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Resumen

Resumen
Las fuentes de alimentación de modo conmutado (SMPS en sus siglas en
inglés) se utilizan ampliamente en una gran variedad de aplicaciones. La
tarea más difícil para los diseñadores de SMPS consiste en lograr
simultáneamente la operación del convertidor con alto rendimiento y alta
densidad de energía. El tamaño y el peso de un convertidor de potencia
está dominado por los componentes pasivos, ya que estos elementos son
normalmente más grandes y más pesados que otros elementos en el
circuito. Para una potencia de salida dada, la cantidad de energía
almacenada en el convertidor que ha de ser entregada a la carga en cada
ciclo de conmutación, es inversamente proporcional a la frecuencia de
conmutación del convertidor. Por lo tanto, el aumento de la frecuencia de
conmutación se considera un medio para lograr soluciones más compactas
con los niveles de densidad de potencia más altos.
La importancia de investigar en el rango de alta frecuencia de
conmutación radica en todos los beneficios que se pueden lograr: además
de la reducción en el tamaño de los componentes pasivos, el aumento de
la frecuencia de conmutación puede mejorar significativamente
prestaciones dinámicas de convertidores de potencia. Almacenamiento de
energía pequeña y el período de conmutación corto conducen a una
respuesta transitoria del convertidor más rápida en presencia de las
variaciones de la tensión de entrada o de la carga.
Las limitaciones más importantes del incremento de la frecuencia de
conmutación se relacionan con mayores pérdidas del núcleo magnético
convencional, así como las pérdidas de los devanados debido a los efectos
pelicular y proximidad. También, un problema potencial es el aumento de
los efectos de los elementos parásitos de los componentes magnéticos inductancia de dispersión y la capacidad entre los devanados - que causan
pérdidas adicionales debido a las corrientes no deseadas.
Otro factor limitante supone el incremento de las pérdidas de
conmutación y el aumento de la influencia de los elementos parásitos
(pistas de circuitos impresos, interconexiones y empaquetado) en el
comportamiento del circuito. El uso de topologías resonantes puede
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abordar estos problemas mediante el uso de las técnicas de conmutaciones
suaves para reducir las pérdidas de conmutación incorporando los
parásitos en los elementos del circuito. Sin embargo, las mejoras de
rendimiento se reducen significativamente debido a las corrientes
circulantes cuando el convertidor opera fuera de las condiciones de
funcionamiento nominales. A medida que la tensión de entrada o la carga
cambian las corrientes circulantes incrementan en comparación con
aquellos en condiciones de funcionamiento nominales.
Se pueden obtener muchos beneficios potenciales de la operación de
convertidores resonantes a más alta frecuencia si se emplean en
aplicaciones con condiciones de tensión de entrada favorables como las
que se encuentran en las arquitecturas de potencia distribuidas. La
regulación de la carga y en particular la regulación de la tensión de
entrada reducen tanto la densidad de potencia del convertidor como el
rendimiento. Debido a la relativamente constante tensión de bus que se
encuentra en arquitecturas de potencia distribuidas los convertidores
resonantes son adecuados para el uso en convertidores de tipo bus
(transformadores cc/cc de estado sólido).
En el mercado ya están disponibles productos comerciales de
transformadores cc/cc de dos puertos que tienen muy alta densidad de
potencia y alto rendimiento se basan en convertidor resonante serie que
opera justo en la frecuencia de resonancia y en el orden de los
megahercios. Sin embargo, las mejoras futuras en el rendimiento de las
arquitecturas de potencia se esperan que vengan del uso de dos o más
buses de distribución de baja tensión en vez de una sola. Teniendo eso en
cuenta, el objetivo principal de esta tesis es aplicar el concepto del
convertidor resonante serie que funciona en su punto óptimo en un
nuevo transformador cc/cc bidireccional de puertos múltiples para
atender las necesidades futuras de las arquitecturas de potencia. El
nuevo transformador cc/cc bidireccional de puertos múltiples se basa en
la topología de convertidor resonante serie y reduce a sólo uno el número
de componentes magnéticos. Conmutaciones suaves de los interruptores
hacen que sea posible la operación en las altas frecuencias de conmutación
para alcanzar altas densidades de potencia. Los problemas posibles con
respecto a inductancias parásitas se eliminan, ya que se absorben en los
VIII
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elementos del circuito. El convertidor se caracteriza con una muy buena
regulación de la carga propia y cruzada debido a sus pequeñas
impedancias de salida intrínsecas.
El transformador cc/cc de puertos múltiples opera a una frecuencia de
conmutación fija y sin regulación de la tensión de entrada. En esta tesis se
analiza de forma teórica y en profundidad el funcionamiento y el diseño
de la topología y del transformador, modelándolos en detalle para poder
optimizar su diseño. Los resultados experimentales obtenidos se
corresponden con gran exactitud a aquellos proporcionados por los
modelos. El efecto de los elementos parásitos son críticos y afectan a
diferentes aspectos del convertidor, regulación de la tensión de salida,
pérdidas de conducción, regulación cruzada, etc. También se obtienen los
criterios de diseño para seleccionar los valores de los condensadores de
resonancia para lograr diferentes objetivos de diseño, tales como
pérdidas de conducción mínimas, la eliminación de la regulación
cruzada o conmutación en apagado con corriente cero en plena carga de
todos los puentes secundarios. Las conmutaciones en encendido con
tensión cero en todos los interruptores se consiguen ajustando el
entrehierro para obtener una inductancia magnetizante finita en el
transformador. Se propone, además, un cambio en los señales de disparo
para conseguir que la operación con conmutaciones en apagado con
corriente cero de todos los puentes secundarios sea independiente de la
variación de la carga y de las tolerancias de los condensadores
resonantes.
La viabilidad de la topología propuesta se verifica a través una extensa
tarea de simulación y el trabajo experimental. La optimización del diseño
del transformador de alta frecuencia también se aborda en este trabajo, ya
que es el componente más voluminoso en el convertidor. El impacto de de
la duración del tiempo muerto y el tamaño del entrehierro en el
rendimiento del convertidor se analizan en un ejemplo de diseño de
transformador cc/cc de tres puertos y cientos de vatios de potencia.
En la parte final de esta investigación se considera la implementación y el
análisis de las prestaciones de un transformador cc/cc de cuatro puertos
para una aplicación de muy baja tensión y de decenas de vatios de
potencia, y sin requisitos de aislamiento.
IX
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Abstract
Recently, switch mode power supplies (SMPS) have been used in a great
variety of applications. The most challenging issue for designers of SMPS
is to achieve simultaneously high efficiency operation at high power
density. The size and weight of a power converter is dominated by the
passive components since these elements are normally larger and heavier
than other elements in the circuit. If the output power is constant, the
stored amount of energy in the converter which is to be delivered to the
load in each switching cycle is inversely proportional to the converter’s
switching frequency. Therefore, increasing the switching frequency is
considered a mean to achieve more compact solutions at higher power
density levels.
The importance of investigation in high switching frequency range comes
from all the benefits that can be achieved. Besides the reduction in size of
passive components, increasing switching frequency can significantly
improve dynamic performances of power converters. Small energy storage
and short switching period lead to faster transient response of the
converter against the input voltage and load variations.
The most important limitations for pushing up the switching frequency
are related to increased conventional magnetic core loss as well as the
winding loss due to the skin and proximity effect. A potential problem is
also increased magnetic parasitics – leakage inductance and capacitance
between the windings – that cause additional loss due to unwanted
currents.
Higher switching loss and the increased influence of printed circuit
boards, interconnections and packaging on circuit behavior is another
limiting factor. Resonant power conversion can address these problems by
using soft switching techniques to reduce switching loss incorporating the
parasitics into the circuit elements. However the performance gains are
significantly reduced due to the circulating currents when the converter
operates out of the nominal operating conditions. As the input voltage or
the load change the circulating currents become higher comparing to those
ones at nominal operating conditions.
XI
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Many potential gains from operating resonant converters at higher
switching frequency can be obtained if they are employed in applications
with favorable input voltage conditions such as those found in distributed
power architectures. Load and particularly input voltage regulation
reduce a converter’s power density and efficiency. Due to a relatively
constant bus voltage in distributed power architectures the resonant
converters are suitable for bus voltage conversion (dc/dc or solid state
transformation).
Unregulated two port dc/dc transformer products achieving very high
power density and efficiency figures are based on series resonant
converter operating just at the resonant frequency and operating in the
megahertz range are already available in the market. However, further
efficiency improvements of power architectures are expected to come from
using two or more separate low voltage distribution buses instead of a
single one. The principal objective of this dissertation is to implement
the concept of the series resonant converter operating at its optimum
point into a novel bidirectional multiple port dc/dc transformer to
address the future needs of power architectures. The new multiple port
dc/dc transformer is based on a series resonant converter topology and
reduces to only one the number of magnetic components. Soft switching
commutations make possible high switching frequencies to be adopted
and high power densities to be achieved. Possible problems regarding
stray inductances are eliminated since they are absorbed into the circuit
elements. The converter features very good inherent load and cross
regulation due to the small output impedances.
The proposed multiple port dc/dc transformer operates at fixed switching
frequency without line regulation. Extensive theoretical analysis of the
topology and modeling in details are provided in order to compare with
the experimental results. The relationships that show how the output
voltage regulation and conduction losses are affected by the circuit
parasitics are derived. The methods to select the resonant capacitor
values to achieve different design goals such as minimum conduction
losses, elimination of cross regulation or ZCS operation at full load of
all the secondary side bridges are discussed. ZVS turn-on of all the
switches is achieved by relying on the finite magnetizing inductance of the
XII
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transformer. A change of the driving pattern is proposed to achieve ZCS
operation of all the secondary side bridges independent on load
variations or resonant capacitor tolerances.
The feasibility of the proposed topology is verified through extensive
simulation and experimental work. The optimization of the high
frequency transformer design is also addressed in this work since it is the
most bulky component in the converter. The impact of dead time interval
and the gap size on the overall converter efficiency is analyzed on the
design example of the three port dc/dc transformer of several hundreds of
watts of the output power for high voltage applications.
The final part of this research considers the implementation and
performance analysis of the four port dc/dc transformer in a low voltage
application of tens of watts of the output power and without isolation
requirements.
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Introduction

1. Introduction
1.1 Background of power architectures
1.1.1 Centralized power architecture
The centralized power architecture (CPA) is one of the oldest power
architectures and is characterized by generation at one location of all the
supply voltages needed in the power system which are then distributed to
the load locations via voltage buses designed to minimize resistance and
noise induced from the switching loads, Figure 1.1. CPA can be effective in
the systems with high supply voltages and low currents or if the distances
between the power supply and the loads are small. However,
implementation of CPA in systems using low voltages and widely
distributed loads would result in low distribution efficiency due to the
high distribution losses on the voltage buses. In order to maintain high
distribution efficiency, the cross-section of the voltage buses would have
to increase leading to impractical design solutions in these complex low
voltage systems. CPA is one of the power architectures implemented in
data processing and telecommunication systems. At the equipment level,
CPA has been exclusively employed in medium to low power applications
where the cost issues are critical such as personal computers and
workstations, [1].
12V
AC
Input

AC/DC
PFC

-12V
48V

DC/DC
Converter

5V

Electronic
Load

15V
Front End
Energy
storage

Figure 1.1. Multiple output voltages in centralized power architecture.
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1.1.2 Distributed power architecture
The advancements in the transistor technology made it possible to shrink
the size of the power switches. As a consequence the supply voltages had
to decrease to accommodate to the smaller transistor sizes.
Microprocessors in today’s systems are requiring voltages even lower than
1V, [2]. Power consumption dramatically increased since more transistors
could be placed on chips to provide greater functionality. In order to
reduce the distribution losses in steadily increasing system power
consumption at lower voltages, higher bus voltage levels were needed.
Size shrinking of the switched-mode power supply made it possible to
integrate a dc/dc converter into a compact modular brick form first
introduced in the early 1980s. The bricks provided all the main
functionalities of conventional dc/dc converters such as isolation,
regulation and voltage transformation. All this together enabled the
replacement of the multiple centralized power sources of CPA, except in
the smallest systems, with a single bulk supply in distributed power
architectures (DPA) that generated relatively high voltage distribution bus
for power delivering throughout the system, Figure 1.2. In mainframe
computers that typically consume tens of kWs the DPA’s high voltage bus
is typically 350V while networking equipment uses a 48V bus. In high-end
servers that consume up to several kWs the voltage bus is 12V, [1]. The
generated bus voltage is then converted to the end-use voltages by dc/dc
converter bricks located at the point of load. This greatly reduces the bus
current and consequently the bus distribution losses in comparison to
CPA. The drawback is increased number of brick modules needed in large
systems and the associated cost issues and occupied space at the point of
load. The cost and space issues become more pronounced as the
complexity of the computation, networking and high-end server systems
grows and greater number of load voltage levels is required. Increased
load power demand leads to higher complexity of the brick modules. Also
the typical brick topologies are not the most appropriate ones for high
slew rate transient requirements of today’s load.
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Figure 1.2. Distributed power architecture in telecom and server applications.

1.1.3 Intermediate bus architecture
Since the isolated dc/dc converters contain bulky transformer, filter
inductance and require complex control due to the isolation requirements
their complexity, size and cost are much higher than that of the nonisolated point-of-load (niPOL) low-voltage converters. This strongly
affects the efficiencies and power densities that can be obtained. In order
to overcome the drawbacks of DPA designers resorted to intermediate bus
architecture (IBA) shown in Figure 1.3, [3]. In the IBA approach the front
end ac/dc converter generates 48V distribution bus which is then further
stepped down to intermediate bus voltage in the range of 8V to 12V. The
distribution and intermediate busses are interconnected through bus
converter which provides isolation and fixed step-down voltage ratio. The
step-down ratio is determined in order to optimize overall system
efficiency. The regulation function is relocated to light, small, efficient,
fully regulated niPOL converters which adapt the intermediate bus
voltage to the desired load voltages. The niPOL is single or interleaved
synchronous buck converter. In this way the number of employed 48V
isolated dc/dc converters is reduced significantly simplifying the design
of distributed power system.
The bus converter can be designed to have fully regulated, semi regulated
or unregulated output voltage. In the first case the bus converter output
voltage is the most accurately controlled but the control circuit complexity
is the highest since the output voltage feedback signal requires isolation.
In a semi regulated design the feed-forward of the bus converter input
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voltage is used to control the intermediate bus voltage, [4]. This simplifies
the control circuit since the isolation of the feed-forward signal is not
necessary but the regulation of the intermediate bus voltage is less precise.
In the unregulated design the bus converter works in an open loop and
the intermediate bus voltage variation are the highest. Nevertheless, since
the output voltage regulation is provided by niPOLs the intermediate bus
voltage does not have to be tightly regulated and the variations of ±10%
can be tolerated. The unregulated bus converter, also known as dc/dc
transformer, has the simplest design and highest efficiency since it is
always operated at its optimum point.
niPOL
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Load

400V
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AC/DC
DC/DC
PFC

48V
Distribution
Bus

BC

8V–12V

niPOL

Intermediate
Bus

Front End

niPOL

5V

3.3V

Load

Load

Figure 1.3. Intermediate bus architecture.

The IBA might not be the most appropriate distribution architecture from
the efficiency and power density point of view in applications that do not
use battery back-up or do not need 48V supply voltage. Namely, in IBA
shown in Figure 1.3 the two dc/dc converter stages are used. First, the
400V output voltage of the PFC in the ac/dc front end converter is stepped
down to 48V distribution bus and then, in the bus converter stage, the 48V
is stepped down to the desired intermediate bus voltage. By merging the
two dc/dc stages into one the total number of power processing stages is
reduced. If the PFC output voltage is used as a distribution bus, a high
voltage (HV) IBA is obtained as it is shown in Figure 1.4a. If the dc/dc
stage is located on the front end side as indicated in Figure 1.4b a low
voltage (LV) DPA is obtained. The LV DPA can be found in today’s
servers that are supplied from single phase ac lines, [1].
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Figure 1.4. (a) Intermediate bus architecture with high voltage distribution bus and (b)
low voltage distribution bus architecture.

Further efficiency improvements of server architectures are expected to
come from using two separate LV distribution buses instead of a single
one as it is discussed in [5]. This architecture is shown in Figure 1.5 and
employs a semi regulated bus converters that operate as unregulated
during normal operation and regulate the bus voltages during hold-up
time. Performance improvements in whole line voltage and load range are
expected if compared to the conventional architecture.
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Figure 1.5. Possible future power architecture with two low voltage distribution buses for
server applications.

1.1.4 Factorized power architecture
In order to improve performance of IBA a slightly different approach is
proposed by Vicor Corpotation, [6], [7]. In Vicor’s factorized power
architecture (FPA) shown in Figure 1.6 the unregulated distribution bus is
first regulated by pre-regulator module (PRM) to obtain approximately
constant voltage factorized bus. Instead of niPOL converters, the load
voltages are generated using voltage transformation modules (VTM) that
provide isolation and fixed voltage step down or step up. In this way the
need for intermediate bus is avoided and consequently high currents far
from the point of load are also avoided offering the possibility for the
distribution efficiency to be further increased. The PRM is implemented as
a zero-voltage-switching (ZVS) buck-boost converter, operating at fixed
frequency of 1MHz, to achieve high efficiency and step-up and step-down
transformations. The VTM is a series resonant converter operating at fixed
frequency – the resonant frequency of the LC tank – in the range of up to
2MHz. Unlike the niPOL buck regulators, VTM has no serial inductance
on the current path to limit dynamic response of the converter. This also
eliminated the need for bulky output capacitance to provide power during
transients and saves the board area.
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Figure 1.6. Factorized power architecture – elimination of the intermediate bus.

