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Abstract

An isolated quasi-resonant multilevel dc-dc converter Multi-Phase
Single-Stage Topology for 380 V VRM application

by Roberto RIZZOLATTI

The power supply evolution for data centers and networking applications
demands a continuous improvement in the efficiency at system and con-
verter levels. Higher voltage distribution system and less conversion steps
are necessary to increase the efficiency of the overall distribution system. To
implement more efficient power conversion systems 48 V dc at rack level re-
cently has been adopted ensuring higher overall efficiency, isolation design
and phase shedding in light load; but rack-level dc distribution can be per-
formed at a higher level of dc voltage such as 380 V dc. An advantage over
48 V dc distribution is that a more efficient ac/dc converter may be used, re-
sulting in higher overall efficiency. For higher voltage dc distribution system
a voltage regulator modules (VRM) is currently realized using a two-stage
approach, with an intermediate 12 V dc bus.

The challenge is to operate at high-efficiency with a single stage conver-
sion directly from 380 V dc bus operating as high-voltage point-of-load (HV
POL) converter, including a multi-phase approach and phase-shedding ca-
pabilities, maintaining high power density and dynamic performance com-
parable with 48 V VRM single-stage.

This dissertation presents an innovative single-stage approach for the 380
V VRM based on a quasi-resonant multilevel topology constant on-time (COT)
operation. The proposed topology inherently integrates the multiphase ap-
proach, providing fast phase shedding and flat high efficiency curves even
at light load conditions. This is a unique advantage, which is not possible
to establish in the two stage approach, which is very important in server
architectures, and where high efficiency is required even at light load condi-
tions. This dissertation analyses different high step down topologies includ-
ing the aforementioned multilevel one, comprising a control architecture for
fast transient response, the current sharing capabilities, and a solution for
implementing the integrated magnetics.

Experimental results show an efficiency of 93% for a 120 A, 380 V-1.8 V
VRM power supply.
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Chapter 1

Introduction

This chapter presents the motivations, objectives and an overview of this dis-
sertation. The challenges of the state-of-the-art of Power Distribution System
Architecture in Data Centers are investigated to determinate how they can
tulfill the energy efficiency requirement and the power delivery demands of
future microprocessors. This chapter provides a reviews of this field, fol-
lowed by the scope of research.

1.1 Data Centers Energy Efficiency

Climate change is recognised as one of the key challenges that the modern
society is facing. The Information Technology (IT) sector, including data cen-
ters, generates up to 2% of C'O, emissions. Today 12 million computer servers
in 3 million data centers deliver all United States on-line activities [1] and also
we have been seeing a rapid increase of cloud computing and the high de-
mand for digital content. In 2030 slightly 12% of the total electric power will
be used to supply data centers [2] [3]. On the contrary, the progress in energy
efficiency for data center power distribution system is slower than it needs
to be.

Among the measures to mitigate the impact of climate change a key com-
ponent is the energy efficiency of all systems. The energy consumption can
be attributed primarily to the IT demands and cooling system but actually is
not the only issue that a power distribution system is facing. Indeed, today in
data centers, the most common operating points corresponds with the lowest
energy-efficiency region [4], on the other hand the highest energy-efficiency
region correspond with uncommon operating points. Most of servers in data
centers are on 24/7 waiting to receive data just only because the process-
ing power capacity of servers is typically planned to handle the peak annual
traffic. This paradox will require significant rethinking of components and
systems at power architecture level.

Power architecture should address between the energy-efficiency equip-
ment used in data centers and the behaviour of server workloads. An ideally
machine should consume zero power when idle and gradually more power
proportionally with the activity level. Thus, new design rules should be
based on assumptions: without data to elaborate there is not energy consump-
tion. Actually it is not possible, but following this concept this dissertation
would address these challenges.
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1.1.1 Power Usage

Power usage is also an important concern in designing power delivery archi-
tecture. In a typical data center more or less than half of energy consumed is
delivered to computer load, on the other hand the second half is lost in power
conversion and cooling. As reported in section 1.1 this is partially due to the
power delivery architecture which is not designed on the assumption that
a lot of machines work in idle mode. In almost all data centers, all around
the world, the hardware does not easily adapt its power usage at different
load condition. This dilemma can be overcome by projecting the hardware
with the concept of energy proportionality which is the only way to improve
the overall efficiency. Indeed, energy optimization is a complex end to end
problem, because is requiring an intricate coordination between hardware,
software, applications, security rules and operations organizations.

Even if the overall power consumption will vary significantly depending
on the power architecture system from the grid system to the motherboard,
it is important to be aware how energy is used in a typical data center moth-
erboard [5]. For a given workload the graph in Fig. 1.1 indicates the CPU
as the dominator of energy consumption because has been adopted a better
thermal management which allow to run the CPU to their maximum power
envelope, whilst the memory consumption presents a reversed trend due to
better energy management and new memory technology. In DRAM, voltage
has dropped from 1.8 Vdownto 1.2V
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FIGURE 1.1: Approximate distribution of power usage in a
modern data center.

1.1.2 Source of Efficiency losses in Data Centers and Energy-
Proportional

As discussed earlier, energy management in data center is now one of the
key issue for this business. In this scenario the reduction of all energy-related
costs and environmental impact is very important. Many energy saving tech-
niques have been developed in the last few decades to fill the gaps at all
conversions level. Thus, it is important to be aware about these conversions
step: from the grid the first two transformation steps from 100 kV to 10-15 kV
and then down to typically 480 V are usually very efficiency around typically
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half a percentage point. Inside the building the UPS causes most of the elec-
trical losses (around 88% of efficiency), due to two steps conversion AC/DC
DC/AC. After the UPS there is the power distribution unit with low losses,
then down to the rack with a very long cable >100m. Typically the distribu-
tion energy usage in a conventional data center is 50% in the IT equipment
whilst 25% comes from the cooling system which is historical due to lack of
attention to efficiency [6]. A better power system architecture can greatly de-
crease the overall consumption because it can reduce at the same time cooling
system power usage.

As reported in section 1.1.1 CPU is the dominator of energy consumption
which historically have bad reputation regarding the power usage. Conse-
quently, today in data centers one of the main problem is the Energy Proportional
issue [4]. The mismatch between server workload and server energy effi-
ciency, of the power delivery system, must be fixed at hardware level. The
system are inefficient when lightly used because lack of attention from hard-
ware engineers, about the importance of all energy efficiency region. In the
last years the energy proportionality has been added as a design goal. The
assumption of linearity between activity and power usage is one of the main
reason of the research activities presented in this dissertation.

1.2 Power Distribution System Architecture in Data
Center and New Proposed Architecture

The purpose of this section is to hand over a general background about the
typical power distribution system architecture in data center. Before going
deeply in details about power distribution system at rack level, it is impor-
tant to clarify what is rack level and give a general overview of what there is
from the grid system to the rack.

Power first enters at a utility station transforming the high voltage 110 kV
to the medium voltage 50 kV. The medium voltage is used for the distribution
in the site where there are unit substations for medium-to-low voltage trans-
formation, typically bellow 1 kV. From here the low-voltage lines going to the
uninterruptible-power-supply system (UPS) which in general take a second
feed from a set of diesel generators. From the UPS the lines are routed to the
data center floor and finally connected to Power Distribution Units (PDU).
PDUs, in a typical power distribution system architecture are the last layer
before the facility-level distribution system [5]. Existing power architectures
may be divided into three categories: rack-level DC, facility-level DC and
AC[7].

Through an analysis of several Power Distribution System at facility level
in [8] is shown that different architectures give an important improvement
for the overall power conversion efficiency.

Before explain what is a typical power distribution system at rack level it
is important to understand what are the digital loads in data center and why
their power consumption is increasing.
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1.2.1 Evolution of Microprocessors

The central processing units CPU are the hear of computation in a server’s
motherboard. In order to achieve more powerful computation more and
more transistor are integrated with higher clock frequency. In Fig. 1.2(a)
are reported the number of transistors in a microprocessor. This number has
been growing exponentially from 2300 to 1 billion transistor from 1974 to
2013 [9] [10]. Even the trend of the clock frequency, reported in Fig. 1.2(b)
has been growing from 108 kHz to over 3 GHz. In general, the approximate
power consumption of a typical CPU is proportional to the clock frequency.

From 2005 Intel and IBM has been adopted multi-core technology to boost
the performance of the CPU without increasing the clock frequency, as is pos-
sible to get from Fig. 1.2(b). The core counts will keep increasing every year
because of the general advantages in the computation performance [11]. Re-
garding the design of the thermal power the cores utilization have been be-
come important, in fact, in order to further minimize the thermal dissipation
each core has been powered by an individual voltage rail. The strategy, to
save energy, is to adjust dynamically according to its computation demand.
Thus, nowadays almost all CPUs are supplied by two stages: the fist is the
classic voltage regulator module (VRM) mounted on the motherboard whilst
the second is a fully integrated voltage regulators (FIVR) inside the CPU
which power each core in a CPU. The second stage (FIVR) needs to switch at
very high frequency because an high bandwidth control are needed to keep
a minimum number of output capacitors. In Haswell CPU the internal FIVR
has a switching frequency of 140 MHz to reach 80 MHz of bandwidth [12].
Another drawback caused by multi cores architecture is that lover voltage
external supply, from the first stage, are needed, increasing the current and
transient requirement. Now the question is, why CPU and not something
else? The new challenge is ASIC Clouds whose are promise of accelerating
computing performance with greatly improved power efficiency.

1.2.2 Specializing the ASIC Data Center

In the last ten years the services which are built around the Cloud model
have been growing exponentially. For example, Facebook’s face recognition
system, Siri answer speech queries, YouTube videos, etc., etc [13]. At single
node level is well known how ASICs can offer an improvements in energy-
efficiency and elaboration performance, because it can work with specialized
instructions. ASICs can achieve large reduction in silicon area which results
in a general energy saving versus a typical CPUs. Moreover ASIC Clouds
exploit a general optimization at rack level and motherboard level. At rack
level the thermal dissipation of a typical ASIC results easier [13], comparing
with typical application based on CPUs. More importantly, the specializa-
tion of ASIC reduces the overall Bill of Material (BOM) of the motherboard,
resulting in a wider power delivery network. All such kind of application
requires specialized VRM able to step current down to the 0.4-1.5 V ASIC
core voltage, with a power level that can reach 600-800 W. In this scenario
it is important to find an architecture which can optimize the VRM project
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FIGURE 1.2: a) Trend in transistor integration on a CPU, b)
trend in clock speed of CPU.

under different aspects, such as: impact on the RMS current in the bus of the
rack, power density of the VRM, power delivery network, power efficiency
of VRM and its dynamic performance.

1.2.3 From 12 V dc to 48 V dc bus

In Fig. 1.3 is depicted a typical power distribution architecture with a 12 V
dc bus at rack level. The power architecture proposed in Fig. 1.3 is burdened
with many conversion stages: inside the UPS the ac input is converted to dc
voltage which is connected to an energy storage system, i.e. a battery, and
then it is converted to ac. The ac output of the UPS is converted to dc voltage
around 400 V dc. This dc voltage is stepped down with an isolated dc-dc
converter to 12 V dc. Then VRs converters step the voltage down to main
computing low voltage rails with high current consumption.

Nowadays the challenges of 12 V power delivery are becoming hard.
Data centers today use more kilowatts per rack. In the past a typical rack
was designed for 4 to 5 kW but now it can reach 10 kW and actually in the
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future it could reach 30 kW [14], hence the current in the 12 V bus bar is
causing high copper losses, while in the future will be unsustainable for low
voltage bus. Thus, since the power losses increases by the square of the cur-
rent (I2R), an higher voltage is required to limit distribution losses and even
the amount of copper required to carry all current.

To implement more efficient power conversion systems it is mandatory to
shift to higher bus voltage at rack-level dc like 48 V, instead of 12 V, which
was recently proposed by VICOR [15] and ST Microelectronics (ST) [16].
48 V dc enables higher overall efficiency and power supply volume reduc-
tion [17]. In Fig. 1.4 is proposed the Google data center power distribution
architecture open compute racks [18], which introduces a new standard for
data center. The transition from 12 V dc to 48 V dc at rack level provides sev-
eral benefits: an overall reduction of power losses due to higher voltage bus,
less conversion steps and better deployment flexibility. Moreover, the UPS is
replaced by a battery bank placed at rack level leading to an optimized use
of rack space and even reduce conversion stage.

i 100V E

AC DC E AC s 12\/3 cry ii
/L wd GV v [l | B |
: e ! ASIC ii

UPS i | Motherboard EE

Server Rack

FIGURE 1.3: Power distribution architecture with a 12-V dcbus.

Due to the large conversion ratio from 48 V to PoL, the most common ap-
proach is the two-stage conversion system outlined in Fig. 1.5(a), in which
an intermediate 12 V dc bus is used. The first stage is usually implemented
using LLC resonant converters [19] [20] or Switched-capacitor dc-dc resonant
converters [21] [22]. The second stage uses a multi-phase buck voltage reg-
ulation module (VRM) topology which is fed from the 12 V dc bus [23] [24]
[25].

Nowadays, the bus converter is able to reach a peak efficiency of 96% or
higher and the VRM can reach 94% or above, which results in an overall peak
efficiency slightly around 90%. However, in VRM applications, the most rel-
evant key performance index is not the peak efficiency, but a flat efficiency
curve starting from light load to full load conditions. This is of paramount
importance to consider, as the server processors always switch from light
to heavy load conditions, remaining at light load for most of the time [4].
For these reasons, the controller of the second stage, i.e. the multiphase buck
VRM, provides the phase shedding functionality to enable a flat efficiency for
a wide load range. However, the first stage usually has a more conventional
efficiency curve where the maximum peak is obtained only at medium load
conditions. Thus, in the combined two-stage solutions the efficiency curve is
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FIGURE 1.4: Power distribution architecture with a 48-V dc bus.

not as flat as desired. This situation is depicted in Fig. 1.5(a). Meanwhile, the
desired operating conditions concept is outlined in Fig. 1.5(b), in which the
employed single-stage multi-phase VRM enables a high and flat efficiency
curve.
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FIGURE 1.5: 48 V VRM architectures: (a) based on the two-stage
approach with a multi-phase second stage converter, (b) based
on the single stage approach.

1.24 New Proposed architecture

As highlighted in Section 1.2.3 the power supply evolution for data centers
and networking applications demands a continuous improvement in the ef-
ficiency at system and converter levels. Higher voltage distribution system
and less conversion steps are necessary to increase the efficiency of the over-
all distribution system. As reported in Section 1.2.3 48 V dc, in single stage
VRM approach, enables higher overall efficiency, isolation design and phase
shedding in light load; but rack-level DC distribution can be performed at
a higher level of DC voltage such as 380 V dc [8] [26]. An advantage over
48 V DC distribution is that a more efficient AC/DC converter may be used,
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resulting in higher overall efficiency. For higher voltage DC distribution sys-
tem a voltage regulator modules (VRM) is currently realized using a two-
stage approach, with an intermediate 12 V dc bus [8]. The first stage is com-
monly implemented with a resonant converter [27] while the second stage
usually uses a multi-phase buck VRM topology that is fed from 12 V dc
bus [23]. The overall efficiency power supply chain becomes the product
of each power stages where, the Intermediate Bus Converter (IBC) 380V to
12V is able to reach 96.5% [27] or higher and the VRM of 94% [23] or bel-
low. However, in the VRM application, the desirable feature is a flat high
efficiency curve over the entire load range as underlined in Section 1.2.3 for
48 V dc. The architecture proposed in this work is depicted in Fig. 1.6, where
the only difference with Fig. 1.4 is the higher voltage bus used.
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FIGURE 1.6: Power distribution architecture with a 380-V dc
bus.

1.3 Voltage Regulators Module specification

In order to supply power to digital load, such as ASIC, CPU and GPU, with
high current and low voltage, the VRM power supply is used. The main
purpose of VRM is to maintain the voltage within the specification range
during a transient event. Moreover, when the microprocessor switches be-
tween active mode and sleep mode, which is a very common behaviour for
CPU, the VRM has to ensure high efficiency in all operating load conditions.
The only way to meet these requirements is to use interleaving technology,
such as parallel synchronous buck converter, which solve the large current
requirement and even the transient specification. In this section the main
VRM specifications are discussed in order to clarify how should be projected
a VRM converter.

1.3.1 Efficiency Requirement for Voltage Regulators

Efficiency performance is the main requirement for such kind of applica-
tions. As previously reported the power consumption of a typical rack is
around 10 kW and as depicted in Fig. 1.1 the CPU power usage in a typical
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workload covers 40% of the overall consumption. Thus, even half a per-
centage point of higher efficiency is an important saving. The two-stage ap-
proach (i.e. VICOR [27] and Maxim Integrated [23]) can guarantee a good
peak efficiency performance, but actually, as previously reported, the over-
all efficiency power supply chain becomes the product of each power stages.
This is foremost important to consider, since server processors always switch
from light to high load [4] [28]. The target is to project a power delivery sys-
tem witch provides a flat efficiency curve. Shifting at higher bus voltage the
overall efficiency can grow in all load conditions but actually can affect the
thermal management closed the CPU. For this reason the dc-dc converter has
to be projected with high peak efficiency, around 91% /92%.

1.3.2 Transient and Load Requirements for Voltage regulator

In the past, i.e. VRD 11.0 specification the maximum current slew rate was
300A/ s, with a load line of 1m2, maximum continuous load current (/ccrpe)
of 130 A and maximum load current (Iccarax) of 150 A [30]. Nowadays, the
VRM specification are getting stricter, a typical VRM application for CPU
can reach a maximum load current of 240 A with a maximum slew rate of
750A/ps. In Fig. 1.7 are reported the equation for the load-line specification.
The vertical axis is the output voltage deviation from the voltage reference
VID, and the horizontal axis is the output current of VRM. In Fig. 1.7 are
defined the typical load-line V},,, , , the maximum voltage curve V,,,,,, and
the minimum voltage curve V,,;,,,, whilst TOB is the tolerance band. As
reported, during a transient event the output voltage should be within the
load line band for both dynamic and static transient operation. From the
control point of view, the load-line dependence is achieve with an adaptive
voltage positioning control (AVP) [31]. During a step-down transient, the
output VRM voltage can be over the maximum voltage V,,,4,.1.1, load-line for
25us. The overshoot can not exceed the overshoot releif threshold which is
VID + A,,... The specification on the voltage undershoots is more stricter
because may causes system lock-up.

1.3.3 Power Density and Power Delivery Requirements for
Voltage regulator

The number of the CPUs per rack have been growing year by year and even
the power delivery to the CPU is becoming more stricter due to less space for
the VRM, causing thermal issue and higher power requirement for CPU. In
the future, server microprocessors will have more power consumption and
stricter transient requirements. In this scenario one of the main limitation
comes from the power delivery network, in fact with higher current, the
VRM has to be placed more closed to the CPU. More closer is, more difficult
is to meet the occupation area requirement because of the digital interconnec-
tions. In fact, due to copper area limitation one main specification is the VRM
power density. Thus, if isolated topology are adopted, magnetic integration
structures can guarantee both high efficiency and high power density.
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FIGURE 1.7: Relationship between load-line specification and
time domain waveforms.

1.3.4 Challenges for VRM Design

As discussed in this section, power management for high current digital load
will be much more critical for future microprocessor. As the transient is be-
coming higher, an higher bandwidth control loop is needed, which results in
higher switching frequency. Not only VRM challenges, it is important to re-
draw the system at power architecture system level due to more power con-
sumption and to meet the efficiency and power density requirement at all
conversion stages. As discussed previously, higher single stage step down
are needed because of the trend for the new power distribution system ar-
chitecture [26] [8]. Shifting to higher bus voltage at rack-level like 48 V [18]
enables in higher overall efficiency at power distribution system level. In
this dissertation the main challenge is to ensure all of these requirements for
a single stage working as, high-voltage point-of-load (HV POL).

1.4 Background of Point of Load (POL) Converters

Earlier VRM converter used a single conventional topology but actually with
the increase of output current and with more strict transient requirement
low output inductor where needed. However, small inductance results in
large current ripple in steady-state operation causing high copper losses and
a large turn off loss. To overcome this issue C PES proposed an interleaving
technology [32] [33] [34]. It consists of N buck converters with the inputs
and outputs interconnected as depicted in Fig. 1.8. By interleaving N cells of
the same buck converter the current ripple is greatly reduced because of the
equivalent inductance Loy, = Louwt/N. Interleaving VRMs can ensure high
efficiency, high power density, good dynamic response and more distributed
thermal dissipation. The interleaving concept was so successful and it has
became a standard in VRM industry, reaching high efficiency even fora 12 V
VRM [23].
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Nowadays with the significant improvements in the MOSFETs technol-
ogy the inductor is the barrier to higher power density. To overcome this
problem in [35] was proposed a three level buck converter which offers high
efficiency and power density. The gains is made by adding a flying capacitor
that reduces the MOSFETs voltage stress by half, allowing to use low voltage
devices and decreases the inductor size by reducing the volt-second across
the inductor.
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FIGURE 1.8: Interleaving synchronous Buck converter for VRM
applications.

In recent years the VRM output currents has increased, while the output
voltage has decreased. Conventional synchronous buck converter suffers a
lot because of the small duty cycle, causing low efficiency and poor ripple
cancellation. Moreover high power consumption for CPU results in high
current in 12 V bus.

Today, one of the current trends in supplying high performance micro-
processors is the adoption of the 48 V dc bus. To supply from 48 V dc the
most common approach is the two-stage conversion system, as depicted in
Fig. 1.5, in which an intermediate 12 V dc bus is used. But actually, as before
reported and highlighted in Fig. 1.5 high step-down directly from 48 V are
needed. The challenge is to operate at high-efficiency with a single stage con-
version from the 48 V bus, including multi-phase and phase-shedding capa-
bilities. There have been several research studies on the 48 V VRMs. Previous
examples of dc-dc resonant topologies for VRM applications can be found
in [36], [37], [38] and [39]. In [40], the 48 V VRM developed in [37] was an-
alyzed including layout and thermal considerations for very high-frequency
operation. A cascaded buck converter was proposed in [41] in order to re-
duce voltage stress across each cell of the cascaded converter. However, a
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cascaded buck converter is very complex and eliminate the possibility of
using DrMOS devices which is very beneficial for power density and high
switching frequencies. In [42] a synchronous Buck converter using GaN is
proposed with a very high ratio step down. Using the high switching speed
of the GaN FET technology is possible to achieve a narrow duty cycle main-
taining high efficiency.

Recently an high efficiency 48 V VRM dc-dc converter was introduced
in [43], [44] and [45]. None of the previous attempts, however, are able to pro-
vide multiphase operation, phase-shedding and high efficiency compared to
the two-stage solutions. An interesting single-stage alternative is recently
investigated in [17] and [46] called Sigma converter. The first Sigma con-
verter was proposed in [47] [48]. The basic idea is to deliver the power to
the load in parallel using an high efficiency unregulated converter (i.e. LLC
converter) to handle most part of the power. The regulated converter can be
a classic buck converter which carries smaller part of the power. In order
to have high efficiency, using Sigma converter, the input voltage across the
unregulated converter shoul be as high as possible.
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FIGURE 1.9: Main concept of Sigma converter.

For the unregulated converter, LLC converter topology should be the best
candidate due to its properties, such as ZVS and ZCS for the secondary side
rectifier and ZVS for the primary side switches.

Recently one stage direct power conversion from 54 V based on full-bridge
current doubler is proposed in [49] where a prototype with a six transformer
turns ratio and a maximum secondary side voltage of 10. An half bridge cur-
rent doubler is proposed in [50] implemented with GaN technologies with a
peak efficiency of 93.7%. In all of these solutions the transformer is used for
achieving high step-down ensuring isolation.

1.5 380V to POL VR technologies

The challenge now is to operate at high-efficiency with a single stage conver-
sion directly from 380 V dc bus operating as HV POL converter, including
a multi-phase approach and phase-shedding capabilities, maintaining high
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power density and dynamic performance comparable with 48 V VRM single-
stage. A conventional full-bridge that operates in phase-shifted (FBPS) with
center tapped rectifier may be used for converting the energy from 380 V DC
bus to microprocessor, as depicted in Fig. 1.10. In FBPS topology the key to
zero voltage switching is the amount of energy stored in the primary induc-
tance L, [51] versus the energy required to charge and discharge the primary
MOSFETs parasitic capacitance and the transformer stray capacitance. More-
over a dissipative RCD snubber is necessary to mitigate the voltage ringing
across the rectifier MOSFETs.

+ Vo -
Qol_ll— Qog_lp_ Z£> Lp . 1¥71 !
[ e — 000 —
ad al 5.5

. iLout
Vin + U g Veom fm\ unt

- Uy Lout i
+ + Y
C R,
Q2 - Q4 - Sr2 ’Tout out
°_|.': O_I,': Ny N2 i Ng i

-+

TET |

+ Vo2 -

FIGURE 1.10: Circuit topology of FBPS converter with center
tapped rectifier.

However, because of high voltage stress for primary MOSFETs and high
transformer turns ratio, multi-phase primary side series and secondary side
paralleled (ISOP) interleaved converter system is needed to mitigate the pri-
mary MOSFETs and transformer stress [52] [53] [54], as reported in Fig. 1.11.
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FIGURE 1.11: Input series and output parallel structure based
on FBPS
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In [55] and [56] an half-bridge current doubler is selected as HV POL con-
verter because the voltage gain from output voltage to input voltage is half
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comparing with the full bridge primary side [57]. Moreover in [56] a cur-
rent doubler rectifier was selected to simplified the transformer realization.
A symmetrical controlled half-bridge current doubler is proposed in an ISOP
connected system for HV POL where a load-dependent zero-voltage switch-
ing ZVS method was proposed improving the efficiency in both heavy and
light load conditions.

All the works presented in litterature can not ensure phase shedding op-
eration eliminating the benefit which actually a single stage HV POL can
ensure. Hence, it is important to find an optimal solution which can work
as a synchronous buck converter, ensuring ZVS in both turn off and turn on
maintaining high power density with good dynamic performance.

1.6 Dissertation Outline

The dissertation mainly focuses on the new single stage isolated VRM 380
V here proposed. To achieve this objective different topologies as high step
down to POL are explored.

The dissertation consists of six chapters, organized as follows.

Chapter 1 gives an introduction of the research background. It high-
lighted the main challenges of data center power distribution system. The
limitations of the existing power distribution architecture available nowa-
days are illustrated and is proposed our new architecture.

In Chapter 2 come up with a new single stage with high power density
high efficiency for POL application based on the full-bridge phase-shifted
quasi-resonant (FBPS-QR) converter that is the most suitable candidate for
VRM applications as HV POL from 380 V voltage input. Experimental results
are also reported for CPU and DDR VRM applications from 48 V. Then an IBC
from 380 V to 12 V based on quasi-resonant converter is proposed, highlight-
ing the trouble of poor switching performance for high voltage MOSFETs
which appears at 380 V input. Then some different topologies architecture,
based on FBPS-QR are presented in attempt to work as HV POL.

In Chapter 3, a novel multilevel topology for VRM application is pro-
posed. Our 380 V VRM is based on half-bridge multilevel phase-shift current-
doubler quasi-resonant (HBPS-QR) topology that enables ZVS operation both
at primary side and secondary side. The voltage stress for the primary MOS-
FETs, in the proposed quasi-resonant multilevel topology, is half of the volt-
age input allowing to use lower voltage MOSFETs which are less affected
from C,ss nonlinear behavior. Moreover, half of turns ratio, for the planar
transformer, is needed comparing with FBPS-QR. The secondary side is im-
plemented in current-doubler topology with both noncoupled version and
coupled-inductor structure. A detailed analysis of the converter operations
are presented including experimental results.

