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Introduction

Modern society is strongly dependent upon electrical appliances for all the aspects
of people’s life, from economy to transportation, communication and health care. In
this scenario, reducing energy consumption is critical to meet the world’s growing
demand for energy, sustainably. Wide Band Gap (WBG) materials, such as Silicon
Carbide (SiC) and Gallium Nitride (GaN), can play a crucial role to improve the
efficiency in the generation-distribution-utilization cycle of the electric energy. This
is because most of the generated electric energy is consumed after undergoing several
transformations carried out by power electronic converters and the largest portion of
the losses occurs in their semiconductor devices.

This thesis concerns the design of high-efficient DC-DC converters based on
WBG power devices. The first objective of the presented work is the development
of an isolated bidirectional converter for the distribution network of future electrical
aircrafts. The second project belongs to the field of photovoltaic systems and aims to
develop a three-port converter with multiple power elements interfacing capability.

The dissertation is organized as follows.

* Chapter 1 provides a quick overview of the main wide-bandgap semiconduc-
tors and outlines their appealing features for power electronic applications.

e Chapter 2 explains the working principle of the Dual-Active-Bridge (DAB)
and the Triple-Active-Bridge (TAB) converters, by means of simplified equiva-
lent models. This includes a control-oriented small-signal model, which allows

for basic analytical investigations and facilitates both the elaboration of appro-
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priate modulation strategies and their calibration. In the end, design considera-

tions to achieve desirable zero-voltage-switching behavior are also presented.

Chapter 3 traces a brief outline of current work towards More Electric Air-
craft (MEA) and details the SiC-based DAB converter that provides the inter-
face between the high and low voltage buses in the proposed energy distribu-
tion network. Both the hardware and the firmware design of the power module
are extensively discussed, including the synthesis of the controlling strategies
into the FPGA. The major contributions regard the design and implementation
of the feed-forward compensation, the soft-start procedure and the paralleling

methods.

Chapter 4 covers the design of a single-phase TAB converter featuring GaN
devices, as fundamental module of a novel architecture proposed for photo-
voltaic inverters. The scheme of the centralized energy management system,
that handles the power flow between the solar input source, the user load, and
the energy storage device, is presented. Finally, details of the hardware imple-
mentation are also described and the main building blocks of the 1kW converter
prototype are built, according to Appendices B and C.



Chapter 1

Wide Band Gap (WBG)
semiconductor devices

1.1 Introduction

Silicon (Si) is by far the most widely used semiconductor material for electronic
power devices. However, wide bandgap materials exhibit superior electric character-
istics compared to silicon and it is now worldwide accepted that a real breakthrough
in power electronics mainly comes from WBG semiconductor devices [1].

At present, Silicon Carbide and Gallium Nitride are the most promising candi-
dates to replace Si for power switching applications, due to their attractive perfor-
mance such as high switching frequency, high blocking voltage and high operating
temperature.

Some basic information about these materials will be given in this chapter. In
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particular, it will be pointed out why their physical properties are of industrial interest
for manufacturing power devices and how they can have a favorable impact in the

power conversion market.

1.2 Wide Band Gap semiconductors

Wide-bandgap semiconductors in general refer to any semiconductor materials with
a bonding energy of the atoms in the crystal much greater than conventional semicon-
ductors such as Silicon and Gallium Arsenide (GaAs). They are typically compound
semiconductors such as Gallium Nitride, Aluminum Gallium Nitride (AlGaN), In-
dium Gallium Nitride (InGaN), or Silicon Carbide. Specifically, 4H-SiC and 6H-SiC
are the dominant polytypes in SiC research since large wafers can be made in these
materials. These semiconductors usually have a bandgap greater than 3 electron volts,
compared with 1.12 eV for Si and 1.43 eV for GaAs.

Table 1.1: Physical characteristics of Si and main wide bandgap semiconductors [2].

Property Si  4H-SiC 6H-SiC GaN

Energy Bandgap E, 1.1 32 3.0 34 eV

Dielectric constant! g | 119 10.1 9.66 9.0

Electric Breakdown
Field
Electron Mobility W, | 1500 1000 500 1250 | em?/V -s

E. | 300 2200 2500 3300 | KV /cm

Hole Mobility uy, | 600 115 101 850 | cm?/V-s
Saturated Electron
, , Vsar |1 2 2 22 | x107em/s
Drift Velocity
Thermal Conductivity A 1.5 49 4.9 1.3 | W/em-K

e =&, & where gy = 8.85 x 107 12F /m
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Among the others, GaN and SiC devices have gained a prominent status regard-
ing base material availability and maturity of their technological processes, and today
they offer the best trade-off between theoretical performance and commercial readi-
ness level for utility applications. Their main properties are listed (with respect to
silicon features) in Tab. 1.1.

A detailed analysis based on the measured peak electric field strength at avalanche
breakdown was disclosed in [2]. The purpose of that investigation was to critically
examine elemental and compound semiconductors (including emerging WBG ma-
terials) in terms of on-state resistance, power losses, heat conduction, and radiation
hardness. Further comparisons about different semi-conducting materials were dis-
cussed in [3], which evaluated some commonly known figures of merit for a more
immediate evaluation of the performance capabilities of these materials for high-
power electronic applications. Those papers show that the above mentioned WBG
materials could provide substantial improvements in the power-handling capability,
heat conduction, thermal runaway problems, high-temperature, and high-frequency
operations. These potential benefits at both device and system level in power elec-

tronic applications are outlined in the next sections.

1.3 Device performance

An ideal power semiconductor switch is expected to have zero conduction and switch-
ing losses, zero leakage current in off-state, infinite voltage blocking capability and
zero power consumptions when the control signal is applied. Other desired charac-
teristics include high switching speed, good thermal stability, and high-temperature
operation capability. Even if these idealistic characteristics are unachievable, there
is a growing need for semiconductor technologies to meet the requirements of ad-
vanced high-power and high-efficient electronic systems. The driving force for the
use of WBG in that application is the potential benefit to realize low loss and very
fast unipolar switches with blocking voltages up to several kV.

According to these considerations, the wide-bandgap inherent properties and the

corresponding advantages as power device are sketched in Fig. 1.1.
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Figure 1.1: Radar chart of the main properties of semiconductor materials.

As it can be observed in Tab. 1.1 and Fig. 1.1, the wide band gap energy results
in several compelling attributes for power electronics devices. The most remarkable
characteristic is the higher critical electrical field (around 8 times higher than that of
Si for SiC and 10 times higher for GaN), which brings to greater device breakdown
voltage (for the same drift layer thickness). Otherwise, it means that the width of the
drift region could be reduced for the same breakdown voltage, resulting in thinner
devices at the same voltage rating. With a higher electric breakdown field, more dop-
ing can also be applied to the material, further increasing the maximum electrical
field and reducing the depletion area. Moreover, the on-resistance of the drift region
is lower since the conductance per unit area increases with the critical electrical field
value. Lower R,, means less conduction losses, leading to higher overall converter
efficiency.

In WBG materials the drift velocity is more than twice the electron drift velocity
in Si. Therefore, GaN and SiC devices could be switched at higher frequency than
silicon counterparts. Based on this advantage, power converters switching around or
above 1 MHz could become popular, and their sizes could be shrinked drastically.

From the thermal point of view, a wider energy gap (combined to high melting
point) implies higher admissible temperatures at which the power device can still

operate well. In particular, SiC has also a thermal conductivity about 3 times higher
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than that of silicon, so this material can better transfer heat to its surroundings. This
means that the dissipation of the losses occurs with a much lower temperature drop
across the device, or, in other words, that more power can be extracted from the
semiconductor through the same temperature gradient.

Finally, higher energy gaps cause significantly lower junction leakage currents.

1.4 Potential impacts

As mentioned above, switching devices based on wide bandgap materials offer a
significant performance improvement on the switch level compared with Si devices.
These materials are capable of higher switching frequencies (hundreds of kHz) and
blocking voltages (upward of tens to hundreds of kV), while providing for lower
switching losses, better thermal conductivities, and the ability to withstand higher
operating temperatures. The corresponding value proposition for WBG devices at

system level can be summarized in the following points.

* Reduced energy costs: because WBG semiconductors are inherently more effi-
cient than silicon, less energy is expended as heat, resulting in smaller system

sizes and material costs for the same delivered power.

» High power density: due to smaller size of the power electronic devices (greater
voltage and current handling capability), reduced volume of passive compo-
nents (higher switching frequencies), and less critical heat sink requirements
(higher operational temperature).

* Lower system cost: even if the WBG devices are generally more expensive,
their use could enable overall cost reductions by decreasing the size/weight of
other components such as passive inductive and capacitive circuit elements,

filters, cooling system and so on.

Other possible advantages include improved transient characteristics, faster switch-
ing speed, and reduced electrical noise (due to smaller package and better reverse

recovery characteristics).
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However, a number of barriers and challenges still exist in utilizing wide-bandgap
semiconductor devices to their full potential, and various research works investigate
the actual impact of these devices on the system-level performance. For example,
the influence of SiC devices on industrial inverter drives and DC-DC converters is
analyzed in [4], while [5] evaluates prospective efficiency improvements and size
reduction of bidirectional converter suited for hybrid or electric vehicle, when SiC
power devices are utilized instead of Si switches. Similar analysis are carried out for
GaN-based solutions in PV module integrated converters [6] and high-frequency res-
onant converters [7]. In both cases, the selected power devices increase the conversion

efficiency thanks to their outstanding material properties.

1.5 Applications and perspectives

With further development, WBG semiconductors have the opportunity to meet de-
manding power converter requirements and to penetrate in the market, today domi-
nated by silicon-based devices. In particular, gallium nitride and have the potential
to displace silicon in power conversion. GaN and SiC devices will compete with Si
counterparts for different segments of the market. GaN will take over consumer low
voltage (up to 600 V) applications such as telecom power supply units, Power-over-
Ethernet (PoE) equipment, and laptop adapters, while SiC will be most prominent in
industrial applications that require higher voltages/currents such as traction, renew-

able energy or automotive inverters, and motor drives.

1.51 SiC

The SiC electronic journey began in the early 1990’s when SiC-based single-crystal
wafers became commercially available for the first time. Since the market release
of 600V and 1.2kV SiC power semiconductors in early 2000’s, plenty of new prod-
ucts based on these devices have been developed. SiC transistors are finding success
especially in high voltage applications primarily due to their size advantage. Today
a SiC device rated at 1.2 kV (or above) can be an order of magnitude smaller than

its direct Si competitor (IGBT). This size advantage makes a significant difference
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wherever there is a need for a compact, light weight, high power density converter.
Furthermore, SiC is an appropriate material for robust power electronics in harsh en-
vironments. Electric and Hybrid Electric Vehicles (EV/HEV), Uninterruptible Power
Supplies (UPS), and Power Factor Correction controllers (PFC) are some of the in-
dustrial applications belonging to these categories that can benefit from SiC intro-
duction. Other appropriate market segments include High Voltage DC-DC (HVDC)
transmission, railway applications, string solar and fuel cell inverters, and gride-tied
power distribution systems. SiC devices have also made inroads in avionic applica-
tions since they show ten times less switching losses in comparison to Si devices for

given operating conditions [8].

1.5.2 GaN

The GaN appearance in power electronic is even more recent. Applications of gallium
nitride were mainly focused on opto-electronics and radio frequency uses because of
its direct bandgap and high frequency performance, respectively. The GaN HEMT is
an intrinsically normally-on device, which means that a negative gate bias is required
to switch the device off. Nevertheless, this is not acceptable to the power electron-
ics industry and several approaches have been developed for converting the GaN
HEMTs from the conventional normally-on mode to preferred normally-off behav-
ior. In 2009 Efficient Power Conversion Corporation (EPC) introduced the first en-
hancement GaN (eGaN) FET designed specifically as power MOSFET replacement.
Then other companies such as GaN Systems and Panasonic has developed normally-
off low-voltage GaN devices for high-efficient applications. Taking advantage of its
unique material properties, these companies offer gallium nitride transistors with an
on-resistance lower than attainable with silicon and exceptional carrier mobility, in
smaller package. Together with negligible charge storage and low output capacitance,
these features enable the design of high switching circuits with tremendous power
savings. Typical applications for these devices include switch mode power supplies
and small solar inverters (up to 5 kW), PC power adapters, lithium battery controllers
and smart-grid systems. Finally, as explored in [9], GaN devices could also be the
best solution to achieve the needs of Integrated Modular Motor Drives (IMMD) for
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low power industrial motors.



Chapter 2

Bidirectional converters based on
full-bridge topologies

2.1 Introduction

The task of a power converter is to supply electrical devices, by providing voltages
and currents in a form that is optimally suited for them. Traditionally, a power con-
verter regulates the flow of electric energy from the source to the user loads. However,
many modern power distribution systems (energy networks for hybrid vehicle, renew-
able resource applications, etc.) require a bidirectional energy transfer capability as a
key element of their operating functions. Preferably, this behavior should be achieved
using a single electronic module to reduce size, weight and cost of the system, while
still maintaining a high operating efficiency irrespective of the direction of energy

flow. Dual Active Bridge structure, where two DC-AC converters are coupled back-
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to-back through an AC inductor/transformer (Fig. 2.1), is the prominent proposed
topology for isolated high-power density applications, due to its soft-switching prop-

erties, low number of components, and well established control techniques.

o : : : 'e}
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Figure 2.1: Schematic of the single-phase Dual Active Bridge converter.

In a world of growing need for efficient energy conversion and distributed genera-
tion, future power systems need to be interfaced with alternative energy sources such
as fuel cells, photovoltaic, along with energy storage devices such as batteries and
super capacitors, in order to achieve higher overall performance. Nowadays, most of
the power electronics interfaces is realized by connecting individual DC-DC convert-
ers. In this framework, integrated power converters that are capable of combining and
controlling several energy sources concurrently are a topic that has recently attracted
increasing research interest. By utilizing only a single power module, a multiport
converter promises a cost-effective, flexible, and more efficient energy processing
compared to the conventional approach that exploits multiple converters. An emerg-
ing generation of power converters that has been proposed by researchers for the
integration of distributed generation and storage is the family of isolated multiport
DC-DC converters based on H-bridge cells, which has been derived from the DAB
topology (Fig. 2.2). A three-port bidirectional converter has been proposed in [10]

for a fuel cell and battery system to improve its transient response and also ensure
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constant power output from fuel cell source. A similar topology was found in [11]
for UPS application. A further extension with four ports, the so-called Quad Active
Bridge (QAB), has been presented in [12] and [13] for the development of Solid State
Transformers (SST).

TRIPLE ACTIVE BRIDGE (DAB) QUAD ACTIVE BRIDGE (DAB)

4=I
|
1

= +f
[ st el By e P e}
j et el Ry el el
sk
— —

Figure 2.2: Three and four port converter for multi-source systems. The full-bridge
modules are coupled by means of a multi-winding transformer, eventually with the

addition of external inductors.

Isolation between multi-source systems is a mandatory requirement of many
standards. In these multiport architectures, galvanic isolation is readily achieved by
means of the intermediate transformer, which can be quite small and efficient if a
high switching frequency is adopted. The full-bridge represents a favorable choice
for realizing the basic switch cell since it ensures four-quadrant operation, enables
soft-switching techniques, and has half the rms current compared to a half-bridge.

This chapter is devoted to investigate the working principle of DAB and TAB
DC-DC converters, that employ phase-shift modulation. After a brief overview of the
single-phase full-bridge operation modes, the equivalent circuits and the expressions
to calculate the rated power for any multi-active-bridge are derived. Thereafter, the

average and small signal model are developed for control purpose, referring to the
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modulation strategy. Some relevant considerations are also given to identify the zero-
voltage-switching region.