The load voltage regulation can be achieved using three different methods
shown in Figure 1.7. In local loop control method the feedback signal is
taken from the factorized bus to maintain it at constant voltage level. The
control scheme complexity is the lowest as well as the precision of the load
voltage regulation since the voltage drop on the VTM’s output resistance
is not taken into account. In adaptive loop control the non-isolated
feedback signal is taken from the primary side of the VTM thus taking into
account part of the losses generated in VTM. The load regulation is better
than if the local loop control is used. Remote loop control method senses
the load voltage to adjust the factorized bus voltage level providing the
most accurate load regulation and the most complex control scheme since
the isolation of the feedback signal is required.
A disadvantage of the FPA is that if a very precise regulation of the output
voltages is required each VTM module should be preceded with its own
PRM module. If it is not the case, one PRM module can be employed to
supply various VTM modules. The load regulation characteristics will
depend on the voltage drop on the VTMs’ output resistances which is
typically in the range of ±2.5%.
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Figure 1.7. Output voltage regulation in FPAs: (a) local loop control, (b) adaptive loop
control and (c) remote loop control.

1.2 Isolated bus converters
Isolated bus converters for use in IBA have been introduced about ten
years ago. Since then the power density and output power levels of
isolated bus converters have been steadily increased. Today’s typical
isolated bus converters step down the 48V distribution bus voltage to 12V
intermediate bus voltage and are available in three different variants: fully
regulated, semi regulated and unregulated, [8]. The type of the output
voltage regulation depends on the application. For example, in
applications where some loads are directly supplied from the intermediate
bus a tight regulation of the intermediate bus voltage is required. In the
telecommunication applications where the distribution bus voltage is in
the range of 36V to 75V the intermediate bus voltage can be loosely
regulated since only dc/dc converters are powered from the intermediate
bus. In server and other computing applications where the variation of the
distribution bus voltage is narrow, in the range of 42V to 53V, unregulated
bus converters, also known as dc/dc transformers, can be used. The lack
of regulation requirements and the narrow input voltage range permit
dc/dc transformers to achieve higher efficiencies and higher power
densities than their regulated counterparts.
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The vast majority of today’s isolated bus converters are based on
conventional full-bridge and push-pull topologies using zero-voltageswitching of the primary side switches and synchronous rectification to
achieve high conversion efficiency, Figure 1.8. The operating frequencies
are in the range of several hundred kHz up to 700kHz, [9]-[11]. The full
load efficiencies are around 96% and the output current rating is up to
84A. The power density is up to 36kW/dm3.
L
+
1
Cout

n
Vin

1

(a)
+
n

1
Cout

Vin

n
1

(b)

Figure 1.8. Conventional (a) full-bridge and (b) push-pull converters with synchronous
rectification.

In order to achieve higher power density the size of the passive
components, the transformer, output filter inductor and filter capacitors,
have to be decreased since they occupy the majority of the available area
in the brick type package. The switching frequency need to be pushed
higher to shrink the passive size without degrading efficiency. However,
at higher switching frequencies the conventional hard switched topologies
from Figure 1.8 suffer from high turn-off losses of the primary side
switches and high reverse recovery losses of the secondary side body
diodes which limit the converter performance. For the switching losses to
be reduced, resonant converters can be used since they absorb the
parasitics into the circuit elements to archive soft switching. By reducing
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the switching losses higher switching frequencies can be adopted to shrink
the transformer size and eliminate the need for large filter inductor. On
the other hand, efficiency gain due to the reduction of the switching losses
is often cancelled by high circulating currents in resonant converters and
increased copper resistance due to the skin and proximity effect. The
circulating currents are even higher in cases when the input voltage varies
over wider range. The resonant converters are controlled varying the
switching frequency which is also less desirable due to the influence that it
can have on the other parts of the system. Nevertheless, in applications
where the input voltage of bus converters is regulated at some extent the
employment of resonant converters can be considered.
Vicor’s bus converters are implemented with a series resonant converter
topology shown in Figure 1.9. This topology is operates at fixed switching
frequency equal to the resonant tank frequency with the circulating
currents that decrease as the load decrease. The Vicor’s bus converters can
provide up to 130A of output current achieving power densities of over
60kW/dm3 and maximum efficiencies of 91.5% to 96%. Bus converters that
can be attached to high voltage distribution bus are also available at
power densities of more than 66kW/dm3, [11].
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Figure 1.9. Series resonant converter with synchronous rectification.

The modification of the series resonant converter topology is proposed in
[12], [13] and is shown in Figure 1.10. Here, the resonant tank is formed by
the transformer leakage inductances and the output capacitor. Since the
output capacitor is adjusted to resonate with the leakage inductance, the
output voltage ripple is large. Nevertheless, since the output voltage
ripple is at twice the switching frequency it can be easily attenuated with
low LC filter of the next stage. The 48V to 12V 500W 800kHz
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demonstration prototype was built achieving efficiency of 95.5% and
power density of 36kW/dm3. The authors in [12], [13] suggested that the
concept can be applied to many isolated converter topologies as well as
their non-isolated versions.
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Cin
1
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Figure 1.10. Series resonant converters with synchronous rectification and output
capacitor as the resonant capacitor.

1.3 Dissertation outline
This dissertation consists of five chapters. The main objective of this work
is to explore the feasibility of an unregulated bus converter topology
that can operate at high switching frequency - to shrink the size of
passive components and achieve high power density - and provide
multiple output voltages for the use in the future power architectures as
it is shown in Figure 1.5. The detailed organization of the dissertation is as
follows.
Chapter 1 provides the background for this research. A brief description
of the existing power distribution architectures is given. In order to boost
the overall distribution efficiency the number of the power processing
stages has to be reduced to minimum. Also, the higher the distribution bus
voltage, the lower are the copper losses and required cross section of the
distribution bus which means greater distances between the power source
and the loads can be permitted. At point of load today’s systems require
more and lower on-board voltages, faster transient response and less
occupied board area. For the POL converters to achieve greater
compactness and higher efficiency, more low voltage levels should be
provided on the low voltage side.
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Chapter 2 analyzes bidirectional multiple port dc/dc transformer based
on series resonant converter. This resonant topology does not require
energy storage and, therefore, can be operated at high switching
frequency and achieve fast transient response. The switching frequency is
fixed regardless of load. The ZVS and nearly ZCS operation of all the
switches is obtained which makes easier filter design. Another benefit is
sinusoidal resonant tank currents which reduces the output voltage noise
spectrum. First, the operation principle is explained on the two port dc/dc
transformer example. Then the extension of the dc/dc transformer to
multiple port topology is analyzed detail. The design procedure to select
the resonant capacitor values to achieve different design goals such as
minimum conduction losses and ZCS operation at full load of all the
secondary side bridges or elimination of cross regulation is given. The
influence of the multiple port high frequency transformer and its
magnetizing inductance on the loss of ZCS operation is also analyzed.
Finally, a change of the driving pattern to restore full ZCS operation, lost
due to the magnetizing current effect, resonant capacitor tolerance and the
equivalent transformer leakage inductances and resistances load
dependence effect, is proposed.
Chapter 3 provides experimental results of the bidirectional three port
dc/dc transformer demonstration prototype. The feasibility of the
proposed multiple port dc/dc transformer concept is verified on a 300W,
700 kHz three port prototype with 390V input voltage and 48V and 12V
output voltages. A peak overall efficiency of 93% is measured at full load.
A very good load and cross regulation characteristic of the converter is
observed in the whole load range, from full load to open circuit, due to
inherent low self and mutual output resistances. Bidirectional operation in
case where 48V port acts as a power source is analyzed showing slightly
lower efficiency and the output voltage regulation figures. The sensitivity
analysis of the resonant capacitance is also performed showing very
slight deterioration in the converter performances when a resonant
capacitor is changed ±30% of its nominal value.
Chapter 4 presents the design of four port dc/dc transformer as part of
two stage power architecture for delivering three voltage rails in
computing platforms. Low-voltage applications can benefit from using
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this topology since the magnetizing inductance of the high frequency
transformer does not have to be adjusted to achieve ZVS operation which
significantly simplifies the transformer design. By breaking the isolation
and using the input voltage in output voltage generation, the high
frequency transformer processes only a fraction of the output power
which helps in shrinking the size of the transformer. The validation of this
concept is performed on the simulation basis of the 500kHz 6.6V input and
5V/8A, 3.3V/8A and 1.65V/1A output prototype. Six possible
configurations of the four port dc/dc transformer were considered to
select the one that processes the least part of the output power. In the final
design only 38.8% of the total output power pass through the high
frequency transformer. Although the proposed solution is not optimized
regarding the occupied area it takes up less space than the optimized
existing solution.
Chapter 5 summarizes this dissertation and states the contributions of the
work. The guidelines for the future research to improve the converter’s
power density are also given.
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2. Multiple Port dc/dc Transformer
2.1 Operation principle of the two port dc/dc transformer
The operating principle of the multiple input-output solid state
transformer based on the SRC (hereinafter referred to as a multiple port
dc/dc transformer) will be explained based on the two port dc/dc
transformer example where the effect of the transformer magnetizing
inductance is neglected. The electrical scheme of the two port dc/dc
transformer is shown in Figure 2.1 where the full bridge cells are used as
the input inverter and the output rectifier stages.
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Figure 2.1. Two port bidirectional dc/dc transformer based on the SRC.

One of the key benefits of this converter is that it is operated at fixed
switching frequency with complementary and constant duty cycle
(approximately 50%) switch driving signals (red and blue gate signals in
Figure 2.1). Another advantage of this converter is that the transformer is
the only magnetic component in the design and its leakage inductances
form part of the resonant tank networks. No additional inductor is
required for output voltage filtering.

2.1.1 Two port dc/dc transformer equivalent circuit
Figure 2.2a shows the equivalent RLC circuit of the two port dc/dc
transformer seen from the primary side and driven with two zero-phase45
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shift square voltage sources, v’ and nv’’ where n is the transformer turns
ratio, that represent the inverter and rectifier stages respectively. The
resistance R is the total resistance on the resonant tank current path seen
from the primary side and comprising the on-resistances of the MOSFETs
that are simultaneously turned on in both full bridges, layout resistances
and the transformer primary and secondary winding resistances; L is the
total leakage inductance seen from the primary side comprising the
transformer leakage inductance and the primary and secondary side loop
inductances and C is the series resonant capacitor. As the switching
frequency of the SRC is approaching to the resonant tank frequency more
energy that circulates in the resonant tank is transferred to the output and
the turn off currents due to the phase shift between the driving voltage
and the resonant tank current decrease both leading to lower conduction
and switching losses. When the switching frequency is equal to the
resonant tank frequency the SRC is operating with highest possible
efficiency and approximately unity dc gain. In this case, only a slight
voltage difference, Δv, between square voltage sources v’ and nv’’ is
applied to the RLC circuit. At t=0, if we assume that the inductance L
initial current is zero, the energy stored in the resonant capacitor C starts
to resonate between L and C and the resonant current i increases. Solving
for the RLC circuit, the expression for the resonant current i is obtained as:


t

i  t   I m e  sin t 

(1)

where Im is a constant current value depending on the initial negative
voltage across the resonant capacitor C, the time constant  
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1



2

and 0 

1
LC

satisfies the condition given in (2), where T 
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switching period, the expression for the resonant tank current can be
simplified as in (3):
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The resonant current i is approximately sinusoidal and its peak value Im is
dependent on the initial voltage across the resonant capacitor VC0 as it is
given by:
Im  

VC 0
L
C

(4)

All the energy supplied to the RLC circuit from the square voltage source
Δv=v’-nv’’ in half the switching cycle is dissipated on the resistance R.
Therefore, it can be written:
T

T

2

2

2
 v  i t  dt   R  i t  dt
0

(5)

0

By putting (3) into (5) the relation between the peak resonant tank current
Im and the voltage Δv is obtained:
Im 

4v
R

(6)

Therefore, by changing Δv the resonant tank current can be controlled.
Basic voltage and current waveforms of the SRC are shown in Figure 2.2b.
At the time instant t0, the current i starts to increase as well as the
capacitor voltage vC. After half the resonance cycle is completed at t1 the
capacitor voltage is positive and equal to VC0 and the resonant tank current
is zero. The MOSFETs M0,1, M0,4, M1,1 and M1,4 are turned off with ZCS
condition while the MOSFETs M0,2, M0,3 and M1,2, M1,3 are turned on with
voltages VIN and VO, respectively. At the time interval t1 – t2 the same
current oscillation happens in opposite direction and the capacitor C is
discharging until vC reaches -VC0. At the time instant t2 the MOSFETs M0,2,
M0,3, M1,2 and M1,3 are turned off with ZCS condition while the MOSFETs
M0,1, M0,4 and M1,1, M1,4 are turned on with voltages VIN and VO,
respectively. In this way all the transistors are softly turned off and the
switching losses at turn off are eliminated. Another advantage of
operating close to the resonant frequency is the great reduction of the
harmonic content of the resonant tank current and the associated
conduction losses. The noise spectrum of the output voltage is also
reduced.
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Figure 2.2. (a) Equivalent circuit of the two port dc/dc transformer in one half switching
cycle and (b) its basic voltage and current waveforms for zero magnetizing current.
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2.1.2 Adjustment of the magnetizing inductance to achieve
soft switching at turn-on
By switching off the MOSFETs when the resonant tank current crosses
zero the turn off switching losses are eliminated. However, the turn-on
switching losses, due to the discharge of the MOSFET parasitic drainsource capacitances, are still present since the tank current is zero at turnon instant and no energy is stored in the tank that could discharge those
capacitances in the dead time interval. The ZVS condition at turn-on can
be obtained by adjusting the value of the magnetizing inductance Lm to
allow for some magnetizing current in the circuit. The key voltage and
current waveforms when the magnetizing current is taken into account are
shown in Figure 2.3. In the dead time intervals the magnetizing current
can be considered constant. Starting at t1, the positive peak magnetizing
current is divided among the primary and secondary side circuits and
charges the drain-source capacitances of the MOSFETs M0,1, M0,4, M1,1 and
M1,4 while discharging those of the MOSFETs M0,2, M0,3, M1,2 and M1,3. At
the time instant t2 the drain-source capacitances of the MOSFETs M0,2,
M0,3, M1,2 and M1,3 are discharged and they are turned on with full ZVS
condition. The transistors in the right hand sided full-bridge are no longer
turned-off with full ZCS but with the magnetizing inductance current
peak. The magnetizing inductance current peak needed for obtaining ZVS
is much smaller comparing to the resonant tank current such that it can be
considered that the transistors in the left hand sided full bridge turn
offwith approximately ZCS. In the interval t3 – t4 the negative peak
magnetizing current charges the drain-source capacitances of the
MOSFETs M0,2, M0,3, M1,2 and M1,3 and discharges those of the MOSFETs
M0,1, M0,4, M1,1 and M1,4 so that they can be turned on at t4 with full ZVS
condition. In this way, the turn on switching losses are eliminated and,
since all the transistors turn off with approximately ZCS, the total
switching losses are negligible. This allows for higher switching
frequencies to be adopted and, consequently, allows for the reduction of
the size of the magnetic component and filter capacitors.
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Figure 2.3. Voltage and current waveforms of the two port dc/dc transformer for non-zero
magnetizing current.
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Soft switching capability significantly reduces the generated noise in the
circuit requiring less filtering of the output voltage. Besides, since the
magnetizing current does not depend on the load, ZVS condition is
obtained in the entire load range – from full load to open circuit.

2.1.2.1 Calculation of the magnetizing inductance
The magnetizing inductance is an important design parameter as it is used
to obtain ZVS transitions in all the transistors from full load to open
circuit. The soft switching at turn-on in all the transistors is obtained at the
expense of the increased conduction losses in the left hand sided full
bridge transistors. The transformer efficiency is also compromised since an
air-gap is usually needed to obtain the desired value of the magnetizing
inductance leading to increased winding losses. The quantification of this
parameter can be done assuming that approximately square voltage is
applied across the magnetizing inductance. From the magnetizing
inductance current-voltage relation it can be written:
I m, p 

1 VIN T
2 Lm 2

(7)

where Im,p is the peak magnetizing current. Assuming also that the
parasitic drain-source capacitances of the primary and secondary side
MOSFETs, Coss,p and Coss,s respectively, are linear and that the voltage
across the capacitor C is much lower than VIN the following expression can
be written:
C

V
I m, p   Coss , p  oss2 , s  C p  IN
n

 Td

(8)

where Td is the length of the dead time interval and Cp is the transformer
equivalent parasitic winding capacitance seen from the primary side. By
combining (7) and (8), the value of Lm to achieve full ZVS operation can be
estimated as:
Lm 

Td
C


4 f sw  Coss , p  oss2 , s  C p 
n



(9)

A higher magnetizing inductance can also be selected depending on the
application to achieve a trade-off between the transformer winding losses
and the switching losses. This allows for smaller gap size to be added at
the expense of partial ZVS operation of the switches.
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2.1.2.2 Calculation of the input and output filter capacitors
The values of the filter capacitors Cin and Co depend on the desired input
and output voltage ripples, Δvcin and Δvco, respectively. In order to find the
expressions for those values, fundamental harmonic currents that flow
through those capacitors have to be calculated. The current iin can be
considered as a sum of the rectified sinusoidal current i and the rectified
magnetizing current imag:
iin  t   i  t   imag  t 

(10)

and their harmonic contents are given as:
i t  

2





Im  

4

2
k 1   4k1  1

I m cos  2k10t 

(11)

1



2
I m, p sin  2k20t 
k2 1  k2

imag  t    

(12)

Hence, the amplitude of the fundamental harmonic current of the
capacitor Cin is given by:
1
I Cin


2

2 2 
I
 I m2 , p
  3 m 

(13)

Then, the capacitor Cin can be determined by:

I Cin
2 2 f sw vCin
1

Cin 

1
1
 4 ESRin I Cin
1 
 3v
Cin






2

(14)

where ESRin is the equivalent series resistance of the capacitor Cin.
The current io is just the rectified sinusoidal current i seen on the
secondary side and, therefore, the expression for calculation of the output
filter capacitor Co is given by:
Co 

nI m
3 2 f sw vCo

1
 4nESRo I m 
1 

 3vCo 

2

(15)

and ESRo is the equivalent series resistance of the output capacitor Co.
The power losses on the input and output filter capacitors are given by:
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PESR 

8
 ESRin  n2 ESRo  I m2  22 ESRin I m2 , p
9 2

(16)

2.1.3 Bidirectional operation
Bidirectional operation of the two port dc/dc transformer is accomplished
by changing the polarity of the voltage difference Δv between the sources
v’ and v’’, as it is shown in Figure 2.4, without the need to change the
sequence of the switch driving waveforms. After the polarity change
occurred, the resonant tank current will first decrease to zero and then
increase to a steady state value flowing in the opposite direction. The
resonant tank current transient will settle in several switching cycles and
the new steady state value depend only on the applied voltage difference
Δv as it is indicated in Figure 2.4.
vGS (M0,1,M0,4; M1,1,M1,4; Mn,1,Mn,4)
t

vGS (M0,2,M0,3; M1,2,M1,3; Mn,2,Mn,3)

t
Δv

Δv1
Δv2

i

t

Im1

Im2

t

Figure 2.4. Change of the power flow direction in the two port dc/dc transformer: gatesource voltage and resonant tank current waveforms.