In Chapter 4, are proposed different magnetic structures for both FBPS-
QR, presented in Chapter 2, and HBPS-QR accounted in Chapter 3. We will
discuss first a different geometrical approach to integrate a current-doubler
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with a transformer by using a planar technology and the second an innova-
tive integration of the current-doubler, the output inductances and the exter-
nal inductor connected to the primary side required for ZVS operation, using
a single magnetic component. Moreover, two different transformer structure
for HV POL are presented. Experimental results for integrated magnetics
structures and HV POL transformers are presented.

Chapter 5 provides a summary of the dissertation highlighting the benefit
of the proposed 380 V VRM over 48 V VRM.
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Chapter 2

High conversion ratio isolated
dc-dc converters for VRM
application

High step down converter is the key for improving the overall performance
of power distribution system in data center at rack level. In this chapter
different topologies as high step down isolated dc-dc will be presented high-
lighting the major benefit and drawback of each topology.

2.1 Constrains for 380 V VRM conversion

VRM converter takes a variety of form factors for different digital load (i.e.
GPU,CPU,AISCs etc) but actually the fundamental requirements for VRM
conversion are generally the same. VRM converter as HV POL has to en-
sure the same fundamental requirements that a typical VRM from 12 V input
voltage can guarantee, such as: efficiency, high step down, power density
and dynamic performance. In order to avoid extremely conversion ratio of
the converter higher turns ration n is normally selected. However, high turns
ratio will complicate the design of the transformer, such as: primary side re-
sistance, leakage inductance and inter-winding capacitance. Moreover, the
volume of transformer becomes large affecting the power density of the con-
verter. Another issue comes from the high input voltage of the application.
The high voltage stress on the primary side switches will increase dramati-
cally the power losses, so ZVS or zero current switches (ZCS) techniques are
mandatory in this application. In particular, the benefit of ZVS in topology
such as full-bridge phase shift, dual active-bridge are a well-known, which
can ensure high-frequency operation showing significant improvements in
efficiency from high voltage source. For the design and optimization of a con-
verter system based on ZVS operation it is crucial to identify the conditions
under which ZVS can be achieved. First of all the topology adopted, a ba-
sic requirement for ZVS operation is a half-bridge with an inductive element
connected to its phase. Moreover, it is important to identify and calculate the
required energy stored in the inductive element at the beginning of a switch-
ing transition. In this scenario, it is mandatory to analyze the soft switching
behaviour in all operating load conditions especially in light load. Not only
primary side switches, it is essential to study the impact of the transformer on
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the ZVS functionalities and to meet EMI standards. In general inter-winding
capacitance of transformer is a major path of CM noise causing also impact
on the ZVS transition, so attention should be paid on this aspect.

In chapter 3 is introduces an analytical approach to specify the condi-
tion for ZVS and its impact on the overall efficiency due to the copper losses
caused by the high energy for ZVS operation. A comparison between differ-
ent topologies, different MOSFETs and different transformers will be carried
out in this dissertation.

Primary side MOSFETs are important as secondary side MOSFETs. In
general power converters which utilizing isolated topologies for low voltage
high current applications are using synchronous rectifier (SR) to improve the
overall performance. Attention should be paid on the selection of these MOS-
FETs because the high current and the voltage stress, which depends from the
turns ratio of the transformer and the input voltage.

Another important constrains of 380 V VRM is the dynamic performance,
as reported in section 1.3.2. The dynamic loading of the VRM represents a
severe problem, because the high slew rate and the tighter voltage tolerance,
which can be solve by using high frequency converter with high bandwidth
control. Thus, low output inductance are mandatory to meet these require-
ments which actually affects the efficiency performance. All of these require-
ments pose serious design challenges.

2.2 High voltage to POL some proposal

In this section are discussed some general possible topology as high step
down. All topologies should be transformer based with ZVS or ZCS oper-
ation at primary side and high output current range up to 60-70 A at 1.8 V
for each phase ensuring current sharing.

2.2.1 Full-Bridge phase-shift

A full-bridge ZVS converter is displayed in Fig. 2.1 which can be a valuable
topology as high step down, it has half the rms current at primary side com-
pared to a half bridge, and also it can be implemented in phase-shift control
which provides Zero Voltage Switching (ZVS) for all primary side MOSFETs.
Double current rectifier is the most suitable for such high current application,
since the current target is 60 A. Double current rectifier presents some advan-
tages, such as: simpler transformer realization with one secondary winding,
which results in a reduction of conduction losses at secondary side. More-
over current doubler provides ripple cancellation, since the output inductors
are operating in parallel handling half the output current [58].

In [59] FBPS small signal model with current doubler (CD) rectifier is de-
rived. By using the model proposed in [59] the averaged circuit model of the
PWM converters can be directly used to derive the small signal model and
as demonstrated, the small signal model of FBPS-CD can be described by a
second-order transfer function as the classic buck converter.
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FIGURE 2.1: Phase-Shifted Full Bridge ZVS converter with dou-
ble current rectifier.

To study the constraints considering the dynamic behaviour for FBPS-CD,
we need to replace the converter in 2.1 with a simplified model. In Fig. 2.2
is illustrated the simplified model of FBPS-CD which shows that the current
doubler rectifier can be simplified as one single LC filter, where L, is the
equivalent inductance Loy, = Lout, , /2 (i.e. Low; = Lous,)- In the model
proposed in 2.1 is not reported the duty cycle loss behaviour which is the
effective duty cycle d, as defined in [60].

The circuit in Fig. 2.2 shows the major future of the CD rectifier: two
inductors share the load current. Hence, the equivalent inductance design,
and even the transformer turns ratio n have to be designed based on the
transient and efficiency requirement.

Uph max

insigh

IF'ull — Bridge Rectifier +J_ C

; —

FIGURE 2.2: Simplified model for Full-Bridge phase-shift cur-
rent doubler.

In a classic buck converter, to meet transient requirement an optimal de-
sign of the output inductances are needed as in FBPS-CD. During a transient
the duty cycle increases as long as the duty cycle is not saturated. When
the selected inductance value of L,,,, reaches a value such that the duty
cycle is near saturation condition during the transient response. In this sce-
nario the inductance is defined as the crictical inductance. In [61] a model for
crictical inductance in multiphase VRM buck converter is proposed which
can be adapted for FBPS-CD:

s
L o 5 phmazADmax
crt — A[ )
outWe

(2.1)
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where Al,, is the maximum output current variation, w,. is the control
bandwidth, V... is the maximum voltage on the secondary side (as de-
picted in Fig. 2.2) and AD,,,, is the maximum variation of duty cycle. AD,,q,
depends on various parameters, such as the primary inductance L,, the trans-
former turns ratio n, the output current /,,,, and the output inductances L,,;.

As widely demonstrated in literature FBPS-CD ensure ZVS operation but
attention should be posed on this aspect. ZVS is strongly subjected to vari-
ation with the load condition [51], moreover, an additional inductance is
added at primary side to ensure ZVS operation. Another drawback of FBPS
comes from the ringing effect across rectifier switches caused by a parasitic
resonant transition between the primary inductance and the parasitic output
capacitance of the rectifier MOSFETs C,,s. Thus, the peak voltage in the FB
at secondary side is higher than V;, /n, if dissipative snubbers are not used.
Moreover, considering Fig. 2.1 the two legs of the FB behave differently with
reference to the ZVS. The left leg starts the transition of ZVS at the end of the
circulating phase [62], whilst the right leg starts its transition at the end of
the power phase, which means higher energy available.

Full-bridge phase-shift current doubler ZVS is not suitable for high step
down operation from 380 V to POL because of hard switching operation at
secondary side. In fact, high voltage MOSFETs rating are needed. Thus, the
switching frequency of the topology will be limited, as well as the power
density. Another important drawback is the high copper losses at primary
side due to ZVS operation and high turns ratio requirement. Classic FBPS
results in bigger size which is incompatible with motherboard placement.

2.2.2 Full-Bridge phase-shift double-current ISOP

Full-Bridge phase-shift converter proposed in section 2.2.1 is not a suitable
candidate for VRM applications as HV POL from 380 V voltage input due
to the trouble of poor switching performance for high voltage MOSFETs ap-
pears during 380 V input, reducing the overall efficiency. In addition in full-
bridge topology the parasitic transformer stray capacitance comes as an im-
portant limitation for ZVS capability. In an attempt to improve the ZVS per-
formance for primary side switches and reduce the necessary transformer
turns ratio, here a multi phases primary side series and secondary side par-
alleled (ISOP) interleaved converter system [63] is used to mitigate the trans-
former stress [52] as shown in Fig. 1.11. Each box in Fig. 1.11 represents a
FBPS-CD converter.

The proposed structure ensure ZVS with less energy stored in the leakage
inductance compared with full-bridge in Fig. 2.1 and even the transformer
turns ratio requirement is less compared with FBPS (n = ny,/N., where N,
are the number of converter in series at primary side), which results in an
higher peak efficiency. However, in VRM applications, the most relevant key
performance index is not the peak efficiency but actually a flat high efficiency
in the entire load range. In fact, in the proposed architecture is not possible
to use phase shedding technique.
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2.2.3 Full-Bridge phase-shift series approach

Another appealing topology can be a series approach at primary side with-
out using parallel configuration at secondary side, ensuring phase shedding
functionality. As mentioned in section 2.2.2 the ISOP configuration can mit-
igate the voltage conversion ration and the voltage stress on primary side
MOSFETs. However, due to less efficiency in light load the ISOP architec-
ture is not suitable for HV POL VRM applications. In attempt to reduce the
transformer turns ratio at primary side, compared to FBPS approach, in Fig.
2.3 a primary side series approach is proposed. Compared with FBPS this
converter can ensure higher ZVS capability, moreover less voltage related
MOSFETs are used.
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FIGURE 2.3: Full-bridge phase-shift with double current with
series apporach at primary side with one transformer.

The full-bridge primary side series approach presents several advantages
such as: same transformer size comparing with FBPS, less total resistance
of transformer due to internal series parallel winding arrangement, half of
voltage MOSFETs related at primary side, higher ZVS capability and less
duty cycle losses. However, still, this topology suffer from hard switching
at secondary side and even 8 MOSFETs are used at primary side. So, the
switching frequency of the topology will be limited.

2.3 Full-Bridge phase-shift quasi-resonant double-
current

In section 2.2 are presented some different converters suitable for HV POL
VRM application. The main limitations for such of topologies where: duty
cycle loss which could be very limited for dynamic performance, ZVS oper-
ation limitation in light load and hard switching operation at secondary side
causing maximum frequency limitation.
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The conventional ZVS phase-shift full-bridge topology presented in Fig.
2.1 presents some fundamental limits. The first limit is the difficulties to reach
ZVS transition at primary side in light load, because the energy stored in the
leakage inductance of the transformer can not ensure ZVS operation. The
main method of expanding the ZVS range is to add an additional induc-
tance in series at primary side [64], however, it would increase the duty cycle
loss [59]. Other solutions have been proposed to address this issue. In [65]
an additional active switch ensure ZVS transition in all load conditions, how-
ever the efficiency benefit is not considerable and the circuit control becomes
more complicated. In [66] a passive auxiliary branch is added for ZVS opera-
tion, reducing the RMS current but the drawbacks are high cost and volume
of the solution.

To increase the switching frequency operation and improve the ZVS capa-
bility a modified operation of the phase shifted full-bridge at the primary side
and of the current doubler rectifier at the secondary side, in [67] we have pre-
sented a full-bridge phase-shift quasi-resonant double-current (FBPS-QR),
which performs a VRM from 48 V. FBPS-QR is the most suitable candidate
for VRM applications as HV POL from 380 V voltage input. In this section
is studied the proposed solution for a 48 V VRM application useful to clarify
what are the main advantages and disadvantages of FBPS-QR for HV POL
applications.

The proposed solution is based on an isolated converter, which comprises
a full-bridge at the primary side and a current-doubler (CD) rectifier at the
secondary side as shown in Fig. 2.4. The primary side full-bridge operates
in phase-shifted COT [68], as shown in Fig. 2.5. The secondary side current-
doubler rectifier uses synchronous rectifiers that comprises ()1 and @,2. Due
to resonant transitions, both ()1 and @),» are on at zero voltage (ZVS). This is
obtained by generating a zero current detection (ZCD) signal on the voltage
across the synchronous rectifier switches (i.e. vy, and vp2).

This discussion of FBPS-QR is organized as follows: firstly a presentation
of the proposed converter, with the detailed analysis of operation, is carried
out in section 2.3.1 and section 2.3.2. In section 2.3.3, the control system struc-
ture is analyzed including the current sharing control, while the small-signal
model is discussed in section 2.3.4. Two solutions for the magnetic integra-
tion are proposed in section 4.2. Finally, section 2.4 reports experimental re-
sults for both the processor power supply and the DDR power supply for 48
V VRM applications.

Compared to the conventional full-bridge phase-shifted converter, the
proposed solution presents an additional capacitance C, at secondary side
and an innovative driving scheme to enable ZVS operation. To simplify the
analysis, the magnetizing current is neglected and the leakage inductance is
included in the external inductance L,. Thus, each resonant transition in-
cludes L,, C, and one of the output inductances L, 2, depending on the
primary voltage polarity. The main property of the proposed solution is that
the circulating current at the primary side is kept almost constant, ensuring
soft-switching at the primary side at any load conditions. This is a unique ad-
vantages of the proposed FBPS-QR overcoming the ZVS capability limitation
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of a classic FBPS.

The proposed dc-dc converter has two different modes of operation: when
the voltage on the resonant capacitor C, reaches zero during the input pow-
ering phase (when () and @), are on or when 3 and (), are on) and when
the voltage on the resonant capacitor C, reaches zero during the freewheel-
ing phase (when (); and )3 are on or when ), and )4 are on). The two
operating modes are denoted as Operation Mode A and Operation Mode B,
respectively, and occur at increasing level of load power, i.e. Mode A is for
lighter load conditions and Mode B for heavier load conditions.
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FIGURE 2.4: 48 V VRM based on a full-bridge at the primary
side and a current doubler with resonant capacitor C, at the
secondary side.

2.3.1 Operation Mode A: Resonant Transition during the pow-
ering phase

Following the converter waveforms shown in Fig. 2.5, the converter opera-
tion in one switching cycle 7}, is described in twelve subintervals that cor-
respond to the topological states shown in Fig. 2.6. For the purpose of ex-
planation, we will denote L,,; = Lout, = Lou,- The twelve subintervals are
described as follows:

1) to — tq1: att = t,, switch @), is turned on, the primary current i, free-
wheels through switches ), and @4, and both @,; and @), are on. The topo-
logical state is shown in Fig. 2.6(a).

2) t; — to: att = t;, switch ), is turned of f, and the primary current ¢,
discharges the capacitance of (), and charges the capacitance of (),. When ca-
pacitance of ), is discharged to zero, its body diode conducts to enable ZVS
turn-on of ();. This is a well-known operation in full-bridge phase-shifted
(FBPS) converters. Both (),; and @),2 are on and the topological state cor-
responding to this subinterval is reported in Fig. 2.6(b). The current i,(¢;)
that enable ZVS operation of (); is denoted as circulating current /.;, (i.e.
I = —i,(t1) = —is(t1)/n), as shown in Fig. 2.5, and it is almost constant
within the interval (o — t1).
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_nIcir B

FIGURE 2.5: Main converter waveforms for Operation Mode

A. From top to bottom: primary side voltages (v, and v,), volt-

ages (vpn1,2), secondary side transformer current i; and induc-

tor currents (ir,,,, and iy,,,,), and zero current detection (ZCD)
signals (ZCD1 2)

outl

3) to — t3: att = ty, switch @, is turned on with ZVS and both secondary
side rectifiers (),; and @), remain conducting, as shown in Fig. 2.6(c). After
t = t;, the primary current i, increases with a slope that can be approximated
as Vi, /L.

4) t3 — ty: att = t3, the secondary current i, reaches ir.., (i-e. is(t3) =
irout1(t3)), Qr1is turned of f, and @2, @1 and @4 are conducting. The topolog-
ical state is shown in Fig. 2.6(d). Indeed, @,; is turned of f when the ZC'D,
signal is low. Signal ZCD; is theoretically obtained measuring the voltage
across (),1, comparing with zero (or with a threshold close to zero) and thus
detecting when the current on ),; changes sign. In practice, ZC D, signal is
obtained with a more complicated procedure also to enable current sharing,
as outlined in section III. In this subinterval, the resonance between L,, C,
and L, takes place and the equivalent resonant circuit is shown in Fig. 2.7
case a).
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5) t4 — ts: att = t,, the resonant voltage reaches zero volt, ZC D, signal
becomes high and switch (), is turned on, while at the primary side switches
()1 and Q4 are still conducting. The topological state is reported in Fig. 2.6(c).

6) ts — tg: at t = t5, switch Q4 is turned of f, i, charges the capacitance
of switch @), and discharges the parasitic capacitance of switch ()3 in order
to achieve ZVS. The topological state is now represented in Fig. 2.6(e). The
current that enables ZVS of @3 is i,(t5) and it is only slightly smaller than
I.;r. Thus, I, is still a good index to establish when turn-on ZVS is achieved
for all switches. Att = t5, (5 is turned on at ZVS and ¢, freewheels through
switches (); and @3, as shown in Fig. 2.6(f).

7) te — tr: att = t4, the positive half-cycle of the switching period is
completed (i.e. ts = to + 15»), and the topological state of Fig. 2.6(f) is the
first one of the negative half-cycle and corresponds to the one of Fig. 2.6(a)
for subinterval ¢; — t;, the primary current i, freewheels through switches ),
and ()3, and both @),; and @, are on.

8) t; — ts: att = t7, switch @, is turned of f, i, charges the capacitance
of switch (); and discharges the parasitic capacitance of switch @), in order
to achieve ZVS. The current that enables ZVS of Q5 is i,(t7) and it is /.;.. The
topological state is reported in Fig. 2.6(g).

9) tg — tg: at t = tg, switch ), is turned on with ZVS and both secondary
side rectifiers (),; and )2 remain conducting, as shown in Fig. 2.6(h). After
t = tg, the primary current i, increases with a slope that can be approximated
as Vi, /L.

10) tg — tio: at t = tg, the secondary current —i, reaches iy o (i.e.
—is(t9) = irow2(l)), Q2 is turned of f, and @)1, Q2 and @3 are conducting.
The topological state is shown in Fig. 2.6(i). Q.2 is turned of f when the
ZCD, signal is low. In this subinterval, the resonance between L,, C, and
Lout takes place and the equivalent resonant circuit is shown in Fig. 2.7 case
a).

11) t10 — t11: at t = t19, the resonant voltage reaches zero volt, ZCD,
signal becomes high and switch @, is turned on, while at the primary side
switches ()2 and @3 are still conducting. The topological state is reported in
Fig. 2.6(h).

12) t11 —t12: att = t39, switch Q3 is turned of f, i, charges the capacitance
of switch ()3 and discharges the parasitic capacitance of switch @4 in order
to achieve ZVS. The current that enables ZVS of Q4 is i,(¢11) and it is slightly
I.;. The topological state is reported in Fig. 2.6(j). Now the switching period
is completed (i.e. t1o = to + Tsw)-

As previously highlighted in a classic FBPS 2.2.1 the voltage reflected at
secondary side depends from the turns ratio n and the load condition. In
FBPS-QR due to resonant operation the phases voltage v, 2 is slightly com-
plicated: taking into account that the average voltage of v, (t) is equal to
the output voltage V,,;, the voltage conversion ratio in Mode A is evaluated
deriving v, (t) and then averaging it over the switching period. The analyti-
cal expression of v, (t) is obtained solving the equivalent resonant circuit of




Chapter 2. High conversion ratio isolated dc-dc converters for VRM

26 application

Fig. 2.7 case a). By solving in S-domain it is derived v, (t) from Vpu(s):

(V;)utLp + n‘/inLout)l 1 _. (22)

Vv =
Phl(s) Lp +n2Lout 51+ %

From 2.2 and applying a step variation of v(¢) equal to V;,,/n it is possi-
ble to derive the analytical expression of vy, (t). Assuming vc, (t3) = 0 and
Lo (t3) = 15(t3), for t3 < t < t4, vpp1(t) can be derived as follows:

‘/outLr + n‘/z‘nLout
Lr + nZLout

Upn1 (t) = (1 — cos(w,(t —t3))), (2.3)

Ly +n2Lout
LoutLrCr

over the switching period 7, the output voltage V,,; is therefore given by:

1 t0+Tsw
Vout = T / Vpn1 (T)dT
sw Jtg (24)

o ‘/outLr + n‘/;nLout fsw
B Lr + nzLout fr ’

where the resonant angular frequency w, = . Averaging vy (1)

Where fr = wr/(zﬂ-) and fsw = 1/T5w- Since ‘/out < V;nl Lr/n2 < Lout/ and
n > 1, also V. L, < nV;;, Loy Thus, term V,,, L, can be neglected in eq. (2.4)
and the converter voltage conversion ratio (V,.:/Vi,) is approximated by:

‘/out ~ nLout fsw
‘/in ~ (L'r +n2Lout) fr .

(2.5)

As can be seen, the output voltage V,,, is directly controlled by the switch-
ing frequency fs,. Thus, the proposed solution is inherently a constant-on
time modulation, where the constant phase-shift, here denoted also as constant
on-time T, is determined by the resonant transition, while the output volt-
age regulation is obtained by varying the switching frequency. The constant
on-time 7,,, as depicted in Fig. 2.5, is equal to t; — ¢;. During time 7,,, the
secondary current iy varies from is(t1) = —nl., to is(t5) ~ nl... Moreover,
the voltage applied across L, at the primary side, assuming negligible the
time interval ¢; — 5, is Vj,, — nvypi(t). Thus, the primary current variation
during T, is:

1
(t5) — Zp tl = L—/ nvphl ))dT
r Jt1
szn on nv;uthw (26)
L,
~ QIczr

The circulating current I, can therefore be expresses as:

V;nTon - nv;mthw
[C,L'T =~ . 2.7
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As can be seen, the circulating current I, that enables ZVS operation,
is independent on the load conditions, as the voltage conversion ratio and
therefore also T, are not dependent on I, if the converter works in Mode
A. This in an important feature of our solution and it is valid also for Mode
B for a wide range of operating conditions.
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FIGURE 2.6: Switch configuration during each subinterval in
Mode A and Mode B: Mode A ( a) to — tl,b) t1 — to, C) to — t3 ’
d) t3 — t4, C) ta — t5, e) t5 — i f) freewheeling subinterval tg — t7
g) t7 —tg h) tg —tgi) tg — t10 h) t1g — t11) j) t11 — t12) and Mode
B(g)to—ti,a)ti —ta,b)ta —t3, ) t3 —ts, d) ta —t5, h) t5 —tg).
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2.3.2 Operation Mode B: Resonant Transition During the Free-
wheeling Phase

Fig. 2.8 reports the main converter waveforms during Operating Mode B,
where the resonant voltage reaches zero during the freewheeling subinter-
val. The operation on Mode B can be explained by analyzing the following
subintervals:

Vin
" L,
v(t) case a n? g Lout irqu
A T,
d I
. ’U(t) C Vout

v(t) case b) . _I_I_ -

ty ts

FIGURE 2.7: Equivalent resonant circuits for converter analysis:
case a) equivalent circuit in Mode A, case b) equivalent circuit
in Mode B.

1) to — tq1: switch Q)4 is turned on with ZVS and the primary current i,
freewheels through (), and @),. Differently from Mode A, during this inter-
val the synchronous rectifier switch ), is still of f, as the resonant voltage
transition of v, () started on the negative half-cycle is still not completed as
shown in Fig. 2.6(k).

2) t1 — ta: at ¢y, vypo(t) reaches zero, ZC D, signal becomes high and @,
is turned on. The topological state is now depicted in Fig. 2.6(a).

3) ta — t3: this interval is the same as the interval ¢; — t2 of Mode A.

4) t3 — t4: this interval is the same as the interval ¢, — t3 of Mode A. At
t = t4, is reaches iy,1-

5) ty — t5: att = t4, @, is turned of f and the resonance takes place
between L,, C, and L,,. The topological state is now depicted in Fig. 2.6(e)
.The duration of this mode, denoted as T, (i.e. T}, = t5 — 14), is a subinterval
of T,, and it can be expressed as follows:

Ty =Ton — Tien, (2.8)

being T, the pre-charging time required to increase the secondary current
is from —nlg;, t0O irou1(ts), i.e. when the resonant transition starts. Thus, the
pre-charging time 7, can be expressed by

L,
Tep = (njcir + ]Lout(t4)) V.
nV; (2.9)
~ (nly 4+ ot Aoy L
~ n cr 2 2 n‘/in
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where AL, is the peak-to-peak current ripple and i, (t4) is approxi-
mated as the minimum value of the inductor current i,,,;. Thus, using (2.7)
and (2.8), Ty is given by:

1 n‘/out (Iout - A[Lout>Lr
T¢ - 2 (Ton + ‘/1 Tsw n‘/l

6) ts — te: att =15, Q4 is turned of f, i, charges the capacitance of switch
()4 and discharges the parasitic capacitance of switch ()3. The topological
state is now depicted in Fig. 2.6(1). Att = 15, ()3 is turned on in ZVS con-
ditions and the positive half-cycle of the switching period is completed (i.e.
te = to + L52).

During the negative half-cycle of a switching period, the behavior of the
circuit is the same as the one described during the positive half-cycle, as de-
picted in Fig. 2.8.

Similarly to Mode A, the output voltage is derived averaging v,1(t) over
the switching period T,. In this case, however, the analytical derivation of
vpn1(t) is slightly more complex, as the equivalent resonant circuit, shown
in Fig. 2.7 case b), is excited by two voltage steps of v(t), the first one at ¢4
from zero to V;,,/n and the second one at t5 when v(t) returns back to zero.
Applying the superposition effects of the two voltage steps, V,;1(s) can be
expressed as:

). (2.10)

(‘/OutLp -+ nVinLout) 1 1 n‘/;nLout €_T‘7’S 1
Lp + n2Lout 51 + s Lp + n2Lout S 1 +

2
Wee

Von(s) = = (210)

2
Wee

from 2.11 it is possible to derive the analytical expression of v, (t) in
Mode B:

‘/outLr + n‘/;nLout

t) = 1 — cos(wn(t — 1)) —
Upn1 (1) L +n2L,., ( cos(wr ( 1))) (2.12)
WinLow o _ 43 (12 cos (wn(t — 1))
Lr + ’]’LzLout 5 T 5 I

where H () is the Heaviside function (i.e. H(t) = 1,fort > 0and H(t) =0
for t < 0). In order to determine the resonant transition time during Mode
B, denoted as T, 5, it is sufficient to impose v,,1(t4 + T,5) = 0 and solve the
equation for T, 5. Assuming V,,.L, << nVi,Lyu, from (2.12), cos(w,T,5) =
cos(w, (T, —Ty)) or w, T, p = —w, (1, —Ty) + 2w. Thus, T, 5 can be written as:

T+ T,

TT‘B 2

(2.13)
The output voltage V,,; is derived averaging (2.12) over T,p. It can be
shown that V,,;/Vi, can be expressed as (all demonstration in appendix A.1):

. T
‘/;ut o wTT(b + 2sin (wT7¢> nLout .fsw (2 14)
V; N 27 LT’ + nQLout fr ' '
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FIGURE 2.8: Main converter waveforms for Operation Mode B.

