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Abstract:

This thesis presents new wide-ratio bidirectional hybrid DC-DC converters
used in supercapacitor storage, frequently employed for enhancing the
storage performances in microgrids or electric vehicles. The presented
topologies are developed from unidirectional hybrid structures which are
characterized by the use of switched cells consisting of identical capacitors
or inductors switched between series and parallel connection with the help
of diodes. By operating in this manner, the switching cells help achieve a
wider (higher in step-up converters or lower in step-down converters)
voltage conversion ratio, lower active switch stress, and smaller passive
components. The bidirectional structures achieve the same benefits as the
unidirectional topologies, with the added benefit of two quadrant
operation.

This work if focused on four converter topologies, from which three are
proposed by the author. The studied topologies are described analytically,
in order to obtain design equations and comparison metrics. Dynamic
analysis is performed to achieve a better hardware design of converters,
to assess their stability and to design current controllers. Digital
simulations are used to aid the design and analysis of the studied
converters. Experimental results are acquired for two hybrid topologies in
applications with a power scale up to 5kW. In order to measure efficiency
and test the influence of different switches, one topology was built using
MOSFETs and GaN-FETs. To eliminate some disadvantages, an improved
version is proposed for each of the studied topologies.

Power sharing strategies for supercapacitor storage in microgrid
applications are proposed and implemented with the help of a hybrid
converter. Their operation is tested trough experimental and digital
simulations.
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NOMENCLATURE

Abbreviations

DC - direct current

AC - alternative current

PV - photovoltaic

SC - supercapacitor

EDLC - electric double layer capacitor

CBBB - conventional bidirectional buck/boost converter

MOSFET - metal oxide semiconductor field effect transistor
Si-MOSFET - Silicon MOSFET

PWM - pulse width modulation

ESR - equivalent series resistor

RMS - root mean square

BSQZ - bidirectional switched-quasi-z-source converter

CBQ - conventional bidirectional quadratic converter

BQ1, BQ2, BQ3 - new bidirectional quadratic converters

BTMM - bidirectional triangular modular multilevel converter

BSC1, BSC2 - bidirectional switched capacitor converters

BHSC1, BHSC2 - bidirectional hybrid switched capacitor converters
UHSC1, UHSC2 - unidirectional hybrid switched capacitor converters
VCM - valley current mode control

SSA - state space average

LPF - low pass filter

ZOH - zero order hold

ADC - analog to digital converter

I-BHSC1 - improved bidirectional hybrid switched capacitor converter
BHSC2 - bidirectional hybrid switched capacitor converter

RHPZ - right half-plane zero

3L-BB - three level buck boost converter

3L-BHSC2 three level BHSC2 converter

BHSI - bidirectional hybrid switched inductor converter

GaN-FET - gallium nitride field effect transistor

DUSHI - step-down unidirectional hybrid switched inductor converter
UUSHI - step-up unidirectional hybrid switched inductor converter
I-BHSI - improved BHSI converter

EMI - electromagnetic interference

BHSISC - bidirectional hybrid switched inductor switched capacitor converter
I-BHSISC - improved BHSISC

DGi, DGy, DGy - distributed generators

EMS - energy management system

SoC - state of charge

ND-LRZD - nonlinear droop linear resistor and Zener diodes method
ND-NR - nonlinear droop nonlinear resistor method

CV - constant voltage

CC - constant current

Sat. 1, Sat. 2 - saturation blocks

VID - virtual impedance droop method

NVID - nonlinear virtual impedance droop method
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Symbols

V. - lower voltage input of converter

V4 - higher voltage input of converter

I, - current on the lower voltage side input of converter

Iy — current on the higher voltage side input of converter

Rioaq — l0ad resistor

C, C1, Gy, G, Gy - capacitors

Csc - supercapacitor

Chus — DC bus capacitor

Cu — capacitor from the higher voltage side input of converter

C, - capacitor from the lower voltage side input of converter

Csw — switched capacitor from a hybrid converter topology

We, Wei, We — capacitor energy

Wen — energy of Cy capacitor

We. - energy of C, capacitor

Wesw — energy of C; capacitor

Weror — total capacitor energy

Werorx) — total capacitor energy in converter number x

Ve, Ve, Ve, Vaj — average capacitor voltage

Vemax — maximum capacitor voltage

vesw — Switched capacitor instantaneous voltage

Vesw — switched capacitor average voltage

Avey - Cy capacitor voltage ripple

Avg - C, capacitor voltage ripple

Avesw — Csw capacitor voltage ripple

rv — capacitor ripple voltage percentage

ic. —instantaneous current on C; capacitor

icw —instantaneous current on Cy capacitor

icsw —instantaneous current on Csy capacitor

ic1, ic2 —instantaneous current on C; and C; capacitors

L1, Ly, L3, La, Lj, Lij - inductors

i1, 02, i3, ira — instantaneous inductor currents, as time functions
ir1* — i1 reference current

I;4, 12, I3, 114, Ii; — average inductor currents

Air1, Aip, Ais, Aiga — inductor ripple currents

ri — inductor ripple current percentage

Vi1, Vi2, Vi3, Via — instantaneous inductor voltage, as time functions
<vi1>, <Vi2>, <Vi3>, <Vi4> - averaged inductor voltage

Wi1, Wi2, W3, Wia, Wi = inductor energy

Wi ot — total inductor energy

Wirotxy — total inductor energy in converter with number x

t - time

ton — time interval where the main switch(es) are ON in step-down operation
torr — time interval where the main switch(es) are OFF in step-down operation
ton’- time interval where the main switch(es) are ON in step-up operation
torF — time interval where the main switch(es) are OFF in step-up operation
T - switching period

f - switching frequency

At - time interval variation

D - duty cycle, for step-down operation
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D' - duty cycle, for step-up operation

Si1, S2, S3, Sa, Ss, Saij, Sij, Sii, Swi — active switches

D1, D, - diodes

Vsi, Vs2, Vs3, Vsa, Vss — switch voltages

is1, is2, is3, isa, iss — switch currents

S - total active switch stress

S(x) — total active switch stress in the converter with number x

Vs1, Vs2, Vs3, Vsa, Vss, Vsj, Vsaij, Vssj — average switch voltage stresses

Isy, Isy, Is3, Isa, Iss, Isj, Isaj, Ispj — average switch currents stresses
Vb1, Vb2 — average diode voltage stresses

Ipi, Ip» — average diode currents stresses

Vewmsi, Vewmsz2 — switch driving signal

x — state vector

u - input vector

y — output vector

ri1, iz, rs, ra — inductor ESRs

rew, e, rei, ez, Fesw — capacitor ESRs

ru, r— high and low voltage inputs resistances

rsi, I's2, I's3, 'sa — switch on-state resitances (Ros(on))

Ai - equivalent state matrix for it state (i=1 for ton, i=2 for to)
Ae — averaged equivalent state matrix

a,, — state matrix element of line x, column y, it state

Bi - equivalent input matrix for ith state (i=1 for tsn, i=2 for to)
Be — averaged equivalent input matrix

b, - state matrix element of line x, column y, ith state

Ce1, Cez, Ce - output matrix
d - dynamic duty cycle
X - small signal state vector

d - small signal duty cycle
y — small signal output vector

Gpri(s), Gm(s) - system transfer functions in s domain

I - identity matrix

PM - phase margin

GM - gain margin

fc — crossover frequency

Gc(s) - controller transfer function in s domain

Gr10(2), Gpr1(2), Gro(z), Ge(z) — system transfer functions in z domain
Ged(z), Geo(z), Ge(z) - controller transfer functions in z domain
Gev(z) - discrete voltage controller in z domain

Pi» — input power

P.1, P> = L1 and L; inductor ESR power losses, respectively

Pcyn — C capacitor ESR power loss

Pc; — C, capacitor ESR power loss

Psnup — RC snubber power loss

n - converter efficiency

© - junction temperature

Pconai — conduction loss in it switch

Pswi — conduction loss in it switch

AV - DC bus voltage variation

BUPT



V4, Va1, Va2, Van,Vasc — DC bus prescribed voltages

Ri1, R2, Rn — droop resistors emulated by converter control
Vimin, Vmax — DC bus voltage limits

+Imax — converter current range

+Im — maximum current range for linear operation

Vza —voltage on Ry resistor

Ra - linear resistor implemented in ND-LRZD method

Dz1, Dz, -Zenner diodes implemented in ND-LRZD method
Rs - nonlinear resistor implemented in ND-NR method
Vaa, Vas — current limited voltage sources

AVra — voltage droop for ND-LRZD method

Irs — current through Rg resistor

Vrs —voltage on Rg resistor

kv — gain coefficient for power implementation of ND-NR

av — power coefficient for power implementation of ND-NR method
k1 - output gain coefficient for arctangent implementation of ND-NR
k> - input gain coefficient for arctangent implementation of ND-NR

Raroop — standard droop resistor
Chus — DC bus capacitance

Rr - virtual filter resistor

Cr - virtual filter capacitor

AVrc - virtual impedance voltage
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INTRODUCTION

Motivation

With the increase in pollution corelated to an increase in health risks,
renewable resources are more often considered in place of the conventional energy
sources. In order to achieve a sustainable, resilient and efficient energy production
and utilization in the context of renewable energy, microgrids are more frequently
used.

An important aspect in using renewable resources in microgrid applications is
the storage of energy. Chemical battery storage is still widely used, but new
technology advances in materials drive the development of supercapacitor storage
further, allowing them to achieve better characteristics. In terms of energy storage,
supercapacitors are approaching the conventional batteries, with additional benefits
such as higher power density, longer life cycles and lower maintenance requirements.

Because, in terms of electrical characteristics, supercapacitors operate in a
similar way as conventional capacitors, the stored energy is proportional to the
squared voltage of the device, resulting in a large voltage variation.

Since DC distribution is most likely to be widely used in the future, as most
sources and consumers are actually DC, the power converters for interfacing the
supercapacitor to the voltage bus will also be a DC-DC converter. Because of the large
variation of the supercapacitor voltage (corelated to the energy), and because of the
relatively larger voltage on the DC bus, wide conversion ratio converters are desired.

A class of converters that can achieve wide voltage conversion ratios are the
hybrid converters, which use switched inductor or capacitive cells in order to attain
their performances.

The main purpose of this thesis is to develop and analyze new bidirectional
hybrid topologies and to test them in supercapacitor storage for microgrid applications
with different power sharing control strategies.

Thesis outline

This thesis is divided into 8 chapters, which are described in the following
paragraphs.

Chapter 1 presents a brief introduction into the field of microgrids with DC
distribution and energy storage elements with highlight on supercapacitor storage.
An introduction to the unidirectional hybrid converters is also presented in this
chapter.

An overview of nine, conventional or state-of-the-art, bidirectional DC-DC
topologies is presented, with their respective analytical description. The topologies
are chosen for having a wide voltage conversion ratio without the need of coupled
inductors, a reduced number of components, and for requiring simple driving
strategies for operation.

Parameters such as voltage conversion ratios, total inductor energy, total
capacitor energy and total active switch stress are determined for these converters,
to be further compared to the proposed topologies in chapter 6.

Chapter 2 presents a bidirectional hybrid switched capacitor converter, which
was previously proposed in the scientific literature. This topology achieves a high
conversion ratio at lower switch stress and requires small passive components. An
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analytical description of the topology is presented for steady state, and a dynamic
analysis is performed in order to design the continuous and discontinuous controllers
for this topology. A Valley Current Mode Controller is tested for a fast implementation.
Frequency response of the linearized converter model, and experimental results are
used to test the stability of the design. Topology improvements are proposed for this
converter in order to eliminate high frequency common voltage between the inputs.

Chapter 3 presents a different hybrid switched capacitor converter, which is
able to achieve the same wide conversion ratio with reduced passive components, but
it also features a common ground between the inputs. Analytical descriptions, and a
dynamic analysis are performed to compare and to analyze the stability of this
topology. Additionally, the dynamic analysis is used to evaluate the influence of
different passive components in the stability of the converter. Simulation results and
frequency responses of the linearized model are used to test the operation and the
stability of the converter.

A multilevel structure is proposed as an improvement for this topology, which
is achievable because the topology has common ground between inputs.

Chapter 4 presents a bidirectional hybrid switched inductor converter which,
apart from the wide voltage conversion ratio, has the advantage of a lower system
order of the linearized model. Steady state analysis is performed in order to present
the main characteristics of this topology, and dynamic analysis is used for designing
the digital controller and for analyzing the stability of the topology. The operation of
the converter is analyzed with two prototypes built with conventional MOSFETs and
GaN-FETs, and efficiency results are used for comparisons between the two.

An improved topology is presented which eliminates high frequency switching
voltage between the two inputs, while introducing other advantages as well.

Chapter 5 presents a bidirectional hybrid switched inductor switched
capacitor converter, a combination between the topology from chapter 2 and chapter
4, which achieves a much wider conversion ratio, and better overall performances.
Analytical and dynamical analysis are performed in order to describe the main
characteristics of the converter and to improve the hardware design and control
architecture of the topology, respectively. Simulation results are used to demonstrate
the functionality and performances of the converter.

An improved topology is proposed in the end, which eliminates high frequency
switching voltage between inputs and reduces inductor voltage oscillations.

Chapter 6 presents a comparison between all presented topologies from the
previous chapters, including the state-of-the-art topologies from chapter 1. The
converters are compared in terms of step-up and step-down voltage conversion
ratios, total inductor energy, total capacitor energy and total active switch stress, all
presented in graphical plots with values normalized to the conventional bidirectional
buck-boost converter.

Chapter 7 presents an application of bidirectional wide ratio converters: as
an interface between a DC voltage bus in a microgrid and a supercapacitor used for
storage. Three nonlinear power sharing strategies are presented, two of which are
based on the nonlinear droop strategy, and one based on a nonlinear virtual
impedance. The methods are analyzed based on the simulation and experimental
results.

Chapter 8 presents the conclusions of this thesis, original contribution of the
author and future work for the presented subjects.
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Thesis objectives

The main objectives of the thesis are summarized as follows:

To realize an overview of microgrid structures with emphasis on
electrical storage elements

To realize a review of conventional and state of the art bidirectional
DC-DC converters presented in the scientific literature

To propose new wide voltage conversion ratio bidirectional hybrid DC-
DC topologies

To analyze the operation of the proposed topologies

To perform an analytical study for all the presented topologies in order
to compare them

To perform the dynamic analysis for the proposed topologies in order
to optimize their design and to analyze their stability

To validate the topologies in steady state and transient operation
trough digital simulations

To build and test experimental prototypes in order to validate the
theoretical considerations

To improve the structure of the proposed topologies in order to avoid
eventual vulnerabilities

To develop power sharing strategies, applied in microgrid structures,
for supercapacitor storage application
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1. A REVIEW OF BIDIRECTIONAL DC-DC CONVERTERS

1.1. Abstract

This chapter presents an introduction to microgrid structures, with highlight
on the advantages of DC distribution, and common voltage levels suitable for these
applications. A classification of storage elements is made with emphasis on chemical
and electrostatic storage, in batteries and supercapacitors (SC) respectively, and their
characteristics in terms of power and energy densities are presented.

As voltages in a DC microgrid have relatively large values compared to usual
SC voltages, and because good SC energy utilization is advantageous, a wide voltage
ratio bidirectional DC-DC converter is required as an interface to the DC bus.

State-of-the art converter topologies are presented together with their main
operation modes and their corresponding steady state equations. These topologies
will be used in the following chapters as comparison references for the hybrid
structures presented in this work.

1.2. Introduction

Considered an important part in building the future of energy, microgrids are
defined as a group of distributed, renewable or conventional resources and loads,
interconnected such that they appear as a single unit [1]. The use of distributed
resources, in combination to having the possibility to disconnect from the conventional
grid, the microgrid is ideal to address concerns such as sustainability, resilience and
energy efficiency. Because it can operate completely separated from the grid, the
microgrid represents a good option for providing energy where the conventional AC
grid is either not available or undependable [2].

Since most modern household consumers use DC voltage, as they include a
front-end rectifier, and most renewable energies generate DC or variable frequency
AC converted to DC with a power electronics converter, the DC microgrid presents a
promising future. If operated at a variable-frequency, the resources that use AC
machines can operate more efficiently by using power converters. In industrial
applications, the rectifier/inverter motor drives can benefit in terms of efficiency and
costs from a DC grid, by eliminating the rectifier. Conventional storage components
are largely DC elements and can be used more conveniently in a DC grid, by using
DC interface converters. The common power quality problems from AC grids are
clearly reduced by using a DC bus, and stability issues are also easier to solve in DC.
Because of the innovations in converter technology, the solid state transformer has
gained popularity, showing that the initial factor for choosing AC systems (easy power
distribution because of the conventional transformer) is no longer valid as power
converters achieve good performances [3], [4]. Considering the advances in electric
vehicles, their battery chargers can be simplified by using a DC bus, and they can be
integrated effortlessly in a vehicle to grid (V2G) operation [5]-[7].

A block diagram of a typical DC microgrid using photovoltaic (PV), wind and
hydro renewable resources, battery and supercapacitor as storage elements, with a
single connection to the utility grid is presented in Fig. 1.1.
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Fig. 1.1. DC Microgrid diagram with renewable resources (Photovoltaic-PV, Wind and Hydro
energy), Supercapacitor (SC) and Battery storage, DC loads, and multiple power electronics
converters (DC/DC and AC/DC)

Apart from the V2G operation in microgrids, a more important reason for
utilizing electric vehicles is to reduce pollution in cities, mostly produced by internal
combustion engines. By combusting fuel, the engine is producing power but is also
eliminating pollutants in the air. Apart from the carbon dioxide and nitrogen oxides,
other pollutants, more relevant from the health perspective, are produced: ultrafine
particle matters (PM) which include solid particles and liquid droplets [8]. With sizes
smaller than 2.5um, the PM2.5 is considered to have the biggest influence on health
as these carcinogenic particles are easily assimilated through the lungs affecting the
nervous, respiratory, and cardiovascular system.

The different types of storage elements present in microgrids can be classified
in different types [9]:

e Chemical
o Chemical - Batteries
o Electrochemical - Fuel cells
e Electrical
o Magnetic - Superconducting magnetic energy storage (SMES)
o Electrostatic - Supercapacitor (SC)
¢ Mechanical
o Kinetic - Flywheel
o Potential - Pumped hydro & compressed air

An ideal storage element has a low cost, large energy density, large power
density, infinite life-cycle, small installation cost, and unity efficiency. As the ideal
storage element does not exist, combinations between these storage elements are
used in hybrid storage systems in order to profit from the larger range of benefits,
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and a wider frequency spectrum of the generated energy [10]. The most common
storage elements used for microgrid storage are chemical batteries, which have a
limited life cycle, a reduced energy and power density, and a large impact on the
environment. In order to increase the power density of the storage system, a
supercapacitor (SC) can be used in addition to the conventional batteries, as it has a
greater power density, a very large life cycle and reduced maintenance costs [11].
Similar to the microgrid, the electric vehicle can also benefit from SC storage for the
same advantages.

The SC is popular because of its large power density and an increased energy
density and it now has a great impact for microgrid storage, [12], [13], or electric
vehicle storage [14], [15].

Supercapacitors can be characterized in three main types, as presented in
[16], based on the charge storage techniques ( Electrostatically — Helmholtz layer,
Electrochemically - Faradaic charge transfer, and a hybrid combination of both [17]),
with subtypes depending on the electrode materials:

e Electric double layer capacitors (EDLC) — Electrostatically
o Activated carbon
o Carbon nanotubes
o Graphene
¢ Pseudocapacitors - Electrochemically
o Conducting polymers
o Metal oxides
e Hybrid - Electrochemically + Electrostatically

The most common supercapacitors, the electric double layer capacitors
(EDLC), were initially commercialized in 1978 as energy storage solutions for backup
power for computer memories [18]. The EDLC uses a higher surface area for the
electrodes compared to the conventional capacitors (such as with activated carbon or
carbon nanotubes), in order to achieve higher capacitances. In the same time period
as the EDLCs, the pseudo capacitors were developed which are characterized by their
use of oxidation-reduction reactions and intercalation mechanism for the energy
storage [19]. Even if their storage is based on redox reactions, they present the same
linear electric characteristics as the EDLC, a linear voltage-charge characteristic, and
not a battery (faradaic) characteristic [16], [20]. In comparison to the EDLC, they
achieve higher energy densities, but a lower power density. Hybrid capacitors are a
combination between EDLC and pseudocapacitors, having two different electrodes,
one specific for each of the two technologies.

An overview on the electrochemical and electrostatic energy storage
technologies is summarized in Table 1.1, from the perspective of the energy density
(specific energy, or massic energy) and the power density (specific power, or
gravimetric power density). In the electrochemical category, the common Pb-Acid and
Li-Ion batteries are found alongside modern types, such as Zn-Ion, Zn-Air, Na-Ion or
the common RuO; pseudocapacitors. The improved batteries show larger energy or
power densities, such as the Li-Ion with improved cathodes, or the Na-Ion which
surpasses even the RuO, pseudocapacitors in terms of power density. The hybrid
storage supercapacitors (which store energy both, electrostatically and
electrochemically) show an improved power density over the electrochemical storage,
with a detriment in energy storage compared to the electrochemical storage. Lastly,
the electrostatic storage elements, the EDLCs, already achieve the highest power
densities, even in commercially available products. Forecasts from 2016 regarding
the energy density of the nitrogen doped electrodes of the EDLCs were exceeded by
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graphene EDLCs which are approaching the common Li-Ion batteries in terms of
energy densities, but with a much greater power density.

Table 1.1. Power and energy density characteristics of different storage elements

Storage technique Energy Density Power Density
(Wh/kg) (kW/kg)
Electrochemically
Pb-Acid battery 30 0.13
Li-Ion battery [21] 30-200 0.5
Zn-ion battery [22] 175.1 0.43
90 12
Zn-air battery [23] 68 0.045
Li-ion with amorphous mixed poly-cathode 210 1.3
materials [24]
Na-ion battery [25] 364.2 6.75
RuO2 pseudocapacitors [26] 0.6 - 8.5 0.5 -5.8
Hybrid (Electrostatically + Electrochemically)
Commercial activated carbon cathode & 92.3 5.5
mesocarbon microbeads as anode [27]
Mesoporous/core-shell Nb2Os/carbon anodes [28] 15 18.51
Li-ion based on LiNio.sMn1.504 & activated carbon 50 1.1
[29]
Na-Ion [30] 201 0.285
76 8.5
50 16.5
NiMoOQg4 alkaline carbon activated [31] 60.9 0.85
41.1 17
Mn0O./Bi203 pseudocapacitive electrodes [32] 11.3 0.35
Electrostatically (EDLC)
Commercial available SCs [16], [20], [21] 2-20 3-40
2016 Forecast for nitrogen doped electrodes [33] 41 26
Partially exfoliated graphite foil electrode [34] 65.1 13
Graphene supercapacitor [35] 148.75 41
Polyethylenimine Low-cost nitrogen-doped 60.31 0.38
activated carbon [36]
Cellulose-derived carbon nanofibers [37] 51 117
Patronite-reduced graphene oxide hybrids [38] 117 20.65

Even with so many different types of storage elements, a combination of high
energy density storage element (battery) and a high power density storage element
(supercapacitor) is used in order to benefit from both of their performances [39].
Because most SC technologies try to achieve a linear voltage-charge dependency, the
energy stored in the element, W, varies proportionally to the squared voltage applied
to the capacitance (C):

(1.1)

The SC energy dependency is presented in Fig. 1.2 with respect to the
voltage, as percentage from their respective maximum values. From this graph, it is
understandable that a wide voltage variation is required to achieve a good energy
utilization of the SC. If the SC is charged up to 90% of its nhominal voltage 20% of
the energy capacity remains unused, and if the SC is discharged down to 30% of its
nominal voltage approximately 10% of the energy is still available in the SC.
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Fig. 1.2. SC energy as a function of capacitor voltage, both represented as percentage of
maximum values

A better understanding of the capacitor energy utilization is achieved if the
DC bus voltages of the microgrid are considered. Table 1.2 presents an overview of
different DC voltage levels with their corresponding standards and applications [40].
The largest voltage considered, 1500V, is the highest limit for low voltage DC
distribution according to IEC60038, which can be divided for 750V bipolar distribution,
a conventional voltage for tramway power systems. With voltages above 565V a direct
interconnection to a three phase 400V AC grid can be achieved by using an inverter.

Table 1.2. Voltage levels, standards, and applications of low voltage DC distribution [40]

Voltage level (V) | Standards & Codes Applications
1500 LVdc limit, IEC60038 PV systems, Traction
750 Trams power systems
=565V Direct interconnection to 3ph 400V AC grid
400 Telecom DC limit EV, Data centers
ETSI EN 300 132-3-1
380 Emerge Alliance Data centers
(Data/Telecom std.)
325 Direct connection of AC loads with rectifier
230 Compatibility to AC resistive load
120 Limit of SELV and PELV,
IEC61140
75 Lower limit of
EU LVD 2014/35/EU
50 IEEE 802.3bt Power over Ethernet
IEEE 802.3bu
48 Telecom, Trucks, Rural PV systems
24 Emerge Alliance Lighting systems
(Occupied Space std.)
12 Automotive, Lighting
5 Electronics
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The ETSI EN 300 132-3-1 standard for telecommunications and datacom
equipment sets their maximum voltage at 400V, which is close to the 380V standard
for data centers set by Emerge Alliance. These two voltages are close to 375V, half
of 750V, which can be used for bipolar distribution yet again.

To achieve compatibility for AC loads, the 325V is taken into account for direct
connection of an AC load with internal rectifier (most electronic products), and the
230V voltage is considered for compatibility to AC resistive loads. On the lower voltage
side, the international standard for protection against electric shock, IEC61140, sets
the limit at 120V, and the European Low Voltage directive, EU LVD 2014/35/EU, sets
the lower DC limit at 75V. The 50V limit is considered for power over ethernet, by
IEEE 802.3bt and IEEE 802.3bu standards, which is close to the 48V used in the
automotive and telecom industry, and even small rural PV systems. For lighting
systems, the Emerge Alliance sets the voltage to 24V, while the 12V and 5V are
commonly used in automotive, lighting, and low power electronics.

Because the voltage range between 375V and 400V is covered by standards
and are commonly used in various applications, this range is also considered for the
applications presented in this work. A commercially available SC is used as an
example for the required voltage range variation versus its stored energy, the
BMODO0063-P125-B04 produced by Maxwell with a capacitance of 63F, maximum
voltage of 125V, peak currents of 1.9kA, power density of 1.7kw/kg and energy
density of 2.3Wh/kg. Considering the voltage conversion ratio of the converter,
V. / Vu, as a ratio between the low voltage output connected at the SC, V,, and the
high voltage output connected at the DC bus, Vy, the energy of the SC is represented
as a function of the voltage conversion ratio in Fig. 1.3.
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Fig. 1.3. Energy stored in the BMOD0063-P125-B04 SC (63F, 125V, 1900A, 1.7kW/kg,

2.3Wh/kg) as a function of the voltage conversion ratio (V. / Vu),
for V4 = 400V and V. = 0-125V
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In order to achieve at least 90% energy utilization of the SC, a wide
conversion ratio, between 10% and at least 31.25%, is required. A greater energy
utilization can be achieved by having a wider conversion ratio, therefore wide
conversion ratio converters are usually desired for SC storage applications.

As wide ratio converters are desired, the unidirectional hybrid converters
developed in [41], [42], are considered as an inspiration for bidirectional topologies,
because of their advantages in terms of conversion ratio, number of switches, active
and passive component size, and efficiency. The hybrid nature of these converters
comes from using switched capacitor or switched inductor cells in their structure,
which help achieve the wide voltage conversion ratio. The switching cells are either
capacitive, in Fig. 1.4, or inductive, in Fig. 1.5, and by connecting the two identical
capacitors or inductors in series, a voltage doubling/halving and a current
doubling/halving is achieved, respectively.

In the case of switched capacitive cells, the two capacitors are charged in
series and are discharged in parallel, for step-down operation in Fig. 1.4.a, or vice-
versa for step-up operation in Fig. 1.4.b,c.

For the switched inductor cells, the two inductors are charged in series, and
discharged in parallel for step-down operation, in Fig. 1.5.a,b, and vice-versa for step-
up operation in Fig. 1.5.c.

