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Abstract

The strong push towards the electri�cation is a key factor for the ambitious
targets on the progressive dismiss of fossil energy and greenhouse gases emis-
sion reduction. Power electronics systems have a huge impact on this process
providing the capacity to handle the electric energy �ow accordingly to the ap-
plication requirements. One of the main sectors involved in such transition is the
automotive �eld, where the restricted cost margin forces to continuously pursue
more ef�cient and compact solutions in order to fully exploit the traction battery
energy and obtain a competitive product. In fact, so far Silicon has represented the
preferable choice of automotive OEMs for the design of power converters forming
the electric power-train due to its long heritage, high reliability, low manufacturing
costs of large size wafers of well assessed semiconductor processes. However,
at this time, technological processes have been able to reach the physical limits
of the material, making extremely arduous to achieve additional performance
step-ups. The employment of WBG technologies overcomes the issue through
the superior characteristics of the materials, as GaN and SiC, providing higher
breakdown level per unit-volume and more thermally stable lattices. This al-
lows the realization of electronic devices with smaller footprints and parasitics
compared to Si counterparts enabling higher switching frequencies, reduction
of the passive and magnetics values and simpler thermal management for the
development of more compact and ef�cient power converters. On the other hand,
the relative young technological processes, the very fast commutations, elevated
di/ dt, dv/ dt and reduced form-factors represent the main challenging aspects for
the designer, since an incorrect assessment during the design stage can lead to
strong EMI generation, drastical ef�ciency reduction, increase of distortion and
reliability issues that jeopardize WBG bene�ts.

This PhD dissertation envisages the design of innovative power converters
exploiting WBG devices to get state-of-the-art performance in products intended
for industrial applications of automotive �eld. The collaborations with different
specialized companies, provided the opportunity to access commercially-available
state-of-the-art SiC and GaN technologies and the possibility to realize innova-
tive converter prototypes. Concerning SiC technology, the complete design of a
350kW Battery Emulator instrument in collaboration with a company leader in the
automotive testing sector, was carried out from scratch exploiting state-of-the-art
SiC power-modules, planar magnetics and top-notch MCU technologies. Discrete
high-voltage GaN switches were exploited in the Power Supplies design for au-
tomotive charger application to target improved performances compared to the
market state-of-the-art. Speci�cally, two high-ef�ciency prototypes, an AC/DC
converter and a DC/DC converter of 7.5kW, have been realized for this purpose.
To further investigate the characteristics of state-of-the-art GaN power devices
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two measurement set-ups have been designed. In particular, the trapping phe-
nomenon causing the collapse of drain current during ON-state with a consequent
degradation of ON-resistance has been analyzed.
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Chapter 1

Introduction

The compelling necessity to ful�ll sustainable, climate-preservative and envi-
ronmental friendly goals by industrial players and maintaining, or even rising,
production levels without affecting the social fabric is leading to a deep transfor-
mation of the industrial processes. The path is marked by strict and audacious
targets �xed by international government institutions through the allocation of
resources for pivotal goals, one for all the decarbonization. In this direction, the
European Green Deal (EGD) [1] aspires to obtain climate neutrality by 2050 of
EU members by means of several regulamentations like the Fit for 55 plan [2]
in which the greenhouse gas emissions must be decreased at least of55% by
2030 compared to 1990. Concerning the industrial sector, this translates in the
progressive abandonment of fossil fuel as energy propellant of power-hungry
processes in favor of electric alternatives. Among the various �elds involved
by the electri�cation trend as buildings' energy management, renewable energy
systems, furnaces-related industries [3], etc..., the automotive sector, in charge of
the 15%of total EU CO 2 emissions [4], is showing the fastest transition driven by
the possibility to partially or fully electrify the automotive power-train, process
that deeply relies on applications of power electronics, with a strong boosting
effect on vehicle ef�ciency.

1.1 Power Electronics in Automotive Field

In contrast to Internal Combustion Engine (ICE) vehicles, the powertrain of
Hybrid and full-electric Electric Vehicles (HEV/EV) gets rid of a large amount
of moving parts as transmission, gear tank, driveshaft, etc.. depending on the
hybridization level, making the whole system more reliable and ef�cient. Several
variants of powertrains are possible for HEV/EV according to the presence of me-
chanical differentials [5], number of e-motors, parallel or series working operation
of ICE in HEV [6], implying an accurate design process in terms of performance,
size, power level and cost. An overview of a generic EV powertrain is depicted in
Figure 1.1.