Since it is the most widespread solutions, the whole analysis is carried out as-
suming the phase-shift control strategy. In it basic form, each full-bridge operates
at fixed switching frequency and 50% duty-cycle (neglecting the small dead time)
to provide nearly square wave voltage across transformer terminals. The angle delay
between these AC voltages determines the direction and the amount of power transfer

between the input ports.

2.2 Full-Bridge converter

The full-bridge (or H-Bridge) inverter is a well-known power circuit that has been
studied comprehensively in literature. Four main switches (including freewheeling

diodes) are electrically connected as shown in Fig. 2.3.
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Figure 2.3: Single-phase full-bridge: electric circuit, driving signals and output wave-

forms in case of a generic inductive load.

According to their states combination (where '1' and '0' levels correspond to on

and off conditions respectively), three output voltage levels can be synthesized:

+Vy when (S14=1;53=0)
Vo=140  when(Sj2=1;84=0)or(S;2=0:84=1) @.1)
—V; when (S14=0;83=1)



2.2. Full-Bridge converter 15

When all switches are turned off, the current flows through the freewheeling
diodes and the voltage level (£V) depends on the current direction. A negative out-
put current means that energy is sent back to the generator. Two switching patterns
exist for zero-voltage state. Nevertheless, assuming phase-shift control strategy, the
diagonal switching pairs (i.e S;-S4 and S>-S3) in each converter are turned on si-
multaneously. Devices on the same leg are switched complimentary, with a needed
blanking time to complete the turn-off process.

Device losses and soft-switching commutations

Broadly, three losses mechanisms affect switching converters: conduction losses,
switching losses and gate driver losses. Modern applications exhibit a growing need
for high efficiency combined with high power density. This combination definitely
represents one of the most challenging issues for power converter design. The sim-
plest way to reduce the size (especially magnetic components), indeed, is to in-
crease the working frequency, but this involves an increment of switching losses,
and so worse efficiency. One strategy to improve this trade-off relation is to use soft-
switching topologies, that minimize the losses during the devices transitions. In brief,
when a MOSFET commutates, there are losses due to voltage and current overlaps
(Fig. 2.4), and the charge or discharge of stored energy in its C,q, capacitor'. Soft-
switching techniques encompass Zero-Voltage-Switching (ZVS) and Zero-Current-
Switching (ZCS) methodologies, that can be applied to ensure non-dissipative turn-
on (ZVS)and turn-off (ZCS).

o l ip Vps turn-on turn-off

SWITCHING
i— CDSS

LOSSES
JL 1M iv

Figure 2.4: Switching losses of a power MOSFET.

U Cpss = Cy + Cgq - Cgs only affects the time taken to charge the input capacitance of the device
before drain current conduction can start
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Both foresee the use of controlled resonance phenomena and are a powerful solu-
tion for improving efficiency, reducing the electro-thermal stress and the electromag-
netic radiations. In particular, ZVS technique consists of discharging the parasitic
capacitor prior to turning on the MOSFET. The body diode goes into conduction dur-
ing this transition, but it is not subjected to hard commutation. However, its reverse
recovery must be considered: if the diode has not regained its voltage blocking capa-
bility, the bridge may incur in a shoot-through condition, that in turn might lead to

failure. This problem increases dramatically with the voltage rating of the device.

2.3 Dual Active Bridge (DAB)

The dual active bridge architecture for dc-dc conversion has been popular among
researchers over the past two decades since it was firstly introduced in [14] due to
its high performance, high efficiency, galvanic isolation, and inherent soft-switching
property. In recent years, the use of DAB converter is being investigated in renewable
energy systems, transportation and hybrid vehicles. The topology has been exten-
sively analyzed and several research papers have been published on its performance
accompanied by a comprehensive analysis. In this section, the circuit principle of op-
eration is discussed and mathematical models are derived for an accurate design of

the control system.

2.3.1 Circuit description and working principle

As shown by the schematic in 2.1, the DAB converter contains two voltage sourced
full-bridges connected through the transformer leakage inductance (and eventually
an additional series inductor), that acts as the main current transfer element. The cou-
pling transformer also provides the match between the input and output sides volt-
ages, by means of winding turns ratio n. Along with small number of components,
this topology includes the following favorable characteristic: low device stresses,
buck-boost working modes, small filter requirements and parallel operation possible
as result of phase-shift dependent current source behavior. The converter switching

cycle can be split in four main intervals (not accounting for transitions). In every state,
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two MOSFETsS of each bridge conduct, while during the transitions between them,
certain capacitors and diodes are also involved in the path of the flowing current. In
order to illustrate the logic behind the basic operation, diagrams and representative

waveforms are plotted in Fig. 2.5.
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Figure 2.5: DAB converter equivalent circuits and steady-state waveforms under
phase-shift control (for forward power flow). The remaining states when the output

side bridge is the leading module (reverse power flow), follow the same trend.
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According to Fig. 2.5, the switching sequence starts by assuming that the voltage
across the inductor is positive and its current is flowing in the negative direction, i.e.
through the body diodes D1, D4, Dp and D¢ (I). At certain instant, the parent MOS-
FETs are actively turned on and the current eventually reverses to positive direction
(II). In the third phase, Qg and Q¢ are turned off and the current starts flowing through
Dy and Dp until power devices are activated and the current is softly commutated to
their channels (III). In the next phase, Q; and Q4 are turned off and the derivative of
the current becomes negative (IV). The sequence repeats similarly in the second half-
cycle. During the last steps, the power MOSFETSs (5, O3, Q4 and Qp) are turned on
while the voltage across the switches is almost zero and conduct until the modulation
changes the AC voltage again. In this description, the charge and discharge process of
the parasitic capacitor is not taken into considerations, hence the electrical diagrams
are incomplete. Fig. 2.6 outlines the primary equivalent circuits during the omitted
transient states.

Switch Interval IIT ZVS transient Switch Interval IV

Sl [t [Hh o
" . - T o B
o [T o e o [T EE

hErnier | Chimpidr | ChERoi

Figure 2.6: Zero Voltage Switching transient.

A proper dead-time is inserted between the commutation of each leg switch pair
to enable resonant-transition of the converter. The ZVS commutations involve three
steps. After the turn-off of the switch which is previously in conduction, a resonance
naturally takes place among the device parasitic capacitance and the coupling induc-
tance. The current flowing through the intrinsic capacitor discharges it and finally
forces the body-diode to be forward-biased. Once its anti-parallel diode is put into
conduction, the MOSFET is turned on with (almost) zero voltage across it, and the

load current flows through the channel. In this process, the body-diode conduction
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time should be minimized in order to reduce additional losses. A description of the

design strategy to ensure ZVS operation is given in section 2.3.4.

2.3.2 Fundamental model

The steady-state analysis of the DAB is based on the equivalent lossless model out-
lined in Fig. 2.7 and the related operating waveforms depicted in Fig. 2.8 (a detailed
DAB model, including losses, is beyond our goals and can be find in [15]).

L, X; R, R X5

L
v | T * v, Vi _l' V2
£y G
V2 :Vyn
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Figure 2.7: DAB equivalent circuit and ideal model. For the simplest representation

all the losses are neglected, the transformer magnetizing inductance and coupling

capacitances are ignored, and all the quantities are referred to the primary side.

The current generated by the equivalent voltage across the inductor is a function

of ¥ = wyt, where @y is the switching angular frequency, as:

i(9) = i(0)+ 1 /19 w(B)dr = i(0) + 1 /ﬁ (®)—m(d))dd  (22)

where vy, v, are input and primary referred output voltages. Thus, assuming constant
supply voltages, the inductor current in the two modes of operation (i.e. when the two

voltage waves have same or opposite polarity) can be expressed as:

VitV 9400 hen0< 9 <8
p)= ot UHO - when0svs 23
%.(ﬁ-ﬁ)—l—i(ﬁ) whend < <7

The voltages and inductor current repeat every half period with reversed signs.
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Figure 2.8: Idealized operating waveforms of the single-phase dual active bridge (for
Vi > V,, 8 > 0). The DC components of the square voltages is zero, in order to avoid

the saturation of the high frequency transformer (or the external series inductor).

At the end of the half cycle i(0) = —i(x). Taking this condition into account yields:

_2V1~3+(V2—V1)~7L'

2.4
20L 24

i(8)

_2V2-5—|—(V1—V2)'71'

2.
20,L 2.5)

i(m)

Due to symmetry conditions, the average power over one switching period, can
be calculated considering only the first half cycle. On the assumption of positive
phase-shift (0 < 6 < x), the key expression can be derived as follows:

P:Vl-i():‘;;(/Oai(ﬁ)dﬁnL/:i(ﬁ)dﬁ):‘g:/Z-s(i;n) (2.6)

Since the converter has a unified operation principle, the direction of power flow

can be changed seamlessly and a similar conclusion is obtained for negative values
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(—m < 6 <0). By extending these outcomes to the full phase-shift range, the general
equation of the transferred power results:

_Vi'VO _@ _Vi'Vo. o
P—Mﬁ(l n)—mma 91) @)

where ¢ = 8 /n is the normalized phase-shift. A positive value denotes a power trans-
fer from primary to secondary sides (forward mode), while a negative one refers to
a power transfer from the secondary to the primary port (reverse mode). Regardless
of the direction, power always flows from the bridge generating the leading square
wave to the other one and four controllable parameters are available to adjust the
power level: the phase-shift §, the switching frequency f;, and the duty-cycles of
the square voltages. In the single phase-shift (SPS) modulation, the amount (and the
direction) of power transferred is controlled only by the delay angle between the in-
put and output H-bridges. Fig. 2.9 shows the power transfer characteristic for SPS
modulation with respect to Eq. 2.7.
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Figure 2.9: Family of output power (normalized to B, = V?/(®,L)) versus phase-
shift, with d =V,,/ (nV;) as a parameter (on the left). Delivered power (case study:
L =65 uH, f; =100 kHz, V, =28 V, n = 19/2) as a function of phase-shift for a
variable input voltage (on the right).

The total inductance (@L) defines the energy deliverable through the circuit: the

maximum available power can be achieved for a phase-shift angle equal to +m/2,
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minimum power for ¢ = 0. However, it is important to note that minimum power (or
zero output power) does not imply zero current. The current is still circulating through
the devices causing losses. Consequently, zero active power does not correspond to
zero reactive power. If the duty ratio is kept constant, it is not possible to achieve
zero reactive power if the output power is zero. Furthermore, at constant switching
frequency, a lower RMS value of the transformer current could be only achieved with
a proper selection of n and L, since it is not possible to modify the shape of the
transformer current. These disadvantages of phase-shift control strategy gave reason

to investigate alternative modulation methods [16].

2.3.3 State Space Average (SSA) model

Modeling and simulation of electrical systems are crucial steps that enable design of
power converters and verification of numerous aspects related to their performance.
With an accurate small-signal model, the controller synthesis is quite direct, and sta-
bility problems can be easily foreseen with pole plots. In particular, the state space
averaging has been demonstrated to be an effective method for analysis and con-
trol design in pulse-width-modulated switching power converters. In this section, dy-
namic phasor approach and first harmonic approximation are exploited to obtain the
functional representation of dual active bridge.

Dynamic phasor

The dynamic phasor modeling technique (also referred to as the general averaging
model [17]) is essentially a frequency-domain analysis method based on the Fourier

series expansion of a generic waveform x(z), that is given by:

x(1) =Y Xi(t)e! ™ (2.8)
k

where @, = 2mt/T, T is the window length (usually the fundamental period), and

Xy (t) are the complex Fourier coefficients (or dynamic phasors):

X, () = % /:Tx(f)e_jkw“fdr = (0),(1) (2.9)
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In contrast to the traditional Fourier representation, these coefficients are time-
varying as the integration interval slides with time. For electric power systems, this
approach provides a middle ground between sinusoidal quasi-steady-state analysis
and time-domain representation. Two key factors in developing dynamic phasor equiv-
alent models starting from their time-domain equations, are the derivative and the

convolution properties (Eq. 2.10) of the k-th Fourier coefficient:

(xy) = Z<x>k—1<y>i

i

(2.10)

By employing these definitions, the dynamic phasor models of main electrical
components can be achieved conveniently. For instance, the transformation of the
time-domain voltage dynamic equations of a resistor and an inductor can be calcu-

lated as follows:

v(t) =Rit) — () = (Ri), = R(i),
2.11)

v(r) = L9 () = (L), =LYk + joL(i),

Small-signal model

As explained in the previous section, the dual active bridge power circuit can be
conceptually viewed as an inductor driven at either end by a controlled square wave
voltage source. The power transfer mechanism is dominated by interaction between
the fundamental components of voltages and currents at the switching frequency.
Hence, under the assumption that all the higher harmonics have a negligible impact
on the converter operation, the square wave voltage sources can be replaced by their
fundamental components (Fig. 2.10) and a single frequency (f;) phasor analysis can
be carried out. Since all circuit quantities are sinusoidal the real (P) and reactive (Q)

power of the AC equivalent system are given by:

. 2
_ V1V2 -sin(5) Q _ (V1V2) COS(5) V2
gL ;L

2.12)
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As pointed out in [18], these equations reveal that the real power transfer is pri-
marily determined by the phasor angle between the two source voltages, while the

reactive power is determined by their magnitude difference.
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Figure 2.10: First Harmonic Approximation (FHA) model of DAB converter.
In order to derive desired transfer functions, the dynamic phasor has been consid-
ered to transform the system into the complex domain. According to the equivalent

circuit in Fig. 2.10, the dynamic behavior of the DAB converter is expressed by Eq.

2.13 and its phasorial transformation can be derived as Eq. 2.14.

di(t)

vi(t) —va(t) = Ri(r) L= (2.13)
d;? = % [(v1) = (v2) — (R+ jaL) (i)] (2.14)

Based on the procedure detailed in Appendix A, splitting real and imaginary com-
ponents of the quantities involved, a non-linear system can be achieved with a DC
operating point where linearization can take place. An additional differential equa-
tion imposing the power balance on the output capacitor, allows to include also the
secondary side voltage (v, = nv;) as a state of this model. Finally, the resulting state
space representation can be linearized around the steady-state operating point for the

phase-shift &, output voltage V,, and for the real and imaginary components of the
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inductor current phasor (1., Ip). The linearized state space model is given by:

r R 2V2
N -7 O} +rzsindy
le c
Al R 22 ~
i | = — @ —1 %00550 iy | +
Vo 22 22 P, Vo
L nC,,n:SlnéO - nC,,ﬂ:COSéO T Cov?
F
) s (2.15)
Lz Vocos&y 0 A
0
22y o
— 2= Vosindy 0 [iA
o
122 . 1
- (cosdolo — sindplyp) o
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The 3x2 matrix M of all the linearized transfer functions linking the two inputs

(8, i,) to the three state variables (i, i, v,) can be extracted using:

M(s)=(sI-F)"'-G (2.16)

With reference to an application where the primary objective of the DAB con-
verter is to generate a stable DC output voltage, the most relevant statement is the
transfer function linking the control variable (phase-shift, §) to the output voltage
(and eventually to the inductor current) of the converter.

M@y = ‘;((;)) = Gpas(s) (2.17)

The analytical model has been validated by means of time-based simulation of
the circuit using Matlab toolboxes. The routine for the measurement of the small sig-
nal model from the full Simulink-PLECS scheme of the converter starts defining a
set of frequencies where the transfer function has to be tested. For the various oper-
ating conditions to be investigated, the proper phase delay between the two bridges
is determined by Eq. 2.7 and circuit simulations are performed. At the end of each
simulation, a FFT (Fast Fourier Transform) is used to get magnitude and phase of

the signals and derive the transfer function from phase-shift to output voltage. The
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simulated frequency response and the theoretical expectation from the state space
model are plotted in Fig. 2.11. The Bode diagrams exhibit a good agreement up to
one decade down from the nominal switching frequency (100 kHz in this case study).