2.1.4 Transient response to the output current step
Shown in Figure 2.5 is the converter transient response to the output
current step from zero to nominal current. Before the current step
occurred at t0, the resonant tank current is the magnetizing current that
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vGS (M0,1,M0,4; M1,1,M1,4; Mn,1,Mn,4)
t

vGS (M0,2,M0,3; M1,2,M1,3; Mn,2,Mn,3)

t
iOUT
IOUT,nom
t
Δv
t
i

t

t0

Figure 2.5. Transient response of the two port dc/dc transformer to the output current
step.

makes possible converter operation at ZVS even at no load condition.
When the current step is produced, the output port voltage starts to
decrease and the voltage difference between the input and output port
voltage increases. The will cause the resonant tank current oscillation to
increase instantaneously due to the small resistive impedance of the
resonant tank at the switching frequency. Higher resonant tank current
will compensate for the initial current step. A new steady state converter
operation will be established in a few switching cycles and at lower output
voltage level comparing to the one before the current step at the output
port occurred. The time duration of the transient depends on the output
current slope, output filter capacitor and the parasitic resistance on the
current path and can be estimated using large signal envelope model, [14].
Since the impedance of the resonant tank is small, the output voltage
deviation will not be significant. The converter’s inherent load regulation
is achieved by changing the peak resonant tank current value. As the
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amplitude of the current step decreases, the peak resonant tank current
also decreases making possible low losses and, therefore, high efficiency
operation at light load conditions to be obtained.

2.1.5 Inverter and rectifier cell configurations
The operating principle of a two port bidirectional dc/dc transformer
based on the SRC has been analyzed in case where the input and output
port inverter/rectifier stages were full bridge cells. Other inverter/rectifier
stage configurations for bidirectional power flow can be selected in order
to optimize converter operation such as half bridge cell and push-pull cell.
Figure 2.6 shows the electric schemes of those bidirectional
inverter/rectifier cells as well as their counterparts for unidirectional
power flow. When the full bridge inverter/rectifier is used, the series
capacitor is placed between the transformer and the full bridge cell. If the
selected inverter/rectifier cell is of the half bridge type, the resonant
capacitance is just provided by the half bridge capacitors themselves, i.e.,
the series capacitance seen by resonant inductor is the equivalent parallel
connection of the half bridge capacitors. In [12], [13] a two port dc/dc
transformer topology with full bridge inverter cell and push-pull rectifier
cell is proposed with the output filter capacitor used as a series resonant
capacitor. A large output voltage ripple is obtained in this case since the
output capacitor is not selected to filter the output current but is tuned to
resonate with the leakage inductance.
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(a) Full-bridge

(b) Half-bridge

(c) Push-pull

(d) Full-diode bridge

(e) Half-diode bridge

(f) Diode push-pull

Figure 2.6. Inverter/rectifier cells for bidirectional, (a), (b) and (c), and unidirectional,
(d), (e) and (f), operation of the multiple port dc/dc transformer.

2.2 Extension to a multiple port dc/dc transformer
The extension of the SRC converter shown in Figure 2.1 that operates at its
optimum point to a multiple port dc/dc transformer topology is achieved
by adding transformer windings and the corresponding inverter/rectifier
cells. The electrical schematic of the multiple port dc/dc transformer is
shown in Figure 2.7. It consists of a full bridge inverter on the primary
side and full bridge rectifiers on the secondary sides of the high frequency
transformer that provides isolation and is framed with the dashed line in
Figure 2.7. As in the two port example, the converter is operated at fixed
switching frequency with complementary and constant duty cycle
(approximately 50%) switch driving signals. The transformer is the only
magnetic component in the design and its leakage inductances are
absorbed into the resonant tank networks on both the input and the
output ports.
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Figure 2.7. Multiple port bidirectional dc/dc transformer based on the SRC.

For each port, the designer can select either a full bridge or a half bridge
type inverter/rectifier to permit bidirectional power flow and optimize the
converter operation. In case of the push-pull the resonant capacitors
cannot be placed in series with each transformer winding since it would
require the resonant capacitors to carry non-zero average current. The
push-pull inverter/rectifier can be considered in the design if the output
filter capacitor is used to resonate with its leakage inductances as in [12].
As it will be shown later in the design procedure section, the resonant
capacitor at one branch of the multiple port dc/dc transformer can be
omitted and the push-pull inverter/rectifier can be used without the need
to tune its leakage inductances to the filter capacitor and thus avoiding
high output voltage ripple.
57

Multiple Input-Output Bidirectional Solid State Transformer Based on a Series Resonant Converter

Basic voltage and current waveforms of the multiple port dc/dc
transformer when the magnetizing current is taken into account are
shown in Figure 2.8. In contrast to the current from Figure 2.2b, the
resonant tank currents are no longer sinusoidal in one half of the
switching cycle but have some non-zero values at the ends of the half
cycle.
Four operating stages can be distinguished, according to the conduction
state of the switches and the magnetizing current direction:
Stage 1 [t0 – t1]: At time t0 the switches M0,1, M0,4, M1,1, M1,4,..,Mn,1, Mn,4 are
turned on and positive voltages VIN, V1,..,Vn are applied to the transformer
primary and secondary resonant tanks. Ideally, these voltages are
proportional to the transformer turns ratio n0:n1:..:nn. The slight difference
between them is due to the voltage drops on the transformer series
resistances and the switch on-resistances on the current path. The higher
these resistances are, the higher the voltage drops and the differences of
the output voltages, V1,..,Vn, from their nominal values are. The switches
M1,1, M1,4,..,Mn,1, Mn,4 are turned off with nearly ZCS at time t1 while the
switches M0,1, M0,4 are turned off with nearly the peak magnetizing
current.
Stage 2 [t1 – t2]: At time interval t1 – t2 all the switches are in the off state
and the equivalent circuit is shown in Figure 2.9. Figure 2.10 shows a
close up view of the high frequency current ringing between the
capacitances Coss0,.., Cossn, Cp and the primary and secondary side leakage
inductances.
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vGS M0,1,M0,4,..,Mn,1,Mn,4

M0,2,M0,3,..,Mn,2,Mn,3
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t

V1
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Vn
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i0
t
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t0

t3 t4 t
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Figure 2.8. Gate-source and drain-source voltage and resonant tank current waveforms of
the multiple port dc/dc transformer when the magnetizing current is taken into account.
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Figure 2.9. Equivalent circuit of the multiple port dc/dc transformer during the dead time
interval.

During this stage the voltages across the series resonant capacitors can be
considered constant since these capacitances are much higher than the
parasitic drain-source capacitances of the MOSFETs. It can also be
assumed that the magnetizing current is approximately constant during
the dead time interval. At time instant t1 the initial current of the
inductance Llk0 is nearly the positive peak magnetizing current while the
currents through Llk0,..,Llkn are approximately zero. The positive initial
current i0 start to discharge the parasitic drain-source capacitance Coss0 of
the switches M0,1,..,M0,4. Due to the resonance between Coss0 and Llk0 the
current i0 will raise above its initial value.
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Figure 2.10. Voltage and current waveforms of the multiple port dc/dc transformer in the
dead time interval.

The current ip through the equivalent parasitic capacitance Cp between the
transformer windings seen from the primary side will increase to the
negative side since the magnetizing current is approximately constant and
the secondary side resonant tank currents cannot change instantaneously.
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The voltage across the capacitance Cp will also increase forcing the
resonant tank currents i0,..,in to raise above zero. The positive resonant
tank currents will flow through the body diodes of the switches M1,1,
M1,4,..,Mn,1, Mn,4. This will increase the voltage across the drain-source
parasitic capacitances of the switches M1,2, M1,3,..,Mn,2, Mn,3 for the forward
voltage drop of the corresponding body diodes, before they start to
decrease. After the initial current and voltage rise driven by the initial
conditions is finished at t1’, the positive peak magnetizing current is
redistributed among the primary and both secondary side tanks and
discharges the capacitances Coss0,..,Cossn and Cp. At time t2 the parasitic
drain-source capacitances of the switches M0,1, M0,4, M1,1, M1,4,..,Mn,1, Mn,4
are charged to their respective port voltages and those of the switches
M0,2, M0,3, M1,2, M1,3,..,Mn,2, Mn,3 are discharged so they can be turned on
with ZVS. Due to the redistribution of the magnetizing current between
the primary and secondary sides, the switches M1,2, M1,3,..,Mn,2, Mn,3 are
turned on with small negative portion of the magnetizing current. This is
the reason why the tank currents i1,..,in are leading the voltage waveforms.
Due to the high frequency current oscillations between the leakage
inductances and MOSFET parasitic capacitances the tank currents may
change the polarity causing the oscillations on the voltages across Coss0,..,
Cossn as it can be seen in Figure 2.10. This may increase the length of the
required dead time interval needed to achieve full ZVS depending on the
amplitudes of the oscillations at each port. Therefore, in order to reduce
the dead time interval and provide higher power delivery duty cycle and
reduced rms currents the leakage inductances should be small enough so
the oscillations of the leakage inductances with the parasitic capacitances
do not cause the tank current to change their polarity in the dead time
interval.
Stage 3 [t2 – t3]: In the time interval t2 – t3 a similar circuit operation as in
the time interval t0 – t1 can be observed. Since all the switches are turned
on with ZVS and turned off with nearly ZCS, a significant reduction in
switching losses is achieved. This permits selection of high switching
frequency to reduce the size of the transformer and obtain high power
density.
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Stage 4 [t3 – t4]: The same equivalent circuit of the converter shown in
Figure 2.9 is valid in this stage except that the negative peak magnetizing
current charges parasitic drain-source capacitances of the switches M0,2,
M0,3, M1,2, M1,3,..,Mn,2, Mn,3, as well as the parasitic self-capacitance of the
transformer windings Cp and discharges those of the switches M0,1, M0,4,
M1,1, M1,4,..,Mn,1, Mn,4. The time interval t3 - t4 completes one switching
cycle.

2.3 Design procedure
2.3.1 Simplified analysis neglecting the reactive elements
An equivalent circuit of the multiple port dc/dc transformer seen from the
primary side in one half of the switching cycle is shown in Figure 2.11. The
circuit analysis is carried out using fundamental harmonic current and
voltage approximation. The sinusoidal voltage sources, that represent the
output voltage of the full bridge inverter and input voltages of the full
bridge rectifiers seen from the primary side, are always in phase since the
switches on the same diagonal in the inverter/rectifier cells are driven
simultaneously and their values are given in Figure 2.11. The resistances
r0, r1,.., rn are comprised of the switch on resistances, layout and the
transformer equivalent series resistance in the primary and the secondary
side circuits. The inductances Llk0, Llk1,.., Llkn are comprised of the layout
and the transformer leakage inductances on the primary and the
secondary sides. The resonant frequencies of all the resonant tank
networks are tuned to the switching frequency. Reordering the wellknown relation given in (17) between the tank resonant frequency, fsw, and
its inductance, L, and capacitance, C, the expression for the selection of the
resonant capacitors Cres0, Cres1,.., Cresn is given in (18), where iϵ[0,1,..,n] and
j=0 for full bridge and j=1 for half bridge inverter:
f sw

Cresi 



1
2 LC

1

 2 f sw 
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Figure 2.11. Equivalent circuit of the multiple port dc/dc transformer seen from the
primary side where the magnetizing inductance is neglected and the series resonance at
each branch is achieved.

In this analysis, the magnetizing inductance is considered high enough so
that the magnetizing current distribution between the resonant tanks does
not provoke significant phase shifts between the resonant tank currents
and the sinusoidal voltage sources. It is also assumed that the voltage
drop on the primary side resonant tank is negligible comparing to the
input voltage and that the inverter sinusoidal constant voltage waveform
is applied across the magnetizing inductance. Therefore, the magnetizing
current can be considered constant and 90 degrees phase shifted with
respect to the sinusoidal voltage sources. And since it does not cause
sinusoidal voltage drop on the resistances r0, r1,.., rn, the magnetizing
inductance is omitted from the equivalent circuit.
Since all the resonant tanks are tuned to the switching frequency, there are
no reactive elements in the circuit and the resonant tank currents i0, i1,.., in
will contain only fundamental frequency components in phase with the
sinusoidal voltages. The secondary side resonant tank currents are given
by:
Ii

 I mi
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where iϵ[1,..,n], ω=2πfsw and the amplitudes Imi depend on the output
currents IOUTi, which are the average values of the rectified resonant tank
currents:
I OUTi 

2



(20)

I mi

By subtracting the sinusoidal voltage drops on the current path parasitic
resistances r0, r1,.., rn from the input voltage, the relations between the
input and the output voltages are given by:
4
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After the rearrangement of the previous equation the output voltages are
expressed as:
Vi 


ni
 2  ni 2
 2 n ni n j
V0 
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I OUTj
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j i

The open loop output self-resistances are then given as:
Rii 

 2  ni 2


 2 r0  ri 
8  n0


(23)

while the output mutual-resistances are as:
Rij ,i  j



 2 ni n j
8 n0 2

r0

(24)

The inherent load regulation is given by these output resistances that
depend on the switch on-resistances, layout and transformer series
resistances and can have very small values. Therefore, another advantage
of the proposed multiple port converter is a good load regulation and
cross-regulation among the outputs due to its inherent low output
resistances. Load variation at one output port has very small effect on its
own output voltage and on the others and the output voltage deviations
from their nominal values will not be significant. It can be seen from the
expression (22) that as the output currents decrease, the output voltages
increase reducing the voltage drop across the resonant tanks. Therefore,
according to (6), the resonant tank currents will also decrease making
possible low losses and high efficiency operation at light load conditions
to be obtained.
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2.3.2 Simplified analysis including the reactive elements
In order to derive simplified expressions that can provide an insight into
how the load regulation and power losses are affected by the reactive
circuit elements, an equivalent circuit of the three port dc/dc transformer
seen from the primary side when the power transfer occurs, is shown in
Figure 2.12. As in the previous case, the model is based on the
fundamental harmonic current and voltage approximation. Assuming that
the voltage drop on the primary side resonant tank is negligible
comparing to the input voltage the magnetizing current is given by:
Im



V0
jX m

(25)

For the reason of simplicity it is also assumed that the resonant frequency
of the primary side resonant tank network is tuned to the switching
frequency as indicated in Figure 2.12. The reactances jX1p and jX2p at the
output ports can have arbitrary non-zero values.
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Figure 2.12. Equivalent circuit of the three port dc/dc transformer seen from the primary
side where the magnetizing inductance is considered finite and the series resonance at the
primary side is achieved.

The secondary side resonant tank currents I1 and I2 are out of phase with
respect to the sinusoidal voltage sources V0, V1 and V2. If the initial phase
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of the voltages V0, V1 and V2 is assumed to be zero the secondary side
resonant tank currents are given as:
Ii



ni
I mi e ji
n0

(26)

where iϵ[1,2] and the amplitudes Imi depend on the output currents IOUTi,
which are the average values of the rectified resonant tank currents:
I OUTi 

2



(27)

I mi cos i

Using the annotation given in Figure 2.12 the following system of
equations can be written:
V 0  r0 ( I m  I 1  I 2 )  (r1 p  jX1 p ) I 1  V 1

(28)

V 1  (r1 p  jX1 p ) I 1  V 2  (r2 p  jX 2 p ) I 2

(29)

By solving this system of equations for the voltages V1 and V2 and
converting those sinusoidal voltages into the square voltage waveforms,
the expressions needed to calculate the output voltages are given by:
V1  k1V0  R11 IOUT1  R12 IOUT 2

(30)

V2  k2V0  R21 IOUT1  R22 IOUT 2

(31)
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where ki are given as:







and the open loop self and mutual output resistances are:
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It can be seen from (32) that for the finite magnetizing inductance the
output voltages at no load condition can be higher than the reflected
primary side voltage. If the secondary side resonant tanks are closely
tuned to the switching frequency the reactances X1p and X2p are small and
the model is equivalent to the one derived in the previous section.
In cases when the secondary side tank resonant frequencies move away
from the switching frequency the self output resistances increase.
Nevertheless, if X1p and X2p move on the same side from the switching
frequency, i.e. both are capacitive or inductive, the cancelation of the
mutual output resistance at all loading conditions can be achieved. For
arbitrarily chosen X2p one design possibility for selecting the reactance X1p
can be the elimination of cross regulation by putting:
X1 p 

r0 r1 p r2 p  1 1
1 

 

X 2 p  r0 r1 p r2 p 

(36)

Another option for selecting X1p can be to achieve ZCS operation at full
load. By putting φ1=φ2=0 into (29) the relation between the reactances X1p
and X2p for which the secondary side switching losses are eliminated is
given by:
X1 p  X 2 p

I OUT 2,max
I OUT 1,max

(37)

for X1p and X2p different than zero. If X1p = X2p =0 the ZCS operation of the
secondary side switches cannot be achieved due to the presence of the
magnetizing current that is distributed among all three tanks.
The conduction losses can be calculated as:
Pcond

 V0

n1 I OUT 1  n2 I OUT 2
 V1 I OUT 1  V2 I OUT 2
n0

(38)

After the arranging of the previous equation using (30) and (31) the
conduction losses are given by:
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From the inspection of the above expression it can be seen that some terms
depend solely on the resistances r0, r1p and r2p and the output currents
while the rest of the terms depend also on the reactances X1p and X2p. The
losses that depend on the mistuning of the secondary side resonant tanks
can be minimized by adjusting the value of X1p taking X2p as a parameter.
Minimum conduction losses at full load when the secondary side tanks are
not perfectly tuned to the switching frequency are achieved for:

X1 p

X 2 p I OUT 2,max
V0
n1

n 2X I
r I
 0 m OUT 1,max 2 p OUT 1,max
1 1

r0 r2 p

(40)

The results given in (37) and (40) can be combined to achieve
simultaneous ZCS operation and minimum conduction losses at full load.
In that case the reactance X1p should be selected as:

X1 p

V0
n1
n 2X I
 0 m OUT 1,max
1
2

r0 r2 p

(41)

If the primary side reactance X0 is allowed to differ from zero, the same
results can be obtained. However, the expressions that show this are more
complicated and are not provided here.