This work focuses on hybrid bidirectional wide ratio converters, with a non-
isolated structure, which do not use coupled inductors for achieving their wide
conversion ratio. By using bidirectional hybrid switched capacitor or inductive cells,
the benefits of hybrid unidirectional converters can be extended for bidirectional
operation, with the new developed topologies presented in chapters 2 to 5.

D1 o
Dy < CJ— CIZ D4 D)
D,
CZ D3
C
4 2
a. b. c.

Fig. 1.4. Unidirectional switched capacitive cells,
for step-down (a.) and step-up operation (b, c.) [41], [42]

|_<

Ly

Dy /\ /\

m}

Fig. 1.5. Unidirectional switched inductive cells,
for step-down (a, b.) and step-up operation (c.) [41], [42]

BUPT



State-of-the-art Bidirectional DC-DC Converters 25

The hybrid topologies presented in this work are compared to other
conventional or state-of-the art topologies, with similar characteristics, such as (a.)
wide conversion ratio achieved without the use of coupled inductors, (b.) reduced
number of active components (<6), (c.) non-isolated topologies, (d.) with simple
driving schemes (only two equivalent switching states, and without multiphase
operation) as most two-switching-states converters can be upgraded into multiphase
or multilevel topologies.

1.3. State-of-the-art Bidirectional DC-DC Converters
1.3.1. The conventional bidirectional buck/boost converter (CBBB)

One of the most utilized bidirectional DC-DC converter is the Conventional
Bidirectional Buck/Boost (CBBB) converter, shown in Fig. 1.6. Most applications in
which this topology is employed are either for storage in microgrid applications, [43]-
[47], or transportation [48], [49].

This chapter is used as a template, in terms of steady state analysis in
continuous conduction mode for each converter from the following chapters. The
schematic has two voltage sources at the two inputs, a lower voltage source, Vi,
represented in the left side of the converter, and a higher voltage source, V4,
represented in the right of the converter. The two sources are used to show that the
converter has a bidirectional operation and it can direct the current flow to or from
each one of the two.

The current flow in the schematic illustrates a step-down operation for
positive currents, i1, I, Iy >0, and a step-up operation for negative currents,
ir1, It, In <0. The two operation modes are considered identical, the only difference
being the sign of the currents.

The analysis of the converters is done under a few assumptions:

e all components are ideal,

¢ the capacitors are large enough to consider a constant voltage,
¢ the converter operates in steady state,

¢ the converter operates in continuous conduction mode (CCM).

In order to analyze the CBBB converter in steady state operation, the
equivalent schematics for the two switching intervals, ton and tos, are presented in
Fig. 1.7. During the t,, switching interval, the inductor is connected between the two
voltage sources, therefore the inductor current is increasing. During the tos interval,
the inductor is connected in parallel to the low voltage source (V.), and the inductor
current is decreasing.

Based on the two equivalent schematics, the main theoretical waveforms of
the CBBB are presented in Fig. 1.8: inductor voltage, vi1, and current, j;1; switch
voltages, vsi, Vs2, and currents, is1, is2; and the ripple voltages on the input capacitors
Avey and Ave. All waveforms are scaled relatively to each other, except for the ripple
voltage on capacitors. The ripple voltage is approximated by considering an ideal
capacitor and by integrating the capacitor current.
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S
dL Ly I T ,du
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‘IL \NVY._DIEI ‘IH ‘IL \V—/I'Ll Ei E I/-/
v, c L1 c Vi v, c L1 c Vi
OF" st MO O+ T

Fig. 1.7. CBBB equivalent schematics during
ton (S1is ON, Sz is OFF - left); and to (S1 is OFF, Sz is ON - right)

Vi1 T Vsi1 T
Vy =V, —
H b ‘&1’ Lorr ¢ ton Lorr
t
-V,
i1 _ KA"{LJ \\//s:
~ s

t t

is1 is2
In t t

Avea Avey
t o t

Fig. 1.8. Main theoretical waveforms of the CBBB: L inductor voltages and currents (vi1, i1);
Si and Sz switch voltages and currents (vsi, Vsz, is1, is2);
ripple voltages on the input capacitors (Avcey and Avcr)

Because bidirectional converters operate in either step-up and step-down
mode, a duty cycle proportional to the step-down conversion ratio (V. / V), D, and
a duty cycle proportional to the step-up conversion ratio (V4 / V,), D’, are defined:

D:t;_n,D':to?ff, (1.2)

where T is the switching period, and T = to, + tor

From Fig. 1.7, the inductor voltages are expressed for the two switched
intervals:
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ton :.le =VH_‘/L’ (1.3)
borr 2V = _‘/L'

Because the converter is operating in steady state, the averaged inductor
voltage on one switching period is 0. Therefore, by applying the volt-second balance,
the following is written:

(v,)=D-(V, -V,)+(1-D)-(-V,) = 0. (1.4)

From (1.4), the steady state relation between the two voltages is represented
in step-down form:

V, =V, D, (1.5)
or in step-up form:

v, =V, ﬁ (1.6)

As all components are considered ideal, unity efficiency is considered,
therefore only one current, I;, on the low voltage side, is chosen for characterizing
the operation point of the converter. The I, current is equal to the average value of
the inductor current, I;1:

I

=1, (1.7)
Usually, in the design of a converter, a maximum inductor ripple current, Ai1,
is chosen as a percentage, r;, of the nominal inductor current:

=2 (1.8)
ILl

Recommended values for the ripple percentage are between 20% to 50%, as
suggested by application notes for low power converters [50], but this value can be
optimized, as shown in [51]. The ripple percentage for this work is considered
constant for all studied converters, so that an objective comparison can be made.

In order to design the inductor based on r;, the voltage-current dependency
for an ideal inductor is used:

. di,,

v, =L r (1.9)
In a discretized form, the following inductor relationship is true:
v, - At
L=t 1.10
! Ay ( )

where At is the time interval on which the current ripple is calculated. By considering
At=ton, and using (1.2), (1.5), (1.7) and (1.8), into (1.10), the inductor value is
calculated:

L = VL'(VH_VL)

1.11
Yorfer v, ( )
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where fis the switching frequency.

In order to compare the performances of any converter in terms of inductor
requirements, the total inductor energy is used. This measure is calculated as the
sum of the energy for each inductor from the circuit:

Wiro = Z W, =W,. (1-12)

As the CBBB has only one inductor, the inductor energy is calculated with:
2
W, - % (1.13)

and it is equal to the total inductor energy:

— IL 'VL ’(VH _VL)
W 7o = AT (1.14)
In this expression, the total inductor energy is only dependent on the input voltages,
the current on the low voltage side, inductor ripple current percentage, and the
switching frequency. These values are corelated to the input power, conversion ratio,
inductor ripple percentage and switching frequency.
In order to calculate the required capacitances, the inductor current is
described by a time function for the two switching intervals, as follows:

I A, -/t —-1/2 t t
iLl(t):{ ot Ay (E /L, =172), € [06,) (1.15)
I, +Ai,-(T-t)/t,-1/2), telt,T]
Similar to the inductor ripple current percentage, r;, a capacitor ripple voltage
percentage is defined:

=S a (1.16)

CH CL
The initial theoretical assumptions consider constant capacitor voltages therefore, a
small voltage ripple percentage of approximately 2% is used in designs. Because the
calculations are performed considering ideal capacitors, without an Equivalent Series
Resistor (ESR), the actual ripple voltage will have larger values. If the ESR is more
significant, i.e. for electrolytic capacitors, the design should be performed by using
the RMS current of each capacitor. Nevertheless, the following method for calculating
the capacitance is still useful for comparing different topologies in terms of capacitor
requirements.

In order to calculate the capacitances, currents from each capacitor are
required as time functions. Therefore, the currents from the two capacitors are
expressed:

I, =10y =1, (1.17)

iy =1, —ic,. (1.18)

Starting from the voltage-current dependency of an ideal capacitor,
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Czc.d;[c, (1.19)

the integral form of the relationship can be expressed for each of the two capacitors,
during a complete charge or discharge cycle. The charge or discharge cycle of each
capacitor is observed in Fig. 1.8: C, charges during t.»/2 to ton+tor/2, and discharges
during tor/2 to T+ton/2; Cx charges during tos and discharges during t,,. Based on the
inductor current time function from (1.15), and the capacitor currents from (1.17)
and (1.18) the integral form of relation (1.19) is expressed in order to calculate the
two capacitors:

1 ton+torr 12 . 1 T4ty /2 .
L= AV, Lon,z (i, = 1)dt = “av,, Lon“oﬁ/z (i,, - I,)dt, (1.20)
1" 1 .
"o mj‘fan Lyt = —Av,, Io (I, —i,,)de. (1.21)

The two capacitances are calculated as:

r-I
=i L 1.22
8., f Vv’ ( )
IL.v -(v,-V)
C =t H L) 1.23
" r,-f-Vv? ( )

These values may not be the actual ones for the capacitors used for the converter, as
they do not include the ESR. However, these values can be successfully used for
comparing different converters designed with the same procedure.

In order to make the comparison, the capacitor energies are calculated:

_C'ch

> (1.24)

We

and added for all capacitors in a converter in order to calculate the total capacitor
energy:

Weroe = Z We = Wg, + W, (1-25)

The energy for each of the two capacitors is:

I,-V -(Vv,-V)
W. =t % H L 1.26
e 129
_n-1L-v 1.27
¢ 161, -f' (1.27)

The total capacitor energy results as:

IV, (8-V,-8-V, +r V)
W, = Lt—t H L i HI 1.28
cret 16-r,-f-V, ( )
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The total capacitor energy for a converter is another metric used in this work
for comparison to other converters, apart from the total inductor energy and the
conversion ratio.

In order to characterize a converter in terms of active switch stress, the total
active switch stress is used [52], which is calculated as:

S=YVy I, (1.29)
J

where Vg; is the voltage stress on the j™ switch, and Is; is usually the peak or RMS
current on the switch. Since r; has low values, the averaged switch current during its
conduction time is used in place of the peak current, in order to simplify the analysis.
Therefore, the voltages and current switch stresses on the two transistors are:

V., =V, =V, (1.30)
Iy=1,=1,=1,. (1.31)

The total active switch stress for the CBBB is:

S=V, I +V, I,=2-1,-V, (1.32)

1.3.2. The bidirectional Switched-Quasi-Z-Source converter (BSQZ)

The bidirectional Switched-Quasi-Z-Source (BSQZ) converter [53], presented
in Fig. 1.9, uses a switched capacitive and inductive network (Ci, C; and L) that,
similar to hybrid converters, helps achieve a wider conversion ratio.

The main and the most important difference when compared to the hybrid
converters, is that the two capacitors from the network are charged/discharged
directly from the input capacitor. The operation of the converter is explained by the
two equivalent states, for t,, switching period in Fig. 1.10 (S; - OFF, Sz, S3 - ON) and
tosr switching period in Fig. 1.11 (S1 - ON, S, S3 - OFF). As observed in Fig. 1.10,
during ton the two capacitors are connected in series and, together, in parallel to the
input capacitor, period in which one capacitor chargers the other, and large current
spikes might appear which depend on the parasitic resistances of the circuit and are
difficult to control. During t.r, the capacitors are connected in series through L,
inductor, therefore one capacitor charges the other with a constant current. The main
equations of the BSQZ are summarized in Table 1.3.

C
Il
]
V,
I N\Lr%miﬁl_ 2 ,_NYY\CZ Lz i§2 S3T n
O L T
Vi Vi
VL VH

Fig. 1.9. Switched-Quasi-Z-Source bi-directional (BSQZ) converter proposed in [53]
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Fig. 1.10. Equivalent schematic during ton of the BSQZ
(S1is turned OFF, Sz and Ss are turned ON)

T

Fig. 1.11. Equivalent schematic during tor of the BSQZ
(S1is turned ON, Sz and Ss are turned OFF)

Table 1.3. Main equations of the BSQZ

Conversion ratio

Active devices

Via(t,) =V, =V, viu(t) =V,

Vor=Vs, =Voy, V3=V, =V,

Vio(ton) =Vear  Vio(tyr) =V, =V, I, =1,+1,, ISZ=IS3=IL1+IL2,
V _VH+VL V. _VH_VL 2
a2 e 2 S LV, +V)’
S:ZVSJ I
D 1+D' = v,
V=Yoo=V o
Inductors Capacitors
I,=1, I,=1, Iy =iy =1, 0qy =1, —lg;,
_ v '(VH - VL) iCl(toff) = _iCZ(toff) =1,
tonf LV V) - 1 J't""“"”/ziadt: nl
_ V-V Avg “nl? 8.r,-f-V,
2Ly =y L-V-(V,-V)
Cy = J‘ [epdt = ———F5——",
L v (v, -V) Avg, 70 r,-f-V,”-(V,+V)
Y2 f (v, V) 1 i 2LV, (Y, -V)
W, =4IL'VL'(VH_VL) ' AVgy Hlon < rv'f'VH'(VH+VL)2,
CoArnfy, S N S 1
_IL'\/L'(3'VH2_2'VH'\/L_\/LZ) 2 AVCZ fnncz rvaH(VH"'\/L),
Lot a.r f-V,-(V,+V) WL IV, -(V,-V)
CcL

T16.r, f T2, fF(V, V)’
— IL\/L(VH — \/L) — IL\/L(VH _VL)Z
T 4r fv, U 4n fV,(V,+V)'
LV, (VL1 /16)-V,(1 -1,/ 16))
CTot — rv 'f'(VH+VL) .
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1.3.3. The conventional bidirectional quadratic converter (CBQ)

The conventional bidirectional quadratic converter (CBQ), is a very popular
wide ratio converter, as it uses two cascaded CBBB converters in order to achieve the
combined conversion ratios of the two [54]. The operation of the CBQ is explained by
the two equivalent switching states, for t,, switching period in Fig. 1.13 (S1, Sz - OFF,
S, Sa - ON) and tosr switching period in Fig. 1.14 (Sy, S3 -
identical to the CBBB when viewed from the perspective of the two converters within

the CBQ. The main equations of the CBQ are summarized in Table 1.4.

71

Fig. 1.13. Equivalent schematic during ton of the CBQ
(51 and Ss are turned OFF, Sz and S4 are turned ON)

)
N4
It

Ly IL1 i
VL VL
_CL Cl

Fig. 1.14. Equwalent schematlc during toff of the CBQ
(51 and Ss3 are turned ON, Sz and S4 are turned OFF)

Table 1.4. Main equations of the CBQ

ON, S,, S4 - OFF), and it is

Conversion ratio

Active devices

le(ton) V _VL’
VLZ(ton) = VH - ch

le(toff) = _\/L’ Voo =V, =Voy, Ve =V, =V,

Vi (toff) = _ch

Iy =1, =1, Is=1I,=1,

Ve, =V -V, S:iVSj‘ISj:“"IL‘ v, -V,
VL:VH-DZ,VH:VL-ﬁ. =

Inductors Capacitors

I,=1, I,=D-1, I =iy =1 iy =1y —ls3, ey =i, — s,
A (\/7 ) LYo V v o LT A
1 oI \/7 ’ £ ’ Av, Stan/2 8.-r,-f-V,

BUPT



State-of-the-art Bidirectional DC-DC Converters 33

IL'VL'(\/VH_\/VL) _ =1 et _IL'VL'( VH_\/VL)
O BN A o= gy o T =
- . ' CH v H
w =IL'VL'(\/VH_\/VL) Clzi_l t""imdtzih.(“v"’ _S\Q/T),
LTot r,~f~M ) Av,, 7o r,-f-V,

w. _ri'IL'VL w. _IL'VL'(\]VH_\/VL)
c = 1 Wen = /
161, f 2.1, -F- Y,

w. _IL'VL'(\/E_\/VL)

c1 Z'Q'f'\/z ’
W ViV, @ /16) V)
CTot rv~f~\M :

1.3.4. The bidirectional quadratic converter (BQ1)

Having a different structure, as shown in Fig. 1.15, the bidirectional quadratic
(BQ1) converter, proposed in [55], can achieve the same quadratic conversion ratio
as the CBQ. The BQ1 uses a different layout for the same components as the CBQ,
but it achieves the same values for the components, as presented in Table 1.5.

The operation of the BQ1 is explained by the two equivalent switching states,
for ton switching period in Fig. 1.16 (S1, Sz - OFF, S, S4 - ON) and ¢ switching period
in Fig. 1.17 (51, S3- ON, S3, S4 - OFF), and by comparing the equivalent schematics
to the CBQ, the same operation is observed from the perspective of the passive
components.

P TR - S - S
T Bt am=teme
Ly )VLZ
Vi C S, C &
(_) Lt ‘ L= L (_)

s, J%} (TC

Fig. 1.15. The bi-directional quadratic converter (BQ1) proposed in [55]

Fig. 1.16. Equivalent schematic during ton of the BQ1
(51 and Ss are turned OFF, Sz and S4 are turned ON)
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Fig. 1.17. Equivalent schematic during tor of the BQ1
(51 and Ss are turned ON, Sz and Ss are turned OFF)

Table 1.5. Main equations of the BQ1

Conversion ratio

Active devices

le(ton) =Ve -V, le(toff) ==V,
V() =V = Vg, V(o) = Veus

1

Voo =WV - Vi VL:VH‘DZIVH:VL‘m.

Vor=Ve, =Veiy Vs =V, Vo, Ve =V,
Iy =1,+1, Is=1, Ig=I,=1,

4
S=YV, - I,=4-1 -,V
j=1

Inductors

I,=1, I,=D-1,

AN L= Vel Ve
R AN nfl
I -V -(YV, =V,
i H
W =IL'VL'(\/E_\/\7L).
LTot F,~f~\/z

7

Capacitors
I =l =1y gy =1y —isgy ey =I5 — sy
1 tonttore /2, r.-I
= jdt = —L1—L—
t AVCL J.tnn/z ct 8 I‘V f.VL,
_ =1 et dt_IL'VL'(\/VH_\/VL)
H = FJ.O leydl = T F fvsr
CH r- 'VH
_ -1 fvnl- _ I '(\/VH )
LT Av 0 T Ty

CL

16, fT YT 2.p f Y,

W, =IL'VL'(\/E_\/VL)
SN 7

W VeV, /16) - )

CTot — rv~f~\/z

1.3.5. The bidirectional quadratic converter (BQ2)

Another bidirectional quadratic converter (BQ2) proposed in [56], shows that
a different topology can be used to achieve the quadratic conversion ratio, with the

topology presented in Fig. 1.18.

The operation of the BQ2 is explained by the two equivalent switching states,
for ton switching period in Fig. 1.19 (S1, Sz - OFF, S3, S4 - ON) and ¢ switching period
in Fig. 1.20 (S1, S2 - ON, S3, S4 - OFF). In the case of the BQ2, the equivalent
schematics are different compared to the CBQ, but the main equations are identical,

as shown in Table 1.6.
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I~

. < L CH== ()VH
(—) 53

Fig. 1.18. The bi-directional quadratlc converter (BQ2) proposed in [56]
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_fYY%f\ d g !H
L
Vi J
S1
Lo G
dL Ii2 Il Vi
~~ L Crl O
Vi = vl T

Fig. 1.19. Equivalent schematic during ton of the BQ2
(51 and Sz are turned OFF, Ss and S4 are turned ON)

Ly 4 — ;
e e
L @E"j“_ Cy| AVH
Vi C e TCI’V H T C>
O+ gﬂ 55

Fig. 1.20. Equivalent schematic during tor of the BQ2
(51 and Sz are turned ON, Ss and S4 are turned OFF)

Table 1.6. Main equations of the BQ2

Conversion ratio Active devices
le(ton) = VH _\/L’ Ll( ff) \/L’ Voo =V Vo =V =V, Vu =V, +V,
Via(ten) = Ve, =V, Vip(ter) ==Y, I =I,=1, I,=I,+1, I ,=1I,,
V., =V, -V, 4
c1 HoVL . S:ZVSJ_.ISJ.:4~IL~ v,-V,
=
v, :VH-DZ, v, :VL-m.
Inductors Capacitors
I,=D-1, I, :(1_D)‘IL1I I =iy +ip =1y, Iy =Ty —isyy iey = lsy —ipn
_ VH _VL _ VL _ 1 fnn+fnrr/2i dt = r; 'IL
YrfL'? L FUAv w2 8.r,-f-V,'
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w, = e VW V), S N S AL/ N A
2-r,-f-V, " Avg, Jo e rof V5 '
W =IL'VL'(\IVL/VH—1)Z ~1 . IL'( [VH_ IVL)
L2 2-r-f ! Ci=——| ladt =—"—"—57—,
i Av,, 7o r,-f-V,
W, =Y GV Vi) W A LV, - W)
r-f-JVy o6, f 2.r,-f- v, '
w. = LV GV Vi)
c1 ’
2., F v,
wo I VeV -+ /16) - JV,)
CTot — .
r,-f-Vv,

1.3.6. The bidirectional quadratic converter (BQ3)

A bidirectional quadratic converter (BQ3) can be realized by using diodes in
addition to the transistors, as the topology proposed in [57] is employing. The
resulting topology, with its schematic presented in Fig. 1.21, has three and not four
transistors, contrary to other topologies. Because of the use of diodes, the equivalent
switching states are actually three, one for t,, switching period for buck operation (or
torr’ in boost operation) in Fig. 1.22 (Sz, D1, D2 - OFF, Si, S3 - ON), one for the tos
switching period during buck operation in Fig. 1.23 (S1, D2, S3 - OFF, D1, S2 - ON),
and one for the t,,” of boost mode in Fig. 1.24 (S1, D1, S3 - OFF, D2, Sz - ON).

Even if the topology is very different compared to the CBQ, BQ1, or BQ2, the
mathematical expressions that characterize the BQ3 are identical, as presented in
Table 1.7, with an exception for the total active switch stress, as additional
components are employed. The equivalent schematics during the switching are
identical to the schematics of the CBQ, which justifies the identical equations for the
passive components.

D>
N
LA
Ll i l& Lz i &
I NYY\[Q_,_E_; 5_,_NW\_’£2_,_E_;T ln
D \V_/ \V_/ D
11 L2

Vi

OF" of "

TFT
L1
Q)
1=
s
M
N/

Fig. 1.21. The bi-directional quadratic converter (BQ3) proposed in [57]
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Fig. 1.22. Equivalent schematic of the BQ3 during ton (buck mode) or tor” (boost mode)
(S2, D1, D2 are turned OFF, S: and S3 are turned ON)
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Fig. 1.23. Equivalent schematic of the BQ3 during tor (buck mode)
(51, D2, S3 are turned OFF, D1 and S2 and are turned ON)

Ly ; . S3
I 11 k3 112 3 H
O L O T
Vi Vi
VL VH
O | CL D; VCI( 1 Cr

Fig. 1.24. Equivalent schematic of the BQ3 during ton” (boost mode)
(81, D1, S3 are turned OFF, D2 and S2 and are turned ON)

Table 1.7. Main equations of the BQ3

Conversion ratio Active devices
le(ton) =Vo -V, le(toff) ==V, Vor = Ve Vy = Vo3 =Vp = Vey, Vi, =V =V,
VLZ(ton) = VH - VCl’ VLZ(toff) = _VCII 151 = ID1 = IDZ = ILU Isz = IL1 + ILzr
V., =V, -V, 2 2
c1 H YL . S:ZVSj'ISj"'ZVDj'IDJ"
V=V, DV, =V —. = -
L ot @A-D'y? S=1-(2-V,+3-V,-V,)
Inductors Capacitors
ILl = IL’ ILZ = D'ILU iCL = iLl _ILI iCH = IH _is3l iCl = iLZ _is1
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L :VL'(\/VH_\/VL),L :VH_ VH'VL, CL:A]' J':"“:"”/ZI'CLdtZS r/')IrLV ,
Yonfn v, ' Ve Hor rofvi
1t IV, (v, -
Woo— W :Ip\/p(\/VH—\/VL) CHZTL ICde=%,
11 L2 27 F \/7 ' Ven r, H
e H
s _ LWV, =YW
W Ve (Ve - W) Co=qy o et = 2 s
LTot — . v
r/'f'\]VH
wo LVl g Ve GV V)
CL I

16, f YT 2.0 F Y,

LV )

NI A

LV (W (41 /16)- V)

Weroe = r~f~\/7 '
v H

1.3.7. The bidirectional triangular modular multilevel converter
(BTMM)

The bidirectional modular multilevel converter with triangular structure
(BTMM), is proposing a converter structure which is designed in a modular system,
with the humber of modules depending on the voltage ratio between the inputs [58].
The schematic shown in Fig. 1.25, is a two-level structure, using three identical
modules designed to operate at the same duty cycle, D = 50% , under the same
voltage and current parameters. The authors of the paper consider a constant duty
cycle, and the voltage ratio should be adjusted by adjusting the number of the
modules used. This work considers the two-level schematic, and an actual variable
duty cycle, in order to achieve a better comparison to other topologies, and to limit
the number of the switches used (<6).

The operation of the BTMM is shown with the equivalent schematics for the
two switching states, t., switching period in Fig. 1.26 (Sa21, Sai1, Sai2 - OFF, Sgo1,
Ss11, Sei12 - ON) and tosr switching period in Fig. 1.27 (Saz21, Sai1, Sai2 - ON, Sga1, Ssi1,
Ss12 - OFF). Because of the complex structure, the equations of the BTMM are also
more complex, as presented in Table 1.8.
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1L

JL

Vi

Fig. 1.25. The bidirectional modular multilevel converter with triangular structure (BTMM)
proposed in [58]
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Fig. 1.26. Equivalent schematic during ton of the BTMM
(Sa21, Sai1, Sai2 are turned OFF, Sg21, Ssi1, Sei2 are turned ON)
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Fig. 1.27. Equivalent schematic during tor of the BTMM
(Sa21, Sai1, Sai2 are turned ON, Sgz1, Ssi1, Ssi2 are turned OFF)

Table 1.8. Main equations of the BTMM

Conversion ratio

Active devices

Viai(€on) = Verns Vioa(65,) = Vo, Voarr = Vs = Vg = Vg = Ve +V,
Viaitor) = Vi Vi (b ) = Ve, Vouor = Vg =V =V,
Vir = Vi Topy = Iegy = Tomy = Isgn = 11y,
Vo = VL -(1-D) Vo = Vc11 -(1-D) Topor = Isgo = Ipo1
c11 = D rVYean = D ’
, , S= ZVSAU gy + ZVSBij g
D D"“-D'+1 ij i
V=V, —=—V, =V —.
LT DT T py1t M T T A Dy g 2LV, -V P(k-V'"k")
VH(Z\/L2 -3V, + VHVLI/ZKI/Z)
Inductors Capacitors
I I it )=I1,-1,
I,=1,= 2.HD2 vy = BHI e not

Lo-L, WV VoV -2V, + k)
neR T 2. fL (Y, -V

L V-V, (V, =2V, +. V- k)
2orfF LV, -V 2V, -V, k)2
:IL'VL'(VH_VL)

4.r..f-v, '

W - LV.(JkV? +2V,2 - V,> 2V, kV)
2 F VoV, —V -V k)

WLll

iCll(ton) =1 /2- fi11s iCZl(ton) =1

=1 (o,
C = v jo i dt,
-1
1= Av, J.o fendt,

s

21
0
AVC21

W._ = s .
et 256"1'f'VH2'(VH_VL)Z

~192V,V,® —-704V,V, + 256V, —16V,2V,"/2k>?)
~ ILVL(ZVszuz _ 8VH2VL1/2 _ Vsz1/2 " 1OVHVL3/2 _ 3VLs/2)

W,

(640V,2V,2 +5V,%/2Kk>/? +14V,5/?k3/? - 3V, k>

k=4-V,-3.V,

et 2.r.-FV,- (VK2 =3V,V, %+ 2v,?)
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1.3.8. The bidirectional switched capacitor converter (BSC1)

The bidirectional switched capacitor (BSC1) converter, presented in Fig. 1.28,
uses two capacitors that are connected in series to the high voltage input, in order to
achieve a voltage halving effect [59]. Even if this topology resembles a hybrid
converter, the main difference is that the two capacitors are charged/discharged from
another capacitor, which might result in large current spikes.

The equivalent schematics for the two switching states are presented in Fig.
1.29 for ton switching period (Si, Sz - OFF, Sz, S4 - ON), and in Fig. 1.30 for tos
switching period (S1, S3 - ON, S,, S4 - OFF). During to, the two switched capacitors
(Cy and C,) are connected in series to the high voltage input, and during t.« they are
connected in parallel in order to equalize their voltage. This operation results in
uncontrolled currents.