Only at this point some divergences in magnitude and phase emerge.
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Figure 2.11: Bode diagrams comparing the analytical transfer function with the sim-

ulated values.

2.3.4 Design for ZVS

One of the major advantages of the DAB is soft-switching commutation of all the
devices at nominal conditions, that improves efficiency, reduces switching-related
EMLI, and eliminates the need for snubbers. This behavior relies on the ZVS principle.
Thereby it must be ensured that turn-on of a switch only takes place when its anti-
parallel diode is conducting. If this condition is fulfilled, the drain to source voltage
of the switch is quasi zero at turn-on, almost completely eliminating the switching
losses. The values of the inductor current whenever the driving square wave voltages

change their polarity are especially relevant. In particular, considering the first half-
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period, i(0) and i(7) must be greater than zero, in order to ensure that the current

flow through the parasitic body diode of the transistor that must be turned on:

i(6)>0 and i(m)>0 (2.18)

Solving for & the equations 2.4 and 2.5 yields the phase-shift for the necessary
conditions to achieve ZVS in the leading and lagging full-bridges, respectively:

DN lv ﬂ whered:v2 (2.19)
1— V2 1
> = =~ (1—

These boundary constraints and the soft-switching region are represented in the

normalized power plane (Fig. 2.12).
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Figure 2.12: Family of normalized output power versus phase-shift characteristics,

highlighting the soft-switching limits.

Full control range in the soft-switching mode is achievable only when the con-
verter voltage ratio is equal to one (d = 1). When d # 1, the soft-switching region
is limited to a smaller area near the maximum output current. Since the slope of the

current depends on d, when the voltage ratio changes, the time needed by the current
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to reach zero change as well. Furthermore, the available time to invert the current is
proportional to 8, hence for low phase-shift, this period is also reduced. As a con-
sequence, the soft-switching could not be obtained for the entire power range. In
particular, for high phase-shift values (which imply high current and hence higher
power) ZVS is achieved even for values of d quite different from 1, while for low 9,
this is only achieved when d is really close to the unit.

The aforementioned constraints must be satisfied to achieve ZVS, although the
limits expressed by Eq. 2.19 do not ensure soft-switching, even in case of d = 1. The
sufficient conditions to obtain ZVS include the influence of the parasitic capacitances
of the transistors. Normally, the device output capacitance is of low value, however
if the energy stored in the junction capacitors cannot be ignored, a minimal current
in the series inductance is required to complete the ZVS commutation [19]. In the
absence of a snubber capacitor across the device, during turn-off, resonance would
naturally occur between the intrinsic capacitance (C,s;) and the coupling inductance
(L). Thus, the sufficient condition to achieve ZVS is that the energy stored in the
resonant inductance must be greater than the energy required to charge and discharge
the MOSFET output capacitances of the leg in transition within the blanking time.
This condition is represented via the following equation:

1

1
E >Ec,, — <LI;>4- <2

5 Cmvf) (2.20)

where I, is the current through the coupling inductor when the leading and lagging
full-bridges are switched (i(8) and i(7), respectively), and V; is the input or out-
put voltage, depending on the evaluated condition. The sufficient boundaries can be

estimated by solving the expression of the minimum required currents as follows:

L
i(8)>2Vs- ~ 85> F(1—d)+20,d\/ICyp,
Coss,, 2
2.21)
L 1d—1 20
(1) > 2V, - - &> — 2 /LCpys,
l(ﬂ') = 1 Cossi =524 + d 0SS;

where C,, and C,;, are the output capacitance of the power devices utilized in the

primary and the secondary full-bridges, respectively.
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The impact of the intrinsic capacitance of the power devices on the ZVS limits can
be easily appreciated in Fig. 2.13: when the power handled by the DAB is reduced,
soft-switching property can be lost. The ZVS commutations can be kept down to a
minimum value of the delivered output power, after which the current in the inductor

becomes too small to yield a full charge/discharge of the resonating capacitors.
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Figure 2.13: Necessary conditions to achieve ZVS operation, taking into account the

effect of charging/discharging parasitic capacitances during device commutations.

As previously described, maintaining ZVS over a wide power range is an inter-
esting design goal, especially for HV applications, in which hard-switching operation
is usually avoided. For that reason, control strategies for DAB DC-DC converters has
been proposed, aiming at complete ZVS over the whole operating range. [20] pro-
poses Dual-Phase-Shift (DPS) modulation to maintain soft-switching from nominal
power down to light load. In [21] a pulse-width-modulation is added in one of the
converter bridges, to introduce a new degree of freedom that allows controlling the
current waveform and extend the soft-switching operating mode region. In [22] the
AC-link reactance variation, by means of variable switching frequency and/or adapt-
able inductance is used to extend the ZVS region to cover almost the whole operating
area. Finally, it should be noted that ZVS eliminates only turn on losses; switching

losses during turn-off, due to overlap and capacitance charging, will still be incurred.
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2.4 Triple Active Bridge (TAB)

The three-port extension of DAB configuration is depicted in 2.2. This topology is
particularly relevant to multiple voltage electrical systems in hybrid electric vehi-
cles and renewable energy generation plants [23]. Three active bridges are connected
through a three-winding transformer and a network of inductors. The transformer
provides electrical isolation between buses, its leakage inductances are employed to
transfer energy between the sources, and different voltages can be matched by the
suitable turns ratios. The implementation with full-bridge cells enables bidirectional
power flow capability for each port of converter. In the simplest control strategy, ev-
ery H-bridge generates a PWM voltage (at the same frequency) and the power flow
among the three ports is regulated by the reciprocal phase-shift between them (usu-
ally with the primary side set as reference).

Conceptually, the power circuit can be viewed as a grid of inductors driven by
controlled square wave voltage sources, as shown in Fig. 2.14, where L », L3, and
L3 represent the primary referred transformer leakage and optional external induc-
tor, and v, v3 are the equivalent voltages referred to the primary side. The relative
displacements (8) of these voltages enforce the power flow among the sources and
shape the inductor currents, as shown by the idealized main waveforms illustrated in
Fig. 2.15.

Figure 2.14: A-equivalent model of phase-shifted TAB converter.
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According to this schematic representation, the amounts of power and the cur-
rents flowing into the circuit can be written as a linear combination of three two-port
models [10]:

Pi=Pr—Py ; i1=1ipn—1I3
Po=P3—Pyp ; ir=ip—ip (2.22)
Ps=Py—P3 ; i3=1i31—i3

where the key equations can be derived using the formulas developed for the DAB

converter.

P a)Laﬁ
2.23
L 1 igp(0)  when 0 < @r < 8yp (223)
ap
laﬁ((l)t) =93 vV

BB +iaﬁ(6a,3) when 605[3 <wt<Tm

The direction of the power flow is determined by the sign of the phase-shift angle
(where a positive value indicates that the corresponding port acts as a source, and
a negative one marks that the power is sunk by the associated port). The converter
has the favorable capability of directly supplying power from an input to an output
(without charging/discharging the third element), by using a proper selection of the
phase-shifts.

The commutation mechanism is similar to the dual active bridge bidirectional
converter. Extending the analysis carried out in the previous section, the necessary

ZVS conditions imply:

i1(0) , i2(612) , i3(023) <0

(2.24)
il(m) , i2(012+7) , i3(63+7m) >0

The soft-switching condition becomes more complicated due to the interactions
between the multiple input stages, however, in the three-port TAB converter, ZVS

conditions can always be achieved to reduce switching losses. An effective method
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is proposed by [24] and [25] to obtain this behavior. The so-called “duty-cycle con-
trol”’consists in continuously adjusting the duty-cycle on the storage side H-bridge
according to the voltage level, in order to extend the ZVS region over the entire

working range.

2.5 Conclusion

In this chapter the operation principle of multiport full-bridge converter using phase-
shift modulation has been investigated. The steady-state analysis of the dual active
bridge has been performed adopting the fundamental model, and the representative
mathematical expressions have been derived on symmetry assumption. In particular,
the equation to calculate power transfer as function of the controllable phase-shift
has been studied. The converter dynamics have been presented by using a state-space
averaging technique based on first harmonic approximation. The results were used to
develop a control-oriented small signal model and Bode plot of the relevant transfer
function is given. These theoretical and analytical considerations have been verified
by digital simulation based on circuit schematic. The proposed model was proven
to be reasonably accurate for performance characterization and design of the control
loops. Additionally, the principle of zero-voltage-switching was discussed and ZVS
operation limits have been derived, taking into account the presence of devices par-
asitic capacitance. Finally, a brief overview of the three-port active bridge converter

was given.






Chapter 3

SiC-based converter for avionic
application

3.1 Introduction

The market demand for more energy efficient aircraft has grown tremendously during
the last few decades and is driven by many stakeholders including airline operators,
legislators, and public opinion. In many aspects the motivations for this research are
similar to those for vehicles and include goals to reduce emissions and decrease fuel

consumption [26].

3.1.1 Power distribution on a conventional aircraft

On a traditional aircraft, all the power needed is extracted from the jet engines that

exploit the energy stored in fuel. Most of this power is expended as propulsive thrust
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to keep the airplane flying. The remaining is transmitted to the primary and secondary
subsystems on board, such as flight surface actuators, de-icing loads, avionic controls,
passenger entertainment, cabin air conditioning, and engine start [27].

In a conventional architecture, the power required for those subsystems is typi-

cally derived from a combination of:

* Mechanical power, which is transferred by means of gearboxes from the en-

gines to the central hydraulic pumps, fuel pumps, and electrical generators.

* Hydraulic power, generated from the main pump that feed the actuation sys-
tems for flight control actuators, aircraft braking, landing gear, door closure

and numerous ancillary systems.

* Pneumatic power, obtained by bleeding the compressor to drive turbine motors
for the engines’ starter subsystem, and Wing Ice Protection System (WIPS)
and Environmental Control Systems (ECS).

* Electrical power, employed for cabin and aircraft lighting, galleys, and other

commercial loads (such as passenger comfort or entertainment systems).

All energy types have different drawbacks, including the sacrifice of total en-
gine efficiency in the process of harvesting a particular form, as with hydraulic and
pneumatic systems [26]. Moreover, in modern aircraft each system has become more
complex, and interactions between different pieces of equipment reduce the perfor-
mance of the whole apparatus. Therefore, even if firmly established and well under-
stood, these traditional technologies do not realize the most convenient structure to
generate, distribute, and consume energy in an effective and efficient manner.

In order to address this issue and driven by the demand to decrease operating and
maintenance costs, the aerospace industry is pushing towards all electrical aircraft,
which means that all power take-offs from the engine are electric in nature [28].
The first steps in that direction involve the replacement of mechanical and hydraulic
components by their electrical counterparts, and the use of electric power for driving

all non-thrust subsystems.
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3.1.2 More Electrical Aircraft (MEA)

The concept of More Electrical Aircraft (MEA) provides for the utilization of elec-
tric power for all non-propulsive equipment that are usually driven by a combination
of different secondary power sources such as hydraulic, pneumatic, mechanical and
electrical [29]. Although electrical actuation needs electric motors, power converters
and controllers, it has many potential advantages in terms of fuel burn saving, in-
creased reliability, reduced maintenance cost and emissions. A detailed description
of these expected benefits can be found in [30].

Specifically, removal of hydraulic systems, which are costly, labor-intensive, and
susceptible to leakage and contamination problems, improves the aircraft reliability
and reduces complexity, weight, installation and running cost. The same applies to
the replacement of the engine-bleed system by electric motor-driven pumps. Another
key enabler is the electrification of the ECS, as it is the biggest steady state power
consumer during aircraft cruise. Finally, additional advantages that the move to MEA
brings are the modular nature of the system and the flexibility to generate and dis-
tribute power near to where it is being consumed.

A basic schematic comparison between traditional aircraft and a MEA power dis-
tribution architecture is shown in Fig. 3.1. The salient differences are the transition to
electromechanical, electro-hydrostatic or pure electrical actuators, and the increasing
level of electrical power extracted via the engine-mounted generators (different ways
are discussed in [31]). Conceptually, electrical power for a MEA would be produced
by a starter/generator directly driven by the main engine. Once power has been trans-
ferred out of the engine and distributed into the electrical network then it is available
to supply the aircraft services.

The variety of load types on board requires power supply voltages that are dif-
ferent from those provided by the main generators. As the trend continues to replace
the non-propulsive systems, that aspect is going to be even more demanding. Thus,
power electronics has become a key element essential for any future platform, since it
should provide the matches between loads and generator, and allow loads to be con-
trolled. From the previous statements, it is clear that advances in power conversion

are essential to achieve the MEA goals and potential. The all electrical aircraft is not a
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Figure 3.1: Schematic comparison between conventional aircraft and MEA power

distribution network.

novel concept indeed, but the lack of electric power generation capabilities has made
this idea prohibitive until recently. Over the last few decades, power electronics has
made tremendous breakthroughs creating a viable path to efficiently drive the ma-
jority of aircraft subsystems by means of high power-density electrical components.
Nowadays the potential exists to make the MEA approach completely feasible for the

next generation aircrafts.

As mentioned above, increasing use of electric power to drive aircraft subsystems
is the opportunity to significantly improve the aircraft power system performance,
reliability, and maintainability. While offering great opportunities, more electric ap-
proach also poses significant technical and business challenges to the industry, both
in the amount of the required power and the processing and management of this en-
ergy. Some of these challenges to met and key technologies to be acquired, before a
much more electric aircraft becomes commonplace are highlighted in [30]. Also the
overall system integration must not be underestimated. Different options for power

generation topology are investigated in [32].
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In conclusion, the design of power distribution network implies a complex effort
and the development of new electric architecture concepts is mandatory in order to

meet tomorrow’s aircraft power requirements.

3.1.3 The REGENESYS project

Given that the aerospace industry is highly regulated, before any concept turns into
a product for a commercially operated aircraft, significant validation and verification
effort has to be directed into demonstration and test activities. In order to boost this
process, the European Union is founding ambitious research programmes through the
Clean Sky JTI (Joint Technology Initiative) to significantly improve the air transport.

The Regenerative Multi-Source Power Conversion System (REGENESYS) forms
part of the overall Cleansky Green Rotorcraft ITD (Integrated Technology Demon-
strator). The main purpose of this project is to develop a flexible power conversion
system embedding multiple energy sources, as well as energy recovery and storage
capability, which could be implemented onto a suitable rotorcraft platform and would
contribute to an overall efficiency gain in the operation of Electric Power Generation
Distribution System (EPGDS). That could cut the carbon footprint of the aircraft
leading to reduced mass, maintenance, emissions and noise pollution. The power dis-
tribution network has been primarily designed to be installed on a helicopter, but it
can be further developed toward a future aircraft power architecture.

Generally, electrical power generation on an aircraft is based on the use of 115V
400Hz AC and 28V DC power systems, with the AC power being utilized for high
power loads, such as blade de-icing and DC being used for flight deck avionics and
lighting loads. The REGENESYS technology demonstrator (Fig.3.2) is developed for
the use with this typical high voltage bus and includes:

* Bidirectional power converters, which interface the nominal 270V DC power
bus to the loads with additional regenerative capability and energy storage

functions.

» Storage element(s), based upon commercially available lithium-titanate batter-

ies, that allow safe high current charge and discharge, and can directly support
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the requirements of the regenerative energy profile from a rotocraft rotor.
* A variety of avionic loads and regenerative sources.

* A sophisticated Converter Controller Unit (CCU), and its associated software,
which implements the digital loop closure for power elements and may intel-
ligently manage the overall system providing a stable, flexible power distribu-
tion. In addition, the system also includes a Micro-Controller Module (MCM)
to interfaces the converters to the communication data bus.