2.3.3 Complete analysis
The previous analysis has been done by selecting the resonant capacitors
Cres0 to resonate with the corresponding leakage inductances at the
switching frequency. The derived equations provide a useful insight into
how the parasitic elements affect the load regulation and conduction
losses. The presence of the reactive circuit elements and the magnetizing
inductance affects the ZCS operation of the secondary side switches as the
load changes. The magnetizing current that is 90 degree phase shifted to
the port voltages is distributed in the dead time interval among all three
tanks. At high load the loss of ZCS operation is not significant since the
69

Multiple Input-Output Bidirectional Solid State Transformer Based on a Series Resonant Converter

magnetizing current is much lower that the secondary side resonant
currents. However, at middle and light load the effect of the magnetizing
current is becoming more pronounced since the resonant currents
decrease with the load while the magnetizing current stays constant. The
resonant capacitors can be, therefore, calculated in order to minimize the
magnetizing current effect on the ZCS operation of the secondary side
switches as the load changes.
The equivalent circuit of the multiple port SRC based bidirectional dc/dc
transformer seen from the primary side at the fundamental harmonic is
given in Figure 2.13a where v0 is the fundamental harmonic of the inverter
output square voltage and v1,..,vn are the fundamental harmonics of the
rectifier input square voltages. The parameters r0, r1,.., rn and Llk0, Llk1,.., Llkn
are as defined above. Considering those parameters as known variables,
the resonant capacitors Cres0, Cres1,.., Cresn can be adjusted at full load to
make the tank currents i1,..,in resonate in phase with the voltages v0, v1 ,..,
vn and obtain ZCS operation of the secondary side switches. The voltages
v0, v1 ,.., vn are always in phase since the switches in the same diagonals of
the inverter/rectifier cells are driven synchronously. The primary side
switches are turned off with the peak magnetizing current needed to
obtain ZVS operation of all the switches.
Shown in Figure 2.13b are the waveforms of the square input voltage Vi of
the output rectifier together with its fundamental harmonic vi, the
resonant tank current ii and the rectified resonant tank current iOi. In order
to calculate the values of the resonant capacitors the equivalent impedance
of the rectifier stages is obtained first, [12]. It can be assumed that the
voltages v0, v1 ,.., vn are given as:
vi  t   Vmi sin t

(42)

where iϵ[0,..,n], ω=2πfsw and the amplitudes Vmi depend on the port
voltages of the dc/dc transformer:
Vmi 

4
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Figure 2.13. (a) Equivalent circuit of the multiple port SRC based bidirectional dc/dc
transformer seen from the primary side at the fundamental harmonic. (b) Voltage and
current waveforms for calculation of the rectifier input impedance.
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The resonant tank currents ii are assumed to contain only fundamental
frequency component and be phase shifted φi with respect to the voltages
vi as in:
ii  t   I mi sin t  i 

The output currents I OUTi 

(44)

Vi
, iϵ[1,..,n], are the average values of the
Ri

rectified resonant tank currents iOi:
I OUTi 

1 T
iOi  t dt
T 0

(45)

and iOi is given by:

 ii  t  , 0  t  
iOi  t   

ii  t  ,   t  2

(46)

Using the above equation, the amplitudes of the resonant tank currents are
calculated as:
I mi





Vi
2 cos i Ri

(47)

By combining these expressions the equivalent impedance of the rectifier
stages are obtained as:
Z Oi 

Vi
Ii



8

2

Ri cos i e ji

(48)

where Vi and Ii are the phasor representations of the respective voltages vi
and currents ii. The circuit shown in Figure 2.13a now can be easily solved
for the resonant tank currents. The expressions are given by:
1
1

ni
Z 0 Z i  Z Oi
Ii V 0
n
1
1
1
n0


Z 0 i 1 Z i  Z Oi Z m

(49)

where Zi are the impedances of the primary and secondary side resonant
tanks given by:
Zi 

n02
n2
r  j 02 Li 
2 i
ni
ni

1
ni2
j 2 Ci
n0

and Zm is the impedance of the magnetizing inductance:
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(51)

Z m  j Lm

If the resonant tank currents Ii are to be in phase with the voltage V0 the
admittance from the equation (49) should be purely conductive. Therefore,
the resonant capacitor values can be found solving the system of equations
for all the phase shifts φi equal to zero:
1
1



Z
Z

Z Oi

0
i
Im 
n
1
1
 1 


Z
Z

Z
Z
Oi
m
 0 i 1 i




0




(52)

Since there are n resonant tank currents that have to be tuned in phase
with the voltage v0 and n+1 unknown, one of the resonant capacitors is
redundant and can be taken as a parameter or simply omitted from the
circuit. In the first case an infinite number of possible solutions for the
resonant capacitors for which the secondary side resonant tank currents
are in phase with the rectifier input voltages at full load is obtained. As the
load Ri change the phase shifts φi also change which affects the switching
losses at turn-off. For each set of possible solutions for Cres0, Cres1,.., Cresn the
phase shifts φi are calculated from:
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 Z
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n
1
1


Zm
i 1 Z i  Z Oi

(53)

The maximal deviations of the phase shifts φi as the load changes from full
load to open circuit can be found solving the system:
i  R1 ,.., Rn 
R j

0

(54)

for j=1,..,n. The set of the resonant capacitors Cres0, Cres1,.., Cresn that gives
the lowest maximal deviations of the phase shifts φi as the load changes
can be selected in order to minimize the switching losses related to the loss
of the ZCS operating condition.
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The described procedure is applied to a three port dc/dc transformer
design example where the resonant capacitor Cres0 is selected as a
parameter. First the other two resonant capacitors are calculated as a
function of Cres0, Figure 2.14. Using these calculated values the maximum
phase shifts between the voltages v1 and v2 and the currents i1 and i2 are
calculated. The change of the phase shifts φ1 and φ2 with the load is given
in Figure 2.15 in cases when one load is swept from its nominal load to
open circuit and the other is maintained at full load. It can be seen from
Figure 2.15 that the influence of the load variation at one output on the
phase shift between the rectifier’s input voltage and current at another
output is almost negligible. Therefore, for those particular Cres0, Cres1 and
Cres2 the maximum phase shifts φ1max and φ2max are achieved at R1 equal to
approximately 22% of its nominal value and R2 equal to approximately
11% of its nominal value. The maximum phase shifts between the voltages
v1 and v2 and currents i1 and i2 calculated at different sets of possible
solutions for Cres0, Cres1 and Cres2 are given in Figure 2.16. It can be seen
from those plots that the maximal phase shift between v1 and i1, Figure
2.16a, is almost independent of the resonant capacitor values while the
phase shift between v2 and i2 can be minimized with the proper capacitor
selection, Figure 2.16b. However, depending on the primary and
secondary side resistance and inductance values, the resulting values for
some of the resonant capacitors can be too high as it is the case for Cres1 in
this design example. The final choice for Cres0, Cres1 and Cres2, then, should
be made as a trade-off to minimize both phase shift φ2max and total
capacitance per volume. In order to explore the entire design possibilities,
the same procedure should be carried out for the capacitors Cres1 and Cres2
taken as a parameter.
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Figure 2.14. Design possibilities for the resonant capacitors (a) Cres1 and (b) Cres2 when
the resonant capacitor Cres0 is selected as a parameter.
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Figure 2.15. (a), (b) Variation of the phase shifts φ1 and φ2 as the load 1 is swept from full
load to open circuit and the load 2 is maintained at full load and (c), (d) variation of the
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The selection of the capacitors Cres1 and Cres2 has a direct impact on the
voltage across the magnetizing inductance. If one of those capacitances is
selected to be much higher than the capacitance that would resonate with
the corresponding leakage inductance at the switching frequency, a
considerable non-sinusoidal voltage drop on the resonant tank might be
induced causing the magnetizing current phase shift with respect to the
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input voltage to differ significantly from the desired 90 degrees. In this
way the ZVS transition in the dead time interval would not be achieved
with the peak magnetizing current but with some lower value leading to
non-optimal transformer design. Therefore, care should be taken when
selecting the capacitors Cres1 and Cres2 in order for the magnetizing current
to reach its peak value close to the end of half the switching cycle.
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Figure 2.16. Maximum phase shifts between (a) the voltage v1 and the current i1 and (b)
the voltage v2 and the current i2 as a function of Cres0.

The above analysis is valid for any value of the magnetizing inductance. In
low voltage applications the adjustment of the magnetizing inductance
value to achieve ZVS might not be necessary. In this case, when the
magnetizing inductance can be considered infinite, it is desirable to place
resonant capacitor at each winding and make them resonate with
corresponding inductance at the switching frequency. The equivalent
circuit when the series resonance at each branch is achieved is shown in
Figure 2.11. At the switching frequency the equivalent circuit is
completely resistive. Therefore, when the load changes from the nominal
value, which is equivalent to the change of the voltages v1,..,vn, the
currents i1,..,in will always stay in phase with those voltages maintaining
ZCS operation of all the switches in the entire load range.
The same is true for the bidirectional operation of the converter. Namely,
if the resonant capacitors were selected as it is previously suggested the
ZCS operation would be lost when another port acts as a power source.
Also, if only two resonant capacitors were used in this case the ZCS
condition could be obtained only at one operating point and would be lost
as the load changes from the nominal.
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2.3.4 Selectivity analysis
The previous analysis has been done assuming that the resonant tank
currents have only fundamental frequency components. However, the
square voltage applied to the input port of the multiple port dc/dc
transformer has many odd harmonic frequency components. Therefore,
once the resonant capacitors are selected, a selectivity analysis can be done
in order to check the validity of the fundamental harmonic current
assumption.
The harmonic frequency components of the square voltages applied to the
resonant tanks are given by:
vi , k  t   Vmi ,k sin kt

(55)

where the amplitudes Vmi,k , k=3,5,.., are:
Vmi , k 

4
Vi
k

(56)

After the equation (52) is solved at full load the values of the resonant
capacitors are inserted in (49) to calculate the resonant tank currents as a
function of the load, Ii(R1, ..,Rn). From (47), the load regulation
characteristics of the output voltages Vi, i=1,..,n, that take into account the
magnetizing current are obtained as in:
Vi 

2cos i



(57)

I i ( R1 , .., Rn ) Ri

Then, by considering the calculated output voltages as voltage sources the
harmonic content of the secondary side resonant tank currents is given by:
n0
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(58)

where the terms Vii,k are phasor representations of the voltages vi,k and the
tank impedances at harmonic frequencies are calculated as:
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(59)

assuming that the layout and transformer equivalent series resistances
change as the frequency change and the primary and secondary side total
loop inductances and resonant capacitances are not affected by the
harmonic frequencies. The model based on the fundamental harmonic
current and voltage approximation is valid if the calculated harmonic tank
currents are much lower than the corresponding fundamental harmonic
currents.

2.3.5 Multiple port transformer model
The design procedure to calculate the resonant capacitor values has been
carried out using constant equivalent series resistance and leakage
inductance of each transformer winding. Unlike the two port transformer,
the dependence of these design parameters on the load in a multiple port
transformer should also be included into analysis if more accurate
converter model is needed. In order to illustrate this three port
transformer model is shown in Figure 2.17. The model is proposed in [15]
and it consists of a set of frequency dependent impedances that take into
account transformer geometry and frequency effects (skin and proximity
effect) and a set of capacitors that represent capacitive effects. The
calculation of self and mutual impedances, Zii(s)=Rii+sLii and Zij(s)=Rij+sLij,
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Figure 2.17. Model of the three port transformer showing the mutual coupling between
the windings.

i,jϵ[0,1,2], respectively, that represent the losses and magnetic energy
stored in the transformer at different test conditions without considering
the magnetic core, is given in [15]. The calculation of the capacitors is
obtained from the electrostatic field solution and is explained in detail in
[16]. The losses and magnetic energy stored in the core are included in
Zcore(s) which models non-linear core effects such as saturation and
hysteresis. The impedances Zii(s) and Zij(s) and the capacitors are obtained
using the finite element analysis, [17], while the impedance Zcore(s) is
obtained analytically using some of the existent non-linear core models,
[18].
By neglecting the capacitive effects and using a simple lossless linear core
model in order to facilitate the calculation, the transformer model from
Figure 2.18 can be reduced at some particular load to the one given in
Figure 2.18 that has no mutual coupling between the windings. From this
simplified model the equivalent self-impedances of each winding are
calculated as:
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Figure 2.18. Simplified model of the three port transformer at a particular load without
coupling between the windings.
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After the elimination of the primary side current i0 the equivalent selfimpedances of each winding are given by:
Z 00 eq  Z 00 

Z 01  Z 02

I2
I1
I mag

n1 n2 I 2


n0 n0 I 1
I1

(63)

Z 11eq

 Z 11 

I mag

I
n1
n
Z 10   Z 12  2 Z 10  2  Z 10
n0
n0
I1

 I1

(64)

Z 22eq

 Z 22 

I mag

I
n2
n
Z 20   Z 21  1 Z 20  1  Z 20
n0
n0
I2

 I2

(65)

From (44) and (47), the relation of the resonant tank currents is:
I2
I1



cos 1 I OUT 2 j (2 1 )
e
cos 2 I OUT 1

80

(66)

Multiple Port dc/dc Transformer

The relations of the magnetizing and the resonant tank currents for i=1,2
are calculated from:
I mag
Ii
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j Lm I i

(67)

Using these expressions, the equivalent self-impedances of each winding
can be rewritten as:
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It is clear from (68), (69) and (70) that the equivalent series resistances and
leakage inductance of each winding depend on the output resistances R1
and R2, the phase shifts φ1 and φ2 and the load currents IOUT1 and IOUT2.
Therefore, the transformer equivalent series resistances and leakage
inductances are load dependent and, as such, should be included in the
parameters r0, r1, r2, Llk0, Llk1 and Llk2. The variations of the transformer
equivalent resistances and inductances from their values at nominal load
can be of the same order of magnitude. Even the negative equivalent
resistances and inductances can be obtained at different point of load.
Nevertheless, if a good coupling between the transformer windings is
provided, the equivalent leakage inductances are small and the total loop
inductances of the primary and secondary side circuits should not be
considerably affected by the load.
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2.3.6 Assuring load independent ZCS operation
The analyses in the previous sections have been carried out under the
assumption of perfect tuning of the resonant capacitances and their
corresponding leakage inductances to the switching frequency. However,
when it comes to hardware implementation, it is almost impossible to
have the primary and secondary side tanks resonate at the same switching
frequency due to the capacitor tolerances, whether they are related to
manufacturing, aging or temperature, that can amount to ± 30% of the
capacitor nominal value. Such a mistuning would lead to the sinusoidal
resonant tank currents being phase shifted with respect to the inverter
output and rectifier input voltages causing the secondary side switches to
turn off with non-zero current. The turn off with no ZCS condition
contributes to the switching losses as well as the conduction losses in the
switches and the transformer since the circulating energy is increased. The
magnetizing current distribution between the resonant tanks due to the
load variations has the same effect on the power losses in the converter.
Therefore, in order to reduce the power losses and boost the dc/dc
transformer’s efficiency the circulating energy has to be eliminated.
If the converter is to be operated in a closed loop a ZCS operation at all
loading conditions can be achieved. Here, the closed loop operation is
understood as an automatic adaption of the switching frequency and duty
cycles of the switch driving signals to the resonant capacitor tolerances
and the magnetizing current effect. A current sensing at all the output
tanks is necessary to determine time instants when the switches in the
corresponding output rectifier cells should be turned off. Then the
information of the tank current that last crosses zero is used to turn off the
switches in the inverter cell on the primary side. The peak magnetizing
current is dependent, among other parameters, on the switching
frequency and in order to preserve ZVS condition the switching frequency
should not be increased above some predetermined value. Figure 2.19
shows the voltage and current waveforms in case when the switching
frequency is at its highest level.
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Figure 2.19. Gate-source and drain-source voltage and resonant tank current waveforms
of the multiple port dc/dc transformer for the closed loop operation of the converter at
maximum switching frequency.
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The turn on instants for the simultaneously active switches in all the
inverter/rectifier cells can be determined by detecting high and low
voltage levels of the switch M0,2 drain-source voltage, in the way that high
voltage level triggers the turn on of the switches M0,1, M0,4,.., Mn,1, Mn,4 and
low voltage level triggers the turn on of the switches M0,2, M0,3,.., Mn,2,
Mn,3.