From top to bottom: primary side voltages (v, and v,), voltages

(vpn1,2), secondary side transformer current 75 and inductor cur-
rents (ir,,,, and ir,,.,)

outl

It is worth noting that equation (2.14) differs from equation (2.5) only in
the factor between the brackets and the output voltage V,,; is still controlled
by the switching frequency f,, even in Mode B. In fact, looking at (2.10), T,
decreases when the load current /,,, increases. Thus, from (2.14), the output
voltage V,,; decreases and the control system imposes the reference voltage
V,es by increasing f,.
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For any load operating condition, the maximum output voltage is ob-
tained when the resonant transition is completed at the end of the freewheel-
ing period, as depicted in Fig. 2.9. This is obtained at the maximum switch-
ing frequency, which is given by

f B 1

sw,mar — 2(Tch + TT,B)

Using (2.10), (2.14) and (2.15), it is possible to obtain the relation between

the maximum output voltage V,,, obtained with the maximum switching

frequency, and the converter output current /,,,. This relation is denoted as

current capability Vout maz(Lou) and indicates the maximum power capability

for given converter parameters. An example is reported in Fig. 2.10 using
the parameters of Table 2.1.

’ Uz — Uy
‘ t
|
Uphl :
|

(2.15)

|

| | t

! |

i : Uph2

| | |

| | t

to {‘: to ! | Tsw
+——
: Ten ! T, :
B e ——
T /2

FIGURE 2.9: Converter operating waveforms at fgy maq: differ-
ence between v, and v, and the secondary side voltages v, 2.

TABLE 2.1: Converter parameters

Input voltage Vi, =54V
Output inductances Loy =110 nH
External inductance L,=17uH

Resonance capacitance  C, = 233 nl’
Transformer turns-ratio n="7T

Constant on-time T,, =51bns

Output capacitance Cout = 470 uF°

Fig. 2.10 shows the current capability curve V,ui max(Lout) and output char-
acteristic (V,u-Iou:) as a function of switching frequency f;,,. As can be seen,
all the curves are almost flat for a wide range of output current. Thus, the
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regulation of the output voltage is obtained with a small frequency varia-
tion. This is an important property of the proposed solution. Finally, Fig. 2.10
shows also the boundary between Mode A and Mode B. As can be seen, the
converter works mainly in Mode B because of the edge between the oper-
ating modes of this converters depends from the resonant on time and the
on-time. The first is a project parameter which depends from the resonant
tank components, whilst the second depends from the ZVS capability; in fact
as demonstrated in eq. (2.7), the circulating current which ensure ZVS at pri-
mary side is strongly depends from the on-time. As a result, if the on-time
is high the copper losses at primary side will increase and even the dynamic
performance will be deteriorated.

4
aut,max(laut)
3l |
@ f, =800kHz
— @/ =700kHz
ZE o[ | @r, =600kH: |
=° @ f, =500kHz
@ f, =400kHz
i |
ModeA
P ModeB
O 1 1 1 | 1 4
0 20 40 60 80 100 120
I [A]
out

FIGURE 2.10: Current capability: maximum output voltage

Vout, Obtained at the maximum switching frequency, as a func-

tion of the converter output current 1,,;. All possible converter
operating points are below this curve.

Finally, it is important to note the difference between this architecture and
the ZVS full-bridge (FB) converter proposed in section 2.2.1. Both converters
need an additional inductance to reach ZVS conditions at the primary side.
The main difference between the two architectures is the circulating current
at the primary side. In ZVS FB, the primary circulating current strongly de-
pends on the load current [51]. In the proposed solution, the circulating cur-
rent is almost independent on the load conditions. In fact, 7,,, is constant and
T, has a small variation, as outlined in Fig. 2.10. Thus, looking at eq. (2.7),
1., is almost constant.

On the other hand, the voltage rating of the proposed solution at the sec-
ondary side is higher due to quasi-resonant operation. In the practice case,
however, even in the FB, there is a resonant transition between the primary
inductance and the parasitic output capacitance of the rectifier switches C,;.
Thus, the peak voltage in the FB at the secondary side is almost the same, if
dissipative snubbers are not used.
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2.3.3 Control System and Current Sharing

The controller block diagram of the multi-phase dc-dc converter is reported
in Fig. 2.11, where only two interleaved phases, indicated as CELL, ,, are
shown. The voltage loop controller implements the load line, as required by
VRM specifications, imposing a resistive output impedance equal to Ry, i.e.
Vier = Vour — Rulcenr. This is obtained calculating the voltage error by the dif-
ference between the reference voltage V,.;, determined by the voltage iden-
tification (VID) code, and the sum of voltage v,,, and of the total cell current
iceur multiplied by the load line resistance R;; [31]. As in any VRM applica-
tions, the inductor current is senses and used instead of the output current.
The voltage error is then processed by the PID controller that drives the volt-
age controlled oscillator (VCO), the frequency of which is multiplexed for
each of the interleaved cells. From each cell, two PWM signals with a duty
cycle of 50% are generated at the primary side with programmed time shift
equal to T,,.

CELL, Voput CELL,

PWMx, PW My, Esry Esr2

igital isolator

FIGURE 2.11: Block diagram of the multi-phase control archi-
tecture with two phases, indicated as CELL .

Fig. 2.11 also reports the block diagram for the current sharing loop
needed to ensure the current balancing in presence of mismatches in the res-
onant components. This additional loop regulates the delay of the turn-off of
the synchronous rectifier switches (),1 2 respect to the commutation instant
determined by ZCD signal. The principle of operation is explained in Fig.
2.12 for mode A: synchronous rectifier switch @), is turned off when ZC'D
signal is low and the enable signal Egp is high. Signal Egp is enabled with
a delay equal to ATgp respect to the natural zero current detection instant
t3. With this delay, the secondary current i, increases by term Al before the
resonance occurs, boosting the resonant voltage v, (). If the current of this
cell is lower than the mean cell current I.,,, the current sharing controller
increases the delay ATy of the digital delay line (DDL) of the secondary side
switches. As a consequence, the corresponding phase voltage increases, thus
reducing the current unbalance.

To understand the new current sharing system here proposed is impor-
tant to study the average output voltage of each phase with the current shar-
ing loop, evaluated in Mode A. In Mode A, the expression of the resonant
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FIGURE 2.12: Main converter voltage and current waveforms
at secondary side with ATsg > 0.

transition that start at ¢3 + ATy is obtained solving the equivalent circuit of
Fig. 2.13, where the generator in series with the resonant inductance repre-
sents the stored energy. Then applying a step variation of v(t) equal to V;,,/n.
Assuming vc, (t3) = 0 and iy, (t3) = is(t3) + AL, for ts + ATsp < t < t4.

Vout

FIGURE 2.13: Equivalent cicrcuit in S when ATsg > 0.

Applying the superposition effects of the two voltage steps, considering
the equivalent circuit in S-domain in Fig. 2.13, V,;(s) can be expressed as:

(VourLp +nVinLy,) 1 1 L, Lo Alwr — w,

V = - 2.16
ph(5> Lp + n2Lout s1 + ji Lr + nQLout 52 + LU?’ ( )
from 2.16 in S-domain is possible to get the v, (t):
V:)utLr + n‘/inLout
t) = 1— ot —t3 — AT
Opra (1) L, +n2Lgy (1= coslnlé ~ 1 s+ (2.17)
LrLoutAIwr

FR sen(w,(t —ts — ATsg)),
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where AJ is given by
AI = AL, + AL,
n‘/zn ‘/;Jut (218)
= AT
S < Lr N Lout) 7

where AJ;; and AI;, ,, are the variations on ¢, and i1, respectively,
due to delay ATgp. In order to derive the mean value of V,, the value of
resonant transition 7,4 (1,4 = t4 — t3— ATgsg), also shown in Fig. 2.12, is
needed. From equations (2.17) and (2.18) T, 4 can be expressed as follows:

17w$AT§R
21 — arccos <m

Tos = . (2.19)

Wy

By averaging v,;,1 2 over the switching period 7}, the following expres-
sion is obtained:
V - fsw ‘/outLr + n‘/inLout
phiz fr Lr + n2Lout

- Kes, (2.20)
where the current sharing factor K, is

1+w2ATZ .
2m

<27r — arccos <%> + 2wTATSR>
K. = .

(2.21)

From (2.20) and (2.21), if ATsp is increased when the phase current is
below the average current I.;,,, K. increases and V,;; increases, reducing the
current unbalance. Eqs (2.20) and (2.21) are also needed for the derivation of
the small-signal model of the current sharing loop.

Considering now the converter in Mode B is possible to get the voltage
resonant vy, (t) considering the resonant transition out from the diagonal
power at primary side with ATsz > 0. From equations (2.12) and (2.17) is
possible to derive the following relation:

‘/;)utLr + nV;nLout

Vpn1 () = T (1 — cos(w,(t —ts — ATsg))) +
LrLoutA]wr
mS@ﬂ(wr(t — t3 — ATSR)) (222)
nV;nLout

— mH (t — t5) (1 — COS (wr(t - t5))) y

which is the actual v, (t) expression in a nominal operating condition
under hypothesis that ATsr > 0 due to different discrete resonant parame-
ters between each cells. In fact, as graphically demonstrated in Fig. 2.10 the
converter works almost in Mode B.
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2.3.4 Small Signal Model of FBPS-QR

The small signal model is based on the well-known ac averaging technique
[69]. The converter is a buck-derived topology as FBPS [59], [70], [71] and
the linearization of the average voltage V2 is obtained deriving the partial
derivative of V1 2 of (2.20) respect to fs,, ATsr, Vou and the output current
Iout-

Icelh
Reql VA
— out
| IS g

ESR

[ O~
I

PID

Icellg

FIGURE 2.14: Two cells small-signal model.

To develop the small signal model for FBPS-QR converter with CDR, a
block diagram of the small-signal are needed. The block diagram of the
small-signal model of a 2-phase converter is reported in Fig. 2.14. For the
case where a current doubler rectifier is used, the inductance L., equal to
Ly /2. The most relevant parameters to be derived are the two equivalent
voltage sources of Fig. 2.14 and the equivalent resistance R., which accounts
for the variation of V,,; » due to the variation of the output current /,,,,. R, is
an important parameter in modelling FBPS-QR, its derivation will be given
here which basically is based on duty cycle loss concept proposed in [59] for
a classic full-bridge phase shift converter.

Using (2.8), (2.9) and (2.14) and deriving (2.14) with respect to I,,;, R, is
given by and demonstrated in Appendix A.2.

Lout : Lr wTT(f’
Re = Jsw 1 . 2.23

From the R., model, it is seen that when T, = 7T,.,, which means that
the converter is still in Mode A, and the equivalent resistance R., equal zero,
in fact the model proposed is valid only for Mode B. Indeed, in Mode A the
resonant voltage is into the input power transferring phase (section 2.3.1) and
there is no voltage drop due to the output current /,,,. Using the parameters
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of Table I, several load points are reported in Fig. 2.15. It is evident that the
later the resonant voltage reaches zero during the freewheeling mode, the
higher R, is.

— primary
[ _Vph(lout=0A) I
—V (1, =207 )7
_Vph(lout:40A)

—V (1, ~60A),

out

V]

Rw]:] 8m Q)
| Rw =0.5m 2 R =3.7mQ i
7 eq

R =0

| ¢4 i
N
t

FIGURE 2.15: Resonant voltage loss at secondary side using the
parameters of Table I.

—

Take the inductor’s current [:e\”l and the voltage capacitor V,,, as the
state variables, and the switching frequency f, and the delay ATy as the
inputs. The state-space equation for the circuit in Fig. 2.14 are:

From the model of Fig. 2.14, the controlled voltage sources are obtained
as:

anhLQ . (n‘/;nLout + V;thT)

- K057 2.24
afsw (Lr + nQLout> fr ( )
and
8‘/;#11,2 o f 2 (n‘/;nLout + V;)utL'r) .
8ATSR o Lr + n2Lout (225)

wy AT
WAATZ2,+1)
OVph1,2

while the terms 72 is directly derived from (2.20) (demonstration re-
ported in A.3) and it is usually negligible. As a second order effect, it should
be also noted that the time interval between two resonance on V2 is not
strictly defined by the controller but is also affected by the intersection of
iLout, , and i, of Fig. 2.5 for the Mode A operation, or Fig. 2.8 for the Mode B.
More precisely, the mismatch of the switching period between the secondary
side of the converter and the control system can be seen as the variation of
T, with respect to previous switching period. Thus, such second order effect
can be written as:

Toolk] = Ton[k] — Ton[k — 1]
_ ]Loutl,g [k] - ]Loutl’g [k - ]-] (226)

nVin Vout
L'r Lout
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reported in the continuous time domain the expression can be rewritten

as: ~
A L, Ty, dlop(t
P u(t)

T onVi, dt

(2.27)

where I is the small signal averaged value of the sum of inductor cur-
rents iz.u, ,- This variation in term of frequency can be expressed as

A ersw dfcell@)

~ — 2.2
fow e = et 2.28)

Since the V,,1 2 of (2.20) is proportional to the switching frequency and a
positive slew rate of I, increases the period, as reported in (2.28), this effect
acts as an inductive contribution L, i.e.

 Lofsw OV
" 20V Ofww
In order to take into account of this effect, L, shall be be added to L.,.
Thus, all the parameters of the model of Fig. 2.14 are now available and
the relevant transfer function, can be evaluated. For example, for each cell,
the transfer functions from f,, to V,,, without considering the negligible

(2.29)

ch

feedback effect of %V‘i—l’if, can be expressed as
Vou
GUoutfs'w (S> = ";<S>
fow(s) (2.30)
. (9Vphm Ro (1 + ESR . CoutS)
"~ Ofsw Ro+ Reg p(s) ’
where p(s)
L FE . L
p(S) _ 82 equutRos + Cout( SR Ro + ReqRos) + eq + 1 (231)

Reg+ Ry Req + Ry

being R,s = R, + ESR.
Similarly, the transfer function from the delay ATsg to V,,:, needed for
the current sharing loop, is given by

~

V:)ut(s)

ATsp(s) (2.32)
. 8Vphl,2 RO (1 + ESR . Couts)

- 8ATSR RO + Req p(s)

Gvout ATsgr (8)
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FIGURE 2.16: a) Comparison between the transfer function
Simulated with Simplis and calculated neglecting the gain

OVphi,2

ov and Ly b) Comparison between the complete transfer
function and Simplis

Fig. 2.16 shows the control to output transfer function calculated by Sim-
plis simulation, i.e. the transfer function between the switching frequency
d fsw and the output voltage dV, ;. In the figure is reported the typical second-
order transfer function of the buck converter in which R., influences the
damping of the second order filter. In fact for /,,, = 50A the equivalent
resistance is R., = 2.9 m{) increasing the dumping factor of the complex
poles. Moreover in Fig. 2.16 is reported the comparison between the theoret-
ical transfer function calculated a) neglecting the gain Wiz and L, and b)

considering all the terms.

8V0ut
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2.3.5 Small Signal Analysis of Cells Current Sharing

In section 2.3.4 is studied the small signal model of FBPS-QR demonstrating

that is a derived buck converter topology. In general, FBPS-QR can be du-

plicated and connected in parallel with an interleaving technique as demon-

strated in section 2.3.3. However, an in-depth mathematical model and anal-

ysis for the current sharing of multiphase FBPS-QR has not yet curried out.
Considering two cells these equations are always valid:

Cdvc;gt) - Z'Celll(ﬁ) + Z'cell2(t) — lout (t) (2'33)
d.l 1 )
L Zdz(ft) = —0(t) = (R + ESR) ir1(t) — ESRips(t) (2.34)

+ ESRigu(t) + Ky, fsw + Krsn Arsn

where Ry = Re;1 + DCR,, Ky, depends from the converter parameters
and input voltage instead K, depends from ATgp.
The state-space variables are defined as follows:

~ ~ ~ N A

I(t) = Uc<t) leelll Leell2 (235)
2(t) = [0e(t) deanr dcen]” (2.36)
U(t) = [iout<t> fswl ATstl fsw? ATSt2:|T (237)

Tout (T

Leql DC’Rl Reql icelll(t) i) Uout(t)
ESR
ie() I:I .
Uc(t)—l—:{cout

Tst2 AT5152

W— =

Leq2 DCRQ Req2 ’1:06”2 (t)

FIGURE 2.17: Two-phases FBPS-QR semplified model.

Considering the simplified circuit in Fig. 2.17 the state-space matrices of

~

the system z(t) = Ax + Bu are:
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0 1 1
Cou C
A= |-pL -Eafbse _BER (2.38)
0 _E§R _ Rt ESR
Leq2 Leq2 Leq2
5 0 0 0 0
EY%
B= Lo Ky Krsn 0 0 (2.39)
%e(f; O O Kfst KT5t2

To study the dynamic model of the current-sharing, here the differential
state variables model are derived. Hence, the average current value and the
error between each cells is useful to derive such model. Considering N cells
the average current is defined as:

WE

icellk (t)> (240)

e
Il

1

whilst the average input voltage can be expressed by:

N
—_— 1
Kfsw fS’w = N Z Kféwk fsw (2.41)

=1

Thus, each cell’s current can be defined by the following relation:
Z'cellk = m + (Sicellka (242)

it easy to demonstrate that fo:O Oicer, = 0.

Considering the system defined in equations (2.35), (2.36), (2.37), (2.38)
and (2.39) it is possible to arrange the matrix system in another way. The
common component of the system is K, f,, instead the differential compo-
nent is KpgArge.

Considering two cells the following state-space system is obtained, with
the state-space variables defined as follows:

— T
I(t) = [Uc(t) I(t) 5icell1 5icell2] (243)
u(t) = [fow dou Arstr Arsa]” (2.44)
where the equivalent matrices are defined as:
0 o 0 0
_ 1 _Ro +07ﬁtESR 0 O
— ch Lﬁq
A= 0 0 B LR_; 0 (2.45)
0 0 0 f‘)q
0 Colut O O
Kfw ESR 0
B = L6q L6q Krsit 0 ) (246)
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Considering matrices (2.45) and (2.46) it is noticed that are block diagonal
matrix. Thus, it is possible to derive the equivalent common system between
two cells:

Zom(t) = AemTem(t) + Bomtem (1), (2.47)

the common system is descripted by the following matrices:

0 2
Acm = |:_L _R()C-&L:%tESR:| ) (248)
Leq Leq
and
0o - Cl -
Leq Leq

According to (2.47), (2.48) and (2.49) the following time-domain relation
is derived:

KTst ATst

(%ce.ll (t) - __(%cell(t) + I

(2.50)

eq
From eq. 2.50 here is derive the transfer function between the variation of

the current in each cell and the variation of the rectifier delay Ar.

5[cell(5> . 1 1

- —m
KTstATst Leq LJW +s

(2.51)

2.3.6 Critical inductance for FBPS-QR

In VRM application the multichannel interleaving synchronous buck topol-
ogy has been widely discussed as the best way to ensure high dynamic per-
formance maintaining high efficiency. In multichannel buck converter the
current ripple in the output inductance can be greatly reduced. However,
nowadays, the slew rate requirement for such kind of application is around
750A/ps to 1000A/ 1us, hence a smaller inductance value and high bandwidth
control loop are needed. The low value of inductance causes large current
ripples a so extra conduction losses. The main purpose of this section is to
find out an analytical model to calculate the critical inductance for FBPS-QR
as for the buck converter.

The slew rate of the output current ¢,,, is much faster than i; ,. In a
typical buck converter the waveform which represents the inductor current is
close to the step response of a typical second-order system. As simplification
the average inductor current slew rate during the transient response can be
approximated as follow [61]:

di JAV

- = . 2.52
dt avg t, ( )

where ¢, is the rise time of the current.



2.3. Full-Bridge phase-shift quasi-resonant double-current 43

The relationship between rise time and control bandwidth w. can be ap-
proximated as:
T. /2

== (2.53)

The average current slew rate needed for ensuring the transient response
can be derived from equations (2.52) and (2.53):
di . A[Omwc
dt avg B 7T/2 ’

(2.54)

Assuming that the switching frequency has an increment of A f;,, during
a transient event it is possible to derive the relation for the inductor average
current slew rate during the transient response:

dZ o Afsw nLout‘/in + ‘/outLp 1
dt avg N fr Lp + 7/’421—1011,t Lout '

(2.55)

Thus, considering eq. (2.54) it follows that by designing the control band-
width as high as possible the average current slew rate can increase propor-
tionally with it. Hence, for a small variation of the switching frequency, w.
can also be considered constant. Considering now eq. (2.55) it is always true
that during a transient event Af;, increases and the average model is still
valid. In this scenario the average inductor current slew rate is determined
by eq. (2.54). Let’s suppose to increase the output inductance Lo, A fs,, also
increases due to mainly two mechanisms: one is the effect of the transient,
while, the other, is the Mode B effect. In general it is always true that the
average model analysis is valid until the frequency is not saturated. When
the value of inductance reaches such value, where the switching frequency is
saturated, for a fixed load transient, the inductance is defined as the "critical
inductance" which is given by the following equation:

z Lou va + Vvou L
LCT‘t — 2 (n ; d p> AfS'w'maw
f?" (Lﬁ?/ Lout) AIoutC"JC (256)
~ Q—Z”Afswmaz?
[N

eq. 2.56 is derived considering the converter working in Mode A.

If the inductance value increases beyond the value calculated in eq. (2.56),
the switching frequency become saturated and its value is defined by the
following equation:

fs’wmawCI — m. (257)

where T,,, is the fixed on-time.

Once the switching frequency is saturated, the inductor average current
slew rate cannot be no longer determined by (2.54). Thus, inductor average
current slew rate is determined by eq. 2.55.
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In general, considering the converter in Mode A, it is possible to derive
the equation definition for Af,, .. in eq. (2.56). Considering eq. (2.4) (2.57)
A fswna. 15 defined by the following equation:

AfswmazCI - fswmazC[ - fstWODEA
1 fe(Ly+ 1P Low) (2.58)
B 2T8h nLout‘/in + ‘/outLp b

where fsuyop5, 1S derived from eq. (2.4).

Equation (2.58) is not always valid, since the converter, as reported in Fig.
2.10, is working mainly in Mode B operations. However, considering the
worst case of transient response, from light load to heavy load, eq. (2.58)
comes as a good reference in designing the converter.

2.4 Experimental Results of 48 V VRM based on
FBPS-QR

The proposed topology and control system have been tested by the imple-
mentation of three test chip on 0.16 x lithography. One chip implements a
driving system of secondary side synchronous rectifier ensuring zero-voltage
and zero-current switching conditions. The second chip implements a con-
trol scheme for primary side full-bridge in COT and an adjustable dead-time
control, while the third is a multiphase digital controller based on the archi-
tecture of Fig. 2.11.

The proposed system has been tested for VRM and DDR applications.
This section presents the experimental results for both solutions.

241 VRM power supply

As shown in Fig. 2.20, a test board (in chapter 4 is reported the transformer
realization for 48 V VRM FBPS-QR) with 4 cells and [,,,; = 220 A has been
realized to experimentally validate the performance of proposed topology.
The total space of the test board is 72mmX43mm.

The primary side full-bridge is implemented with STL35N75F3. The sec-
ondary side are BSZ013NE2LS5I. The main passive elements parameters are
as follows: L, = 1.7 uH, L, = 120 nH (EATON FP0906R1 R12R), C, =
233 nF and the transformer is made by planar core with a turns ratio of 7:1.
The switching frequency is about 560 £H z for each phase.

Efficiency measurements, including converter, driving and control losses,
at nominal output voltage V,,; = 1.8 V and V;,, = 54 V, are shown in Fig. 2.18.
The peak efficiency is equal to 93.1% and it is maintained high by using phase
shedding.

The single-cell loss breakdown at the peak efficiency (i.e. at I,,; = 120A)
is shown in Fig. 2.19. The losses are evaluated analytically and they match
the experimental measurements with an error of 10%. As can be seen in
Fig. 2.19, the major contribution is coming from the transformer, where the
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FIGURE 2.18: Total system efficiency over the total load range.

conduction losses are dominant, and in the other magnetic elements. More-
over, the loss contribution of the output synchronous rectifiers. The losses
on the secondary side MOSFETs are considerable because of the voltage rat-
ing of the secondary side MOSFETs (25 V with R4, oy = 1.3mf2). In fact, as
demonstrated in section 2.5.1, the resonant voltage peak is double than the
ratio between the input and the transformer ratio, due to resonant transition.
Instead, the losses in the resonant capacitor are small, having adopted COG
dielectric in order to reduce ESR value. In FBPS-QR the main drawback is the
need to adopt higher voltage secondary side MOSFETs comparing with an
hard switching solution, such as classic full-bridge phase-shift current dou-
bler.
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FIGURE 2.19: Loss breakdown of the single cell at the peak ef-
ficiency point.
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FIGURE 2.20: Test board providing VR13.0 specifications from
48 V.

Transient-response measurements obtained at V;,, = 51V and V,,,;, = 1.8V
are shown in Fig. 2.21, 2.22 and 2.23. In Fig. 2.21 the output voltage transient
response in presence of a load step variation from 41A to 228 A, with a slew
rated of 750A/ps, is reported. The output voltage has a resistive behavior
without overshoot or undershoot. Fig. 2.22 displays the transient performed
by the voltage transient tool (VIT) with 900 kH z of load step from 60 A to
220 A.

To validate the effectiveness of the ZVS strategy at primary side, in Fig. 2.24
is reported the ZVS transition corresponding with the time interval ¢5 — ¢ of
the circuit configuration depicted in Fig. 2.6(e).
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FIGURE 2.21: Transient response from 41 A to 228 A load step.
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Finally, Fig. 2.23 shows a voltage identification (VID) transition.

The proposed converter fully meets the voltage deviation at VRM out-
put that is compatible with 1 m(2 load line requirement. Moreover, Fig. 2.22
shows that the output impedance is mainly resistive for a wide range of fre-
quency, as required by Intel specifications.
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FIGURE 2.22: Output voltage behavior with 900 kHz load step
from 60 A to 220 A.
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FIGURE 2.25: Current sharing error with and without current
sharing control loop
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FIGURE 2.24: An example of ZVS turn on for Q4: voltage at
node y (vy), driving voltage for Q3 (v4s03) and Q4 (vgsq4)-

Finally, Fig. 2.25 reports the current sharing error, defined as the relative
error of the current of each phase respect to the ideal case of perfect matching.
Only the value of the phase with the highest mismatch is shown. As can
be seen, the measured improvement obtained with the current sharing loop

demonstrates the effectiveness of the proposed approach reported in section
2.3.3.

2.4.2 DDR power supply

As mentioned in section 1.1.1 the memory power usage, for a given workload
of a data-center’s motherboard, is almost 25 % of the overall consumption.
In this scenario it is important to validate the proposed converter even for
different voltage rail, to prove the effectiveness of the proposed converter for
all digital load applications. Here a prototype based on the proposed FBPS-
QR is depicted in Fig. 2.27 for DDR application.
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FIGURE 2.26: System efficiency over the total load range for the
DDR power supply.

The output voltage specification is V,,, = 1.2 V' with a maximum current
of 1,,, = 105 A. The prototype was built using two cells; the primary side
MOSFETs are STL35N75F3, while the secondary side ones are BSZ013NE2LS51.
The main passive parameters are: L, = 3.3 uH, Ly, = 220 nH, C, = 600 nF
and the transformer is made by a planar core with a turns ratio 9:1. The
switching frequency is about 250 kH z for each phase.