In order to calculate the main equations of the BSC1 from Table 1.9, the
assumption is made that the two capacitor voltages are equal to half of V4. The BSC1
presents a conversion ratio that is limited to maximum 0.5 in the step-down operation
mode, which is an important difference when comparing to the rest of the studied
topologies.

e
Y |
Vv
] RS | s
Ao gty gl g iy o
Vi1
VL C VH

Fig. 1.28. The bi-directional switcl%ed capacitor converter (BSC1) proposed in [59]
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of gl wd

Fig. 1.29. Equivalent schematic during ton of the BSC1
(51 and Ss are turned OFF, Sz and S4 are turned ON)
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Fig. 1.30. Equivalent schematic during tor of the BSC1
(51 and Ss3 are turned ON, Sz and S4 are turned OFF)
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Table 1.9. Main equation of BSC1
Conversion ratio Active devices
le(ton) =V, -V, le(toff) =V, Vor =Veor Vs =Vs =V, Vi =V, -V,
v, I.-(2-D) I.-D
VC1:Vc2:7Hr 51=m1152=154=1u/21153=m
D 2 4 I-v, -(V,-V)
— = — ) S = V., . I, =L H \VH L7
‘/L VH 2IVH ‘/L 1_D|' JZ:; Sj Sj (VH—ZVL)
Inductors Capacitors
I,=1, Iq =l =1 igy =1y — sy, iCl(ton) = iCZ(ton) =1y /2,
L _VL'(VH_Z'VL) _ 1 J't"““"""/z' dt = r/"IL
A AN EAvg ez T T8 Y]
IL-v-(vV,/2-V) -1 (b, I-v-(V,-2-V)
W. =W.=="" H Lt _ dt =t H L2
LTot L1 rofv, H Avg, J.O cH r, f'VH3
C, = 1 J.tD"iCldt= 2~IL~\/LZ,
Av,, 7’0 r,-f-Vy,
w. :r/ IL VL :IL'VL'(VH 2'VL)
@ 16~I‘V~f’ o 2-r,-f-V, !
W =IL~VL~(VH~(1+I‘,/16)—VL).
CTot r,fV,

1.3.9. The bidirectional switched capacitor converter (BSC2)

A different bidirectional switched capacitor (BSC2) topology is proposed in
[60] with the schematic shown in Fig. 1.31. The BSC2 also presents a conversion ratio
limited to 0.5 which is achieved by connecting different voltage capacitors in parallel,
with the same disadvantage of BSC1 and BSQZ converters: a large current spike when

the capacitors are switched.

The equivalent schematics for the two switching states are presented in Fig.
1.32 for t,n switching period (Ss - OFF, Si, S> - ON), and in Fig. 1.33 for tos switching
period (S3 - ON, Si, Sz - OFF). The two intermediary capacitors (C; and C;) are always
connected in series to the high voltage input, but during t,» the C; is connected in
parallel to the V, input, resulting in larger current spike between the two capacitors.
To calculate the main equations of the BSC2 from Table 1.10, the assumption is made

that C, and C; have equal voltages.

_S2

TITFT o
L

Ko
—1iT

|
S3

Fig. 1.31. The bi-directional switched capacitor converter (BSC2) proposed in [60]
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'ss
Fig. 1.32. Equivalent schematic during ton of the BSC2
(S3is turned OFF, S1 and Sz are turned ON)

Fig. 1.33. Equivalent schematic during tor of the BSC2
(S3is turned ON, S:1 and Sz are turned ON)

Table 1.10. Main equations of the BSC2

Conversion ratio

Active devices

le(ton) =V, =-V,
le(toff) =Ve, -V,
VCl :\/Ll VCZ :VH_\/LI

Voo =Veor Ve =V =V, Vi =V,

1 D

=1, ——, I,=I

ss=in'{_pr te2Tiay_pr I =1

L

D 2-D ; 2.1, -(Vy-V.)
=V, — V. S=> V., I, =—"-+t+H L=
Ve=Ve 3o =Y 1op ;SJ TV, (V,-2-V)
Inductors Capacitors
I. = 1 la =lsp +iy =1 igy(tp) = 1y =iy /2,
©o1+D’ Iei(ton) =iy /2, icy(to,) = =iy /2,
vV, V,-(V,-2-V) . Ar-V. (V. — V2
L =T o L c -t Irm w2 grc, = L (n-V,-(v,-V)+4-V?)

hoF I, -V

IV (V,-2-V)
Woroe =W =250y,
i H

7

:AVCL ton/2 8'rv'f'VL'VH'(VH_VL)
—1 ptott/2 . r.-1, -V,
C, = jodt = —/—L—L—,
8 AVey L"“/Z CH 8-r, 'f'\/H2
: :i tDnI.Cl t:.fiL,
Av,, 0 2-r,-f-V,
1 o, I -V
=——~]|"i.dt = L L ,
2 AvCZ-[O ¢ 2.r,-f-V,-(V,-V)
W - LV,V,2 -2V, + 2V + (V. —ViV,y)
cret 8.r-f-V, -(V,-V) '

7
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1.4. Conclusions

This chapter presented an overview of the microgrid structure, with emphasis
on the advantages of DC solutions, such as cheaper construction of household or
industrial consumers, easier integration of renewable resources or storage elements,
V2G integration, and simpler solutions to common issues in conventional AC grids, all
advantages encouraged by the advances in power electronics technologies.

A summary of the storage solutions for microgrids is presented, with an
emphasis on chemical versus electrostatic storage performances. While batteries have
the benefit of larger energy density, the SCs have the advantage of larger power
densities, and together they can operate in a hybrid storage system to achieve best
performances.

A selection of possible voltage levels for DC microgrids is presented, and, in
order to have a good energy utilization of the SC, a wide conversion ratio converter
is desired as an interface to the DC bus. This work focuses on hybrid converters to
achieve wide conversion ratios, which make use of switched capacitor or inductive
cells to achieve their advantages. A large range of state-of-the-art converter
topologies are also presented in this chapter and are going to be compared to the
hybrid topologies.

BUPT



2. THE BIDIRECTIONAL HYBRID SWITCHED CAPACITOR
CONVERTER (BHSC1)

2.1. Abstract

This chapter presents a Bidirectional Hybrid Switched Capacitor converter
(BHSC1) which uses a switched capacitive cell in its structure in order to achieve a
wider voltage conversion ratio. The analysis of this converter includes a steady state
analysis, performed in a similar manner to the CBBB converter, and a dynamic
analysis which is used for the design of an analog and a digital controller. The stability
of this converter is addressed by analyzing the frequency response of the linearized
system, and the experimental and simulation results for transient operation of the
BHSC1. In addition to the two controllers, an additional valley current mode controller
is employed as well. An improved version of the BHSC1 is proposed in order to address
some shortcomings of the topology.

2.2. Overview

The schematic of the BHSC1 is developed from the Unidirectional Hybrid
Switched Capacitor converter (UHSC1), which operates in step-up mode (Fig. 2.1),
and it was initially proposed in several papers [42], [61], [62]. The UHSC1 was
experimentally tested in [63], [64]. The UHSC1 converter resembles a boost
converter with a switched capacitive cell (D1, Ci, D2, C2,) connected at the output.
The capacitors are charged in parallel and discharged in series to the output, achieving
a voltage doubling effect.

The BHSC1 was initially proposed in [62], and it was tested in steady state
operation in [65], with a Valley Current-Mode control (VCM) in [66], or in terms of
stability operation in [67].

As presented in Fig. 2.2 the BHSC1 converter uses transistors in place of the
initial diodes, with antiparallel diodes, for bidirectional power flow. As it is the case
for the CBBB presented in 1.3.1, positive currents in circuit indicate step-up operation,
while negative currents indicate step-down operation. One driving signal is used,
which is applied directly to S; and Sz, and inverted for S;.

Ly D1 L,

[] Rioad

Fig. 2.1. The Unidirectional Step-Up Hybrid Switched Capacitor converter (UHSC1) [41], [42],
[61], [62]
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‘IL Ll iLl SZ LZ LLZ jH
h * w__— |
V. c Vi1 )VCZVLZ c Vi
L H
() T SIJ T ()

'S

Fig. 2.2. The Bidirectional Hybrid Switched Capacitor converter (BHSC1) [62], [65]-[67]
(ir1, ir2 >0 « step-down operation; i1, ir2 < 0 < step-up operation)

2.3. Steady state analysis

The steady state analysis of the BHSC1 converter is made starting from the
equivalent switching schematics for the two switching intervals, t.» and tor, presented
in Fig. 2.3 and Fig. 2.4, respectively. Similar to the UHSC1 converter, the BHSC1 uses
identical capacitors in the switching cell, and the voltage across them is considered
equal (Vc1 =V = VCsw)-

During the t,, interval, the two capacitors are connected in parallel through
the inductors between the two inputs (V4 and V). The j;1 current indicates the charge
or discharge of the switched capacitors (Ci, C), as it is larger than ip».

During the tos interval, the capacitors are connected in series to the high
voltage side trough the L, inductor, and L; inductor is connected in parallel to the low
voltage side.

In step-down operation the two capacitors are charged in series from the high
voltage input, V4, and are discharged in parallel to the low voltage side V,, achieving
a voltage halving. The step-up operation is similar to that of the UHSC1, where the
capacitors are charged in parallel and discharged in series.

From the two equivalent schematics, the main theoretical waveforms are
extracted in Fig. 2.5

I Ly i ,Y\Lriﬁllz Iy

Vi1 Ci)Va CEL) Vi2

Ve c Ve C Vy

OTF" s TO

Fig. 2.3. Equivalent schematic of BHSC1 during ton interval
(S1is turned OFF, S> and Ss are turned ON)

I La iy 22 b2 i 1
A T
Vi 1 2 L2
Ve c )VCI )ch c Vy
() 4+ L ()

Ss
Fig. 2.4. Equivalent schematic of BHSC1 during to interval
(S1is turned ON, Sz and Ss are turned OFF)
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Vizy T : Viy T :

VH - VCsw [ \{Csw' VL -1 | ¢
ton toff ton toff
Vi -2 Veswi— ‘ : Vi ‘ :
s ZAZ TS
VCsw [ ] VCSW ] ‘
t t
t
t
Avey, Ave

t

Fig. 2.5. Main theoretical waveforms of the BHSC1 : L1, L> inductor voltages and currents
(v, vi2, it1, i2); Si, S2 and Ss switches voltages and currents (vsi, Vsz, Vs3, isi, isz, is3); Ci, C2
switched capacitors currents (ici, ic2); ripple voltages on the capacitors (Avcn, Avcr, Avesw)

As presented in section 1.3.1, the analysis of the BHSC1 starts with
considering the duty cycle, D, for the step-down operation mode, and the duty cycle,
D’, for step-up mode:

p=lo, p_ta (2.1)
T T

The voltages on the two inductors corresponding to the two equivalent
schematics during the switching intervals, Fig. 2.3 and Fig. 2.4, are:
=V,

Csw

-V v =V, Ve,
=-V, vi,=V, -2V

Csw*

ton : le
t

(2.2)

off * le

The same simplifying assumptions are used as in 1.3.1 (ideal components,
constant voltage on capacitors, steady state operation), and in addition, identical
voltages and currents on the two switched capacitors are considered. By applying the
volt-second balance, the following are used:
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(V,) = D- (s, ~V,)+(1-D) - (V) = 0,

(2.3)

(vL2> =D-(V,-V)+1-D)-(V,-2-V,)=0,

to determine the steady state voltage on one switching capacitor:
Ve Ve VitV (2.4)

D 2-D 2
The conversion ratios for step-down, or step-up mod are calculated:
D
V=V, —. 2.5
=V 5o (2.5)
1+D'

vV, =V . . 2.6
H L 1 _ Dl ( )

The BHSC1 has the same conversion ratio as the converter presented in 1.3.2.
Similarly, the duty ratio can be calculated from (2.4) as:

Dzz'ivL_ (2.7)
v, +V,

The average value of the low voltage side current is equal to the L; inductor
current:

I =1, (2.8)

As defined for the CBBB converter in 1.3.1, a ripple current percentage is
defined for the two inductors:

_A Al (2.9)
I ILl ILZ '

and by using the voltage-current dependency of an inductor, the values of the two

inductors are determined:

L1 _

L= Yu AtV (V- V) , (2.10)

A, r,-f-I-(V,+V,)
L= e ALYy V-V (2.11)

Ai;, r-f-I -(V,+V,)

The energy stored in each inductor is calculated as:
2 f—

VVLl — Ll'ILl — IL VL (VH VL) , (212)

2 2-r.-f-(V,+V)
w. =L2'IL22_ IL'VLz'(VH_VL) (213)

- 2 2 fV,-(V,+V)

The total inductor energy is equal to the sum of the energy of each inductor:

L-172
VVLTot :ZVVLI :Z%:VVLI-’_WLZI (2-14)

resulting to total inductor energy:
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IV, -(V,-V)
W, =t L \'H iJ 2.15
LTot 2 ) f‘, ) f ) VH ( )
The BHSC1 and the CBBB have the same total inductor energy as presented
in 1.3.1, but the BHSC1 achieves a higher conversion ratio.
In order to calculate the capacitor requirements, the mathematical functions
of the inductor currents are defined as the following time functions:

. I +Ai -(t/t, -1/2), te[0,t )

i t — L1 ‘L1 on on 216

Ll( ) {IL1+AlL1'((T_t)/toff -1/2), te [ton/T] ( )

. I,+Ai,-(t/t -1/2), te[0,t )

i t — L2 ‘L2 on on 217

0= o, e 217)

A ripple percentage is defined similarly as in 1.3.1, equal for all capacitors:
r, = AVgy _Avg _ Avg, , (2.18)
VCH VCL VCsw

The current for each capacitor is described with the following relations:

i =i, -1, (2.19)

iCH = IH - iLZI (220)

[, -i) /2, telot,) (2.21)
cow iy telt,, Tl '

Starting from the voltage-current dependency of an ideal capacitor, the
following are used for calculating the capacitances:

1 [on+to{//2 -
C=ag o = Lat, (2.22)
-1 ton +to /2 .
C, = v LM/Z (I, -i,)dt, (2.23)
1 T
C1 = CZ = Csw = Tj‘tg,, IL2 dt. (224)

Csw

Both Cy and C, capacitors have current functions with a similar shape, with
the difference that one is discharging while the other is charging. If /> current is
positive, the Csy capacitors are charging during tos time interval and vice versa. The
final values of the capacitors are calculated as:

ri'IL

- iL 2.25
8.r,fV' ( )
_ r-I-v 2.26
"8.r, FV2 (2.26)
— 2'IL'VL'(VH_VL) (2.27)

MRV, (V, V)

The total capacitor energy is calculated as the sum of each capacitor energy:
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C -Vv?

Weree = ZWCI = Z : > o= We + Wy +2-Wey,,, (2.28)

and each individual capacitor energy is calculated as:
_n-i-v 2.29
H 16, f' (2.29)
_LL v 2.30
¢ 16-r,-f' (2.30)
wo =L Vi, -Vv) (2.31)

cow 4.r,-f-v, '

The total capacitor energy results as:
IV, (4-V,-4-V, +r-V,)

w. ="+t L H L1 “HI 2.32
crot 8.r,-f-V, ( )

Comparing the Wcror for the CBBB and for the BHSC1, it results that the
second has a slightly higher capacitor requirement compared to the first, and it can
be neglected because r; is considered to be small enough.

The total active switch stress, for the three transistors, is calculated as:

3
s=>V, I, (2.33)
j=1

by taking into account the average voltage and current stresses from:

Vs1 = Vsz = Vs3 = VCsw’ (2.34)
I, =1,+1, I :153:151/2. (2.35)
The total active switch stress is calculated as:
I (V,+V Y
S=V I +Vy Iy +Vy Iy = VetV (2.36)

VH
The total active switch stress for the BHSC1 has a value which is much lower
than that of the CBBB converter.

2.4. Dynamic analysis

In order to perform the dynamic modeling, the State Space Averaging (SSA)
method is used, a method which is widely used for this purpose [52], [68]. The first
step in applying the method is writing the equations for the two equivalent schematics
in the general form for state-space representation:

X=A -x+B -u, (2.37)

where i=1 and j=2 for the equations corresponding to t,, and tor intervals,
respectively.

For this system, x represents the state vector containing the state variables,
which are the two inductor currents and the capacitor voltages, and u contains the
input vector with the system inputs, which are the voltages on the two sides. The two
vectors are described as follows:
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L2 V
X =V, |4 u={VL] (2.38)
VCL i
VCH

In order to have a good model for the converter, the parasitic resistances
from the circuits are taken into account when writing the equations, therefore the
schematic of the BHSC1 with the parasitic components is shown in Fig. 2.6.

The equivalent schematics of the BHSC1 during the two switching intervals
are presented in Fig. 2.7 and Fig. 2.8, respectively. The state (A/) and input (B))
matrices are expressed according to their elements, as follows:

a11, a12, a13, a14, 0 _b11, 0 |
@y, Gy, G 0 s, 0 bzz,
A=|a, a 0 0 0| B=/0 0| (2.39)
a, 0 0 a, O b, O
0 a, 0 0 a | 0 by, |

. . . — 11— .
S3 Is3
Fig. 2.6. BHSC1 schematic used for the SSA analysis . The schematic includes the following
parasitic components: r.1, ri2 — inductor ESRS; rcH, ret, rei, rez — capacitor ESRs;
rsi1, I's2, rs3 — switch on-state resitances; ru, r. — high and low voltage bus resistances.
Component values are provided in Table 2.1

I's3
Fig. 2.7. BHSC1 equivalent schematic during ton interval used for SSA
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roodn ng

Fig. 2.8. BHSC1 equivalent schematic during to interval used for SSA

Based on schematic from Fig. 2.7, the relations (2.37), (2.38), (2.39) are
used to express the elements of the state matrix (A1) for ton switching interval:

r, r, r-n
Csw +rL1+£+ CL L
2 2 r,+n
a,, =-—
11, L1 ’
r.., +r. 1 —r
a, = CS; L 2, a3 = T’ a, = L - ’
] 1 ll(rCL +rL)
r, r. ro, -t
Csw +rL2+ﬁ+ CH H
2 2 It
a
22, Lz
a _ Tesw — Ts3 a __1 a _ Iy
21, — r Y23 T 1 %5 T ’
2-L L, L, -(rey +1y)
1
a; =- 1 A3y = a3,
1 2.C5w 1 1
a. - r, a = -1
41, — ~ 7. N/ Y4 T~ T N/
' CL'(rCL+rL) ! CL'(rCL+rL)
—ry -1
as, = ass

C, - (roy+r,) = C,-(rg+ry)

and the elements of the input matrix (B;):

b. = —Ia b. = Few
11 r =22 4
! L1'(rCL+rL) ! Lz'(rCH+rH)

1 1

4, T~ o Lo~/ T A o N
v C,(ry+ ) v Cy (et hy)

(2.40)

(2.41)

(2.42)
(2.43)
(2.44)
(2.45)

(2.46)

(2.47)

(2.48)

Based on the schematic from Fig. 2.8, relations (2.37), (2.38) and (2.39), are
used to express the elements of the state matrix (A.), for tor switching interval:

r,-n
I trs + L
I, +rL I"S1
ay,, =— < 1@, =77, 85 =0, Ay, =
2 Ll 2 Ll 2 2 Ll(
r,
2'rcSw+rLz+rs1+ cH—H
rCH+rH
a, =-
22, L ’

r

S — (2.49)

I
fe +17)

(2.50)
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r 2 r
a, =--SL g =-%2,a_ =—"H 2.51
e L 2 L, e L (rCH + rH) ( )
1 r, -1
a :O,a = ,a :7L,a == 252
31, 32, C., 41, C,(ry+r) 44, C,(r,+r) ( )
-r,

-1
a = 71", a, =—=Q) 253
% C () R Cy o (Fey ) ( )

and the elements of the input matrix (B>):

- Tfa oy o Ten (2.54)
Yoo L () R L (g 1)
1 1

by, (2.55)

= 1 U5y, = :
C, (g +n) 2 CH-(rCH +r,)
In order to express the two discontinuous systems as one continuous system,

the state equations can be averaged according to the dynamic duty cycle, d, as:

xX=(d-A+(1-d)-A) x+(d-B+(1-d) B,)-u, (2.56)
which results in a continuous but nonlinear system, also called a large-signal model.

In order to apply the theory of linear systems, the model from (2.56) can be
linearized by considering small variations around a steady state point, for the state
variables, x, duty cycle, d, and outputs, y:

XxX=X+X, d=D+d, y=Y+y. (2.57)

The newly formed system, has the small signal variation of the duty cycle
considered as input:

{fz“e'f”ge'd, (2.58)
y=C-x
with the equivalent state (Ae) and input (Be) matrices calculated as:
A =(A -D+A -(1-D)), (2.59)
B, =((A -A)-X+(B, -B,)-u). (2.60)

The output matrices, Ce1 and Cez, are defined for the system to output the /i1
and the J;»> current, respectively:

C,=[10000],C,=[010 0 0] (2.61)
A control to output transfer function can be calculated with:
y=C,-(s-I-A)* B,-d. (2.62)

Using the two output matrices, the transfer functions of the system are:

~a

Gy (s) =L =1 (2.63)

I

Q<
Q)
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y
G,,(s) = % = (2.64)

Using the parameters of the BHSC1 from Table 2.1, the two transfer functions
are calculated as:

8.28-10° -s* +1.58-10" - s> +6.04-10" - s> +4.63-10" - 5+ 9.34 - 10"

G, (s)= ,
(S) s°+1.93.10*-5*+7.84-10" -5 +7.72-10"° -s* +1.25.10" - s + 3.01-10*
(2.65)

1.54.10°-s*+3.01-10°-s*+1.22-10"-s*+1.01-10* .5 +1.38-10"*°
Gp,(s) =

s°+1.93.10% -s*+7.84-10" s> +7.72-10%° .52 +1.25.10* - s +3.01-10'®’
(2.66)

The BHSC1 is a bidirectional converter, therefore a method for controlling the
power flow is desired. One of the two inductor currents is chosen as output of the
system because the current through inductors is a state variable and by controlling
one inductor current, the power flow is indirectly controlled. Because the j;1 current
is larger than i;, it will be further used as the control variable of the system.

The Bode plots of the two transfer functions from (2.65) and (2.66), are
presented in Fig. 2.9. In addition, Bode plots were also obtained from the simulations
of the switching model of the BHSC1, realized in the PSIM software. The simulation is
performed by introducing small oscillations around a constant duty cycle and by
measuring its influence at the output. As the simulation uses a switching model of the
converter, its accuracy is very precise, but a long simulation time is required
(approximately 1h on i7-4800MQ CPU @ 2.7GHz with PSIM v12). As shown in the
figure, the SSA method is very close to the simulation results, therefore it can be used
for a faster analysis. Other methods for obtaining the Bode plot for the BHSC1 are
also possible, such as the PWM switch model presented in [67].

Table 2.1. BHSC1 parameters for the dynamic analysis

Element Value Unit Description

VH 400 V Nominal voltage at the high voltage side

Vi 50 Vv Nominal voltage at the low voltage side

CH 470 uF Capacitance of the high voltage side capacitor
C 470 uF Capacitance of the low voltage side capacitor
Ci, G 705 uF Capacitance of the switched capacitors

Ly 270 pH Inductance of the low voltage side inductor
L2 1.47 mH Inductance of the high voltage side inductor
rsi, sz, s3 10 mQ On-state resistance of the switches

rH 350 mQ Parasitic resistance of the supply line at Vu

rn 50 mQ Parasitic resistance of the supply line at V,
reu 100 mQ Equivalent series resistance of Cn

re 100 mQ Equivalent series resistance of C.

rci 50 mQ Equivalent series resistance of Ci

ri 4.5 mQ Low voltage side inductor resistance

re 158 mQ High voltage side inductor resistance

T 50 us Switching period

f 20 kHz Switching frequency

D 0.24 - Duty cycle of the steady state operation point
11 55 A Steady state value of the L: inductor current
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Fig. 2.9. Open loop Bode plots of the BHSC1 dynamic model : continuous time model of Gpi(s)
and Gp2(s), obtained by SSA method or through the simulation of the converter switching
model realized in PSIM software

2.5. Valley Current Mode Control

A controller was required for an initial test of the BHSC1 in a bidirectional
setup, a controller that is easy to implement, operates at a constant switching
frequency, has an analog implementation, does not require any tuning and it has a
stable and robust operation. To meet these requirements, a Valley Current Mode
(VCM) control was used with the BHSC1 [66]. The VCM control was chosen in favor
of the Peak Current Mode control, as j;1 current was measured for boost operation
(-it1>0 < step-up operation), where high step-up duty cycles (D") are required
therefore no compensating ramp is needed [69].

Even if the BHSC1 is represented with MOSFET transistors, IGBT transistors
with antiparallel diodes can be used as well. A prototype using the SKM75GB123 IGBT
modules was built in order to benefit from the higher voltage and power capabilities
of the IGBT modules for a lower cost.

The setup used to test the prototype is presented in Fig. 2.11. The parameters
for the BHSC1 are presented in Table 2.1. In order to make possible a bidirectional
operation, the setup uses a battery bank for the V, side, and a DC voltage source
connected in parallel to a resistor load, Riad, ON the V4 side.
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-y *
i1 :>— S Q— Vowwms:

R Q> Vewms2

Fig. 2.10. Valley Current Mode control (VCM) schematic for the BHSC1 control. The control is
realized from the step-up perspective, therefore -i.1 is used in the loop

I Iy
«> <>
hd
ha DC
—_ V
L BHSC1 "l source Rioad
T

Fig. 2.11. Experimental test setup consisting of the BHSC1 converter , a battery on V, side,
and a DC source in parallel to a load Resistance, Riwad, 0n the Vy side for bidirectional operation

Table 2.2. Experimental setup equipment for the BHSC1

Element Device Manufacturer Characteristics
Battery 6 OPzV.block.solar | Moll Solar 6x8V, 421Ah

420
DC Source TC.P.10.400.400.S | Regatron 0-10kW, 0-400V, 0-50A
Rioad - - 39 Ohm/ 8kW

Experimental and simulation results are presented from Fig. 2.12 to Fig. 2.16,
in steady state and transient operation, for both step-up and step-down modes in
order to show the basic operation of the BHSC1 and to show the performance of the
controller.

The first set of results present the steady state operation, in Fig. 2.12 and
Fig. 2.13 for step-down and step-up operation, respectively. The controlled current,
ir1, and the two inductor voltages, vii, vi2, are presented, and they show a good
resemblance to the theoretical waveforms from Fig. 2.5. A good correspondence is
observed between the simulation results and the experimental results.

The transient responses from Fig. 2.14 to Fig. 2.16, presents the operation of
the BHSC1 while transitioning from step-up to step-down (Fig. 2.14) or vice versa
(Fig. 2.15, Fig. 2.16), offering a fast and stable operation with no overshoot for the
control variable. The PWM signals for the switches, Vpwms: for S1 and Vewmsz for S2/Ss,
are shown in Fig. 2.14 and Fig. 2.15. If MOSFET transistors are used, active
freewheeling can be achieved in order to improve the efficiency, and the driving signal
can be applied during both operating modes for all transistors. A main difference
between the two transitions, is between the rise or fall times, as the VCM control
limits the maximum duty cycle, depending on the clock signal from Fig. 2.10.

Apart from the i 1, the low and high voltage inputs waveforms, V,, V4, are also
shown in Fig. 2.16 to show their variation during a transient response.