2.4 Conclusions
This chapter explained the operation principle of the proposed multiple
port dc/dc transformer based on SRC. Due to the elimination of the
switching losses, the proposed topology offers the possibility to achieve
higher frequency, reducing the size of the high frequency transformer,
which is the only magnetic component in the converter, and thus leading
to higher levels of power densities. Besides, since the resonant currents
decrease as the load decrease the efficiency is maintained high within a
wide load range. First, the operation principle of the two port dc/dc
transformer example was explained. Then the extension to multiple port
topology was analyzed in detail.
A design procedure to select the values of the resonant capacitors was
illustrated in detail. Using the fundamental harmonic current and voltage
approximation three models with different complexity were analyzed
and the design guidelines are provided.
 The first model is the simplest one where the resonant
capacitances and the corresponding leakage inductances are
tuned to the switching frequency. The magnetizing inductance is
considered high and is omitted from the model since the
magnetizing current is small comparing to the sinusoidal tank
currents. The expressions for the self and mutual output resistances
were derived showing that the load variations at one output have
very small effect on its own and on the other output voltages and
that very good self and cross load regulation can be achieved.
 In the second model only the primary side resonant capacitor is
tuned to the corresponding leakage inductance at the switching
frequency in order to provide an insight into how the reactances of
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the secondary side tanks affect the self and cross load regulation
and conduction losses. The magnetizing inductance is considered
finite and is included in the model. It is shown that by proper
selection of the secondary side resonant capacitors different design
goals can be achieved such as minimum conduction losses and
ZCS operation at full load or the elimination of cross regulation
at any loading conditions.
 In the third model no assumptions were made regarding the
resonant capacitors and the magnetizing inductance. From the
complete model solution that takes into account all the reactive
elements, the resonant capacitors can be selected in order to
minimize the maximum phase shifts between the secondary side
resonant tank currents and the rectifier square input voltages. In
this way the loss of the ZCS operation of the secondary side
switches and the related increase in the turn-off switching losses is
minimized.
Unlike the two port transformer model, the transformer equivalent series
resistances and leakage inductances in the multiple port transformer
model are load dependent. The variations of these equivalent parameters
at different point of load can be of the same order of magnitude. Even the
negative values for the transformer equivalent parameters are possible.
Due to this, the detailed model of the multiple port high frequency
transformer has to be taken into account in the design procedure to select
the resonant capacitors instead of the simple one using constant winding
series resistances and leakage inductances.
Finally, in order to optimize the converter operation, the automatic
adjustment of the switching frequency and duty cycle is proposed to
eliminate the loss of the ZCS operation related to the magnetizing current
effect, the variation of the equivalent transformer parameters with the
load and resonant capacitor tolerances. The ZCS operation is reestablished
by sensing the secondary side resonant tank currents and turning off the
switches when they cross zero, while the turn-on instants are determined
by sensing the drain-source voltage of the primary side switch.
Nevertheless, it will be shown in the following chapter that the converter
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performance can be maintained high even though the ZCS operation is
lost due to the load change or resonant capacitor tolerances.
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3. Experimental Validation of the Multiple Port dc/dc
Transformer Concept
3.1 Introduction
In typical power distribution architectures the power is delivered to the
load through multiple voltage buses. The connection of each of those
buses to the common input voltage is usually done using single-input
single-output dc/dc converters. The performances of those single-input
single-output dc/dc converters are key issues to determine the
performances of the whole power distribution architecture. Integration of
different voltage buses into a single multiple port power node leads to a
reduction of the required multiple converter stages used in the
conventional architectures.
The previous chapter addressed the theoretical considerations of the
multiple port dc/dc transformer which can be used as a power node:
operation principle, derivation of the self and mutual output impedances,
design procedure to determine values of the resonant capacitors and a
method to eliminate the effect of the magnetizing current and resonant
capacitor tolerances on ZCS operation.
This chapter will discuss an integration of different converter stages into a
novel bidirectional multiple port power node based on SRC. The
experimental confirmation of the expected operation for direct and
bidirectional power flow will be provided as well as the analysis of the
component tolerances on the efficiency and voltage regulation
characteristics. The final objective of this work is to demonstrate feasibility
of the multiple port dc/dc transformer on a design example that uses
typical bus voltage levels found in power delivery architectures.

3.2 Bidirectional three port dc/dc transformer design example
3.2.1 Design parameters
The performance of the proposed multiple port dc/dc transformer were
analyzed on a prototype that generates two output voltage buses of 48V
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and 12V out of the 390V input voltage. The total output power of 300W is
distributed between the two voltage busses so that their output currents
are equal. The design parameters of the three port dc/dc transformer
prototype are summarized in Table 3.1.
Parameter
Three port dc/dc transformer
Input voltage
VIN=390V
Output voltages
V1=48V
V2=12V
Output currents
I1=5A
I2=5A
Output powers
P1=240W
P2=60W
Switching frequency
fsw=700kHz
Table 3.1. Design parameters of the three port dc/dc transformer prototype.

In order to analyze bidirectional operation of the converter, only half
bridge and full bridge cells were considered for the input inverter and the
output rectifiers. Half bridge inverter was selected on the primary side to
reduce the voltage applied to the high frequency transformer to relieve its
design constraints. On the secondary side two full bridge rectifiers were
selected due to higher secondary side currents. The electrical schematic of
the converter is shown in Figure 3.1. Based on an extensive analysis and
simulations the selected switches for the primary side inverter were
IPD50R520CP (550V, 0.52Ω, 13nC) from Infineon and IRFH5406PbF (60V,
14.4mΩ, 21nC) and IRF6631 (30V, 6mΩ, 12nC) from International rectifier
for the secondary side rectifiers. The switches were driven with the IR2110
high and low side driver. The input and output filter capacitor values are
CIN=1.5µF, C1=12µF and C2=12µF. Since the total parasitic inductances Llk0,
Llk1 and Llk2 on the primary and the secondary side current paths were not
known with certainty prior to the converter assembly the following
procedure was used to determine the resonant capacitor values. The two
half bridge resonant capacitors Cres0 were selected according to (6) from the
theoretical estimation of the Llk0. Then the currents i1 and i2 were measured
at full load and the resonant capacitors Cres1 and Cres2 were adjusted to
compensate for the magnetizing current effect until the ZCS conditions at
both outputs were achieved. The adjusted and measured resonant
capacitor values are Cres0_h=560nF, Cres0_l=550nF, Cres1=1.8µF and
Cres2=2.6µF.
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Figure 3.1. Electrical schematic of the three port dc/dc transformer prototype.

A photo of the three port bidirectional 300W 700 kHz dc/dc transformer
prototype is shown in Figure 3.2. The prototype was designed for the
concept validation and was not optimized with respect to the occupied
area. The power density of the converter calculated considering only the
sum of the footprints of all the components used in the converter setup is
12kW/dm3.
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Figure 3.2. Photo of the three port bidirectional 300W 700 kHz dc/dc transformer
prototype.

3.2.2 Transformer design
A planar EE18/8/10R core (3F3 material) was used to build the
transformer with turns ratio of n0:n1:n2=16:4:1 achieving the transformer
power density of 190kW/dm3. A gap (560µm) is adjusted to obtain the
magnetizing inductance of Lm=24uH needed to achieve ZVS transitions in
all the switches. The total self-capacitance of the planar windings seen on
the primary side is measured to be Cp=240pF which is much higher than
the Coss_tr=63pF of the equivalent output capacitance of one primary side
switch. The cross section of the realized transformer is given in Figure 3.3
showing two stacked 12 layer 70µm copper pcbs in the core window
having in total two parallel primary side windings and four parallel
windings at each secondary side. Interleaved windings are used to reduce
the power loss due to proximity effect. It is worth mentioning that the
dc/dc transformer can operate in a wide range of switching frequencies
without the need to change the core size. Namely, the core size is selected
as to give the maximum temperature rise in the high frequency
transformer for the desired output power. For the selected core and turns
ratio a reduction in switching frequency - while in the range of frequencies
valid for the selected core material - would reduce the core and winding
losses, as well as the gap value needed to obtain the desirable magnetizing
inductance for ZVS operation which would further reduce the losses
associated with the fringing flux effect. However, the core size does not
need to be increased as the switching frequency decrease. The achieved
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reduction of the transformer power losses could be cancelled by increasing
the output power, in order to push the transformer temperature to the
limit of the safe operating area and thus fully exploit the transformer.
P
S1
P
S1
P
S2
S2
P
S1
P
S1
P
P
S1
P
S1
P
S2
S2
P
S1
P
S1
P

Figure 3.3. Cross section of the EE18/8/10R–3F3 planar high frequency transformer with
two parallel 12 layer 70 µm copper pcbs for the 300W 700kHz three port dc/dc
transformer prototype.

3.3 Experimental results
3.3.1 Direct power flow operation
The experimental waveforms for the steady state operation of the three
port dc/dc transformer are shown in Figure 3.4 when both outputs are
equally loaded in terms of percentage of their respective nominal loads. It
can be seen that all the switches operate under ZVS condition in the entire
load range, from full load to open circuit; ZVS condition does not
dependent on the load. In the dead time interval, the parasitic drainsource capacitances of the secondary side switches are discharged before
those on the primary side regardless of the loading conditions. The
resulting undesirable conduction of the secondary side switch body
diodes contributes to the total conduction losses. At full load condition
the switches in full bridge rectifier on the higher output voltage side turn
off with ZCS while the switches on the lower output voltage side turn off
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Figure 3.4. Experimental waveforms of the three port dc/dc transformer for the same
loading conditions at both outputs: (a) 100%, (b) 60%, (c) 20% of the load and (d) no
load condition. The voltage scale for the waveform vDS0,2 is 50V/div and for vGS0,2 and
vGS1,2 is 5V/div. The current scale for i1 is 2A/div.
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with some non-zero current, Figure 3.4a, since it was found difficult to
achieve the needed value of the resonant capacitor Cres2 by placing smaller
capacitors in parallel. A high frequency current ringing between parasitic
drain-source capacitors and the current path parasitic inductances can also
be observed in the dead time interval in all i1 current waveforms. As the
load decreases the resonant tank current waveforms change altering the
ZCS operation of the secondary side switches. The effect of the
magnetizing current is more pronounced at light load since the output
currents are lower. At no load condition the magnetizing current is
distributed among the tank currents i0, i1 and i2. It can also be noticed,
especially from Figure 3.4c and Figure 3.4d, that the resonant tank
currents are not symmetrical in the two half switching cycles. This may be
in part due to the small non symmetries in layout between the circuits in
which the active switches are in the two opposite diagonals of the inverter
and rectifiers, and in part due to both mismatch between the primary high
and low side resonant capacitors and small difference in the gate-source
voltages of the primary high and low side switches that reflects on their
on-resistances.
The results of the efficiency measurements are shown in Figure 3.5a in
solid lines in cases when VIN =389V and both outputs are changing equally
from no load to full load. The maximum efficiency of 93% is measured at
full load. The total power loss is 22W of which 1.5W are the losses in the
gate driving circuitry and the rest are the losses in the power stage. The
steady state voltage regulation performances are shown in Figure 3.5b
under the same operating condition as in the case of the efficiency
measurement. A very good load regulation characteristic of the converter
is observed due to its inherent low output impedances. For light load to
full load variation in both outputs the voltage V1 variations are kept below
2.5% and in the range of -2.1% to 2.9% for the voltage V2.
The experimental measurements are compared to the results obtained
from both the simulation (shown in dashed lines in Figure 3.5) and
calculation model (dotted lines). The converter operation is highly
dependent on the circuit parasitics and in order to take all of them into
account detailed simulation models of the devices and layout were used.
The switch models are provided by the manufacturers while the high
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Figure 3.5. (a) Efficiency curves of the three port dc/dc transformer when both outputs
are swept from 10% to 100% of their respective nominal loads and (b) the steady state
output voltage regulation at constant input voltage.

frequency transformer model was generated in the finite element analysis
(FEA) based PExprt tool, [19]. The FEA based transformer model includes
non-linear core model which accounts for eddy current and hysteresis
losses and the winding model which accounts for capacitive effects
between the planar windings. The primary and the secondary side loop
inductances and resistances are obtained from the simulations of the
layout models generated in the FEA based Q3D Extractor tool and the
equivalent circuits of the resonant and filter capacitors were obtained from
the measurement on an impedance analyzer. Table 3.2 shows the values of
the parasitic loop inductances and resistances; the equivalent series
inductances and resistances of the resonant and filter capacitors are given
in Table 3.3. The calculation is done using the complete model. For the
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simplicity reasons, the transformer is modeled with fixed full-load
equivalent winding resistances and leakage inductances.

Primary side
Higher output voltage
secondary side
Lower output voltage
secondary side

Loop resistance Loop inductance
(mΩ)
(nH)
10.6
17.7
9.1

6.6

23.8

18.7

Table 3.2. Breakdown of the layout parasitic inductance and resistance.

Parameter
Resonant capacitors
(@ 700kHz)
Filter capacitors
(@ 1.4MHz)

ESR (mΩ) ESL (nH)

Cres0_ high side

30

-

Cres0_ low side

37

-

Cres1

25

-

Cres2

25

-

CIN

23

7.4

C1

6.7

4

C2

4.7

0.4

Table 3.3. Equivalent series inductances and resistances of the resonant and filter
capacitors.

Using these values, the estimation of the total parasitic inductances on the
current paths in the primary and the secondary side circuits was made
assuming the total lower output voltage secondary side inductance of
Llk2=21nH. The assumption is quite reasonable since the leakage
inductance of the lower output voltage secondary side winding estimated
in PExprt is lower than 1nH and the parasitic inductance of the DirectFET
package is 0.5nH, [20]. Then, using the design procedure described in
Chapter 2 the inductances of the primary and higher output voltage
secondary side were obtained. The calculated values are Llk0=47nH,
Llk1=29nH, respectively.
The simulated efficiency curve quite accurately follows the measured one.
The maximum efficiency of 94.1% is obtained at full load where also the
maximum discrepancy with the measured one is. However, the
simulations of the voltage regulation characteristics provide more
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optimistic estimation of the output voltage variations with the load. The
voltage regulation characteristics of the two models match quite well in
the entire load range. Very good matching with the experimental curves is
achieved at high load. However, due to the presence of the dead time
intervals the harmonic resonant tank currents become higher as the load
decrease inducing additional voltage drop at even higher layout and
winding resistances at harmonic frequencies. This leads to higher
mismatch of the experimental and model curves at medium and light
load. The calculated efficiency figures are also more optimistic since only
the conduction power losses at the fundamental frequency are taken into
account.
A breakdown of the power losses at full load are given in Table 3.4. As it
can be seen the losses distribution in the converter is not uniform. More
than the half of the total power losses are generated in the high frequency
transformer. Of total 10.3W transformer losses 5.7W are winding and 4.6W
are core losses. Such a high transformer losses are due to the eddy currents
in the copper and core induced by the addition of the gap to obtain the
needed value of the magnetizing inductance for ZVS operation.
Inverter switches
Higher output voltage rectifier
switches
Lower output voltage rectifier
switches
Layout
Resonant capacitors
Filter capacitors
High frequency transformer
Total

Losses (W)
3.4
1.64
0.82
1.11
1.78
0.1
10.3
19.2

Table 3.4. Breakdown of the converter power losses.

Since the transformer power losses are highly influenced by the gap its
reduction is considered to evaluate the influence of the trade-off between
the switching losses of the primary side inverter and the transformer
power losses on the overall converter performance. The simulation results
are given in Table 3.5. As the gap decrease the total transformer power
losses decrease little but the inverter switch losses dramatically increase
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due to the partial ZVS operation. The highest overall converter efficiency
is achieved at full ZVS operation of the inverter switches.
Gap (µm)
Lm (µH)
vDS of the inverter
switches at turn-on
(V)
Transformer core
power losses (W)
Transformer copper
power losses (W)
Power losses in the
inverter switches (W)
Efficiency (%)

400
24

300
30

200
40

0
400

0

160

200

390

3.9

4.2

4.6

7.4

5.7

4.4

3.2

1.1

3.4

6.6

12.2

-

94.1

93.3

90.7

-

Table 3.5. Gap reduction effect on the efficiency and the inverter switch and high
frequency transforemer power losses.

Since the turn-on switching losses in the inverter switches increase rapidly
as the gap decreases, an adjustment of the dead time interval length to
achieve full ZVS in the switches is considered to get an insight into how it
affects the transformer power losses and the overall converter efficiency.
The simulation results given in Table 3.6 show that, by precise adjustment
of the dead time interval, the transformer power losses can be decreased
comparing to the previous analysis. This contributes to the increment of
the full load efficiency of 1% by merely the dead time interval adjustment.
Another percentage point can be further gained reducing the gap as it is
shown in Table 3.6. The highest overall efficiency of 96.1% is achieved
when the switch duty cycle is reduced to 43.5%.
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Gap (µm)
Lm (µH)
Dead time interval
length (ns)
Duty cycle (%)
Transformer core
power losses (W)
Transformer copper
power losses (W)
Efficiency (%)

400
24

300
29

200
40

100
68

44

51

69

91

47

46.5

45

43.5

4.3

4.6

4.9

5.4

5

3.6

2.7

1.5

95.1

95.3

95.9

96.1

Table 3.6. Effect of the simultaneous gap reduction and the adjustment of the dead time
interval length on the transformer power losses and the converter efficiency.

The results of the efficiency measurements and voltage regulation
characteristics in the cases when one output maintains full load and the
other is changing from no load to full load are shown in Figure 3.6. Very
similar efficiency figures and the output voltage variation ranges can be
observed when compared to the results from Figure 3.5 where both
outputs are equally loaded.
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Figure 3.6. (a) Efficiency and (b), (c) voltage regulation charactersitics of the three port
dc/dc transformer when VIN acts as an input, one output is fully loaded and the other is
swept from no load to full load.