Efficiency measurement, including converter, driving and control losses,
at nominal output voltage V,,;, = 1.2V and V},, = 54V, is shown in Fig. 2.26.
The peak efficiency is 93.2%.

Comparing with the CPU application the proposed DDR power supply
presents higher peak efficiency even if the voltage rail is 600mV less. The
main reason is because of lower dynamic performance requirement allowing
to use higher output inductance and higher transformer turns ratio.

FIGURE 2.27: Test board of the DDR power supply.

The voltage regulation for the DDR power supply does not require a load
line implementation. The transient response obtained at nominal input volt-
age and output voltage of 1.2 V is shown in Fig. 2.28 with load step from
15 A to 65 A. The load step transient response is fast and well damped. From
Fig. 2.28 it follows also that the voltage peak of the resonant transition is less
in high load condition, as discussed in section 2.3.2.
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FIGURE 2.28: Load step change from 15A to 65A: V,;, (upper
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FBPS-QR has been proven to perform a VRM function for the VR13.0
specification and provides a microprocessor core voltage rail directly from
the 48 V bus. By using ZVS and ZCS both at primary side and secondary side,
this converter is able to achieve high efficiency with high performance. This
is also obtained by using a multiphase approach that implements a novel cur-
rent sharing technique. The proposed solution was tested both for VRM and
DDR applications, showing good dynamic performance and high efficiency,
reaching 93.1% and 93.2% efficiency for VRM and DDR power supply, re-
spectively, including control and driving losses and using SIMOSFETs. The
proposed dc-dc resonant converter fully meets the goals of providing a direct
conversion from 48 V to main computing low voltage rails with high current
consumption.

2.5 Full-Bridge phase-shift center-tapped quasi res-
onant converter

As previously highlighted in Chapter 1 the high-voltage dc distribution power
architecture has been drawing attention due to its lower copper losses. In
Fig. 1.5(a) is reported a VRM two stage approach where a Intermediate Bus
Converter (IBC) are needed from 380 V to 12 V bus dc. The power conversion
IBC has to be very efficient with a good power density to be compatible with
the motherboard placement.

For data-centers most of the power goes to CPUs and memory and the
power level can reach over 600 W per power module. Unregulated LLC con-
verter for IBC helps to improve the efficiency and simplify the control of the
IBC stage. LLC has been widely demonstrated as a good power supplies
for telecommunication an data centers applications because of the high effi-
ciency, high capability with high frequency operation [72]. However 380 V
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dc bus presents a wide range, in this scenario the 12 V VRM has to be de-
signed with a wide input voltage range affecting the overall efficiency of the
two stage approach.

In this section will be presented an IBC based on FBPS-QR which works
as a buck type voltage regulator.

In section 2.3 is widely discussed and demonstrated the advantages of
the new topology based on a quasi-resonant converter which ensure ZVS
transition for the primary and secondary switches, enabling high efficiency
with high power density. FBPS-QR is realized with current doubler rectifier
which is more suitable for low voltage high current applications due to sim-
pler transformer realization, where both output inductors are operating in
parallel handling half the output current each inductor.

In attempt to improve the power density, maintaining high performance,
in this section is proposed a Full-Bridge phase-shift center-tapped quasi res-
onant converter. The proposed converter is depicted in Fig. 2.29 where
the only difference with FBPS-QR, reported in Fig. 2.4, is the rectifier re-
placed with a center-tapped. FBPS-QR with center-tapped presents 3 mag-
netics components instead of 4. However, although the center-tapper recti-
fier presents only one output inductor, it operates at doubler the switching
frequency of the semiconductors, as depicted in Fig. 2.30. The center pin
Veowu, reported in Fig. 2.29, is switching with one double of the switching
frequency respect standard solution with current doubler [73]. During the
resonance Voon shows half of the resonance in vy, and v,,2 that allows to
use an inductance with half of value comparing with a current doubler solu-
tion but with one double of saturation current.

The new structure is shown in Fig. 2.29, where a single phase is repre-
sented. The primary-side full-bridge operates in phase-shift, the secondary-
side center-tapped rectifier uses synchronous rectifiers )1 and @Q,2. This
configuration increases the output inductor equivalent value during the res-
onance transition at secondary side, replacing the previous current-doubler
rectifier proposed in section 2.3, [58], [67], [73] and thus reducing magnetic
component size. The resonant tank is formed by an external inductor L,,
in series with the transformer at primary side, an external capacitance C,
in parallel with both switches at secondary side and the output inductance
Lot The topology here presented is typically used to obtain stabilized out-
put voltages [67] and [73].

To simplify the analysis the magnetizing current is neglected and the leak-
age inductance is included within the external inductance L,. Considering
the condition in which @; and @4 are in the on-state and ), and Q3 are of f
(or when Q2 and )3 are on and (); and ()4 are of f), the total primary in-
ductance L, generates a resonance with the capacitor C, causing a voltage
oscillation on the secondary side node V)1, reflected on Vi This volt-
age oscillation can reach zero while the state of the primary switches does
not change. The control signals for this converter are the two primary side
PWDMs for the full bridge and a signal called enable rectifier ESR that enables
the turn off of the switches (), » in the synchronous rectifier as for FBPS-QR
based on current doubler rectifier.
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FIGURE 2.29: Full-Bridge phase-shift quasi resonant converter
with center tapped rectifier for IBC application.

The proposed dc-dc converter has two different modes of operation: when
the voltage on the resonant capacitor C, reaches zero during the input pow-
ering phase (when ), and @4 are on or when ()3 and (), are on) and when the
voltage on the resonant capacitor C, reaches zero during the freewheeling
phase (when @); and )3 are on or when (); and @4 are on). In this work is
discussed only the first mode of operation (i.e. when the voltage on the res-
onant reaches zero during the input powering phase). For further details on
the converter behavior in the other mode of operation the interested reader
should refer to the Mode B of FBPS-QR reported in section 2.3.2.

The six subintervals are described as follows:

1) to — tq: att = o, switch Q4 is turned on in ZVS, current i, freewheels
through switches )2 and @4; both ;1 and @, keep carrying current. The
topological state is shown in Fig. 2.33(a).

2) t; — to: att = ¢y, switch @, is turned of f, and the primary current i,
discharges the capacitance of (); and charges the capacitance of ();. When
capacitance of (), is discharged to zero, its body diode conducts and ZVS
is achieved. Both (),; and @, are still conducting. The current i,(¢;) that
enable ZVS operation of () is denoted as circulating current I. as shown
in Fig. 2.30. This subinterval is reported in Fig. 2.33(b)

2) ty — t3: att = t,, switch ) is turned on with ZVS and both secondary
side rectifiers (),; and @), remain conducting, as depicted in Fig. 2.33(c).
After t = t,, the primary current i, increases with a slope that can be approx-
imated as Vj,, /L, .

3) ts — t4: att = t3, the secondary current iy, reaches iz, ;1 is turned
of f, while Q,2, Q1 and @4 are conducting. In this subinterval the resonance
between L,, C, and L, takes place. The equivalent resonant circuit is de-
picted in Fig. 2.31(a) and the equivalent resonant circuit reflective at primary
side is shown in 2.31(b). The topological state is represented in Fig. 2.33(d).

4) ty — ts: att = t4, the resonant voltage reaches zero volt ZC D, signal
becomes high and switch (), is turned on, while at the primary side switches
()1 and @) are still conducting as shown in Fig. 2.33(c).

5) ts — tg: att = t5, switch Q)4 is turned of f, i, charges the capacitance
of switch (), and discharges the parasitic capacitance of switch ()3 in order
to achieve ZVS. The topological state is now represented in Fig. 2.33(e). At

iT‘CT 4
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FIGURE 2.30: Main operation waveforms. From top to bot-

tom: primary side voltages (v, and v,), voltages (vpn1,2), volt-

ages (vconr), secondary side transformer current i5, and induc-

tor currents (ir,,,, and i51), and zero current detection (ZCD)
signals (ZC'D1 )
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t = ts, the positive half-cycle of the switching period is completed (i.e. ts =
to+15=), and the topological state of Fig. 2.33(f) is the first one of the negative
half-cycle.

During the negative half-cycle of a switching period, the behavior of the
circuit is the same as the one described during the positive half-cycle, as
shown in Fig. 2.30, in which the output inductance operates at double of
the switching frequency.
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FIGURE 2.31: Equivalent circuit during resonant transition, a)
equivalent circuit during the resonant transition, b) equivalent
resonant circuit reflected at primary side.
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FIGURE 2.32: a) quasi resonant FBPS with current doubler rec-
tifier, b) equivalent resonant circuit reflected at primary side.
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The analytical expression of v,, is obtained by solving the equivalent
resonant circuit depicted in Fig. 2.31(b). Considering C, discharges (i.e.
ver(ts) = 0), vy, is obtained from vy,

pri*

2‘/;)utL7“ + 4nCTV;nLout
vpn(t) = L, & 402 Lo (1 — cos(w,(t —t3))), (2.59)

2 .
where the resonant angular frequency w, = /57-2%-Lext is the resonance
ou TYr

frequency of the network during the phase from (¢, —t3) and ner = zNle is the
equivalent turns ratio of center tapped transformer.
Hence the mean output voltage in stationary condition is:

1 tO +Tsw
Vour = / veom (T)dT
Tsw to

1 / fotTsw Uph2
= L)+ 22 (7) ) dr
Tsw to ( 2 2 ) (260)

1 to +Tsw
=7 / Vpn(T)dTdT
sw Jig

. 2‘/0utLr‘ + 4nCTV;nLout fsw
N L, + 4n%TLout Ir .

From the equation (2.60) it can be seen that the behavior of this converter
is similar to a buck converter controlled by a constant on-time regulator. In
fact, each single full bridge is equivalent to a couple of phases with a fixed
on-time PWM that has the same mean voltage of equation (2.60). This topol-
ogy can be easily controlled by changing the switching frequency in order to
obtain the output current regulation.

As described in previously in section 2.3.1 the circulating current that en-
ables ZVS transition for the primary switches is given by the following equa-
tions for FBPS-QR with center-tapped rectifier:

ip(ts) — ip(t) = — / (Vin = 2nr0pn(7))dr

L, J,
o ‘/;nTon - QnCT‘/OutTSw (261)
= LT
~ 2]CiTCT7

it follows that:

 ViaTon — 2000V T
wrer ™ 9 Lr .

As reported in section 2.3.1, the circulating current that enables ZVS is in-
dependent on the load conditions, that means the unique parameters to con-
sider for ZVS operations are parasitic capacitance C,,, for primary MOSFETs,
the transformer inter-winding capacitance C,, and the resonant inductor L,
value.

L. (2.62)
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FIGURE 2.33: Switch configuration during each subinterval: a)
to —t1, b) t1 —ta, ) ta —tz3,d) t3 —ts, ) ta — t5, €) t5 — L f)
freewheeling subinterval after ¢¢ .

2.5.1 Comparison of Current Doubler Rectifier and Center
Tapped Rectifier for quasi-resonant FBPS

Considering a quasi-resonant FBPS with current doubler rectifier, as depicted
in Fig. 2.32(a), it is possible to quantify the main differences between FBPS-
QR based on center-tapped and current doubler rectifier. From Fig. 2.32(b),
considering C,. discharges the resonant transition at secondary side in current
doubler configuration, v,,cp, is obtained from vy, ,,cp:

V:m LT+n V;HLOH
Upnop(t) = =S (L= cos(wn(t = 1)), (263)
r CD™ou

2 .
where the resonant angular frequency w, = ,/—LEJ“?LL(’;“ ncp is the turns
out ™ T

ratio of the transformer.

The comparison between the Center-Tapped and the Current-Doubler
rectifier is carried out in respect the following conditions: 1) same resonant
frequency for equations (2.59) and (2.63) (i.e. by changing C, so as to obtain
the same resonant frequency f, = w,/(27)), 2) primary MOSFETs operate at
the same switching frequency in both rectification stage, 3) same equivalent
turns ratio for both transformer (i.e. ncp = ner), 4) equal input voltage and
same output voltage.
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Voltage resonance peak voltage

From equations (2.59) and (2.63) the resonant peak voltage value on the sec-
ondary MOSFETs, for both solution, is given by the following expressions:

2‘/out Lr + 47KLCT V;nLout

VpeakC’T =2

L, + 4H%TLOM (264)
2V,
ncr
vV ‘/outL’r + nCDV;nLout
eakCD —
P L, + TL%DLOM (265)
2V,
ncp

Assuming VL, << nVi, Loy and L, << n?L .

Indeed, equations (2.64) and (2.65) highlight that the voltage stress for
rectifier MOSFETs are almost the same for a quasi-resonant FBPS converter
in both rectifier configuration.

Output inductance

The converter depicted in Fig. 2.29 has an output inductor which handles
all the output current and operates at double the switching frequency as re-
ported in Fig. 2.30. While, the current doubler, has the inductances operating
at the same MOSFET frequency and handles half the output current each in-
ductor, as reported in Fig. 2.5. However, the main difference with FBPS-QR
current-doubler is that the output inductor works with a lower voltage so it
is possible to use half of the inductance value in center tapped rectifier. It is
evident that current ripple, through current-dobuler in quasi-resonant FBPS,
is higher, increasing the skin effect and fringing flux effect in the conductors.
The unique advantage of the current doubler rectifier in quasi-resonant FBPS
converter is that the dc current is half of the output current, which means
the saturation current for center tapped topology is doubler respect current-
doubler. With center tapped rectifier the system has almost the same per-
formance but the total size of output inductance is half than current doubler
rectifier solution [73].

Transformer and high voltage transformer effect

The current doubler transformer for this application is slightly less complex
to realize, its presents lower dc resistance and ac resistance due to easier in-
terleaving structure realization and half of turns at primary side, comparing
with center-tapped transformer. Another important key to consider is that
the transformer inter-winding capacitance, between primary and secondary
secondary windings C',, must be charged and discharged [74]. Transformer
with center-tapped rectifier has one double of the inter-winding capacitance,
between primary and secondary secondary windings C,,, comparing with
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transformer realized for current-doubler rectifier that is mandatory for ZVS
operation at primary side.

Primary switches and secondary switches

Comparing the quasi-resonant FBPS current doubler rectifier with quasi-resonant
FBPS center-tapped rectifier the voltage stress and current stress for primary
switches and secondary switches are very similar as previously described in
equations (2.65) and (2.64). As anticipated, this dc-dc establish ZVS opera-
tions both at primary side and secondary side. Primary side ZVS is ensured
with a well-known operation in full-bridge FBPS converters. The key to zero
voltage switching, at primary side, is the amount of energy stored in the pri-
mary inductance L, (i.e. L, = Ly + L,.s where L, is the leakage inductance
and L, is an addition inductance in series with the transformer at primary
side). The store inductive energy required for ZVS operation is obtained from
the following equation:

1

ELQ"J—L

Lol

ric*

(2.66)

To reach the ZVS condition the inductive energy E, needs to be higher
than the capacitive energy E¢, which is given by:

1
Eo ~ 3 (2Cos50s, + Cw) Vi, (2.67)
where C,, is the interwindings capacitance, and C,.,,,, is given by:
1 Vdsnuz;c
CVossm,g - / Coss(vds>d‘/ds> (268)
Vdsmal 0

where V. is the input voltage.

As previously reported the proposed FBPS-QR with center tapped recti-
tier is recommended for IBC applications and as widely discussed the main
benefit comes from the power density. In fact, at medium current the cen-
ter tapped topology is more appropriate due to lower losses and less space
occupation [58]. The unique problem regarding center tapped topology is
the transformer realization. The current doubler transformer is simpler since
it only has one secondary winding or two, depending on the core size and
the output voltage. Instead, center tapped transformer presents double of
turns ratio. The only way to reduce the overall ac resistance is to adopt a
fully-interleaved winding arrangement incrementing the stray capacitance
(), increasing the energy required as reported in equation (2.67). What can
be done is to increase the circulating current /,;. by modulating the on-time
Ty, in equation (2.62), increasing the overall copper losses.
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2.6 Experimental Results FBPS-CT quasi-resonant
as IBC from 380 V

In order to prove the effectiveness of the proposed FBPS-QR with center-
tapped rectifier, in this section experimental results are presented, highlight-
ing the advantages for a IBC application and the possible disadvantages for
a VRM application. Moreover, it is interesting to analyse the ZVS operation
at primary side for the FBPS-QR with a 380 V input voltage using SiMOS.

A prototype has been built to validate the proposed architecture. As
shown in Fig. 2.34, a test board with I,,; = 50 Aand V,,, = 12 V has been real-
ized. The total space occupation of the test board is 100 mm X 130 mm. The
primary side full-bridge MOS are STL33N60DM2, the secondary side ones
are STL100N12F7. The primary inductance L, is 48 jtH, L, is 1.8 pH, C, is
127 nF and the transformer is made by planar core 8.5:1 of equivalent turns-
ratio. The secondary turns ratio is 2 to reach high power density containing
the cross section area of the core. The phase switching frequency range is 165
kHz - 185 kHz.

FIGURE 2.34: Test board 380 Vto 12 V50 A

In Fig. 2.35(a) and 2.35(b) are shown respectively the ZVS transition at
primary side and secondary side in light load, whilst in 2.35(c) and 2.35(d)
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are reported the same waveforms in high load condition. As previously high-
lighted FBPS-QR based on center-tapped presents the same ZVS functional-
ity of FBPS-QR based on current-doubler proposed in section 2.3. As can be
seen from Fig. 2.35(a) and Fig. 2.35(b) the circulating current from light load
to high load is slightly the same, however the value of such current is very
high to ensure ZVS transition. In fact, the recirculating current is around 2 A.
The required energy for ZVS transition is very high due to the high charge
stored in parasitic capacitances of the MOSFETs. Moreover, as reported in
eq. 2.67, the parasitic stray capacitance of the transformer C,, increases the
energy required for ZVS operation at primary side. In Fig. 2.36 are accounted
the parasitic C,s, capacitance of the MOSFETs tested for the primary side
(STL33N60DM2 and ST36N55M5).

In Fig. 2.37 are displayed the efficiency measurement comparison us-
ing STL33N60DM2 (R, = 140 mQ and Clss,,, = 218 pF’) and ST36N55M5
(Rds,, = 90 m&2 and Cl,,,, = 218 pF) as primary side MOSFETs. From Fig.
2.37 it follows that the prototype built with STL33N60DM2 gives higher effi-
ciency in all entire load regardless higher on-resistance.
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FIGURE 2.35: (a) An example of ZVS turn on and turn off for

Q4: voltage at node Vj, driving voltage for Q3 (Vgsg,) and Q4

(Vgsg,) inlightload and (b) in high load. () Resonant transition

at secondary side V};,1 and V2, and the voltage node V,, and V,
at primary side in light load and (d) in high load.

The peak efficiency is 95.5% as reported in Fig. 2.37 and in light load the
losses are around 12 W due to high recirculating current. In fact, as reported
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FIGURE 2.36: Capacitance C,s; over V5 from datasheet rispec-
tively (a) STL33N60DM2 and (b) ST36N55M5.

in Fig. 2.37 the efficiency presents a dominated bias losses from the light
load.

Finally, in Fig. 2.38(a) and 2.38(b) are reported the thermal images respec-
tively at 0 A and 50 A. The dissipation in light load are dominated by the core
losses and by the primary side copper losses. In fact, as previously discussed
the ZVS functionality are strongly influenced by the primary side MOSFETs
and transformer realization. Instead, in high load the losses are dominated
by the secondary side MOSFETs because the 150 V rating are adopted due to
resonant operation at secondary side. Another issue at high load comes from
the transformer, in fact comparing with current doubler transformer the RMS
current through the secondary winding is higher since all output current is
circulating.
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FIGURE 2.37: System efficiency comparison between
STL33N60DM2 and ST36N55M5 over the total load range.

The proposed solution would be higher performed if Gallium Nitride
(GaN) at primary side is adopted. GaN is an enabling technology with high
tigure of merit compared with traditional silicon devices. In fact, in the pro-
posed application the main limitations comes from the high energy for ZVS
which increases the copper losses at primary side. By adopting GaN devices
such as PGA26E19BA the energy for ZVS decreases exponentially. From
PGA26E19BA datasheet it is possible to derive the average parasitic output
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capacitance of the device C,,, which is around 30 pF. This is a paramount
importance to consider since the main limitation for this application comes
from the dissipation at primary side.

(b)

FIGURE 2.38: Thermal images at different load conidition for 1
phase prototype for the converter proposed in 2.34: (a) Iy =
0A, (b) Iout = 50A.

2.7 Full-Bridge phase-shift quasi-resonant as HV
POL

As previously mentioned FBPS-QR (proposed in section 2.3) is a buck-derived
topology which we proposed as a 48 V VRM high step down converter down
to the main low voltage high current rails [67]. Considering now the main
functionalities introduced in section 2.3.1 it is possible to rethink the con-
verter from 380 V input voltage. In general there are several constraints for
VRM specification but actually the most important is the output inductance
which affect the transient response and the efficiency (the maximum value
should be around 170 nH). Moreover the transformer realization comes as
an important limitation. In 48 V VRM the turns ratio requirement oscillates
from 5 to 9 depending on the maximum output voltage and the transient
requirement, thus the turns ratio for 380 V VRM bases on FBPS-QR has to
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be at least 40. However, 40 as turns ratio will complicate the design of the
transformer.

TABLE 2.2: Converter parameters FBPS-QR for 380 V VRM.

Input voltage V., =380V
Output inductances Loy =110 nH
External inductance L, =120 uH

Resonance capacitance  C, = 132 nk’
Transformer turns-ratio n =40
Output capacitance Cout = 470 uF°

In FBPS-QR the key for high efficiency and high frequency operation are
the selection of an optimum MOSFET for primary side full-bridge. To se-
lect carefully the best solution there are some considerations to be taken into
account: low FOM R,,,C,,, for improving ZVS functionality and low dissipa-
tion at primary side, fast turn-off switching (which means low gate resistance
and low @Q,), V4, rating to handle overshoots and robust body diode with fast
reverse recovery.

Thus, it is important to study the ZVS capability of primary MOSFETs, by
studying the non-linear behaviour of parasitic capacitance C,s;, in order to
tind out the energy required for ZVS transition. From eq. (2.68) it is possible
to derive the actual value of C,,,, (i.e. for STL33N60DM2 is 218 pF). More-
over, considering the stray capacitance of the transformer (i.e. 800 pF for
fully interleaved transformer using E22 core or 100 pF in a semi-interleaved
arrangement) the actual energy for ZVS is increased as it is possible to get
from eq. (2.67).

Considering equations (2.68), (2.67) and the converter parameters of table
2.2, the actual circulating current required for ZVS transition is given by the
following equation:

TER i3
T

2. 2
T > \/ (2 Cossuny + C) Vm. (2.69)

From eq. (2.69) and the parameters of table 2.2 it follows that the re-
quired circulating current for STL33N60DM2 FET in ZVS, considering fully-
interleaved transformer arrangement, is 1.35 A whilst for a semi-interleaved
arrangement is 0.87 A. In this scenario the on-time for semi-interleaved struc-
ture should be around 950 ns while for fully-interleaved will be 1250 ns.

As graphically demonstrated in Fig. 2.39 the converter is not able to reach
the nominal output voltage due to the switching frequency limitation caused
by the high on-time required for ZVS capability. Here is demonstrated how
FBPS-QR is a good step-down converter, but actually the technology limi-
tations for primary MOSFETSs restricts its functionalities. In order to fully
meet the requirements for a converter working as HV POL, ensuring high
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FIGURE 2.39: Current capability comparison for FBPS-QR as
HV POL using converter parameters of table 2.2 with a semi-
interleaved and fully-intrleaved transformer.

dynamic performance, some primary side multilevel topologies will be pro-
posed in this dissertation. The main concept is to find out a FBPS-QR de-
rived topologies, exploiting the main advantages of FBPS-QR overcoming its
drawback.

2.8 Multilevel structures based on FBPS-QR

Multilevel converters were principally developed as a result of a growing
need for higher power converters [75] [76]. In order to achieve higher power
capability, the voltage and current capabilities of the MOSFETs used in the
converter need to be increased. Topology converters whose make use of a se-
ries connection of switches, can allow for the use of MOSFETs with reduced
voltage ratings and higher current capability. Lower voltage MOSFETs have
lower switching losses and can switch at a higher frequency [77]. In a multi-
level converter the medium voltage can be clamped using diode-clamped or
flying capacitor topologies.

The diode-clamped converters [78] is also knows as the neutral point
clamped converter. The half-bridge leg with a clamped diode consists of
two pairs of series switches in parallel with two series capacitors where the
anode of the upper diode is connected to the neutral point. One of the main
benefit is that the capacitors can be pre-charged without external auxiliary
circuit, however it can not reach high efficiency. As an alternative to the
diode clamped multilevel is to replace the diode with a flying capacitor.

The flying capacitor multilevel converters is an attractive choice to reduce
the voltage stress increasing the overall efficiency of the converter. The volt-
age of the flying capacitor is typically naturally balanced, this is achieved by
applying a phase shifted control [79] [80]. But actually, these converters have
an important drawback coming from the start-up procedure, which makes
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this topology not so attractive for VRM applications. It is this section’s goal
to show how multilevel topology can be suitable as HV POL.

2.8.1 Multilevel double Half-Bridge Phase-Shift Quasi-Resonant

In section 2.3 is widely discussed how FBPS-QR can be used as high step
down converter ensuring all VRM functionalities, but the poor switching
performance at higher voltage makes FBPS-QR not so efficient as HV POL.
In this section a new multilevel topology based on double half bridge mul-
tilevel quasi-resonant (2HBPS-QR) is presented in Fig. 2.40. The main dif-
ference from 2.4 is the double multilevel half bridge at primary side which
ensure higher ZVS capability and higher current capability.
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FIGURE 2.40: Multilevel double half-bridge phase-shift quasi-
resonant double current converter scheme.
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As was done for FBPS-QR, to simplify the analysis the magnetizing cur-
rent is neglected and the leakage inductance is included within the external
inductance L,. Considering the condition in which @), and @), are in the on-
state and @); and @3 are of f (or when ()2 and ()3 are on and ); and 4 are
of f), the total primary inductance L, generates a resonance with the capac-
itor C, causing a voltage oscillation on the secondary side node V,; or V.
This voltage oscillation can reach zero while the state of the primary switches
does not change.

The proposed dc-dc converter has two different modes of operation: when
the voltage on the resonant capacitor C, reaches zero during the input pow-
ering phase (when @)1, 2, @5 and ()7 are on or when @5, (s, Q1 and Q)3 are
on) and when the voltage on the resonant capacitor C, reaches zero during
the freewheeling phase (when @4, 3, 5 and )7 are on). For this converter
is discussed only the first mode of operation (i.e. when the voltage on the
resonant reaches zero during the input powering phase).

