fourier series are complex

conjugates, the product of 0 coefficient terms is

(zy)o = (x)o(W)o + 2 ({(z1r) (Y1r) + (T11)(Y11)) , (51)

and the 1% coefficient terms are
(wy)1r = (T)o(W)1r + (T)1R (V)0 (52)

(xy)ir = (@)o(y)1r + ()11 (y)o, (53)



48

where the subscripts “R” and “/” mean the real and the imaginary parts of a complex
number, respectively. The next step is to apply (49) and (51) — (53) to the state-space

equations in (45) and (46), the 0" and 1 coefficients of state variables i; and v, are

Ao~ i+ L sholodo + = lsshnloiin + o fsihuslush
—saholuodo + o sshunlvedin + = (st (54)
d<2ilR = —%<it>1}z+ws<it>11+Lit(<31>0<vi>lR+ (s1)1r{vi)o)
_Lit ((s2)0(vo)1r + (52)1R{V0)0) , (55)
d(ig)r Ry . 1
pn = —L—t<lt>11 ws(it)1r + ft ({s1)o(vi)1r + (s1)11{vi)o)
1
I ((s2)0{vo)1r + (52)11(Vo)0) , (56)
and
d<U0>0 . 1 1 1
@~ g\~ g (el - (szioficdo
+Cio<32>1R<lt>lR+Ci< 2)1r (i), (57)
d<ilot>1R = _CLO@N)IR_ Rl (vo)1r + wWs(Vo)11
+Cio(82> (i) 1R C%(S2>1R(it>0= (58)
d(Uo>1I - 1 1
— = —UO(ZN)H— 7 ( o)1 — Ws{Vo) 1R
s {saholi Oi<82>u<z¢>o. (59)

It is assumed that the dynamics of the input voltage and the load is much slower that
those of the DAB converter. Therefore, the 0 coefficient of input voltage (v;)q = Vi,
the 1% coefficients of input voltage (v;)1g = (v;)17 = 0, the 0t coefficient of load
current (in)o = iy, and the 15 coefficient of load current (iy)1zr = (in)17 = 0.

Next, it is necessary to find the coefficients of switching functions s;(t) and

s5(t). Because of the fixed 50% duty ratio, the 0% coefficients of s;(t) and sy(t) are



both zero

<81>0 = <82>0 = O

The 1% coefficients of s;(t) and so(t) are

and

<52>1R =

<82>11 =

2sindm

T
2 cos dm

™

Y
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(60)

(63)

(64)

Finally, substitute (60) — (64) into (54) — (59), and organize differential equations

into matrix representation in (65).

0
0

0

R
Ly

2 sin(dm)
- wCy

2 cos(dm)
T,

d
—X=AX+B
T + bu,
where
[ _ 1 __4sin(dm) _ 4cos(dm)
RCO 7'('Cg 7'('00
2sin(dm) R
Lt _L_I Ws
2 cos(dm) R
A e o
0 0 0
0 0 0
0 0 0
B T
L |0 0000
= . ,
—& 0 0 000
. . . T
X = _Uoo R Wil %o VolR Uou] )

0 0

0 0

0 0

4sin(dw)  4cos(dm)
wLy wLy
RC, s
1
~Ws  TRG, |

(65)

(67)

(68)
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and
u=v, IN}T. (69)

In (65), 4w, Vo1r, and v,y are all zero if their initial values are zero. The
dynamics of iy, v,1r, and v, 1 are decoupled from the rest of system. Therefore, the

state-space representation in (65) can be equivalently reduced to

v 1 __4sin(dw)  4cos(dnm) v
d 00 RC, 7Co 7Co 00
— | — 2 sin(dn) R w i
dt t1R W[Etd | Lt s t1R
. 2 cos(dm R .
(250 L, Ws —Ir (250
1
0 0 "
i
+1 0 0 e (70)
_2 o | LY
7'('Lt

The state equation in (70) indicates that the dynamics of DAB dec-dc converters
can be represented using the 0" coefficient of output voltage and the 1% coefficients
of transformer current as state variables. If more terms in the Fourier series were
used, then the model would be more accurate. However, the resulting model would

be too complex to provide insightful information for controller design.

3.3. SMALL-SIGNAL AVERAGE MODEL

Equation (70) is a time-invariant but non-linear system because there are mul-
tiplications of state variables. Controller design and stability analysis for a power
converter require the derivation of small-signal control-to-output transfer function,
which is the dynamic response of a converter from a small perturbation in the con-
trol signal. In (70), when there is a small perturbation in d, the state variables vy,
iR, and ;17 will deviate from their steady states. Assume that the input voltage
is constant, capital variables represent steady states, lower case variables represent
large-signal states, and A variables represent small-signal states. Define the devia-

tions of state variables as
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Ad = d- D, (71)
Avgy = o0 — Voo, (72)
Aipr = inr — g, (73)
Aigr = gy — Inr. (74)

Equation (70) contains multiplication of control input and state variables. For

small Ad, the nonlinear term sin (7d) v, is approximated by using (71) — (74)

sin (md) vog = sin (7D) Avgg + Viosin (7D) cos (mAd)
+ Vo cos (mD) sin (mAd)
= sin (mD) Avy + Vi sin (7D)
+Vyocos (D) (rAd) . (75)

Other non-linear terms are approximated in a similar way.
Steady state values of vy, 418, and i;1; can be found from (70) by solving

d T
E[UOO ing inr| =0 (76)

Substituting (71) — (76) into (70), the small-signal model of the DAB converter is
given in (77), which is time-invariant linear system in state-space representation.

Equation (77) can be used to calculate the control-to-output transfer function of

DAB converters.

1 __4sin(D7m)  4cos(Dm)
Avgy RC, 7Co =Co Ao
it . — 2sin(Dm) R .
dt A/Lth ﬂ—[(/lt) | Lt Ws AZth
. 2cos(Dm R .
Aipg L, Ws —Ir Aipg

cio (lorsin (mD) — Iyg cos (mD))
+ 2‘;—30 cos (mD) Ad. (77)

—Q‘L/—ZO sin (7 D)
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3.4. SINGULAR PERTURBATION ANALYSIS

Singular perturbation analysis focuses on the time-scale separation of state vari-
ables in a dynamic system. It separates the “fast” dynamics from the “slow” dynam-
ics. If a system is singularly perturbed, then its state variables can be separated into
slow variables ,z, and fast variables, z. When studying the fast variables, x can be
approximated as constants; when studying the slow variables, z can be approximated
using algebraic expressions. A detailed description of singular perturbation analysis
can be found in [77].