Up to three voltage buses are present, supplied by a high-voltage traction
battery and two 48V, 12V low-voltage batteries. The �rst is set typically to 400V,
but reaches800V in high-range performance cars, and is made by several cells
in series-parallel con�guration constituting a battery pack usually placed at the
bottom of the vehicle forming a skateboard-shaped structure. The main function
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Chapter 1 Section 1.1

Figure 1.1: schematic of a generic EV powertrain

is to provide the demanded energy by the e-motor and high-voltage auxiliary
components as air-conditioning compressor. The battery pack capacity goes from
20kWh to more than 100kWh [7] to ful�ll the wide choice of automotive market by
means of cylindrical or punch cells of Lithium-Ion that guarantees high energy
ef�ciency, high speci�c power and long life cycle, compared to other materials
[8]. The 12V battery performs the same role that has in an ICE vehicle, supplying
the low-power systems as infotainment, dashboard, door locks, power windows,
etc..., while the 48V battery is dedicated to systems in the range of hundreds and a
thousand of Watt as water pump and power steering. The low-voltage batteries
are supported by the traction battery through isolated DC/DC converters due
to the lack of an alternator. Unidirectionability feature is suf�cient to keep the
low-voltages battery charged, however bidirectional converters are usually em-
ployed for safety and emergency conditions. Indeed, the jump-starting procedure
through the low voltage bus is extremely simpler than connecting directly to the
battery pack, moreover, in case of simultaneous discharged traction battery and
dangerous situation, the vehicle can be moved by the low-voltage battery for a
limited, but potentially vital, distance [9]. In modern HEV/EV the e-motor is
made of an AC machine, mainly induction or permanent-magnet synchronous
machine [10], thanks to higher ef�ciency, power density, reliability and lower
maintenance costs than DC motor, which on the other hand can achieve higher
torque at low speeds with a simpler control. Therefore a DC/AC converter is
placed between the high-voltage battery and the e-motor. The traction inverter
regulates the amplitude, frequency and phase of the three-phase voltage set when
the e-motor requires power, while acts as AC/DC during breaking situations,
regenerating the high-voltage battery by means of bidirectional energy �ow. In
order to properly charge the battery pack, a charging system is set up where the
grid energy is provided to the battery through an isolated AC/DC converter. The
battery chargers are crucial in the EV, since interacts with the most valuable com-
ponent of the vehicle, and can be categorized depending on where the AC-to-DC
conversion takes place and on the power level. When the AC voltage of the grid is
directly provided to the charging connector, the DC voltage for the high-voltage
battery is generated within the vehicle by means of an On-Board Charger (OBC),
on the other hand a DC voltage, externally generated by an Off-Board Charger,
can be directly applied to the connector and the OBC bypassed. The �rst solution

3



Section 1.2 Chapter 1

gives more �exibility in terms of charging locations, while the second manages
higher power levels for a reduction of charging time. It is noteworthy how the
OBC can transfer energy in conductive or inductive way, however the second is
still seldom employed in current commercially available cars. Concerning the
distinction by power levels, the IEC 61851 [11] regulates the charging modes in
terms of power limits in addition to data transfer for battery monitoring, cables
and socket to be used within European borders. Table 1.1 summarizes the mode
features and indicates the typical corresponding charger system.
Given the power at stake, Mode I is generally used in domestic locations for charg-
ing time that lasts 6 � 8 hours while the others are available in public spots and
guarantee fast charging up to few tens of minutes [12]. As for the DC/DC between
high-voltage and low-voltage buses, an unidirectional charger would be suf�cient
to achieve the goal, however bidirectionality feature is broadly implemented to
perform Vehicle-to-Grid (V2G) power transfer. The main bene�t is the possibility
to use charged car as an energy storage system to maintain grid balancing in case
of grid strongly dependent on inconstant renewable energy sources or in case of
temporary high power demand [13].
As appears clearly, bidirectional characteristic is shared among all the main power
converters tied to automotive applications together with the following aspects. To
make HEV/EV competitive compared to ICE vehicles in terms of cost and mileage
per full-charge, the design of power converters is deeply focused on obtaining
the maximum ef�ciency targets and highest power density by means of light and
compact systems requiring reduced efforts in thermal management. Such goals
are unfeasible without the exploitation of advanced topologies and innovative
technologies as Wide Band-Gap (WBG) materials.