The eight subintervals are described as follows:

1) to — t1: att = to, switch Q4 is turned on, the primary current i, free-
wheels through switches ), and @4, and both @,; and @, are on. The topo-
logical state is shown in Fig. 2.41(a).
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FIGURE 2.41: Switch configuration during each subinterval in

Mode A for ZHBPS-QRZ a) t() — 11, b) t1 —to, C) to — t3 ’ d) t3 — 14,

e)ty —t5, f)t5 —tge) tg —tr g) tr — tg h) tg — tg.
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2) t; — to: att = t;, switches ()3 and ()5 are turned of f, and the primary
current i, discharges the capacitance of ()3 and ()5 and charges the capaci-
tance of ()2 and ()s. When capacitance of ()3 and @5 are discharged to zero,
their body diode conducts to enable ZVS turn-on of )2 and @)s. Both (), and
(-2 are on and the topological state corresponding to this subinterval is re-
ported in Fig. 2.41(b). The current i, (¢;) that enables ZVS operation of ); and
(s is denoted as circulating current .., ,,, (-€. Loy, = —ip(t1) = —is(t1)/n),
as shown in Fig. 2.42, and it is almost constant within the interval () — ¢;).
I.; for double half-bridge quasi-resonant converter is given by the following
equation:

Vin(Ton+Tongy ) VT
IcirgHB ~ 2 = Sw'
2L,

3) to — t3: att = ty, switches 2 and Qs are turned on with ZVS and both
secondary side rectifiers (),1 and @,2 remain conducting, as shown in Fig.
2.41(c). After t = t;, the primary current i, increases with a slope that can be
approximated as V;,,/L,.

4) tg — ta: att = t3, switch Qg is turned of f, and the primary current ¢,
discharges the capacitance of ()5 and charges the capacitance of ()s. When
capacitance of ()5 is discharged to zero, its body diode conducts to enable
ZVS turn-on of ()5. Both @;1 and @, are on and the topological state cor-
responding to this subinterval is reported in Fig. 2.41(d). The current i,(t3)
that enables ZVS operation of ()5 is not the circulating current /;,,,,, but de-
pends from the high voltage mode duration 7,,,,,, its value is denoted as
Inv,,s (e Inv,,s = —iy(ts) = —is(ts)/n), as shown in Fig. 2.42. Again, the
value of Iy, does not depend from the load condition and is given by the
following equation:

(2.70)

VinTo

IHVZVS R _[CiT'2HB L i
L 2.71)
— Vi"QTO" + 3‘/;”20"’” + nVoutLsw
N 2L, ‘

5) ty — t5: att = t,, switch Q)5 is turned on with ZVS and both secondary
side rectifiers ()1 and @, remain conducting, as shown in Fig. 2.41(e). After
t = t4, the primary current ¢, increases with a slope that can be approximated
as Vi, /2L,.

6) ts — tg: att = t;, the secondary current is reaches iru (i-e. is(t5) =
irout1(t5)), @r1 is turned of f, and Q,2, Q1, @2, @5 and Q)7 are conducting. The
topological state is shown in Fig. 2.41(f). In this subinterval, the resonance
between L,, C, and L, takes place and the equivalent resonant circuit is
shown in Fig. 2.7 case a) as in FBPS-QR (in this case the reflected voltage at
secondary side is half comparing with FBPS-QR).

7) te — t;: att = tg, the resonant voltage reaches zero volt, and @), is
turned on, while at the primary side switches )1, )2, @)5 and )7 are still
conducting. The topological state is reported in Fig. 2.41(e).

8) t; — tg: att = t;, switch ), is turned off, i, charges the capacitance
of switch (), and discharges the parasitic capacitance of switch ()3 in order
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to achieve ZVS. The topological state is now represented in Fig. 2.41(g). The
current that enables ZVS of ()3 is i,(t7) and it is only slightly smaller than
Livyy - Thus, Iy, and gy, are a good index to establish when turn-on
ZVS is achieved for all switches. Att = {3, (3 is turned on at ZVS and i,
freewheels through switches @1, Qs, Cy,, @7, Q7 and Cy, as shown in Fig.
2.41(h). Att = tg, the positive half-cycle of the switching period is completed
(1e tg = tg + TST“))

During the negative half-cycle of a switching period, the behavior of the
circuit is the same as the one described during the positive half-cycle, as
shown in Fig. 2.42, in which the output inductance operates at double of
the switching frequency.
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FIGURE 2.42: Main converter waveforms for Operation Mode

A of multilevel double half-bridge phase sfhift current doubler.

From top to bottom: primary side voltage (vs, — vy, ), voltages

(vpn1,2), secondary side transformer current 75 and inductor cur-
rents (ir,,,, and ir,,,,)-

outl
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Comparison between FBPS-QR and multilevel double half-bridge quasi-
resonant

The proposed 2HBPS-QR works in COT as FBPS-QR (section 2.3), but in the
new multilevel topology the constant on time presents two different phases.
The first phase is called high voltage phase and its duration is Ty, , in this
phase the primary side inductance is charged with all the input voltage. The
second phase is called powering phase and its duration is Ty, — T,y , in this
phase takes place the resonant transition. However, since the pre-charging
time of the primary inductance depends on the load condition, is not always
true that the beginning of the second phase corresponds with powering phase,
but actually, depends on the load condition. In fact, is still needed a pre-
charging of the resonant inductance with half of the input voltage. The ben-
efit of a constant 7,,,,, is that the Mode A operation is extended comparing
with the classic FBPS-QR, when in 2HBPS-QR is used half of the transformer
turns ratio.

In order to make a fair comparison between FBPS-QR and 2HBPS-QR, in
Table 2.3 are reported converters parameters for both topologies, where the
equivalent resonant tank are kept as the same. In Fig. 2.43 are reported the
two current capabilities of FBPS-QR and 2HBPS-QR, considering negligible
the parasitic C,,, capacitance. The main difference between those converters
is that the second presents and extended Mode A operation region. This is
a paramount importance to consider, since , as reported in section 2.3.2 in
Mode A the frequency does not change, whilst in M ode B changes to control
the output voltage.

TABLE 2.3: Converters parameters of FBPS-QR and 2HBPS-QR
used for the capability comparison in Fig. 2.43

FBPS-QR 2HBPS-QR
Output inductances Loy =170 nH Loy =170 nH
External inductance L, =120 uH L, =30 uH
Resonance capacitance  C, = 132 nk’ C, =132nF
Transformer turns-ratio n =40 n =20
Constant on-time Ton, =800ns  Tp, =800 ns Ty,,, = 200 ns

Multilevel topology gives higher capability, as demonstrated, but actu-
ally it presents an high numbers of switches which are eight in the proposed
2HBPS-QR that means 4 MOSFETs on during each phases.

As described in section 2.3.1, the ZVS operation of leading-leg switches
of FBPS-QR is achieved over whole load conditions using the stored energy
in the resonant inductance during the freewheeling phase. As demonstrated
the freewheeling current ensures the ZVS transition and as indicated in eq.
(2.62) does not depend from the load condition. In 2HBPS-QR the operation
principle of the ZVS functionality is slightly the same but presents two dif-
tferent ZVS phases. In 2HBPS-OR the lagging-leg switches can achieve ZVS
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FIGURE 2.43: Current capability comparison between FBPS-QR
and 2HBPS-QR without considering parassitic MOSFET capac-
itance effect on ZVS capability.

from light-load to heavy-load with the same energy capability as in FBPS-
QR, but actually, by looking at Fig. 2.44, it is possible to get the main dif-
ferences between FBPS-QR and 2HBPS-QR ZVS transitions. Considering the
ZVS transition of FBPS-QR at ¢ = t;, as reported in Fig. 2.44(a), and compar-
ing with the ZVS of 2HBPS-QR at ¢ = ¢; (depicted in 2.44(c)) it is possible to
get how the equivalent resonant circuit during the ZVS transition in 2HBPS-
QR presents two more MOSFET’s parasitic capacitance as depicted in Fig.
2.44(b)) and Fig. 2.44(d)).

However, the main difference is that at t = t3 in 2HBPS-QR the circuit
configuration is as depicted in Fig. 2.44(e), whilst the equivalent resonant
circuit during the ZVS transition is reported in Fig. 2.44(f). Iyy,, current
ensures ZVS transition without varying with the load condition as demon-
strated in eq. (2.71). Hence, to ensure ZVS even in the transition between
high voltag phase to half of the input voltage it is important to derive a effi-
cacious relation between the on-time 7, and the high voltage on time 7,,,,, .

Thus, considering the stray capacitance of the transformer C,, negligible
comparing with the MOSFETSs parasitic capacitance C,,; and by studying the
circuits in Fig. 2.44(d) and Fig. 2.44(f), hence the energy needed for the ZVS
transition is half at ¢ = t3 comparing with the energy necessary at ¢t = t;.
Thus, the relation between the high voltage on time 7,,,, and the on-time
Ty, are given by:

nNHV

Tonivs > T — on Yout. (2.72)

ONHv — Vi
%

Eq. 2.72 is obtained from Iyy,,, = \/%fcm up accomplished from the con-
strains for the same ZVS operations in both phases.

The proposed 2HBPS-QR can overcome the limitation of FBPS-QR and
can work as HV POL, but the implementation of 2HBPS-QR is slightly com-
plicated for two main reasons. The first comes from the control system. 75, ,,,,
has to be dependent with the load, and has to satisfy the relation in eq. (2.72)
in all operating load conditions. The second is the operation in light load. In

light load the pre-charging time can be less than the duration of 7, thus,

Mgy’
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FIGURE 2.44: (a) Equivalent circuit in ZVS full-bridge at ¢;,
(b) Equivalent resonant circuit in ZVS transition mode for full-
bridge topology, (c) Equivalent circuit in ZVS double half-
bridge multilevel at ¢;, (d) Equivalent resonant circuit in ZVS
transition mode for double half-bridge multilevel at ¢; (e)
Equivalent circuit in ZVS double half-bridge multilevel at ¢3,
(d) Equivalent resonant circuit in ZVS transition mode for dou-
ble half-bridge multilevel at ¢s.
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the resonant tank has to be designed to meet this requirement, otherwise the
voltage rating of the secondary side MOSFETs has to to be higher, affecting

the overall efficiency.
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Chapter 3

Multilevel Half-Bridge Phase-Shift
Quasi-Resonant converter for VRM
Applications

This chapter presents a single-stage approach for the 380 V VRM based on
a quasi-resonant multilevel topology constant on-time (COT) operation. The
proposed topology inherently integrates the multi-phase approach, provid-
ing fast phase shedding and flat high efficiency curves even at light load
conditions. The chapter analyses the circuit topology and proposes a con-
trol architecture for fast transient response, including the current sharing ca-
pabilities and finally a current doubler coupling inductor for the proposed
architecture is presented.

3.1 Analysis of the Proposed Converter

The proposed solution is based on an isolated converter, which comprises
half-bridge three-level on the primary side and a current-doubler (CD) recti-
tier on the secondary side as shown in Fig. 3.1. The primary side half-bridge
three-level operates in phase-shifted COT [68] [81], as shown in Fig. 3.2. The
secondary side current-doubler rectifier uses synchronous rectifiers compris-
ing ()1 and @),2. Due to resonant transitions, both ),; and @, are on at zero
voltage (ZVS). This is obtained by generating a zero current detection (ZCD)
signal on the voltage across the synchronous rectifier switches (i.e. v,,; and
Uph2)-

The proposed solution presents an additional capacitance C, on the sec-
ondary side and an innovative driving scheme to enable ZVS operation. To
simplify the analysis, the magnetizing current is neglected, the leakage in-
ductance is included in the external inductance L, and the divided capaci-
tors C and C are large enough to be treated as a voltage source (i.e. Ve, =
Vee, = Vin/2). Thus, each resonant transition includes L,, C, and one of the
output inductances L, 2, depending on the vy voltage value.

As before reported the proposed HBPS-QR converter, depicted in Fig. 3.1,
is implemented in a multilevel structure which is the main differences with
FBPS-QR proposed in section 2.3. FBPS-OR has at least one switching node
which is exposed to the transformer stray capacitance [67]. In the FBPS-QR
topology, the parasitic stray capacitance of the transformer is an important
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FIGURE 3.1: 380 V VRM based on a half-bridge three-level on
the primary side and a current doubler with resonant capacitor
C, on the secondary side.
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limitation in high voltage operation. On the other hand, HBPS-QR does not
present a switching node directly exposed to the transformer stray capaci-
tance, since the resonant inductance is placed in between the switching node
and the transformer. This is of paramount importance to consider, as the
transformer does not affect the ZVS capability. In this scenario the trans-
former can be realized in fully interleaved configuration. Secondary, another
important advantage is that the voltage stress on the primary MOSFETs is
decreased by half of the input voltage. This results in lower energy stored
in the primary inductance L, for ZVS operation together with lower copper
losses at primary side compared with FBPS-QR topology.

The proposed dc-dc converter has two different modes of operation: when
the voltage on the resonant capacitor C, reaches zero during the input pow-
ering phase (when ), and ), are on or when )3 and @), are on) and when
the voltage on the resonant capacitor C, reaches zero during the freewheel-
ing phase (When (), and Q)3 are on). The two operating modes are denoted as
Operation Mode A and Operation Mode B, respectively, and occur at increas-
ing level of load power, i.e. Mode A is for lighter load conditions and Mode
B for heavier load conditions.

3.1.1 Operation Mode A for HBPS-QR: Resonant Transition
during the powering phase

Following the converter waveforms shown in Fig. 3.2, the proposed con-
verter in PS control mode has twelve operation stages during a switching
cycle that correspond to the topological states shown in Fig. 3.3.

For the simplicity of explanation, we will denote L,,; = Loy, = Lout,- The
twenty subintervals are described as follows:

1) to — t1: att = t(, switch (), is turned on, the primary current i, free-
wheels through switches ()2, Q4 and the flying capacitor C, and both Q,4
and @), are on. The topological state is shown in Fig. 3.3(a).



75

3.1. Analysis of the Proposed Converter

.t

t10t11t12

s\tg

trt

ts tg

~

\t3 ty

to

«— T —
on

Iz
tl‘

to

voltages

FIGURE 3.2: Main converter waveforms for Operation M ode
(vpn1,2), secondary side transformer current i5 and inductor cur-

A. From top to bottom: primary side voltages (vy),

(ZCD) sig-

rents (ig,,,, and ir,,,,), gate-source voltage MOSFETs (Vs ,
nals (ZCD 2)

Vysosr Vgsge and Vis,.) and zero current detection



%mpter 3. Multilevel Half-Bridge Phase-Shift Quasi-Resonant converter for
VRM Applications

2) t; — to: att = ¢y, switch Q4 is turned of f, and the primary current i,
discharges the capacitance of (); and charges the capacitance of (),. When
capacitance of (); is discharged to zero, its body diode conducts to enable
ZVS turn-on of ;. Both @,1 and Q,2 are on and the topological state cor-
responding to this subinterval is reported in Fig. 3.3(b). The current i,(t;)
that enable ZVS operation of (); is denoted as circulating current /., (i.e.
Livys = —ip(t1) = —is(t1)/n), as shown in Fig. 3.2, and it is almost constant
within the interval (¢, — t;).

3) to — t3: att = ty, switch @y is turned on with ZVS and both secondary
side rectifiers (),1 and @),» remain conducting, as shown in Fig. 3.3(c). After
t = t;, the primary current i, increases with a slope that can be approximated
as Vi, /2L,.

4) t3 — ty: att = t3, the secondary current i, reaches ir,, (i-e. is(t3) =
irout1(t3)), Qr1 is turned of f, and @2, @1 and @), are conducting. The topo-
logical state is shown in Fig. 3.3(d). Indeed, @4 is turned off when the ZC'D,
signal is low. Signal ZC D; is theoretically obtained by measuring the voltage
across (0,1, compared with zero (or with a threshold close to zero) and thus
detecting when the current on ),; changes sign. In practice, ZC D, signal is
obtained with a more complicated procedure also to enable current sharing,
as outlined in section 2.3.3. In this subinterval, the resonance between L,, C.,
and L, occurs and the equivalent resonant circuit is shown in Fig. 3.4 case
a).

5) t4 — t5: att = t4, the resonant voltage reaches zero volt, ZC D, signal
becomes high and switch (), is turned on, while at the primary side switches
()1 and @), are still conducting. The topological state is reported in Fig. 3.3(c).

6) ts — te: at t = t5, switch @ is turned of f, i, charges the capacitance
of switch (); and discharges the parasitic capacitance of switch (), in order
to achieve ZVS. The topological state is now represented in Fig. 3.3(b). The
current that enables ZVS of Q) is i,(t5) and it is only slightly smaller than
Livy s Thus, Iy, is still a good index to establish when turn-on ZVS is
achieved for all switches.

T) te — tr: att = tg, Q4 is turned on at ZVS and i, freewheels through
switches @2, Q4 and C/, as shown in Fig. 3.3(a). Att = ¢4, the positive half-
cycle of the switching period is completed (i.e. t = to + Z52).

8) t; — tg: att = ty, switch @), is turned of f, i, charges the capacitance
of switch (), and discharges the parasitic capacitance of switch ()3 in order to
achieve ZVS. The topological state is now represented in Fig. 3.3(e).

9) tg — to: att = t5, switch @3 is turned on with ZVS and both secondary
side rectifiers (),; and @), remain conducting, as shown in Fig. 3.3(f). After
t = ty, the primary current i, decreases with a slope that can be approximated
as Vi, /2L,.

10) tg — tq0: at t = to, the secondary current i, reaches i,ou2 (i-e. —is(ty) =
irout2(t9)), Qr2 is turned of f, and @1, @3 and @), are conducting. The topo-
logical state is shown in Fig. 3.3(g). Similar to stage (t3 — ¢4) the principle
operation of this phase is the same, except for different polarities across the
primary side transformer and still the resonance takes place between L,, C,
and Lgyo.
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11) t10 — t11: at t = ty9, the resonant voltage reaches zero volt, ZC D,
signal becomes high and switch @), is turned on, while at the primary side
switches Q3 and @), are still conducting. The topological state is reported in
Fig. 3.3(f).

12) t11 —t12: att = tq3, switch Q)3 is turned of f, i, charges the capacitance
of switch ()3 and discharges the parasitic capacitance of switch @), in order
to achieve ZVS. The topological state is now represented in Fig. 3.3(e). The
current that enables ZVS of Q4 is i,(t11) and it is only slightly higher than
—Ieiry s Att = t;; when switch (), is turned on and the primary current
i, freewheels through @),, Q4 and the flying capacitor C; as reported in Fig.
3.3(a). Now the switching period is completed (i.e. t12 = to + T5y)-

Taking into account that the average voltage of v, (¢) is equal to the out-
put voltage V,,, the voltage conversion ratio in Mode A is evaluated deriving
vpn1(t) and then averaging it over the switching period. The analytical ex-
pression of v, (t) is obtained solving the equivalent resonant circuit of Fig.
3.4 case a) and applying a step variation of v(¢) equal to V;,,/2n. Assuming
ve, (ts) = 0 and ig,,,(t3) = is(ts), for t3 < t < t4, vpn1(t) can be derived as
follows:

nVinL
‘/;)utLr + zn2 out

T 1L, (L coslnlt=ts)), (3.1)

Vpn1 (1) =

Lr+n2 Lout
Lout ch'r

over the switching period 7, the output voltage V,, is therefore given by

1 to+Tsw
Vout = T_/ Vppa (T)dT
sw to (3.2)

o V:)utLr + % fsw
Lr + nQLout .fr ‘
where f, = w,/(27) and fy, = 1/T,,. Since Vouy < Vin, L, /n? < Loy, and

n > 1, also VL, < nV;y Loy /2. Thus, term V,,, L, can be neglected in (3.2)
and the converter voltage conversion ratio (V,../Vi,) is approximated by:

‘/out ~ nLout fsw
‘/i -~ 2 (Lr + nZLout) fr .

where the resonant angular frequency w, = . Averaging v, (t)

(3.3)

As can be seen, the output voltage V,,, is directly controlled by the switch-
ing frequency f,,. Thus, the proposed solution is inherently a constant-on
time modulation, where the constant phase-shift, here denoted also as constant
on-time T,,, is determined by the resonant transition, while the output volt-
age regulation is obtained by varying the switching frequency. From eq. (2.7),
the circulating current I, , for HBPS-QR is given by:

I —~ % - n‘/outhw
cargp ~ D) Lr .

As can be seen, the circulating current I, ,, that enables ZVS operation,
is independent on the load conditions, as the voltage conversion ratio and

(3.4)
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therefore also Ty, are not dependent on /,,;. This in an important feature of
our solution and it is valid also for Mode B for a wide range of operating
conditions.

3.1.2 Operation Mode B: Resonant Transition During the Free-
wheeling Phase

Fig. 3.5 reports the main converter waveforms during Operating Mode B,
where the resonant voltage reaches zero during the freewheeling subinterval.
The converter operation in the first half of the switching cycle T, is described
in six subintervals that correspond to the topological states shown in Fig.
3.3. The operation on Mode B can be explained by analyzing the following
subintervals:

Vin
2n I
v(t) case a) | n? i Lout irqut
0d...... 7000 * 7000

Vout

v(t) case b) . _|_L -

ty ts

FIGURE 3.4: Equivalent resonant circuits for converter analysis:
case a) equivalent circuit in Mode A, case b) equivalent circuit
in Mode B.

1) to — tq: switch Q4 is turned on with ZVS and the primary current i,
freewheels through @)», Q4 and Cf. Differently from Mode A, during this in-
terval the synchronous rectifier switch ), is still of f, as the resonant voltage
transition of v, () started on the negative half-cycle is still not completed as
shown in Fig. 3.3(h).

2) t1 — ta: at ¢y, vypo(t) reaches zero, ZC D, signal becomes high and @,
is turned on, while at primary side (), and ()4 are still. The topological state
is now depicted in Fig. 3.3(a).

3) ty — t3: this interval is the same as the interval ¢; — ¢, of Mode A.

4) tz — t4: this interval is the same as the interval ¢, — t3 of Mode A. At
t = ty, is reaches iyy1-

5) ty — t5: at ¢t = t4, @, is turned of f and the resonance takes place
between L,, C, and L,,;. The topological state is now depicted in Fig. 3.3(e).
The duration of this mode, denoted as T, (i.e. Ty = t5 — t4), is a subinterval
of T,, and it can be expressed as follows:

T¢ =Ton — Tcha (35)

being Ty, the pre-charging time required to increase the secondary current
is from —nlg., . t0 irou1(ts), i.e. when the resonant transition starts. Thus,
the pre-charging time 77, can be expressed by
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2L,
Tch = (nIcirHB + ILout(t4)) V.
nvi (3.6)
~ ( I. ]out . AILout) 2L7‘
~ (n CITHB 2 2 n‘/;

where Al is the peak-to-peak current ripple and iz,.:(t4) is approxi-
mated as the minimum value of the inductor current iy,,.;. Thus, using (3.4)
and (3.5), T} is given by:

1 2n‘/out 2([out — A[Lout>Lr
5 (Ton + v T o )

6) ts — te: att =15, )y is turned of f, i, charges the capacitance of switch
()1 and discharges the parasitic capacitance of switch ;. The topological
state is now depicted in Fig. 3.3(1). Att = t5, Q4 is turned on in ZVS con-
ditions and the positive half-cycle of the switching period is completed (i.e.
ts = to + ) and the topological state of Fig. 3.3(j) is the first one of the
negative half-cycle.

During the negative half-cycle of a switching period, the behavior of the
circuit is the same as the one described during the positive half-cycle, as de-
picted in Fig. 3.5.

Similarly to Mode A, the output voltage is derived averaging v, (t) over
the switching period 7,. From [67], the voltage v, (¢) in this mode can be
expressed as:

Ty ~ (3.7)

nVin L t
‘/outL’r + ”LQ o

Upn1 (1) = L, +n2Lyy (1= coslur (b = 14))) = (3.8)
ST H (0 15) (1= cos s (£ = 15).

where H(t) is the Heaviside function (i.e. H(t) = 1,fort > 0and H(t) =0
for t < 0) and the duration of the resonant voltage is 7}z as reported in Fig.
3.5. In eq. (3.8) the unique difference with FBPS-QR is that due to multilevel
topology here the input voltage for the resonant tank is one half.

As described in section 2.3.2 V,,,, in Mode B, is given by the following
equation:

. T.
V:)ut o wTT¢ - 2sin <WT?¢> nLout fsw
‘/i B 27 Q(Lr + nzLout) f’/‘ .

(3.9)

It is worth noting that equation (3.9) differs from equation (3.3) only in
the factor between the brackets and the output voltage V,,, is still controlled
by the switching frequency f,, even in Mode B. In fact, looking at (3.7), T,
decreases when the load current /,,; increases. Thus, from (3.9), the output
voltage V,,; decreases and the control system imposes the reference voltage
V,es by increasing f,,.
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3.2 Differences between FBPS quasi-resonant and
HBPS multilevel quasi-resonant converter

To demonstrate the comparability in power density and efficiency between
between FBPS quasi resonant 48 V VRM showed in section 2.4 and HBPS
multilevel quasi-resonant converter 380 V VRM, in this section the funda-
mental metrics are calculated.

In order to make a fair VRM comparison between the three topologies (48
V quasi resonant FBPS, 380 V quasi-resonant multilevel HBPS and FBPS), the
main converters are kept as similar as possible, designing both with the same
equivalent resonant tank, in order to obtain the same switching frequency, as
reported in table 3.1.

ZVS condition at primary side

ZVS at primary side in the proposed version, as in the 48 V case for FBPS-QR
has been widely discussed as a way to ensure high frequency operation and
high efficiency. As reported in section 3.1 the recirculating current, equation
3.4, enables ZVS operation and, as demonstrated, it is load-independent. In
order to make a fair comparison, a common on-time-dependent model for
the inductive energy is described for the three topologies. The following
equation is useful to show the impact of the ZVS capability between the 48
V, the 380 V FBPS-QR converter and the 380 V HBPS-QR one:

1 1
Ep = —L,0%, = — (VinTon — nTs0Vour)’ 3.10
L 9 Pric 8Lp(v n Vt) ) ( )
where I, is the circulating current in FBPS-QR case and HBPS-OR case
as given by equations (2.7) and (3.4).

TABLE 3.1: Comparison between FBPS and HBPS for the pro-
posed quasi-resonant converter

48 V FBPS-QR 380 V FBPS-QR 380 V HBPS-QR

FET(CO SSavg ) BSC042NE7NS3 (1.4nF) IPL60R299CP (228pF) BSZ42DN25NS3 (72pF)
Turns ratio n Nnom 8Mnom 41 0m
LP Lpnom 64Lpnom 16Lpnom
Ipm'c ]pricnom >> Ipricnom / 16 ~ Pricnom /8
Ippk IDpkom TPk /16 IPpknom /8
Dy IDrimsnom > IDrmsom /16 IDrmsnom /8

From equation 3.10 it is possible to obtain the graph reported in Fig. 3.6
where it is shown (in red), as function on 7,,, the stored energy that actu-
ally determines the recirculating current at primary side. The red curve in
Fig. 3.10 is plotted using the following data: n,o, = 5, Ly,.,. = 1.7puH,
Cres = 130nF, Loy = 170nH and V,,; = 1.8V. The comparison made in Fig.
3.6 is consistent since the equivalent resonant tank reported at secondary side
is kept a as the same for all converters compared. It is necessary to create an
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accurate model to predict the large-signal C,,s value for all MOSFETs under
evaluation [82], so as to predict the ZVS boundary for each MOSFETs for the
different VRMs here compared. As reported in [82], the large signal C,,,s pro-
vide a practical and accurate tool for fast switching loss evaluation of WBG
power MOSFETSs, while the small signal based C,,, datasheet parameters can
be misleading. In table 3.1 are reported three different MOSFETs and their
average MOSFET parasitic capacitance calculated using equation (2.68).