To perform singular perturbation analysis, the dynamic system must be con-
verted into a normalized form. As in [19], let nominal output voltage be V4 and the

nominal current be Iy = V;/R. Then Eq. (70) can be normalized by

b o= (78)
o = % (79)
o = 70 (80)
N t
t = 70 (81)
L
€ = R?tc : (82)
The normalized average system is
dz
i flz,2) = —o+2Uz, (83)
dz R T
e = g(z,2) =bo; —U" x — §z, (84)
~ A 1T . R X
Where, X = f)oo, Z = |:’i1R i1[:| s U = |:_2sn:r(d7r) — 2coi(d7r) s 0= )}? I; 3 b=
=

T
[() —;] , and X; = w,L,; is transformer leakage reactance.
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The first step of singular perturbation analysis is to find zero-order term of the

integral manifold of g. By solving g(x, ) = 0 for ¢y,

Yy = 51 [bﬁ,- — UTx}

B 2R —X;0; + Xy cos (dm) + Ryx sin (drr) (85)
™ (R} + X?) | —Ryi; + Ry cos (dr) — Xy sin (dr)
The first-order term ¢; is
_ dg - Do -
Y1 = (@) (% f (2, ¢0)
_ 2R, X, cos (wd) + (R} — X7) sin (7d) (86)
—2R X, sin (d) + (R} — X?) cos (wd)
where K — 2R? (:c(SRRt—i-wQ(Rf—i-Xf))—SRﬁi(;%t cos(md)+X¢ sin(wd))).
WS(Rf—l-Xf)
Next, the off-manifold dynamic of z is
d 0
€d—?=g(x,<po+e<p1+n)—6<§)f(x,woﬂz)- (87)

Substitute (83) and (84) into (85) — (87), the state equation of off-manifold dynamic

18

dn N
R e i ) 88
o ( ; )n (38)

where N = 8R?%¢ (X, cos (dm) + Rysin (dr)), D = 7R (R? + X}?), and
sin (dm) cos (dm)
sin (dm) cos (dm) .
The sufficient condition for time-scale separation is that the fast variables con-

verge to their quasi-steady-state quickly, which means the off-manifold dynamic in
(88) converges to zero. Therefore, the condition for convergence is that the eigen-
values of state matrix in (88) have a negative real part. The eigenvalues of (88)

are

A= %R + VI, (89)
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where
R = —71"R; (R} + X7) + 4R’ Rye (90)
and
T = —m'X2 (R} + X2)* — 8w R?X? (R? + X?2) e + 16R*R2€%. (91)

If we define Q = X;/R; and assume that ) > 1, then

L L2
T = '@ (1+QY) R —87°Q* (1+ Q%) Rl + 16Ri o
L\’ L\’
< (\@Rté) —<7T2R§’—|—4Rt€z)
< 0. (92)

Equation (92) indicates that the eigenvalues of (88) are complex conjugates. There-

fore, the condition that the eigenvalues in (88) have negative real part is

L
R = 4Rt5t — 2R, (R? + X7) < 0. (93)
Defining o = 15292, the condition in (93) becomes

1 T
_ b T 94
onvi e~ 2% (94)

Equation (94) is a sufficient condition that the dynamics of transformer current and

fe

output voltage are separated.

3.5. EFFECT OF CAPACITOR EQUIVALENT SERIES RESISTANCE
The average model in the previous subsections does not consider the effect of
output capacitor equivalent series resistance (ESR). This subsection discusses the

influence of ESR on the generalized average model of DAB converters. When ESR is
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considered, the state space equations of DAB converters in (45) and (46) are

dlt(t) . Rt_ So RCR Sl(t) Sg(t) R
dt - Elt(t) ftRc‘l‘R + Lt Uz( ) Lt RC—FRUO(t)’ (95)
dvg(t) 1 ss(t) R 1
= TR 0 - g ), (96)
and
R R.R . R.R
0ult) = e ell) + 52 () = 2 I ) (97)

in which capacitor voltage v, is different from output voltage v, in this case.
In (95), (96), and (97), the same generalized averaging technique described in
(51) — (53) can also be applied. Therefore, the 0-index and 1-index of state variables

are given in (98) (shown in the bottom),

d

ZX = A X + Bu, (98)
where
[ 1 4K sin(dm) 4K cos(dm) i
T (R¥R)C, 17TC'0 o lnCo 0 0 0
2K17flglt(d7r) _% W, 2K27flli(d7r) 0 0
2K cos(dm) R 2K cos(dn)
A _ 17rLt —Ws _L_: 27rLt 0 0
esr 0 4K sin(dm) 4K cos(dm) R 4K sin(dm) 4K cos(dm) |’
Ly Ly Ly Ly wLy
2K sin(dr) 1
0 0 0 - 17"'00 - (R+Rc)co ws
2K cos(dn) 1
0 0 0 =G —Ws ~RTR.)C, |
(99)
K, = ﬁ, and Ky = RIEjFRR. The definition of B, X, and u are the same as in (65).

Comparing (98) and (65), it is obvious that the dynamics of all six state variables are
now coupled. As a result, it is impossible to reduce (98) into a third-order system.
Small-signal perturbation can be applied to (98) as well to derive a control-to-output

transfer function. The procedure is the same and it is not repeated here.
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3.6. SIMULATION AND EXPERIMENT RESULTS

Simulation and experiment results are provided in order to verify the proposed
average model. A time-domain switching model has been developed in PLECS. An
experiment setup has been built. The main parameters for the power stage of simula-
tion model and experimental prototype are given in Table 3.1. Switching devices are
IGBT STGF19NC60HD from STMicroelectronics, rated at 19 A, 600 V. The switch-
ing frequency of IGBTs is 10 kHz. A high-frequency transformer is made up of a
UU-100 ferrite core from Ferroxcube. Both primary and secondary windings consist
of 40 turns and each turn is made up of four AWG 18 magnetic wires. Series inductors
are added on both windings to form the necessary winding inductance for the proper
operation of the DAB converter prototype. Two 350V 270uF aluminium electrolytic
capacitors are connected in parallel to form the output capacitor. A 4.7 nF ceramic
capacitors is connected in parallel with each IGBT to reduce switching loss. This
DAB converter prototype is controlled using a 32-bit floating-point micro-processor
TMS320F28335 from Texas Instruments. A picture of the experimental prototype is

shown in Figure 3.3.

Inverter
(Not Used)

Figure 3.3. Experimental Prototype of DC-DC DAB Converter
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Table 3.1. Circuit Parameters

Leakage Inductance 250 pH
Winding Resistance 0.4 Q
Resonant Capacitor 4.7 nF
Output Filter Capacitor 540 pF
Switch Frequency 10 kHz
Switching Device STGF19NC60HD
Load Resistor 35 Q)
Capacitor ESR 0.892

The control-to-output transfer function is a metric for small-signal average

model of power converters. Three averaging techniques are compared:

1. Reduced-order continuous-time model derived from steady-state transformer

current [72, 73];
2. Full-order discrete-time model [75, 76];
3. The proposed full-order continuous-time model.