MOTOR 1 MOTOR 2
STARTER | 3/ 3, STARTER |
GENERATOR 7 7 GENERATOR

High Voltage Bus, 270 Vpc High Voltage Bus, 270 Vpc

T

T

g g

REGENERATIVE SFI'NOEFRAGGVE FIXED LOAD & FIXED LOAD & Sgl'r\‘OERRAGCYE REGENERATIVE
LOAD DEVICE ACTUATORS ACTUATORS DEVICE LOAD

Figure 3.2: Basic schematic of the proposed EPGDS.

A critical component of this architecture is the high-efficiency DC-DC power
converter. The proposed distribution network employs two different types of Bi-
Directional Converters (BDCs). One (Regenative Bi-Directional Converter, BDCR)
is designed to handle the fast regenerative energy from the rotor brake following a
landing. It works between 270 V and the storage sub-system voltages (185 V). The
second one (BDC) distributes power supply to low voltage (28 V) loads, that could
be regenerative sources or otherwise. Both can be adapted to meet changing aircraft
requirements, such as future 540V DC bus.

The development of the power converters for this application brings various chal-
lenges, such as high power density or high temperature capability that must deal with
volume and weight constraints. the following sections explain the design details of

the BDC unit, including some considerations about the thermal management.
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3.2 Bidirectional DC-DC converter

3.2.1 BDC requirements

The system is aimed at the power distribution of a small helicopter. The converter
specifications are derived taking also into account further enhancements, so that such
a system can be applied to a generic future aircraft (whether aircraft or rotorcraft).
As anticipated, the REGENESYS power network requires an optimized DC-DC con-
verter working between 270V DC and 28V DC bus. It should achieve 1.2 kW max-
imum power and operate with efficiency greater than 90% within all the operation
range. Since it is intended to connect either avionic loads and regenerative sources,
the converter must be also able to manage bidirectional power flow.

High switching frequency (50-100 kHz) is required. Typically, by increasing the
frequency, the size of the magnetic components and the capacitive filters can be re-
duced. This is expected to have a lot of influence on the overall converter size, help-
ing to match the target volume and weight, that are 1 liter and 1.5 kg, respectively.
Higher-frequency operation also endows the switching regulator with greater band-
width, boosting the converter transient response.

As motivated in the previous section, for this application a distributed structure
of power supplies is preferred in order to ensure modularity and robustness. The ease
of paralleling is another desirable feature to improve the flexibility of the system, so
that these converters may potentially work together to deliver the requisite power of
some specific loads with higher power demand.

Finally, the system shall be capable of uninterrupted operation over the tempera-

ture range -55°Cto +80°C, with no need of any separate forced cooling.

3.2.2 Topology comparison

Theoretically, many different topologies are able to satisfy the above discussed spec-
ifications. The range of investigation is further restricted by including other attractive
characteristics beyond the mandatory requirements, such as: fixed frequency opera-

tion (for predictable EMI performance and easier control), resonant-transition soft-
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switching capability (for losses reduction and circuit simplicity), and low-order dy-
namics (for ease of implementation).
For a comparative study among relevant DC/DC converters, the following iso-

lated high step down architectures have been considered (Fig. 3.3):
» Two-Stage Isolated (TSI) converter [33];
* Cyclo-Converter Based (CCB) converter [34];

* Dual Active Bridge converter, in two implementation options: Full-Bridge (FB)
at both sides and Center-Tapped (CT) secondary winding.

TWO STAGE ISOLATED (TSl) FULL BRIDGE - DUAL ACTIVE BRIDGE (FB-DAB)

Qﬁ R Mk

CYCLO CONVERTER BASED (CCB) CENTER TAPPED - DUAL ACTIVE BRIDGE (CT-DAB)
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Figure 3.3: Preselected DC-DC power converter topologies for comparative study.

A detailed investigation has been carried out in [35], based on extensive circuit
simulations that employ realistic physics-based compact models of the semiconduc-
tor devices. The benchmark criteria are semiconductors losses, size (volume of capac-
itors and magnetic components), and filtering requirements. Some results are briefly

reported in Fig. 3.4, and Table 3.1 summarizes the selection outcomes.
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None of the candidates is superior to all others in every respect. TSI requires the
lowest number of power switches, DAB is expected to have the highest efficiency,
CCB the smallest input filter size, and each achievement likely comes with trade-
offs in the design. However, in view of the overall scenario, FB-DAB is shaping out
to be the best performing solution for the specific application amongst all the ones
assessed. It features high power density, high efficiency, bidirectional power flow ca-
pability, inherent soft switching, galvanic isolation and low number of passive com-
ponents. Moreover, from a control perspective, the DAB acts as a controlled current

generator enabling ease of paralleling units for higher power demands. fontssymbols
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Figure 3.4: Comparison among the various power converter structures analyzed: es-
timated volume, simulated semiconductor losses (considering transformer leakage

inductances) and input current harmonics content, at nominal power.
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Table 3.1: Summary of the comparison across the suitable topologies (Fig. 3.3).

Topology
Feature TSI CCB FB-DAB CT-DAB
Number of power devices 6 8 8 6
Volume of passive components XX X vV v
Semiconductor losses (forward) v v vV X
Semiconductor losses (backward) v X v X
Input filter requirements X vV X X
Control X X vV vV

3.2.3 Components selection

The magnetics are core components of the converter: the transformer, provides gal-
vanic isolation and voltage matching; the series inductor determines the maximum
achievable power and the current waveforms flowing through the circuit. In princi-
ple, it could be embedded as leakage inductance of the transformer in the forms of
integrated magnetics to enhance a compact design. However, since its value directly
affects the converter control and dynamic characteristics, the two elements are kept
separate at this development stage. That also enables an optimization of the trans-
former efficiency and thermal management. Hence, as the transformer provides a
leakage inductance of 7 uH, additional 48 pH inductor is required to achieve the de-
sired total value of 55 pH. In view of the turns ratio (19:2), a planar implementation is
employed to deliver a solution with contained overall volume and weight. In order to
further optimize the thermal behavior and the converter shape, the magnetic devices
are enclosed in a dedicated heat sink. Fig. 3.5 shows a photograph of the transformer
designed for two different working frequencies (50 and 100 kHz). As expected, by
increasing the converter switching frequency the size of the magnetic components is

reduced. The same applies to the capacitive filters. However, this potential benefit in
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terms of mass and size is achieved at the expense of increased switching losses and
the associated cooling requirements, unless proper expedients are adopted (such as
soft-switching technique or better switching performance). Silicon carbide technol-

ogy is a promising candidate to replace the silicon counterpart in this aspect.

fs =100 kHZ fs =50 kHZ

L=75mm
115 mm

L=

W =66 mm

Figure 3.5: 1.2kW planar transformer with incorporated heat-sink.

Indeed, recent advancements in power device technology, in particular the avail-
ability of wide-band-gap (SiC) power MOSFETs, make possible to overcome this
issue. Due to the inherently lower conduction and switching losses, higher switching
power converters featuring SiC active rectifiers are feasible with significantly better
efficiency. Additionally, the high temperature capability of the SiC is another ad-
vantage. As SiC MOSFETs can operate at high temperature without degradation of
performance, heat sink size can be reduced. A side by side comparison between Si
and SiC suitable power devices is summary reported in Table 3.2

The benchmark of several semiconductor devices shows that the best efficiency
for the present application can be achieved by means of SiC MOSFETs (Rohm) at
primary side and Opti-MOS3 (Infineon) at secondary side !. Thus, SCT2120AFC
and IPAO32NO6N3G are respectively used, as indicated in Fig. 3.9. Both transistor
types enable for the use of the body-diode as a freewheeling element for the current

! Although the converter is intended for fully bidirectional operation, in this dissertation we refer to

the 270V-side as the primary (input) side and to the 28V-side as the secondary (output) side.
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Table 3.2: Characteristics of discrete commercial N-channel power MOSFETs .

Parameter ‘ Q1 Q2 Q3 ‘ Unit
Drain voltage Vbs 650 600 600 Vv
Drain-Source on resistance Rps(ony | 120 190 290 me
Drain current (at 100°C) Ip 20 13 13 A
Output capacitance Coss 90 1170 500 pF
Turn-on time fon 53 145 37 ns
Turn-off time toff 79 160 30 ns
Reverse recovery time trr 33 610 240 ns
Maximum junction temperature T; 175 150 150 °C

QI1: SCT2120AFC (SiC), Q2: SPW20N60S5 (Si), Q3: STW20NM60OFD (Si)

in the resonant tank, without the need for additional anti-parallel diodes. Moreover,
both transistor types are avalanche rugged, capable of easily withstanding the dissipa-
tion of the typical energy levels stored in parasitic inductances prior to commutation
and thus allow for reliable fully snubberless design of the converter. The simulations
carried out at various loading conditions (for both forward and backward power di-
rections) are presented in [35], and confirm that the losses in SiC devices are quite

small compared to total semiconductor losses.

On the low-voltage/high-current secondary side, very large capacitance value is
required to get proper voltage smoothing without the need for additional LC filters.
The capacitance is implemented by paralleling a number of electrolytic and ceramic

capacitors to achieve an optimum trade-off between volume/cost and performance.
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3.2.4 Prototype

A 1.2kW 270V/28V bidirectional converter has been designed and realized. The BDC

unit is composed of three main boards (Fig. 3.6):

¢ the Power Cell (PC), that incorporates all the power components of the dual

active bridge converter, including the gate driver circuits and the sensors.

* the MicroController Module > (MCM), that manages external communications
for the set up and the supervision of the BDC.

¢ the Converter Loop Controller (CLC), a fully FPGA-based control platform
that receives commands from the MCM and drives the power board.

POWER CELL
; GATEDRIVER { | DABDC-DC i {VOLTAGE/CURRENT!
g CIRCUITS { ! CONVERTER i :  SENSORS i

MCM / TE BOARD

Figure 3.6: Block diagram of the BDC unit, with interconnections between boards.

The MCM (or TE) provides the high-level instructions (start/stop, reset, external
fault, etc.) to regulate the converter behavior. The measured quantities on the power
board are sent to the controller as electrical signals through a standard DSUB25 con-
nector. Hence, a voltage and current transducers with current output (LV 25-P and

2In order to reduce the system complexity, a Test Equipment (TE) board replaces it, during the
preliminary characterization trials and for the control strategy assessment.
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LA 55-P respectively) are opted for. Once these analogue feedbacks are acquired and
elaborated by the CLC, the output command signals are transmitted to the power
circuit via optical fibers in order to guarantee gate driver isolation and minimize
EMC/EMI related problems. The controller board also sends back status data, and
alarms or error messages in the event of failures.

Power cell

The power circuit is the fundamental part of the DC-DC converter. In addition
to the power and voltage rating, the other design details and operating conditions are

summarily listed in Table 3.3.

Table 3.3: Details of the DAB power circuit.

Attribute Value
Power rating P, | 12 kW
Input Voltage Vi 1210 V
Output Voltage Vo | 28 %
Switching frequency fs | 100 kHz
Trafo turns ratio n | 19:2

Trafo leakage inductance Ly | 7 uH

Series inductor L. | 48 uH
Input Capacitor C; | 540 ur
Output Capacitor C, | 850 ur

Due to the complexity of the design and the number of components involved,
and in order to ensure the maximum flexibility during the development stage, several
boards were employed in the first realization. As illustrated in Fig. 3.7, the primary
and secondary side power cells (i.e. the 270V and 28V full-bridges), are implemented

on separate PCBs interconnected through the high-frequency transformer and the
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Figure 3.7:
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Schematic and assembly representation of the preliminary power board.

series inductor. In both PCBs, two semiconductor devices (one leg of each H-bridge)

share a common heat sink, and no supplementary clamp or snubber circuit is added.

Two gate driver boards, design on purpose for the device types (SiC MOSFET, Opti-
MOS), acquire the command signals from the optical receivers and convert them into

appropriate voltage levels to trigger the power devices (schematics in Fig. 3.8).
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Figure 3.8: Gate driver circuits of primary (black) and secondary (gray) power cells.
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In order to limit the stray inductance they are directly connected below the pri-
mary and secondary cells. In total, eight isolated gate driver circuits are used for
the experimental prototype. An additional enable signal for each H-bridge allows to
completely turn-off the full-bridge. All the sensors used for control strategy and pro-
tection aims are mounted on independent boards. Fig. 3.9 shows a photograph of the
lab-prototype.

PRIMARY BOARD

SECONDARY BOARD

SCT2120AFC
SiC MOSF

Figure 3.9: Preliminary prototype of the DC-DC power converter.

On the basis of the positive performance obtained in the characterization process,
this converter has been re-engineered to a TRL 6 level, taking into consideration also
safety and HW/SW certification factors. The final implementation is shown in Fig.
3.10. Beyond the optimized layout, the enclosing of the sensors, and the generation
of the required power supplies on board, the major difference is found on the low-

voltage side, where two devices are paralleled to better handle the high output current.
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Figure 3.10: Final design of the power board (courtesy of BLU Electronic).

CLC board

The control board interfaces the MCM and the power module. It interprets the
commands received and closes the control loop to ensure proper operation of the con-
verter at its defined working point. It also provides data to monitor converter func-
tional status and, in the event of an alarm, takes appropriate autonomous action to
safeguard the system (e.g. power limit, shutdown, disconnect). The CLC platform is
designed around the Altera CYCLONE IV (EP4CE40F23) FPGA, and embeds all
the acquisition, conditioning, and elaboration circuits required.

On the basis of its functional tasks, the board might be divided into the following
active blocks, as highlighted in Fig. 3.11:

* Control logic, that includes the FPGA and its supporting circuitries (power
supply, JTAG FPGA/Flash programmer, internal reference).

* Power interface, that incorporates the Analog-to-Digital Converters (ADCs)
with the associated conditioning circuits and the components to drive the op-
tical transmitters with the PWM signals that control the MOSFET switching.

In particular, six ADC ICs are mounted on the CLC, so that each sensor sig-
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nal from the power board has a dedicated conversion chain and simultaneous

sampling is feasible.

* MCM communication manager, that allows to receive configuration informa-
tion and operating instructions from the external controller, and to give status
data back. Since those signals could have analogue or digital nature, this por-
tion of the PCB is equipped also with Digital-to-Analogue converters (DACs).

CLC interface, to connect the board with another CLC card for paralleled units
control purposes. As before, ADCs and DACs are employed to send/receive
the key parameters (converters output current) for the operating activities reg-

ulation.
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Figure 3.11: Converter Loop Controller (CLC), with the different section for power
cell, and MCM/CLC interfaces in evidence (courtesy of BLU Electronic).
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3.2.5 Experimental results

To practically assess the converter design, experimental results were obtained at dif-
ferent power transfer applying dc voltage at the input with a variable resistive load
connected on the low-voltage output. Preliminary testings of the prototype were per-
formed in open-loop configuration for both forward (from 270V to 28V) and back-
ward (from 28V to 270V) power flow, by setting manually the proper phase-shift in
the designated square-wave operating mode of DAB. The main waveforms displayed

in Fig. 3.12 show the circuit working as expected by the simplified model in Sec. 2.3.

500v/ 2 500V 3 SO0V l,b=-15A

Vs

1,=20A 1,b=40A
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0 20 0 5 10 15 20 0 2 4 6 8 10 12 14 16 18 20
Time (ms) Time (ms) Time (ms)

Figure 3.12: Phase-shifted voltages generated by the full-bridges and corresponding

current through the transformer windings at different operating points.

Efficiency

Beyond the full functionality of the DC/DC converter, the efficiency is one of the
most important attributes to check at the development stage. Poor efficiency translates
into higher power dissipation which has to be managed on the circuit board. That is

an critical issue, especially in demanding environments as avionic applications.