In eq. (2.68) Vgs,,... depends from the topology (48 V VRM based on FBPS
is 48 V, whilst in 380 V VRM based on FBPS is 380 V and finally in 380 V
VRM HBPS is 190 V). In regards to ZVS for the three VRMs, in Table 3.1, in
Fig. 3.6 are reported the ZVS boundaries calculated using equation (2.67) and
considering C,, as parasitic transformer stray capacitance, .

As reported in equation (2.67) C,, is important once the transformer is im-
plemented in planar structure and, as investigate in [83] is in parallel with
the MOSFETs parasitic capacitance. For the sake of explanation in Fig. 3.7(a)
and 3.7(b) report respectively the circuit during the ZVS mode for FBPS-QR
and its equivalent resonant circuit during ZVS transition mode. In general
FBPS-QR has at least one switching node which is directly exposed to the
transformer stray capacitance since the resonant inductance position (under
hypotheses that L, >> L) can be either connected directly to the Vx or Vy
net. This results in a higher energy for ZVS transition for FBPS-QR. On the
contrary, in HBPS-QR the switching node that can be exposed directly to the
transformer stray capacitance C,, is V/, that can actually be separated with
the resonant inductance, as reported in Fig. 3.1. In Fig. 3.7(c) the primary
side circuit configuration during ZVS transition and its equivalent resonant
circuit are reported. From Fig. 3.7(c) and 3.7(d) it is possible to understand
how the HBPS-QR ZVS transition does not depend on transformer stray ca-
pacitance: this is of foremost importance to consider. Thus, the minimum
energy stored in the resonant inductance, during ZVS operation, has to be
higher than the value obtained from the following equation:

1 Vi \ 2
EC ~ 5 (2Cossaug) ( 9 ) s (311)

In FBPS-QR the transformer stray capacitance needs to be limited pre-
venting an interleaved winding arrangement, thus increasing ac resistance.

By looking at the diagram in Fig. 3.6 it can be noticed that the technol-
ogy of the MOSFETs and transformer becomes crucial for achieving ZVS.
In Fig. 3.6, in blue, the ZVS condition for 48 V VRM based on FBPS-QR
without considering C,, is reported. In fact, at this voltage the transformer
parasitic stray capacitance can be neglected. Instead, in green, is highlighted
the ZVS boundary condition for HBPS-QR 380 V VRM considering only the
FETs parasitic capacitance. Finally, the cyan and magenta lines correspond
to the ZVS boundary condition respectively for FBPS-QR 380 V VRM with
(Cw = 800pF) and without considering the transformer parasitic stray ca-
pacitance.

In the multilevel quasi-resonant HBPS topology, overcoming the constraint
of containing stray capacitance, a fully interleaved windings planar structure
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FIGURE 3.6: Stored energy in the resonant inductance during

ZVS transition (in red) vs ZVS regions for 48V FB (blu), 380V

HB (green), 380V FB (magenta) and 380V FB considering para-
sitic windings capacitance C,, (cyan).

is used to allow high switching frequency operation. However, the proposed
planar structure is not implemented in a fully interleaved structure but in
a semi-interleaved arrangement in order to suppress the CM noise in the
transformer, which is one of the main sources of the EMI noise. The pro-
posed planar transformer was designed to find a balance between the stray
transformer capacitance C,, and the ac resistance R,.. In the FBPS-QR the
transformer would have been critical due to higher transformer turns ratio
so as higher R;. and R,. and also higher CM noise. Thus, the proposed solu-
tion results in high efficiency and high power density as HV POL converter.

In section 4.4 the transformer realization for HBPS-QR is presented for
both semi and fully interleaved windings arrangement.

Power density

The following equation gives the equivalent cross section area A. for the
transformer:

[H Vo (8)dt
A, = P 12
e Y (3.12)

where B is the flux density and V,,;,; is given by eq. (3.1) and the secondary
windings turns are N, = 1. From eq. (3.12) it follows that both converter
FBPS-QR and HBPS-QR multilevel have the same equivalent core cross sec-
tion area, and so the same transformer volume. The output inductance L,
are the same in both solution assuming that both converters cell are carrying
the same current. This is of paramount importance to consider, because the
power density is dominated by the transformer volume.

The primary inductance volume for FBPS-QR and even in HBPS-QR de-
pends from the peak current and also from the RMS current as described by
the following relation:

x 1 * L. (3.13)

Tvolume PRMS *IPPK
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Hence, considering equation (3.13), the total volume does not depend
only from the peak current, so, it is important to consider even the ZVS ca-
pability comparison from the technology point of view. Thus, it is useful to
calculate the peak current and RMS current at primary side for both 380 V
VRM based on HBPS-QR and 48 V VRM based on FBPS-QR.

380L
‘/;utLr + 4n48 20ut

Toresasan = Cres=] g 2 T2 —res (3.14)

Toren g = Croam ML pE ot (3.15)
Lppissov = (% -~ MQL““ + Icrespk,w) JAns (3.16)
Ty ssov = ([O;t - AIQLOM + ]Crespmgv) /Mg (3.17)

Considering equations (3.14), (3.15), (3.16) and (3.17) it is easy to demon-
strate (table 3.2) that the peak current is 8 times larger in 48 V VRM FBPS-QR
comparing with 380 V VRM HBPS-QR. This is actually as expectation, since
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the transformer turns ratio in HBPS-QR is 4 times larger than in FBPS-QR.
Moreover, the RMS current scales with the turns ratio of the transformer.
This is confirmed by the graph reported in Fig. 3.6, where the energy for ZVS
for FBPS-QR 48 V VRM and HBPS-QR 380 V VRM are almost the same. Thus,
380 V VRM HBPS-OR has the same power density of 48 V VRM FBPS-QR,
making our proposed solution suitable for all POL applications as HV POL.
As here demonstrated the primary RMS current in HBPS-QR 380 V VRM is
very low which reduces the conduction losses in the primary MOSFETs and
transformer, making it theoretically more efficient than FBPS-QR 48 V VRM.

Finally, it is also interesting to compare the power density between HBPS-
QR and FBPS-QR, both for 380 V VRM application, in order to validate our
proposed topology, as done for 48 V VRM application by using equations
(3.14), (3.15), (3.16) and (3.17). The only difference between FBPS-QR and
HBPS-QR for VRM application is a technology issue as demonstrated before
and explained in Fig. 3.6. The ZVS capability of FBPS-OR for high voltage
is limited by technology MOSFETs. Thus, the primary resonant inductance
would be bigger as clarified in table 3.2.

3.3 Control System, Current Sharing and Dynamic
Performance

The controller block diagram of the multi-phase dc-dc converter 380 V VRM
is reported in Fig. 3.8, where two interleaved phases, indicated as CELL, »,
are shown. The voltage loop controller implements the load line, as required
by VRM specifications, imposing a resistive output impedance equal to Ry,
ie. Vies = Vour — Rylceur. This is obtained by calculating the voltage error
by the difference between the reference voltage V,.;, determined by the volt-
age identification (VID) code, and the sum of voltage v,,; and of the total
cell current .. multiplied by the load line resistance R; [31]. As in any
VRM applications, the inductor current is detected and used instead of the
output current. The voltage error is then processed by the PID controller that
drives the voltage controlled oscillator (VCO), the frequency of which is mul-
tiplexed for each of the interleaved cells. From each cell, two PWM signals
with a duty cycle of 50% are generated on the primary side with programmed
time shift equal to T5,,.

Fig. 3.8 also reports the block diagram for the current sharing loop needed
to ensure the current balancing in presence of mismatches in the resonant
components. This additional loop regulates the delay (of the digital delay
line (DDL)) of the turn-off of the synchronous rectifier switches (), with
respect to the commutation instant determined by ZC'D signal. Instead from
the control prospective as was demonstrated in section 2.3.4 the converter
presented in this paper is a buck derived topology. Fig. 3.9 shows the con-
trol to output transfer function calculated by Matlab simulation (using the
parameters of Table 3.2) where is reported the typical second-order transfer
function of the buck converter. For further details on the current sharing
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functionality and the small signal analysis the interested reader should refer
to the FBPS-QR functionalities presented in section 2.3.

TABLE 3.2: Converter parameters

Precharging

A

Input voltage Vi, =380V
Output inductances Loy =110 nH
External inductance L, =288 uH

Resonance capacitance  C, = 132 nF’
Transformer turns-ratio n =20
Constant on-time T,, =725 ns
Output capacitance Cout =470 uF
1,
[ll 1 ’
Precharging CELL, +VOM CELLy
A
Gatesignals p,, ~ Catesignals
Epro—or Isolated Driver /solated Driver
premen PW My PW Mo, KPWMygn,
FPaA
PWMxo, & PWMy,
»DDL
\DDL

-100 -

Phase (deg)

-200 -

I,

Er2
Epre—chy

FIGURE 3.8: Block diagram of the multi-phase control architec-
ture with two phases, indicated as CELL 5.
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FIGURE 3.9: Control to output transfer function calculated with

Matlab using the parameters reported in Table 3.2.
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3.4 Startup 380 V VRM HBPS-OR

Start-up is also a concern for the proposed 380 V VRM based on multilevel
topology [35] [84] at primary side. Initially the flying capacitor is uncharged,
in this scenario if the converter is started up ¢, and @, will see the full in-
put voltage. This will not allow to used reduced voltage rated device and
even the functionality of the converter will be compromised, until the flying
capacitor naturally reached the half of the input voltage due to phase-shift
operation. A precharging method of the flying capacitor is shown in Fig.
3.10. The startup circuit operates through two signal MOSFETs in series with
the flying capacitor. The value of the zener in parallel with the V;, of the
P-MOS fixed the precharging current. Key waveforms during the proposed
start up procedure for HBPS-QR are shown in Fig. 3.11. The proposed start-
up can be divided in two phases. In the first phase, during the precharg-
ing time 7},., the flying capacitor C} is charged. When the flying capacitor
voltage Vi, reached V, ((with V., = V;,, ../2+5 V)) the zener diode starts to
conduct to keep the flying capacitor voltage slightly above half of the input
voltage. During the precharging time all power MOSFETs are of f. In the
second phase, when the VRM is enabled, the converter is started up and the
flying capacitor falls naturally at half of the input voltage during the second

phase.
Qpr( 3
D. Jg I Q1
: %;H :} - E}}
ol Qg_“ﬂ} i . n:l o
Vin+ T DZ ZK __Cf Vf + Lo f{fé(j\
- NP M M e M
“ tind -
[

T

13T
L]

o
oy

ek O

I

FIGURE 3.10: Startup circuit of HBPS-QR in red.

The proposed start-up circuit depicted in Fig. 3.10 ensure even the func-
tionality during phase shedding procedure. In fact, all cells are started up all
together during the precharging mode, and if shaded, their flying capacitor
are kept charged with a pulsed charged.
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FIGURE 3.11: Conceptual Startup waveforms of the circuit re-

ported in Fig. 3.10.

3.5 Coupling inductor in HBPS-QR

Fig. 3.12(a) shows the proposed coupled-inductor scheme for HBPS-QR with

double current rectifier, where M is the coupling inductance between the

output inductances that represents the coupling effect and L, is the self in-
ductance. Because the coupling inductor effect between the two output in-

ductances cannot be considered as two individual inductors, as described
in [85] [86] [87], the electrical model of coupled-inductor is equivalent as in
Fig. 3.12 where L = Ly — M.

Vin+

Y %

iLuutl

?ile}
+

Uphlcy

i, Lv
. —>
1 Louto
a)
L
1:1 Uph2cr

& ‘/out

b)

FIGURE 3.12: HBPS-QR multilevel with coupling inductor dou-
ble current a) 380 V VRM schematic with coupled inductor dou-
ble current, (b) equivalent electrical circuit for coupled inductor.
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The analysis of coupling inductor in HBPS-QR is carried out considering
the converter in Mode A and the switching configuration as depicted in Fig.
3.3(d), corresponding at subinterval ¢35 — t4, where the resonance between L.,
C, and Ly, (i.e. the equivalent output inductance for the current doubler
coupling inductor) takes place. Now the analytical expression of vy, . con-
sidering the coupling inductor is given by the following equation:

n‘/zn LoutCI

Vout Ly (1 + LyM) + 2

Uphlcr (t) = L.+ n2L . (1 - COS(WTCI (t - t3))) ) (318)
T outcr

were the equivalent output inductance for the resonant tank in coupled

. . 2 T, .

inductor current doubler is Ly, = Lﬁ#, whilst the resonant angular
f . _ L'V'+n2Lout I

requency is w, = /7ot

Averaging vy, (t) over the switching period T, the output voltage V,.;
is given by:

nVinLou
Vout _ VO“tLT (1 + Lf‘&-JM) + 2 L fsw
V; Lr + n2Loutc[ frcv[ ’

(3.19)

where f,., = w,,/27.

Considering the converter in Mode A and the switching configuration as
depicted in Fig. 3.3(d), corresponding at subinterval t; — ¢, the following
equations are valid for the current doubler coupling inductor:

dZLoutl

L
dt

= Uphy — Vout — UM, (320)
where vy, = L.g_%vphlcl'
Thus, expression for the current increment of i, ,, during subinterval 3 —
tyin Mode A is derived by substituting eq. (3.20) into eq. (3.19):

M nVinLout
e (Yoke () My
Foutlty = O p L Ly +n2Loyt,, L+2M) ™)

(3.21)

Equation 3.21 is derived considering double current implemented with
coupled inductor, whilst the incremental current component during the power
phase (subinterval ¢35 — t4), obtained considering non-coupled inductors, is
given by the following equation:

1 ‘/;U Lr _I_ n‘/inLout
A poutn,, ., ( - 2 _ vm> . (3.22)

- erout LT + n2Lout

In order to make fair comparisons, the converter with non-coupled and
inverse coupling inductors is kept as similar as possible. Designing both
converters with the same transient equivalent inductance (i.e. L.y, in non-
coupled double current referred to Fig. 3.1), and keeping the same switching
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frequency, increasing C,., in the non-coupled converter due to lower equiv-
alent inductance for the resonant tank, as reported in Fig. 3.13. Considering
M > L it is possible to demonstrate analytically that the current ripple in
the current-doubler coupling inductor is slightly half compared with non-
coupled configuration. From egs. (3.2), (3.19), (3.21) and (3.22) the following
expression is always true:

Alpoutty, o1 1
N ~ 5 (3.23)
as graphically demonstrate also in Fig. 3.13. Furthermore, coupling in-
ductor offers unique advantages over non-coupled inductor in a HBPS-QR.
As previously reported the equivalent output inductance for the resonant
tank is higher compared with the equivalent transient inductance. Thus, and
considering the same switching frequency for both solutions, by reducing the
resonant time for non-coupled configuration, the coupling inductor configu-
ration gives higher current capability (in section 2.3.2 are reported the current
capability concept for FBPS-QR) than is reachable using non-coupled config-
uration. This is a unique advantage that gives higher dynamic performance
and also higher efficiency in entire load range adopting coupled inductor in
HBPS-QR.

Finally as described in section 2.3.2 it is possible to derive the relation be-
tween the maximum output voltage V,,;, obtained at the maximum switch-
ing frequency expressed by eq. (2.15), and the converter output current I,
using coupling inductor for the current doubler. This relation is denotated
as current capability Vout maz(Lowe) which indicates the maximum theoretical
power capability for a given converter parameters. To derive the relation
VoutIouwt for HBPS-QR (would be the same for FBPS-QR) implemented with
coupling inductor it comes useful to highlight the differences between HBPS-
QR implemented with and without coupling-inductor. Firstly, as depicted in
Fig. 3.13, for a fixed switching frequency for both coupling and non-coupling
solution, the resonant time is 150 ns less in coupling inductor solution which
gives an important advantages since the degradation of the resonant volt-
age depends from both the on-time (7;) and the resonant time (7,.s). Lower
resonant time gives higher current capability, since the RMS value for both
resonant transition is the same. Secondary, the pre-charging time, equation
(2.9) for FBPS-QR, required to increase the secondary current i from —nl.,,, ,
t0 iLout1(t4), i.e. when the resonant transition starts, is higher in coupling in-
ductor topology. In fact, combining equation (2.9) with equation (3.23) it
is possible to derive the pre-charging time for HBPS-QR implemented with
coupling inductor:

Lowt  Alpoutye

Tch ~ (n[cirHB + 9 - 4 )

2L,
nVi,

(3.24)

The last important difference between coupled and non-coupled current
doubler is the maximum voltage for the resonant voltage that can be analyt-
ically described from the following equations:
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FIGURE 3.13: Inductor current waveforms with a without cou-
pling inductor maintaining the same switching frequency and
same equivalent transient inductance, simulated with Simplis.
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nVin L
‘/outLr _'_ zn2 out

‘/PeakNCI = L. +n2L . y (325)
Vour L (1 + giy) + T
Vieakcr = U+ o) 2 (3.26)

Lr + n2LoutCI

Since Loytcr = Loyt it follows that Viearor > Viearneor-

Considering the differences between coupling a non coupling inductor,
equation (3.24) and the demonstration of current capability described in sec-
tion 2.3.2, it is possible to derive the graph in Fig. 3.14. In Fig. 3.14, in blue, is
depicted the current capability (maximum output voltage V,,,; obtained at the
maximum switching frequency, as a function of the converter output current
I,,:) for the coupled solution compared at the same V/,,, in no-load condition
for both current doubler rectifier. From Fig. 3.14 it follows that the current
capability for coupled inductor configuration is higher for almost all entire
load. Another advantages of HBPS-QR implemented with coupled-inductor
is that the converter works in Mode A until 20A. This is of paramount to con-
sider since the efficiency degradation at medium and high load mainly de-
pends from the higher switching frequency and also from the RMS current
in the output inductances. With coupling inductor it is possible to mitigate
both effects reaching higher efficiency in all operating loads.

0.5 |-==Current capability with coupled inductor
=e-Current capability without coupled inductor|

0 10 20 30 40 50 60 70 80 90
Output current [A]

FIGURE 3.14: Current capability: maximum output voltage

Vout Obtained at the maximum switching frequency, as a func-

tion of the converter output current I,,;, comparison between
coupled and noncoupled inductor configuration.

Furthermore, it is interesting to notice in Fig. 3.14 how the degradation of
the output voltage is faster in coupling inductor configuration. This is due to
lower resonant time for coupled inductor solution. In general this behaviour
does not affect the coupling inductor capability since the maximum current
for each cell is around 60-70A.

Finally, from Fig. 3.15 it is possible to derive the relation between V,,;
and /,,; as a function of switching frequency f;,. As obtained in Fig. 3.15,
in coupled inductor solution all the curves are almost flat for a wider range
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FIGURE 3.15: Possible operating points at fixed frquency. Com-
parison between noncoupled (red) e coupled (blue) indcutor.

of output current comparing with non-coupled solution. Thus, the regula-
tion of the output voltage is obtained with a small frequency variation in
coupled inductor. This is an important property that gives higher dynamic
performance even if the equivalent output inductance is the same for both
solution.

3.6 Design of HBPS-QR

There are several ways to design the proposed HBPS-QR converter. In gen-
eral there are not a specific design flow to make the best solution, since the
converter proposed in this research is slightly complicate. In this section is
carried out a general procedure useful from the design point of view and
even useful to clarify how this converter is definitely a best solution as HV
POL with high dynamic performance. Before proposing a design example,
are specified the main losses which affect HBPS-QR and layout considera-
tion. Moreover at the end of this section there will be demonstrated the ro-
bustness of the proposed HBPS-QR.

3.6.1 Losses in HBPS-OR and design layout consideration

HBPS-QR is in ZVS both at primary side and secondary side and the trans-
former core losses depends from the resonant voltage and frequency.

As previously highlighted the proposed converter are under ZVS turn-
on, however if the driver is not as much fast there will be a turn-off MOSFETs
losses of each leg. The model of estimation of the turn-off losses is slightly
complicated and depends on many factors, however if strong driver are used
these losses can be reduced near zero.

Gate losses can be estimated according with [88] using the following equa-
tion:

Pgate - ‘/g : Qg : fswa (327)
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where V, is the gate voltage and @), the total gate charge.
As a transformer based topology, HBPS-OR is affected by core losses,
which can be estimated using Steinmetz’s equation [89]:
Peore = k-Vol - ng “fa (328)

sw)

where k, § and « can be estimated form the core material datasheet. To
calculate the peak magnetic flux when the converter is in Mode A are needed
the following equation:
t3+Tres
B = \[tg Uph(t)dt
2- A,

where A, is the equivalent core cross section area.

(3.29)

3.6.2 Design procedure
Step 1

Firstly it is important to clarify the specification of the converter such as: total
occupation area of the converter A,,;,, maximum output current /.., out-
put voltage range, output voltage tolerance band and maximum load slew
rate.

Step 2

The rectifier current doubler of the converter proposed in this work and de-
picted in Fig. 3.1 is composed by two MOSFETs. To select the number of
the MOSFET for each phases at secondary side it is important to consider the
Ry, of the MOSFET. Thus, has highlighted, the resonant behaviour is the
main limitation of the proposed solution because higher voltage MOSFETs
are needed, therefor the voltage peak is established by the technology. To
mitigate this issue more rectifier MOSFETs in parallel are placed finding the
optimal number between power density, gate driver losses and conduction
losses.

B 2‘/;JutLT + nvin2Lout ‘/Ln
hpr — L, +n2L,, Ton

Thus, the minimum transformer ratio, considering the MOSFET’s tech-
nology constrain (Vphpk) is given by the following equation:

v, (3.30)

Nmin = V;WMAX . (331)
%hpk

Equation (3.31) is not always a consistent approximation. Considering
eq. (3.30) it is possible to generate the graph in Fig. 3.16(a). Hence, equation
(3.31) does not give an adequate simplification. In fact, the dependence of
the peak voltage with the primary inductance is considerable. But actually is
acceptable as second step for designing the converter.



ggqapter 3. Multilevel Half-Bridge Phase-Shift Quasi-Resonant converter for
VRM Applications

Step 3

HBPS-QR is mainly designed to ease the transformer design as an evolution
from FBPS-QR converter. However, still, the transformer needs to be care-
fully designed because it affects the performance both at primary and sec-
ondary side of the converter. From eq. (3.31) the constrain on the minimum
transformer turns ratio is given considering the maximum voltage on the
secondary MOSFETs selected. To calculate the maximum transformer turns
ratio the following consideration can indirectly define its value.

In general, in HBPS-QR converter the switching frequency depends mainly
on the transformer turns ratio. From Fig. 3.16(b) and eq. 3.2 it follows that
the impact of the turns ratio on the switching frequency is a first order ef-
fect. Thus, it is possible to derive the maximum turns n,,,, ratio from the
maximum switching frequency specification.

=

=]

S
T

Frequency [kHz]

. . . . . . . . . . . . . . .
15 16 17 18 19 20 21 22 23 24 25 15 16 17 18 19 20 21 22 23 24 25
Turns ratio Turns ratio

(a) (b)

FIGURE 3.16: a) variation of the maximum resonant voltage on

secondary side V), ... vs turns ratio, b) variation of the switch-

ing frequency vs turns ratio, based on the parameters reported

in Table 3.2 except for L, (L,(blue) = 20uH, Ly(red) = 24uH,

Ly(yellow) = 29uH, Ly(green) = 34pH and Ly(magenta) =
39uH).

From (2.56) the critical inductance relationship for HBPS-QR L
is given by the following equation:

crtHBPS—QR

7w (nLoutVin
; _ 5 (e A Vouly) s (3:32)
crtHBPS—QR 1, (LanLout) Al W, 4fTLpnmazA]0utwc7 .

where f, ~ 4f,,,, as a conceivable approximation, whilst w, depends
from the loop bandwidth that can be w. = 2770%.

Consequently, considering eq. (3.32), the maximum turns ratio limits the
transient response of the converter.

Step 4

After selected the turns ratio of the transformer and the maximum output
inductance it is possible to calculate the primary inductance. Considering
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equations (3.30) and approximating V,,;L, << ™Yzleu the primary induc-
tance can be calculated using the following relation:
LO’LL ‘/;n
L~ estlin _p2p (3.33)
%hm(wc

Finally, to obtain the resonant capacitance C,.s a good rule of thumb is
to derive it from the minimum switching frequency and obtain C., from eq.
(3.2).

Thus, all the resonant tank parameters are selected and it is possible to
calculate the current capability from eq. (3.9), as done for FBPS-QR in section
2.3.1. Using the parameters of Table 3.2, several capabilities are reported in
Fig. 3.17. Firstly, it is essential to verify that the converter has not a wide
output peak current range, adopting nominal resonant tank parameters with
different input voltage. The actual peak current variation for different input
voltages are depicted in Fig. 3.17(a), thus the peak current variation is around
18 A. The purpose of this graph is to underline how the switching frequency
can change significantly at different input voltages.

Fig. 3.17(b) shows the comparison between capability using nominal tank
components and worst case, when all tank components are at their maximum
value (i.e. all resonant tank components have an high tolerance between 10%
to 20%). As reported in Fig. 3.17(b) the actual peak current in the worst case
should not be inside the VRM constrains which typically is around 50 A to
60 A for each cell.

To design HBPS-QR converter it is important to be confident with the ef-
fect on the current capability caused by the variation of the resonant tank
parameters. The capability variation with different resonant capacitance C.,
are outlined in Fig. 3.17(c), thus, high value of C,.s can change consider-
ably the maximum switching frequency in light load, since the converter can
supply higher voltage with higher C,.;. Moreover, high value of C,., can
slightly increase the maximum output current but on the other hand this ac-
tually makes higher frequency variation on the entire output current load,
resulting in worse dynamic response. Fig. 3.17(d) reports the capability vari-
ation at different resonant inductance L, which yields two important infor-
mations: the actual output voltage does not change consistently, thus the
resonant transition in Mode A is not affected by the inductance value. On the
other hand, the maximum current depends on the primary inductance value
because the pre-charging time. Instead L,,; variation, on the current capabil-
ity, produces two main effects: switching frequency variation and maximum
current capability as reported in Fig. 3.17(e). Finally considering the on-time
variation Ty, on the current capability, Fig. 3.17(f), it follows that it does not
affect the maximum output current. Instead, 7,, is an important parameter
to achieve ZVS condition at primary side.
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FIGURE 3.17: C
apabilities for different scenarios using the value from Table 3.2: a)
capability comparison with nominal parameter for resonant tank at different
input voltage V;,, b) capability comparison from the nominal condition and
worst case as input voltage and resonant tank parameters
(Lout = Loutpym 0.8, L, =L, %12, Cres = Cheg,,,.. ¥ 0.9 and V;,, = 360V), ¢)
capability comparison in nominal condition with different resonant
inductance C,.s, d) capability comparison in nominal condition with
different resonant inductance L, e) capability comparison in nominal
condition with different resonant inductance L, and f) capability
comparison in nominal condition with different on-times 7,
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Step 5

In section 3.2 the actual ZVS transition has been explained and the benefit
of HBPS-QR in such techniques. In this dissertation has been widely dis-
cussed how to improve the zero voltage range by using HBPS-QR resonant
converter, however some important design equations have not reported yet.
As before explained in Fig. 3.7(c) and 3.7(d) the key of zero voltage switch-
ing is the amount of energy stored in the resonant inductance L, versus the
energy required to charge and discharge the circuit capacitances formed by
two parasitic capacitance 2C,,. To improve the ZVS capability there are three
key techniques: chose MOSFETs with less parasitic output capacitance Cls,
increase the primary inductance L, and increase the actual current before
ZVS transition [90]. The energy needed for ZVS is required at the end of the
free-wheeling phases ({,-t; and ¢s-t7) as reported in Fig. 3.18(a), where the ac-
tual current which performs ZVS transition is I, ,, obtained from eq. (3.4).
However there are other two ZVS transitions (¢5-tg and t11-t12) where the cur-
rent, which ensure ZVS operation is not I, ,, but actually is the primary
current at t = ¢5 or t = t1;, which is slightly less than I.;,, ., as highlighted in
section 3.1.1. Moreover, since the circuit during the ZVS transition is a reso-
nant circuit, as reported in Fig. 3.7(d), its resonant frequency may be useful
to estimate the dead time.