The test conditions are: the input voltage is 100 V, and the voltage transfer
ratio is set to 1; the load resistance at the output side is set to 38 2, and output
power is 260 W. The control-to-output transfer function of a DAB dc-dc converter
was measured using a varying frequency sinusoidal signal superimposed on a steady-
state duty ratio. The procedure to measure control-to-output transfer function is
described as follows (Figure 3.4). In controller software, a function generator gener-
ated a sinusoidal perturbation signal at frequency f,.,;, which is specified as an input.
The perturbation signal was superimposed on steady-state duty ratio. The superim-
posed duty ratio was fed into the on-chip PWM generator to control the switching
devices in the power stage of DAB converter. The magnitude of perturbation signal,
d; pert, was set to 0.01 when f,.,; was less than 512 Hz and 0.02 when f,.,; was larger
than 512 Hz. The output voltage of DAB converter was measured and recorded using

a Tektronix MSO-4054 oscilloscope. Measured data were imported and processed in
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Oscilloscope

|1
—,———val Bridge QB Bridge | C,/R

Gate Gate PWM
Driver Driver Signals

A }

Frequency > si PWM
ine
+
Generator . logic

Magnitude >

Steady-
state
Duty-ratio

DSP

Figure 3.4. Diagram to measure control-to-output transfer function

MATLAB. The magnitude of the output voltage perturbation, vpeqt, at fopert Was

extracted by FFT analysis. Therefore, control-to-output gain at fy,; is given by

Gain = 201log,, (%) , (100)

1, pert

where d; pert = 0.01 when fpe,r < 512Hz and d; pers = 0.02 when fp.,, > 512Hz.

The small-signal control-to-output gains of the three previously mentioned mod-
els are plotted in Figure 3.5 and Figure 3.6. The obtained results from the PLECS
simulation and the hardware experiment show a very good match between calculated
and measured transfer functions. Figure 3.5 shows the models without considering
ESR. There are some mismatches between the reduced-order continuous-time model
and the measured results at low frequencies. On the other hand, both the discrete-
time model and the proposed full-order continuous-time model provide more accurate
results than does the reduced-order model at low frequency. The proposed approach
obtains similar accuracy as the discrete-time model does. However, the proposed
approach provides a continuous-time model, which is easy to manipulate and more

convenient for controller design.
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Magnitude (dB)

- Full-order continuous-time model

Reduced-order continuous-time model

""""""" Full-order discrete-time model

0 1 2

3 4
10 10 10 10 10

Freaiiencv (rad/sec)

Figure 3.5. Without ESR. Calculated and measured control-to-output gain. Dashed
line: proposed full-order continuous-time model; solid line: reduced-order continuous-
time model; dash-dot line: full-order discrete-time model; crosses: results from de-
tailed switching simulation; and circles: results from hardware measurement. All
gains are measured in dB.

The effect of ESR becomes significant at the frequency where 1/wC, is equal to
R, which is 1180 Hz for the capacitors used in this experimental prototype. Figure
3.6 shows the models with ESR considered. The reduced-order average model fails
to predict the control-to-output gain at high frequency. The higher-order average
model in (98) provide more accurate match than the third-order model in (65) does.
Figure 3.6 also indicates a trade-off between model complexity and model accuracy.
A simpler, third-order model is preferred if the effect of ESR can be ignored, while a
complex, higher order model is necessary in the case that ESR must be considered.

With the values in Table 3.1, Q) = 2”TftLt =30, a = 1.006, f. = 434Hz < % =
15994Hz in (94), meaning the DAB dec-dc converter prototype does meet the time-
scale separation condition. A duty ratio step change, from 0.19 to 0.22, was applied.
Output voltage and transformer current are shown in Figure 3.7(a) for the simulation
and in Figure 3.7(b) for the experiment. Classic first-order behavior can be observed,

which indicates that the dynamics of voltage and current are decoupled.
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Bode Diagram

Magnitude (dB)

------------- Full-order continuous-time model with ESR

=20 f| = Full-order continuous-time model without ESR

Reduced-order continuous-time model with ESR

0 1 2

3 4
10 10 10 10 10

Freaiiencv (rad/sec)

Figure 3.6. With ESR. Calculated and measured control-to-output gain. Dashed line:
proposed full-order continuous-time model; solid line: reduced-order continuous-time
model; dash-dot line: full-order discrete-time model; crosses: results from detailed
switching simulation; and circles: results from hardware measurement. All gains are
measured in dB.

3.7. CONCLUSIONS

A novel average modeling approach for a phase-shift controlled bidirectional
de-de DAB converter is presented in this section. The proposed method, which uses
switching frequency terms in the Fourier series of state variables, captures the effects
of purely ac transformer current on converter dynamics. The proposed model is
compared with the previously presented modeling methods. Both simulation and
experimental results show that the proposed model provides more accurate frequency-
domain control-to-output gain. In particular, the proposed model is more accurate
at dc and low frequency than the reduced-order models in [72, 73, 74]. The proposed
average model for DAB converter is in continuous-time domain and is insightful and
friendly to controller design. The effect of capacitor ESR is considered when the
0" and 1% coefficients of both transformer current and output capacitor voltage are

kept. A higher-order model is able to obtain more accurate predictions at the cost
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(b) Experiment.

Figure 3.7. Duty ratio step change of the designed DAB converter, Output voltage
(V).

of complexity. Singular perturbation analysis is performed based on the proposed
full-order continuous-time average model. The sufficient condition for state variable
time-scale separation, output voltage as slow dynamic and transformer current as fast

dynamic, is derived and verified by both simulation and experiment results.
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4. CONTROL OF DAB CONVERTERS DRIVING INVERTERS

The multi-stage ac-dc-ac-dc-ac configuration (as shown as SST2 in Figure 1.2 or
SST3 in Figure 1.3) is one of many feasible SST topologies [1, 2, 3]. In a multi-stage
configuration of single-phase SSTs (Figure 1.2 or Figure 1.3), the output voltage
and the output current of the inverter stage are 60 Hz grid frequency, while the
input and output voltages of the DAB converter stage are dc. As a result, the
instantaneous output power fluctuates at 120 Hz and there is significant second order
harmonic current at the input side of the inverter stage. Therefore, when a dc-dc
DAB converter is driving such an inverter, it is common to select an adequately large
output capacitor bank to absorb the 120 Hz harmonic current and to minimize the
output voltage ripple. Because the second order harmonic frequency is relatively low,
this might result in large capacitor bank at the output side of the DAB converter,
which increases cost, weight, and volume. Furthermore, large electrolytic capacitors
are one major factor affecting the reliability of power converters.