The experimental measured efficiency within the operating range is shown in
Fig. 3.13. The converter operates above 90% efficiency for most of the operating
conditions, with a peak of 95% at 300 W. This performance is quite invariant with

the direction of power flow.
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Figure 3.13: Measured efficiency of the prototype all over the operating range.

The behavior under different load conditions (at nominal input voltage V;, =

270V) or for variable input voltages (at half load) are briefly reported in Table 3.4.

Table 3.4: Measured efficiency on the laboratory prototype.

Load' Efficiency Vin  Efficiency
12.5% 92.1 235 91.4
25.0% 95.1 240 92.0
37.5% 94.5 250 92.6
50.0% 93.7 260 93.3
62.5% 92.9 270 94.0
75.0% 91.0 280 94.4
87.5% 90.2 290 94.7
100% 89.9 (at 600 W)

! Normalized to 1.2 kW nominal power

The efficiency obtained in the final realization of the converter is typically around

94% with still some margins for improvement in a future design iteration.
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Z\VS turn-on

The DAB converter is designed to operate within the soft-switching range, in
a fully snubberless arrangement. For the present application, ZVS technique is ex-
ploited. The natural resonance phenomenon that allows to achieve non-dissipative
turn-on of the power MOSFETsS, involves the transformer leakage inductance and
the intrinsic capacitance of the power devices. Fig. 3.14 shows the measured drain-
source and gate-source voltage waveforms at the primary and secondary side devices,
that demonstrate the desired soft transition. During the commutation event, the diode

conduction occurs before the transistor is switched on.

SiC MOSFET OptiMOS 20
30 2
300F 20
200F
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0
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-10
-100 i i i i
0 1 2 3 4
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Figure 3.14: Experimental results of the DAB converter: turn-on transient waveforms
of primary and secondary power devices. The switch voltage is actually brought to

zero before gate pulse is applied.

3.3 Control design

The objective of the bidirectional converter is to satisfy the power demands of generic
loads and actuators in the forward power flow mode, and effectively transfer the
power extracted from the regenerative sources to the high-voltage bus in the back-
ward configuration. In both situations, the BDCR unit takes care of the high-voltage
DC bus regulation to maintain the desired reference (270 V), while the BDC unit is
responsible of keeping the low-voltage constant at the nominal value (28 V), regard-
less of the output conditions and load variations.

Since DAB converters have been widely employed in high-power architectures,
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several switching methods to control the operating modes have been proposed and
discussed in literature. Triangular modulation (TRM) and Trapezoidal modulation
(TZM) [36] focuses on minimizing the current at turn-off instant of switching de-
vices to reduce the switching loss. [37] show how circulating currents and transformer
RMS current during normal operation can be reduced, by choosing an optimal mod-
ulation scheme. Other works regard the extension of the ZVS range [38], [39] or the
improvement of the poor light-load efficiency [40], [41], and so on. Among those
different strategies, the phase-shift modulation allows for the highest power transfer
and has been preferred for the specific application.

The control scheme is outlined in Fig. 3.15. The measured output voltage (V,) is
compared with the reference value and the difference applied to the PI voltage con-
troller that adjusts the phase-shift between primary and secondary square voltages to
reduce the error. The result is fed as an input to the PWM modulator, that in turn pro-
duces the proper switching pulses to control the full-bridges semiconductor devices
and closes the loop. A supplementary feed-forward compensation based on analytic
evaluation is added up to improve the system response. This method both applies to

forward and backward power flow.

nan DAB CONVERTER V,
>
S5 | A
Vo,ref Vo,err (DPI [¢)] = ol
—’@—’ a > | o — ==
wv O
a0 |—
VOLTAGE PI = N . I
0
j
Dee FEED-FORWARD
COMPENSATION Vi

Figure 3.15: Block scheme of the phase-shift PI based voltage control for the dual

active bridge converter, with feed-forward correction.

To effectively design the closed-loop control and predict its performance before

practical implementation, the whole system (including power circuits and discrete-
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time controller) has been broadly simulated using PLECS toolbox in Matlab/Simulink
environment, as shown by the subsequent sections.

Voltage PI controller

According to the model derived in Sec. 2.3.3 and Appendix A, the converter be-
havior depends on the load conditions as expressed by the mathematical representa-
tion of the relation between the output voltage and the phase-shift variable. Fig. 3.16

shows the transfer function of the plant Gpap(s) at different current loadings.
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Figure 3.16: Bode plots of the plant at various resistive loadings.

The voltage loop with the PI regulator is sketched in Fig. 3.17, where Gp;(s) =
Kp+ K;/s. In principle, the proportional and integral parameters can be straight de-
rived to obtain the desired system bandwidth (@.) and phase-margin (¢,), as outlined

below:

_ 1
Kp= |Gpag(j@c)] '008(0)

K[ - — ‘GDA[(:)(CJ'Q)C)I 'Sl'n(ﬁ)

where ¥ = —180+ ¢y — <GDAB(j(L)C)> 3.1
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However, once those values are defined, the bandwidth of the converter remains no
longer unique for a variable output condition. To overcome this problem and keep the
bandwidth constant the proportional gain might be tuned with the variation of load
current and input voltage [42]. Nevertheless, a conventional PI controller with fixed
gains is still preferred to avoid additional control efforts and stability issues. A dif-
ferent strategy is exploited to limit the overshoot and improve the transient response

under variable loadings, as explained in the next section.

Vo,ref e Vo
Gpi(s) Gpas(s) g

A 4

Figure 3.17: Simplified block diagram of the feedback voltage loop.

Three likely design examples of the PI regulator are summarized in Table 3.5,
while Fig. 3.18 illustrates the Bode diagram of the closed-loop system at various

power ratings with the proportional and integral gains as in the second column.
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Figure 3.18: Bode plot of the voltage loop and system step response at different power
ratings (Kp = 0.033, K; = 34.9).
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Table 3.5: Voltage loop performance for different PI controller design.

P (W) | BW (Hz) PM BW (Hz) PM BW (Hz) PM
0 112 77.2° 588 78.2° 1192 90.5°
240 68 102° 527 84.8° 1078 94.5°
480 35 104° 456 92.5° 958 99.3°
720 22 101° 374 101° 840 105°
960 15 99.1° 290 109° 737 112°
1200 12 97.6° 225 114° 677 118°
Kp:0.006 K;:2.74 | Kp:0.033 K;:349 | Kp:0.07 K;:12.5

BW:BandWidth, PM:Phase-Margin

The approach of using step-load responses has been used to verify the proper

design of the feedback compensation. Fig. 3.20 and 3.19 show the converter exper-

imental response to abrupt output current steps, adopting the same PI parameters.

Fluctuations on the output voltage can be observed in correspondence of the instan-

taneous current variations, but the controller exhibits the expected behavior in terms

of time reaction and stability.
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Figure 3.19: Converter transient response in regenerative configuration, when current

changes from 0 A to 16 A, and vice versa.
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Figure 3.20: Experimental results of converter transient response, increasing or re-

ducing the delivered power by =5 A current steps.

Feed-forward compensation

In order to reduce the sensitivity of the system to the load variations and mitigate
the drawbacks of PI regulator, a feed-forward compensation term is included in the
control loop. The sensed electrical quantities (input voltage and output current of the
converter) are employed to evaluate the disturbances and to account for them before
they have time to affect the system. The value of this estimated phase-shift ratio for

each operating point can be arithmetically derived from Eq. 2.7, as follows:

1 8nf;LV, 1 8nfilLl,
R I Y & [Pkl A IS B P & [l 3.2
Orr 2 ( ViR, ) 2 ( Vi ) (3-2)

If all the parameters involved are known, the PI controller behaves only as aux-
iliary modulator and balances the difference between the compensation factor (¢rr)
and the required phase-shift (¢) to drop the voltage steady-state error to zero. Al-

though its contribute is limited, the presence of the PI is mandatory. The feed-forward
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value, indeed, has an intrinsic inaccuracy due to the model simplifications and the er-
ror inherent in discretization. Moreover, the unavoidable sampling delay affects the
time for the system to react. Fig. 3.21 shows the effect of the load current feed-
forward. As expected, the inclusion of this correction term improves the transient
response, ensuring faster reactions to load or input voltage variations. Through this
strategy, the output ripples during load current changes are small compared to those
in case of only voltage loop, even in case of a transition from regenerative to forward
power flow (Fig. 3.22). The same smoothing effect can be observed for variations
of the high voltage bus. That limits the overshoots and avoids overcoming the safety

thresholds during normal operation.
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Figure 3.21: Simulations of converter step response with or without feed-forward

compensation. On the right, transitions for different output current variations.

Some examples of experimental measure are plotted in Fig. 3.23. Tests on lab-
prototype confirm the foreseen benefits with consistent performance for both direc-
tions of power flow. In conclusion, the presence of this additional element is profitable
and enables the converter to promptly manage large and rapid changes of power de-

mand without unacceptable rising or falling of the voltage on the 28V bus.
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Figure 3.22: Simulations of converter behavior: rapid transitions from regenerative

condition to forward power flow and response to oscillations of input voltage.

5.004/ 4 20V 0.0s 5.0003/ | 5.004/ 0.0s 5.0002/ 100vV/ 4 5008/ 20002/
. S0 ‘
&y : OFF G : OFF | Vo =t
—
VO ‘ ‘ Vo VREF J.
P -
\' Vier
|0 IO
lo d’FF :ON
5.004/ 4 20v/ 0.0s : S UIJIUE/ 5.00A/ 4 20v/ 0.0s . 5 EID'UE/ 5008/ 4 200 ] 100,03/
. . T B G —
lo Pe : ON lo Pee:ON | (lo | | = @:ON

Figure 3.23: Scope acquisitions of closed loop control for abrupt steps of +5A, and

converter response to £15A load current changes when feed-forward term is enabled.

3.3.1 Soft-starting procedure

A downside of the DAB topology is the starting issue. When the converter is firstly
switched on, the uncharged capacitors act as virtual short circuits allowing the cur-

rent to rapidly escalate. At the initial stage, the circulating current is not determined
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by the controllable phase-shift, but only by the peripheral circuit and its peak value is
directly proportional to the equivalent input voltage. Therefore, in high-voltage and
high-power applications, the starting process with rated input voltage and zero ini-
tial output voltage is not feasible unless additional circuits [43] or advanced control

algorithms are integrated [44], to mitigate the effect of the inrush current at turn-on.
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Figure 3.24: Flowchart of the start-up procedure and main associated waveforms.

The implemented method is based on Dual Phase-Shift (DPS) control [45]. A
detailed description is given in [46]. The operations sequence is briefly depicted in
Fig.3.24 and can be divided in three intervals. At the beginning (PRE-CHARGE),
the secondary bridge is kept off and the output capacitors are charged, gradually
increasing the phase-shift applied between the legs of the high-voltage bridge. In
particular, the duty-cycle on primary side slowly rises from a relatively small quantity
(Dyi) to its rated value (D), as defined in (3.3), where Ty, is the time that let the
duty ratio increase up to the nominal value.

D = Dy Drom = Lini, (33)

Tsu
During this pre-charge event, the output voltage is built up only by the secondary
side body diodes, and the established value (V) depends merely on the load. Then
(HOLD), the secondary switches are turned on and the closed loop control is activated
to keep the output voltage at the reference value, which is, initially, the attained out-

put voltage. If the feed-forward correction is working, the transition goes smoothly:
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no large voltage drop occurs (Fig. 3.25). Finally (REF-RAMP), the set-point is incre-
mented till the rated value (V,, .r), as formulated in (3.4), where T, is the imposed

ramp time.

Vo,ref - Vo* -

Vier =V
ref 0 + Tref

34

In the event of exceeding a safety threshold (V,, ;;,), the system is suddenly forced
to the normal mode, where both the duty-cycle and the voltage reference are set at

the nominal values.
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Figure 3.25: Experimental turn-on of the converter through the proposed strategy (at
1.2 kW). With the feed-forward term on, the transition when the closed-loop control

is suddenly activated does not affect the low-voltage bus.

Simulations are shown in Fig.3.26, while the primary and the secondary bridge
equivalent circuits at different startup instants are depicted in Fig.3.28. The proposed
strategy for the safe turning on of the DAB converter is feasible under all the load
conditions (ranging from 0 to the maximum power), as proven by the empirical results
in Fig.3.27. At last, it is worth to be noted that this method is implemented entirely

by digital control, so no additional circuitry is required.
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Figure 3.26: Converter turn-on under heavy-load condition (1.2 kW) and transformer
waveforms in each phase of the soft-starting process. By using this procedure, the

critical inrush current is significantly reduced.
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Figure 3.27: Soft-starting transient for different power ratings (at V;,, = 270V).
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Figure 3.28: Equivalent circuits and idealized operating waveforms during the pre-
charge stage. In this phase the secondary power devices are disabled and the output

capacitors are charged only via the body-diodes.
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3.4 Parallel operation

In order to achieve a flexible and modular power distribution architecture, the parallel
operation of several converters should be taken into consideration with the aim of
increasing the overall capability of delivering power. The parallel connection of two
BDC units directly linked to the load (Fig. 3.29) is discussed in [47].
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Figure 3.29: Parallel connection of two BDCs and simplified equivalent model.

In that configuration, the objective of the control is to maintain the low-voltage
bus constant and actively share the power demand among the modules. The critical
point of the control strategy, indeed, is to guarantee a balanced operation of the differ-
ent power converters. Theoretically, BDC units are able to perform parallel operations
without any further control, due to the DAB inherent gyrator characteristic [48]. The
same phase-shift could be simply applied on both converters or each control loop
could regulate the load output voltage in a concurrent manner. Simulations and labo-
ratory trials with this settings are shown in Fig. 3.30 and 3.31, respectively. Assuming
ideal conditions, the power is equally split between the units, but this process only
occurs if the converters are identical and the boundary conditions exactly the same.
In practice, as a small difference perturbs the system, there is no way to balance
the converters efforts again. As it can be observed, undesirable issues related to the
bidirectional nature of DAB topology could also arise if the operating working point
is established with the converters running in opposite configurations (i.e. sinking or
sourcing current). In this worst case scenario, the paralleling of two units is not only

worthless but even potentially harmful. For those reasons, a technique is needed to
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ensure converters work properly together. In this framework, two strategies to achieve
uniform power distribution have been developed and assessed.
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Figure 3.30: Simulations of BDC units in direct parallel configuration without any
additional control. The power sharing is fully balanced only if the two converters and

the boundary conditions are exactly alike (image on the left).
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Figure 3.31: Experimental results of BDC units in direct parallel configuration with-
out any additional control. The scope acquisitions point out two expected undesired
behaviors: unbalanced output currents (on the left) and incoherent power flow direc-

tions (on the right).
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3.4.1 Current sharing

The block diagram of the current sharing strategy is outlined in Fig. 3.32. The ap-
proach used in this scheme is based on decoupled control loops: one converter (MAS-
TER) focuses on keeping the output voltage constant, employing the same method
explained in the previous section, the other one (SLAVE) is responsible for the power
division, working in current control mode. The voltage controller is disabled and the
master output current is fed as the set-point of the slave feedback-loop to determine

its phase-shift. The feed-forward additions could be provided similarly for both mod-

ules.
Der A
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Figure 3.32: Output voltage control scheme of two BDC units in parallel, with current
compensator. The output current of each converter is measured and a communication

channel is employed to share this information.

The proposed method has been firstly validated by means of simulations. As
shown in Fig. 3.33, the difference between the remote (I, ;) and the local (I, )
output current is brought to zero and the system can accomplish the dynamically par-
titioning of the delivered power among the two units, under variable load currents.

Results acquired on the lab-prototype are presented in Fig. 3.34, for different
power requests. The tests carried out are in close agreement with simulations: the

energy distribution is realized as expected and the low-bus voltage is well regulated.
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Figure 3.33: Simulations of paralleled units in current sharing configuration (deliv-

ered power, output voltage and currents).