1
freszvs - - (334)

27/2L,Closs

The time condition for achieving ZVS is one fourth the resonant period
Tres,vs, Obtained in eq. (3.34). Hence, dead time is given by the following
equation:

Tiead = W—”QL’;C (3.35)

where C,,,, is given by equation (2.68).

If we consider both energy and resonant time for ZVS transition, respec-
tively eq. (3.10) and eq. (3.35), it follows that the leakage inductance can in-
crease the energy for ZVS transition, on the other hand it increases the dead
time required, which is not compatible in high switching frequency applica-
tion as VRM. Thus, it is mandatory to chose low parasitic capacitance related
MOSEFETs. Furthermore, it is also important to consider the amplitude of the
resonant voltage transition during ZVS phase which depends from the pri-
mary current stored in the resonant inductance and the LC network’s char-
acteristic impedance. Considering the worst case at t = ¢5 or ¢t = t1;, the
following relation is mandatory to reach ZVS transition in all conditions.

Vvin 20055avg
2\ "L,

Ly(ts) = |Ip(tn)| > (3.36)

Note that equation (3.36) is the same as eq. (3.10), however it estimates
the actual energy for ZVS transition in the worst case. In order to find out the
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FIGURE 3.18:
Actual ZVS operation: a)Main waveforms during ZVS transitions b) the
actual energy store in L, att = ¢5 or t = t1; (worst case) for different T,
(from 625ns to 850ns), in black the predicted energy required, for M OS;
(BSZ42DN25NS3) and M O.S; (BSZ16DN25NS3) to ensure ZVS transition.
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optimal condition for ZVS operation, keeping low RMS at primary side, it is
essential to derive the primary current at ¢ = ¢; from the following equation:

‘/ianead
2L,

In Fig. 3.18(b) are depicted the energy stored in the resonant inductance
att = t; or t = t; in function of primary inductance L, at different 7,
(from 625ns to 850ns). Fig. 3.18(b) gives a general understanding regarding
the impact of the primary inductance and the on-time on the ZVS capability,
considering also its effect on the dynamic response.

Ip(t5> ~ _Ip(tll) ~ —[CiTHB - (337)

Step 6

The basic operating principles discussed in Section 3.1.1 are based on the
assumption that the flying capacitor is balanced to half of the input voltage,
keeping a DC value.

The peak to peak capacitor voltage ripple is given by:

Ici'rHB (Tgw - Ton)

Cr (3.38)
(Vm Ton - n‘/outhw> (TSTw - Ton)

2
21,0

AVCfpkfpk =

where [.;,,,, is given by eq. (3.4).

To keep a small voltage ripple, a large enough flying capacitor must be
selected. For lower switching frequency the flying capacitor requirement
needs to be larger increasing the occupation area of the converter. More-
over, an interesting proprieties of HBPS-QR is that voltage ripple is grater
at zero load, because the converter is switching at lower frequency. Con-
sidering Cy = 300 nF and the switching frequency f,, = 400 kHz and a
circulating current /.;,,,, = 750 mA, from Fig. 3.19, the voltage ripple on the
flying capacitor is around 1.2 V, which is acceptable for the proposed topol-
ogy. Another important concern about the flying capacitor comes at the start-
up. After the pre-charging mode (Section 3.4) the converter starts to switch
at low frequency for a normal operation of the start-up, causing high voltage
ripple on the flying capacitor.

Small voltage ripple will ensure proper converter operation even during
start-up procedure.

3.6.3 Robust design of HBPS-QR

In designing HBPS-QR, selecting proper values of primary inductance, out-
put inductance and resonant capacitance are important for determining the
performance of the system. As reported in Section 3.1.1 the circulating cur-
rent /., is an important design parameter to validate the actual ZVS per-
formance at primary side and actually it is strongly dependent on the reso-
nant tank parameters. However, if the circulating current is too high, effi-
ciency will be lower, as highlighted in Section 3.2. We need to create a model
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FIGURE 3.19: Flying capacitor voltage ripple varying flying ca-
pacitor capacitance with a fixed circulating current I.;.,,, =
750mA.

to predict the ZVS capability considering the tolerance of the resonant tank
component and the input voltage range.

Before studying the hard switching behaviour it is important to define
an accurate model for the voltage transition on each MOSFETs during ZVS
operation.

Considering the equivalent resonant circuit during ZVS transition, de-
picted in Fig. 3.7(d), for HBPS-QR, it is possible to derive the behaviour of
the resonant ZVS transition. Thus, with 1., , as stored current in L,, the
following expression in S-domain is obtained:

1 $Coss,
VZVS(S) = LrlcirHB 2 1
S CVouteq I+s Cossequ
. (3.39)
. w_r : IcirHB * Wy
s% 4+ w?
where Cy,,, = C’OSSQ1 + COSSQ4 and w, = , /7 01 is the resonant angular
rCosseq

frequency of the resonant ZVS circuit.
From S-domain eq. (3.39), the time-domain one can be expressed as:

L,

Uzvs(t) - r
outeq

Loivy s - sin (wp(t —t1)) (3.40)

If the circulating current is enough to discharge and charge the output ca-
pacitance of MOSFETs during ZVS operation, the turn-on does not presents
hard switching event, supposing the right T}, from eq. (3.35). On the con-
trary if the energy in the resonant inductance is not enough (£, < E,) there
will be a certain level of hard switching, which can be obtained from the
following equation:

L,
Vst = ‘/in - —[c

C THB)
Oouteq

(3.41)



3.7. Experimental Results HBPS-QR 380 V VRM 103

where equation (3.41) is derived from eq. (3.40).

From eq. 3.41 the hard switching voltage level can be plotted in Fig.
3.20(a), for different tank parameters, considering as nominal value: L, =
30 pH, Loy = 220 nH, Cyes = 172 nF (with transformer parasitic effect of
40 nF on the resonant capacitance C,.; i.e. C, = 100pF with turns ratio
n = 20), V,,: = 1.8 V, transformer turns ration n = 20 and V}, = 380 V'
with the tolerance of 10% for the capacitance and 20% for inductance. The
graphs in Fig. 3.20(a) and Fig. 3.20(b) are obtained considering the converter
in Mode A. In almost all cases, ZVS can be achieved. The worst case occurs
when the resonant tank components are at their maximum value and the in-
put voltage is at its minimum value. Even if the hard switching occurs there
will be a minor impact on the efficiency. This means that the tank resonance
design is very robust for ZVS range, making the propose HBPS-QR converter
suitable for the production.

Finally it is also relevant to calculate the ZVS capability at different input
voltage. In Fig. 3.20(b) are reported the hard switching voltage level for dif-
ferent input voltages, supposing nominal resonant tank parameters. From
Fig. 3.20(b) it follows that the impact on the ZVS capability at different input
voltages has a minor impact on the ZVS functionality. This is a paramount
important to consider since the 380 V bus presents an important voltage vari-
ation.

3.6.4 Driving system

The top-level view of the driver architecture is reported in Fig. 3.21, where
each cell are driven by 3 drivers, one for the rectifier MOSFETs and two for
the multilevel half-bridge.

At primary side the circuit is made by two isolated driver (SI827X) whom
have to ensure an high common mode transient immunity [91]. Common
mode transient immunity (for SI827X is 350KV/is) is an important param-
eter, of a isolated gate driver, to consider, especially when operating at high
frequency as in the proposed converter. Fig. 3.21 shows that there are three
floating domains with a voltage slew rate of 190 V during the dead time
(around 100ns). The most noticeable drawback of the proposed driving sys-
tem is that (); gate’s supply has two diodes in between the voltage driver
supply and the auxiliary supply.

At secondary side the driver ensure ZVS transition, as described in sec-
tion 3.1.1, by observing the resonant voltage of each phase.

3.7 Experimental Results HBPS-QR 380 V VRM

The proposed system has been tested for VRM application. This section
presents the experimental results.

As shown in Fig. 3.22 a test board with 2 cells and I,,; = 120A has been
realized to experimentally validate the performance of proposed topology.
The total space of the test board is 44mm.X43mm. The primary side half-
bridge multilevel is implemented with BSZ42DN25NS3. The secondary side
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are FDMC8010. The main passive elements parameters are as follows: L, =
28.8uH, Ly = 220nH (FP1008R1-R220-R), C,. = 176nH and the transformer
is constructed by planar core (E22/6/16 FERROXCUBE 3F4) with a turns
ratio of 20:1. The switching frequency is about 440 kHz for each phase.

FIGURE 3.22: Test board VRM from 380V to 1V8 with noncou-
pled inductor.

Efficiency measurements, including converter and driving losses, at nom-
inal output voltage V,,;, = 1.8V and V;, = 380V, are shown in Fig. 3.23.
Moreover, to demonstrate the wide input range operating condition, is re-
ported in Fig. 3.23 the efficiency at nominal output voltage V,,, = 1.8V and
Vin = 360V. The peak efficiency is equal to 93% and it is maintained high by
using phase shedding. Comparing with the two stage approach, the overall
efficiency is higher in a 380 V VRM in the all entire operating load, especially
in light load, where, in the two stage approach the overall losses are domi-
nated by the first stage (7W at no load in the IBC [27] whilst the proposed
solution is 2.2W).

0.94
0.92r
09r
oy
§ 0.88
8
£0.86F
m
0.84r —~Efficiency 2 cells VRM 380V
-=Efficinecy 1 cell VRM 380V
0.82 1 - Efficinecy 1 cell VRM 360V
08 ‘ -Efficiency two stages (380V 12V - VRM 12V)

0 20 40 60 80 100 120
Output current [A]
FIGURE 3.23: Total system efficiency: in red for 1 cell VRM
380V single stage proposed, in blue 2 cells VRM 380V single
stage proposed, in magenta for the two stages approach (data
from [27] and [23]) and in violet dashed line for 1 cell VRM 360
V single stage.
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FIGURE 3.24: Loss breakdown of the single cell at the peak ef-
ficiency point.

It is also interesting to compare our proposed solutions: 48 V VRM based
on FBPS-QR topology presented in section 2.3 and 380 V VRM HBPS-QR;
the second one has higher efficiency in light load due to lower copper losses
at the primary side. Moreover, the power density achieved with the pro-
posed converter is better than the two-stage solution reported in [23] and
[27], where the total occupation area is 2004mm?, whilst the proposed solu-
tion is 1892mm?.

The single-cell loss breakdown at the peak efficiency (i.e. at I,,, = 30A) is
shown in Fig. 3.24. The losses are evaluated analytically and they match the
experimental measurements with an error of 20%. As can be seen in Fig. 3.24,
the major contribution is coming from the transformer, where the conduction
losses are dominant, and from the other magnetic elements. Moreover, the
loss contribution of the output synchronous rectifier is relevant. The only sig-
nificant loss among all the capacitors is the resonant capacitor one but having
adopted COG dielectric the ESR value is kept low. The current flowing in the
flying capacitor Cy is the recirculating current (i.e. typically ,;,. = 500mA)
while in C} and C; are interested by half of the primary current (i.e. at maxi-
mum load the primary RMS current is closed to 1.4 A).

In Fig. 3.25 are reported the thermal images at different load, to vali-
date the thermal performance of the proposed converter. As can be seen the
main contribution of the losses comes from the output inductances, whilst
the transformer maintains almost the same temperature in all operating load
around 50-60°C. Thus, from these thermal images, it is possible to validate
the proposed 380 V VRM, since the losses are relevant on the high current
side as 12 V VRM solution [23].



3.7. Experimental Results HBPS-QR 380 V VRM 107
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FIGURE 3.25: Thermal images at different load conidition for 2
phases prototype: (a) I,y = 0A, (b) Iou: = 304, (¢) Iou = 80A
and (d) I, = 1204
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FIGURE 3.26: Main experimental converter waveforms: sec-

ondary resonant voltages at secondary side v,;, vpn,, primary

voltage v, and primary current 7, with a) at OA of output cur-
rent and b) at 50A of output current for one single cell.

In Fig. 3.26 the main experimental converter waveforms are reported,
corresponding to the proposed HBPS-QR in light load Fig. 3.26(a) and high
load Fig. 3.26(b). As it can be seen the primary RMS current is strongly
dependent on the primary freewheeling current. It follows that the primary
side copper losses are less dependent on the load conditions.

In Fig. 3.27 are reported the primary RMS current for different output cur-
rents as it can be noticed the peak RMS current is around 1.2A in high load,
thus, the total copper losses at primary side are kept low even in high load.
Considering this amount of current in high load it allowed to implement the
transformer in a semi-interleaved structure without having an important im-
pact on the efficiency.
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FIGURE 3.27: Primary RMS current varying output current.

To validate the effectiveness of the ZVS strategy at primary side, in Fig. 3.28
are reported the ZVS transitions. From Fig. 3.28(a) and Fig. 3.28(c) it follows
how the ZVS transition is ensured by /., ,, whilst, in Fig. 3.28(b) and Fig.
3.28(d) the actual ZVS transition is performed by the current defined in eq.
3.37.

[ |
[ |

Upht

(©) (d)

FIGURE 3.28: Waveforms ZVS operations: (a) t1-t2, (b) t5-t5 (c)
t7-ts and (d) t11-t12

Transient-response measurements obtained at V;,, = 380V and V,,,; = 1.8V
are shown in Fig. 3.29 where the output voltage has a resistive behavior,
where in this case the control bandwidth is 70KHz. The transient was per-
formed by two Dynamic Load Tools (DLT100AGEVB) in parallel the slew
rated is 300A4/ps from 22A to 82A. The proposed converter fully meets the
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voltage deviation at VRM output that is compatible with 1m2 load line re-
quirement.
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FIGURE 3.29: Transient response from 22A to 82A load step
with 300A/ s as slew rate.

As discussed in Section 3.4 in HBPS-QR the start-up is an important issue
for the converter. One of the main concern comes from the multilevel oper-
ation at primary side and even the switching frequency at the start-up. In
Section 3.4 is proposed a start-up auxiliary circuit which performs the flying
capacitor pre-charging. In Fig. 3.30(a) the start-up waveforms are depicted.
The start-up procedure is divided in two phases.

e precharging

Uph1

[y

- ‘,
s
e [

(b) (©

FIGURE 3.30: Start up waveforms: (a) all start up procedure,
(b) start up bheaviour once converter is enabled (c) converter
bheaviour during start up
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The first phase is the flying capacitor pre-charging. In cyan is reported
the flying capacitor voltage v, which is started-up before the VRM enable
signal. The flying capacitor is charged with a fixed current coming from the
P-MOS, connected to the input voltage. Once the voltage on the flying capac-
itor reaches the zener voltage of the diode in parallel with the flying capacitor
(as reported in Fig. 3.10), the zener starts to conduct to keep the flying capac-
itor voltage slightly above the half of input voltage. Once the precharging
signal falls the pre-charging auxiliary circuit stops to conduct and the first
phase finished. The second phase starts when the VRM is enabled, and the
converter starts to power-on the load. In this phase the switching frequency
is low which can causes high ripple on the flying capacitor as it is possible to
get from Fig. 3.30(b). Furthermore, during the start-up procedure the reso-
nant transition is boosted because of the circulating current has not reached
the steady state.

3.7.1 HBPS-OR with coupling inductor experimental results

Finally, in Fig. 3.31 is depicted the prototype realized with coupling induc-
tor for the current doubler. The converter implemented with noncoupled
(Fig. 3.22) inductor presents slightly the same power density. In Fig. 3.32
reports the efficiency comparison between the coupling current doubler (in
blue) implemented with CL1108-2-50TR-R and the noncoupled current dou-
bler (in red) performed by using TDK-VLB7050HT-R09M. The main passive
components parameters for the converter implemented with coupled induc-
tance current doubler are as follows: L, = 28.8uH, Ly = 380nH M = 300nH
(EATON CL1108-2-50TR-R), C, = 209nH, whereas the elements parame-
ters for the converter implemented with a traditional solution are as follows:
L, =28.8uH, Loy = 90nH (TDK-VLB7050HT-R09M) and C, = 342nH. The
switching frequency in light load are almost the same for both experiments
410kHz.

FIGURE 3.31: Test board VRM from 380V to 1V8 with coupled
inductor.
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Efficiency measurements comparison are depicted in Fig. 3.32, including
converter driving losses at nominal output voltage V,,;, = 1.8V and V;,, =
380V. By using inverse coupling inductors the efficiency can be improved
by 3.6% at full loads and by 1.4% in light load. Instead, at high load the
big difference in efficiency is mainly due to the higher current capability that
offers the HBPS-QR with coupling inductor, as reported in section 3.5. In
fact, HBPS-QR coupling inductor presents lower frequency variation in the
entire load range (i.e. in the experiment proposed in Fig. 3.32 the frequency
variation between light load to high load is from 400kHz to 495kHz). On the
other hand, noncoupled configuration offers lower current capability, and
therefore higher frequency variation from light to high load condition (i.e. in
the experiment proposed in Fig. 3.32 the frequency variation between light
load to high load is from 400kHz to 630kHz).
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FIGURE 3.32: Efficiency comparison between coupled inductor

and noncoupled inductor double current with the same tran-

sient inductance obtained at nominal output voltage V,; =
1.8V and V;,, = 380V

In Fig. 3.33 is reported the maximum voltage of the resonant voltage, in all
load conditions, for both coupled inductor and noncoupled inductor double
current. From Fig. 3.33 it is possible to notice how the coupled inductor
configuration presents higher resonant voltage (in blue). This behaviour is
analytically described in equations 3.26 and 3.25.
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FIGURE 3.33: Maximum voltage on the resonant voltage com-

parison between coupled inductor and noncoupled inductor

double current with the same transient inductance obtained at
nominal output voltage V,,,; = 1.8V and V;,, = 380V

Whilst in 3.34 is experimentally reported and validate the higher current
capability obtained with coupled inductor configuration. As it is reported in
section 3.5, the higher power capability of coupling inductor configuration
gives lower frequency variation in all entire load. This is also proven from
the efficiency plot where at maximum load the coupled inductor prototype

gives 3.6% higher efficiency comparing with noncoupled configuration.
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FIGURE 3.34: Switching frequency comparison between cou-

pled inductor and noncoupled inductor double current with

the same transient inductance obtained at nominal output volt-
age Vour = 1.8V and V;,, = 380V, at different load condition.

In Fig. 3.35 and 3.36 are reported the main experimental waveforms re-
spectively for coupled and noncoupled HBPS-QR for current-doubler imple-
mentation. It is possible to notice how the RMS current at primary side is
slightly the same for both configuration, since it is mainly dominated from
the freewheeling current at primary side that is the same for both prototype

(same on-time at primary side Tp,).
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FIGURE 3.35: Main experimental converter waveforms at dif-
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FIGURE 3.36: Main experimental converter waveforms at dif-

ferent load conidition for 1 phase prototype realized without

coupling inductor (i.e. Ly, = Lo — M considering output in-

ductances used in Fig. 3.35): (a) Iou: = 04, (b) Ious = 204, (c)
Iout = 30A and (d) Iout =604



3.7. Experimental Results HBPS-QR 380 V VRM 115

3.7.2 HBPS-QR comparison between different primary side
FETs

In Fig. 3.37 are depicted efficiency measurement with L, = 28.8uH, L,y =
150nH and C, = 200nH implemented with semi-interleaved transformer us-
ing two different primary side FETs. From Fig. 3.37 it follows that the unique
figure of merit for selecting the primary side MOSFETs depends mainly from
the output parasitic capacitance C,,;. The efficiency obtained with BSZ42DN25NS3
has an higher efficiency in almost all load condition except for the high load,
where the impact of the Ry, is important.

This experimental result validate the design procedure reported in section
3.6.2.

Efficiency

0.84

082k _o-Efficiency Icell with BSZ42DN25NS3 (C(M=2IpF, RDSM=425mSZ) I

_e-Efficiency Icell with BSZ16DN25NS3 (C | =44pF, R o =165m(2)

038 ‘ ‘ : : :
0 10 20 30 40 50 60
Output current [A]

FIGURE 3.37: Efficiency comparison between different primary
side MOSFETs: BSZ42DN25NS3 in blue and BSZ16DN25NS3

in red.
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Chapter 4

Magnetics for FBPS-OR and
HBPS-QR

Resonant or soft switching topologies such as the proposed FBPS-QR and
HBPS-OR can provide relief from the high switching loss ensuring high switch-
ing operation. One disadvantage of resonant scheme is the increased of size
and conduction losses produced by the circulating energy. The goal of this
chapter is to present a new improved integrated magnetic solution for the
use in FBPS-QR. Moreover two transformers for HV POL converter has been
proposed here. The magnetic structures are simulated using 3D FEA verifi-
cation and verified in hardware design.

4.1 Planar magnetics transformer and Integrated
Magnetics

Today, high power density and high efficiency VRM converter are funda-
mental to the profitable growth of the power. In Chapter 2 and 3 it is high-
lighted how important is to find out an appropriate topology for such kind
of application, but actually high performance inductor and transformer are
mandatory to reach high performance. Planar magnetic component using
printed circuit board (pcb) windings are attractive due to their good thermal
performance, high precision design and high repeatability. These advantages
make planar magnetics attractive in VRM application where high switching
frequency, high power density and repeatability are needed [92].

Hence, it essential to integrate passive parts of the converter in order to
increase the field density and transport more energy from the primary to the
secondary side of the converter. Many techniques has been used for integra-
tion of passive magnetics using even the parasitic element of the structure,
such as leakage inductances and stray capacitance. However, it is important
to control the impact of such parasitic to contain the copper losses and EMI
issue.

4.2 Integrated Magnetics for FBPS-QR

Power inductors and transformers size are the primary determinants of power
density in low voltage application especially in the proposed FBPS-QR which
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presents four magnetic components: transformer, resonant inductance and
current doubler inductances.

The proposed converter, described in Section 2.3, is a topology with a full
bridge at primary side and a current doubler rectifier at the secondary side.
The current-doubler rectifier has been proven to be suitable for high current
dc-dc converters [93]. Compared with the conventional center-tap rectifier,
the current-doubler rectifier has a simple structure of the transformer, and it
halves the secondary winding conduction loss. In order to meet the require-
ments of modern POL converter here are discussed some integrated mag-
netic solutions. Several integrated structures have been proposed in litera-
ture to integrate the current doubler components into a single core [94], [95]
and [96]. In this section we will discuss first a different geometrical approach
to integrate a current-doubler with a transformer by using a planar technol-
ogy and the second an innovative integration of transformer, output induc-
tances and the external inductor connected to the primary side required for
ZVS operation, using a single magnetic component.

4.21 Integrated magnetics current doubler and transformer

The first solution, to reduce the converter size, is based on integration of
transformer and the current-doubler inductances into a single core with an
external inductance for L,. The structure uses two PCBs and EE cores (or E
with I core) and it is represented in Fig. 4.1(a) with a cross section reported
in Fig. 4.1(b). The top PCB implements the transformer windings and the
second, on the bottom of the structure, collects the total current of the in-
ductors of the current-doubler. This integration uses a similar approach of
a typical integration magnetic techniques [94], [97] in which the flux of the
transformer core coincides with the flux of the output inductors. The pro-
posed topology has very small output inductors each of which is realized
using a single winding. The main difference of this integration respect other
solutions is the shape of the output inductor coil that it is placed on a vertical
plane and not on a horizontal plane, where the primary transformer coil is
present. The flux of each inductor ¢, » flows in the lateral legs of the E core,
as reported in Fig. 4.1(a). In the two legs there are also two air gaps that
determine the values of L, 2. The equivalent electric circuit is reported in
Fig. 4.1(c), in which the current flowing in the two terminals OUT} and OUT5
is the sum of the transformer current and the inductor current. Instead, the
output current of the pin COM collects the current of the two output induc-
tors.

Considering the magnetic structure of the proposed transformer reported
in Fig. 4.1(b) it is useful to study the dependencies of the inductances with
the geometry.

Considering now the reluctance . due to the lateral gap, here the equiv-
alent output inductance L, 2 is derived:

. N ONZA,
outl,2 — =
R. 2

(4.1)
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FIGURE 4.1: a) Three dimensional view of the integrated mag-
netic with i, ,, path highlighted b) Cross section with the mag-
netic flux c) equivalent electrical model

where N; = 1 considering the structure depicted in Fig. 4.1(a), l,q, is the
gap length and A, is the equivalent core section area.

Winding losses

Winding losses in the proposed transformer increase dramatically with high
frequency due to skin and proximity effect. In the proposed transformer the
proximity loss is significantly reduced, since the primary and secondary cur-
rents are in phase [98]. However, in the proposed integrated transformer
the inductances of the current doubler are implemented with the lateral gaps
where are store the energy of L, and L, , which actually creates fringing
flux inducing eddy currents in the surface of nearby plates conductor, caus-
ing an higher ac resistance. In order to minimize the fringing effect, the PCB
windings near the air gaps are kept far away. Fig. 4.2 shows the FEA sim-
ulation results of the fringing effect on the air gap with different windings
locations. In Fig. 4.2 are reported the primary resistance R,. (Fig. 4.2(a)) and
the inductance resistance R,. (Fig. 4.2(b)) comparison between classic wind-
ings arrangement and graduated windings arrangement around the gap. In
Fig. 4.2(c) and Fig. 4.2(d) are depicted respectively the FEA simulation of
the distribution ohmic losses in classic windings arrangement and graduated
windings arrangement at 1 M Hz. From Fig. 4.2(c) and Fig. 4.2(d) it follows
that the losses around the gap are reduced at high frequency adopting the
graduated windings arrangement affecting partially the DC resistance.
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FIGURE 4.2: FEM simulation transformer in Fig. 4.1: a) Pri-

mary R,. comparison b) Output inductance R,. comparison c)

Ohmic loss distribution classic winding arrangement d) Ohmic
loss distribution with graduated windings arrangement.

4.2.2 Integrated magnetics current doubler, transformer and
resonant inductance

In order to integrate also the resonance inductor, the structure is changed as
reported in Fig. 4.3 (a) (the cross section is in Fig.4.3 (b)). This architecture
requires two E cores, one I core and two boards. In this case the current of
the output inductors is flowing with similar path of the previous architecture,
the main difference is the presence of primary windings on the bottom side
board. Considering, for sake of simplicity, only magnetic gap on the external
legs of the E core. The flux of each external leg depend on the primary and
secondary current that is flowing in the adjacent windings area. This physical
consideration can be translated in the equivalent circuit of Fig. 4.3(c).

The electrical circuit can be derived from the 2D structure in Fig. 4.3 (b)
and is shown in Fig. 4.3 (c).