Table 1.1: Charging mode features

Charging
Mode

Max
Power

Max
Voltage

Max
Current

Data
Transfer

Battery
Charger

I 3.7kW 230VAC
Single-
phase

16A No On-Board

II 7.2 �
22kW1

480VAC
Single/Three-

phase

32A Yes On/Off-
Board

III > 22kW 480VAC
Three-
phase

63A Yes Off-Board

IV > 22kW2 > 200VDC > 63A Yes Off-Board
1 7.2kW for On-board case, 22kW for Off-board case [14]
2 Fast DC charging is usually in the 50 � 100kW range with Ultrafast charging up
to 400kW (800V) [14]
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Chapter 1 Section 1.2

1.2 Wide Bandgap Techonology

A semiconductor material is conventionally denominated wide bandgap when
the energy gap Eg, i.e. the energy needed by an electron to pass from the valence
band to the conduction band, is greater than a threshold of usually 2eV. Elevated
Eg physically translates in stronger crystalline bonds which require an higher
critical electric �eld Ec to be broken when reverse biased triggering the impact
ionization responsible of the avalanche effect in a PN junction [15]. Still, given the
proportionality of Ec on the Drain to Source (or Collector to Emitter) distance in
the electronic device, the breakdown voltage of WBG material is shifted to higher
values for the same form-factors. Moreover, the intrinsic carrier concentration ni
is inversely proportional to Eg providing lower leakage currents. Such proper-
ties are crucial in the development of new generation power devices, migrating
from the largely used Silicon (Si), with Eg < 2eV, to other technologies as Silicon
Carbide (SiC) and Gallium Nitride (GaN) which are emerging in the power elec-
tronic market. The main physical characteristics of these material are plotted in
Figure 1.2.

Figure 1.2: WBG physical characteristics values [16]

Here it can be noted how the superior thermal conductivity of SiC makes it
suitable for very high power level systems, while the GaN electron mobility ad-
dresses this material to high speed applications as indicated also by the Johnson's
FOM [17], that is the product of Ec and saturation velocity. Nevertheless, both
SiC and GaN highlight superior physical features than Si. In order to estimate
the technological limit of a semiconductor, the speci�c ON-resistance versus the
breakdown voltage �gure of merit is often considered since a trade-off between
the two parameters are usually implied in the design stage [18]. As expected, in
[19] Si reveals lower performances, however the reported devices are closer or
even beyond the limit curve, while SiC and, most of all, GaN devices are quite far
from their respective limits. This means Si represents a mature technology with
little margin of new developments, whilst the others have larger room of improve-
ment. The fairly notable number of manufacturing companies that furnish SiC
products is symptom of a good technology maturity level, nevertheless important
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challenges remain to cope with as gate-oxide growth, density of defects and chie�y
the high manufacturing cost (10x compared to Si), which is still unclear if can
be decreased considerably [20]. On the other hand, GaN technology is affected
by more demanding issues which don't allow its employment extensively. The
high costs of implementing material substrates with favorable crystalline lattice
where the GaN can grow, force the use of Si bulks, negatively impacting on the
device thermal conductivity and leading to heterogeneous structures realized in
lateral devices. The latter is a suitable solution for high frequency operation at the
expense of breakdown voltage levels which currently reach 600-650V. Cascode
con�guration have been designed to address such issue obtaining devices able
to withstand up to 900V, however the GaN bene�ts are further reduced in terms
of complexity and conductive losses. Moreover, additional process stages are
required to shift the gate threshold toward positive values (normally-OFF devices),
and to limit the current collapse effect [21]. In spite of that, early generation
devices already provide better performances than more consolidated Si solutions.

Figure 1.3: Application �elds of Si, SiC and GaN technology in function of power and
working frequency

As consequence of the previous considerations, three main application areas
can be identi�ed in Figure 1.3 on the employment of the different materials. SiC
technology is well suited for high voltage and mid-to-high power ( > � 10kW)
sectors as heavy transportation and wind turbine, while GaN is indicated for
high speed and mid-to-low power ( < � 10kW) �elds as telecommunication power
ampli�er and charger for portable devices, then Si remains the most valid option
when low power and low frequency levels are needed as in lighting and digital
applications. Nowadays, Si devices still dominate the automotive sector, however
the increasing power demand and the necessity of compactness, as described in
Section 1.1, make WBG materials the most promising alternatives.