A Bode plot was obtained through simulation of the BHSC1 controlled by the
VCM, in Fig. 2.17, which already confirms the previously obtained transient results.
The phase margin, PM, of 100°, at the crossover frequency, f;, of 3.12kHz, confirms
a damped and stable response of the system.
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Fig. 2.12. BHSC1 simulation (left) and experimental (right) waveforms for steady state
operation, operating at I;1=16A, V=50V, V4=400V, Pin=0.8kW,
(i1, and vi1, vi2 are the current and voltages for L1 and Lz inductors, respectively)
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Fig. 2.13. BHSC1 simulation (left) and experimental (right) waveforms for steady state
operation, operating at I11=-14A, V.=50V, V4=400V, Pn=0.7kW,
(i1, and vi1, vi2 are the current and voltages for L1 and Lz inductors, respectively)
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Fig. 2.14. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the VCM controller applied to -i.1: transition from -ii1*=12A (step-up) to -ii1*=-
18.6A (step-down), it1 =£15A, V=50V, Vy=400V, Pin==%0.75kW, (i1 is the current from L1
inductor, Vewms:, Vewmsz are the control signals for S1 and S»/S3 switches, respectively)
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Fig. 2.15. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,

controlled by the VCM controller applied to -ir1: transition from -ii1*=-17.8A (step-down) to -

it1*=12.7A (step-up), it1 =£15A, V=50V, Vy=400V, Pin==%0.75kW, (i1 is the current from L1
inductor, Vewms:, Vewmsz are the control signals for S1 and S»/S3 switches, respectively)
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Fig. 2.16. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the VCM controller applied to -i1: transition from -ii1*=-17.8A (step-down) to -
it1*=12.7A (step-up), it1 =%£15A, V=52V, Vy=400V, Pin==%0.78kW, (i1 is the current from L1

inductor, Vi, Vu are the low and high voltage inputs, respectively)
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60 The Bidirectional Hybrid Switched Capacitor converter (BHSC1)

Even if the BHSC1 is capable of operating with a fast transition between the
two operating modes, as already presented in Fig. 2.12 to Fig. 2.16, because the i;»
current is not controlled, large oscillations appear on this current when j;1 has fast
transitions. For this reason, a first-order low pass filter (LPF) with the cutting
frequency of 100Hz is used for filtering the reference current, i;1*, in order to dampen
the oscillations on the j;»> current. The simulation waveforms from Fig. 2.18 show the
operation of the BHSC1 converter controlled by the VCM controller with or without an
100Hz LPF on the reference current j1*. It is shown that by slowing the overall
dynamics of the system, the oscillations from j.> are drastically reduced without
introducing any other detriments in performances.

50
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25

0

iy )

-25

-50

0 25 50 75 100
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Fig. 2.18. Simulation waveforms for transient operation of the BHSC1 , controlled by the VCM
controller with (right) or without (left) an 100Hz LPF applied to the reference, -i.1*: ir1 =+40A,
V=50V, Vy=400V, Pin=x2kW, (ir1, ir2 are the currents from L1 and Lz inductors, respectively)

2.6. Analog Controller design

An additional analog controller was designed based on the SSA modelling
provided in 2.4, specifically the Bode plot of the Gpi(s), which considers the i;; as
control variable for the BHSC1 converter [67].

The K factor method was used in order to design the controller, following the
method described in [68]. The first step for the design was choosing the crossover
frequency at f. = 1.5kHz, which was chosen based on the switching frequency,
f = 20kHz. According to Fig. 2.9, the gain of the transfer function at 1.5 kHz is 38dB,
and the gain of the PWM modulator and sensor gain are 1. Based on the shape of the
Bode plot, [68] suggest using a “Type II” controller, a transfer function with an
integrator and a zero-pole pair, in order to obtain characteristics such as a stable
system, fast dynamic, and zero error for steady-state operation.
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To obtain the PM=70° at f.=1.5kHz, with the 38dB gain of the system, the K
factor method provides the following transfer function for the G¢(s) controller:

1.75-10° -5 +3.851-10°
) = 3200- 57+ 1.562.10° 5 (2.67)

The Bode plot of the G¢(s) controller is presented in Fig. 2.19. The open loop
Bode plot of the controller and the BHSC1 model obtained by the SSA method,
Gc(s)' Gpei(s), together with the PSIM simulation of the switching model of the
converter controlled by the analog controller are presented in Fig. 2.20. A good
concordance can be observed between both methods for obtaining the Bode plots,
therefore the SSA method results are confirmed. The PM and the f. confirm the initial
design parameters.

The simulation and the experimental results from Fig. 2.21 and from Fig. 2.22
confirm the stable operation of the G¢(s) controller with the LPF. A good transition
between the two operating modes, from step-up to step-down mode, in Fig. 2.21, or
vice versa in Fig. 2.22, is observed. The experiment and the simulation results have
a good resemblance except for the ripple currents from the inductors, which have
been filtered by the oscilloscope during measurement. If the LPF is used in order to
limit the oscillations of j2, the rise time of the current is slowed down to 5ms,
approximately 10 times slower.
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Fig. 2.19. Bode plot of the “Type II” G¢(s) controller designed for the BHSC1 using the K factor
method [68]
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Fig. 2.20. Open loop Bode plots of the BHSC1 model controlled by Gc(s): response of the SSA
model, Ge(s) - Gri(s); the Model Simulation with analog controller and switching model of the
BHSC1= PM=71°, f.=1.5kHz
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Fig. 2.21. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the Gc(s) controller with LPF at 100Hz on ji.1*: transition from jir1*=-40A (step-
up) to it1*=20A (step-down), V=50V, Vy=400V, Pin=-2/1kW, (ir1 and i,z are the currents from
L1 and Lz inductors, respectively)
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Fig. 2.22. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the Gc(s) controller with LPF at 100Hz on j.1*: transition from j.1*=20A (step-
down) to ii1*=-40A (step-up), V.=50V, Vy=400V, Pin=1/-2kW, (i.1 and ir2 are the currents from
L1 and Lz inductors, respectively)

2.7. Digital Controller design

The digital current controller was designed starting from the Bode plots
presented in Fig. 2.9 and the continuous dynamic model of BHSC1 from (2.65). In
order to design the digital controller, a discrete transfer function is required for the
BHSC1 model. Therefore, the system from (2.65) is discretized using the Zero Order
Hold (ZOH) method as:

G,o(2)=(1-2") z{Gpls(s)} (2.68)

As the digital controller is implemented in a microcontroller (TMS320F28335),
it is important to consider its influence on the system. The chosen microcontroller, as
many other, uses a trigger for acquiring the ADC signal at half of the t,, switching
period in order to avoid any switching noise and to obtain an average value for the
measured current. Because of this operating method, an additional delay equal to one
sampling period, T, must be introduced to the discrete model in order to have a more
accurate model. The delay can be introduced with a z! in the discrete model, or by
using a Padé approximation of a time delay in the s domain. Therefore, the more
accurate discrete model is:

G, (2)=2z"-G,,(2) (2.69)

The Bode plots of the two discretized models are compared with the Bode
plots obtained from the PSIM simulation of the BHSC1 converter with the added

BUPT



64 The Bidirectional Hybrid Switched Capacitor converter (BHSC1)

microcontroller, in Fig. 2.23. The Bode plots show that the final discretized model is
in good concordance with the simulation model, therefore it can be used for the
controller design.
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Fig. 2.23. Open loop Bode plots of the BHSC1 dynamic model : continuous time model -
Gri1(s); ZOH discretized model accounting for the PWM hold - Grio(z); discretized transfer
function including an additional ADC delay Gri(z); the Model Simulation which also includes the
microcontroller (TMS320F28335) and the switching model of the converter

The i1 current controller was designed based on the Bode plot of Gpi(z), from
Fig. 2.23. The controller was designed by directly shaping the open loop Bode plot of
the system through changes made in the controller, such that the following
requirements are met: fast response, zero steady state error, a small overshoot
(=£10%) which is achievable with a phase margin (PM) of approximately 60°, a gain
margin (GM) greater or close to 10dB, and a cutoff frequency (f.) lesser than 25% of
the switching frequency of the converter.

In order to satisfy the requirements, a pole was added in the origin to
eliminate the steady state error, and a zero was added while adjusting the gain of the
controller for achieving the rest of the requirements. The procedure was performed
in the MATLAB software with the help of the controlSystemDesigner application, which
also plots the step signal response and the Root Locus of the system.

The Bode plot of the open loop system, consisting of Geca(z) + Gpi(2), is
presented in Fig. 2.24, together with the simulated response. The required
performances are achieved, having phase margin of 60.7° at the cutoff frequency of
1.11kHz and the gain margin of 10.5dB.

The final transfer function of the controller is:

G,, =8.5763.10° .%, (2.70)

and its Bode plot is presented in Fig. 2.25.
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Fig. 2.24. Open loop Bode plots of the BHSC1 model controlled by Gca(z) : discrete model,
Ged(z) - Gpi(z) = PM=60.7°, fc=1.11kHz, GM=10.5dB; the Model Simulation including the
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Comparing the digital to the analog implementation, it appears that better
performance could be achieved in the analog structure, as the system is not limited
by the Nyquist frequency limit. The discrete controller could not benefit from the
structure of the Type II controller used for the analog controller, but a simple PI
structure achieves acceptable results for the discrete domain.

Simulations for the BHSC1 converter with the discrete controller, Ges(2), are
presented in Fig. 2.26, with the LPF applied for the reference in order to limit the j;»
current oscillations. The operation of the converter with the discrete controller is
similar to its operation with the analog controller, presented in Fig. 2.21 and Fig. 2.22.

_10 | | [ [
0 10 20 30 40 50 60 70 80 90 100
t (ms)

Fig. 2.26. Simulation waveforms for transient operation of the BHSC1, controlled by the Gca(2)
controller with an 100Hz LPF applied to the reference (i.1*), implemented in the
microcontroller (TMS320F28335): i1 =£50A, V. =50V, Vy=400V, Pin=+2.5kW,

(i1, iz are the currents from L1 and Lz inductors, respectively)
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Fig. 2.27. BHSC1 prototype

2.8. Topology improvements

The BHSC1 topology, presented in Fig. 2.2, has benefits in terms of
conversion ratio when compared to the CBBB, but it does not have the advantage of
the a common ground between the two inputs. This disadvantage is more significant
considering that the voltage between the two inputs, V4 and V,, has a frequency equal
to the switching frequency.

In order to eliminate this disadvantage, few changes can be made with the
BHSC1 schematic, without losing its advantages. The main change is splitting Ly, L>
or both inductors, into two, one on the high side and the other on the low side, so
that the voltage between the two inputs, will be constant. The two inductors from one
side can be magnetically coupled in order to reduce the size of the inductor housings.
The new improved schematic is presented in Fig. 2.28, with the two coupled inductors
on each input.

O
II’O
I

°Ss
Fig. 2.28. The Improved Bidirectional Hybrid Switched Capacitor converter (I-BHSC1)
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2.9. Conclusions

A theoretical analysis was performed for the BHSC1 converter for the steady
state and dynamic operation. The analytical description of the BHSC1 is desired in
order to obtain the metrics used for comparing this topology to other converters. The
dynamic modeling was performed in order to obtain the linear model of the BHSC1,
which was used for designing an analog and a digital controller. Simulations for both
controllers were realized, using models for the analog components and for the
microcontroller respectively. A valley current mode controller was also tested with
similar results.

As a single inductor current controller was used, and because of the increased
number of state variables, damped oscillations were observed in the second inductor
current. The oscillations were attenuated by slowing down the controller with the help
of a low pass filter placed at the reference.

The simulation results have a good similitude to the dynamic results obtained
by mathematical analysis, and with the experimental results, for the transient
operation.

Finally, an improved topology is proposed for the BHSC1, which eliminates
the high frequency voltage between the two inputs, without decreasing its
performances.
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3. THE BIDIRECTIONAL HYBRID SWITCHED CAPACITOR
CONVERTER (BHSC2)

3.1. Abstract

This chapter presents another Bidirectional Hybrid Switched Capacitor
converter (BHSC2) which uses a different switched capacitive cell in its structure,
achieving the same benefit of high voltage conversion ratio as the BHSC1 but with
the added benefit of common ground between the two inputs. This advantage helps
to achieve simple multiphase operation, or it allows the upgrade of the topology in a
multi-level structure. Similar to the BHSC1, this chapter includes the steady state and
the dynamic analysis of the BHSC2. The stability of the converter is investigated from
the frequency response, and from the poles and zeros of the system. The influence
of the passive components is analyzed in order to achieve the best design in terms of
stability. A controller is designed for the BHSC2, and simulation results are used to
demonstrate the transient operation of the converter between step-up and step-down
operation modes. Since the BHSC2 has a common ground between inputs, an
extended multilevel structure is proposed.

3.2. Overview

The BHSC2 schematic is developed from the Unidirectional Hybrid Switched
Capacitor converter (UHSC2), presented in Fig. 3.1, which was initially proposed in
[42] for step-down operation. The UHSC2 was experimentally tested in [70], with
good results. The unidirectional topology uses a switched capacitor cell (D2, D3, Da,
C,, Cy) at the input of a conventional buck converter, which helps divide the input
voltage during the t,, switching interval.

The BHSC2, shown in Fig. 3.2, was proposed in [71], and analyzed for steady
state and dynamic operation, addressing the sizing and stability of the converter. The
main difference between the BHSC2 and the UHSC?2, is the use of transistors, in place
of diodes, achieving bidirectional current flow through switches. Similar to the CBBB
presented in 1.3.1, positive currents indicate step-up operation, while negative
currents indicate step-down operation. Even if the converter uses 5 switches, only
one driving signal is used, applied directly to Si, Sz and Ss, and inverted for S; and
Sa.

P &
D, _LC1
D3 ile? )VH

C2 D4

Fig. 3.1. The Unidirectional Hybrid Switched Capacitor converter (UHSC2) [42], [70]
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Fig. 3.2. The Bidirectional Hybrid Switched Capacitor converter (BHSC2) [71]
(ir1, ir2 >0 « step-down operation; i1, ir2 < 0 < step-up operation)

3.3. Steady state analysis

The steady state analysis of the BHSC2 is performed starting from the
equivalent switching schematics for the two switching intervals, to, and tos, presented
in Fig. 3.3 and Fig. 3.4, respectively. The BHSC2 converter operates like the UHSC2
converter, therefore the two capacitors from the switching cells are considered
identical, and the voltage across them equal (vc1 = ve2 = Vesw).

During the t,, interval, the two capacitors are connected in parallel through
the inductors, between the two inputs (V4 and V).

During the t.r interval, the capacitors are connected in series to the high
voltage side, Vi, with the L, inductor, and L; inductor is connected in parallel to the
low voltage side, V.

The i1 current indicates the charge or discharge of the switched capacitors
(C1, G2) during ton, as their current is ici = icz = (ii2 - it1)/2, and i1 is always larger
than i». During tor the charging or discharging of the capacitors is dictated solely by
the i;» current.

Based on the two equivalent schematics, the main theoretical waveforms are
shown in Fig. 3.5.

Ly

2y i
\
VCl( C1 Vi2
e 1"
v, L L]
VCZ(TCZ Sa

Fig. 3.3. Equivalent schematic of BHSC2 during ton interval
(51, S3 and Ss is turned ON, Sz and S4 are turned OFF)
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Fig. 3.4. Equivalent schematic of BHSC2 during tor interval
(51, Ss and Ss is turned OFF, S2 and Sa4 are turned ON)
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Fig. 3.5. Main theoretical waveforms of the BHSC2: L1, L2 inductor voltages and currents (vii,
Vi2, it1, it2); S1, S2 and Sz switches voltages and currents (Vsi - Vss, is1 - iss); Ci, C2 switched
capacitors currents (ici, ic2); ripple voltages on the capacitors (Avch, Aver, Avesw)

Similar to the analysis of the CBBB converter, in 1.3.1, the steady state
analysis of the BHSC2 begins by considering D the duty cycle for the step-down mode
of operation, and D’ the duty cycle for step-up mode:

p=lto pr_lor (3.1)
T T

The inductor voltages corresponding to the two switching intervals are
calculated from Fig. 3.3 and Fig. 3.4:
=V,

Csw

= -V,

Lr

ton : le
t

-V v =V, Ve, (3.2)
vi,=V, -2V

Csw*

off * le

The simplifying assumptions from 1.3.1 are used (ideal components, constant
voltage on capacitors, steady state operation) and, in addition, identical capacitances,
voltages and current for the switched capacitors are also considered. Therefore, the
volt-second balance can be applied:

<VL1> =D- (VCSW _‘/L)+ (1 _D) ' (_VL) = Or
<VL2> =D-(V,-V)+@-D)-(V,-2-V,)=0,
The steady state voltage on one of the two switched capacitors is determined:

(3.3)
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VooV VitV

= 3.4
D 2-D 2 (3:4)

Csw

The conversion ratios for the two input voltages, in step-down or step-up form
are determined:

D
VL :VH 72_D’ (3'5)
1+D'
et (3.6)

The BHSC2 converter achieves the same conversion ratios as the BHSC1
converter and the BSQZ converter from 1.3.2. The steady state duty cycle can be
calculated from the two input voltages as:

L (3.7)

In order to calculate the passive components, the average inductor currents
are considered:

I=1,1,=1I,. (3.8)

Similar to the analysis of the CBBB converter in 1.3.1, a ripple current
percentage is defined for the two inductors:
ro= Al _ %_ (3.9)
ILl ILZ

By using the voltage-current dependency of an ideal inductor the values for
the two inductors are determined as:

L, - v, .- At _ vV, (v, -V,) , (3.10)
Y r-f-I-(V,+V,)
L - v, At V- (V,-V,) (3.11)

A, rofI - (V,+ V)

Because the BHSC2 requires the same inductors as the BHSC1, the same
inductor energy is required:

L2 LV, -(V,-V)
w :A [ H L , 3.12
"2 T2 ) (312
w. _L2'IL22_ IL'VLZ'(VH_VL)

= = / 3.13
- 2 2-r-f-V,-(V,+V) (3.13)
and the same total inductor energy is calculated similarly with:
Li 'qu
VVLTot =ZVVLI =ZT=VVLI+WLZI (3-14)
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— IL'VL'(VH_VL)

W, = S PV, (3.15)

From (3.15) it can be concluded that the BHSC2, BHSC1 and CBBB have the
same inductor energy requirements, the first two having the advantage of a higher
conversion ratios, and the BHSC2 also benefiting from the common voltage ground
between inputs.

In order to calculate the required capacitances and to calculate the total
capacitor energy, the inductor currents are defined as time functions:

i _ ILI +AiL1'(t/ton _1/2)/ te [O,ton)
/Ll(t)_{1L1+AiL1.((T—t)/toff—1/2), telt,,T] (3.16)
i _ ILZ +AiL2 '(t / ton _1/2)/ te [O,ton)
i,(t) = {Iu +Ai, - ((T-t)/¢t,-1/2), telt,, T] (3.17)

A voltage ripple percentage is defined for the three capacitors, similar to the
CBBB converter from 1.3.1:

r, = A‘)/CH _ A‘}/CL _ A‘)/CSW ] (3.18)

CH CcL Csw

The currents from each capacitor, as time functions, are:

I =10y =1, (3.19)
iCH = IH - iLZI (320)
. JU,-iy) /2, tel0,t,)
ICsw _{ iLZ’ te [ton,T] . (3-21)

Applying the voltage-current dependency of an ideal capacitor for the three
capacitors, the following can be used to calculate the capacitances:

1 ton+to{//2 -
Com gy I et (3.22)
-1 ton+tor /2 .
C, = Ave LM/Z (I, -i,)dt, (3.23)
1 T
Csw = C1 = CZ = ELM IL2 dt. (324)

Because the operation is similar, the capacitors of the BHSC2 are identical to
the BHSC1 converter, even if the topologies are very different. The capacitors are
calculated with:

r-I,

S N 3.25

8.r,-fV,' ( )
ri'IL'VL

el (3.26)
v H
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— 2'IL'VL'(VH_VL)

= . 3.27
oo f V- (W, + V) ( )
The total capacitor energy is calculated with:
Ci 'VCi2
Werot =ZWCI' =ZT=WCL+WCH+2'WCSWI (3.28)
With the individual capacitance energies calculated:
r.-I, -V
W, =-i -t "L, 3.29
o 16-r,-f ( )
r.-1, -V,
W, ="t 7L, 3.30
“ 16-r,-f ( )
w, =LV V-V (3.31)
o 4.r, - f-V,
the total capacitor energy is calculated as:
IV, -(4-V,-4-V, +r-V,)
W — L L H L i H ) 332
eret 8.r,-f-V, ( )

Both BHSC2 and BHSC1 have the same total capacitor energy, as both have
the same capacitances and same voltages, and are slightly higher than the values of
the CBBB converter.

The total active switch stress for the BHSC2 converter is calculated with:

5
S=3Vy Iy, (3.33)

j=1

By taking into account the voltage and current stresses on the switches:

Vi, /2=V,, =V, =V, =V =V, (3.34)

I,=1,=1,, Iy=I,=,-1,)/2, I,=1,. (3.35)
The total active switch stress is:

S=Vy, ITg+Ve I, +Vey I+ Vo, I, +Vss - Is =21, -(V,, +V)). (3.36)

The BHSC2 converter has an advantage over the CBBB converter in terms of
conversion ratio while keeping a common ground connection between the negative
terminals of the input voltages, unlike the BHSC1. This is achieved at the cost of a
larger total active switch stress, as observed in (3.36). In other words, the BHSC2
achieves the advantages of the BHSC1 converter with the additional common ground
between inputs, with the cost of added total stress on the active switches, and an
increased number of switches.
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3.4. Dynamic analysis

The dynamic modeling of the BHSC2 converter is performed similarly to the
BHSC1 converter in chapter 2.4, by applying the SSA method. The first step in
applying the method is considering the general form for the state equations:

X=A -x+B -u, (3.37)

where i=1 and j=2 for the equations corresponding to t,, and tor intervals,
respectively.

Similar to the BHSC1, x represents the state vector containing the state
variables (the two inductor currents and the capacitor voltages), and u contains the
input vector with the system inputs (the voltages on the two sides). The two vectors
are:

L2 V
X = Ve |1 u={ LJ. (3.38)
VH
VCL
VCH
The state (A) and input (B;) matrices are expressed with their elements, as
follows:
ay, @, a5 ay 0 (b, 0]
ay, 9y az3, 0 azs, bzzr
A=|a, a 0 0 0] B=/0 0| (3.39)
a O 0 a, O b, O
0 a, 0 0 a | 0 by |

The schematic of the BHSC2 converter with the added parasitic resistances,
that are required for an improved model, is presented in Fig. 3.6. The two equivalent
schematics, according to the t,, and tor switching states, are presented in Fig. 3.7
and Fig. 3.8, respectively.

re Ly i j, ru

ic1 —
v
53) Cli)VCl L2 len
rs3f| s, rsa rei Cx )VCH ()VH
ic2 =
G )ch Ss req
r Czﬁ Ijl]r S5

Fig. 3.6. BHSC2 schematic used for the SSA analysis. The schematic includes the following
parasitic components: r.1, ri2 — inductor ESRS; rcH, ret, rei, rez — capacitor ESRs;
rsi-rss — switch on-state resitances; ru, r. — high and low voltage bus resistances.
Component values are provided in Table 3.1
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Fig. 3.7. BHSC2 equivalent schematic during to» interval used for SSA

From the schematic presented in Fig. 3.7 and the equations (3.37), (3.38),
(3.39), the elements of the state matrix (A1), for ton switching interval, are expressed:

r, r, ry
ﬂ+q1+r51+§+b
2 2 rg+n
a.
11, L1 ’
_ Tesw T 153 _i _ -
12, T T 5 ’a131_L’a141_L ’
] 1 1 '(rCL + rL)
r, r. Fey o
Csw +rL2+§+ cH "H
2 2 r,+r
a CH H
22, L2
r + I 1 r,
8, =223, a8, =-, 8, = = ’
! 2-L ! L vL - (rgy + 1)
1
a; =- 1 A3y = ~d3
1 2.C5w 1 1
r, -1
Ay, = < G T
C, (rqg+n) C, -(ro,+1)
-y, -1
asy, = As5, =

C, (roy+r,)

Under the same considerations, the elements of the input matrix (B1), are:

=,
b, = "¢ =
11 1222
' L1 '(rCL+rL) !

1
C,-(ry+r)

41, 52, —

C, (rog+r,)

rCH

L-(ry +ry)

1

C, - (roy +ry)

(3.40)

(3.41)

(3.42)
(3.43)
(3.44)
(3.45)

(3.46)

(3.47)

(3.48)
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re Ly i j, ru

Fig. 3.8. BHSC2 equivalent schematic during to interval used for SSA

From the equations (3.37), (3.38), (3.39) and the schematic from Fig. 3.8,
the elements of the state matrix (Az), for to,n switching interval, are expressed as:

ror, 4+
gy me Tath o 08, =08, =T (3.49)
11, — L1 r 912, r 93, r 9ia, L1'(rCL+rL)’ :
re, - r
2'rCsw+rLZ+rS4+%
8y, =~ L oA, (3.50)
a,y :OI a3 :_3, a,s 27,‘#’ (351)
2 2 L, 2 L (g + 1y)
1 r, -1
a =0,a, =—,a8,, =—2*5t—,a, =—+——, 3.52
. - Csw e CL '(rCL + rL) e CL '(rCL + rL) ( )
8y, = ——H EU I — (3.53)

CH'(rCH+rH), CH'(rCH+rH),

With the same considerations, the elements of the input matrix (B.), are:

-r r

b, o= o p o T 3.54

Yoo fo(ry+n) R L (rythy) ( )
1 1

S S— (3.55)

b = — .
Mo Co(ry+r) TR Cy-(re, +1y)

Averaging the equations according to the dynamic duty cycle, d, for the
equivalent states, the following continuous and nonlinear system is written:
x=(d-A+1-d) A) x+(d-B+(1-d)-B,)-u. (3.56)

The system is linearized by considering small signal variations around a
steady state point, for the state variables, x, duty cycle, d, and outputs, y:

Xx=X+X, d=D+d, y=Y+y. (3.57)

The newly formed system is expressed as:
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{x:Ae-x+Be-d, (3.58)

y=Co-x
with the equivalent state (Ae) and input (Be) matrices:
A =(A-D+A,-(1-D)), (3.59)
B, =((A -A) X+(B -B)-u), (3.60)

and the output matrices, Ce1 and Ce, defined for the system to output the ji1 or the
ir> current, respectively:

C,=[10000], C,=[0100 0] (3.61)

Considering the two output matrices, the following control to output transfer
functions are calculated:

~a

Goy(5) = 5 =, (3.62)
y
G,,(s)=% =12, 3.63
p2(S) i g ( )
by using:
y=C,-(s-I-A)'-B,-d (3.64)

Values for the passive components for the BHSC2 were developed based on
the equations from chapter 3.3, and the results are summarized in Table 3.1. The
stability of converters can be affected because of the low ESR of capacitors (1-3 mQ),
as presented in [64], therefore the poles and zeros of the systems were calculated
for the initial values of the passive components (shown in parentheses), and for the
actual values of the capacitors, designed according to the maximum RMS ripple
current.

Table 3.1. BHSC2 parameters for the dynamic analysis (initial values in parentheses)

Element Value Unit Description

VH 400 V Nominal voltage at the high voltage side

Vi 100 V Nominal voltage at the low voltage side

CH 220 (7.8) uF Capacitance of the high voltage side capacitor
C 10000 (0.5) | pF Capacitance of the low voltage side capacitor
Ci, & 10000 (18) uF Capacitance of the switched capacitors

rv 2 % Capacitance voltage ripple percentage

Ly 94 pH Inductance of the low voltage side inductor
La 470 pH Inductance of the high voltage side inductor
ri 20 % Inductor current ripple percentage

rsi - rss 30 mQ On-state resistance of the switches

rH 350 mQ Parasitic resistance of the supply line at Vu
rn 50 mQ Parasitic resistance of the supply line at V,
rcH 328.3 (3) mQ Equivalent series resistance of Cy

rew 28.67 (1) mQ Equivalent series resistance of C.

rci 8.6 (2) mQ Equivalent series resistance of Ci

ri 20 mQ Low voltage side inductor resistance

re2 53 mQ High voltage side inductor resistance

T 12.5 us Switching period

D 0.4213 - Duty cycle of the steady state operation point
11 50 A Steady state value of the L: inductor current
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The poles and zeros of the system with the initial design values (shown in
parentheses in Table 3.1) show that if these capacitors are used, a right half-plane
zero (RHPZ) appears for the Gpi(s) transfer function. In order to avoid the RHPZ,
electrolytic capacitors are used for the design, as suggested in [64], because of their
higher capacitance and ESR values. The new poles and zeros of the system are shown

in Table 3.3.