In order to understand the operation of the magnetic structure shown in
Fig. 4.3 it is essential to find the equivalent electric circuits in all operating
modes.
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FIGURE 4.3: a) Three dimensional view of the integrated mag-
netic with iz, ,, path highlighted; b) cross section with the mag-
netic flux; c) equivalent electrical model; d) simplified electrical
model
ZVS and energization modes
From the circuit in Fig. 4.4 the following equation are derived:
Vin = (Vi +V3) (N1 — Ny) 4.2)
where the current equations are:
Nl + It = 111
Noliy + Iect = 112
4.3
Nl + T2 = 111 (4.3)
Noliy + Ieca = 112
Considering L3 = Ly and Ly = Lo, it follows that I..; = I..o = I, SO

Vi = Vs and V, = V). In fact, in this phase there is no current that flows
from node COM. From equations (4.2) and (4.3) and from aforementioned

consideration, it is possible to derive the following equations system:
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FIGURE 4.4: ZVS and energization modes equaivalent elecgtric
circuit

Nllin + ]cc - ILl
Noly, + 1. = 119 (4.4)
Vin = 2V1 - (N1 — Na)

the expressions can be rewritten as:
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FIGURE 4.5: ZVS and energization modes magnetic flux

I = Ir1—1Iro
in = N—N; (4.5)
Vin =2V1 - (N1 — Ny)



4.2. Integrated Magnetics for FBPS-QR 123

and considering the following equations:

I = % — 2L -(‘an—N
— Y _s ' Vi s_1 ' ‘Q)m (4.6)
IL2 T sLo  sLa _52L2'(N1*N2)
the input impedance is given by:
Vi LyLy 2
Lip=—=2- - (Ny — N = Linsec,ce 4.7
[i 8.[/1 i L2 ( 1 2) s ( )

Assuming the output transformer shorted, the shorted current /. is cal-
culated as follows:

Ie =1Ip1 — Nilyy
L (Ny = Ny) = IV

— V. . Li+Lo
52 - % : (N1 — N2)2 (48)
V. NiLy + NaLy

s2 - LlLQ : (Nl — N2)2

Vi NiLy + Ny Ly
I = — . 4.9
Linsec,cc Ll + LQ ( )

from which it is possible to calculate the ratio of the transformer:

NyiLi + NoLy
Nygr = ——————=, 410
sr = (4.10)

In Fig. 4.5 are depicted the magnetic flux during the ZVS energization.
From Fig. 4.5 it is interesting to notice that the dc flux in the middle plate is
reduced due to magnetic flux cancellation. This is paramount important to
consider since the overall volume can be reduced.

Resonance modes

The circuit shows in Fig. 4.6 is described from the following equations:

0= NVi + NoVo + N, Vs + NoVy

‘/;ecx == Vi + ‘/2 (411)
Vi=-V3
from which it follows:
Ny — N.
V:secz = _(Vi + ‘/2) : % (412)
2
whilst the current equations are:
Nljin + [out:v == [Ll
NQIin + Ioutm == IL2 (4 13)

N1, + Iouty = IL3
NZIin + ]outy = IL4
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FIGURE 4.6: Resonance modes

from which it derives:

Lin - (Ny = Np) = Iy — Ipo
4.14
TR (419
the expression can be rewritten as:
Iry — Ipp = Iz — Ipa, (4.15)

i i - W — W - W - Va
assuming the following I, = STo I;r = To I3 = e I, = Y hence

o= — 92 = ;& — 2. Considering the aforementioned equations it follows
that:
Ly
(Vi - V:}) = L_ : (Vvsecaz - ‘/1 + ‘/:3)7 (416)
2

the secondary side voltage during resonance mode is given by:

L
‘/secm = (1 + _1> : (‘/1 - ‘/3)7 (417)
L,
and
Ly
Vo=Vi— ———  Vieea, 4.18
L= Vim 418)
from Vi + Vs = —Vieew % is obtained:

Ly (N1 = No) = No- (L1 + L)
2+ (L1 + La) - (N1 — Na)

‘/1 = ‘/secm : (419)
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it follows that 1, is:

Ioutm = ILZ - N2Iln
and
N N
Lowiz = Ipy - — 1o (4.21)
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FIGURE 4.7: Resonance modes flux

Thus, it is possible to calculate an inductance from the output, consider-
ing the transformer input shorted, using the following equation:

2. LyLy- (L + Ly) (N; — Ny)?

Lyes,sec = 4.22
s = NI TT NI R4 Inly (N =N, Ny £y (422

From the foregoing analysis all equivalent discrete components of the cir-
cuit in Fig. 4.3(d) are derived, where L,.; = 2 - % -+ (Ny — Ny)?, Nysp =
% and L, = L + Lo

In Fig. 4.7 are depicted the magnetic flux during the resonant transition.
In this mode the converter is in powering mode, the power is transferred
from the primary side to the secondary side. As can be seen the output in-
ductance are formed by the external legs. The only drawback of using this
structure is that an high RMS current, that is the actual current carried by the
output inductance, is flowing from the bottom part of the transformer to the
top, causing high copper losses.

Finally, it can be seen that the solution in Fig. 4.1(a) reduces the total area
of the converter by eliminating the output inductors area. If there are not any
low profile requirements, the resonant inductor can be realized on the top of
the magnetic structure. In this case, the solution of Fig. 4.3(a) can also reduce
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the profile of the magnetic part, because the bottom windings can be realized
on the main board.

4.3 Experimental results of Integrated magnetics
for 48 V VRM FBPS-QR

To demonstrate the effectiveness of the proposed integrated structures two
prototype have been realized for FBPS-QR converter for 48 V VRM applica-
tion.

Fig. 4.8 shows the integration of the current-doubler described in Fig. 4.1
with an external inductor mounted on the top, the total size is 15.2mm X 24.7mm.
Instead, Fig. 4.9 shows the proposed architecture of Fig. 4.3 that has a dimen-
sion of 15.2mm X 23.5mm . The values of the equivalent output inductors
L,y is 120 nH, the equivalent resonant inductor L, is 1.7 pH and the equiv-
alent turns ratio n is 6. Each magnetic module can supply a current up to
60 A with 1.8 V of output voltage. The switching frequency is about 560 kHz
for each phase. The measured efficiency comparison is depicted in Fig. 4.10.
The magnetics integrated structures have lower efficiency, but higher power
density. In general lower efficiency in the integrated structures, comparing
with the discrete structure, is caused by copper losses, as discussed in sec-
tion 4.2.1. The long paths of output inductances depends from the trans-
former size which actually depends from the output voltage as reported in
eq. (3.12), this can be easily demonstrated by looking at Fig. 4.10. In Fig. 4.10
it is possible to notice how the efficiency in high load is extremely degraded
comparing with discrete solution.

FIGURE 4.8: Prototype of the integrated magnetic of Fig. 4.1
with the resonant inductor on the top.
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FIGURE 4.10: Efciency comparison between discrete solution,
integrated magnetic solution depicted in Fig. 4.1 (in red) and
full integrated magneric solution in yellow, for FBPS-QR for 48
V VRM application.

4.4 Transformer realization for HBPS-QR

The converter proposed in chapter 3 is an evolution of the FBPS-QR con-
verter presented in section 2.3. In this dissertation has been widely discussed
the power density issue introduced by the FBPS-QR. FBPS-QR needs four
magnetic components as HBPS-QR. HBPS-QR would had been realized with
center-tapped as rectifier which can reduce the size of the output inductor,
as demonstrated in section 2.5.1, however center-tapped rectifier suffers of
higher copper losses in the transformer windings. On the contrary, the cur-
rent doubler rectifier reduces the number of the primary windings turns by
half compared to the center-tapped rectifier. This is paramount important
to consider because by adopting current doubler rectifier the parasitic stray
capacitance between primary side and secondary side are contained.

In section 4.2 are presented two different integrated magnetic topologies
suitable for a VRM application, these structures integrate respectively 3 and
4 magnetic components in one core. For HBPS-QR are not proposed mag-
netic integrated structures but actually they can be realized using the same
concept applied for FBPS-QR, presented in section 4.2. Instead, for HBPS-QR
is discussed the realization of the transformer for HV POL application.
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In section 4.1 has been widely discussed how planar magnetics are very
attractive for VRM application. High voltage input using planar magnetic
structure introduces some essential difficulties such as the effect of the par-
asitic components on the converter functionalities at such VRM switching
frequency (i.e. 300kHz to 1IMHz). As discussed in section 4.1 the parasitic
stray capacitance of the transformer is produced by inter-winding capaci-
tances C,. Moreover, in section 3.2 is discussed the important impact that
inter-winding capacitances has on the ZVS performance at primary side of
FBPS-QR, that actually does not affect the ZVS capability of HBPS-QR, but
influences the resonant tank components. In Fig. 4.11 is reported the pro-
posed HBPS-QR converter considering the parasitic stray capacitance of the
actual transformer. To simplify the analysis the leakage inductance L is ne-
glected since L, >> L.

The purpose of this section is to estimate the actual effect of the non-ideal
transformer on the converter functionalities for HBPS-QR working as HV
POL. Two different transformers with different cross section here are dis-

cussed.
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FIGURE 4.11: HBPS-QR converter with the parasitic stray ca-
pacitance transformer model.
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4.4.1 Transformer fully-interleaved

In general a layer structure arrangement fully-interleaved reduces the ac
winding resistance if the powering phase of the secondary is at the same time
on the primary side. On the other hand, fully-interleaved structure increases
the intrwinding capacitance, which, in high voltage applications, can pro-
duce several issues, such as, EMI problem and converter functionality issue.
In this subsection will be discussed, through an analytical model, the effect
of the stray capacitance on the converter functionalities. Finally experimen-
tal results will be presented to underline the effect on the resonant transition
caused by stray-capacitance and the EMI issue.

Based on the schematic depicted in Fig. 4.12 it is possible to define the
new resonant angular frequency considering the parasitic stray capacitance
of the transformer C,,:
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FIGURE 4.12: Equivalent resonant tank during resonant transi-
tion considering the interwindings capacitance C,,,.

where the parasitic stray capacitance C,, is basically due to the electrical
coupling between the primary and secondary windings. In the case of planar
transformer, static layer capacitances can easily be estimated, since the wind-
ings arrangement can be assimilated as a two parallel conductive plates, thus
C\, is given by:

S
Cyp = 57,605%, (4.24)

where ¢, is the relative permittivity of the dielectric material between two
layers (i.e for FR4 ¢, = 4.4), ¢, is the permittivity of air, S represents the
overlapping area of the two plates, d is the distance between two layers and
n, are the primary side layers exposed to secondary side layers.

From equation 4.23 it follows that the resonant on-time depends on the
transformer geometry. Thus, the design of the transformer yields in a balance
between the effect on the resonant capacitance and the ac resistance.

850

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
CW [nF]

FIGURE 4.13: Variation of 7. in function of parasitic stray ca-
pacitance with L, = 30uH, Loy = 150nH, Cres = 135nF and
n = 20, considering the converter in Mode A.

An important advantages of fully-interleaved structure is that the current
is almost equally distributed in the paralleled windings layers, reducing the
overall copper losses, but the transformer works also as resonant component
[99] as it is possible to get from Fig. 4.13. In fact, the resonant transition it is
almost dominated by parasitic stray-capacitance once C, is around 1InF.
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4.4.2 Experimental results Transformer fully-interleaved

In attempt to decrease the ac winding resistance and verify the impact on the
current waveform on the excitation side and on the overall efficiency here is
proposed a fully-interleaved transformer reported in Fig. 4.14(a). The aim
of this experiment is to verify the actual low AC resistance transformer and
even the current injected on the primary side during the resonant transition.

The transformer prototype depicted Fig. 4.19(a) is realized with 16 lay-
ers exploiting the entire winding area to reduce the parasitic stray capaci-
tance. The transformer is realized with a planar E core E22/6/16 (equivalent
area 78.3 mm?) with 3F3 material. The turns ratio of the transformer is 20:1.
The realized prototype has 750 pF’ as stray capacitance between primary side
and secondary side. Considering the discrete equivalent model of the trans-
former in Fig. 4.11, it is possible to calculate the capacitance reported at sec-
ondary side which is around 142 nF'. The resonant time increments by 31%
using the geometry proposed in Fig. 4.14(b) and the converter parameters of
table 3.2.

Vphl

(@)

(b)
FIGURE 4.14: Transformer prototype 20:1 realized in fully-

interleaved structure in (a) and cross-section (b) (orange is pri-
mary side red is secondary side)

In Fig. 4.15 is reported the AC resistance of the prototype transformer.
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Comparing with semi-interleaved transformer the AC resistance at the switch-
ing frequency is 3 times less, moreover at high frequency the overall perfor-
mance is very good. Thus, the proposed solution can provide higher effi-
ciency maintaining the same ZVS capability, as in semi-interleaved proto-
type, at primary side.

1 1 1
0 500 1000 1500 2000 2500 3000

freq [kHz]

FIGURE 4.15: R, of transformer prototype 20:1 realized in
fully-interleaved structure.

In Fig. 4.16 is reported the experimental leakage inductance of the pro-
posed fully-interleaved transformer. As a fully interleaved structure the value
of the leakage inductance is contained, reducing EMI issue and proximity ef-
fects.
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FIGURE 4.16: L, of transformer prototype 20:1 realized in fully-
interleaved structure.

Considering the actual model of the converter with non-ideal transformer
depicted in Fig. 4.17. The capacitance C,, is responsible of unwanted reso-
nances and oscillations of the primary and secondary side currents, reducing
the system’s efficiency and functionalities. Using the prototype in a fully-
interleaved arrangement it is possible to investigate on CM noise consider-
ing a voltage with a certain dv/dt generated during the powering phase of
HBPS-QR.

In Fig. 4.18 are reported in green the CM noise effect on the primary cur-
rent. Considering the schematic in Fig. 4.17, the current i, ... reported in
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FIGURE 4.17: HBPS-QR converter schematic with the effect of
commom mode noise at primary side.

Fig. 4.18 presents a peak of 100 mA during the resonant transition. The ex-
periment was done with a switching frequency of 350k H z and input voltage
of V;,, = 200V because the functionality at full input was not stable due to
CM noise issue. From this experiment it is possible to understand how the
parasitic capacitance of the transformer can heavily affect the performance
of the converter, since the proposed topology uses a resonant parallel tank to
make the resonant voltage transition at secondary side.

Tek Prevu

: ; | I \ " "“: T

\ \ : J- - t ;‘.‘ \ \ Ve F

‘%-!( - ! " - e ’:: .

| \Vf
® .

@ 0.0V 2 40005 2.5065/5 24 Now 30z7|
@ :z.oov @ l00mA 1M paints 8.00 Y 11: 39: 23 J

=

L]

FIGURE 4.18: Main experimental waveforms of HBPS-QR con-
verter schematic with the effect of commom mode noise at pri-
mary side.

Thus, the resonant transition is affected by the actual parasitic capaci-
tance, as reported in equation (4.23). The main issue comes from the rectifi-
cation of the resonant voltage. In fact the total Q factor of the resonance is
deteriorated due to the injected current at primary side. The reduction of the
Q factor results in a non ideal resonant voltage which could not reach the
voltage threshold for enabling the ZVS predictor circuit.
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4.4.3 Transformer semi-interleaved

The concept of interleaving windings arrangement is proposed to reduce the
ac resistance of the converter. The fully-interleaved transformer is imple-
mented with 16-layers PCB causing large distributed interwinding capaci-
tance creating large CM noise current for the proposed HV POL converter.
The propagation path of CM noise is the parasitic capacitance C,,, depicted
in Fig. 4.12, which produces EMI issue [100]. An alternative solution over
the 16-layers full-interleaved solution is to use a semi-interleaved arrange-
ment finding the balanced between the ac resistance of the transformer and
the impact of the CM noise on the losses and converter functionality.

4.4.4 Experimental results Transformer semi-interleaved

In attempt to overcome the problem introduced by the fully-interleaved struc-
ture here is proposed a transformer with a semi-interleaved windings ar-
rangement.

In Fig. 4.19(a) is depicted the transformer structure realized with 20 lay-
ers, with a planar E core E22/6/16 (equivalent area 78.3mm?) and 3F3 mate-
rial.

h2

(b)

FIGURE 4.19: Transformer prototype 20:1 realized in semi-
interleaved structure in (a) and cross-section (b) (orange is pri-
mary side red is secondary side)
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The turns ratio of the transformer is 20:1. As can be noticed in Fig. 4.19(b)
the winding area of the transformer is not fully filled, to contain the parasitic
transformer stray capacitance C,,. The realized prototype has 100pF" as stray
capacitance between primary side and secondary side. When the parasitic
stray capacitance is reported at secondary side it can be modelled by a dis-
crete capacitance equal to 20nF' as demonstrated in section 4.4.1. With the
semi-interleaved structure, exposing only 4 faces between primary and sec-
ondary side, the resonant ot time increments by 7% considering the converter
parameters in table 3.2.

In Fig. 4.20 is reported the experimental AC resistance of the transformer
prototype depicted in Fig. 4.19(a). Considering the ratio between the ac re-
sistance R, (i.e. at switching frequency) and the dc resistance R, it follows
that by adopting a non-interleaved winding arrangement the impact on the
ac resistance is important [97]. It is also possible to decrease C,, by reducing
the copper area, however the dc resistance increased. In this scenario it is
essential to calculate the optimal solution considering all effects, finding the
optimal winding structure and copper area for the transformer.

1.7

1.6 - b

09 L L L L L L L
200 300 400 500 600 700 800 900 1000
freq [KHz]

FIGURE 4.20: R,. of transformer prototype 20:1 realized in
semi-interleaved structure.

By adopting a non-fully interleaved structure, the leakage inductance for
the proposed transformer is high, as reported in Fig. 4.21. An high value of
leakage inductance my appear as a benefit for this topology, since the pri-
mary inductance needs to be integrated with an external inductance, but ac-
tually large value of leakage inductance affects the efficiency of the converter,
causing proximity effect on the transformer windings, increasing the ac re-
sistance.
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FIGURE 4.21: L, of transformer prototype 20:1 realized in semi-
interleaved structure.

The strategy proposed in section 4.4.3 is confirmed to be the best solution
for the proposed HBPS-QR. Semi-interleaved structure is the optimal trade
off between ac resistance and EMI issue. The optimal solution is reached
by reducing the number of layers at primary side exposed directly to the
secondary side, which reduced the static layer capacitance by enhancing the
distance. In general the windings arrangement should results in the minimal
energy associated with the electric field.
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Chapter 5

Conclusion

51 Summary

Today, every digital load such as CPU, GPU, ASIC, etc., are powered by a
Voltage Regulator Module (VRM), called also Point-of-Load converter (POL).
These circuits are placed closed to the digital load to contain copper losses
dissipation down to the digital load and ensuring all dynamic requirements.
The problem is exacerbated with the current trend: reducing the size of all
forms, increasing the efficiency of the system and increasing the power den-
sity. Investing of alternative power conversion topology is one of the ap-
proaches to increase the power conversion efficiency but actually the limita-
tion imposed by the power distribution system architecture can not be over-
come by the single dc dc converter. For this reason in the last few years the
transition from 12 V to 48 V bus at rack level has been demonstrated to in-
crease the overall rack efficiency resulting in optimized conversion system,
if a single stage VRM is adopted from 48 V. Because of the rapid growth of
cloud computing, energy consumption is still increasing and the 48 V bus
will not carry the high current required. In this scenario a new power distri-
bution architecture at rack level is proposed replacing the 48 V bus with 380
V bus. It is clear that boosting the overall data center power efficiency can be
easier if less conversion stages are used. One possible solution is to adopt a
single stage conversion from 380 V working as HV POL.

In the beginning, a general analysis of the constrains for HV POL con-
verter is proposed to clarify the challenges of the converter. Different topolo-
gies are presented allowing us to compare the advantages and disadvantages
between all topologies. Chapter 1 proposes an HV POL based on FBPS in
ISOP configuration which simplified the transformer design by allowing a
lower turns ratio yielding the dynamic requirement, but actually can not en-
sure phase shedding operation. Chapter 2 focuses on a new high step down
isolated converter based on quasi resonant converter. The proposed solution
is suitable to guide optimal design in different applications, for example 48
V VRM for the single stage 48 V approach, ensuring fast phase shedding and
flat high efficiency curves even at light load condition. The proposed topol-
ogy have been tested for VRM and DDR applications from 48 V.

Next a IBC converter is presented based on FBPS-QR with center tapped
rectifier designed as first stage from 380 V to 12 V. The proposed converter
can be regulated ensuring a stable 12 V for the VRM input voltage, with



138 Chapter 5. Conclusion

e
o
E

e

o

]
T

=
X}
T

e

%0

0
T

Efficiency

0.86 -

0.84

0.82

—+Efficiency 1cell FBPS-QR VRM 48V
—=-Efficiency Icell HBPS-QR VRM 380V

Il
0 10 20 30 40 50 60
Omitnnt current TAT

0.8

FIGURE 5.1: Efficiency comparison between 48 V VRM bases
on FBPS-QR (in red) and 380 V VRM HBPS-QR (in blue).

high power density for a 600 W application. From the experimental results
it follows that the only limitation comes from the primary side MOSFETs.
Then an evaluation for FBPS-QR as HV POL is performed highlighting that
the main limitation comes from the high voltage rating at primary side and
the high transformer turns ratio. In attempt to improve the performance for
primary side switches, improving the power capability and reducing the re-
quired transformer turns ratio, a multilevel HV POL based on double half
bridge is studied. The proposed topology ensure higher voltage capability
but actually the two powering modes create problem in light load condition
increasing the voltage of the resonant transition.

In chapter 3 is presented an HV POL based on multilevel topology and
resonant operation, ensuring ZVS both at primary and secondary side. Com-
paring with FBPS-OR the voltage stress on primary MOSFETS is half the volt-
age input, allowing to use lower voltage MOSFETs which are less affected
from the C,s; nonlinear behavior. Moreover, half of turns ratio of the planar
transformer is required comparing with FBPS-QR. The secondary side is im-
plemented in a current-doubler topology where both the noncoupled and a
coupled-inductor versions are proposed. Then, to demonstrate the where-
withal of the proposed solution experimental results are presented showing
the high performance and the effectiveness of the proposed HV POL.

It is also interesting to compare the 380 V VRM based on HBPS-QR with
48 V VRM based on FBPS-QR. Both of them present the same dynamic per-
formance. Both prototypes have slightly the same power density as reported
in Fig. 2.20 and Fig. 3.22. The main difference comes from the efficiency
comparison. As depicted in Fig. 5.1, 380 V VRM based on HBPS-QR has
higher efficiency in light load due to lower copper losses at the primary side,
the peak efficiency is slightly the same while in high load the secondary side
losses are dominated in 380 V VRM because of different secondary side MOS-
FETs between the solutions. In general from the efficiency comparison it fol-
lows that by increasing the step down of the quasi-resonant converter, here
proposed, the efficiency increases. In fact, overcoming the limitation regard-
ing the ZVS at primary side, by using a multilevel topology, it is possible to
step down from 380 V to 1.8 V with higher overall efficiency.

In chapter 4 are presented two different integrated magnetic solutions for
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48 V VRM based on FBPS-QR proposed in chapter 2. The first integrated
structure has a transformer and the current doubler inductances realized us-
ing a single core whilst the second integrates even the primary inductance
in one core. Both integrated magnetic structures have been tested showing
good efficiency performance with a very high power density. Chapter 4 also
cover the modelling design and realization of the transformer for HV POL
based on HBPS-QR converter. Experimental results confirm the equivalent
electric structure of the transformer.

In conclusion, this research has proposed a quasi-resonant multilevel dc-
dc converter, which performs a VRM function and provides a microprocessor
core voltage rail directly from the 380 V bus. The proposed converter reaches
high efficiency and power density. HBPS-QR presents higher ZVS capabil-
ity at primary side, comparing with FBPS-QR, due to the independance from
parasitic stray capacitance. Moreover, by using ZVS at secondary side HBPS-
QR is able to achieve high efficiency with high dynamic performance, offer-
ing high power density, comparable with 48 V VRM converter. This is also
obtained by using a multiphase approach that implements a novel current
sharing technique. Moreover, a double current coupling inductor is proposed
showing higher efficiency comparing with noncoupled configuration at the
same transient responses. The proposed dc-dc quasi-resonant converter fully
meets the goals of providing a direct conversion from 380 V to main com-
puting low voltage rails with high current consumption reaching 93% peak
efficiency.
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Appendix A

Demonstrations

A1 V,, in function of T,

Considering the equation of the resonant transition V,;,; depicted in Fig. 2.8,
under hypothesis that: V., L, << nVj, Loy, t4 =0and t5 —t, =T, :

nvtmLout

=L + 2L ((1 = cos(wpt)) — H (t—=Ty) (1 —cos (w(t —T})))) . (A1)

Vpni (t)

Ty+T)
“>— as

from eq. A.1 it follows that the resonant time in Mode B is 1,5 =
demonstrated in Section 2.3.2.
By averaging eq. (2.12) over 7, s is possible to get the output voltage V.

TTB
‘/out = fsw/ Uph1 (t)dt
0

= fswa/O - (1 — cos (w,t)) dt — fswoz/ - (1 — cos (w,(t — Tp)))dt

Ty

i (BB (3-B) )

T T
= fowC |:T¢ + sen (wrid)) Jw, + sen (w,n?(b) /wr}

B (erqs + 2sin (wr%> ) 1 LoutVin  fow

= fswawr |:T¢

27 Lr + n2Lout fr
(A.2)
where a = % and is used the relations: sen (7 + z) = —sen(z)

and sen (1 — x) = sen(x).

A2 R, for small signal model of FBPS-QR

Here the demonstration of R., parameter for the small signal depicted in Fig.
2.14 analysis is carried out.

Considering the average value of v, in eq. (2.12) averaging its value over
T, reported in eq. (2.13) is possible to derive:
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. Ty
st WCC? ‘/outLr + nLout‘/in

fsw
= T,
‘/;711 fr ¢fCC + LT _|_ ’)’L2L0ut
(A.3)
sin <w60§> L.V
Nfsw Tf + 2 NLoutVin fsw
N fr oee Lr+n2Lout fr ’

where T} is given by eq. (2.10).

Now under hypothesis that I.;, and the inductance ripple Al;,,; do not
depend from the variation of the output current is possible to calculate the
equivalent resistance due to output current variation:

_ OVin
B 8Iout

_ fsw nLoutV;n (ercc + LP QWfCCCOS <ch&)>
(A.4)

R.,

B fT Lr+n2Lout ZnMn 2”‘/m 2

o fsw nLoutV;ln ercc 1 +cos [ w E
B fT Lr + n2Lout Zan “ 2
Lout ' LT‘ erdu
= fuw 1 .
S 3 T, + L) < eos < 2 )>

A3 V,, in function of AT,

Rewriting the equation 2.20 as:

fsw ‘/;)utLr + nV;nLout -1 1-— 042
Vour = 2m — —2a ), A5
! fcc LT + nQLout T cos 1 —+ (1/2 @ ( )
LpLout Alwee

o . . . .. . _1 ~
where o = germme— and using the following simplification cos (x) >~

5 — x is possible to derive:

fsw ‘/outLr + nv;nLout ™ 1— 042
‘/ou = 2m — — -2 , A6
t fCC LT + nzLout 4 2 + 1+ ay “ ( )
applying the following simplification:
LpLout n[\//# Ajﬁstartwcc
o= - = ATstartwcca (A7)

n‘/m Lout

and rewriting it in the following form:

1 - @2 ~ 1 - (ATstartwcc>2
1 + CYQ B 1 + (A,-Z—:startﬁfucc)2

now is possible to rewrite the equation A.6.

(A.8)
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fs_w ‘/outLr + nv;nLout (‘/outLr + n‘/inLout)

2
_fsw
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' fcc L, + n2Lout 4fcc(Lr + nzLout) (A9)
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deriving equation A.9 in Ty, it easy to get the following equation:
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