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Abstract
With the rapid increase of cloud computing and the high demand for digital content, it is
estimated that the power consumption of the IT industry will reach 10 % of the total electric power
in the USA by 2020. Multi-core processors (CPUs) and graphics processing units (GPUs) are the
key elements in fulfilling all of the digital content requirements, but come with a price of more
power-hungry processors, driving the power per server rack to 20 KW levels. The need for more
efficient power management solutions on the architecture level, down to the converter level, is
inevitable. Recently, data centers have replaced the 12V DC server rack distribution with a 48V
DC distribution, producing a significant overall system efficiency improvement. However, 48V
rack architecture raises significant challenges for the voltage regulator modules (VRMs) required
for powering the processor. The 48V VRM in the vicinity of the CPU needs to be designed with
very high efficiency, high power density, high light-load efficiency, as well as meet all transient
requirements by the CPU and GPU.
Transferring the well-developed multi-phase buck converter used in the 12V VRM to the 48V
distribution platform is not that simple. The buck converter operating with 48V, stepping down to
sub 2V, will be subjected to significant switching related loss, resulting in lower overall system
efficiency. These challenges drive the need to look for more efficient architectures for 48V VRM
solutions.

Two-stage conversions can help solve the design challenges for 48V VRMs. A first-stage
unregulated converter is used to step-down the 48V to a specific intermediate bus voltage. This
voltage will feed a multi-phase buck converter that powers the CPU. An unregulated LLC
converter is used for the first-stage converter, with zero voltage switching (ZVS) operation for the
primary side switches, and zero current switching (ZCS) along with ZVS operation, for the
secondary side synchronous rectifiers (SRs). The LLC converter can operate at high frequency, in
order to reduce the magnetic components size, while achieving high-efficiency. The highefficiency first-stage, along with the scalability and high bandwidth control of the second-stage,
allows this architecture to achieve high-efficiency and power density. This architecture is simpler
to adopt by industry, by plugging the unregulated converter before the existing multi-phase buck
converters on today’s platforms.
The first challenge for this architecture is the transformer design of the first-stage LLC
converter. It must avoid all of the loss associated with high frequency operations, and still achieve
high power density without scarifying efficiency. In this thesis, the integrated matrix transformer
structure is optimized by SR integration with windings, interleaved primary side termination, and
a better PCB winding arrangement to achieve high-efficiency and power density, and minimize
the losses associated with high-frequency operations.
The second challenge is the light load efficiency improvement. In this thesis a light load
efficiency improvement is proposed by a dynamic change of the intermediate bus voltage, resulting
in more than 8 % light load efficiency improvements. The third challenge is the selection of the
optimal bus voltage for the two-stage architecture. The impact of different bus voltages was
analyzed in order to maximize the overall conversion efficiency. Multiple 48V unregulated

converters were designed with maximum efficiency >98 %, and power densities >1000 W/in3,
with different output voltages, to select the optimal bus voltage for the two-stage VRM.
Although the two-stage VRM is more scalable and simpler to design and adopt by current
industry, the efficiency will reduce as full power flows in two cascaded DC/DC converters. Singlestage conversion can achieve higher-efficiency and power-density. In this thesis, a quasi-parallel
Sigma converter is proposed for the 48V VRM application. In this structure, the power is shared
between two converters, resulting in higher conversion efficiency. With the aid of an optimized
integrated magnetic design, a Sigma converter suitable for narrow voltage range applications was
designed with 420 W/in3 and a maximum efficiency of 94 %. Later, another Sigma converter
suitable for wide voltage range applications was designed with 700W/in3 and a maximum
efficiency of 95 %. Both designs can achieve higher efficiency than the two-stage VRM and all
other state-of-art solutions. The challenges associated with the Sigma converter, such as startup
and closed loop control were addressed, in order to make it a viable solution for the VRM
application.
The 48V rack architecture requires regulated 12V output converters for various loads. In this
thesis, a regulated LLC is used to design a high-efficiency and power-density 48V bus converter.
A novel integration method of the inductor and transformer helps the LLC achieve the required
regulation capability with minimum losses, resulting in a converter that can provide 1KW of
continuous power with efficiency of 97.8 % and 700 W/in3 power density.
This dissertation discusses new power architectures with an optimized design for the 48V rack
architectures. With the academic contributions in this dissertation, different conversion
architectures can be utilized for 48V VRM solutions that solve all of the challenges associated
with it, such as scalability, high-efficiency, high density, and high BW control.
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General Audience Abstract
With the rapid increase of cloud computing and the high demand for digital content, it is
estimated that the power consumption of the IT industry will reach 10 % of the total electric power
in the USA by 2020. Multi-core processors (CPUs) and graphics processing units (GPUs) are the
key elements in fulfilling all of the digital content requirements but come with a price of more
power-hungry processors, driving the power per server rack to 20 KW levels. The need for more
efficient power management solutions on the architecture level, down to the converter level, is
inevitable. The data center manufacturers have recently adopted a more efficient architecture that
supplies a 48V DC server rack distribution instead of a 12V DC distribution to the server
motherboard. This helped reduce costs and losses, but as a consequence, raised a challenge in the
design of the DC/DC voltage regulator modules (VRM) supplied by the 48V, in order to power
the CPU and GPU.
In this work, different architectures will be explored for the 48V VRM, and the trade-off
between them will be evaluated. The main target is to design the VRM with very high-efficiency
and high-power density to reduce the cost and size of the CPU/GPU motherboards.
First, a two-stage power conversion structure will be used. The benefit of this structure is that
it relies on existing technology using the 12V VRM for powering the CPU. The only modification