The main benefit of this method are the fully controllable load sharing and the great
accuracy obtained in a relatively simple manner. Despite of this, the need to exchange
information between the power converters is the intrinsic limit of this strategy, espe-
cially if several modules are involved and a fast response is wished for. The loss of

the communication link or a failure of the master block can shut down the whole

system.
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Figure 3.34: Experimental measurements acquired at different loadings, employing
current sharing parallel method.
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3.4.2 Droop control

The droop compensation feature could be another suitable solution to enable parallel
connection and to allow actively power sharing among the DABs. This technique is a
well-known practice commonly used for primary frequency control of grid-connected
generators. The same logic can be applied to voltage control and can be easily imple-
mented in this distribution network without any additional circuitry. The structure of

the proposed strategy is illustrated in Fig.3.35.
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Figure 3.35: Overall block diagram of the voltage-droop control strategy, including
the voltage reference compensator.

The concept is to add a virtual resistor (Ky0p) into the feedback loop, which
drops the internal voltage set-point (V, ,.r) as a linear function of the output current
1), Vo*” e Karoop - Io- Thus, the voltage droop characteristic can be interpreted as a
negative slope in the converter I-V plane: when supplied current decreases, the output
voltage is allowed to increase to counteract the reduction in current, and vice versa.

In parallel configuration, this behavior promotes the power sharing between con-
verters, without the need of a central control. Since the total current is imposed by the
load, if one module drives a higher current, the other one output tends to decrease.
The emulated impedance reflects this variation on a proportionally higher voltage
set-point, that in turns produces a greater output current. At last, the units will set-
tle at a steady-state where the contributes are balanced. Therefore, the droop control

allows multiple generating units to share the load by automatically changing their op-
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erating points. More important, each converter exhibits a self-balancing attitude by
using only local information (i.e. output voltage and current), so it is not necessary for
the single unit to be aware of the other elements in the system, and communication

channels between modules could be abolished.

The voltage control operates as for the single module. A falling (rising) voltage
indicates an increase (reduction) in loading and a request for more (less) delivered
power. Parallel converters with the same droop controller respond to the fall (or rise)
in voltage by increasing (or reducing) their output power simultaneously. An exter-
nal PI-based loop is added to completely remove (or at least reduce) the undesired
effect of a steady-state error on the regulated voltage. Simulation outputs for the pro-
posed control strategy are shown in Fig. 3.36 (voltage compensation) and in Fig.
3.37 (power sharing). A low-pass filter is used to cut-off harmonic frequencies and
fast oscillations of the sensed current.
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Figure 3.36: Effect of the reference feedback compensation on the output voltage.

Voltage droop-control have been employed on parallel BDC units with favorable
outcomes (Fig. 3.38). Moreover, as the ratio of the droop coefficients is directly re-
lated to the amount of current flowing in each module, a dishomogeneous power dis-

tribution is also achieved, simply adopting different virtual resistors for each module.
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Figure 3.37: Simulations of BDC units working in parallel to supply a generic load.
The proposed voltage droop method intrinsically equalizes the power flow between

the two converters.
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Figure 3.38: Experimental results of droop control strategy, adopting equal (on the
left) or different (on the right) virtual resistors for the BDC units parallel connected.
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3.5 FPGA implementation

The development of Field Programmable Gate Array (FPGA) over the last years pro-
vides a valid alternative for the implementation of digital control systems, previously
dominated by the general purpose microprocessors. As mentioned above, in this ap-
plication the whole firmware including the feedback loop and all the algorithms func-
tional to the supervision objectives, the interface with external boards, and the safety
tasks are embedded in a low-power consumption Altera Cyclone IV (EP4ACE40F23)
FPGA, clocked at 50 MHz. A fully FPGA-based control is preferred to other pro-
grammable platforms for reliability reasons (all the actions are embedded in physical
logic circuits instead of being performed at software level) and higher processing
speed (by their nature, FPGAs allow for true parallel processing, supporting multiple
threads that execute in a concurrent manner). Moreover, FPGAs are not bound by the
architecture (although logic cells are fixed, the functions they perform and the inter-
connections are determined by their code) hence, all the available resources and the
hardware structure are completely programmable according to specific requirements.
On the other hand, the most common peripherals for the control of high-switching
frequency DC-DC converters, such as PWM modulators, ADCs circuits, standard
communication protocols (I2C, SPI, etc.), are not integrated into the chip and they
must be designed at hardware level from the ground up. This section describes how
the main functional blocks are implemented into the FPGA architecture. Many possi-
bilities exist to (hardware) realize these functionalities. The chosen methodology is to
write all the entities needed using a generic abstract Hardware Description Language
(HDL). This approach ensures flexible adaptation of each module to various control
aims, and allows to replace the programmable platform without any additional issues.
For design choice, all the variables involved in the closed-loop control are normalized

and represented with 16-bit resolution in the signed Q15 common format.

3.5.1 System overview

A schematic description of the overall code at the highest abstraction level is given

in Fig. 3.39. According to the functionality of each block, the firmware design may
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be subdivided into the following active areas.
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Figure 3.39: Firmware graphical representation with partition in functional sections

and basic chart of the primary finite state machine.

The Brain Unit executes the main routine and manages all the interrupts services,
by setting the priority assignment and providing the synchronization signals to all the
major tasks. These different processes are carried out by independent threads in a
concurrent manner, but every update of the output is globally synchronous with the
PWM interrupt.

The Sampling Unit takes care of the acquisition of the analogue measures that
come from the voltage and current hall sensors, which are located on the power
board. These bidirectional =50mA current signals are translated into positive volt-
age (0+3 V) by conditioning circuits and then converted into digital values through
external ADC ICs (LTC1407). The entity provides the Serial-Protocol-Interface (SPI)
required for the communication with those peripherals and employs versatile moving
average filters to reduce the noise of the acquired signals. The measured quantities
are finally normalized by proper scaling factors and then sent to other units.

At every acquisition, the Trip Unit compares the electrical measurements from
the power cell with the guard thresholds to check if a malfunctioning or fault con-

dition occurs. In this circumstance, the converter is turned-off to prevent inadvertent
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damages on the system, and the supervision controller is made aware of the error
detected.

The Control Unit runs the algorithms to close the feedback loop, and handles the
optical fiber transmission of the PWM signals that drive the MOSFETS of the power
converter. The digital output voltage signals (0/3.3V) coming from the FPGA are
converted into the proper currents (0/40mA) needed by the fiber transmitters (HFBR-
1531ETZ). The BDC unit is capable of working in two operating modes: stand-alone
or parallel arrangement, with several configuration options. Hence, according to the
setting parameters, the proper control strategy is selected.

A list of digital and analogue parameters to set-up the DC-DC converter, and
commands to control its behavior are needed. All these directives are given by a
higher-level host, i.e. the Central Controller Unit (CCU). The MCM Interface Unit
is responsible for the communication with such device. It receives the setting param-
eters, interprets them, and transfers the relevant information to each controller unit.
After checking the power converter configuration, the module sends the correspond-
ing feedback signals to the MCM. The same applies for ongoing instructions that
determine the actions to be taken. The unit also provides information to monitor the

converter status, such as bus voltage/current, alarms and error messages.

The CLC Interface Unit performs a similar task for the communication with
another BDC unit. Specifically, in parallel operating mode, it sends an analog signal
related to its output current (if master) or receives the corresponding information
from the other controller board (if slave). Both the MCM and CLC functional blocks
control DAC ICs (AD5541) to transmit analogue response to the external host.

Given that all the logic on FPGA is purely combinational (if not specified oth-
erwise) and all the external signals are asynchronous, by definition the exact time
they are asserted and affect the system is unpredictable. In order to ensure a deter-
ministic behavior of the firmware and avoid delay issues, all the elements are de-
veloped synchronously with the main clock. The only exception concerns the reset
command (active low) to initialize the chip, that is driven by a global asynchronous
signal throughout the implemented circuit. After the reset every state machine is in

an idle state waiting for an input signal to change. During the initialization sequence



3.5. FPGA implementation 77

the controller writes appropriate bits to define BDC configuration and select the op-
erating mode, depending on the data received. Then, at the power on, the startup
procedure begins and the converters enters the normal operation mode. In this phase,
all the routines (sampling, control, actuation) are executed repeatedly until the turn-
off command is received, and the system returns into idle state. Program execution
suddenly jumps to fault status (disabling all the PWM signals) if a trip condition

occurs. In that case, a reset of the system is required.

3.5.2 Main components

PWM Modulator

In the PI-based phase-shift method, the controller dynamically adjust the delay
between the voltage waveforms across the series inductor to achieve the desired
power flow. This strategy requires a multiphase modulator that generates the gate
signals with programmable delays to fire the forced-commutated devices. The Pulse
Width Modulation (PWM) technique is employed to create the corresponding digital

square€ waves.
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Figure 3.40: PWM generator block and phase-shifted modulation concept. Basically,
for a N-legs (half-bridges) power converter, N counters and 2N comparators are em-
ployed to create the output square waves. Beyond the system signals (main clock,
asynchronous reset and enable), the other input variables are the Phase-Shift (PS),
the Duty-Cycle (DC) and the Dead-Time (DT) to avoid the short through condition

on converter legs.



78 Chapter 3. SiC-based converter for avionic application

Fig. 3.40 displays the schematic representation of the module, and illustrates the
building principle of the gate-driver signals. The approach is to implement a sawtooth
carrier for every half-bridge in the converter. The ramps are shifted in time to cor-
rectly space the turn-on of each phases in a single switching period: 180 degrees for
the two legs of the same full-bridge, and the input phase-shift for the angle between
primary and secondary sides. The sawtooth carrier is generated by incrementing a
clock counter, that is periodically reset. The comparison of its value with movable
reference signals produce the other discrete ramps. Then, each carrier is compared
with proper modulating boundaries to generate the complementary gate pulses for
the high-side and low-side power devices. These thresholds values, that determine
the rising and falling edges of the PWM signals, depend on the duty-cycle variable

and programmable banking time.

The duty-cycle and the phase-shift values can only be varied in discrete steps, as
a function of the counter resolution. So, even if the PWM generator does not require
a specific input clock, the main clock is employed to achieve the maximum permitted
resolution (i.e. 20 ns). Counters define the generated signal frequency. The upper limit
is set to 500 cycles, resulting in 10 ps switching period, at 50 MHz clock frequency.

PI controller

The Proportional Integral (PI) regulator is the main element of the feedback con-
trol loop. The traditional analog PI equation is given as follows (Eq. 3.5). The ad-
justable parameters are Kp and Kj, while u(z) is the control output, and e(7) is the

error signal between the set-point response level r(z) and the measured quantity x(z).

u(t) = Kp-e(t) + K; - /O e(t)dt (3.5)

For the purpose of digital implementation, it is convenient to express the transfer
function in incremental discrete sampled form. According to the Laplace transform

and the Euler discretization method (backward differences), the equivalent expression
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is given by:
proportional term, P[k] integral term, /[k]
N A
ulk] = Kp - elk] + KT elk]| —Kp - elk — 1] + u[k — 1] (3.6)
k1]

Fig. 3.41 depicts the architecture of the discrete PI controller derived by Eq. 3.6,
for a generic N-bit input. The hardware configuration is designed for integer numbers
with parallel structure to get proportional P[k] and integral /[k] error simultaneously.
In order to reduce the approximation error, all the calculations are performed using
extended registers (2N/(2N + M)-bit) and for each algebraic sum, one extension bit
is added to take care of possible overflows. The result is truncated only when the
routine ends, and the most significant bits of the buffer register are copied into the
N-bit output variable. Assuming a 16-bit input, 32-bit registers contain the results of
multiplication operations. The integral temporary register includes also M extra guard
bit. This allows to execute 2 (at least) successive sums of the partial products before
overhead of the accumulated error occurs and saturation must be applied. Through
this strategy no information are lost on the previous integral errors /[k — 1] that feeds
the final adder.
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Figure 3.41: Basic scheme of the discrete PI controller.
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Analog-to-Digital controller

The LTC1407 is a serial output ADC that contains two separate differential in-
puts which are sampled simultaneously on the rising edge of the conversion signal
(CONYV). These two sampled inputs are then converted at a rate of 1.5 MS/s per
channel with 12-bit resolution (LSB = 610 uV), and the serial interface sends out the
results in 32 clocks. The developed VHDL module provides the interface with the
digital 3-wire SPI of the integrated circuit, as illustrated in Fig. 3.42.
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Figure 3.42: The ADC master module: graphical representation and timing diagrams.

The rising edge of serial clock (SCK) advances the conversion process and up-
dates each bit in the three-state serial data output (SDO) data stream. The transmitted
bit are collected in real time by the buffered serial port in the ADC master unit, us-
ing the falling edge of the clock to latch the data in a temporary register. When the
process ends, output data ready (ODR) flag rises and the content of the buffer, that
represent the pair of analog input channels in 2’s complement format, is moved into
the two 12-bit output words (PDOy p). The binary vectors are finally normalized with

specific scaling factor and converted into the 16-bit format to be further processed by
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the control routines. Two CONV pulses with SCK at fixed level put the system in nap
mode. The SDO is automatically reset to the high impedance state and remains in this

condition until a new conversion is started, in correspondence with the rising edge of
CONV.

Digital-to-Analog controller

The ADS5541 is a single 16-bit serial input voltage output DAC, that utilizes a
versatile 3-wire interface. The DAC master module and the associated timing dia-
gram is shown in Fig. 3.43. The communications require three channels consisting of
a clock signal(SCLK), a data signal (DIN) and a chip select signal (nCS). The trans-
mission of the 16-bit input word begins when high-to-low transition on nCS occurs.
The data are latched on the rising edge of the serial clock. After all the bits have been
loaded into the serial input register of the integrated circuit, a low-to-high transition
on nCS transfers the contents from the buffer register to the DAC output that sets the
equivalent analog voltage.
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Figure 3.43: The DAC master module: graphical representation and timing diagrams.
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Arithmetic operations

Within the firmware design all the numbers are represented using signed fixed-
point format. Fixed-point arithmetic is essentially the same as integer arithmetic, so
most of the operations follow the same rules and can be executed by means of the
algorithms suitable for integer operations. That applies for example to addition, sub-
traction, and multiplication. Division and square-root are also a necessity for the con-
trol purpose (e.g. calculation of the feed-forward term), but the hardware implemen-
tation of these operations bring with them some issues because of their complexity.
Several studies can be found in literature regarding this task (e.g [49], [50]). The full
algorithms used to perform the division and the square-root calculation are illustrated
in Fig. 3.44.
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Figure 3.44: Conceptual scheme of the fixed-point square-root and division hard-

ware implementation. Since a fractional interpretation is adopted, the input variables
must be properly pre-scaled in order to perform the procedures (developed for integer

numbers) without mistakes.

3.6 Thermal management

A significant issue in designing reliable converters is thermal management, with re-
gard to both static and dynamic thermal stress, where static refers to operation at el-

evated temperatures, and dynamic is associated with heating and cooling cycles. Ex-
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tracting heat from a power circuit can be dramatically enhanced by the right choice
of materials, structure and layout. In order to assist the design, 3D Finite Element
Modeling (FEM) could be an extremely useful tool, especially in complex systems
with tight constraints when layout, volume, or weight must be optimized to meet the
application requirements and it is difficult to take into consideration these aspects at
the same time. Each significant component is modeled employing the simplification
procedure described in [51], to reduce the computational complexity and simulate the
whole system. Power losses are evaluated by electrical simulations or measurements,

and act as heat sources of each element.

SECONDARY OptiMOS —T100

PRIMARY SiC
MOSFET

HF TRAFO l

- 85

/

INDUCTOR

Figure 3.45: IR thermal maps of the converter at steady-state with natural and forced
air cooling (P, = 600W, T, = 23°C).