On system level, the exploitation of SiC and GaN devices have multiple ad-
vantages, leading to an ef�ciency boost of switching power converters up to 98%
and even beyond. The possibility to obtain smaller devices than Si counterparts
for the same voltage/current rating reduces considerably the parasitics, as gate
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charge and output capacitance, enabling faster commutations. By consequence,
the dimensions of capacitance and magnetics (inductance and transformer), typ-
ically the bulkiest components in a switching converter, shrink down with an
immediate bene�t in terms of occupied volume, weight and power density. After-
wards, in addition to lower commutation losses, the combination of high thermal
conductivity (SiC) and low ON-resistance (high electron mobility - GaN) with the
more thermally stable bonds due to wide bandgap bring to a more relaxed cooling
system design. However such improvements come at the price of more expensive
electronic devices, which are nevertheless dumped by cheaper passives, and more
careful layout design. Elevated di/ dt, dv/ dt can cause large spikes and EMI gen-
eration if traces and components arrangement are not �nely addressed, chie�y
in parallelized transistors or power modules. On the other hand, an optimized
layout of the area between driver and gate is crucial to minimize and effectively
decouple the power loop and gate loop through the ground to avoid degradation
at gate level or unwanted turn-on.
In the thesis, the design and realization of three different power converter pro-
totypes employing WBG devices are described. The �rst two prototypes are
intended for automotive applications and represent a 7.5kW unit cell for a high
ef�ciency battery charger exploiting GaN technology. In particular, a bridgeless
single-phase AC/DC converter and an isolated DC/DC converter are realized
where the employment of commercial 650V GaN HEMT transistors allow high
frequency operations and smart topology thanks to the reduced commutation
losses. The component procurement, the PCBs realization the assembly procedure
have been sponsored by OCEM Power Electronics, a leading company in power
electronics for scienti�c and industrial research. The last prototypes is a bidirec-
tional isolated 350kW DC/DC converter capable of handling steep voltage and
current transitions in order to mimic the behavior of a traction battery in different
conditions. Given the power levels at stake and the fast dynamic requirements
to perform battery emulation tests, commercial 1200V SiC power modules are
employed along with state-of-the-art components to obtain a system compliant
with most of the structures to be tested as HEV/EV power-trains. The activity
has been carried out in collaboration with LOCCIONI, a leader company in the
automotive testing solutions, which commissioned the project and provided the
indispensable facilities for the system realization and ARCA Tecnologie, providing
the know-how needed to properly design and implement the control algorithm.
In addition, given the more promising features of GaN technology, either in terms
of performance and manufacturing process, but more prone to defect due to the
minor heritage by the foundries, two measurement setups have been implemented
for the characterization of ON-Resistance degradation on experimental version of
GaN devices from a research foundry. The �rst allows to perform tests at on-wafer
level accessing the device by a probe station and varying the blocking voltage,
the commutation period and temperature, while the second embeds the device in
a typical power electronic application, providing insight of the behavior during
realistic working operations. Both strategies aim to yield valuable information for
GaN transistor foundries by means of dynamic, large signal tests.
The arrangement of the dissertation is the following: in Chapter 2 the design of
the converters for charging applications are presented, in Chapter 3 the battery
emulator converter design is shown, while the implementation of the two mea-
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surement setups is located in Chapter 4.
The entire PhD course have been carried out during the recent pandemic emer-
gency and the worldwide chip shortage which heavily hit the electronic sector
causing extremely severe inconvenients in term of production delay and compo-
nent replacement. In fact, a big effort has been made for the actual implementation
of the aforementioned designs, which nevertheless have been successful. The
results of these activities have been summarized in four scienti�c papers [22], [23],
[24], [25].
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Chapter 2