required is the addition of another converter to step the 48V to the 12V level. This architecture can
be easily adopted by industry, with only small modifications required on the system design level.
Secondly, a single-stage power conversion structure is proposed that achieves higher
efficiency and power density compared to the two-stage approach; however, the structure is very
challenging to design and to meet all requirements by the CPU/GPU applications. All of these
challenges will be addressed and solved in this work.
The proposed architectures will be designed using an optimized magnetic structure. These
structures achieve very high efficiency and power density in their designed architectures,
compared to state-of-art solutions. In addition, they can be easily manufactured using automated
manufacturing processes.
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Chapter 1.

Introduction

1.1. Introduction to datacenter power architectures
With the rapid increase of cloud computing and the high demand for digital content, it is
estimated that the power consumption of data centers will reach 10 % of the total electric power
by 2020 [1]. High performance multi-core processors are one reason for this rapid growth in energy
consumption. The number of transistors per CPU will double every year in accordance with
Moore’s law, as shown in Fig. 1-1. Shifting from a single core to a multi-core CPU enabled this
expansion, resulting in a more power-hungry processor with demanded currents (>350A) at low
output voltages. The development in the GPU is even more aggressive and goes beyond the
predictions of Moore’s law where over 600 cores are implemented in a single GPU chip. With
current levels (>500A) at very low voltages [2], these significantly increase the demanded power
and represent a significant challenge for the voltage regulator modules (VRM) powering the CPU
and GPU. In addition, there exists a significant challenge of powering the data center and looking
for efficient power delivery architectures, with the power per rack estimated at 20 kW and
increasing.
Traditionally, data centers use redundant power architecture, as in Fig. 1-2, thus resulting in
poor over all power delivery efficiency. Shifting to higher bus voltages, such as 48V instead of
12V, was proposed [3] and subsequently adopted by Google®, as shown in Fig. 1-3, where the
UPS system is replaced by a local DC UPS with a 48V backplane [4]. By removing the redundant
power conversion, the proposed architecture can increase the system efficiency by 18 %.
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Significant challenges are presented in this proposed architecture. For instance, the 48V VRM,
located in close vicinity to the CPU, has to be designed with high power density and efficiency.
Since the CPUs are constantly operating between the sleep-mode and the wake-up-mode, with the
majority of the time in the sleep-mode, the 48V VRM has to operate with high efficiency at light
load operation [5].

Fig. 1-1. Trend in increasing number of transistors in CPU and GPU.

Fig. 1-2. Traditional AC distribution system in data centers with 12V rack voltage.
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Fig. 1-3. New server hall distribution system with 48V bus.

1.2. VR Design Challenges for next generation microprocessors
The evolution of the microprocessors from a single-core to a multi-core structure came with
a price of high demanded power. Traditionally, the CPU was powered from a 12V interleaved
multi-phase buck converter to reduce the output ripple and improve the transient response, as
shown in Fig. 1-4. In this architecture, the CPU requires very low rail voltages with high demanded
currents (≈120A). This architecture was used in the development of the multi-core structure until
2012. The cores inside the CPU were supplied with the same voltage, which was not optimal for
each of them. The difference between the desired and applied voltages represents wasted energy,
as shown in Fig. 1-5 [6], [7].