Table 3.2. Poles and zeros of the process with initial values

Transfer function

Poles

Zeros

Gri(S)

-40849151.7; -362447.944,
-500.2799 + 14134.6715i;
-1049.685;

-40849673.2; -362448.131;
1036.851 + 13549.279i

Gr2(S)

-40849151.7; -362447.944,
-500.2799 + 14134.6715i;
-1049.685;

-40849151.7; -363187.332;
-6192 + 14895i

Table 3.3. Poles and zeros of the process

with final values

Transfer function

Poles

Zeros

Gri(S)

-6253.186; -989.618 + 611.839i;
-550.415 + 283.316i

-6252.68; -1271.132;
-504.63 + 317.763i

Gr2(S)

-6253.186; -989.618 + 611.839i;
-550.415 + 283.316i

-6701.245; -481.099;
-854 + 711.752i

The transfer functions of the final transfer functions are also expressed as:

2.65-10°-s*+2.62-10" -5> +4.21-10" - s* +2.84-10" - 5+ 7.49 - 10"®

G,.(s) = ’
p(S) s°+9.33:10%-5*+2.32-10" -s*+2.67-10'° - s +1.46-10'% - s + 3.24-10*°
(3.65)
5.346-10°-s*+4.75-10° - s> +8.94-10'2 - s2 +7.69-10* - s + 2.13-10'*®
Gp,(s) =

Similar to the BHSC1, a current control method is desired for the BHSC2. The
ir1 current is chosen as control variable, as it is much larger than iz, and is a state

variable.

The bode plots of the two transfer functions from (3.65), (3.66) are presented
in Fig. 3.9 together with the bode plots obtained from the simulation of the switching

(3.66)

$°+9.33-10°-s* +2.32-107 -5> +2.67-10% - s* +1.46 - 10"* - s + 3.24 - 10"’

model of the BHSC2. The two sets of results have a good resemblance.
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Fig. 3.9. Open loop Bode plots of the BHSC2 dynamic model : continuous time model of Gpi(s)
and Gp2(s), obtained by SSA method or from the simulation of the converter switching model
realized in PSIM software

3.5. Controller design

A controller was designed for the BHSC2 converter starting from the SSA
model and from the Bode plots presented in Fig. 3.9. The controller was designed to
satisfy a few requirements: a fast response, zero steady state error, a small overshoot
(=£1%) which is achievable with a phase margin (PM) of approximately 90°, a gain
margin (GM) greater or close to 10dB, and a cutoff frequency (f.) lesser than 25% of

the switching frequency of the converter.
The procedure for designing the controller was to directly shape the Bode plot

of the open loop system in order to satisfy the requirements. The tool used for this
purpose was the controlSystemDesigner application from the MATLAB software. A
pole was added in origin to eliminate the steady state error, and an additional zero
was added to increase the phase, while adjusting the gain of the controller. The final
transfer function of the controller is:

0.02754 - (s + 4075) (3.67)
S

Gc(s) =

The Bode plot of the open loop system, consisting of Gc(s) © Gpi(s), is
presented in Fig. 3.10, together with the simulated response. The required
performances are achieved, having phase margin of 87.2° at the cutoff frequency of
11kHz. The Bode plot of the controller is presented in Fig. 3.11.
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Fig. 3.10. Open loop Bode plots of the BHSC2 model controlled by Gc(s): response of the SSA
model, Ge(s) - Gri(s); the Model Simulation with analog controller and switching model of the
BHSC2= pPM=87.2°, fe=11kHz
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Fig. 3.11. Bode plots of the G¢(s) controller designed for the BHSC2 converter
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3.6. Simulation results

Simulation results are obtained for the BHSC2 converter with the parameters
from in Table 3.1, and controlled by the G¢(s) from (3.67).

Simulation for steady state operation are presented in Fig. 3.12, which are in
good concordance with the theoretical waveforms from Fig. 3.5, with the exception of
the switched capacitor voltages, that have a ripple more influenced by the capacitor
ESR.

Results for transient response are presented in Fig. 3.13, where the BHSC2
operates in both step-up and step-down. In comparison to the BHSC1, the
oscillations, of the ji» current are greatly reduced because the dynamics of the
converter were observed and corrected from the design phase. A much faster dynamic
is possible with this converter, and no filter is required for the reference current.

55 !

iy )

0 10 20 30 40 50 60 70 80 90 100

iCl’ iCZ (A)

251 T T T T T T T T
e
0
>
G
> : : : : : :
250 ! I ! I I I ! I !
0 10 20 30 40 50 60 70 80 90 100

t (us)
Fig. 3.12. Simulation waveforms for steady state operation of the BHSC2:
i1 =50A, V=100V, Vy=400V, Pin=5kW, (iL1, ir2 are the currents from L: and Lz inductors,
respectively, ic1, ic2 vci, ve2 are the currents and voltages on the switched capacitors,
respectively)
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Fig. 3.13. Simulation waveforms for transient operation of the BHSC2, controlled by the Gc(s)
controller: i1 =+50A, V=100V, Vy=400V, Pin==+5kW, (ir1, ir2 are the currents from L1 and L2
inductors, respectively, vci, vcz are the voltages on the switched capacitors)

3.7. Topology improvements

Some benefits can be achieved by connecting multiple converters in
multiphase configuration, or in a multilevel structure, as shown in [72]. Therefore,
the BHSC2 topology is improved into a multilevel structure.

Similar to the three level buck boost (3L-BB) converter presented in [73], the
BHSC2 converter can be modified into a three level topology (3L-BHSC2), as shown
in Fig. 3.14. The main reason this topology can be modified effortlessly, is the
existence of the common ground between the inputs, similar to the CBBB. Possible
benefits of the new 3L-BHSC2 include smaller passive components, an increased

conversion ratio, lower stress on the active switches, lower ripple at the inputs and
faster dynamics.
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Fig. 3.14. Three level improved topology for the BHSC2 converter (3L-BHSC2)

3.8. Conclusions

The theoretical analysis was performed for the BHSC2 converter, in steady
state and dynamic operation. The analytical results for steady state operation of the
BHSC2 was performed in order to achieve the metrics required for comparisons with
other topologies. The dynamic modeling was performed in order to obtain a linear
model of the BHSC2 which was initially used to achieve a more stable design, and
afterwards it was used to design a current controller which controls the power flow.
In comparison to the BHSC1, this converter does not require slowing the reference
current with a low pass filter, and a faster response is achieved. A disadvantage of
the topology is an increase in the total active switch stress, as the BHSC2 has two
more additional switches in comparison to the BHSC1.

Simulation results are used to confirm de dynamic analysis and to show the
operation of the BHSC2 in transient and steady state mode.

Additionally, an improved BHSC2 topology is proposed, which translates the
initial schematic into a multilevel topology, having the additional benefits of the multi-
level structures.
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4. THE BIDIRECTIONAL HYBRID SWITCHED INDUCTOR
CONVERTER (BHSI)

4.1. Abstract

This chapter presents a Bidirectional Hybrid Switched Inductor converter
(BHSI), which, as the name suggests, uses a switched inductor cell in order to achieve
the higher voltage conversion ratio. A steady state analysis is performed for the BHSI,
similar to the CBBB converter, which is further used for passive components sizing
and comparisons to other topologies. The dynamic modeling of the BHSI is performed
in order to obtain the model used for the controller design. In terms of stability
analysis, the effects of incorrect modeling of the microcontroller are presented and
confirmed by experimental results. Two prototypes are built for the BHSI converter
using conventional Silicon MOSFETs and new Gallium-Nitride FETs, and their influence
on the topology is presented. The efficiency of the prototypes is measured and
compared to the theoretical results. An improved topology is proposed which
eliminates some disadvantages of the topology.

4.2. Overview

The structure of the BHSI is developed starting from the two Unidirectional
Hybrid Switched Inductor converters, which operate in step-down (Fig. 4.1 - DUSHI)
and in step-up (Fig. 4.2 - UUHSI) mode, respectively.

The step-down structure was initially proposed in [42], together with the
UHSC1 (Fig. 2.1) and UHSC2 (Fig. 3.1), and it was experimentally tested in [74],
[75]. The step-up structure was proposed in [76] and it was tested and improved in
multiple papers [77]-[80]. The DUHSI topology resembles a conventional buck
converter with the switched inductor connected at the output, replacing the
conventional inductor and freewheeling diode. The UUHSI topology is a boost
converter which uses two inductors and two transistors in order to connect the
inductors in parallel to the source, which are then discharged in series to the output.

The schematic of the BHSI, shown in Fig. 4.3, contains three transistors, with
their respective antiparallel diodes. The operation of the BHSI is identical to the
operation of DUHSI and UUHSI, in the step-down and step-up modes respectively,
with the added possibility of using active rectification if MOSFET transistors are used.
As a result, only one driving signal is used, applied directly to S; switch, and inverted
for S; and Ss.

L M Lo du
c D3 D> S C Vy
— i —e
Ly

Fig. 4.1. The Step-Down Unidirectional Hybrid Switched Inductor converter (DUHSI) [42]
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Fig. 4.3. The Bidirectional Hybrid Switched Inductor converter (BHSI) [81]

Like the DUHSI and UUHSI, the BHSI uses two identical inductors, for which
the currents are considered identical. As for the previous converters, positive currents
indicate step-down operation mode, while negative currents indicate step-up
operation mode.

4.3. Steady state analysis

The analysis of the BHSI starts with the two equivalent schematics during the
ton and tosr switching interval, presented in Fig. 4.4 and Fig. 4.5 respectively. During
the t,, interval the S; switch is turned ON, and the S, and Ss switches are turned OFF.
Similar to the unidirectional schematics, the two inductors and their currents are
considered identical for both intervals (L1 = Ly, ir1 = ir2).

During the t,, interval, the two inductors are connected in series between the
two inputs (Vy and V,), and the current on the low voltage side is equal to the current
through the inductors. The voltage difference between V and V. is divided between
the two inductors.

During the to interval, the two inductors are connected in parallel to V,, and
the current on the low voltage side is equal to double the current through the
inductors.

I N\LA(\"LI I
| S
vl |esdnr sy ol v

O+

1<

)
()
A

Vi

i I
Fig. 4.4. Equivalent schematic of BHSI during ton interval
(S1is turned ON, Sz and Ss are turned OFF)
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Ly
L < e
v i S v
L(_) la o H
Vi2 —‘7
L
S —* >

2 [

Fig. 4.5. Equivalent schematic of BHSI during tor interval
(S1is turned OFF, S> and Ss are turned ON)

Using the two equivalent schematics, the main theoretical waveforms are
drawn in Fig. 4.6: inductor voltages (v;1, vi2) and currents (ii1, i2), switch voltages
(vs1, Vs2, vs3) and currents (is1, is2, is3) input and output currents with the capacitor
ripple current (in-icy and i +ic.), and the ripple voltages on the input capacitors (Avey
and Avg ). The main difference when comparing this topology with the conventional
buck converter, is the current ripple on the low voltage side, which has larger
variations, but as it is shown in chapter 6, this does not require larger capacitors, but
the contrary. An additional difference is for the switch voltage stresses, which is larger
for S;, but smaller for S; and Ss. The shape of the voltage ripple on the input
capacitors, is noticeably different, as it is dependent on the capacitor ripple currents.

Vi, Viat T ‘ Vsia - ‘
| | | T |
(Vu-V0)/2; - ‘
ton borr t Vi +V1 ton torr
=y
i, 02
Iy, Ipp t

Vs, Vs3

(Vu+V0)/2}
In -IcH, Is1 W I,
Wl ],
Avey § § Avg

Fig. 4.6. Main theoretical waveforms of the BHSI : Li, L2 inductor voltages and currents (vi1,
VL2, i1, ir2); S1, S2 and Ss switches voltages and currents (vsi, Vsz, Vs3, isi, is2, is3); input
currents with the added capacitor ripple currents (in-icw and iL+ic.); ripple voltages on the input
capacitors (Aven and Ave)
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Similar to the analysis of the conventional buck/boost converter, presented
in 1.3.1, the steady state analysis of the BHSI begins by considering D the duty cycle
for the step-down mode of operation, and D’ the duty cycle for step-up mode:

p=lo, p_ta (4.1)
T T

The inductor voltages on the two switching intervals, represented in Fig. 4.4
and Fig. 4.5, are calculated considering an even distribution between them for ¢,
interval:

b iV +Vv, =V, =V, v,=Vv, = ’

on

(4.2)

t =v,, =-V

Vv 2 L

off L1

Using the same simplifying assumptions (ideal components, constant voltage
on capacitors, steady state operation) as in 1.3.1, and identical voltages and currents
on the two inductors, the volt-second balance can be written:

(i) =D 1-0) (1) = 0, (4.3)

To determine the voltage conversion ratio, defined in step-down and step-up
modes respectively:

D
Vo=V 5o (4.4)
1+D'
VH:VL'l_D.' (4.5)

As shown in the analysis of the BHSC1 and BHSC2 converters in 2.3 and 3.3
respectively, their conversion ratio for and the BHSI conversion ratio is identical, even
if the topologies are very distinct. Similarly, the duty ratio can be calculated with:

_2V
V,+V

(4.6)

Considering that the I, current is equal to I;1 current during t,, and 2-1;1 during
torr, by averaging on a switching period, the inductor current is calculated from the
low voltage current, with the following:

1
Iy =1 55 (4.7)

Similar to the analysis from 1.3.1, an inductor ripple current percentage is
defined for the two inductors:

f=tu e (4.8)
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and by using the voltage-current dependency of an inductor, the value of the
inductors is determined:

VAt 2V, V (Y, - V)

L =L =L . (4.9)
vz A, rof-I -V, +V,)?
With the inductance value, the energy is calculated:
L2 LV (v, -V)
W=W=L1 LY H L 4.10
L1 L2 2 4 . I’, f . VH ( )
and is used to calculate the total inductor energy:
L-I2
Wi = W, = X5 = 2 W, (4.11)
The total inductor energy is finally calculated as:
w, =LV V-V (4.12)

LTot — 2,_IfVH

Similar to BHSC1 and BHSC2, the BHSI converter has the same total inductor
energy as the conventional bidirectional buck/boost converter, but it achieves better
conversion ratios for the same duty cycle.

The two inductor currents are described as the following time function:

. . I +Ai, -(t/t -1/2), te[0,t )

i t = t. — L1 .L1 on on 413
a() =126 {ILI +AI,-((T-t)/t,-1/2), telt,,T] ( )

which is used for calculating the capacitances.

In order to calculate the capacitances, a voltage ripple percentage is defined,
asin 1.3.1:

on!

ro= Ao - AVa (4.14)
VCH VCL
The two capacitor currents are described based on the inductor current
function, (4.13):

iL1 _ILI te [O,ton)
- 4.1
ot {2 -1, telt,,TY (4.15)
o (I,-i, telOt,)
_ on) 4.16
feu { I, telt,,T] (4.16)

Using the voltage-current dependency of the ideal capacitor, the relations for
calculating the capacitors are described:

1 o,
Y [ G = 1), (4.17)
CL
1 e .
c, = v [, —iy)at. (4.18)
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Both relations are written for the t,, interval, where both capacitors are
discharging, but the same result will be obtained by calculated for the tos interval.
The values for the capacitors are calculated as:

c, =—dWi-V) (4.19)
Lo fV, (v, V)
c, =LV Wu=V) (4.20)
"orFV2 (Y, )
The total capacitor energy is calculated as:
we -Sw oSS Ve e w (4.21)
CTot — Z Ci Z 2 CL + CH7 "
Having the Cy and C; capacitor energy calculated with:
— IL 'VL '(VH _VL) (4_22)

H2or f(V,+V)]
2
w, = Vi W=V (4.23)
2'rv'f'VH'(VH+VL)
the total capacitor energy is calculated:
L.V -(vV,-V)
w —_ L 7L H Ls
crot 2.r,-f-V,

(4.24)

Because of the large input and output ripple currents, the BHSI may seem to
require a larger filter capacitor, but relation (4.24) shows the contrary. In comparison
to the CBBB, BHSC1 and BHSC2, the BHSI has the lowest capacitor requirements.

Having three transistors, the total switch stress is calculated with:

3
S=>Vy-Ig (4.25)

Jj=1
The average voltage and current stresses are given in:

Ve, /2=V,=V,=(WV,+V) /2 (4.26)
I,=I,=I,=1,, (4.27)
and the total switch stress is calculated as:
IL ) (VH + VL)2

S=Vs I + Ve Igy + Vi3 Iy = ;
H

(4.28)

Comparing the BHSI to BHSC1, they show the same stress on the switches,
which is much lower than the CBBB.
4.4. Dynamic analysis

The dynamic modeling is performed similar to the BHSC1 and BHSC2, by
using the SSA method, in which the following state space representation is used:
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xX=A-x+B u, (4.29)
where i=1 and i=2 for the equations corresponding to t,, and t.« respectively.

The main advantage of the BHSI compared to the BHSC1 and BHSC2 is the
reduced order of the system, which is made possible by considering the inductor
currents identical. With this simplification, the states and the input vectors are
described in the following:

L1 V
X =|Vg |, u={ ”}. (4.30)
%

In order to have a precise model for the converter, the parasitic resistor from
Fig. 4.7 are introduced in the schematic. If needed, the model can be further simplified
by eliminating the input capacitors from the schematic without greatly sacrificing the
accuracy of the model.

The equivalent schematics of the BHSI during the two switching intervals are
presented in Fig. 4.8 and Fig. 4.9 respectively.

—
Via L2 112

Fig. 4.7. BHSI schematic used for the SSA analysis. The schematic includes the following
parasitic components: ri1, ri2 — inductor ESRs; rch, ra. — capacitor ESRs; rsi, rsz, rss — switch
on-state resitances; ru, r. — high and low voltage bus resistances. Component values are
provided in Table 4.1

r ity Ly rsi ry

I
rr2 12

Vi2
Fig. 4.8. BHSI equivalent schematic during ton interval used for SSA

rn ity Ly I

ri2 i

Vi2
Fig. 4.9. BHSI equivalent schematic during tor interval used for SSA
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Based on (4.29), (4.30) and Fig. 4.8, the following state (A;) and input (B1)
matrices are determined for t,, switching interval:

r. r, -r r,-r ]
r .51 CH H CL L
~ nt +2-(rCH+rH) 2.(ry +1) r, -,
L1 2'L1'(rcH+rH) 2'L1'(rcL+rL)
~r, -1
A = —H —_—— 0 , 4.31
! C, (ry, +r,) C, (ry, +r,) ( )
. h 0 444:L44
C (ry+n) C (ry+r1)
e —Ta
2'L1'(rCH+rH) 2'L1'(rCL+rL)
1
B =| ———— 0 . 4.32
! C, (ry, +r,) ( )
0 1
L CL'(rCL+rL) i

For tos switching interval, starting from (4.29), (4.30) and Fig. 4.8, the
following state (Az) and input (Bz) matrices are determined:

2-r,-r, ]
r r CL L
_ b SZJF("(.‘LJH‘L) 0 -
L1 L1 '(rCL +rL)
-1
A = 0 _— 0 , 4.33
2 C, (ro,+r,) ( )
2-r, -1
0
C (ry+n) C (ry+n)
_ ; . _
L1 '(rCL +rL)
1
B =|———— 0 4.34
2 1C, (g +1y) ( )
0 1
| C (g +r)]

Similar to section 2.4, the next step is the linearization of the model by
applying a small signal to the sate variables, the duty cycle and the output:

X=X+X% d=D+d, y=Y+y. (4.35)

The new linearized system is:
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{fz“e'f“?e'd, (4.36)
y=C,-X
where the equivalent state (Ae), input (Be), are averaged as:
A =(A-D+A -(1-D)), (4.37)
B, =((A-A) X+(B -B) u), (4.38)
and the output matrix is defined in order to output the j;; current:
C.=[1 0 0] (4.39)

The control to output transfer function is defined as:

=Yl
GP(S) - - C7 ! (440)

Q.

The parameters of the converter used for the calculation of the transfer
function are detailed in Table 4.1. Using these parameters, the control to output
transfer function is calculated:

1.811-10°-s*+1.722-10" -5+ 4.197-10"

G,(s) = .
»(9) s°+1.045-10* - s> +3.027-10” -s+1.87-10%

(4.41)

In order to design the controller, the Bode plots of the control to output
transfer function are represented in Fig. 4.10. In this figure the following are plotted:
the continuous time transfer function, Gp(s), together with the discretized transfer
function, Gpo(z), the discretized transfer function including an additional delay Gp(z),
and the model simulation which also includes the microcontroller (F28379D) apart
from the switching model of the BHSI.

The discretization of the transfer function is realized by using the Zero-order-
hold method in order to take into account the hold effect of the PWM:

G(z2)=(1-27) Z{GPS(S)} (4.42)
Table 4.1. BHSI parameters for the dynamic analysis
Element Value Unit Description
Vi 300 V Nominal voltage at the high voltage side
Vi 60 Vv Nominal voltage at the low voltage side
Ch 1.98 mF Capacitance of the high voltage side capacitor
C 4.23 mF Capacitance of the low voltage side capacitor
L1, L2 100 uH Inductance of the two switched inductors
rsi, sz, rs3 40 mQ On-state resistance of the switches
rH 37.5 mQ Parasitic resistance of the supply line at Vu
rn 23.7 mQ Parasitic resistance of the supply line at Vi,
rer 50 mQ Equivalent series resistance of Cx
re 35.2 mQ Equivalent series resistance of C.
ruy, 2 9 mQ Inductor resistances
T 25 us Switching period
f 40 kHz Switching frequency
D 0.347 - Duty cycle of the steady state operation point
Ii1, Ii2 30 A Steady state value of the inductor currents
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Fig. 4.10. Open loop Bode plots of the BHSI dynamic model: continuous time model - Gp(s);
ZOH discretized model accounting for the PWM hold - Gro(z); discretized transfer function
including an additional ADC delay Gp(z); the Model Simulation which also includes the
microcontroller (TMS320F28377S) and the switching model of the converter

Because the ADC of the microcontroller is triggered by the PWM (in order to
eliminate switching noise), an additional delay time is required to be added to Gpo(z).
The delay can be either a simple z!, as described in 2.7, or, in this case, a Padé
approximation of a delay inserted in the s domain transfer function, and then
discretized. The latter is used as the response is slightly closer to the simulation
model:

P(s)-
G,(2)=(1-zY) z{(S)SGP(S)} (4.43)
where P(s) is the delay approximation, and is calculated as:
p(s)=_1-5*2 (4.44)

T -s+2°

4.5. Controller design

The ji1 current controller was designed based on the Bode plots from Fig. 4.10
for two cases, one for the process without the additional delay, Gro(z), and one for
the process with the delay, Gp(z), in order to show the different operation.

The method for designing the control was the direct shaping the open loop
response of the process with the controller, while having in mind a fast response, zero
steady state error, a small overshoot (<5%) which is achievable with a phase margin
(PM) of approximately 70°, a gain margin (GM) greater or close to 10dB, and a cutoff
frequency (fc) lesser than 25% of the switching frequency of the BHSI.
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With these requirements, a pole was added in the origin in order to achieve
zero steady state error, and a zero was added while adjusting the gain of the controller
in order to achieve the desirable phase margin, gain margin and cutoff frequency. The
procedure was performed in MATLAB software with the help of the
controlSystemDesigner application, which also helps to visualize the changes in a
short time, with a display of a step signal response and Root Locus in addition to the
Bode plots.

Initially the Geo(z) controller was designed to achieve the control
requirements, for the BHSI modeled by Gpo(z), in order to show the large difference
that appears when not taking into account the ADC delay. From the results displayed
in Fig. 4.11, the expected performance is shown to be close to the requirements,
achieving a PM=64.2°, f.=4.98kHz and GM=9.8dB. For the real process however,
Gc(z) this controller achieves different characteristics, having a much lower phase
margin, PM=25.9° at f.=4.59kHz and GM=3.59dB which will lead to unexpected
results as presented in the following section, 4.6. The model simulation does show a
difference from the model, but it presents the same stability characteristics (PM, f,
and GM). The transfer function of the controller is described in the following:

z-0.9369

— (4.45)

G, =17.329-107.

In order to achieve the expected results, the G¢(z) controller was designed,
following the same steps as for Geo(z) but for the Gp(z) process. The results displayed
in Fig. 4.12 with the transfer function of the new controller in (4.46), show that the
expected performance is achieving the requirements, having a PM=68.5° at
fe=1.55kHz and GM=13.8dB.
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Fig. 4.11. Open loop Bode plots of the BHSI model controlled by Gco(z): expected response of
the discretized model without ADC delay, Gco(z) - Gpo(z) = PM=64.2°, fc=4.98kHz GM=8.41dB;
actual response of the model with delay, Gco(z) - Gp(z) = PM=25.9°, fc=4.59kHz, GM=3.59dB;
the Model Simulation with microcontroller (TMS320F28377S) and switching model of BHSI
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Fig. 4.12. Open loop Bode plots of the BHSI model controlled by Gc(z): response of the actual
model, Gc(z) + Gr(z) = PM=68.5°, fc=1.55kHz, GM=13.8dB; the Model Simulation with
microcontroller (TMS320F28377S) and switching model of BHSI

Magnitude (dB)

Phase (deg)

-20

1
W
o

A
o

-50

1
W
o

|
(o))
o

-90

N

ANGEEN

GA2)
= Gco(z)

/
i

10t 10?

10°
Frequency (Hz)

10%

Fig. 4.13. Bode plots of the two controllers: Gco(z) — designed for an incomplete model of the
BHSI; Gc(z) — designed for the model of the BHSI which also includes the ADC delay
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4.6. Simulation and experimental results

Two prototypes were built for the BHSI converter, using conventional Si-
MOSFETs and new GaN-FETs, so that their influence in terms of efficiency and
operation can be observed on this topology. The converter was designed with the
parameters from Table 4.1, and with the transistors specified in Table 4.2.

Table 4.2. Switching devices characteristics

Symbol Device Unit Description
IXFK8ON60P3 | TPH3207WS
MOSFET GaN
rs 77 35 mQ Drain-source on-state resistance (Rps(on))
Vsp 4.33 7 Vv Transistor switching point voltage
Rc 1 0 Q Internal gate resistance
Qap 48 6 nC Gate-Drain charge
Qcs 56 10 nC Gate-Source charge
Coss 1240 202 pF Output Capacitance
QrrRm 1.4 0.175 ucC Reverse recovery charge of internal diode
Itm 40 32 A Current at which Qrrm was measured
Vsp 1.5 1.9 \ Source-Drain diode voltage drop
Rin 0.4 1.11 °C/W | Thermal resistance
Vbp(on) 15 15 V Driver turn-on voltage
Vbp(ort) -3 -3 V Driver turn-off voltage
Rpon 1 1 Q Internal driver resistances for ton and tor,
Rpofr 0.37 0.4 Q respectively
Reon 5.1 15 Q External driver resistances for ton and tor,
REof 2 10 Q respectively

Because of the series connection of the two inductors, the parasitic
capacitances of the transistors, and the slight differences in inductances, voltage
oscillations might appear on the two inductors, which can be undesirable. This
phenomenon was studied for the unidirectional topology in [78], having the
theoretical oscillations presented in Fig. 4.14. In order to dampen the oscillations, a
passive RC snubber was added in parallel to one of the two inductors, having a
resistance of 231Q and a capacitance of 4.7nF.

The experimental setup, with the block diagram presented in Fig. 4.15 was
realized in order to test the operation of the experimental prototype, and to measure
its efficiency. The setup uses a supercapacitor bank (with the Csc capacitance), a BHSI
prototype, a DC bus capacitor (Csus), an electronic load set up for constant voltage
and a constant voltage DC source. The parallel connection of the load and the source
is realized through a diode, and their purpose is to emulate the bidirectional
functionality of a DC voltage bus.

(VH:S\Z)/Z ------ /\\//\\/

ton
t

Fig. 4.14. S> and Ss voltage oscillations during ton due to their parasitic capacitance, and the
tolerance of the two inductors (without adding an additional snubber)
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I Iy — Constant
- voltage load

o | ) % ®

¢ i< DC
Source

Fig. 4.15. Test setup consisting of a supercapacitor bank (Csc), the BHSI converter, a bus
capacitor (Cous), @ constant voltage load and a DC source (parameters in Table 4.3)

Table 4.3. Experimental setup equipment of the BSHI

Element Device Manufacturer Characteristics

Csc BMODO0063 Maxwell 63F, 125V, 1900A, 1.7kW/kg,
P125 B04 2.3Wh/kg

Load EA-EL 9400-50 Elektro-Automatik | 0-2.4kW, 0-400V, 0-50A

DC Source | TC.P.10.400.400.S Regatron 0-10kW, 0-400V, 0-50A

Chus - - 10mF

Experimental and simulation results are presented from Fig. 4.16 to Fig. 4.28,
for steady state or transient operation for both the Si-MOSFET and GaN prototypes,
in order to analyze the dynamic operation. The simulation results are performed with
the switching model of the converter which also includes the microcontroller, with its
ADC and PWM specifications, and are used to confirm the operation of the prototypes.