3.3.2 Bidirectional operation
The bidirectional performances of the converter have also been tested
from full load to open circuit and the experimental waveforms are shown
in Figure 3.7 in the cases when the voltage V1 acts as a power source, one
output is fully loaded and the other is swept from no load to full load. It
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can be seen from the i1 current waveform that the magnetizing current is
now circulating in the first secondary side circuit. The switches M1,1,
M1,2,M1,3 and M1,4 are no longer turned-off with ZCS but with the peak
magnetizing current that is four times higher than in the case of direct
power flow since the magnetizing inductance at this port is 16 times
smaller than that of the primary side and the voltage is 4 times smaller.
This is partially the reason why the efficiency figures are expected to be
lower than in the case of direct power flow. The peak current i1 is
increased to 11A comparing to the 8.5A peak at direct power flow
operation. The current and voltage shapes at the second port are almost
not affected by the load change at the input port.
The efficiency curves and voltage regulation characteristics are shown in
Figure 3.8. All the measurements were conducted at V1 =50.4V. The
measured efficiency curves are similar to those from Figure 3.6 with
approximately 1.5% lower values. Once again, very good load regulation
characteristics are observed. The voltage VIN is maintained within the
range of -0.1% to 1.8% when its load varies 100% and the V2 voltage load is
maximal and in the range of -0.1% to 0.6% when its load is maximum and
V2 voltage load varies 100%. Under the same operating conditions, the V2
voltage is within the range of -0.5% to 1.1% in the first case and is
maintained in the range of -0.3% to 4% in the second.
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Figure 3.7. Experimental waveforms of the three port dc/dc transformer when the output
V2 is fully loaded and the output VIN is at (a) 100%, (b) 60%, (c) 20% of the load and (d)
no load condition. The voltage scale for the waveform vDS0,2 is 50V/div and for vGS0,2 and
vGS1,2 is 5V/div. The current scale for i1 is 5A/div.
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Figure 3.8. (a) Efficiency and (b), (c) voltage regulation characteristics of the three port
dc/dc transformer when V1 acts as an input, one output is fully loaded and the other is
swept from no load to full load.

3.3.3 Tolerance analysis
In order to check the performance of the proposed converter under
parameter variations that affect the resonant frequency and may alter the
ZCS operation, a tolerance analysis of the resonant capacitor has been
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done. In this analysis, the duty cycle or switching frequency have been
changed in order to reestablish ZCS condition.
The converter can operate properly even if the resonant capacitors are not
precisely tuned to the switching frequency. In this case the switching
frequency should be selected as the lower resonant frequency of the two
output resonant tanks. If the duty cycle is maintained at approximately
50% as it was before the changes in resonant capacitances, a ZCS condition
at the output with higher resonant frequency would be lost. As it was
explained in Chapter 2, the ZCS condition can be reestablished by
changing the duty cycle of the driving signals at the output with higher
resonant frequency in the manner that when the resonant tank current half
cycle oscillation is completed the switches are turned off. In this way the
rms resonant tank current value is also decreased leading to lower
conduction losses. Therefore, all the rectifier switches are turned off when
their corresponding currents cross zero. The primary side inverter
switches are turned off together with the switches at the output with
lower resonant frequency. Turn on instants of the switches M0,1, M1,1, M1,4,
M2,1, M2,4 and M0,2, M1,2, M1,3, M2,2, M2,3 can be determined by sensing high
and low level of the drain-source voltage of the switch M0,2, respectively.
In order to quantify the efficiency loss and influence on the regulation
characteristics of the converter when a resonant capacitor is not properly
tuned to the switching frequency, a three type of measurements were
carried out. First measurements were done with the resonant capacitor
different from its nominal value and without any action taken. In the
second measurements the duty cycle of some switches is adjusted to
reestablish ZCS condition that was lost due to the placement of the
resonant capacitor lower than nominal. Finally, the measurements with
simultaneously adjusted the switching frequency and duty cycle were
performed in case where the resonant capacitor was higher than nominal.

3.3.3.1 Resonant capacitor lower than nominal
The open loop experimental waveforms that illustrate this are shown in
Figure 3.9 in case when the resonant capacitor Cres1 is changed to 70% of its
nominal value, (Cres1,nom=1.8µF) . In order to achieve the nominal voltage
value at the output V1 at nominal load the input voltage had to be
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increased to VIN=395V. The duty cycle of the switch M1,1, M1,2, M1,3 and
M1,4 driving signals is adjusted at full load to approximately 34% to
achieve ZCS, Figure 3.9b. Shown in Figure 3.10 are the results of the
efficiency and output voltage regulation measurements when the output
V1 is changed from no load to full load and the output V2 is fully loaded.
The efficiency drop of at most 1.4% (solid line in Figure 3.10a) comparing
to the nominal case (dotted line) is measured without any other changes in
the circuit. On the other hand, when the duty cycle is changed as in Figure
3.9b the efficiency gain of at most +0.9% is observed (dashed line)
comparing to the efficiency measurements when only Cres1 is changed.
However, the adjustment of the duty cycle is worsening the V1 voltage
regulation by approximately 1% in its entire load range, Figure 3.10b. The
V2 voltage regulation characteristic is almost not affected by the change in
the duty cycle.
vDS0,2
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vGS1,2

i2

vGS2,2

vGS0,2

(a)
vDS0,2
i1

vDS2,2
vGS1,2
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vGS2,2

vGS0,2

(b)

Figure 3.9. Experimental waveforms of the three port dc/dc transformer when the
resonant capacitor Cres1 is decreased 70% of its nominal value: (a) without any change in
the duty cycle of the driving signals and (b) with adjusted the duty cycle of the switch
M1,1, M1,2, M1,3 and M1,4 driving signals. The voltage scale for vDS0,2 is 50V/div and for
vGS0,2 and vGS1,2 is 5V/div. The current scale for i1 is 5A/div.
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Figure 3.10. Comparison of the (a) efficiency and (b) voltage regulation characteristics of
the three port dc/dc transformer with and without change of the duty cycle in case when
the resonant capacitor Cres1 is decreased to 70% of its nominal value. The output V1 is
varied from no load to full load and the output V2 is fully loaded.

3.3.3.2 Resonant capacitor higher than nominal
When the resonant capacitor Cres1 is changed to 138% of its nominal value
the switching frequency has to be changed (to 600kHz) as well as the duty
cycle of the of the switch M2,1, M2,2, M2,3 and M2,4 driving signals (to
approximately 36%), Figure 3.11. The input voltage in this case that
provides the nominal output voltage V1 is VIN=388V. Shown in Figure 3.12
are the results of the efficiency and output voltage regulation
measurements when the output V1 is changed from no load to full load
and the output V2 is fully loaded. The measured efficiency without any
other changes in the circuit (solid line in Figure 3.12a) is the same at full
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load comparing to the nominal case (dotted line). The efficiency drop of at
most -1.1% is observed at half load. When the duty cycle and the
switching frequency are changed, the efficiency loss of at most -0.5%
(dashed line) is observed comparing to the efficiency measurements when
only Cres1 is changed. For light load to full load variation at V1 output, its
regulation characteristics is slightly deteriorated (by at most 0.5%) after
the frequency and duty cycle are changed while the voltage V2 regulation
characteristic is almost not affected, Figure 3.12a.
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Figure 3.11. Experimental waveforms of the three port dc/dc transformer when Cres1 is
increased to 138% of its nominal value: (a) without any change in the switching
frequency or driving signals and (b) with adjusted the switching frequency and the duty
cycle of the switch M2,1, M2,2, M2,3 and M2,4 driving signals. The voltage scale for vDS0,2 is
50V/div and for vGS0,2 and vGS1,2 is 5V/div. The current scale for i1 is 2A/div.
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Figure 3.12. Comparison of the (a) efficiency and (b) voltage regulation charactersitics of
the three port dc/dc transformer with and without change of the switching frequency and
duty cycle in case when Cres1 is increased 138% of its nominal value, The output V1 is
varied from no load to full load and the output V2 is fully loaded.

3.4 Conclusions
This chapter explored the design of a high frequency multiple port
bidirectional dc/dc transformer for high power density conversion; the
three port bidirectional dc/dc transformer concept is experimentally
verified. The concept is based on the SRC topology operating just at the
resonance frequency. In this way, the input voltage regulation capability is
lost but high power density operation at constant switching frequency is
possible. The converter features the virtual elimination of the power
transistor switching losses in all the inverter/rectifier bridges; ZVS and
nearly ZCS are achieved in all the switches. This allows for higher
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switching frequencies to be adopted and, consequently, reduce the size of
the high frequency transformer, which is the only magnetic component in
the converter. Full bridge and half bridge inverter/rectifier cell
combinations are possible depending on the specifications. A very good
load regulation characteristic of the converter is observed due to its
inherent low output impedances. The maximum efficiency of 93% is
measured at full load. The bidirectional operation is validated from no
load to full load with similar performance.
The converter performances are experimentally verified on a 300W, 700
kHz prototype with 390V input voltage and 48V and 12V output voltages.
The transformer is built on one EE18/8/10R core and its power density is
190kW/dm3. The power density of the prototype calculated considering
only the sum of the footprints of all components used in the converter
setup is 12kW/dm3. A fully integrated state-of-the-art industry single
output solution from Vicor for 384V input voltage and 48V output voltage
operating at 1.75MHz switching frequency offers 325W of output power at
more than 95% peak efficiency achieving power density of more than
60kW/dm3, [21].
The impact of the resonant capacitor tolerance was analyzed showing that
the variation of a resonant capacitor in the range of 70% to 138% of its
nominal value causes small efficiency drop and very small deterioration
of the voltage regulation characteristics, despite the fact that the duty
cycle and switching frequency were not adapted to the resonance
frequency variation. If the sensing of the resonant tank currents on the
secondary sides of a unidirectional dc/dc transformer is implemented, the
resonant capacitor tolerances and the magnetizing current effect can be
compensated at each load by precise selection of the switching frequency
and duty cycle in a closed loop operation.
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4. Multiple Port dc/dc Transformer Based on SRC for
Computing Platforms
4.1 Introduction
The power consumption in the computing platforms has been constantly
increasing during the last decade. Today’s processors are expected to
work with reduced voltages (around 0.8V), high input currents (up to
150A) and high current slew rate (120A/ns) [22]. This imposes serious
challenges on the design of the voltage regulator (VR) regarding power
demand and transient response. In order to meet voltage variation
requirements more and more decoupling capacitors needs to be added in
parallel in the existing solutions which rises cost and space occupied by
decoupling capacitors. On the other hand, the space intended for the VR
on the motherboard is almost fixed. Therefore, the future VR solutions will
need to have higher power densities and be cost effective in order to
address those issues. The only way to achieve higher power densities is to
reduce the size of magnetic components and decoupling capacitors by
increasing the switching frequency.
High current consumption and high transient current demand requires
minimization of the impedance of the power delivery network that
interconnects off-chip supply and the die. The excessive parasitic
resistance and inductance between the platform VR and the die limits the
transient performance, conversion efficiency and imposes cooling
problems. This has sparked a trend toward integration of the last stage of
the power delivery chain with the load [23], [24]. The emergence of thinfilm inductor technology made it possible to fabricate an inductor on the
die or chip [25], [26]. By moving the VR closer to the load and integrating
it either in the chip or the die, both supply voltage variations in the
presence of high transient current demand and power losses can be
reduced. The increased level of integration results in enhanced converter
performance at higher power density. Also, the platform voltage rails are
no longer expected to deliver high current at very low voltage levels
which relax the platform VR requirements. Therefore, the platform VR can
be designed more efficient, compact and cost effective with loosely
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regulated outputs since the power delivery network can be treated as two
or multiple stage power architecture.
Earlier works proved that the platform VR can be made more efficient and
cost effective comparing to the conventional single-stage multi-phase
buck. Two stage architecture was proposed in [27], [28] as a solution to the
power density problem and to reduce cost in voltage regulators for laptop
computers. The first stage, that runs at relatively low switching frequency
(between 200 kHz and 300 kHz) to achieve high efficiency, steps down the
12V input voltage to around 5V. The lower input voltage of the second
stage reduces significantly its switching and reverse recovery losses since
they are proportional to the input voltage. The second stage, then, can be
designed to operate at very high switching frequency to achieve high
power density and reduce output capacitors.
Two converters have been considered for the first stage: buck converter
and the switching capacitor voltage divider [29], [30]. Buck converter was
proposed first but since it has inductor and operates at few hundred kHz
switching frequency the space savings achieved by the second stage are
reduced. The power density of the buck converter is around order of
magnitude lower than that of the voltage divider but it can regulate
intermediate bus voltage. Both converters can be designed with very high
efficiency (97% to 98% at full load and 12V input voltage) so that the
overall efficiency of the two stage architecture could be high. However, by
using variable frequency control the voltage divider can achieve extremely
high light load efficiency of 99% and thus improve overall light load
efficiency. The second stage converter was high frequency multi-phase
buck converter in order to reduce the output capacitor [31], [32].
This chapter will focus on the two stage architecture concept in designing
multiple voltage rails in computing platforms. The use of multiple port
dc/dc transformer based on SRC is proposed for the second stage. The
resonant converter allows the higher switching frequency to be selected
and reduce the size of passive components. A four port dc/dc transformer
is designed and compared with the existing solution from Intel. The
objective of this chapter is to demonstrate the improvements in
performance and power density over the current solution.
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4.2 Switched capacitor based Triple Output Fixed Ratio
Converter solution from Intel
The extension of the concept of the two stage architecture to deliver
multiple voltage rails was investigated by Intel and referenced in [33].
Since earlier works have shown that the platform VR can be made very
efficient the goal here was to design not only efficient solution but to also
address the cost and area aspects of the multiple voltage rail power
delivering architecture. The solution to these issues was found in a
proposal of switched capacitor based three output converter termed Triple
Output Fixed Ratio Converter (TOFRC). Figure 4.1 shows the block
diagram of the two stage architecture and the electrical scheme of the
TOFRC. The converter is a combination of a switched capacitor converter
and buck converters. It does not have its own control and is operated in an
open loop with fixed switching frequency and 50% duty cycle. In this way
the cost for the controller for all three outputs is eliminated. Only the first
stage buck VR is controlled taking the feedback from the intermediate
voltage V0 or one of the output voltages VO1 or VO2. The feedback option
can also include the use of two or all the three output signals at the same
time. The advantage of the proposed converter is that it can generate three
fixed voltage levels in a single topology thus satisfying the need for
multiple voltage rails in computing platforms with reduced number of
components and, consequently, reduced cost and occupied area. Further
reduction of the cost and area of the whole system can be achieved by
using the intermediate voltage as a fourth rail in the computing platform.
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Figure 4.1. (a) Block diagram of the two stage architecture with three loosely regulated
output voltage rails (b) electrical scheme of the Triple Output Fixed Ratio Converter.

4.3 Proposed solution based on four port dc/dc transformer
without isolation
The second stage converter from Figure 4.1b is a fixed ratio converter and,
therefore, a four port dc/dc transformer based on the SRC, whose
operating principle was described in Chapter 2, can be used as an
alternative solution for the TOFRC proposed in [33]. Unlike the TOFRC,
the four port dc/dc transformer needs only one magnetic component and
can potentially decrease the occupied area which is always a critical issue
in computing platforms with multiple voltage rails. Since the output
voltages VO1, VO2 and VO3 are proportional, the straightforward approach
would be to generate them directly from the intermediate rail voltage VO
by adjusting the transformer turns ratio. Figure 4.2a shows the block
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diagram of this approach. The high frequency transformer in the three
output power node is processing all the output power given by:
3
1
1
1
Ptr , a  VO I1  VO I 2  VO I 3  VO  3I1  2I 2  I 3 
4
2
4
4

(71)

where I1, I2 and I3 are the dc output currents. A second approach is that the
desirable output voltage levels can be generated by subtracting the
voltages generated by the power node from the intermediate rail voltage
VO. A block diagram in Figure 4.2b illustrates this approach in case when
the power node output voltages are equal to (1/4)*VO and interconnected
in series and to the voltage VO. In this way the intermediate rail voltage is
not used just to supply the second stage converter but also to deliver the
output power which can further relax the overall cost and area constraints.
The power processed by the power node high frequency transformer
changes its direction, i.e., the high frequency transformer primary side is
now delivering power to the intermediate voltage rail capacitor, as
compared to the configuration from Figure 4.2a and is given by:
1
1
1
1
Ptr ,b  VO  I1  I 2  I 3   VO  I 2  I 3   VO I 3  VO  I1  2I 2  3I 3 
4
4
4
4

(72)

The ratio of the powers processed by the high frequency transformers
from Figure 4.2 is given by:
Ptr ,b
Ptr , a

 1

2  I1  I 3 
3I1  2 I 2  I 3

(73)

The reduction in power processed by the high frequency transformer is
dependent on the output current demand. If the output current I1 is higher
than the current I3 only a fraction of the output power is processed
through the high frequency transformer in the configuration from Figure
4.2b allowing for smaller core size to be selected and also reducing the
second stage power losses. However, the advantages derived from
including the intermediate rail voltage in supplying the output voltage
rails come at the price of the broken isolation between the primary stage
and the output voltages that is provided in the configuration from Figure
4.2a. Anyway, both solutions can be considered to replace TOFRC
proposed by Intel since there is no isolation requirement.
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In order to fully exploit the advantages of the approach described above,
the power node output voltages have to be selected as in the following. If
the sum of the power node output voltages used to generate the output
voltage VOi, iϵ[1,2,3], is vi, then the power of the i-th output should be
higher or equal to the power the high frequency transformer processes to
generate the voltage VOi (=VO - vi) as it is given in (74):

VO  vi  Ii  vi Ii

(74)

Therefore, the voltage vi subtracted from the input voltage VO has to be
less than or equal to VO/2 in order to minimize the power processed by
the high frequency transformer. In the configuration from Figure 4.2b the
voltage VO3 is not generated according to the above mentioned condition
resulting in this topology being non optimal one from the transformer
point of view. The optimal configuration can be found among the
topologies that combine the approaches shown in Figure 4.2a and Figure
4.2b where at least one output voltage rail is generated subtracting the
power node output voltage from the input voltage. This voltage rail
should be either VO1 or VO2 because otherwise the condition derived from
(74) could not possibly be satisfied.
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Figure 4.2. Block diagrams of the two concept configurations of the second stage: (a) the
transformer processes all the output power and (b) the transformer processes only a
fraction of the output power.
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4.3.1 Low-voltage low-power design example of four port
dc/dc transformer
The proposed TOFRC converter was intended to deliver many voltage
rails on a computing platform at the system level. The transient
requirements were not as restricted as for the voltage regulators that
supply the CPU. The typical system level voltage rails of VO1 = 5V and VO2
= 3.3V were selected for the proof of the concept prototype and the third
rail of VO3 = 1.65V was generated as a consequence to provide 1.5V
typically needed on the platform, [33]. The output voltage regulation
limits for each output were set at ±5%. The intermediate rail voltage that
supplied the TOFRC was VO = 6.6V. This voltage was generated as an
output from the first stage regulated buck converter that was battery
supplied from the input voltage, Vin, in the atypical range of 8.2V to 12.6V.
The output current requirements of the corresponding voltage rails were I1
= 8A, I2 = 8A and I3 = 1A delivering in total P = 68W (P1 = 40W, P2 = 26.4W
and P3 = 1.6W) of the output power.
Using these converter specifications and the fact that the power node
output voltages that are going to be subtracted from the input voltage
should be 1.65V (=VO/4) or 3.3V (=VO/2), six possible converter
configurations are derived and shown in Figure 4.3. The power that high
frequency transformer in each one of these configurations processes is
given by:
Ptr , a  1.65V 16 A  1.65V  8 A  39.6W

(75)

Ptr ,b  3.3V  8 A  26.4W

(76)

Ptr ,c  3.3V  8 A  1.65V 1A  28.05W

(77)

Ptr , d  5V  8 A  1.65V 1A  41.65W

(78)

Ptr ,e  1.65V  9 A  1.65V  8 A  28.05W

(79)

Ptr , f  1.65V  9 A  3.3V  8 A  41.25W

(80)

It can be seen that, for the selected specifications, the high frequency
transformer from the configuration shown in Figure 4.3b processes the
least power (only 38.8% of the total output power) when comparing to the
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Figure 4.3. Six possible configurations of the second stage low-voltage low-power
converter design example combining the concepts shown in Figure 4.2.
121

Multiple Input-Output Bidirectional Solid State Transformer Based on a Series Resonant Converter

rest of possible configurations. In this way smaller core can be selected for
the design, reducing the occupied area and leading to higher power
density converter. If the selected design example is realized as in the
configuration shown in Figure 4.2b the power processed by the high
frequency transformer is given by:
Ptr ,1.14b  1.65V 17 A  1.65V  9 A  1.65V 1A  44.55W

(81)

Comparing to the configurations shown in the Figure 4.3, the lowest
percentage of the total output power is delivered to the load in this case
bypassing the high frequency transformer as it was expected from the
considerations given in the previous section.