Comprehensive thermal characterization (in terms of infrared measurements) of
the converter prototype has been performed throughout the development stages, in
natural or forced air-cooling * at different power ratings. In particular, the focus was
on the key components that contribute to losses: power switches and magnetics el-
ements. Examples of acquired images are given in Fig. 3.45, and transient thermal
performance are summarized in Table 3.6. The planar realization of transformer and

inductor definitely enables easy and efficient cooling. The most critical components

3From the application specifications, the converter could be fan cooled at the nominal operating

conditions but it must be able to operate also in the event of fan failure, with 50% power derating.
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are the OptimMOS at the secondary side, while on the primary side results indicate
the possibility to significantly reduce the heatsink size. Hence, the target of the sim-
ulation study was to improve the heat transfer rate from these devices toward the

ambient. Detailed description can be found in [52].

Table 3.6: Dynamic temperature measurements with natural convection (nat) or

forced air cooling (fan), at different power loadings.

SiC MOSFET OptiMOS
tmin) | T1 T2 T3 |T1 T2 T3

Inductor
T1 T2 T3

Transformer
T1T T2 T3

0 22 24 24 |22 25 26 |22 26 25|22 25 24 |°C

5 28 28 33 |38 48 87 |35 35 41|24 28 33| °C

10 34 29 34 |64 56 95 |47 44 49 | 27 30 34| °C

15 39 30 35 |79 58 10260 47 55|31 31 40| °C

20 42 30 35 |8 58 103 |71 47 55|35 31 40| °C

25 44 30 34 |92 58 102| 77 48 58 |37 31 42| °C

30 46 25 26 |95 30 36 | 81 34 41 |40 28 32 |°C

40 39 24 24 |60 26 25 |71 26 25|37 25 25 |°C

Tl: Py =600W (nat), T2: P; = 600W (fan), T3:P; = 1.2kW (fan)

3.6.1 FE thermal model

The first step in this optimization process, was to develop a valid model of the device-
heatsink assembly. All the material properties known from literature and components
data-sheets were applied. Then, thermal contact resistances and convective heat ex-
change coefficient (in 20% maximum variation range), were exploited as fitting pa-
rameters to tune the FE model to the IR thermal measurements. COMSOL Multi-
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physics software was used to set up and run the model. Fig. 3.46 and Fig. 3.47 show
the static and dynamic performance of the derived model.
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Figure 3.46: Steady-state temperature distribution on on the secondary MOSFETSs
with natural convection: infrared picture (on the left) and FE simulation (on the right).
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Figure 3.47: IR and simulated thermal transient on the secondary devices. The derived
model exhibits a close agreement with the measurements for both natural and forced

air cooling.
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3.6.2 Heatsink design

Once obtained the model, a comparison study have been carried out. In particular
the following possible solutions have been investigated, looking for the best trade-
off between thermal resistance and capacitance. One project focuses on the heatsink
design and proposes a new geometry which occupies the same volume with a reduced
weight and a wider exchange surface. The other design suggests to replace the full
plastic package of the device and to exploit the system chassis as heatsink, in order
to decrease the thermal resistance to the ambient. This arrangement also implies a

greater thermal capacitance that reduces the heating cycles amplitude.

The simulated thermal maps of these instances are depicted in Fig. 3.48. The

corresponding thermal transients are reported in Fig. 3.49.
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Figure 3.48: FE simulation of proposed solutions. In the full converter geometry all
the main heating elements (i.e. primary/secondary power devices, transformer wind-

ings and core losses, and inductor losses) are also taken into account.

In the final realization, no separate forced cooling will be made available to the
power converter. Therefore, a different layout has been opted for. Shared heatsink
of power switches are removed, and a direct (electrical insulated) connection of the
key components (SiC MOSFET, OptiMOS and transformer) to the external box is
adopted. On the secondary side, two devices are paralleled to enhance the current

rate and further improve the thermal handling capability.
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Figure 3.49: Comparison of the case temperature for the different arrangements ana-

lyzed (FE simulations).

3.7 Conclusion

The system has been integrated in a specifically designed test rig and subjected to
performance and compliance trials, for demonstration purpose.

The selected design approach has proven to be more than adequate for the ap-
plication. The converter readily achieves it maximum output power and with minor
future modifications it will operate at 1.5 kW. It turns on without voltage overshoot
or critical inrush current and it can be switched instantaneously from passive load to
active regeneration. Feasible parallel connections of two power modules have also
been assessed. The FPGA-based governor unit provides an effective digital control
of the hardware over all the working conditions.

The prototype still needs some developments to reach the commercial standards
for a product which could be installed on an aircraft. However, the BDC unit is al-
ready at a TRL6 level and, with further design iterations to improve electronics inte-

gration and overall packaging, it could rapidly arrive at a series production level.






Chapter 4

GaN-based DC-DC converter for
photovoltaic systems

4.1 Introduction

In the last decades, the interest in renewable sources of energy has grown tremen-
dously. They represent a potential path to mitigate environmental issues and reduce
the dependence on traditional sources of energy for electrical generation. Among
these, photovoltaics seems to be one of the most practical ways to generate electric
power, and PV installations have increased so far in the last years that nowadays so-
lar energy is the most important sustainable sources after hydro and wind power, in
terms of globally installed capacity.

The intermittent (and hard to predict) output of a PV field - depending on the

time of day, weather, and season - is the main disadvantage of this technology. Es-
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pecially for stand-alone systems, where a suitable electric storage device must be
provided to ensure the daytime energy requirements. Moreover, when the accumula-
tors are fully charged, no more power can be extracted from the panels. Obviously, a
grid-connected system does not suffer from these drawbacks, as the maximum power
available from the field can be continuously transferred to/from the grid. For that rea-
son, the majority of the systems is of the grid-connected kind. However, the presence
of an intermediate energy storage device may be favorable also for these installa-
tions, since it enables self-consumption, that is now both favored and promoted by

lawmakers.

In fact, as more solar and wind power comes on line, it becomes increasingly
difficult and expensive to ensure stability of the grid. Hence, whereas in the past
compensations for feeding-in solar energy were financially rewarding, now the de-
cline in feed-in tariffs for injecting solar current into the grid gives full sense to
self-consumption of harvested power. The aim is to satisfy the electricity needs of
all electric devices in the household, minimizing the active power exchange between
the PV inverter and the electrical grid. A system with energy storage backup is conse-

quently becoming a key issue when discussing the profitability of solar power plants.

The voltage levels and the voltage-current characteristics of energy sources are
normally different from those of storage devices and loads. In conventional integra-
tion schemes, energy management systems employ separate converters controlled in-
dependently to link these elements together. The need of technology for adapting the
different voltage levels and carry out an adequate power flow control, has motivated
the development of multi-port converters which utilize a single conversion stage for
interfacing sources and storage devices. Recently, multi-port converters are gaining
popularity because of the potential to reduce the complexity of the system and to

achieve flexible, cost-effective, and more efficient integration.

This chapter covers the hardware and control design of a three-port DC-DC con-
verter, as essential part of a novel modular inverter for residential photovoltaic ap-
plications. The concept is illustrated in Fig. 4.1 and will be discussed in the next

sections.
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Figure 4.1: Architecture of the proposed modular photovoltaic inverter, for self-
consumption use. A battery backup is included to compensate the mismatch between

the supply profile and the demand pattern.

4.2 Modular photovoltaic inverter based on low-voltage FETs

The complete converter is a single-phase grid-connected photovoltaic inverter for
residential applications, rated at a nominal power of 3 kW. This project idea was

firstly presented and investigated in [53]. The power circuit is depicted in Fig. 4.2.
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Figure 4.2: Schematic of the modular PV inverter. The storage device embedded in

CHB MULTILEVEL INVERTER

the DC/DC converter acts as an energy filter to smooth the power flow from the

primary source (solar panel array) to the multilevel inverter bus.



92 Chapter 4. GaN-based DC-DC converter for photovoltaic systems

The architecture is based on a 7-level Cascaded H-Bridge (CHB) inverter, con-
nected to the grid (and to the local load) through an inductor filter, which is used to
reduce the switching harmonics. The DC Link voltage is equally divided upon each
full-bridge structure, so that devices with lower breakdown voltage requirement can
be chosen. As a consequence, the output voltage can assume 7 different interme-
diate levels (0, £V, 2V, £3V,.) given by the all possible combinations of the
series connection and configuration of the full-bridges. Due to its high number of
voltage levels, this multilevel topology ensures a better reconstruction of the output
waveform (nearly sinusoidal), allows to reduce the size of output filters and increases
the converter efficiency. Finally, its high flexibility fosters several control solutions.
Here, the Distributed Commutation Modulation (DCM) [54] featuring an additional

voltage balance algorithm is adopted.

The CHB inverter needs a separate power supply for each full-bridge section.
Three DC/DC converters fed by separate photovoltaic strings are employed for this
purpose. In the specific application, the use of Triple-Active-Bridge architecture (see
Sec. 2.4) is considered to include an energy storage device into the system. Basi-
cally, two ports are utilized to proper interface the PV panels and the inverter DC
Link, so that the spare terminals pair can be used to incorporate the battery backup
directly into the converter. In this way, the multiple sources can be interconnected
without the penalty of extra power processing stages or additional switches. Having
two energy inputs available, the instantaneous power can be delivered in the system
in a controlled manner, according to the demand of energy and the system operating
conditions. When the production of solar panels is not enough, the battery injects the
maximum available power and only the still missing energy is consumed from the
grid. On the other hand, the PV inverter does not feed the redundant electricity into
the utility grid until the battery is fully charged. Beside the capability of providing
constant power to the multilevel inverter regardless of the solar irradiance, this so-
lution also enables the implementation of Maximum Power Point Tracking (MPPT)
technique for each source individually. This helps to reduce the impacts of power
mismatch among the renewable sources and to maximize the output power of the

system. Finally, the architecture modularity allows its application for different power
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ratings, adapting the number of the conversion strings (PV panel + TAB + H-Bridge).

The use of a triple active bridge converter for the multi-port DC/DC conversion
stage is justified by the inherent centralized control of power flow between the three
ports, which allows for the implementation of the above mentioned strategy in an
effective manner by phase shifting the square wave outputs of the three full-bridges.
The TAB topology also shows a number of other attractive features for the application
case. These include the ability to connect devices with different operating voltages
(by proper winding turns and/or natural buck-boost capability), galvanic isolation,
and bidirectional power flow for the all ports.

In order to achieve high efficiency, the choice of switches featuring low on-state
resistance and gate charge is a critical design aspect. The EPC’s eGaN FETs are
a new generation of power switches promising to offer unsurpassed performance
over silicon power MOSFETs in switching speed and conduction losses, with supe-
rior thermal characteristic. In particular, their switching figure of merit, Ry, X Q,,
promises to offer a distinct advantage over any similarly voltage-rated silicon device.
In addition, the smaller gate charge and device capacitance (hence the faster turn
on/off), could allow for higher switching frequency, which results in transformer size
reduction. Therefore, the 200V EPC2010C switches from Efficient Power Conver-
sion Corporation (EPC) were selected for the converter prototype. In [55], the same
gallium nitride devices have been used for an ultra-high efficient (about 99%) 1.7kW

full-bridge isolated converter, to improve the overall efficiency of the power module.

4.2.1 GaN transistors overview

The basic structure of the EPC’s enhancement mode gallium nitride power transistors
is depicted in Fig. 4.3. The device is grown on silicon substrate with an Aluminum
Nitride (AIN) isolation layer. AlGaN is grown on the top of GaN which creates a
strain in the lattice that cause electrons density to increase at this interface. A two di-
mensional high mobility electron gas (2DEG) is formed to provide a channel to direct
current from the drain to the source. Depletion area under the gate is added to develop
a normally-off transistor, that behaves very similarly to a conventional, enhancement

mode silicon power MOSFETs. A positive voltage higher than the threshold between
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the gate and the source will turn the device on, and a voltage lower than the threshold
will turn it off. Once on, the device can conduct current in either directions from drain

to source and vice-versa.

Protection Dielectric
AlGaN

D

—
000000000000 000080 Electron Gas (2DEG)

Isolation layer (AIN)

Si - substrate

Figure 4.3: eGaN FET structure: when the gate is active.

Since it is a purely lateral device, there is no parasitic bipolar junction common
to silicon MOSFETs. Even if the conduction mechanism is different, functionality
similar to the body-diode in the reverse direction is still present. When current is
forced from source to drain, the drain voltage fails down to a point where it begins to
turn the channel on, acting like a diode. As no minority carriers are involved in this
conduction process, these devices have no reverse recovery. However, the forward
voltage drop is higher than in silicon counterparts and the body-diode conduction
time should be minimized to reduce losses and improve overall efficiency.

The maximum gate voltage limits of -5 V to +6 V on the eGaN FET, is lower
than silicon MOSFETs limitations. It means lower total gate drive losses, but it poses

some restrictions to the gate drive supply range, and requires a more accurate design.

4.2.2 TAB Design

At the beginning of the design, an important parameter to be defined is the switching
frequency, f;. When high power density is required, the general trend is to raise the
switching frequency, since the volume decreases increasing f;. The selected value
of 250 kHz, however is rather based on general considerations than on an in-depth
system optimization (time for calculations, EMI, layout,...). Once the fixed switching

frequency is chosen, the power transfer in the TAB converter is only related to the in-



4.2. Modular photovoltaic inverter based on low-voltage FETs 95

ductor value and the relative phase-shift angles. Smaller inductance results in higher
amount of maximum available power, or in smaller phase angle for the same trans-
ferred power. For the same delivered power, current stresses are lower if the converter
is designed to operate with small phase-shift angle, improving converter efficiency.
On the other hand, to achieve ZVS over a wide operation range, the value of the total
inductance should be chosen as high as possible (to store more energy). With this
trade-off condition as a background, the transformer was designed to obtain a total
leakage inductance, Lj; = 2.2 uH. The value of the other circuit parameters are listed
in Table 4.1.

Table 4.1: Details of the TAB power circuit.

Attribute ‘ Value
Power rating B, 1 kW
Switching frequency fs 250 kHz
DC Link Voltage Vie 120 \%
Trafo turns ratio Ni:N>:N; | 1:1:1
Trafo leakage inductance Lk 22 uH
Trafo magnetizing inductance Ly, 02 mH

The aim of the three-port converter is to automatically and proper combine the
contributions of the primary sources (PV panel and battery) in order to provide the
required power at the load side (inverter DC Link), while simultaneously maintaining
the stability of the entire system. Assuming the situation depicted in Fig. 4.2, port 1
is connected with the PV string, port 2 with the DC Link, and port 3 to the energy

storage device. According to the model derived in Sec. 2.4, the active power at the
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load side P, and at battery side P3;, can be expressed as follows:
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where 03 = — (031 + 812) and L3 = Lp3 = Lja = Ly /3 (since the selected turns
ratiois Ny : Ny : N3 =1:1:1). Eq. (4.1) explicits the coupling between the three
ports. Any change concerning any phase-shift angle will affect the three power flows
and voltages, and depending on the relation between &;, and 831, each port can be

sinking power, sourcing power or remaining at null power.

The dependency of the active power at load side P> on the phase-shift angles &,
and 837 with this design is illustrated in Fig. 4.4.
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Figure 4.4: Effect of the control variables upon the DC Link power characteristic.
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4.3 Control Design

The controller proposed for the TAB converter is still based on the phase-shift modu-
lation. Each power device operates at fixed switching frequency with 50% duty ratio
and the phase displacements between the pure square waveforms produced by the
active bridges at the transformer terminals manage the power flow among the three
ports. In this strategy, only two degree of freedom (i.e. two phase-shift angles) are
available as control variables, therefore two port currents of the converter could be
the control objectives.