One way to reduce the output capacitor bank is to enable de-dc DAB converters
with the ability to process power at 120 Hz. As a result, both average power and
120 Hz power are processed by rectifier, DAB converter, and inverter, from the grid
to the load. How dose a DAB converter track a second order reference? The control
bandwidth at 120 Hz is limited because the switching frequency of DAB converters is
constrained by the availability of power devices [3]. When a conventional PI controller
is used, it only achieves infinite gain at dc, making it difficult to track and to obtain
zero steady-state error at 120 Hz, resulting in high voltage ripple at the output of
DAB converters.

This section addresses such limitations of a conventional PI controller for a de-dc
DAB converter driving a single-phase dc-ac inverter. Two methods are proposed to
solve this issue. The first one adds an additional feedforward path to a conventional
PI controller. The second method uses a Proportional-Integral-Resonant (PI-R) con-
troller, which achieves high gain at 120 Hz. The section is organized as follows.
Subsection 4.1 discusses the model approximation in this study. Subsection 4.2 uses

the average models of DAB converters to discuss the limitation of conventional PI
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controllers. Subsection 4.3 presents two solutions: (1) an additional feedforward path
to conventional PI controller and (2) a novel PI-R controller. It studies the dynamics
in frequency domain to show the advantages of a PI-R controller for DAB converters.
Subsection 4.4 presents the simulation and experimental results to verify the proposed

control strategy. Subsection 4.5 summaries the contrition of this section.

4.1. SYSTEM CONFIGURATION AND APPROXIMATION

Without loss of generality, this section lumps the paralleled rectifiers and DAB
converters into one rectifier and one DAB converter, respectively. The schematic of
a single-phase SST is shown in Figure 4.1. The first stage is a single-phase active
front-end rectifier, which converts the grid ac voltage to dc voltage. The second stage
is an isolated dc-dc DAB converter, which transfers power from its input dc bus to
its output dc bus by a high-frequency transformer. The last stage is a single-phase
dc-ac inverter, which generates an ac sinusoidal voltage as the SST’s output voltage.

The conventional power flow diagram of a multi-stage SST is given in Figure
4.2. Ideally, the voltage and current at both the input of rectifier and the output of
inverter are 60 Hz. Therefore, the input power of rectifier and the output power of
inverter consist mainly of average power (which is in dc) and ripple power (which is

the second order harmonic content in 120 Hz).
P = V2V sin(w,t)V2I sin(wst) = VI (1 + cos (2wst)) (101)

where V' represents input/output RMS voltage, I represents input/output RMS cur-
rent, w, = 27 fs, and f; = 60 Hz is the grid frequency. On the other hand, the
conventional control method for a dc-dc DAB converter can only process dc power.
This means that the two dc buses must absorb the 120 Hz ripple power, as visual-
ized in Figure 4.2 (solid lines represent dc power while dash lines represent 120 Hz
ripple power). Because 120 Hz is relatively low (second order harmonic), large bus
capacitance is needed to reduce the bus voltage fluctuation.

The novel power flow diagram of a multi-stage SST is given in Figure 4.3. Once
the DAB converter is capable of processing power at 120 Hz, both average power and

120 Hz ripple power are transferred from the input port to the output port, which
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Figure 4.1. Circuit Configuration of Multi-stage SST's
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Figure 4.2. Conventional Power Flow of Multi-stage SST's
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Figure 4.3. Novel Power Flow of Multi-stage SST's

reduces the requirement for the capacitance on the two dc buses. This is advantageous
because less capacitance means lower component cost and higher reliability.

The first step of controller design for a given plant is to find the model of the
plant itself. The circuit in Figure 4.1 contains three power converters. There are
six state variables. It is difficult and tedious to develop a sixth-order state-space
averaging model. The order of such a model could be even higher if the closed-
loop controllers of these three converters are also included. What is more, it is not
insightful to analyze a high-order state-space model. Therefore, it is necessary to do

some simplification and approximation based on some reasonable assumptions.
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Since the focus of the present work is on the DAB converters in SSTs, the
following assumptions are made: (1) the rectifier stage has been well designed to
provide a stable input dc voltage for the DAB stage; (2) the inverter stage has been
well designed to provide a 120 V sinusoidal output voltage at 60 Hz; and (3) the
switching frequency of the inverter is higher than that of the DAB converter and the
switching frequencies of all converter stages are much higher than the grid frequency.
In this study, the switching frequencies of the DAB converter and the inverter are set
to b kHz and 20 kHz, respectively. Because the DAB input voltage is much higher
than the inverter input voltage for an SST at the distribution level [1], lower switching
frequency of the DAB converter is required.

Using the first assumption above, the active front-end rectifier is replaced by a
constant voltage source. Simplification can also be applied to the inverter using the
second and the third assumptions. Assuming that the output voltage and the load
current of the inverter are both sinusoidal and that the voltage ripple at the low-

voltage dc bus is relatively small, the input current of inverter can be approximated
by
Py (14 cos (2wit))

.im) in — s 102
binv, Vdc ( )

where P,,, is average output power and V;. is the average output voltage of the DAB
converter (also the input voltage of the inverter). Then the input admittance of the

inverter is

v . — Ginv.in _ Py (1 + cos (2wst))
inv,in Vdc Vd2c

= Yae + Yoo, (103)

where Y. = Y, = Izﬁf”j and Y, = Ypcos (2wgt). The input admittance given in (103)
represents the equivalent inverter model looking from its input side, at the frequency
range well below switching frequency.

As mentioned before, the switching frequency of the DAB converter is lower
than that of the inverter because of limited device switching performance. The input

current of inverter contains mainly dc and second order harmonic contents. Fur-

thermore, the switching frequencies of both DAB converter and inverter (5 kHz and
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20 kHz, respectively) are significantly higher than the grid frequency and its second
order harmonic frequency (60 Hz and 120 Hz, respectively). Therefore, the quasi-
steady-state inverter model is valid and the input admittance of the inverter varies
in the frequency of 120 Hz. Therefore, the inverter, as the load of DAB converter, is
modeled as a variable resistor consisting of two parts, one in dc and one varying in

120 Hz. The simplified system schematic is shown in Figure 4.4.

Rarhar kTR
T I R W O 2 4

kiThtr  RiTkET

Figure 4.4. Simplified schematic of a DAB converter driving an inverter

4.2. MODEL ANALYSIS

After the approximation, the problem becomes how to model a dec-dc DAB
converter. Instead of using the simplified reduced-order continuous-time model in
(72, 73, 74] or the full-order discrete-time model in [75, 76|, this present work uses the
full-order continuous-time model based on generalized average modeling technique,
which is discussed in Section 3. The proposed model is able to provide more accu-
rate control-to-output transfer function. For convenience, the small-signal control-to-

output transfer function given in (77) is repeated below in the matrix form.