The first set of results present the steady state operation of the two
prototypes in Fig. 4.16 and Fig. 4.17 respectively. The inductor currents (i.1, ir2) and
voltages (vi1, vi2) are presented, with the added RC snubber. The voltage inductor
presents a small damped oscillation as previously discussed. Because of the voltage
oscillations, small and insignificant current oscillations are also present. Because of
the smaller parasitic capacitances of the GaN-FET devices, the inductor voltage
oscillation should be more quickly damped as shown in the simulation results (Fig.
4.17), therefore it can be concluded that other parasitic capacitance are also present
in the circuit (such as the voltage probe capacitance). Another small difference is
observed between the experimental results: the oscillations from the Si-MOSFET
prototype have slightly higher distortions that the GaN-FET prototype.

Transient response results are acquired for the BHSI controlled by either the
Gco(z) or Ge(z) controller, in order to show the influence of the control design without
taking into account the additional delay of the ADC conversion, as discussed in 4.5.
The operation of the BHSI controlled by Geo(z) shows a fast response, with a rapid
transition between a step-up to a step-down mode, and vice versa , in Fig. 4.18 and
Fig. 4.19, respectively, for the GaN-FET prototype with power levels of 1-2kW.
Because of the low PM and GM (Fig. 4.11), an overshoot of approximately 40% is
observed, which may be unacceptable because of the stress on the switches. The
close-ups of the transition between the operation modes, from Fig. 4.20, Fig. 4.21
and Fig. 4.22, shows a quick settling time, within a few switching periods, regardless
of the transitioning sequence. The Si-MOSFET prototype results, from Fig. 4.21 and
Fig. 4.22 shows no difference in transient operation from the GaN-FET prototype.

The operation of the BHSI controlled by Gc(z) controller shows a slower
response, but with a good transition between step-up and a step-down mode, for the
Si-MOSFET prototype in Fig. 4.23 and Fig. 4.24, or for the GaN prototype, in Fig. 4.25
and Fig. 4.26, for power levels of 1-2kW. Because of a significantly higher PM and GM
(Fig. 4.12) the overshoot is reduced, at the cost of a slower response. The close-ups
of the transitions, in Fig. 4.27 and Fig. 4.28 show a settling time of 0.4ms, 33% larger
than the settling time of the BHSI with the G (z) of 0.3ms, shown in Fig. 4.22.
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Fig. 4.16. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for
steady state operation, operating at I11=I;12=10A, V=60V, V=300V, Pin=1kW, Csc=2x63F
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Fig. 4.17. BHSI with GaN-FETs simulation (left) and experimental (right) waveforms for steady
state operation, operating at I11=I;12=10A, V=60V, Vy#=300V, Pin=1kW, Csc=2x63F
(i1, ir2, and vi1, viz are the currents and voltages for L1 and Lz inductors, respectively)
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Fig. 4.18. BHSI with GaN-FETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gco(z) (tuned for Gro(z)): transition from i.1*=-20A (step-up)
to i11*=20A (step-down), V. =60V, Vy=300V, Pin=%2kW, Csc=63F (i1, ir2, are the currents from

L1 and Lz inductors, respectively, Vi, Vy are the low and high voltage inputs, respectively)
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Fig. 4.19. BHSI with GaN-FETs simulation (left) and experimental (right) waveforms for

transient operation, controlled by Gco(z) (tuned for Gro(z)): transition from ir1*=10A (step-

down) to ii1*=-10A (step-up), Vi.=65V, V=300V, Pin=%1.07kW, Csc=63F (i1, iz, are the

currents from L: and L inductors, respectively, Vi, Vi are the low and high voltage inputs,
respectively)
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Fig. 4.20. BHSI with GaN-FETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gco(z) (tuned for Gro(z)): transition from i.1*=-20A (step-up)
to ir1*=20A (step-down), V. =60V, V#=300V, Pin=%2kW, Csc=63F (i1, ir2, are the currents
from L1 and Lz inductors, respectively, Vi, Vx are the low and high voltage inputs, respectively)
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Fig. 4.21. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for

transient operation, controlled by Gco(z) (tuned for Gro(z)): transition from i1*=10A (step-

down) to jir1*=-5A (step-up), V.=40V, V4=300V, Pin=705W/-350W, Csc=63F (ir1, ir2, are the

currents from L: and L inductors, respectively, Vi, Vi are the low and high voltage inputs,
respectively)
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Fig. 4.22. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gco(z) (tuned for Gro(z)): transition from i1*=-12.5A (step-
up) to it1*=7.5A (step-down), V=40V, V4=300V, Pin=-880W/530W, Csc=63F (i1, ir2, are the

currents from L: and L inductors, respectively, Vi, Vi are the low and high voltage inputs,

respectively)
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Fig. 4.23. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gc(z) (tuned for Gp(z)): transition from j.1*=-20A (step-up)
to it1*=20A (step-down), V=60V, V#=300V, Pin=%2kW, Csc=126F (i1, ir2, are the currents
from L1 and Lz inductors, respectively, Vi, Vx are the low and high voltage inputs, respectively)
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Fig. 4.24. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for

transient operation, controlled by Gc(z) (tuned for Gp(z)): transition from i.1*=20A (step-

down) to ii1*=-20A (step-up), V=65V, V=300V, Pin=%2.14kW, Csc=126F (i1, ir2, are the

currents from L: and L inductors, respectively, Vi, Vi are the low and high voltage inputs,
respectively)
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Fig. 4.25. BHSI with GaN-FETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gc(z) (tuned for Gp(z)): transition from ji.1*=-10A (step-up)
to it1*=10A (step-down), V=61V, V=300V, Pin=%1kW, Csc=126F (i1, ir2, are the currents
from L1 and Lz inductors, respectively, Vi, Vx are the low and high voltage inputs, respectively)
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Fig. 4.26. BHSI with GaN-FETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gc(z) (tuned for Gp(z)): transition from i.1*=10A (step-
down) to ii1*=-10A (step-up), Vi=62V, Vi=300V, Pin=%1.03kW, Csc=126F (ir1, iz, are the
currents from L: and L inductors, respectively, Vi, Vi are the low and high voltage inputs,

respectively)
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Fig. 4.27. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for

transient operation, controlled by Gc(z) (tuned for Gp(z)): transition from i.1*=20A (step-

down) to ii1*=-20A (step-up), V=65V, V=300V, Pin=%2.14kW, Csc=126F (i1, ir2, are the

currents from L: and L inductors, respectively, Vi, Vi are the low and high voltage inputs,
respectively)
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Fig. 4.28. BHSI with Si-MOSFETs simulation (left) and experimental (right) waveforms for
transient operation, controlled by Gc(z) (tuned for Gp(z)): transition from j.1*=-20A (step-up)
to it1*=20A (step-down), V=60V, V#=300V, Pin=%2kW, Csc=126F (i1, ir2, are the currents
from L1 and Lz inductors, respectively, Vi, Vx are the low and high voltage inputs, respectively)

BUPT



112 The Bidirectional Hybrid Switched Inductor converter (BHSI)

Photos of the two prototypes with Si-MOSFETs and GaN-FETs are shown in
Fig. 4.29 and Fig. 4.30, respectively.

Fig. 4.29. BHSI prototype with Si-MOSFETs (IXFK80N60P3)

Fig. 4.30. BHSI prototype with GaN-FETs (TPH3207WS)
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4.7. Efficiency results

The efficiency of the two prototypes was calculated, by directly measuring the
input and output currents and voltages, and it was compared with the theoretical
analysis. The theoretical analysis for the efficiency of the BHSI includes the
distribution of power losses of the active switches and passive components, and also
the temperatures of the switches.

To calculate the active switch losses, the parameters from Table 4.2 were
used, together with the device’s respective datasheets. The switch losses were
calculated by adding the conduction losses, from the drain-source on-state resistance
(Rpsn)), and the switching losses, calculated with the method presented in [82].
Based on the power losses and the thermal resistances of the case, the active device
temperature was calculated.

The calculations and measurements were performed on both prototypes of
the BHSI for the Si-MOSFET prototype in Fig. 4.31, and the GaN-FET prototype in Fig.
4.32, in both operation modes, step-down and step-up.

Results show that the efficiency for step-down operation is higher for both the
Si-MOSFET and GaN-FET prototypes, with 2% improvement for the latter. A good
correspondence is shown between the mathematical calculations, and the
experimental measurements.

In step-up operation, a difference is shown between calculations, for both the
Si-MOSFET and GaN-FET prototypes, of approximately 4% for the first, and 2% for
the latter. The difference may be accounted by a few factors such as different turn-
on delay between S; and Ss switches, the voltage oscillations on the inductors, or a
higher dv/dt on S; during S, - Ss during turn-on.

The temperature of the active switches during each operation mode is below
70°C, which indicates that higher powers are possible with regards to the power
dissipation capabilities of the switching devices. The power loss distribution of the
switches shows how the switching and conductive losses are distributed for the S
and S,/Ss switches, for the considered power range. An important difference is for
the reverse recovery loss for the GaN-FET which is considered negligible, therefore
reducing the overall losses. The conductive losses are also lower for the GaN-FET,
because of the lower Rpswn). As expected, the most significative difference, is in the
switching loss of S; for the GaN-FET, being approximately 30% of that of the Si-
MOSFET prototype.

The distribution of the power losses in the switches, for both prototypes and
for both operating modes at nominal power, is presented in Fig. 4.33 and Fig. 4.34
for Si-MOSFET devices and GaN-FET devices respectively. From these diagrams it can
be concluded that the GaN-FET devices have approximately 30% lower losses than
the Si-MOSFETSs.

The active switch losses are small for these prototypes compared to the rest
of the losses, which are calculated and shown in Fig. 4.35. Apart from the active
switch losses, other losses are considered in: the inductor resistance (P.1, Pi2), ESR
of Cy capacitor (Pcx) and C, capacitor (Pq), the RC snubber (Psnup). Both prototypes
present almost identical passive components, therefore the two losses are considered
identical.

BUPT



114 The Bidirectional Hybrid Switched Inductor converter (BHSI)

100

= Theoretical
O Experimental

05 1 1.5 2 25

3

[o)]
(@]

N
o

N
o

Transistor losses (W)

o©

Fig. 4.31. Theoretical and Experimental efficiency results (1), active switch temperatures (©),
and power loss distributions for the Si-MOSFET (IXFK80N60P3) prototype of the BHSI (with
parameters from Table 4.1) for both, step-down (left) and step-up (right) operation modes,
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Fig. 4.32. Theoretical and Experimental efficiency results (1), active switch temperatures (©),
and power loss distributions for the GaN-FET (TPH3207WS) prototype of the BHSI (with
parameters from Table 4.1) for both, step-down (left) and step-up (right) operation modes,
V=60V, V#=300V, f=40kHz, Pin=0.5-3kW, Csc=126F
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Fig. 4.33. Power loss distribution in the active switches of the BHSI (parameters in Table 4.1),
for Si-MOSFETs (IXFK8ON60P3), in step-down operation (left) and step-up operation (right)

(Vi=60V, Vy=300V, f=40kHz, Pin=3kW, Csc=126F)
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Fig. 4.34. Power loss distribution in the active switches of the BHSI (parameters in Table 4.1),
for GaN-FETs (TPH3207WS), in step-down operation (left) and step-up operation (right)
(VL=60V, Vy=300V, f=40kHz, Pin=3kW, Csc=126F)
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Fig. 4.35. BHSI (with parameters in Table 4.1) passive components power loss distribution,
identical for both prototypes: P.i, P.2 —power loss in the inductor resistance, Pch — power loss in

Cr capacitor ESR, Pc — power loss in C. capacitor ESR, Psnus — power loss in the RC snubber
(Vi=60V, Vy=300V, f=40kHz, Pin=0.5-3kW, Csc=126F)
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4.8. Topology improvements

Because the voltage oscillation that appears on the two inductors during the
series connection of the two inductors might be undesirable for several reasons, an
Improved schematic of the Bidirectional Hybrid Switched Inductor converter (I-BHSI)
which eliminates the oscillations is presented in Fig. 4.36 [83].

A method for eliminating the oscillations in the unidirectional boost topology
was proposed in [78], by using an additional capacitor and diode. The method
described here however, uses a different schematic that can operate in bidirectional
mode. The improvement of the BHSI consist of adding and additional switch, and two
capacitors, C1 and C, in parallel to each one of the two newly formed half bridges
(St1 = Su1 and Siz = Swa).

In addition to the elimination of the oscillations, the two capacitors maintain
a constant voltage between the two sources, Vy and V,, therefore they eliminate the
high switching frequency voltage between sources. In comparison to the BHSI, the
I-BHSI has an additional advantage: it can use commercially available half-bridges,
and the layout of the transistors helps achieve a smaller switching loop for each half
bridge. The use of half bridges has a benefit in PCB design, and for the mathematical
analysis because of the numerous studies available on this subject [84]-[86].

Even if additional components are added to the schematic, the relations from
section 4.3 are still applicable. The operation of the I-BHSI is similar to that of the
BHSI, as it can be observed from the two equivalent switching states from Fig. 4.37.
The results remain unchanged, even if in this schematic all transistors have the same
voltage stress.

Simulation results are provided in Fig. 4.38, where the waveforms of the I-
BHSI are presented with or without the additional capacitors, C; and C..
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Fig. 4.36. The Improved Bidirectional Hybrid Switched Inductor converter (I-BHSI) [83]
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Fig. 4.37. Equivalent schematic of I-BHSI during ton interval (left) and tor interval (right)
(ton: SH1 and Sk2 are turned ON, S;1 and S;2 are turned OFF;
torr: Sh1 and Sw2 are turned OFF, Si1 and Si2 are turned ON)
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Fig. 4.38. Simulation waveforms for the I-BHSI with C: and Cz (right), and without (left)

(ir1, iz, and v, viz are the currents and voltages for L1 and Lz inductors, respectively;
VsHi, Vsi1, and Vsmz, Vsi2 are the switches voltages from the two half bridges)
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The I-BHSI without the capacitors is actually the BHSI converter with an
additional switch, which does change the operation of the converter. As shown in the
results, the complete schematic of I-BHSI does not present voltage oscillations on the
inductors, and therefore on transistors, limiting the maximum voltage on the
switches, and reducing EMI.

4.9. Conclusions

A theoretical analysis was performed for the BHSI converter in steady state
and dynamic operation. The analytical description is beneficial for obtaining the
metrics required for an objective comparison to other topologies. Based on the
dynamic model of the BHSI, a digital controller was designed and the influence of an
incorrect modelling of the microcontroller was shown in the frequency response of the
system and from experimental results. The two prototypes built for the BHSI
converter, using Si-MOSFETs and GaN-FETs show an insignificant difference in the
operation of the converter, but significant results for its efficiency. Simulation results
confirm the dynamic modeling and are in good concordance to the experimental
results.

The oscillations which were also found in the unidirectional topologies, are
also present in the BHSI, but can be damped by using an simple RC snubber, or they
can be eliminated with the improved version of this topology, which is also presented
and analyzed in this chapter.
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5. THE BIDIRECTIONAL HYBRID SWITCHED INDUCTOR
SWITCHED CAPACITOR CONVERTER (BHSISC)

5.1. Abstract

This chapter presents a Bidirectional Hybrid Switched Inductor Switched
Capacitor converter (BHSISC) which uses a combination between a switched inductor
and a switched capacitor cell, similar to the BHSI converter in chapter 4 and the
BHSC1 in chapter 2. The analysis of the BHSISC contains a steady state analysis,
similar to the rest of the converters in this work, and then continues with a dynamic
analysis. The dynamic analysis is used to achieve a more stable design of the passive
components, and for designing the current controller required to control the power
flow in the converter. An improved version of the BHSISC is additionally proposed,
which might improve the operation of the converter.

5.2. Overview

The schematic of the BHSISC, proposed in [73], is presented in Fig. 5.1, and
at the first glance it seems to operate very similar to the two converters from which
this topology is created. The switched inductor cell is formed by the Si-S»>-Li-L;
components, and the switched capacitor cell is formed by the S53-S4-Ci-C:
components.

The converter requires one driving signal for Ss and Ss, and the same signal
inverted and applied to S; and S». Like the rest of the converters analyzed in this
work, positive currents indicate step-up operation, while negative currents indicate
step-down operation.

I Lo 2 rv\err\ i3 | In
h L h
SJ C chvL3 V
VL CL 1 CH H

> LT
215 Sy

Fig. 5.1. The Bidirectional Hybrid Switched Inductor Switched Capacitor converter (BHSISC)
[73] (it1, ir2 >0 « step-down operation; i1, ir2 < 0 < step-up operation)

5.3. Steady state analysis

The two equivalent switching schematics for the t.,» and to« intervals,
presented in Fig. 5.2 and Fig. 5.3, respectively, are used for the steady state analysis
of the BHSISC converter. The same initial assumptions made for the BHSI and BHSC1
converters are also considered for the BHSISC converter, therefore the two switched
inductors are considered identical (L1 = L) and their currents equal (.1 = i2), and
the two switched capacitors are considered identical (Ci = C2) and their voltages equal
(Va1 = Vo= Vesw). Based on the two equivalent schematics, the main theoretical
waveforms are represented in Fig. 5.4.
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Fig. 5.2. Equivalent schematic of BHSISC during ton interval
(53 and Ss are turned ON, S: and Sz are turned OFF)
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Fig. 5.3. Equivalent schematic of BHSISC during tor interval
(53 and Ss4 are turned OFF, S: and Sz are turned ON)
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Fig. 5.4. Main theoretical waveforms of the BHSISC: Li, L2, L3 inductor voltages and currents
(v, Vi, Vi3, ity it2, it3); S1 - Sa switches voltages and currents (vsi - Vss, is1 - isa); Ci, C2
switched capacitors currents (ici, ic2); ripple voltages on the capacitors (Avch, Avcr, Avesw)
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During the to, interval, the two switched capacitors are connected in parallel
between the two inputs, through the two switched inductors to the low voltage input,
Vi, and through L3 inductor to the high voltage input, V4.

During the tos interval, the capacitors are connected in series to V, and
through Ls to the high voltage side, V. The two switched inductors are connected in
parallel to V.

The analysis of the BHSISC converter starts by considering D the duty cycle
for the step-down mode of operation, and D’ the duty cycle for step-up mode, similar
to the analysis of the CBBB converter, from 1.3.1:

D:to?”,D‘ztf’%, (5.1)

From the two equivalent switching schematics, Fig. 5.2 and Fig. 5.3, the
inductor voltages are expressed as:

Eon Vi + Vi =V,
t

off v,

Lr

Vi Vs =V = Ve (5.2)
v,=V, -2V -V. '

Csw

Wy =V, =

In addition to the simplifying assumptions from 1.3.1 (ideal components,
constant voltage on capacitors, steady state operation) identical voltages, and
identical currents are considered for the switching capacitors and switching inductors
respectively, and by applying the volt-second balance:

<VL1> = <VL2> =D % + (1 - D) : (_VL) =0,

(5.3)
<VL3> = D‘(VH _VCsw)+(1_D)‘(VH -2V, _‘/L) =0,
the voltage on the switched capacitors is calculated:
V- (D-1)+V, (2-D) V +V
V — L H — V . — L H . 54
Csw Z—D L D 2 ( )

From (5.4) and (5.1) the conversion ratio for step-down and step-up
operations are:

D
V=V, —-, 5.5
=V aT3 D (5.5)
1+3.-D'
V,=V ————. 5.6
H L 1_D| ( )

The BHSISC converter achieves a much better conversion ratio compared to
the BHSI or BHSC1 converters, comparable to the quadratic structures, without using
more switches compared to the quadratic topologies.

Relation (5.5) can be written in order to calculate the duty cycle as:

4.v,

=—t—. 5.7
V,+3-V, S

To calculate the passive components, the average inductor currents are
calculated as:
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I-(V,+V)
I ==ttt L2 [ =1I.. (5.8)
L1 2VH H L3

The inductor ripple current percentage, identical for all three inductors, is
defined in the same way as in 1.3.1:

poo B Ay Al (5.9)
ILI ILZ IL3

From the voltage-current dependency of an ideal inductor the inductances for
the three inductors are calculated:

L =L, =Yt 2V, Ve Vu=V) (5.10)
Aijy r-f-I -V +4-V, -V, +3-V,7)
L= Vis A 2.V, - (V,-V) (5.11)
Ai r-f-I-(V,+3-V)
The energies for the three inductors are calculated with:
2 . . 2 2
W, =w, = L1, — ‘IL v (VH v ) , (5.12)
2 4-Aiy, V-V, +3-V,)
2 . 2. _
W, = L-15 — 1,V (VH VL) . (5.13)
2 rh-f-v, -(V,+3-V)
The total inductor energy from the BHSISC is calculated with:
Li 'ILiZ
VVLTot :ZVVLI :Z 2 :2'V|/L1+WL3I (5.14)
and final result is:
Wy = 2l 2 V0), (5.15)

LTot — ZrIfVH

The inductor currents are defined as a time function, in order to calculate the
capacitances:

. . 3 I, +Ai,-(t/t,-1/2), te[0,t,)

) = 12(8) = {Iu +AiL - ((T-t)/t,,-1/2), telt,,T] (5.16)
i _ IL3+AiL3'(t/ton_1/2)/ tE[O,ton)
IL3(t)_{IL3+AiL3'((T_t)/toff_l/z), te [toan] (5.17)

Similar to the CBBB converter from 1.3.1, a voltage ripple percentage is
considered:

rv — AVCH - AVCL - AVCsw . (518)
VCH VCL V

Csw

The currents from the capacitors are defined as the following time functions:
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. iy, -1, te[0,t,,)
= .1
la {2. i, +i,—-1I, telt, Tl (5.19)
iy =1, 15, (5.20)
. (i,-1,)/2 tel0,t,)
_ on .21
fesw { i telt,, Tl (5-21)

Applying the voltage-current dependency of an ideal capacitor, the following
are used to calculate the capacitances:

1 .
C = o [ Gy = 1)at, (5.22)

1 otz
Cu= 2 G - L, (5.23)
C,=C =C, = ﬁj:’" %dt, (5.24)

Csw

The final values of the capacitances are calculated as:

2-1 -(V,-V)
= , 5.25
o fV, o (V,+3-V) ( )
r-I-V
=41 Lt L 5.26
HERr VR (5.26)
C,, = 2LV, (V, —V) : (5.27)
MooV, (VA4 -V, +3V2)
The total capacitor energy is calculated with:
C V.2
WCTot = ZWCI' = ZITCI = WCL + WCH +2- WCSW’ (5.28)
and the energy for each capacitor is:
r-I-V
=t 7L 5.29
“16-r,-f (5.29)
IL 'VL2 '(VH _VL)
= , 5.30
o fV, (Y, +3Y) ( )
IL.v -(V>-V?
Csw = £ £ ( H L ) . (531)
4.r, - f-V,-(V,+3-V)
The total capacitor energy is calculated as:
L.V .(V,-(8+r)-8-V)
w.,, =-+t—LH I Lz, 5.32
CTot 16-r,,-f-VH ( )

Even if the BHSISC has a number of four capacitors, and three of them have
a relatively large current ripple, the total capacitor energy is identical to that of the
CBBB converter.
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The total active switch stress for the four switches is equal to:

4
s=>V, I, (5.33)
j=1

and is calculated by using the switches voltage and current stresses:
Ve, V.V, +3V,

Vg, =V, =V /2=V, /2= CSWZ 1 , (5.34)
I /2=1I,/2=1I5=1I, = L ;IB - (\2’-:/3 . VL)' (5.35)
H

From the voltage and current stresses of the switches, the total active switch
stress is calculated:

IV, +3- V)

S=Vs1'Is1+Vsz'Isz"'Vs3'Is3"'Vs4'Is4 2.V
H

(5.36)

Compared with the converters from section 1.3 and chapters 2-4, it can be
concluded that the BHSISC converter has the lowest active switch stress, while also
achieving a very wide conversion ratio.

5.4. Dynamic analysis

The dynamic modeling of the BHSISC is performed by applying the SSA
method, in a similar way to the BHSC1 converter analysis from 2.4. The general form
of the state equation is considered:

X=A -x+B -u, (5.37)

where i=1 and j=2 for the equations corresponding to t,, and tor intervals,
respectively.

The state vector, x, containing the state variables (the two different inductor
currents and the capacitor voltages), and the input vector u containing the system
inputs (voltages on the two sides):

L3 V
X =V, |s u={VL}, (5.38)
VCL "
VCH
The state (A/) and input (Bj) matrices are expressed as follows:
_a11, 8, G, 0 a5, | 0 b12,
az1, azz, azs, az4, azs, bz1, bzz,
A=|a, a 0 0 0} B=[{0 0] (5.39)
0 a, 0 a, O b, 0
_asl, asz, 0 0 ass, i 0 bsz,
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The BHSISC converter with the parasitic resistances, required for an improved

model, is shown in Fig. 5.5.
The two equivalent schematics for the t,, and to+ switching states, are

presented in Fig. 5.6 and Fig. 5.7, respectively.