Design of a 7.5kW Power supply for
charger applications

The trend in automotive power-trains electri�cation drastically sped up in the
recent years pushed by enormous industrial investments consequent to demand-
ing environmental requirements imposed by legislators and the growing appeal
of electric and hybrid vehicles among the population [1]. One of the most thriv-
ing topic concerns the charging framework of automotive electric energy storage
(EES), typically Ion-Lithium battery-packs, in which OFF/ON Board Chargers
play the chief role. These are usually two-stage systems, with an AC/DC grid-tied
converter and a DC-DC converter to regulate the battery voltage and current,
where elevate ef�ciency and bidirectionality are required respectively to reduce
the system size and for vehicle-to-grid (V2G) power �ow. Among a wide variety
of classi�cation depending on the housing, power size and charging technique [2],
[3], the single-phase LEVEL2 [4] 2-stage battery charger represents the standard
implementation since can be used either as ON-Board Charger (OBC) and OFF-
Board charger in private facilities or as base cell in fast charging stations.
Wide Band-Gap (WBG) technology, as SiC and GaN, is gaining considerably share
market to the detriment of Si devices. If for LEVEL3 chargers[5] only SiC tran-
sistors can be exploited for the higher breakdown voltages and longer heritage,
in LEVEL2 range (1.8� 19.2kW) 650V GaN technology commercial solutions are
available for power electronic applications thanks to normally-OFF HEMT devices.
The superior characteristics in terms of low channel resistance for current capabil-
ity, small capacitive parasitics and absence of reverse recovery charge are crucial to
increase ef�ciency, power density and switching frequency, enabling the shrinking
of the magnetic components as the high-frequency transformer, typically one of
the bulkiest device in DAB topology. However, such bene�ts come along with
new challenges from the design point of view: elevated di

dt ,
dv
dt must be handled in

terms of layout, minimizing inductive loops with wise signal and ground plane
arrangement, and adopting suitable components for the high frequency regime
with reduced stray inductances. In this context, two 7.5kW converters using 650V
commercial HEMT GaN transistors suitable for charging applications has been
designed and implemented exploiting PSIM [6] simulation environment for elec-
trical and thermal simulations, while Eagle CAD tool [7] by Autodesk has been
employed for power and control PCB boards. In this chapter the design of the two
stages forming a 7.5kW base cell are described in detail, in particular Section 2.1 is
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dedicated to the AC/DC converter and Section 2.2 to the DC/DC converter.

2.1 PFC

The �rst stage of a power supply for automotive charging application is made
of an AC/DC converter in charge of extracting the demanded power from the grid
maximizing the Power Factor (PF) and minimizing the Total Harmonic Distortion
(THD). In this way the system is not oversized for the exceeding apparent power
and doesn't contribute to source distortion. A bridgeless, boost-like PFC converter
allows to ful�ll the requirements with enhanced ef�ciency and bidirectionality,
due to the elimination of the input diode bridge. Several bridgeless PFC converters
are present in literature; [8] compares different PFC topologies (with or without
input diode bridge) to the well-known PFC boost converter, while [9] focuses
only on bridgeless ones. Among the bridgeless boost, bridgeless dual boost,
bridgeless boost interleaved, bridgeless totem-pole boost (BTTP) and bridgeless
totem-pole boost interleaved, the most promising turns out to be the BTTP. Indeed,
it is able to reach the highest ef�ciency ( > 99%theoretically) with the shortest
component list. Nevertheless, BTTP struggles to prevail over other topologies
since the switching losses on silicon IGBTs or silicon power transistors compel to
adopt Critcial or Discontinuous Conduction Mode (CrCM, DCM), making control
more complex and deteriorating the THD. Therefore, the exploitation of WBG
devices becomes crucial to overcome silicon limits. In particular, GaN technology
is the ideal candidate thanks to zero reverse recovery Qrr enabling the employment
Continuous Conduction Mode (CCM) for BTTP control. This section describes the
detailed design, simulation and implementation of an air-cooled, 7.5kW Bridgeless
Totem Pole PFC Boost Converter exploiting commercial 650V GaN switches. The
single-phase bidirectional converter operates at 100kHz switching frequency with
and output DC link voltage of 400V and an overall ef�ciency at full power of 98.4%.
In Section 2.1.1 the BTTP topology is illustrated, in Section 2.1.2 the converter
design is developed in terms of active and passive components' sizing and system
architecture. Then the proposed control algorithm and ef�ciency assessment by
simulations are illustrated in Section 2.1.3 and Section 2.1.4, respectively.