4.3.2 Comparison of the four port dc/dc transformer designs
with and without isolation
In order to take a full insight into the advantages and disadvantages of
using the four port dc/dc transformer input voltage in its output voltages
generation, the converters with and without isolation were designed and
compared for the given specifications. The electrical schemes of the
isolated and non-isolated four port dc/dc transformers are shown in
Figure 4.4 and Figure 4.5, respectively. Since the converter is intended for
using in the computing platforms, the bidirectional operation of the
converter is not necessary and any cell given in Figure 2.6 can be selected
as an inverter/rectifier cell. Full bridge and half bridge inverter/rectifier
cells were considered for this design in order to verify the circuit operation
in case when the switches are driven with a pulse transformer. If all the
inverter/rectifier cells were of the full-bridge type, the high frequency
transformer turns ratio, n0:n1:n2:n3, would be 4:3:2:1 for the isolated
converter configuration and 4:1:2:2 for non-isolated configuration while
the total number of switches would be 16. In order to reduce the converter
complexity the total number of switches can be decreased by using half
bridge cells on the primary side and one secondary side. The half bridge
type cell employs only two switches but the conduction losses are two
times higher comparing to the full bridge type. In the isolated converter
the half bridge rectifier can be placed only on the VO2 output if the
transformer turns number is not to be increased. In this case the new
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transformer turns ratio is 2:3:1:1. In the non-isolated converter there are
two possibilities to connect it to the second or the third winding. The
current of the winding connected to the half bridge rectifier is two times
higher than when the full bridge is used and is proportional to the output
current. Therefore, the half bridge rectifier is connected to the third
winding to generate VO3 output with much lower output current demand
that at VO2 output. The new transformer turns ratio for the non-isolated
converter shown in Figure 4.5 is 2:1:2:1.
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Figure 4.4. Electrical scheme of the four port dc/dc transformer.
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Figure 4.5. Electrical scheme of the non-isolated four port dc/dc transformer for the
configuration shown in Figure 4.3b.

The high frequency transformer design for the isolated converter topology
shown in Figure 4.4 is given in Figure 4.6a. The transformer is built on
EE18/8/10/R (3F3 material) core from Ferroxcube with four parallel
planar windings on the primary side, two on the first secondary and three
on the second secondary side. As a comparison, the transformer design for
the isolated converter with all inverter/rectifier cells implemented as full
bridge is given in Figure 4.6b showing slightly worse performance
regarding the winding losses and the component’s temperature rise.
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Figure 4.6. Cross section of the high frequency transformer windings implemented on the
EE18/8/10/R core: (a) winding interleaving arrangement of the transformer for
n0:n1:n2:n3=2:3:1:1 and (b) n0:n1:n2:n3=4:3:2:1.

The reduction in the high frequency transformer size and operating
temperature is achieved by moving to the converter topology shown in
Figure 4.5. Two different transformer designs with n0:n1:n2:n3=2:1:2:1 turns
ratio are compared in Figure 4.7 when implemented on pcb boards with
different number of layers and on the same EE14/7/5/R (3F3 material)
core from Ferroxcube. The 12 layer design has one less parallel winding on
the primary and two less parallel windings on the second secondary side
than the 18 layer design, which results in 100mW higher winding losses.
On the other hand, since the cost is also a critical issue in computing
platforms the 12 layer design can be more desirable than the 18 layer one.
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Figure 4.7. Cross section of the high frequency transformer windings implemented on the
EE14/7/5/R core using: (a) 18 layer and (b) 12 layer pcb board.

The estimation of the operating temperature for those designs could not be
obtained using generated FEA models since the high frequency
transformer in the given design example has, from the energy point of
view, three input terminals (primary, first and second secondary side) and
one output terminal (on the third secondary side). Nevertheless, it can be
seen from the design data of a transformer on EE14/7/5/R core with only
one energy input terminal that the total power losses of 650mW increase
the transformer temperature to 92ºC. Therefore, the temperature of the
transformer can be considered maintained in the safe operating area since
the power losses of the both designs from Figure 4.7 are below this value.
The isolated and non-isolated four port dc/dc transformer designs are also
compared from the point of view of the switch power losses. In Table 4.1
are given the expressions and the values of the switch rms currents in the
two designs at full load.
The maximum rms currents through the primary side switches in the nonisolated topology - obtained when the second output is fully loaded and
the other two are at no load condition – are 2.5 times lower than that of the
isolated one reducing significantly conduction losses in the switches. It can
also be seen that the majority of the switches in the non-isolated topology
have similar rms currents. Therefore, devices with the same current
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ratings can be used leading to more uniform power loss distribution in the
converter.
Switches

Rms current
 n1 I OUT 1  2n2 I OUT 2  n3 I OUT 3

M0,1,M0,2

n0

4 2



M1,1,M1,2,M1,3,M1,4
Isolated
four port
dc/dc
M2,1,M2,2
transformer

2 2



M3,1,M3,2,M3,3,M3,4
M0,1,M0,2

4 2

4.44A

I OUT 2

8.88A

I OUT 3

0.56A



n1 I OUT 1  n2 I OUT 2  (n1  2n3 ) I OUT 3
n0
4 2



NonM1,1,M1,2,M1,3,M1,4
isolated
four port
M2,1,M2,2,M2,3,M2,4
dc/dc
transformer
M3,1,M3,2

4 2

 IOUT 1  IOUT 3 

4 2


2 2

11.38A

I OUT 1

4 2



Value

1.4A
5A

I OUT 2

4.44A

I OUT 3

1.11A

Table 4.1. Comparison of the switch rms currents in the isolated and non-isolated four
port dc/dc transformer designs at full load.

4.4 Self and cross load regulation of the non-isolated four port
dc/dc transformer
The calculations of the self and mutual output resistances of the nonisolated four port dc/dc transformer can be performed following the
procedure derived in Chapter 2 for the multiple port dc/dc transformer
with some minor changes related to the specific interconnections between
the input and two output voltages and the opposite current direction in
the two secondary side windings. Assuming that the leakage inductances
at each winding are perfectly tuned to their respective resonant capacitors
and by converting sinusoidal voltage drop on the current path parasitic
resistances into square voltages, the relations between the high frequency
transformer primary and secondary side voltages are given by:
n1  V0 


 r0 I 0 m   V1'  r1 I1m

n0  2 4
4
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n2  V0 


 r0 I 0 m   VO 2  r2 I 2 m

n0  2 4
4


(83)

n3  V0 
 V3' 
  r0 I 0 m    r3 I 3m
n0  2 4
 2 4

(84)

where ri, iϵ[0,1,2,3], are current path parasitic resistances that include
corresponding switch, layout and winding resistances, Iim are the
amplitudes of the resonant tank currents and V1’ and V3’ are dc voltages
across the capacitors C1’ and C3’ given by:
V1'  V0  VO1

(85)

V3'  VO1  VO3

(86)

The resonant tank current amplitudes are related to the output currents as
in:
I1m  


2

 IOUT 1  IOUT 3 
I OUT 2

(88)

I3m   IOUT 3

(89)

I 2m 

I 0m 



(87)

2

n1 I1m  n2 I 2 m  n3 I 3m
n0

(90)

By solving the equations given above for the output voltages, the
expressions for the self and mutual output resistances are obtained:

n 
VO1  1  1 V0  R11 I OUT 1  R12 I OUT 2  R13 I OUT 3
 2n0 
R11 

 2  n12


 r0  r1 
8  n02


R12  

R13 

VO 2 

 2 n1n2
8 n02

 2  n1  n1  2n3 

8 

2
0

n

(92)

r0

(93)


r0  r1 


(94)

n2
V0  R21 I OUT 1  R22 I OUT 2  R23 I OUT 3
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It can be seen from the given expressions that the steady state values of all
the output voltages depend on at least one negative mutual output
resistance which is another advantage of the non-isolated four port dc/dc
transformer configuration over the isolated one. Namely, the negative
mutual output resistances decrease at some extent the influence of the
primary side circuit total resistance, r0, on the output voltage values and,
thus, further improve the good self load regulation characteristics of the
four port dc/dc transformer based on SRC. By properly selecting the
output current specifications for the given high frequency transformer
turns ratio and equivalent primary and secondary side circuits series
resistances the output voltage deviations from their nominal values can be
reduced to minimum.

4.5 Gate drive circuit design
The non-isolated four port dc/dc transformer design example has high
number of switching devices. In order to drive all those devices discrete
drivers for each leg can be employed. Since the isolation between the first
stage and the output voltage rails is not needed the driving circuit can be
much simpler than in case the isolation was required. In total six high and
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low side driver chips are needed. With the additional external components
the driving circuit would occupy large part of the total area which is,
besides cost, another critical issue in the design. A potential reduction of
the occupied area can be achieved by using pulse transformer to drive the
switches.

4.5.1 Push-pull configuration
The push-pull configuration with the pulse transformer given in Figure
4.8a was first considered for this design. The supply voltage is the
intermediate bus voltage V0 and the pulse transformer windings have the
same turn number. The red and blue secondary windings are directly
connected between gate and source pins of the power switches. Figure
4.8b shows the driving signals of the switches S1 and S2 as well as the
pulse transformer voltages vGS. The dead time interval between the
driving signals of the power switches in one leg, td, is provided by
adjusting the magnetizing inductance of the pulse transformer. After the
switch S1 is turned off the peak magnetizing current starts to charge its Coss
capacitance and discharge Coss of S2 and Ciss of all the power switches.
When Coss of S1 is charged to 2V0 the drain-source voltage of the switch S2 is
zero and it can be turned on with ZVS. In this way, all the energy stored in
parasitic drain-source and gate-source capacitances is recycled reducing
the driving circuit power consumption. However, since all the power
switches are driven from one power transformer, the equivalent
capacitance seen from its primary side is very high. Since the charging and
discharging of the parasitic capacitances is done at approximately constant
current this would require high peak magnetizing current leading to
excessive driving circuit power losses.
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Figure 4.8. (a) Push pull driving of the pulse transformer; (b) switch driving waveforms.

4.5.2 Full-bridge configuration
Instead of adjusting the magnetizing inductance value, the dead time
interval between the power switch driving signals can be provided by
applying zero voltage to the pulse transformer as it is shown in Figure 4.9a
using full bridge inverter. If the high side (S1 and S3) or low side (S2 and S4)
switches in the full bridge inverter are simultaneously turned on, zero
voltage is applied on the pulse transformer primary side and all the power
switches are turned off. The length of the dead time interval can be
adjusted by changing the phase shift, φ, between the driving signals of the
full bridge inverter leading and lagging leg, Figure 4.9b. The switches S1,
S2, S3 and S4 can be hard switched without causing the shoot-through in
the power stage as opposed to the push pull driving scheme where the
switches S1 and S2 have to be soft switched in order to provide non-zero
dead time interval.
The pulse transformer is implemented on the same EE14/3.5/5/R (3F3
material) core as the high frequency transformer. In total 13 windings are
needed, one primary and 12 secondary windings. Each winding has 7
turns which gives 60µH of the magnetizing inductance. The estimated core
and winding losses are around 35mW and 15mW, respectively. The
MOSFETs PMN20EN from NXP Semiconductors are selected for the
switches S1, S2, S3 and S4 and two TPS28225DRBTG4 drivers from Texas
Instruments are used to drive them.
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Figure 4.9. (a) Full bridge driving of the pulse transformer; (b) switch driving
waveforms.

4.6 Simulation results
The selection of the power switches for the non-isolated four port dc/dc
transformer is done within the set of the DirectFET case style MOSFET
transistors since they offer the lowest parasitic package inductance and
resistance, [20]. The total power losses in each transistor are estimated as
the sum of the gating, conduction and switching losses as in:
1
2
2
Ploss  2V0 f swQg  RDS ( on ) I rms
 CossVDS
f sw
2

(103)

where Qg is the total gate charge, RDS(on) drain-source on-resistance and Coss
output capacitance of the transistor. The gating losses term is multiplied
by factor two since the transistor is driven to off-state applying negative
voltage to its gate-source terminal. The lowest total power losses for all the
switches are obtained for the IRF6711STR1PBF MOSFET (25V, 4mΩ, 20nC)
from International Rectifier. The non-isolated four port dc/dc transformer
was then simulated using its PSpice model provided by the manufacturer
and the 18 layer high frequency transformer model generated from the
FEA analysis. In series with all the resonant tanks were added small
inductive impedances (Rloop=5mΩ & Lloop=5nH) to model the parasitic
resistances and stray inductances of the primary and secondary side loops.
The requirements and design parameters used in the simulation are
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summarized in Table 4.2. The resonant capacitors values were adjusted to
achieve ZCS in all the switches. It can be seen that the resonant capacitor
Cres0 resonate with the primary side loop inductance and that the high
frequency transformer leakage inductance at this winding is negligible.
The values of the resonant capacitors Cres1, Cres2 and Cres3 had to be changed
to account for the leakage inductances of the corresponding windings. The
input voltage was also increased to V0=6.9V in order to compensate for the
voltage drop on the current path parasitic resistance.
Parameter
Primary
Secondary1 Secondary2 Secondary3
Input/output
V0=6.6V
VO1=5V
VO2=3.3V
VO3=1.65V
voltage
Input/output
I0=10.3A
IO1=8A
IO2=8A
IO3=1A
current
Resonant
2Cres0=20µF Cres1=18µF
Cres2=18µF 2Cres3=12.8µF
capacitor
Filter
C1=20µF
C3=20µF
C2=60µF
capacitor
C1’=20µF
C3’=20µF
Output
R1=0.625Ω R2=0.4125Ω
R3=1.65Ω
resistance
Switching
500kHz
frequency
Table 4.2. Design parameters of the non-isolated four port dc/dc transformer.

The design parameters of the TOFRC prototype are given in Table 4.3.
Parameter
TOFRC
Input voltage
V0=6.6V
Output voltage
VO1=5V
VO2=3.3V
VO3=1.65V
Output current
IO1=8A
IO2=8A
IO3=1A
Filter inductor
L1=2.2µH
L3=2.2µH
Filter capacitor
C1=2 x 220uF C2=4 x 22uF C3=1 x 220uF
Floating capacitor
C5=6 x 22uF
Switching frequency
350kHz
Table 4.3. Design parameters of the TOFRC prototype from Intel, [33].

4.6.1 Resonant tank currents at full load
Figure 4.10 shows the gate-source voltage and resonant tank current
waveforms when all the outputs are fully loaded. The ZCS condition at
turn-off is satisfied for all the primary and secondary side switches.
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Figure 4.10. Simulation results of the switch gate-source voltage and resonant tank
current waveforms in a steady state operation of the non-isolated four port dc/dc
transformer from Figure 4.5 at full load.

4.6.2 Output voltage ripple
Shown in Figure 4.11 are the output voltage ripples when the converter is
fully loaded. The output voltage deviations from their respective nominal
values are within the limit of ±5%. As it was expected, the largest voltage
deviation occurs at the third output because its self output resistance
depends on the primary and two secondary side loop resistances. Since
the switching frequency is higher and the output ripple is at twice the
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switching frequency, the typical ripple requirements of 50mV are achieved
for all the outputs using much lower output capacitances than in the
TOFRC converter.
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Figure 4.11. Output voltage ripples of the non-isolated four port dc/dc transformer from
Figure 4.5 at full load. The average values of all three output voltages are within the ±5%
voltage regulation limits.