%x — Az + BAd, (104)
y = Cuz, (105)

where

T
= 1Avy Atpyr Aipr| (106)
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y = [Avoo] , (107)
[ 1 __4sin(Dw)  4cos(Dm)
RCO 7rCo 7TCO
A= 2D & we | (108)
2 cos(Dr) R
L 7wl —Ws _L_:

[ & (Ipr sin (D) — Ipg cos (nD))

B= Q‘L/—ZO cos (mD) ; (109)
i —2‘5—30 sin (7 D)
and
T
=110 o (110)

In (104), (105), (106), (107), (108), (109) and (110), v is the output voltage of
DAB converter; i1z and 717 are the real part and imaginary part of the transformer
current of DAB converter, respectively; R = m is equivalent input impedance of
the inverter; C, is the output capacitance of DAB converter; L, is the transformer
leakage inductance of DAB converter; R, is the lumped equivalent series resistance of
transformer windings; w, = 27 fs and f, = 5000Hz is the switching frequency of DAB
converter; and d is the phase-shift ratio between the two bridges of DAB converter.
Variables in captial letters represent nominal values while those in lower case letters
represent small-signal variables.

The control-to-output transfer function of a DAB converter is given by
Gua(s) =C (sI —A)"' B, (111)

Given the circuit parameters described in Table 4.1, Table 4.2 and Table 4.3, Fig-
ure 4.5 shows the control-to-output transfer function of a DAB converter driving a
variable inverter-equivalent load. The plots show the transfer functions when the
instantaneous power of the inverter is 1.0 pu, 1.5 pu, 1.732 pu, 2 pu, 0.732 pu, 0.5 pu,
and 0 pu (corresponding to the power phase angle of 0, T, T, T 7% 4T and 37”, respec-

tively). This transfer function shows how the low frequency gain of a DAB converter

changes as its equivalent load resistance varies, which is the result of the 2nd-order
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Table 4.1. Circuit Parameters of DAB Converter

Inductance, input side 500 uH
Inductance, LV 500 pH
Switch Frequency 5 kHz
ZVS Capacitor 2.7 nF
Output Capacitor 200 pF
Switching Device ST STDSNM60ND
600V 7.3A MOSFET

Table 4.2. Transformer Design of DAB Converter

Core Type Ferrite ETD 54
Core Area 3.55 cm?
Window Area 3.16 cm?
Area Product 8.85 cm?
wire, input side 108 turns AWG 20
wire, output side 108 turns AWG 20
MMF Input: 3 portions, 1 layer/portion
Layout Output: 3 portions, 1 layer/portion

Table 4.3. Circuit Parameters of Inverter

Filter inductance 300 pH

Filter capacitance 30 pF

Switch Frequency 20 kHz
Rated Load Resistance 36 2

Switching Device ST STGD3HF60HD
600V 7A IGBT

fluctuating power caused by the inverter. It also shows that the pole dependence on

the load admittance Y.
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Figure 4.5. Variation of DAB Control-to-Output Transfer Function caused by Inverter
(Vertical line marks 120 Hz).

According to Section 2, the power transferred by a DAB converter is given by

VsV,
P: sYo
2f8Lt

d(1—d), (112)

and v, is the input voltage. Given a specified power rating, a range of preferred phase-
shift ratio d, and a specific range of soft switching, the product of transformer leakage
inductance L; and switching frequency fg is fixed. Therefore, increase of f, would
result in decrease of L;, canceling the effect of increasing switching frequency. The
dc-de DAB converter, whose parameters are listed in Table 4.1, satisfies the condition
of dynamics decoupling, according to the result of singular perturbation analysis in
Section 3. Therefore, the gain and phase of the transfer function in (111) at low
frequency are mainly determined by the dynamic characteristics of the slower state
variable, which is the capacitor voltage. This phenomenon leads to the conclusion that
switching frequency has insignificant effect on the low-frequency dynamic response of
a de-dc DAB converter.

Such effect is visualized in Figure 4.6. It shows the transfer function in (111)
under different sets of parameters. The curves with rated parameters (those given in

Table 4.1) match the curves with fs doubled (and with L; reduced by half). The curves
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with C, quadrupled illustrates that the dominant pole of (111) is largely determined
by the DAB converter’s output capacitance C,.

20+ N 4
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Figure 4.6. Bode Plot of DAB Control-to-Output Transfer Function caused by Dif-
ferent Parameters (Vertical line marks 120 Hz).

For a well designed inverter, there is significant 120 Hz harmonic current at the
input side of inverter. This harmonic current poses a design challenge to the DAB
converter, caused by limited control bandwidth of DAB converter. Figure 4.7 shows
the small-signal schematic of a closed loop feedback control system that consists of
a DAB converter and a PI controller (as shown in Figure 4.8). Note that a delay
term e*7? is added to the feedback loop in Figure 4.7 to represent the sampling and
processing delay T,, which is caused by the digital implementation of the control
algorithm and modulation processes.

Since the DAB converter has one dominant pole according to Figure 4.5, a single
PI controller seems a candidate solution because of simplicity. Figure 4.8 shows the
structure of a PI controller. Figure 4.9 shows the bode plot of the loop gain of a dc-
dc DAB converter with a PI controller. The gain around 120 Hz (753 rad/s) is low,
which indicates that it is difficult to track and compensate the disturbance caused

by the 120 Hz harmonic current from inverter. One possible solution is to increase
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Figure 4.8. Diagram of Pl-only control

the gain (K,) of the PI controller. However, as shown in Figure 4.10, a high gain PI
controller would decrease phase margin and might even destabilize the control loop.
A larger output capacitor is preferred in order to increase phase margin and improve
stability, which, however, results in lower gain at 120 Hz and cancels the effect of
increasing controller gain.

As discussed above, a PI controller is not the optimal control solution for a DAB
converter driving an inverter because of low gain around 120 Hz. T'wo improvements

over Pl-only control will be introduced.

4.3. TWO PROPOSED SOLUTIONS

The control target of a DAB converter driving an inverter consists of two parts:
(1) regulate output dc voltage and control the average output power and (2) suppress
the 120 Hz disturbance from the inverter and track the 120 Hz ripple power. As
discussed before, Pl-only control can only meet the first target and fails to meet the
second target. Two methods are proposed to address the control challenge caused by
low gain at 120 Hz of the feedback loop with only a PI controller. The first method
adds a feedforward path to the existing PI controller, while the second one uses an
additional resonant controller to form a PI-R control. These two methods will be

discussed in detail as follows.
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Figure 4.9. Bode Plot of PI-only Method (Vertical line marks 120 Hz).