2.1.1 Topology

In Table 2.1 the speci�cations of the PFC AC/DC converter are expressed.
Here it is evident how PF and ef�ciency ( h) targets address to a BTTP PFC boost
converter.

Table 2.1: AC/DC converter speci�cations.

Vin Iin Switching
Freq.

PF THD h Pout Vout

240VAC,
50Hz

32ARMS 100kHz > 98% < 5% > 98% 7.5kW 400V

In Figure 2.1 is depicted the basic schematic of a BTTP: two half-bridges are
placed between an input inductor and an output capacitance where the respec-
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tively input current and output voltage are controlled in boost-like fashion. Q1
and Q2 form the low frequency (LF) leg, while Q3 and Q4 form the high frequency
(HF) leg. Basically, the 3-4 leg acts as a synchronous boost converter that works
alternately on the positive and negative part of the input voltage sine wave to
obtain power factor correction. This should be more clear looking at the working
principle in Figure 2.2. When Vin > 0, Q2 is ON and connects the output low
potential to the neutral potential of the grid. Hence, L-Q4-Q3 triplet forms a boost
converter where Q4 is the leading switch ( T) and its modulation scheme is the duty
cycle r , whereas Q3 acts as diode (D) conducting for the remaining percentage
of the period 1 � r . This is shown in a-b quadrants, where the current path is
highlighted in case of activation of T and D. When Vin < 0, Q1 is ON and connects
the output high potential to the neutral potential of the single-phase grid. Now
the leading switch becomes Q3 and Q4 works as the diode (c-d quadrants). It is
evident how LF leg shares the same frequency of main voltage (50Hz), while HF
leg work at switching frequency. For this reason LF can be made of conventional
silicon transistors because switching losses are not critical, while HF leg must use
WBG devices. It is noteworthy the possibility to replace LF switches with power
diodes, however it would imply worse performances, chie�y in terms of ef�ciency
and THD, and loosing bidirectionality.
The main disadvantage of the BTTP converter is the possibility of current spikes
generation during the polarity change of the main voltage. Indeed, the output
charge of transistors and the recovery charge of silicon body diodes could dis-
charge abruptly if the zero-crossing is not well detected [10], [11]. To avoid this
behavior, all the devices are turned OFF when the main voltage is near 0V ceding
a bit of PF performance.

Figure 2.1: BTTP schematic

2.1.2 Design Implementation

2.1.2.1 Component sizing

As said previously, the two BTTP legs should use different semiconductor
technologies due to their function in the working principle. The tied ef�ciency
constraint of Table 2.1 helps in the choice in both cases. In Table 2.2 a list of possible
commercial switches is shown. Since the conductive power loss is predominant,
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Figure 2.2: BTTP working principle

the IPW60R017C7 [12] was chosen for its low channel resistance thanks to Cool-
Mos technology. Concerning HF leg, the range of WBG commercial devices for
voltages and currents of Table 2.1 is still not as wide as for the silicon technology.
Few possibilities are shown in Table 2.3 and the GS66516B [13] was chosen in
order to minimize as much as possible switching losses. For GaN technology, only
HEMTs devices (with positive threshold) were been considered, while cascade
versions were omitted due to the exploit of embedded input silicon transistor
that sightly degrades switching performance allowing though higher blocking
voltages [14].

Table 2.2: LF leg possible devices.

Product Manufacturer Technology VDS

IPW60R045CP In�neon Si 650V
STY105NM50N ST Si 550V
IPW60R017C7 In�neon Si 650V
FCH023N65S3 ON Si 650V
IPZ65R019C7 In�neon Si 700V

IDS@100� C RDS Coss

38A 45mW 320pF
88A 22mW 500pF
69A 17mW 200pF
66A 23mW 298pF
62A 19mW 160pF

In agreement to the previous BTTP converter description, the inductor and
output capacitor are sized in the same way of a typical PFC boost converter.
Equations follow [15], [16]:

Lmin =
Vout

4fswDI
= 74uH, with DI = 3%

Pout

Vin,RMS,min
p

2
(2.1)
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Table 2.3: WBG power devices.