Fig. 5.5. BHSISC schematic used for the SSA analysis. The schematic includes the following
parasitic components: r.1, ri2, ris — inductor ESRSs; rew, rei, reci, re2 — capacitor ESRs;
rsi-rss — switch on-state resitances; ry, r. — high and low voltage bus resistances. Component
values are provided in Table 5.1

i i Lt I's3 s L3 s iy I
1] 1} 1]

iL3 iH 'H

Fig. 5.7. BHSISC equivalent schematic during tor interval used for SSA

From the equations (5.37), (5.38), (5.39) and the schematic from Fig. 5.6,
the elements of the state matrix (A1), for ton switching interval, are expressed:

hﬂl yIss, _Tah
"4 T2, -
4y == 4 L (rCL+rL): 12, ZrC‘l‘_ £53: (5.40)
1 r,
— . N 5.41
8131 2'L1,&7151 2'L1'(rCL+rL), ( )
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h+1‘L3+b+ fen T
r., —r 2 2 rg+rh
a211 = Cé . L353 ’ azzl = L3 = H ’ (542)
1 ry
-—, = ’ a. = 0, 5.43
23, L3 24, L3 ] ( I+ r/—/) 25, ( )
1 1
a3y, 3.C. a, 2_—Cl, (5.44)
r, 1
a 8y =———————, 5.45
- CH'(rCH+rH) " CH'(rCH+rH) ( )
n 1
3, =————, a, =0, a. =——-—, 5.46
o CL'(rCL"'rL) o o CL'(rCL"'rL) ( )
With the same considerations, the elements of the input matrix (B1), are:
r r
b, =- cL , b, = CH , (5.47)
12, 2L (ry+r)" L (ry, 1)
b,,, L 1 (5.48)

CC,(ry, +rn) T CL(rg 41

From the equations (5.37), (5.38), (5.39) and the schematic from Fig. 5.7,
the elements of the state matrix (Az), for tor switching interval, are expressed as:

b+ 2 A fou o
+
allz =~ < £ ’ alZ2 == = £ ’ (549)
L L
r
a, =0,a, =-——+-+—, (5.50)
" " L '(rCL +rL)
2-r51+72'rCL'rL 2-rCl+rL3+2-rSI+7rCH'rH pla
a, =- fa 0 a,, = fey*ly Ta*h (5.51)
2 L3 ! ) L3 !
2 r, r,
a, =——, &, =—-H—— a, =-———L (5.52)
2% L3 2% Ls'(rCH+rH) 2% L3'(rCL+rL)
1
a =0, a == (553)
31, 32, C1
a,, :—ri”, a,, :—;, (5.54)
2 C, (rg,+n,) 2 C, (ry +1,)
2-r, r, 1
a, =—— —+——, a, =——-+t—, a. =-—+-——, (5.55)
T C, - (r, +1) 2 C,-(r, +1,) 2% C,(ry+r)
The elements of the input matrix (B.), are:
r r r
b. =-— cL , b, = CH ,b,, =- cL , (5.56)
12 L1'(rCL+rL) 2 Ls'(rCH+rH) 2% Ls'(rCL+rL)
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1 1

b, =—" = -
2 CH'(rCHJ"rH), 5% CL'(rCL+rL),

(5.57)

The system from (5.37) is averaged by using a dynamic duty cycle, d, and
the following continuous and nonlinear system is written:

Xx=(d-A+1-d)-A) x+(d-B +(1-d) B,)-u, (5.58)

The system is linearized by introducing small signal variations around a steady
state point, for the state variables, x, duty cycle, d, and outputs, y:

X=X+%X d=D+d, y=Y+y. (5.59)

The linearized system is expressed as:

{fZAe'f”ae'd, (5.60)
y=C.-x
with the equivalent state (Ae) and input (Be) matrices:
A =(A-D+A -(1-D)), (5.61)
B, =((A -A) X +(B -B,)-u). (5.62)

The output matrices, Ce1 and Ce, defined to output the i1 or the i3 current,
are:

C.=[1 000 0],C,=[0 10 0 0], (5.63)

and the respective transfer functions are:

y

G S === —=y 5-64
p1(S) Al (5.64)

y i
Gy(s) ===+, 5.65
()= 5= (5.65)

The two transfer functions are calculated using:

y=C, (s-I-A)'-B,-d. (5.66)

The passive components were sized according to 5.3, and values of the
components are summarized in Table 5.1, with initial design values in parentheses.
As the stability of the converter can be affected because of the low values of ESRs of
capacitors (1-3 mQ), as it is discussed in [64], the values of the poles and zeros of
the system were evaluated and presented in Table 5.2. A new set of electrolytic
capacitors were chosen, with higher ESR, in order to improve the stability of the
design, and the new poles and zeros are shown in Table 5.3. The final capacitors were
chosen in order to withstand the maximum RSM current.
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Table 5.1. BHSISC parameters for the dynamic analysis (initial values in parentheses)

Element Value Unit Description

VH 400 V Nominal voltage at the high voltage side

Vi 50 V Nominal voltage at the low voltage side

Cu 680 (0.39) MF Capacitance of the high voltage side capacitor
C 47.6 (0.159) | mF Capacitance of the low voltage side capacitor
Ci, G 4.8 (0.017) mF Capacitance of the switched capacitors

rv 2 % Capacitance voltage ripple percentage

Ly, L[> 47 pH Inductance of the low voltage side inductor
L3 470 pH Inductance of the high voltage side inductor
ri 20 % Inductor current ripple percentage

Isi, I's2 15 mQ On-state resistance of the Si, Sz switches
I's3, I'sa 50 mQ On-state resistance of the Ss3, S4 switches

rH 160 mQ Parasitic resistance of the supply line at Vu
rn 2.1 mQ Parasitic resistance of the supply line at V,
reu 160 (3) mQ Equivalent series resistance of Cy

rew 2.1 (1) mQ Equivalent series resistance of C.

rci 23.8 (1) mQ Equivalent series resistance of Ci

ru, e 4 mQ Low voltage side inductor resistance

rs 53 mQ High voltage side inductor resistance

T 12.5 us Switching period

D 0.372 - Duty cycle of the steady state operation point
I 40 A Steady state value of the L: inductor current

Table 5.2. Poles and zeros of the process with initial values

Transfer function

Poles

Zeros

Gri(S)

-427350424.158; -3144639.569;
-479.867, -59.595 + 14213.481i

-427350424.158; -3145225.33;
1118.105 + 13945.656i

Gr2(S)

-427350424.158; -3144639.569;
-479.867, -59.595 + 14213.481i

-427350427.35; -3144866.448;
-5210.839 + 14239.223i

Tab

le 5.3. Poles and zeros of the process

with final values

Transfer function

Poles

Zeros

Gri(s)

-4867.665; -4404.637; -
635.816; -235.456 + 834.977i

-4904.408; -4410.393;
-270.533 + 820.508i

Gr2(S)

-4867.665; -4404.637; -
635.816; -235.456 + 834.977i

-4883.926; -4595.588;
-123.419 + 909.120i

As shown in Table 5.2, if low ESR capacitors are used (values in parentheses
from Table 5.1), a RHPZ appears for the Gpi(s) transfer function. If higher ESR
capacitors are used, the RHPZ is eliminated from the transfer function as shown in
Table 5.3. This aspect was also demonstrated for a different topology in [64].

The transfer functions, calculated with (5.64) and (5.65), for the final design
values from Table 5.1, are:

2.91-10°-s*+2.88-10" -s* +8.01-10" -5 +5.45-10'® - s+ 4.71-10"°

Gpi(s) =

(5.67)

s°+1.04-10%-5*+3.27-10" -s>+3.39-10"° - s2 +2.69-10** - s +1.03-10% '
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5.86-10°-s*+5.7-10°-s®+1.5-10**-s2+7.92-10° . s +1.11-10"*
s°+1.04-10%-5*+3.27-10" -s>+3.39-10%° - s2 +2.69-10** - s +1.03-10% '
(5.68)

A current control method is desired similar to the BHSI, BHSC1 and BHSC2
converters, therefore the i;; current is chosen as control variable, as it is larger than
ir3. The bode plots of the two transfer functions, Gpi(s) and Gpz(s), are shown in Fig.
5.8, together with the Bode plots obtained by simulating the switching model of the
BHSISC converter, and a good resemblance is found between them.

Gpy(s) =

80

8 60

Q

©

2 40 \

g T

O

8 \\/
20

(@]

—-—: G, (s) SSA
—-—- Gp,(s) SSA
GP1(S) Simulation ||

Gp,(s) Simulation

Phase (deg)
A
(&}

10! 102 10° 10*
Frequency (Hz)
Fig. 5.8. Open loop Bode plots of the BHSISC dynamic model: continuous time model of Gpi(s)
and Gp2(s), obtained by SSA method or from the simulation of the converter switching model
realized in PSIM software

1
O
o

5.5. Controller design

Based on the Bode plots obtained by SSA modeling, a controller was designed
for the BHSISC converter. The requirements for the controller were: fast response,
zero steady state error, reduced overshoot(<2%) which is achievable with a phase
margin (PM) of approximately 80°, a gain margin (GM) greater or close to 10dB, and
a cutoff frequency (f.) lesser than 25% of the switching frequency.

The controller was designed by directly shaping the Bode plot of the open loop
system. The designh was performed by using the controlSystemDesigner application
from MATLAB software. In order to eliminate steady state error, a pole was added in
the origin, and an additional zero was added while adjusting the gain of the controller.
The resulting transfer function of the controller is:

. . 4
G.(s) = 0.042814 ($$+ 1.478-10 ). (5.69)
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The Bode plot of the open loop system, G¢(s) - Gpi(s), from Fig. 5.9, confirms
the performance of the system, achieving a phase margin of 83.5° at the cutoff

frequency of 20kHz. The Bode plot of the controller is shown in Fig. 5.10.
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Fig. 5.9. Open loop Bode plots of the BHSISC model controlled by Gc(s): response of the SSA
model, Ge(s) - Gri(s); the Model Simulation with analog controller and switching model of the
BHSISC= PM=83.5°, fc=20kHz
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Fig. 5.10. Bode plots of the G¢(s) controller designed for the BHSISC converter
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5.6. Simulation results

Steady state and transient simulation results are presented for the BHSISC
converter in Fig. 5.11 and Fig. 5.12, respectively. The simulation results for steady
state operation in Fig. 5.11 are in good correspondence to the theoretical waveforms
from Fig. 5.4.

The results for the transient operation of the BHSISC, controlled by G¢(s), are
presented in Fig. 5.12. The converter operates in both step-up and step-down modes,
having a fast transition between the two modes, with reduced oscillations on the ;3
inductor current which is not directly controlled. In contrast to the BHSC1, the BHSISC
is designed by taking the dynamic results from section 5.4 into account. Because of
this the controller does not require an LPF on the reference, and the resulting
oscillations are insignificant.

0 10 20 30 40 50 60 70 80 20 100

0 10 20 30 40 50 60 70 80 20 100

0 10 20 30 40 50 60 70 80 90 100
£ (us)
Fig. 5.11. Simulation waveforms for steady state operation of the BHSISC:
it1 =50A, V=50V, Vy=400V, Pin=2.5kW, (i1, ir2, i3 are the currents from L, L> and L3
inductors, respectively, ic1, ic2 are the currents on the switched capacitors, respectively, i - icy
is the output current with the capacitor ripple)
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friy A

Ii3(A)

230 ! ! ! ! !
S
s° 225
8
>
220 ; i ‘ i ‘ i i
0 10 20 30 40 50 60 70 80
t (ms)

Fig. 5.12. Simulation waveforms for transient operation of the BHSISC, controlled by the G¢(s)
controller: ji1 =£50A, V.=50V, Vy=400V, Pin=%x2.5kW, (i1, ir2, i3 are the currents from L1, L2
and Ls inductors, respectively, vci, vc2 are the voltages on the switched capacitors)

5.7. Topology improvements

As the BHSISC converter is inspired by the BHSI and BHSC1 converter, it is
expected to apply the same concepts in order to improve their schematic. Therefore,
the tendency might be to cascade the two converters, as shown in Fig. 5.13. The
cascaded schematic has more switches and inductors, and the conversion ratio will
be the product between the conversion ratio of the two, and this appears to be far
from the actual BHSISC converter. Nevertheless, this topology might achieve good
performances.

A different way of applying the principles for improving the BHSI and BHSC1
converter into achieving an improved BHSISC (I-BHSISC), is presented in Fig. 5.14.
The topology uses inductors on both terminals of the Vi supply which can be or
uncoupled for simplicity and availability or coupled in order to reduce the size of the
overall inductor. The purpose of the split inductors is to eliminate the high frequency
voltage that appears in the standard BHSISC, between the two voltage inputs. The
switched inductors are also coupled, with the intent of eliminating any possible
inductor voltage oscillations, as it happens with the BHSI, Fig. 4.38.
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Fig. 5.13. Cascaded I-BHSI and I-BHSC1 converters

S
I Ly T=1 L3y du

3
= A e s

Loy 5] Lay

Fig. 5.14. The Improved Bidirectional Hybrid Switched Inductor Switched Capacitor converter
(I-BHSISC)

5.8. Conclusions

The BHSISC converter was analytically examined in steady state operation,
and in addition, a dynamic model was also realized. Comparing this topology to other
converters, from the perspective of the metrics obtained by steady state analysis, a
good performance is observed. The dynamic modelling was used in order to make a
stable design for this converter, and also to design a current controller required to
control the power flow. Even if only one inductor current is controlled, no significant
oscillations appear in the other inductors. Simulation results are used to confirm the
dynamic model and to present the operation of the BHSISC converter in steady state
and transient operations.

An improved version of the BHSISC converter is also proposed, which should
further improve the characteristics of this topology.
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6. TOPOLOGIES COMPARISON

6.1. Abstract

As the literature presents many converter topologies under the same category
of bidirectional non-isolated converters, different means to compare the topologies
are needed. This chapter presents a comparison between the different hybrid
topologies presented in chapters 2 to 5, and other topologies proposed in literature,
described in sections 1.3.1 to 1.3.9. The topologies are compared in terms of step-up
and step-down conversion ratios, total inductor energy, total capacitor energy and
total active switch stress. The conversion ratios provide an overall information about
the performance of the converter, as it shows the operation range for the two inputs.
The total inductor energy and total capacitor energy gives information about the size
and costs of these passive components. The total active switch stress provides
information about the cost or the losses in the active switches.

6.2. Topologies overview

The characteristics of the different topologies presented in this work, are
summarized in Table 6.1. Characteristics, such as step-down and step-up conversion
ratios, the number of the active switches (transistors and diodes), and references to
the total inductor or capacitor energy required by each converter or the active switch
stress, that can be found in the chapters of this work. The following sections of this
chapter present a comparison between the main characteristics of each converter.

Table 6.1. Converter comparison table

Conv. Ref. | Chap. [Step-down| Step-up | Switch Ind. Cap. Stress

No. ratio ratio count | Energy | Energy
Tr./D.
0. CBBB 1.3.1 D 1/(1-D") 2/2 (1.14) (1.28) (1.32)
1. BHSISC | [73] 5 D 1+3.-D' 4/4 (5.15) (5.32) (5.36)
4-3-D 1-D'
2. BHSI | [81] 4 D 1+D' 3/3 (4.12) (4.24) (4.28)
2-D 1-D'

3. BHSC1 | [67] 2 idem 2 idem 2 3/3 (2.15) (2.32) (2.36)

4. BHSC2 | [71] 3 idem 2 idem 2 5/5 (3.15) (3.32) (3.36)
5. BSQZ | [53] 1.3.2 idem 2 idem 2 3/3 Table 1.3
6.CBQ [54] 1.3.3 D? 1 4/4 Table 1.4

@-o'y
7. BQ1 [55] 1.3.4 idem 6 idem 6 4/4 Table 1.5
8. BQ2 [56] 1.3.5 idem 6 idem 6 4/4 Table 1.6
9. BQ3 [57] 1.3.6 idem 6 idem 6 3/5 Table 1.7
10. BTMM | [58] 1.3.7 D? D?-D'+1 6/6 Table 1.8
D*-D+1 | 1-D'Y
11. BSC1 | [59] 1.3.8 D/2 2/(1-D") 4/4 Table 1.9
12. BSC2 | [60] 1.3.9 D 2-D' 3/3 Table 1.10
1+D 1-D'
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6.3. Conversion ratio comparisons

The conversion ratios represent the ratio between the low voltage (V,) and
the high voltage (V4), or vice versa, in steady state operation and in continuous
conduction mode, and is calculated with respect to the duty ratio. As described in
1.3.1, the step-down duty ratio is D and the step-up duty ratio is D’, as they are
proportional to their respective conversion ratio.

The conversion ratios from Table 6.1, for each converter, are presented in
the step-down and step-up forms, in Fig. 6.1 and Fig. 6.2, respectively. A graphical
representation is more advantageous since it conveys the information in a more easily
understandable manner. The step-up and step-down modes are identical in terms of
converter operation, it differs only in the mathematical form in which is written.

In step-down operation (V. / Vu), the topologies are evaluated starting from
the lowest conversion ratio achieved by the lowest duty cycle. Therefore, the
quadratic converters, CBQ, BQ1, BQ2 and BQ3, and the BTMM achieve the lowest
conversion ratio for a duty cycle lower than 30%.
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Fig. 6.1. Step-down conversion ratio comparison between previousely presented topologies:
0. CBBB 1. BHSISC, 2. BHSI, 3. BHSC1, 4. BHSC2, 5. BSQZ, 6. CBQ, 7. BQ1, 8. BQ2, 9. BQ3,
10. BTMM, 11. BSC1, 12. BSC2. Details of the converters are highlighted in Table 6.1
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The BTMM has a fast ascend to a higher conversion ratio, therefore if low
conversion ratios are desired, it should be kept at a more lower duty cycle.

These converters are closely followed by the BHSISC converter, which
manages to achieve a lower conversion ratio, until 70% duty cycle.

Following the BHSISC, are the rest of the hybrid converters, BHSI, BHSC1,
BHSC2, and the BSQZ converter. They achieve a conversion ratio which is situated
between the quadratic converters, and the CBBB converter, and for higher conversion
ratios it is approaching the quadratic converters.

The BSC1 converter starts from the same conversion ratio as the hybrid
converters, and it has a linear ascension up to the maximum 50%. This limitation
must be taken into account if this topology is used.

The next topology is the BSC2 converter, which starts from the same point as
the CBBB converter, but it is also limited at 50% maximum conversion ratio, having
a very slow increase.

The last topology from the plot, is the conventional converter, the CBBB, used
as a reference for the rest of the converters.
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Fig. 6.2. Step-up conversion ratio comparison between previousely presented topologies:

0. CBBB 1. BHSISC, 2. BHSI, 3. BHSC1, 4. BHSC2, 5. BSQZ, 6. CBQ, 7. BQ1, 8. BQ2, 9. BQ3,
10. BTMM, 11. BSC1, 12. BSC2. Details of the converters are highlighted in Table 6.1
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For the step-up conversion ratio (Vx / V1), the converters are analyzed starting
from the one that achieves the highest conversion ratio with the lowest duty cycle,
D’. The quadratic converters, CBQ, BQ1, BQ2 and BQ3, achieve the highest conversion
ratios, achieving a static gain of 20 with a duty cycle slightly lower than 80%. In
proximity is the BTMM converter which achieves almost the same performances. A
slightly lower performance is achieved by the BHSISC, and it does not have such a
steep decrease.

The next converters to achieve the static gain of 20 at around 90% duty cycle,
are the BSC1 converter, the rest of the hybrid converters (the BHSI, BHSC1 and
BHSC2), and the BSQZ converter. The BSC1 converter is limited in this case to a gain
of minimum 2, therefore the two input voltages cannot be equal.

Lastly, the BSC2 converter, also limited to a minimum gain of 2, and the CBBB
converters, achieve a static gain of 20 at almost 95% duty cycle.

6.4. Inductor energy comparisons

The total inductor energy equations for each of the converters previously
presented in this work are referenced in Table 6.1. The total inductor energy for each
converter is normalized to the energy of the CBBB converter. Therefore, the equation
for the energy of each converter is divided by the equation of the energy for the CBBB
converter, and then calculated for various step-down conversion ratios, between 5%
to 25%. The step-down and step-up conversion ratios are equivalent, but the step-
down is more easily comprehendable, therefore it is used in the graphs. The
conversion ratio is only presented up to 25% (in step-down operation) as a lower
range is generaly of most interest for wide voltage conversion ratio converters. Appart
for the conversion ratio, no other values are needed for the calculation, as the terms
simplify through the normalization. As a reference, at Vy=400V, a variation of 5-25%
will result in a variation for V, between 20V to 100V, which is optimum for microgrid
applications with supercapacitor storage, applications which are described in the next
chapter.

The calculated results are presented in Fig. 6.3. As shown here, the converters
BSC1, and BSC2 require a lower inductor energy, compared to the CBBB, as their line
is always lower than unity. The required energy does increase close to 1 at lower
voltage conversion ratios. As shown in 1.3.8 and 1.3.9, these converters operate by
connecting in parallel capacitors with different voltages which introduce unwanted
effects in their operation, such as large current spikes. These spikes are not accounted
in the total active switch stress comparison and can result in a decreased life of the
converter.

Placed on the unity line, the four hybrid converters, BHSISC, BHSI, BHSC1
and BHSC2, show that they require the same inductor energy as the CBBB converter,
which is unexpected given the fact that the hybrid converters are capable of a much
wider conversion ratio, and, as it is shown in the next section, lower switch stress.

The next converter, with aproximately 40% larger requirement for inductors
energy compared to the CBBB, is the BSQZ converter. Close to the BSQZ are the
quadratic converters, the CBQ, BQ1, BQ2 and BQ3, which require up to 60% more
inductor energy, at lower conversion ratios. Finally, the BTMM converter requires the
largest inductor energy, up to 80% more than the CBBB converter.
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WLTot(x)/ WLTot(O)

0.06 0.1 0.14 0.18 0.22 0.26
v, /v,
Fig. 6.3. Total inductor energy comparison between previousely presented topologies:
x = 1. BHSISC, 2. BHSI, 3. BHSC1, 4. BHSC2, 5. BSQZ, 6. CBQ, 7. BQ1, 8. BQ2, 9. BQ3, 10.
BTMM, 11. BSC1, 12. BSC2, normalized to 0. CBBB.
Details of the converters are highlighted in Table 6.1

6.5. Capacitor energy comparisons

The total capacitor energy is normalized for each of the converters from Table
6.1 to the CBBB converter, similarly to the normalization of the inductor energy. The
results are presented in Fig. 6.4.

The lowest capacitor energy is for the BSC2 converter, but as previously
mentioned, this converter operates by connecting in parallel capacitors with different
voltages which introduces unwanted effects in the operation of the converter.

Close to the CBBB converter, are the hybrid topologies, from lowest to
highest: the BHSI, the BHSISC, the BHSC1 and BHSC2 converters. The slight
difference from the topologies, comes from the r; factor, which is not reduced from
the total capacitor energy and is considered equal to 20% for this comparison. Even
if the BHSI and BHSISC converters have apparently larger capacitor current ripples,
overall, the required capacitance energy is not increased, resulting the same, or
almost the same required energy as the CBBB.
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Fig. 6.4. Total capacitor energy comparison between previousely presented topologies:
x = 1. BHSISC, 2. BHSI, 3. BHSC1, 4. BHSC2, 5. BSQZ, 6. CBQ, 7. BQ1, 8. BQ2, 9. BQ3,
10. BTMM, 11. BSC1, 12. BSC2, normalized to 0. CBBB.

Details of the converters are highlighted in Table 6.1

The rest of the converters require larger capacitor energies than the CBBB
converter, first being the quadratic converters, CBQ, BQ1, BQ2 and BQ3, requiring up
to 60% more capacitor energy than the CBBB or the hybrid converters.

The quadratic converters are followed by the BTMM converter, the BSQZ and
finally the BSC1 converter, with almost 200% the required energy of the CBBB
converter.

Even if capacitors may not be sized according to the relations provided in their
correspoding section because of low ESR which can produce instability in operation,
the relations are still relevant for the comparison.

6.6. Total active switch stress comparisons

The total active switch stress for each of the converters from Table 6.1 is
normalized in a similar fashion to the total active switch stress of the CBBB converter.
As presented in Fig. 6.5, the lowest stress, for the 5-25% conversion ratio, is achieved
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by the BHSISC. Even if this topology has four switches, the stress, on lower
conversion ratio, can be as low as 30% of the CBBB stress. For low conversion ratio
values, the three quadratic converters, CBQ, BQ1 and BQ2, are approaching 40%,
but increase quickly on larger conversion ratio. The hybrid converters, BHSI, BHSC1,
and converters BSQZ and BSC1 are also close to the BHSISC, but do not achieve the
same low stress at low conversion ratios. Following a similar path, the BTMM converter
is slightly worse than the quadratic converters, and for conversion ratios greater than
approximately 18% it has a stress higher than the CBBB converter. The BSC2
converter seems to decrease its relative stress, when increasing the conversion ratio,
contrary to the rest of the topologies, and at higher ratios is close to the BHSISC,
BSC1, BHSI, BHSC1 and BSQZ.

Even if BHSC2 has a hybrid structure, and at least analytically is very similar
to the BHSC1, it has higher stress, even higher than the CBBB, but it can achieve
good conversion ratios.

Converter BQ3 has the worst stress, with up to 80% higher stress compared
to the CBBB, most influenced by the larger number of switches.
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Fig. 6.5. Total active switch stress comparison between previousely presented topologies:
x = 1. BHSISC, 2. BHSI, 3. BHSC1, 4. BHSC2, 5. BSQZ, 6. CBQ, 7. BQ1, 8. BQ2, 9. BQ3,
10. BTMM, 11. BSC1, 12. BSC2, normalized to 0. CBBB.

Details of the converters are highlighted in Table 6.1
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6.7. Conclusions

Overall, each topology may be more suitable for a specific application,
depending on the range of the voltage ratio, number of switches, or the total active
switch stress, passive components size, or the costs of the components.

In terms of conversion ratio, the quadratic converters offer the widest
conversion ratios, but they are closely followed by the BHSISC converter. The rest of
the hybrid converters are situated between the quadratic and the conventional
converter, and this aspect can be beneficial if these are the conversion ratios that are
desired.

In terms of total inductor and total capacitor energy, the switched capacitor
converters BSC1 and BSC2 offer very good performance but with the cost of current
spikes while charging and discharging capacitors with different voltages by connecting
them in parallel. Next, the hybrid converters offer good characteristics in this aspect,
similar to the conventional converter but with much wider conversion ratios. The rest
of the topologies have much larger requirements for capacitors or inductors.

Regarding the total active switch stress, the BHSISC converter and the rest
of the hybrid topologies achieve the best results, much lower than the conventional
converter, and followed by the rest of the topologies.

An interesting conclusion that can be drawn for the quadratic converters, is
that the characteristics of the converters considered for this analysis, are identical for
under almost all aspects, regardless of their schematic.

Overall, the hybrid topologies, especially the BHSISC converter, offer good
characteristics which make them good candidates for applications where a wide
voltage conversion ratio is desired.
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7. MICROGRID POWER SHARING CONTROL STRATEGIES
FOR BIDIRECTIONAL CONVERTERS

7.1. Abstract

This chapter presents an overview of the microgrid control strategies, with
applications for DC-DC bidirectional wide ratio converters. A classification of the
microgrid control strategies is initially presented, based on the type of communication
between the microgrid devices (centralized, distributed and decentralized) and the
hierarchy in which the control structures are classified (tertiary, secondary or
primary). This work focuses on the decentralized strategies, with applications in droop
controlled microgrids, useful for nanogrid control, or as local controllers for the
centralized or distributed strategies. Droop control methods for power sharing in
supercapacitor storage methods are presented, based on different virtual
impedances, with simulation and experimental validation.

7.2. Introduction

Many applications for bidirectional converters are for storage purposes in
renewable energy applications, which are usually integrated in microgrid structures
[33], [87]-[94]. A means of managing the power flow withing the grid by controlling
the converters is required in order to manage the source of production or storage, to
reduce energy costs, increase efficiency, or increase reliability [95], [96].

As shown in Fig. 7.1, the microgrid control strategies are usually classified by
scientific literature, such as [97]-[101], from the communication perspective (by
where the energy management decisions are taken) in three types: centralized,
distributed, and decentralized. The example diagram is for a DC microgrid, but the
same is applicable in AC, or hybrid grids. The representation considers multiple
distributed generators (DG; to DG;) each connected with a DC-DC converter to the
common voltage DC bus.

Central

DC Bus DC Bus DC Bus
| Localy | Local, | [ Local; | | [ Local, | | [ Local, | [ Local, |
DC DC DC ) DC ) DC A) DC )
DC DC DC DC
| |
a. DG: [, | DGy | DG: . | DGn

Power Communication Measurement & Control

Fig. 7.1. DC Microgrid control strategies, categorized from the communication perspective
(location of the energy management computations): a. Centralized control (in a central unit),
b. Distributed control (distributed among controllers which communicate), c. Decentralized
control (decisions taken locally by measuring bus parameters, without communication) [97]-
[101] (DG - distributed generators)
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In a centralized system, data from each unit is acquired in a single centralized
place, it is processed, and commands are sent back to each local controller. In a
distributed control a coordinated control is realized, and the energy management
strategy is processed locally. In the decentralized control, the only means of
exchanging information between the units, is by modifying parameters of the grid,
usually the voltage in DC grids (there are also cases where a frequency is injected in
the grid as in [102], [103]).

Usually centralized systems achieve greater performances, but with the
disadvantage of having a decreased reliability as there is only one central control
system. The distributed systems solve the problem of reliability by using multiple
controllers, which also makes them better for large networks offering resilience
against single points of failure. Nevertheless, an appropriate algorithm is required for
communication among them.

Decentralized control, such as [104], [105], is the simplest control since it is
limited to measuring the parameters of the DG, converter and grid voltage, and is
mainly based on droop control or other similar power sharing algorithm. It has the
advantage of being easy to implement, but also disadvantages because it is limited
in the information about neighbor DGs. Because of these reasons, the decentralized
control is most common in nanogrid structures.

The control of the microgrid is divided based on their purpose, and their
response time, in a hierarchy: the primary, the secondary and the tertiary controllers
and their functions are briefly enumerated in Table 7.1, according to [97]-[101].

Each converter has a local controller, which is also the primary controller and
is responsible for a few main objectives: voltage & current regulation, power sharing
(which can be performed with droop control), local supervisions, and islanding
detections. The local controller is also responsible for other functions dependent on
the DG, such as the charge/discharge control for storage units, maximum peak power
point tracking for solar, wind or even hydro power, and other specific functions that
require to be managed locally. Being the closest to the converter, its response time
is the fastest and is hierarchically controlled by the Secondary controller. In a
centralized system (Fig. 7.1. a), each local controller receives its reference from the
central system, which in some cases can take the function of power sharing as well.

Table 7.1. Hierarchy of the microgrid controls

Control level Functions

Tertiary To coordinate to the host grid, or neighbor microgrids

(part of the It is a part of the utility management system

host grid) Responsible with the management, optimization and the system
regulations

Secondary Solve system level issues

(Microgrid EMS) | Coordination between DGs (i.e. regarding SoC)

Power Flow control

Synchronization to outer grid

Power quality control

Compensating the primary control deviations

Economical & reliable operation by using energy price forecasts
The EMS minimizes microgrid operational cost & maximizes reliability
Set points for Droop control

Primary (Local) | Voltage & Current control,

Power Sharing control (i.e. droop control)

Local supervision

Islanding detection
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In a distributed system, the secondary controller is closely connected to the
local controller. In decentralized systems, the local controller is the only controller
available, and the power sharing strategy is responsible for controlling the microgrid.