100

a1
o

Magnitude/dB
o

|
a1
o

1

10 10 10 10

Frequency/Hz
0
]
o -90
[=2]
[
a
9 -180
©
=
o
=270
107 10° 10" 107 10’ 10*
Frequency/Hz

Figure 4.10. Bode Plot of Pl-only Method with higher gain (Vertical line marks
120 Hz).

4.3.1. Method 1: PI Plus Feedforward Control. The first method is a
PI controller assisted by an additional direct feedforward portion. Figure 4.11 shows
the schematic of the proposed control method. In Figure 4.11, the PI controller only
takes care of the first control target: output dc voltage, while the feedforward portion

is responsible for tracking the 120 Hz fluctuating power.
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Figure 4.11. Diagram of PI plus Feedforward control

After sampling the output voltage of the DAB converter, instead of using an
anti-aliasing filter, this method uses a low-pass filter (LPF) whose passband is below
120 Hz. As a result, the 120 Hz content in the sampled signal is suppressed by the
LPF. The feedback signal fed into the PI controller is essentially dc. Therefore, the PI
controller shown in Figure 4.11 is called the dc regulator. Because the LPF has a low
cut-off frequency and the PI controller only regulates dc voltage, the bandwidth of the
PI controller does not need to be high and it is called low-bandwidth PI controller.

The feedforward portion is introduced in order to track the 120 Hz ripple power
generated by the inverter. In this study, the inverter and the DAB converter share a
single DSP unit as controller. The phase angle of inverter’s output voltage is set by
the controller of inverter. Therefore, such phase angle is also known to the controller
of the DAB converter. From (101), the power angle in a 120 Hz cycle can be calculated

from the output voltage’s phase angle

0, =26, — (113)

T
5"
The sinusoidal feedforward signal in (113) is at 120 Hz and is used to compensate the
2nd order harmonic content.

Although the above solution is able to track the 120 Hz power by inverter,
the analysis and parameter selection is not straightforward. Also, if the load power
factor is non-unity, the feedforward term may not properly track the output power
ripple. Therefore, a closed-loop controller combining a PI controller with a resonant
controller is introduced next.

4.3.2. Method 2: PI-R Control. To compensate for the 120 Hz power fluc-
tuation, it is vitally important that the feedback compensator has high gain around

that frequency. Increasing the gain of the PI controller might meet this goal, but
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at the expense of reduced phase margin. The present work develops a new compen-
sator based on the Pl-resonant (PI-R) scheme, in which the PI portion regulates the
dc output voltage and the resonant portion directly compensates the 120 Hz ripple
voltage. The schematic diagram of the proposed controller is shown in Figure 4.12.
Such controller, instead of using any feedforward from the inverter, adds an additional
resonant controller (R controller) in parallel with the existing PI controller.

An R controller is known for its equivalence to a PI controller in the syn-
chronously rotating reference frames [83, 84, 85, 81]. It is able to obtain zero steady-
state error for a sinusoidal reference single without coordinate transformation. The

transfer function of R-controller is

2s
G =K,——-, 114
PR (8) 2 +w§ (114)
where wy = 271 x 120 rad/s represents the 2nd order harmonic frequency of grid
frequency. The R controller has added two poles at 120 Hz and helped obtaining high
gain in the loop gain around that frequency. Combining a PI controller with an R

controller, the transfer function of the regulator is

2s

1
G =K, + K-+ K,———.
pir(s) rt s * $2 4 w3

(115)

The idea of this method is: the PI controller achieves high gain at dc while the R
controller achieves high gain at the second order harmonic frequency. Therefore, both

the error at dc and the one at 120 Hz are attenuated.

Vo
——>{ LPF > K,
J To
+ Drivers
> Phase Shift
Vief + > K > s + Modulation
+
2s
» Kr — >
s+

Figure 4.12. Diagram of PI-R control
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If output voltage reference v, is considered as reference and inverter input cur-
rent ;,, is considered as disturbance, the output voltage v, in the frequency domain

can be expressed as

Uo(S) = Vper(8) - G1(8) + Ginw - Ga(), (116)
where

Gils) =1 f Zﬁfiifé(iis) ! (117)

Ga(s) e (118)

- 1 + GPIR(S) . Gvd(s)’
and vyer(), tinw(s) and v,(s) are variables vy, iy and v, in Laplace domain.
In (116), vyef(s) is de while 4;,,,(s) contains mainly dc and second order harmonic

contents generated by inverter. Therefore, the steady-state value of (116) is
Uo:Uref'l_l"éinv'O:Urefa (119)

if K;- K, - K, # 0, because

hII(l] GPIR(S) = +00 (120)
and
lim GPIR(S) = +00. (121)

Equation (119) means that ideally, the proposed PI-R control can obtain zero steady-
state error.

The Bode plot of loop gain using PI-R controller is shown in Figure 4.13. The
loop gain has the high gain at dc and around 120 Hz. The R controller only affects the
loop gain around 120 Hz, besides which the loop gain is very similar the one shown in
Figure 4.9. This is an advantage of the proposed control scheme. The PI controller
and the R controller can be designed separately, the first one for dc regulation and

the second one for 120 Hz harmonic regulations. This means that the closed-loop
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feedback system with the PI-R control provides good regulation of output voltage at
dc and at 120 Hz.
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Figure 4.13. Bode Plot of PI-R Method (Vertical line marks 120 Hz).

The effect of adding an R controller to the existing PI controller can also be
analyzed using the impedance approach. The small-signal output impedance of the
DAB converter is expressed as the transfer function from the output current of the

DAB converter to its output voltage,

1
Z, = 5Co . 122
1 + Gp[R(S) . Gvd(s) ( )

Figure 4.14 and 4.15 show the bode plot of the DAB converter’s output impedance
with Pl-only control and PI-R control, respectively. When using the PI-R control
scheme, the DAB converter has lower output impedance around 120 Hz than the one
using Pl-only control. This means that lower voltage ripple will be caused by the
same 120 Hz ripple current when the proposed PI-R control is used.

4.3.3. Implementation in Digital Processor. To implement the pro-

posed control schemes digitally in a low-cost Texas Instruments floating-point DSP
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Figure 4.14. Output Impedance with Pl-only control (Vertical line marks 120 Hz).
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Figure 4.15. Output Impedance with PI-R control (Vertical line marks 120 Hz).

TMS320F28335 processor, the continuous-time domain transfer functions of con-

trollers and filters have to be digitized using an appropriate discrete-time conversion

method.