The control algorithm aims to achieve a constant voltage on the DC Link (con-
nected to the output multilevel inverter) and to regulate the power flow from/to the
secondary source (the energy storage device) simultaneously. To obtain fast dynamic

response, a decoupled power flow management is implemented, as shown in Fig. 4.5.

TAB CONVERTER

BATTERY
+ ]
Vin —_—
PV X . —
P,, _POWERPI un
— MPPT Pres ) I/ I3 Qor HB; —
— CONTROL > g
VOLTAGE PI E ) W) y
Ve ret o K’ 8 : r\/
*%* ) o -
—
HB, CHB

Figure 4.5: Block diagram of the controller for the triple active bridge converter. Two
independent feedback loops are employed in order to balance the power consumption

and to keep the bus voltage constant.

The power distribution profile is controlled by ;1. Regulation of & keeps the
bus voltage constant. Since the three-port converter can be viewed as a two-input
two-output first-order system, PI regulators would be sufficient to close the feedback

loops. To take into account the MPPT technique of every DC/DC module, an ad-
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ditional control block is added into the schematic representation, that dynamically

changes the operating point.

The voltage and power PI parameters were designed according to Matlab-PLECS
simulations in order to achieve an accurate response and keep the whole system (in-
cluding the plant and the controller) stable. Then, arbitrary power flow profiles have
been simulated to study the dynamic behavior of the system and to assess the con-
troller performance. Fig. 4.6 and Fig. 4.7 show simulation results when step changes
are applied to the available input power or to the load request, under normal mode op-
eration. In this configuration the main goal of the multi-port converter is to handle the
power flows between the three electrical networks in order to balance the total power
consumption. The storage element supplies/sinks the energy mismatch between the
user and the primary source. At any variation the DC Link voltage experiences a fast
transient. However, at the steady-state it remains nearly constant, despite the changes

of input and output power.
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Figure 4.6: Simulation results showing the system response for constant power re-
quest (Pz. = 600 W) under variable available power (£;,) from the PV panel.

In order to extend soft-switching operation range in case of wide voltage varia-
tions, duty-ratio control can be added (as proposed in [25]). However it is beyond the

purpose of this section to discuss further ZVS design methodology.
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Figure 4.7: Simulation results showing the system response for almost steady input
conditions (P, = 600 W) and variable power demand ().

4.4 Converter prototype

In order to test the proposed solution a converter was designed. The prototype in-
cludes the CPU, that implements the control strategy, the active full-bridges, the
high-frequency transformer, the sensors, and the power supply for the logic and ana-
log circuits. Due to the complexity of the design and the number of components
involved, a modular approach was preferred to a single circuit board. The basic ele-
ment of the converter architecture is the H-Bridge circuit. Thus, a stand-alone 1kW

150V full-bridge inverter was chosen as the main building block of the power system.

Overall, three types of PCB were employed in this project: the control board, the
interface board, and the power board. In the final realization, three separate power
modules will be connected through a multi-winding coupling transformer in order to
obtain the TAB converter. The same full-bridge cells could be also arranged to create
the CHB inverter.
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4.4.1 Power board

The power board includes the full-bridge inverter along with its driving circuits, the
DC Link filter capacitors and current/voltage sensors (LA 55-P and LV-25P, respec-
tively), the receivers for optical fiber communications and additional logic elements
to generate complementary gate signals (Fig. 4.8). The control board connector pro-
vides the main constant voltages (+5 V, =15 V) needed by the logic circuits, and
sends the electrical measurements acquired by the sensors back to the interface card.
Individual optical fibers are used to transmit the command pulses to every power
switches and an extra input signal is added that activates (or completely disables) the
full-bridge. Since the power module must be able to perform well even using only
two external commands, a circuit is included to hardware generate the complemen-
tary gate driver signals for each converter leg.

The complete schematic and PCB layout are found in Appendix B.
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Figure 4.8: 3D PCB layout of the power board (eGaN H-Bridge).
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Power section

The power section contains the four active switches and the DC Link capacitors
plus the bleeder resistor to discharge them. The eGaN FETs with voltage ratings of
200 V (or less) come in a chipscale Land Grid Array (LGA) package, that reduces
board space, stray inductance and parasitic resistance. The impact of the common
source inductance should be minimized through careful layout. Given the above con-
sideration, the PCB was designed as close as possible to the manufacturer recom-
mended layouts. As shown in Fig. 4.9, the long sides of the power devices are placed
side by side to reduce inter-device inductance, and two ceramic bus decoupling capac-
itors are located directly beneath the switching pairs of each half bridge to minimize
the physical loop size.
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Figure 4.9: The suggested layout places the decoupling capacitors on the bottom side

in close proximity to the top power switches.

Gate driver

The gate driver circuit consists of an optocoupler and an insulated power supply
for each power device that allow for an independent and flexible control of every
switch. The schematic is depicted in Fig. 4.10. The isolated power supplies are gen-
erated by the IC MAX256 which drives a 1:2.5 transformer followed by a full-wave
rectifier and the L.LP2954 adjustable voltage regulator. In order to better cope with
the gate driver requirements for gallium nitride devices, a single-channel commer-
cial integrated circuit optimized for the selected eGaN FETs has been selected. The
UCC27611 by Texas Instruments is a high-speed gate driver that offers asymmetri-
cal rail-to-rail peak current capability with split output configuration that allows for
individual turn-on and -off time optimization. The parasitic board inductance in con-

junction with the Miller capacitance can cause excessive ringing on the gate drive
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waveform, resulting in charging up the decoupling capacitor higher than the 6V max-
imum allowed on the specific GaN transistor. As recommended by the application
notes, a low capacitance Schottky diode is placed in the turn-on current path to pre-

vent this from happening.
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Figure 4.10: Gate driver circuit with insulated power supply.

The PWM signals coming from the DSP are connected to AND gates with the
hardware protection signal generated by the fault detection circuit, that disables all
the logic gates in case of overcurrent event to prevent potential damages. The logic
gates are in open drain configuration, so the current for the photodiodes is given
directly by the 5V power supply. However, if the logic gate is not powered every
photodiode is conducting due to the pull-out resistor. For this reason, every cathode
of the optocouplers is connected to the collector of a BJT driven by the enable signal.
In that way, only if the transistor is polarized it is possible to turn-on the gate drivers.

Logic interface

When only two command inputs are used to control the full-bridge, the comple-
mentary PWM signals (with blanking time) are generated directly on the power board
by the circuit in Fig. 4.11. For each leg of the converter, the PWM input is manipu-
lated by a delay stage and a logic combination circuit to provide the proper control

signals for the upper and lower side devices. In particular, the RC network determines
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the dead-time, as shown by the simulation results.

PWM,y
PWMy

PWM. ™[ PWM, ’ PWM,

Figure 4.11: Implemented logic circuit that derives the complimentary signals

(PWMpy and PWM;) for each half-bridge, starting from the single command pulse
(PWMy).

4.4.2 Control and interface boards

The control and modulation strategies are implemented on a multipurpose controller
platform already developed for other projects in precedent Ph.D. thesis [56], [57].
This circuit board embeds the MPC5643L, a 120 MHz, 32-bit processor by Freescale
Semiconductor. Two flex PWM units with four 16-bit channels per module, and six-
teen ADC channels make this microntroller particularly appropriate for the proposed
converter. Along with the CPU, the control board includes also voltage regulators
(3.3 V for the peripheral and 1.5 V for the core), protection circuits for the analog-
to-digital converters, and filters for the analog and digital input/output pins.

In order to control the converter prototype with the microcontroller unit at our
disposal, a specific interface board was designed and fabricated (Fig. 4.12), that can
be easily connected between this controller platform and several H-Bridge cells. The
aim is to provide the capability of directly controlling the power modules to the DSP
unit. The interface board accepts analog current signals from the field sensors, then
it filters, amplifies, converts and scales these measured quantities to analog outputs
suitable for the microcontroller data acquisition ports. A main socket conveys these
signals to the control board and receives the instructions that operate the converter.

The transceivers for data communication over optical fiber cables adapt the PWM
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commands to the gate driver requirements. In particular, the board features 12 optic
fiber transmitters, 4 flat cable connectors and the conditioning circuits to interface up
to four full-bridges.

The complete schematic and PCB layout are found in Appendix C.
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Figure 4.12: 3D PCB layout of the interface board (top view).

The schematic of the signal conditioner circuit is illustrated in Fig. 4.13. The
sensor signals are converted by the voltage buffer stage, where the input resistors
are selected to adjust the level before further processing can occur (50 Q and 100
Q are used for current or voltage measurements, respectively ). Then the signals are
manipulated by the amplifier stage in such a way that they meet the requirements
of the DSP analog-to-digital converter. In this conditioning chain, opto-isolators are
not required, since the transducers already provide galvanic isolation between the
primary (power) and the secondary (logic) circuits.

The conditioned measurements of the currents are sent also to the fault detection
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Figure 4.13: Signal conditioning of the measurements coming from the sensors on
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the power module.

circuits depicted in Fig. 4.14. The overcurrent protection circuit consists of a SR latch
driven by the ACPL-217 phototransistor optocoupler, and two dedicated comparators
with two voltage dividers for each sensed current (/). The resistor networks set
the equivalent thresholds for positive and negative power flow. If at least one of the

specified limits is exceeded, the output is forced to zero.
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Figure 4.14: Schematic diagram of the fault detection circuit.
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Fig. 4.15 presents a picture of the eGaN full-bridge prototype. The interface board
was designed to be stacked under beneath the control board. In a similar way, other
two H-Bridge modules can be connected to the primary power board through the

three-winding high-frequency transformer, for the TAB implementation.

INTERFACE

Figure 4.15: GaN-based H-Bridge prototype with control and interface circuitries on

separate boards.

4.5 Conclusion

The architecture of a novel solar inverter configured for self-consumption use in res-
idential systems was presented. A three-port bidirectional DC/DC converter links the
PV input to the user load and embeds a battery energy storage via a single three-
winding isolation transformer.

A dual-PI-loop control based on phase-shift modulation was employed to handle
the power flow in order to minimize the energy exchange with the electrical grid,
while keeping the voltage on the inverter DC bus constant. For the initial investiga-
tions, corresponding circuit simulations under a variety of operating conditions were
carried out and they confirmed the theoretical behavior of the energy management

system.
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Finally, the hardware design of a DSP-controlled 1kW laboratory prototype based
on eGaN FETs was described in detail.

In the next steps, after the characterization of the full-bridge module, the TAB
prototype will be assembled to verify the functionality and the performance of the

proposed concept.






Conclusion

In the presented work, a dual active bridge converter rated at 1.2 kW has been de-
veloped for future avionic applications. The use of SiC MOSFETs endows additional
benefits in terms of switching losses and high-temperature withstanding. The con-
verter was evaluated in terms of efficiency, dynamic response, either to abrupt load or
input voltage variations, and thermal performance. The key characteristics obtained

for the realized prototype are summarized in the following list:
* bidirectional power flow capability, with flexible control method;
* average efficiency of 94%;

e soft-switching commutations within almost the entire operating range, realized

without auxiliary circuits;

» wide input voltage range (230 V to 300 V), that generates a stable DC output
voltage (28 V);

» fully integrated FPGA-based controller;
* safe start-up without any additional pre-charge circuit;

» feasible parallel connection, that can be achieved by choosing between two

different approaches.

Simulations and experimental results show that the proposed solution allows to obtain

very good performance with respect to the application requirements.
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The design of a 1kW GaN-based triple active bridge was also explained herein.
According to the theoretical analysis and the simulation results, the converter ex-
hibits the attractive capability of processing the power flow among multiple sources,
through a single conversion stage. However, further experimental trials are required
to assess the GaN devices performance in this application and to confirm the func-

tionalities of the proposed three-port converter.



Appendix A

Supplement to the small signal
model of the DAB

A.1 State space representation

The state-space representation is a mathematical model of a physical system as a set
of input, output and state variables related by first-order differential equations. The

most general formulation of a linear system is written in the following form:

x(t) = Ax(t) + Bu(r)
y(t) = Cx(t) + Du(t)

(A.1)

where x(7), y(¢), u(t) are respectively the state, the output, and the control vectors;
while A, B, C, D are the state, the input, the output, and the feed-through matrices.

A.1.1 Input Model

The input model of the DAB converter is derived starting from the dynamic phasor
equivalent circuit, described by the following equation:
d{iy 1

= g v = () = (R+jeL) (i)] (A2)
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Considering that (x) = x. + jx; (where x is a generic dynamic phasor), it is pos-

sible to split the system into its real and imaginary components, as given by:
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According to Fourier representation and first harmonic approximation, the two

square-wave voltages can be expressed as:
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Remember the general definition of the dynamic phasor for a sinusoidal signal:
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V2

the voltage sources in the general averaging model can be written as follows:
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Hence,
Vc = Vie — V2 = Azsil’l(ﬂd) (A‘7)
Vs = vis—vas = Agcos(0y) — Ag
di. (1 . R- S\ ..
Ge = ($Azsin(0y) — Fic + 0is) = fi(ic,is, Ba) AS)
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Then, the non-linear state space model can be finally linearized around the oper-
ating DC point (/c0,150,040) as follows:

A 9fi | afi | . M‘
I di. o i o i n 99, 1840 § (A.9)
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where the state and control matrix are given by:
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A.1.2 Output Model

The output model equations can be derived starting from the power at the secondary
H-bridge.

p(l‘) = VZ(I) : i(t) - <P> = (VZCic + V2sis) = _2\7?‘/2 (icsmﬁd + isCOSﬁd)
(A.11)

The resulting function of the state (i, i;) and the input ¥, can be linearized as:
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o

+
p()
- - v, Lo
Co

Figure A.1: DAB output stage

In order to have the voltage v, as an output of the state space representation, the
DC load has been modeled as an equivalent current source (Fig. A.1) and the energy

balance equation of the output capacitor is exploited.

dv, (1)
aw, _ Covo dt (A.13)
di "\ p(t) = polt) = plt) —vol0)in(0)
Dolt) _ L o) = 0ia(t)) = folvosionp) (A14)

dt  Cyv,lt)
In this way, a model can be derived, where the voltage across the capacitor is the

state of the system, while the load current and the power are the input.

V.0:%|v i +[%|v i %|v i } b
av() 005105100 8[) 005105100 310 005P05L00 l

o0
1 py2 [ i 1} p
- C() Vo + CoVu CT) -

A.1.3 General Model

(A.15)

The input and output models are not decoupled, in fact V, =V, /n. The full model can
be built as a merged state space system, by defining v, () as a state.

I A2 2
l-; — +G3X2
%2 F X1

)
f] (A.16)
%, fo

F
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where
g{l 2\/§ siny0
=l T
a{ z LT | o580
2V/2
G, = B{” %] =— [sim?do cosUyg
c 9 nCom (A.17)
3—1];‘[1 %—{: n‘L/;V(,cosﬁdo 0
af: d
G= a—f;fl a—{f = ni/;V(,smﬁdo 0
af, df, .
31];[[ 8{, CL% (Cosﬁdolco — Sll’lﬁdolso) C%
Thus, the overall model of the DAB converter results:
7 [ — % @y ii/,;ﬂ”@do ;
C c
L = — @y — % iz/; cosUy0 | | i,
12 2/2 22 P, v
¢ = ﬂsmﬁdo - ﬂcosﬁdo o ¢ (A1S)
- 2\/‘ *
S 2y »COSV 0 0 )
. 7]
*iT\/ZVoSl”ﬁdo 0 ; ]
o
— C%, % (cosBq0l.0 — sinByolyo) cia

The matrix of the transfer functions (with reference to the load current and the

controllable phase-shift), can be finally obtained as:

My M,
M(s)=(sI-F)"G= |My My
Mz Mz Vo

(A.19)
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