Product Manufacturer Technology VDS IDS@100� C

IMW65R027M1H In�neon SiC 650 V 39A
IMZA65R027M1H In�neon SiC 650 V 41A

GS66516B GaN System GaN HEMT 650V 47A

RDS Coss Qr Ciss

27mW 244pF 239nC 2131pF
27mW 244pF 239nC 2131pF
25mW 130pF 0nC 520pF

Cout,min = max

8
<

:

Pout
Vout2p flineDVout

= 2.98mF, with DVout = 5%Vout
2Poutthu

V2
out� V2

lim
= 2.5mF

(2.2)

where thu is the holdup time and corresponds to a line cycle (20 ms), while Vlim =
200V is the output voltage threshold in case of a line interruption of thu duration.
A value of 4mF is chosen for the output capacitance. Concerning the inductor, an
initial a value of 100uH has been considered, however circuital simulation shown
a THD value beyond the speci�cation limit, therefore a 200uH input inductance
was chosen. At the output stage, the voltage spikes generated by high current
derivative of GaN devices on bulk capacitor ESL must be carefully accounted.
ESL can be decreased placing multiple capacitors in parallel and using low-ESL
capacitor. Capacitor with �lm technology can assure low ESL but the poor ca-
pacity density leads to an unfeasible number of parallel component. Hence, both
electrolytic (high capacity density, medium-high ESL) and �lm capacitor are used
to �atten ESL and redistribute the current harmonics [17].

2.1.2.2 Architecture

The converter is built following a modular approach and with a sparse compo-
nent distribution in the main board in order to increase the prototype testability
and eventual tweaking. This choice for the �rst development of the prototype
obviously decrements the overall power density, that can be highly increased in
a successive design iteration. The three modules constituting the system are the
Mother Board, the Control Board and GaN Daughter Module. The schematic of
the entire converter, comprehensive of sensed signals, is shown in Figure 2.3.

The GaN Daughter Module consists of two separated boards, a driver board
and an IMS board. This solution is implemented to satisfy the necessity of an
enhanced thermal management together with minimal parasitics [18]. Figure 2.4
depicts the 3-D version the module consisting of two distinct boards, the brown one
(IMS Board) and the green one (Driver Board). The Driver Board is implemented
in a 4-layer 43x69mm FR4 PCB and is populated by the isolated gate drivers, the
isolated DC-DC converters for their power supply and the ceramic capacitors for
the local DC decoupling of the DC-link for the minimization of the power-loop
stray inductance. Two isolated single-channel ADUM4121 [19] gate drivers by
Analog Devices boost the digital PWM signals from the microcontroller in two

17



Section 2.1 Chapter 2

Figure 2.3: Schematic of the whole converter comprehensive of sensing characteristics

+ 6/ � 3V gate signals with fast transitions and high peak/sink current capabilities,
fundamental characteristics when driving WBG devices. Given a maximum skew
of the delay time among two different ADUM4121 of 22ns, and the very fast
commutation of the switches (delay time + rise/fall time < 40ns), a 70ns nominal
dead-time value was selected and implemented in the PWM command generation.
The placement of drivers in the board was optimized to reduce as much as possible
the distance between their output and the gate ports of transistors to minimize the
inductance of the gate driving loop: to this aim, a short 2.54mm connector toward
the IMS board is used and the connection is made with the transistor Kelvin-source.
The IMS board is a 45x45mm PCB where two GS66516B transistors are placed
forming, an half-bridge, while the insulated metal substrate is in charge to convoy
the heat produced to the heat sink minimizing the thermal resistance. Indeed, IMS
board is basically made of a thin FR-4 layer attached to a thick thermal conductive
substrate, typically aluminum, for enhanced thermal management performances
(in combination with heatsink) in comparison to a single FR4 board with thermal
vias. It is noteworthy that GS66516B has the thermal pad at the bottom of its
case, hence oriented to the IMS metal substrate, allowing to not overheat driving
circuits. These boards are described in the pictures of Figure 2.5 and Figure 2.6.

The Control Board is a 4-layer 46.2x38.1mm FR4 PCB speci�cally designed to
implement the control law of the converter. The employment of a detached board
allows to upload the �rmware more easily and perform tests on digital signals
without being necessarily connected to power devices, other than being more
immune to possible conductive EMI thanks to a single joint point of the ground
reference with the Mother Board. Among the wide variety of microcontrollers
that are commercially available, a trade off in terms of computational resources,
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