Discretization is a process transferring continuous-time domain differential equa-

tions into discrete-time domain difference equations. Zero-order hold (ZOH) and
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bilinear transformation (also known as Tustin transformation) are two well-known
methods [138]. The ZOH method is simple but it introduces delay that is disadvanta-
geous because phase lag distorts frequency response and might destabilize the control
loop. The Tustin transformation preserves the stability of the continuous-time trans-
fer functions, which means that the digitalized system is always stable if the original
system is stable. Therefore, the present work uses the Tustin transformation, is given

by:

2z—1

_ 12
TTLiT (123)

where T is the sample time, s and z mean the operators of Laplace transformation
and Z-transformation, respectively.

Given a general 2nd order continuous-time transfer function

. b082 + blS + bg

G(s) = . 124
(s) aps? + ars + as (124)
Substitutue (123) into (124), the discretization of (124) is
2
G(z) = Bos™ + p1s + Do (125)

Oé082 + o8 + Oég’

where By = 4by + 20T + byT?, B1 = —8by + 2b,T?, By = 4by — 20, T + by T?, g =
dag + 2a,T + asT?, oy = —8ag + 2a,T?, and oy = 4ag — 2a,T + asT?.

Using (125), the parameters of digitalized controller transfer functions of K, =
0.01, K; = 0.1, K, = 0.12, and T" = 200 usec are listed in Table 4.4. Using the
same method in (125), the parameters for the anti-aliasing filter (for Pl-only and
PI-R control, sampling frequency 5 kHz, passband frequency 1.0 kHz, stopband gain
-40 dB) and the LPF (for PI-Feedforward control, sampling frequency 5 kHz, passband
frquency 32 Hz, stopband gain -40 dB) are given in Table 4.5.

4.4. SIMULATION AND EXPERIMENTAL RESULTS
Several PLECS simulations have been run to demonstrate the effectiveness of
the proposed controllers when a DAB converter is driving an inverter. System param-

eters are given in Tables 4.1 — 4.5. Simulation results of all three methods, PI-only,
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Table 4.4. Parameters of Controllers

Bo B B ag | o as
PI Controller 0 0.02002 | -0.01998 | 0 1 -1
R Controller | 0.00062 0 -0.00062 | 1 |-1.965 | 0.9876

Table 4.5. Parameters of Digital Filters

0 1 2 3 4 3
LPF fiass = 1kHz, j3; 0.754 0.2331 | 0.3821 | 0.3821 | 0.2331 0.754
LPF fpuss = 1kHz, oy 1 -0.3873 | 0.7755 | -0.0959 | -0.0891 | 0.000307
LPF fpass = 32Hz2, 3; | 0.000151 | 0.00106 | 0.00318 | 0.00318 | 0.00106 | 0.000151
LPF fpass = 32Hz, o 1 -3.9274 | 7.0375 | -1.8829 | 0.4271 | -0.0424

PI plus feedforward control, and PI-R control, are given in the following figures.
Four simulation cases are compared: Pl-only with rated bus capacitance (in Figure
4.16(a)), Pl-only with four times larger bus capacitance (in Figure 4.16(b)), PI with
Feedforward with rated bus capacitance (in Figure 4.16(c)), and PI-R control with
rated bus capacitance (in Figure 4.16(d)).

Figure 4.16(a) shows the results when using PI-only control. With just the PI
controller, the ripple at 120 Hz is high. Voltage ripple is observed to be approximately
20 V peak-to-peak at 120 Hz. Comparing the middle waveform with the lower wave-
form in Figure 4.16(a), the duty ratio of the DAB converter is lagging the inverter
output power (the lower waveform), which is the result of low loop gain and high
output impedance of the DAB converter at 120 Hz.

Figure 4.16(b) shows the results when using PI-only control and increasing the
bus capacitance by a factor of four. The results show reduction of output voltage
ripple. This can be confirmed by the decrease of output impedance caused by larger
capacitance. On the other hand, there is even more lag between the duty ratio of
DAB converter and the inverter output power, which is confirmed by reduced loop

gain when output capacitance is increased.
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Figure 4.16. Simulation Results. From top to bottom: output voltage of DAB
converter (V), duty ratio of DAB converter, output power of inverter (W)

Figure 4.16(c) shows the results when using PI-Feedforward control at rated
output capacitance. The duty ratio of the DAB converter is in phase with the inverter
output power. This means that with the help of information from feedforward, the
DAB converter is able to track the power demanded by the inverter. Therefore,
output voltage ripple is reduced without increasing output capacitance.

Figure 4.16(d) shows the results when using PI-R control at rated output ca-
pacitance. With an additional R controller, the duty ratio of the DAB converter is in
phase with the inverter output power, which is similar to the one using feedforward
control. This is the result of high gain at 120 Hz and low output impedance of the
DAB converter generated by adding the R controller to the loop gain. Therefore,

Figure 4.16(d) shows similar reduction of voltage ripple.
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Figure 4.17 shows the diagram of experimental setup. Output voltage of the
DAB converter is sampled by an operational amplifier circuit and the on-chip analog-
to-digital converter of TI TMS320F28335 DSP. Low-pass filters are used as an anti-
alias filter for digital implementation of controllers. Feedback control algorithms,
configurable to be Pl-only, PI-Feedforward, or PI-R control, are programmed in the
interrupt service routine (ISR) of the DSP chip. The outputs of the feedback controller
are fed to the on-chip PWM generator. The PWM signals are sent to gate drivers
to turn-on/turn-off the power IGBTSs. Figure 4.18 shows a picture of the experiment
setup, which consists of a DAB converter circuit board, an inverter circuit board,
and a DSP control circuit board. Experimental results are given in Figure 4.19(a) —

Figure 4.19(d).

1:1

T

High-freq transformer

Gate Driver

Gate Driver

PWM PWM
Generator Generator

Closed-loop Controller

Figure 4.17. Experimental Hardware Diagram

Figure 4.19(a) and 4.19(b) show the experimental results of using the Pl-only
control scheme, when the output capacitance of the DAB converter is set to 200uF
(the rated value) and to 800uF (four times of the rated value). The larger capacitor
bank, which reduces the output impedance of a DAB converter, obviously reduces the
ripple in DAB converter’s output voltage (channel 2) caused by the 120 Hz current
by the single-phase inverter. The transformer current of the DAB converter (channel

4) also indicates how high the loop-gain is at 120 Hz and how the feedback controller
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Figure 4.18. Picture of Experimental Hardware

tracks the error at 120 Hz. When the phase-shift ratio of a DAB converter tracks the
output power ripple cause the down-string inverter, there would be a 120 Hz envelop in
the resulting transformer current. Comparing the waveforms of channel 4 (the green
one) in Figure 4.19(a) and Figure 4.19(b), the 120 Hz envelope is more observable
for the first case. For the same controller parameters, high output capacitance slows
down the feedback loop. The reason for low voltage ripple at the dc bus is simply
that a larger capacitor can absorb more ripple current.