The secondary controller has the functions of the Energy Management System
(EMS), and includes system level attributes such as: coordination between the DGs
(i.e. based on the SoC in case of batteries), power flow control, synchronization to
the outer grid, power quality control, compensating eventual deviations caused by
the primary controller, economical & reliability purposes (such as energy price
forecasts, minimizing operational costs). These functions are realized by generating
power/current references for the local controller, or, various set points for the droop
power sharing control. For decentralized controllers, in some cases the local controller
also has the function of an EMS.

The tertiary control has purposes such as coordination of the microgrid to the
neighboring microgrids, ancillary services, overall system regulations, and it is usually
a subsystem of the utility distribution management system from the host grid, not
the actual microgrid.

This work focuses on the decentralized strategies, as they are the most suited
for small scale, small power applications, and the droop power sharing methods used
for these strategies can be upgraded in centralized [106]-[109], or distributed
structures [110]-[113].

An important part in microgrid structures are the storage elements so the
charge/discharge strategy needs to take into account the energy flow to the storage
elements as well, in order to achieve the best performances and maximum life for the
storage elements [114].

The droop control was developed as a power sharing strategy, by emulating
the droop characteristic of synchronous generators [115], [116], and was later used
for DC converters where parallel operation of multiple modules was required [117]-
[122]. The method was also used in various papers as a decentralized control method
for nanogrids [104], [105].

The standard droop method in DC voltage, controls the converter so that it
has a voltage variation (AV), proportional to its output current, around the prescribed
voltage (Vy), similar to an ideal voltage source with a series resistor connected at the
output, as shown in Fig. 7.2. This control feature is done by lowering the output
voltage reference, with respect to the output current. The actual characteristic of this
method is presented in Fig. 7.3.

This work is focused on bidirectional hybrid DC-DC converters that achieve a
wide voltage conversion ratio. As it was also mentioned in chapter 1, these types of
converters are especially beneficial in supercapacitor (SC) storage, as a better
utilization is made for the SC energy when wide voltage variations are possible.

DC Bus
R1 Ry R,
Vd1 de Vdn

Fig. 7.2. Equivalent schematic of the conventional droop methods
(Va1 - Vun are ideal voltage sources that emulate the constant voltage operation of a converter,
R:1- R are the droop resistors emulated by the converter operation, within its control loop)
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Fig. 7.3. Standard droop control voltage-current static characteristic of the converter
(Vo - nominal grid voltage; Vmin, Vmax, £Imax — voltage-current range, AV - voltage variation)

The following sections present different power sharing strategies for SC
storage with simple or more complex implementation methods that are decentralized
and based on the standard droop control method.

7.3. Nonlinear droop

A simple power sharing strategy based on two nonlinear droop methods were
initially designed in [123] for SC storage applications. The methods were inspired by
other nonlinear droop methods such as [104], [124], and were further analyzed for
their benefits in [125]-[127].

The requirement was to create a control method that will limit the charge and
discharge of the SC in the usual voltage operation range and increase its charging
currents when approaching the bus voltage limits. To achieve this requirement, the
droop methods with the characteristics from Fig. 7.4 were developed.

An initial nonlinear droop method (Fig. 7.4. a) uses a larger droop resistor
(Ra), and two Zener diodes (Dz1, Dz2), ND-LRZD, connected in series to each other,
and in parallel to the resistor. With this schematic, the method operates similarly to
the conventional droop, but when the voltage limits dictated by the Zener diodes are
approached, a larger current will limit further variations on the bus by charging or
discharging the SC. An important aspect to mention, is that the ideal voltage source,
Vaa, is a current limited voltage source when implemented in the converter.

The nonlinear method can be implemented using a nonlinear resistor, Rg, as
shown in Fig. 7.4. b, ND-NR. This virtual resistor can be mathematically designed to
resemble the ND-LRZD method, with different mathematical functions. The static
characteristics for the two methods are presented in Fig. 7.5.

DC Bus
DZ 1 R
RA Dzz B
Via Vs
a. b.

Fig. 7.4. Equivalent schematic of the nonlinear droop methods using: a. Linear resistor (Ra)
and Zenner diodes (Dzi1, Dz2) — ND-LRZD; b. A nonlinear resistor (Rs) — ND-NR [123]
(Vaa, Vs are current limited voltage sources)
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Linearl CV
I/im Imax I

Fig. 7.5. Static characteristics of the: a. ND-LRZD (Fig. 7.4.a); b.ND-NR (Fig. 7.4.b), for a
converter operating in constant current (CC), constant voltage (CV) or with linear voltage-
current dependency (Vs — nominal grid voltage; Vmin, Vmax, £Imax — voltage-current range, AV -
voltage variation, £Iim» maximum current range for linear operation)

As mentioned above, the ND-LRZD, operates in a linear region, up until the
voltage is limited by the two ideal Zener diodes, after which it will operate in the
constant voltage mode (CV). The nonlinear resistor characteristic used for the ND-
NR, is shaped so that its static characteristic resembles that of the ND-LRZD.
Therefore, various mathematical relations can be used. Above the maximum current
limits, Imax, the converter operates in constant current mode (CC) for both ND-LRZD
and ND-NR methods.

As a virtual varistor can be used for modeling the Rg resistor, a power function
is considered for its current-voltage dependency:

Iog =5gn(Vop) -k, | Vg |1, (7.1)

where kv and av are the gain and power coefficients, respectively, that help shape the
function.

A different function that achieves a similar shape is the inverse tangent
function:

Ves =k, -atan(k, - I,;), (7.2)

where ki and k; are the output and input gain coefficients, respectively, that help
shape the function.

The two functions, (7.1) and (7.2), together with a linear resistor, are
presented in Fig. 7.6 for comparison.

In order to implement the control for the two methods, an additional voltage
controller is required, apart for the current controller from chapter 2, in order to obtain
a cascaded current-voltage control. The voltage controller is designed by trial and
error, and the following transfer function is obtained:

0.11.z-0.1
G (2) = Z-1 (7.3)
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Voltage (V)

-3 -2 -1 0 1 2 3
Current (A)
Fig. 7.6. Static characteristics for: linear droop (Raroop=1.4Q), ND-NR with power function (7.1)
(kv=0.7857, av=1.5) and ND-NR with atan function (7.2) (k2=0.8, k1=1.91)

The control implementation for the ND-LRZD is presented in Fig. 7.7. The
control loop uses a cascaded current-voltage control with a saturation block, Sat. 1,
to limit the /1 maximum reference current, from the inner current control loop. The
actual droop implementation contains the Ra and the Sat. 2 saturation block, applied
for the i» current (which can be approximated to the current from the voltage bus,
I). The R4 gain represents the actual resistor from Fig. 7.4. a, and Sat. 2 is used to
simulate the breakdown voltages of the Zener diodes. The voltage droop (AVgza) is
added to the bus voltage (subtracted from the reference), which, in this case, is
connected to the high voltage output of the BHSC1, V4.

The ND-NR method is implemented in a similar way to the ND-LRZD, as
presented in Fig. 7.8. The cascaded current-voltage control is used, with the additional
change in the calculation of the droop voltage, AVrzs, which is performed with (7.2).
The inverse tangent function is used, as this function is already implemented in the
core of some microcontrollers, such as the TMS320F28335, and this will result in
faster calculation for the controller. The i» current is used here as well, as an
approximation of Iy current.

Sat. 1 .
i* PWM
* Voltage A— Current
V. > - 3 n
? controller] " |1 " controller > BHSCI
iy |
| Sat2 T T B
g AVra ! 4 R - i 1
)= i < I; - A - I
| Nonlinear resistance |
Ve L e e J

Fig. 7.7. ND-LRZD control method implementation (Fig. 7.4.a) for the BHSC1 converter (Ch. 2)
using cascaded current-voltage control, with the nonlinear resistance implemented by the Ra
gain and Sat. 2 saturation block (Vg* - DC bus voltage reference; Vi - the high voltage output
of the BHSC1; AVra - resistance voltage drop; ir1, ir2 — converter inductor currents, Sat. 1 -
saturation block for limiting i.1* current)
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Sat. 1
i * PWM
* Voltage A— L1 Current
Vi—p - 5 -
? controller] " |1 " controller > BHSCI
iy |
I_ ______________ 1
AV, - ) iz | |
|-t RE : AVRB(IL2)= kl'atan(kz'le) - 2 I
|
| Nonlinear resistance [
Ve L e e e J

Fig. 7.8. ND-NR control method implementation (Fig. 7.4.b) for the BHSC1 converter (Ch. 2)
using cascaded current-voltage control, with the nonlinear resistance implemented by the Rs
arctangent function (Vo* - DC bus voltage reference; Vi - the high voltage output of the
BHSC1; AVrs - resistance voltage drop; i1, i = converter inductor currents; Sat. 1 -
saturation block for limiting i.1* current; ki, k2 — atan function coefficients)

The parameters for testing the two methods are enumerated in Table 7.2, for
both nonlinear droop methods. These parameters are used in the static gain
characteristics, in Fig. 7.5, and in the control loop implementations, in Fig. 7.7 and
Fig. 7.8.

The BHSC1 converter is used for testing the droop methods, as it has
inductors on each output, and the currents are already available for measurements
as they are state variables and were considered for control purposes from the initial
design. The test setup used for this method is shown in Fig. 7.9, and it consists of a
supercapacitor bank with Csc capacitance, the BHSC1 converter, a bus capacitance,
Cuus, a real droop resistance, Ra4ro0p, @and a parallel combination between an electronic
load and a DC source, connected though a diode. The purpose of the Raro0p and the
parallel combination of the source and electronic load, is to emulate a conventional
droop controlled grid and a real resistor is used for the grid side in order to reduce
the complexity of the test setup, while the nonlinear resistors are programmed in the
microcontroller. The specifications of the equipment used in the test setup are
presented in Table 7.3.

Table 7.2. Nonlinear droop method parameters for the ND-LRZD and the ND-NR

Element [ value [ Unit | Description

General parameters

Va* 350 Vv Nominal grid voltage reference

Vhigh 360 V Upper bus voltage limit

Viow 340 Vv Lower bus voltage limit

AVy 20 Vv Nominal bus voltage variation

Tmax 7.1 A Maximum output (Ix) converter current
ND-LRZD (Fig. 7.7) parameters

Ra 3 Q Linear droop resistance

Tiim 3.33 A Current limit between CV and Linear operation
ND-NR (Fig. 7.8) parameters

k1 7.9577 V Output gain for the atan function

k2 0.5 Al Input gain for the atan function
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I Iy Reroop Elelctrcc)inic
p oa
Csc C @
— V[ | BHsc1 | W T”“S
" < DC
Source

Fig. 7.9. Experimental test setup consisting of a supercapacitor bank (Csc), the BHSC1
converter (Ch. 2), a bus capacitor (Ceus), an electronic voltage load in parallel to a DC source
and a real droop resistor (Raroop) (for DC bus emulation).

All parameters are presented in Table 7.3

Table 7.3. Experimental setup equipment for testing the droop methods

Element Device Manufacturer Characteristics

Csc BMODO0063 Maxwell 63F, 125V, 1900A, 1.7kW/kg,
(two series) | P125 B04 2.3Wh/kg

Electronic EA-EL 9400-50 Elektro-Automatik | 0-2.4kW, 0-400V, 0-50A

load

DC Source TC.P.10.400.400.S | Regatron 0-10kW, 0-400V, 0-50A

Chus - - 10mF

Rdroop - - 0-4.4 Q

Simulation and experimental results are presented for the two methods in Fig.
7.10 and Fig. 7.11, for the ND-LRZD, and Fig. 7.12 and Fig. 7.13 for the ND-NR. As
the dynamic characteristic is not important for these characteristics, an initial Raroop
was shorted (Raro0p=0), and current limitation was used for both the source and the
electronic load, for a simple operation. A voltage variation was prescribed to the load
and source, in order to emulate transitions between the two operation modes with
current limitation.

The results from Fig. 7.10, show the operation for the “Linear” range with the
ND-LRZD, for currents between *I;n, iio=%+2A, and a smooth operation is achieved.
When operating in CV mode, at jii»=+5A, damped oscillation are shown for the
currents of the converter in Fig. 7.11, which is expected as in this range the virtual
resistance is considered to be null. In this case, the bus voltage is limited at 340V or
360V.

The ND-NR achieves similar results under the same conditions, with either
lower currents, iio=+2A in Fig. 7.12, or higher currents, i.>=%4A in Fig. 7.13. With
this method the same voltages are achieved during the two regions, with the
difference that for the second method the current or voltage oscillations are greatly
reduced, and a smoother transition is realized. Therefore, the ND-NR method does
not introduce the same oscillations during the charge/discharge transitions.
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Fig. 7.10. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the ND-LRZD (in “Linear” region): transition for Vgrg=Vg£20V, ir2=%2A (limited
by source/load), Vi=71V, Pin=%0.7kW, Rdroop=0 Q (i1, i2, are the currents from L1 and L2
inductors, respectively, Vi, Vi are the low and high voltage inputs, respectively)
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Fig. 7.11. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the ND-LRZD (in “CV” region): transition for Vgrig=Va£20V, ii2=£5A (limited by
source/load), V=71V, Pn=%1.78kW, Raroop=0 Q (ir1, ir2, are the currents from L: and L
inductors, respectively, Vi, Vi are the low and high voltage inputs, respectively)
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Fig. 7.12. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the ND-NR: transition for Vgria=V4£20V, ir2=+2A (limited by source/load),
V=70V, Pin=%0.7kW, Rdroop=0 Q (i1, ir2, are the currents from L: and Lz inductors,
respectively, Vi, Vi are the low and high voltage inputs, respectively)
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Fig. 7.13. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the ND-NR: transition for Vgria=Va£20V, ir2=%4A (limited by source/load),
V=70V, Pin=%1.4kW, Rdroop=0 Q (i1, ir2, are the currents from L: and Lz inductors,
respectively, Vi, Vi are the low and high voltage inputs, respectively)
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The static characteristics of the two methods are presented in Fig. 7.14 and
Fig. 7.15, for the ND-LRZD and ND-NR, respectively. A good correspondence is shown
between them, with the exception of the CC operation for ND-LRZD method. The
difference for CC operation comes from the fact that the i current is not limited but
actually the iy current, as shown in Fig. 7.7. The Imqax limits from Fig. 7.5, are
calculated based on fixed limits for i;1 current, and a maximum power limitation. With
these conditions, the Imax values are variable within a small range when the voltages
at the two inputs are drastically changed as the duty ratio are also changed. The limits
are to be considered as a safety feature for protecting the converter.
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Fig. 7.14. Theoretical vs experimental static characteristic of the ND-LRZD method with
parameters from Table 7.2
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Fig. 7.15. Theoretical vs experimental static characteristic of the ND-NR method with
parameters from Table 7.2
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7.4. Nonlinear virtual impedance

Newer methods for introducing SC storage in droop controlled microgrids,
[128]-[131], propose the use of virtual impedances in place of the conventional droop
resistors, achieving a virtual impedance droop control method (VID) as a power
sharing controller. The equivalent schematic of the VID, placed in a conventional
droop-controlled grid, is presented in Fig. 7.16. a. The commonly used impedance for
this method is a series resistor-capacitor circuit, achieving a high-pass filter for the
currents flowing to the converter. With this filter, only high frequency variations from
the DC bus will charge/discharge the SC, while the low frequency currents will flow to
the rest of the grid.

Based on the VID and the ND-NR, presented in the previous section, we
proposed a nonlinear virtual impedance droop control method (NVID) in [132], with
the schematic presented in Fig. 7.16. b. This method works similarly to the VID, with
the difference that the nonlinear resistor makes possible for achieving a variable cutoff
frequency, dependent on the amplitude of the voltage. The variable cutoff frequency
will make the charge/discharge process to operate at currents depending on the
voltage variation, and implicitly the power fluctuations in the grid. If lower power
variations are present at a specific moment (and implicitly lower voltage variations),
the SC influence can be designed to be lower. Another option is to maintain normal
operation at lower power variations but increase the effect on higher power variations.
Similar to the ND-NR, the NVID can use different types of nonlinear resistors, and the
inverse tangent function is used here as well.

The control loop implementation is similar to the implementation for the ND-
LRZD and ND-NR, in the sense that it has a cascade voltage-current control, and the
virtual impedance is used in the place of the nonlinear resistor.

Firstly, the VID control implementation is realized in a similar fashion, in order
to be compared to the NVID, and it is presented in Fig. 7.17. Here the voltage on the
virtual filter resistor (Rr) and virtual capacitor (Cr) are added as they are connected
in series. The resistor voltage drop is calculated simply, and the capacitor voltage
drop is calculated considering the transfer function, in s domain, of an ideal capacitor:

Vel) _ 1 (7.4)
i-(s) s-C

The implementation of the NVID control method is similar to the VID
implementation, with the difference that the linear filter resistance is replaced by the
arctangent function, defined in a similar fashion to the ND-NR method. The control
loop implementation of the NVID is presented in Fig. 7.18.

DC Bus DC Bus

Cr :3 R, Cr R, R,
R R
i Va Vin F Vi Vin
VdSC VdS C
a. b.

Fig. 7.16. Equivalent schematics of the: a. Virtual Impedance Droop control method (VID)
using a RC impedance; b. Nonlinear Virtual Impedance Droop control method (NVID) which
uses a nonlinear resistor for the RC impedance, both schematics presented in a conventional

droop-controlled grid
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Fig. 7.17. VID control method implementation (Fig. 7.16.a) for the BHSC1 converter (Ch. 2)
using cascaded current-voltage control, with the virtual impedance implemented by the Rr gain
and 1/(sCr) transfer function (Va* - DC bus voltage reference; Vx - the high voltage output of
the BHSC1; AVrc -virtual impedance voltage drop; ii1, it2 — converter inductor currents, Sat. 1
- saturation block for limiting i.1* current)
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Fig. 7.18. NVID control method implementation (Fig. 7.16.b) for the BHSC1 converter (Ch. 2)
using cascaded current-voltage control, with the virtual impedance implemented by the atan
function and 1/(sCr) transfer function (Va* - DC bus voltage reference; Vx - the high voltage
output of the BHSC1; AVrc -virtual impedance voltage drop; ii1, it2 — converter inductor
currents, Sat. 1 - saturation block for limiting i.1* current, ki1, k2 — atan function coefficients)

Using the parameters of Table 7.4, the two methods were implemented and
tested with the setup from Fig. 7.9 and the equipment described in Table 7.3. Initial
simulation and experimental results confirm the correspondence between the two
results, as shown in Fig. 7.19. A total time of 2 seconds was used as the simulation
results will result in a very large size if larger simulation times are used and it becomes
difficult to process. Nevertheless, larger times are required in order to test the
operation of the two methods, therefore the experimental results are presented in
Fig. 7.20 to Fig. 7.23 using acquisition times of 10s. The VID and NVID methods are
compared for voltage variations applied to the grid, of V410V in Fig. 7.20 and
Fig. 7.21, respectively, and with voltage of V4+30V in Fig. 7.22 and Fig. 7.23. The
design in Table 7.4 was performed such that the NVID methods has a small influence
in the grid at small voltage variations, but at larger voltage variations it performs
similar to the VID method.
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As shown in Fig. 7.20 and Fig. 7.21, at a small voltage variation, the NVID
method charges/discharges the SC with 66% the power vehiculated by the VID
method. The comparison between Fig. 7.22 and Fig. 7.23 shows that at a higher
voltage variation, the operation of the two methods is similar, achieving the same
charge/discharge power for the SC. This method of operating gives the NVID an
advantage when the operation of the converter is not required for low powers, but a
higher influence is required by the converter at higher powers. The NVID method also
has an advantage for centralized system, where it gives the possibility to adjust
multiple coefficients by the higher system, for an optimized operation specific to
different operations.

Table 7.4. Virtual impedance parameters for the VID and NVID

Element [ value [ Unit | Description

General parameters

Va* | 350 [V | Nominal grid voltage reference
VID (Fig. 7.17) parameters

RF 3 Q Virtual linear filter resistance

Cr 1 F Virtual filter capacitor

NVID (Fig. 7.18) parameters

k1 8.59 Vv Output gain for the atan function
k2 1.7 Al Input gain for the atan function
Cr 1 F Virtual filter capacitor
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Fig. 7.19. BHSC1 simulation (left) and experimental (right) waveforms for transient operation,
controlled by the NVID: transition for Vgrig=Vgx30V, irax£4A, Vi =75V, Pinx£1.5kW, Raroop=4.4
Q (i1, iz, are the currents from L: and Lz inductors, respectively, Vi, Vi are the low and high
voltage inputs, respectively)
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Fig. 7.20. Experimental waveforms for transient operation of the BHSC1, controlled by the
VID: transition for Vgria=Vax10V (+ voltage impulse at 0s), In=£1.5A, Vi=77V, Pn=£450W,
Raroop=4.4 Q (Vi, Vi are the low and high voltage inputs, respectively, I, In are the low and
high voltage side currents, respectively)
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v, (V)

t(s)
Fig. 7.21. Experimental waveforms for transient operation of the BHSC1, controlled by the
NVID: transition for Vgrig=Va£10V (+ voltage impulse at 0s), In=£0.7A, V.=77V, Pn=£300W,
Raroop=4.4 Q (Vi, Vi are the low and high voltage inputs, respectively, Ir, In are the low and
high voltage side currents, respectively)
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Fig. 7.22. Experimental waveforms for transient operation of the BHSC1, controlled by the
VID: transition for Vgriae=Vgx30V (+ voltage impulse at 0s), In=+4 A, V=83V, Pin=£1.3kW,
Raroop=4.4 Q (Vi, Vi are the low and high voltage inputs, respectively, I., In are the low and
high voltage side currents, respectively)
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Fig. 7.23. Experimental waveforms for transient operation of the BHSC1, controlled by the
NVID: transition for Vgig=Va£30V (+ voltage impulse at 0s), In=+4 A, V=83V, Pnxx1.3kW,
Rdroop=4.4 Q(VL, Vx are the low and high voltage inputs, respectively, I, Iy are the low and
high voltage side currents, respectively)
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7.5. Conclusions

This chapter presents an overview on the management energy strategies
available for microgrid applications, with an emphasis on the decentralized, droop
control methods.

Energy management strategies are considered for the charge/discharge
control of supercapacitors, used in DC microgrid applications, and for this purpose
two simple nonlinear characteristics for a droop control are analyzed. The nonlinear
droop methods are considered as a simple alternative to the conventional centralized
methods for supercapacitor storage.

The state-of-the-art virtual impedance methods are also considered, which
offer good performance for decentralized methods. The virtual impedance method
was improved by using a nonlinear characteristic for the filter, achieving the
advantage of a variable influence of the storage system, based on the amplitude of
grid voltage variation. In other words, a variable cutoff filter frequency was achieved
with the benefit of having more parameters to be controlled by a higher, centralized
energy management system, or different influences depending on the voltage
variation on the grid when the system has this requirement.
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8. CONCLUSIONS AND CONTRIBUTIONS

8.1. Conclusions

This thesis is focused on bidirectional DC-DC converters which achieve wide
voltage conversion ratios by using hybrid capacitive or inductive switching cells,
initially proposed for unidirectional topologies. Four topologies are thoroughly studied,
from which 3 are proposed by the author. The studied schematics are two switched-
capacitor topologies, one switched-inductor topology, and one combined switched-
inductor and switched-capacitor topology.

The analysis of the hybrid converters is performed analytically in order to
obtain their performance metrics: the energy required to be stored by the passive
components, and the total active switch stress of the transistors.

An in-depth comparison is realized between the studied topologies and other
9 state-of-the-art structures that can be classified in the same category: wide ratio,
non-isolated, without coupled inductors, with a reduced number of switches (<6),
requiring a simple driving scheme, utilizing two switching states and no multilevel or
multiphase structures, as most structures can be upgraded to operate similarly. From
this comparison it results that the hybrid converters achieve good performances,
when compared to the rest of the topologies.

The dynamic analysis is performed for each topology, in order to assess its
stability, to improve the converter design, and to design a stable controller. All
topologies are tested with simulations for bidirectional operation with current
controllers, while two topologies are extensively tested experimentally, obtaining
similar results compared to the simulations. All proposed converters have a stable
operation with current controllers.

Detailed experimental results are obtained from a switched-capacitor and a
switched-inductor topology, the first being built with IGBTs and the latter built in two
prototypes, one with conventional MOSFETs, and one with GaN-FETs in order to
assess their performances and influences on the topology. Efficiency calculations were
realized using a novel method and were compared to the experimental results. Not
only that the GaN-FETs switches achieve a better efficiency, but also a reduction in
the oscillations that might appear in the topology.

Methods for improving the schematics for each of the four topologies are
presented, in order to eliminate common high frequency voltages between inputs, or
to improve a topology in a multilevel structure.

Finally, the switched-capacitor topology is used as a platform for employing
3 new power sharing control strategies for supercapacitor storage in microgrid
applications, proposed by the author.

8.2. Contributions

The following list summarizes the contributions of the author:

e General overview of supercapacitor storage in microgrid applications,
their technologies, and benefits of wide-ratio converters for these
applications.
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Literature review for bidirectional wide-ratio converters, that fall
under the category of converters with wide voltage conversion ratio,
with non-isolated structures, without coupled inductors, with reduced
switch count (<6), that use simple driving schemes (two switching
states, without multilevel or multiphase operation), and with
analytical descriptions of the topologies.

Thorough analysis of a hybrid switched capacitor converter, with
steady state and dynamic analysis, employing three different types of
controllers: valley current mode control, an analog controller, and a
digital controller. Experimental tests of the converter are validated
through simulations. An improved topology is proposed in order to
eliminate high frequency common voltage.

A common ground bidirectional hybrid switched capacitor converter is
proposed and analyzed in steady state and dynamic operation. The
dynamic analysis is used as a means to study the stability of the
topology and to improve it from the design of the passive
components. A current controller was designed based on the dynamic
analysis, and simulation results are used to validate the operation.
Benefiting from the advantage of the common ground, an improved
multilevel topology is proposed based on this structure.

A bidirectional hybrid switched inductor converter is proposed and
analyzed for steady state and dynamic operation. The dynamic model
of the converter has a reduced order system while maintaining its
wide conversion ratio. Based on the dynamic model, a digital current
controller was designed. Two prototypes of the topology were built
using conventional MOSFETs and wide-bandgap GaN-FETs, and their
influence in the operation and efficiency was analyzed. Efficiency is
calculated with a novel method and compared to experimental
results. An improved topology is also proposed for this structure, and
tested by means of digital simulation.

A combined bidirectional hybrid switched-inductor and switched-
capacitor converter is proposed, that achieves even wider conversion
ratios. The converter is described analytically, from the steady state
and dynamic analysis. The converter design is improved in terms of
stability by using the dynamic analysis results, which are also used
for the current controller design. Simulation results are used to
confirm the performances of the topology. An improved topology is
proposed in order to eliminate the high frequency voltage between
inputs.

A comprehensive comparison between the 4 studied converters and
9 state-of-the-art topologies is realized, in terms of step-down or
step-up conversion ratios, total capacitive and inductive energy
required in the converter, and total active switch stress.

Three nonlinear droop power sharing methods are proposed and
implemented in a bidirectional hybrid converter, for supercapacitor
storage in a microgrid applications.
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8.3. Future work

This work is focused on the hybrid topologies presented, and few paths are
open for progress, such as:

Testing in practical implementation the two hybrid topologies which
are verified by simulation only, and the improved topologies
presented for each of the four hybrid topologies.

Advanced comparison methods can be developed in order to optimize
the selection of a topology depending on the application. The
comparison method can take into account components costs,
efficiency, size, all parametrized on voltage and power levels.

As most of the wide ratio converters are modeled dynamically by a
higher order system, a better method than the conventional single
current controller should be evaluated.

The power sharing strategies can be improved and analyzed for their
stability operation. The strategies can be upgraded and tested in a
centralized system.

New ways to improve the bidirectional hybrid topologies can be
assessed, such as into multiphase, multilevel, or multi-input
structures.
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