4.6.3 Magnetizing current distribution at no load condition
The effect of the magnetizing inductance on the current distribution
between the windings is shown in Figure 4.12 when all the outputs are at
no load.
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Figure 4.12. Simulation results of the switch gate-source voltage and resonant tank
current waveforms in a steady state operation of the non-isolated four port dc/dc
transformer from Figure 4.5 at no load showing the magnetizing current distribution
between the primary and secondary side tanks.

4.6.4 Efficiency and load regulation characteristics
The efficiency and voltage regulation plots are given in Figure 4.13 for the
loads that change equally with respect to their nominal values. The
estimated efficiency is approximately constant from about 50% of the load
up to full load reaching 95% of peak efficiency. In this load range the
efficiency of the TOFRC drops from about 94% to 89% at full load.
However, the TOFRC has much better performance in the light load range
with the efficiency over 94% from about 7% to 50% of the load. This is due
to the power losses associated to the magnetizing current that, in contrast
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VO1 voltage regulation (V)

Efficiency (%)

to the resonant currents, does not decrease as the load decrease. At no load
condition, the total power losses are 1.4W of which 0.9W dissipated in the
driving circuit and the rest are the losses in the power stage caused by the
magnetizing current and the hard switch turn-on. In order to improve the
light load efficiency of the non-isolated four port dc/dc transformer
without increasing the high frequency transformer core size and
significantly affecting its winding losses, a full bridge cell can be used as a
primary side inverter instead of a half bridge one. By adding two
additional switches, the primary side winding would have four turns and
the magnetizing inductance would be four times higher while the power
losses due to the magnetizing current would be decreased by factor of
sixteen leading to higher light load efficiency. The voltage regulation
characteristics show that, even though the converter is operated in an
open loop, the steady state output voltages are maintained within the ±5%
voltage regulation limits in the full load range, from full load to open
circuit.
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Figure 4.13. (a) Efficiency and (b), (c), (d) voltage regulation characteristics of the nonisolated four port dc/dc transformer when all three loads are changing at the same
percentage of their respective nominal loads. The voltage limits on the VO1, VO2 and VO3
plots are ±5% voltage regulation limits.
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4.6.5 Tolerance analysis
The tolerance analysis of the non-isolated four port dc/dc transformer
under variation of the resonant capacitor values has also been done. The
converter performances have been checked in cases when all the resonant
capacitors at the secondary sides were changed equally keeping the same
ratio between the capacitances as in the nominal case. The simultaneous
change of the resonant capacitors may be considered as a possible worst
case scenario since it affects the resonant frequencies of all the secondary
side tanks and alters the ZCS operation of all the switches. These analyses
have been performed without any change in the switching frequency or
duty cycle.

4.6.5.1 Resonant capacitors lower than nominal
Figure 4.14 shows the resonant tank current waveforms when the resonant
capacitors Cres1, Cres2 and Cres3 are decreased to 70% of their nominal values.
The lost of ZCS operation in all the switches can be observed as well as the
increase in the peak resonant tank currents that compensate for the charge
restored form the output capacitors when the resonant tank currents
change their direction in one half switching cycle. Higher switch rms
currents increase conduction losses and decrease efficiency in comparison
to the nominal case. Only the switching losses in the full bridge rectifier on
the second secondary side are eliminated since the MOSFETs turn-off with
positive drain-source current. In the rest of the switches, the non-zero
current at turn-off will cause body diode to conduct and thus further
contribute to the power losses increase.
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Figure 4.14. Simulation results of the resonant tank current waveforms at full load when
the resonant capacitors Cres1, Cres2 and Cres3 are decreased to 70% of their nominal values.

4.6.5.2 Resonant capacitors higher than nominal
The same current waveforms are shown in Figure 4.15 when the resonant
capacitors Cres1, Cres2 and Cres3 are increased to 130% of their nominal
values. The ZCS operation is also lost while the peak resonant tank
currents are lower comparing to the nominal case since the resonant tank
currents are not change their direction in one half switching cycle. Besides
the lower rms currents and, consequently, lower conduction losses, the
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increase of the resonant capacitor values eliminates the switching losses
since all the switches turn-off with positive drain-source current.
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Figure 4.15. Simulation results of the resonant tank current waveforms at full load when
the resonant capacitors Cres1, Cres2 and Cres3 are increased to 130% of their nominal values.

4.6.5.3 Efficiency and load regulation characteristics
The confirmation of the aforementioned analysis is given in Figure 4.16
that shows the effect of the resonant capacitor change on the efficiency and
voltage regulation characteristics. Together with the red and blue curves,
that represent the converter performance when the resonant capacitor
values are 70% and 130% of their nominal values, respectively, are shown
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the nominal case characteristics for comparison. Slight gain of 0.3% at high
load and slight loss of 0.7% at the knee of the efficiency curve are observed
when the resonant capacitors are higher than nominal. The voltage
regulation characteristics are improved due to the lower currents that
cause lower voltage drop on the current path parasitic resistances. On the
other hand, the efficiency drop of at most 1.8% is observed when the
resonant capacitors are lower than nominal. The voltage regulation
characteristics are also worse due to the higher currents with the voltage
VO3 characteristic that even exceeds the ±5% voltage regulation limits.
Therefore, the intermediate bus voltage regulation is necessary to keep it
in the desired range. If the resonant capacitor Cres0 is changed together
with Cres1, Cres2 and Cres3 to 70% and 130 % of its nominal value the
efficiency and voltage regulation curves remain the same as before the
change.
The results of the tolerance analysis show that the variation of the
resonant capacitors in the range of 70% to 130% of their nominal values
causes small efficiency and voltage regulation characteristics deviation,
despite the fact that the switching frequency is not adapted to the
resonance frequency variation. The resonant capacitors do not have to be
precisely tuned to the switching frequency; in fact the values that slightly
exceed the nominal ones are preferable in this design.
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Figure 4.16. (a) Efficiency and (b), (c), (d) voltage regulation characteristics when the
resonant capacitors Cres1, Cres2 and Cres3 are 70% (red), 100% (black) and 130% (blue) of
their nominal values and all three loads are changing at the same percentage of their
respective nominal loads.

4.6.6 Start-up transient response
Another advantage of the proposed topology is lower resonant tank
currents in the start-up transient. Figure 4.17 shows the voltage and
current waveforms at soft start-up transient. While the input voltage V0 is
under the threshold voltage the primary side switches are off and the
resonant tank currents are zero. As the input capacitor C0 is charged from
the first stage converter, the capacitor C1’ and C3’ voltages increase thus
reducing the voltage drop on the current path parasitic resistances. After
the input voltage crosses the threshold voltage, the switches are turned-on
at higher on-resistances. If the slew rate of the V0 is relatively low the
switch on-resistances will slowly decrease having higher values over
various switching cycles. Together with the lower voltage difference on
the current path the higher on-resistances will prevent excessively high
resonant tank current peaks that would result if the input voltage with
high slew rate were applied.
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Figure 4.17. Simulation results of the soft start-up transient response of the four port
non-isolated dc/dc transformer.

4.7 Area considerations
The total area occupied by the TOFRC solution to deliver 5V, 3.3V and
1.65V voltage rails was about 2500mm2 when it was implemented with
discrete components. The traditional solution implementation with buck
converters required approximately 2100mm2. However, it was estimated
in [33] that with appropriate device integration the total area occupied by
the TOFRC solution can be reduced to about 1600mm2 offering more
compact solution as compared to the traditional one.
The solution proposed here with non-isolated four port dc/dc transformer
based on SRC could provide even greater reduction in the occupied area
comparing to the integrated TOFRC solution. Figure 4.18 shows the top
and bottom view of the layout design for the four port dc/dc transformer
proof of the concept prototype. The yellow square line shown in both top
and bottom layer frames the 4cm x 4cm area within which is comprised
the vast majority of the components that contribute to the functionality of
the circuit with only a small part of the layout in the lower left corner of
the top layer that stays out of this area. This shows that the area occupied
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by the implementation of the non-isolated four port dc/dc transformer
with discrete components is similar to the one that is estimated for the
TOFRC with proper device integration. By eliminating the resistors added
between the pulse transformer secondary windings and gate pads to allow
easier circuit validation and in series with the resonant tanks to enable
current sensing using current probes, the optimized final design of the
proposed non-isolated four port dc/dc transformer would result in a more
compact solution to deliver three voltage rails than the optimized TOFRC
based one.
Top view

Bottom view

Figure 4.18. Layout top and bottom view of the designed non-isolated four port dc/dc
transformer.

4.8 Conclusions
In this chapter, the use of the multiple port dc/dc transformer based on
SRC in a low-voltage low-power application is considered. Low-voltage
applications can benefit from the use of the multiple port dc/dc
transformer since the switching losses are negligible and the magnetizing
inductance of the high frequency transformer does not have to be adjusted
to achieve ZVS operation. The conduction losses due to the magnetizing
current are reduced if not eliminated and the high frequency transformer
design is not penalized by the need for additional gap. Due to this and the
resonant currents that decrease as the load decreases, the efficiency of the
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multiple port dc/dc transformer can be maintained plane in a wide load
range.
The impact of the proposed multiple port dc/dc transformer on the two
stage power architecture performance was analyzed on the voltage
regulator design example for delivering three voltage rails in computing
platforms. The problem of occupied area is always a critical issue in
computing platforms and, in order to address it, a different concept of
energy processing in a multiple port dc/dc transformer is proposed in this
chapter. The use of the input voltage of the multiple port dc/dc
transformer in generation of the output voltages in the proposed concept
breaks the isolation between the primary and the secondary sides but
reduces the power processed by the high frequency transformer to only a
fraction of the output power. Together with the appropriateness of the
dc/dc transformer based on SRC for high frequency operation, this can
significantly reduce the transformer core volume leading to more compact
and higher power density solution. Another advantage of the proposed
concept is lower switch rms currents and, thus, lower power losses
comparing to the isolated dc/dc transformer configuration.
The concept validation has been carried out based upon the simulation of
the 5V/8A, 3.3V/8A and 1.65V/1A 500kHz prototype. It was shown in the
previous chapter that the precision of the dc/dc transformer simulation
model is high enough and, therefore, the validation of the concept
proposed in this chapter using simulation is considered quite acceptable.
Six possible configurations of the four port dc/dc transformer were
analyzed for the design. The selected configuration process only 38.8% of
the total output power through the high frequency transformer making it
possible to reduce the high frequency transformer size to EE14/7/5/R
core resulting in less occupied area in comparison to the optimized
existing solution. Other potential improvements over the existing design
include up to 6% efficiency gain in the half to full load range and lower
capacitor values. However, the light load efficiency is not as high as in the
existing design. The maximum estimated efficiency loss of 15% occurs at
approximately 5W of the output power. The proposed converter can
operate properly with slight change in the performance even if the
resonant capacitors are not precisely tuned to the switching frequency.
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5. Conclusions and Future Work
5.1 Conclusions
The power systems in modern computer, networking and telecom
applications have experienced continuous increasing in power density and
efficiency requirements. Meeting those challenging requirements is
expected to come from simultaneous improvements in system power
delivery architectures, topology refinements, advancements in component
and material technology as well as in packaging technology and thermal
management design. In this sense, the new topological level solution for
dc/dc transformer proposed in this thesis, that can be operated at high
and fixed switching frequency, provide isolation and multiple output
voltage capability present the first major contribution of this thesis.
The novel multiple port dc/dc bidirectional transformer solution is based
on the SRC topology operating just at the resonance frequency. In this
way, the input voltage regulation capability is lost but high power density
operation at constant switching frequency is possible. The converter
features the virtual elimination of the power transistor switching losses
in all the inverter bridges; ZVS and nearly ZCS are achieved in all the
switches. This allows for higher switching frequencies to be adopted and,
consequently, reduce the size of the high frequency transformer, which is
the only magnetic component in the converter. Full bridge and half bridge
inverter/rectifier cell combinations are possible depending on the
specifications. A very good self and cross load regulation characteristic of
the converter is observed due to its inherent low output impedances.
In the second chapter, an extensive theoretical analysis of the proposed
multiple port dc/dc bidirectional transformer solution is provided,
together with the design guidelines, and presents the second major
contribution of this work. Three models of different complexity were
analyzed using fundamental current and voltage approximation. The first
model is the simplest one and contains only resistive elements since all the
tank reactances are nullified at the switching frequency and is applied to a
design where the magnetizing inductance is considered infinite. In the
second model, the magnetizing inductance is considered finite and the
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secondary side tank reactances are different than zero. The analysis results
show the way to select the resonant capacitor values to achieve different
design goals such as minimum conduction losses and ZCS operation at
full load of all the secondary side bridges or elimination of cross
regulation at all loading conditions. The third model is the most complex
one where no assumptions are made regarding the circuit elements. From
the infinite number of the design options, the resonant capacitors can be
selected in order to minimize the maximum phase shifts between the
secondary side resonant tank currents and the rectifier square input
voltages in order to minimize the loss of the ZCS operation of the
secondary side switches due to the load variation. A change in the 50%
duty cycle driving pattern to automatically adapt the switching frequency
and duty cycles of the switches to achieve ZCS operation of all the
secondary side bridges independent on load variations or resonant
capacitor tolerances is also proposed.
In the third chapter, the converter performance were experimentally
verified on a 300W, 700 kHz converter prototype with 390V input voltage
and 48V and 12V output voltage levels normally found in IBA. The
transformer was built on one EE18 core and its power density was
190kW/dm3. The maximum efficiency of 93% was measured at full load.
The bidirectional operation was validated from no load to full load with
similar performance. The tolerance analysis has shown that the variation
of the resonant capacitor in the range of 70% to 138% of its nominal
value causes small efficiency drop and very small deterioration of the
voltage regulation characteristics, despite the fact that the switching
frequency was not adapted to the resonance frequency variation. If it is
necessary, the resonant capacitor tolerances can be compensated by
precise selection of the switching frequency and duty cycle in a closed
loop operation.
In the fourth chapter, the use of the multiple port dc/dc transformer based
on SRC in a low-voltage low-power application without isolation
requirements is considered. Low-voltage applications can benefit from the
use of the multiple port dc/dc transformer since the switching losses are
negligible and the high frequency transformer design is not penalized by
the need for additional gap to obtain finite magnetizing inductance. An
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implementation of a different concept into a multiple port dc/dc
transformer in which the high frequency transformer processes only a
fraction of the output power presents the third major contribution of the
thesis. The final demonstration is done on a 6.6V input voltage, 5V/8A,
3.3V/8A and 1.65V/1A outputs, 500kHz prototype resulting in less
occupied area in comparison to the optimized existing solution, efficiency
gain in the high load range and lower capacitor values.
During the work on this thesis three papers have been published on
international peer reviewed conferences:
 Z. Pavlović, J. A. Oliver, P. Alou, O. Garcia, J. A. Cobos:
“Bidirectional Dual Active Bridge Series Resonant Converter with
Pulse Modulation”, IEEE Applied Power Electronics Conference and
Exposition, APEC 2012, Orlando, Florida, USA, February 5-9, 2012.
 Z. Pavlović, J. A. Oliver, P. Alou, O. Garcia, J. A. Cobos:
“Bidirectional Multiple Port dc/dc Transformer Based on a Series
Resonant Converter”, IEEE Applied Power Electronics Conference and
Exposition, APEC 2013, Long Beach, California, USA, March 17-21,
2013.
 Z. Pavlović, J. A. Oliver, P. Alou, O. Garcia, J. A. Cobos: “Analysis
and validation of a multiple output series resonant converter”,
Annual Seminar on Automatics, Industrial Electronics and
Instrumentation, SAAEI13, Madrid, Spain, July 10-12, 2013.

5.2 Future work
In order to achieve higher efficiency and power density figures future
research of the multiple port dc/dc transformers could be related to:
 Synchronizing of the driving signals with tank currents to assure
load independent ZCS operation. The expected operation of the
converter’s power stage was verified in the open loop. In a closedloop test the switching frequency and duty cycles of the switches
automatically adapt to the resonant capacitors tolerances and the
magnetizing current effect.
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 Utilizing GaN transistors. The comparison of the Si and
enhancement-mode GaN (eGaN) devices has already been
demonstrated in [34] on an unregulated, fixed ratio dual active
bridge dc/dc converter. eGaN FETs from [35] have significantly
improved gate drive (QG x RDS(on)) and output charge (Qoss x RDS(on))
figure of merits when compared to Si MOSFETs. Lower gate charge
of the eGaN FETs together with the required lower gate drive
voltages lead to significantly reduced gate drive losses which are
the only switching related losses in the converter. Reduction of the
energy stored in the output capacitors results in lower magnetizing
current needed to discharge them which has a great beneficial
impact on both the high frequency transformer design or lower
dead time interval providing higher power delivery duty cycle and
reduced rms currents. Another advantage of the eGaN FETs over Si
MOSFETs is their linear grid array (LGA) package with interleaved
drain and source pads which minimizes package parasitic
inductance and resistance.


Transformer optimization. The resonant nature of the proposed
multiple port dc/dc transformer allows for increasing the switching
frequency of the active power devices. However, as the frequency
increases, the core and winding losses of the high frequency
transformer also increase which may lead to the excessive
temperature rise in the magnetic component and limit power
density increase and foot print reduction. The optimization of the
high frequency transformer design, therefore, requires special
attention since it is the most bulky component in the converter.
Additional improvements are required in order to achieve higher
efficiency conversion and reliable converter operation. In order to
spread the dissipated power and drop the temperature rise of the
transformer a two transformer structure can be considered with the
primary sides connected in series and the secondary sides
connected in parallel, [36]. By dividing the transformer primary
side voltage the number of the primary side turns or the core size
can be reduced. This would lead to lower magnetizing inductance
requiring smaller gap to be added which is highly beneficial since
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the introduction of the gap induces additional winding losses due
to the fringing flux. Future work should also include investigation
for a low permeability magnetic material suitable for high
frequency operation to achieve lower magnetizing inductance and
to need smaller gap to adjust its value for proper ZVS operation.
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