Figure 4.19(c) shows the experimental results of using the PI-Feedforward con-
trol scheme. Voltage ripple reduces comparing to Figure 4.19(a). However, contrary
to the case in Figure 4.19(b), this is achieved not by increasing output capacitance,
but by providing the DAB converter with the ability to track 120 Hz ripple power.
Such ability is indicated by the 120 Hz envelope of the transformer current. When
output voltage of inverter approaches its peak (either positive peak or negative peak),
the instantaneous power is also approaching its peak. As a result, the DAB converter
supplies higher current to its load, the inverter. On the other hand, when output
voltage of the inverter is crossing zero, the instantaneous power is approaching zero.
Therefore, the DAB converter also supply near-zero current. This confirms that the

DAB converter has the ability to track 120 Hz ripple power, enabled by feedforward.



Figure 4.19. Experimental Results. From top to bottom: Input Voltage of DAB
Converter (V), Output Voltage of DAB Converter (V), Output Voltage of Inverter
(V), Transformer Current of DAB Converter (A). 4ms/div.

Figure 4.19(d) shows the experimental results of using the PI-R control scheme.
Similar to Figure 4.19(c), lower voltage ripple is observed without using larger capac-
itor. The 120 Hz envelope of the transformer current also confirms the the ability to
track second order ripple power. However, such ability is not enabled by feedforward.

It is given by adding an additional R controller.

4.5. SUMMARY
In the multi-stage configuration of an SST, a dc-dec DAB converter drives a
single-phase dc-ac inverter. The cascaded connection of power converters poses a

challenge to closed-loop controller design. A single-phase inverter has significant
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second order (120 Hz) harmonic current in its input side. A conventional PI controller
has limited bandwidth at 120 Hz because of the relatively low switching frequency of
the DAB converter. What is more, simply increasing switching frequency would not
result in higher bandwidth. Two control methods are proposed to solve the above
challenge without using large dc bus capacitor between the DAB converter and the
inverter. The first method uses the feedforward information from the inverter, while
the second method adds an R controller to the feedback loop. Bode plot analysis of the
loop gain and the closed-loop output impedance of DAB converters is used to study
the limitation of PI controller and the effect of adding an R controller. Simulation

and experimental results confirm the effectiveness of the proposed methods.
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5. SUMMARY AND CONCLUSIONS

The objective of this dissertation is to analyze three different aspects of DAB
converters and to provide a set of tools to help design DAB converters for SST applica-
tions. DAB converters have some specific characteristics, which require new analysis
approaches, new modeling techniques, and new control schemes. This dissertation
presents three contributions.

Different SST topologies have their own advantages and disadvantages. Some
have more functionalities and complicated circuits, while some others lack reactive
power control but have a simpler circuit. The proposed ac-ac DAB converter is an
alternative SST topology when only active power control is required. While the
conventional SST topology uses a multi-stage configuration, the ac-ac DAB converter
is a single-stage converter that is able to provide regulated voltage step-up/step-down
as a utility transformer. The proposed topology uses the nonzero transformer leakage
inductance to facilitate voltage regulation and soft-switching. Four-quadrant switch
cells and phase-shift modulation ensure that energy can flow in both directions. This
work presents a proof-of-concept study of applying ac-ac DAB converters as SSTs.

Average models of DAB converters are necessary for the analysis and design of
DAB converters. Most previously published papers have assumed that the dynam-
ics of DAB converters can be approximated by a reduced-order model. The reason
for such approximation is the pure ac transformer current of DAB converter, which
is difficult to model using the conventional averaging technique. This dissertation
provides a full-order continuous-time model for DAB converters by using the gener-
alized state-space averaging technique. It uses more terms in the Fourier Series of
a state variable, leading to a third-order model if capacitor ESR is not considered
and a sixth-order model if ESR is considered. Experimental results show improved
accuracy of the proposed modeling approach. The proposed average model, singular
perturbation analysis provides a formal analysis of the conditions of separating the
fast dynamic variable from the the slow ones. Designers of SSTs can use the new

model to obtain an average model that is a better match to real hardware.
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In the multi-stage configuration of SSTs, a de-de DAB converter is in between
the rectifier stage and the inverter stage. Since both the rectifier and the inverter
process ac power. It is useful to enable the DAB converter with such ability so
that both average power and ripple power can be transferred in a streamline. This
dissertation provides two methods for dc-dc DAB converters to track the 120 Hz power
demand by the inverter stage. The first method uses the feedforward information from
the inverter, while the second method adds an R controller to the feedback loop. The
later method is preferred because its effect on the feedback loop can be analyzed using

classic frequency domain design tool such as the Bode plot.

5.1. FUTURE WORK

The ac-ac DAB converter is modular in nature and can be expanded easily to a
multiphase configuration. The input-series-output-parallel circuit configuration can
block high voltage on the primary side and share large current on the secondary side
(78, 72, 139]. It is feasible to use three modules with 6.5 kV IGBTs to implement a
single-phase 7.2 kV/120 V 20 kVA distribution-level transformer (Figure 5.1). The
proposed modular configuration can also be applied for three-phase applications (Fig-
ure 5.2) in future work. For both cases, a shunt active power filter would be needed to
provide reactive power compensation to ensure that only active power is transferred
through the SST.

The proposed average model of de-dc DAB converters can be integrated with
average models of ac-dc rectifiers and dc-ac inverters to build a average model of an
SST. Future work could use the SST average model as a building block to model
a large smart grid (similar to the IEEE 34 bus distribution system [140]) with a
number of SSTs. A large system of interconnected power electronic converters might
have some interesting complex or chaotic behaviors that are worth analysis before
actual hardware deployment.

The next step in the analysis of a de-dc DAB converter driving a dc-ac inverter
could be adding closed-loop control the inverter. When two regulated converters
are in a cascaded connection, the well-known negative impedance effect might be a
challenge for controller design. The conventional rule-of-thumb is to use a large dc bus

capacitor, not only to absorb the 120 Hz harmonic current, but also to minimize the
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de-stabilizing effect caused by the regulated load converter. An appropriate approach
to model the input impedance of a regulated inverter is necessary for such study.

Future work could also focus on the development of a nonlinear control scheme to

address the previously mentioned effects.
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Figure 5.1. Single-phase 10 kVA 7.2 kV/120 V SST configuration
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Figure 5.2. Three-phase 30 kVA 7.2 kV /120 V SST configuration
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