Fig. 1-4. Multi-phase buck converter powering multi-core CPU with a fixed rail voltage.
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Fig. 1-5. Energy saving by dynamic voltage scaling [8].
The second challenge in this architecture is the low output voltages, which require the buck
converter to operate at very low duty cycles. That makes the high frequency operation more
difficult and reduces the converter efficiency [9]. To solve these issues, Intel introduced their
Haswell architecture with their first fully integrated voltage regulator (FIVR) concept for powering
the CPU in 2013 [10]. Instead of supplying one rail voltage to all of the cores, an integrated FIVR
is used to dynamically scale the voltage per core to save the wasted energy. Their first generation
of FIVR utilized their CMOS technology to develop a low voltage buck converter operating at 140
MHz, by which air core inductors integrated inside the CPU can be utilized, as shown in Fig. 1-6.
This converter can operate with a bandwidth of 80MHz to reduce the required capacitors during
load transients. Later, their second generation FIVR was applied to the Broadwell platform in
2015. In this structure, the air core inductors were moved outside the CPU die to avoid the noise
issues created by the unconfined air core inductor flux, as shown in Fig. 1-7 [11].
In addition to the saved wasted energy on the CPU by using dynamic voltage scaling, this
architecture reduces the burden on the multi-phase VRM outside the CPU, required to supply the
new rail voltages. By using FIVR, the required voltages of the CPU increased from a wide range
of (≈0.5–1.V) to a narrow and higher voltage range of (≈1.6–1.8V), as shown in Fig. 1-8 [12]. This
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will allow the buck converter to operate with a higher duty cycle, and higher conversion efficiency
is achieved. Although the FIVR reduced the burden on the VRM, there still remains significant
challenges that the designed VRM must meet when delivering power to the CPU.

Fig. 1-6. Intel first generation FIVR with air core inductor in Haswell CPU [10].

Fig. 1-7. Intel second generation FIVR with air core inductor outside CPU die in Broadwell CPU
[11].

Fig. 1-8. Multi-phase buck converter powering multi-core CPU with FIVR.
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Light Load Efficiency

Although the maximum power (Pmax) in the CPU is increasing with each new released
microprocessor, reaching Pmax levels of >510W during turbo boost modes [12], the converter is
normally operating in sleep mode states, with power consumption <100W, as shown in Fig. 1-9.
The VRM is normally designed to deliver a continuous power equal to the average power of
operation. This power is referred to as the thermal design point power (PTDP). The VRM is also
required to maintain a high light load efficiency, due to the frequent operation at the sleep mode.

Fig. 1-9. Power sequence in CPU.
1.2.2.

Fast Transient Response and Adaptive Voltage Positioning

The VRM is required to supply the CPU with high demand currents with a very stringent
transient response. The current slew rates can reach 1000 A/usec, according to Intel’s latest VRM
Spec, VR 14.0. The adaptive voltage positioning (AVP) concept was proposed by Intel, by which
the VRM should represent a constant output impedance. This means the output voltage will reduce
with the higher output currents, and a significant number of output capacitors can be saved [13],
[14]. The CPU sends the commanded (VVID) voltage, shown in Fig. 1-10. The CPU voltage (𝑉𝐶𝐶 )
should drop with the increase of the CPU current (𝐼𝑐𝑐 ), following a constant slope that is equal to
the load line resistance (𝑅𝐿𝐿 ) specified by each CPU. The 𝑉𝑐𝑐 value is also required to be
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maintained within a very tight tolerance band of (𝑇𝑂𝐵 = ± 22 𝑚𝑉) [15]. Although the voltage
can drop with the higher output currents, Intel specifies very tight overshoot and undershoot values
with this very fast load transients, as shown in Fig. 1-11. Lastly, the 𝑉𝑉𝐼𝐷 command itself is
dynamically changing from the CPU with very fast slew rates of 25𝑚𝑉/𝑢𝑆𝑒𝑐. The output voltage
needs to reach the new commanded voltage with the same specified overshoot and undershoot as
in the load transients, as shown in Fig. 1-12. These system variations and load transients represent
a huge challenge for VRM design.

Fig. 1-10. Voltage and current relationship for Intel CPU.

Fig. 1-11. Minimum and maximum overshoot requirement for Intel CPU with AVP control.
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Fig. 1-12. Dynamic SVID change for Intel CPU.

1.3. Challenges for 48V VRM and State-of-art Solutions
The 48V rack architecture utilizes a 48V DC distribution voltage that feeds the VRM
powering DDR, CPU, and GPU loads on the motherboard, as shown in Fig. 1-13[16]. This
architecture raises a challenge for the VRM design placement on the mother board near the CPU,
GPU, and DDRs. First, the designed VRM needs to supply different types of loads with various
output voltage ranges. Secondly, the designed VRM has to operate with very high-efficiency and
with high-power-density, due to the limited spaces on the motherboard, as shown in Fig. 1-14.
Lastly, the designed VRM should be scalable and able to meet all of the transient requirements by
the CPU, GPU, and DDRs.

Fig. 1-13. 48 V rack power distribution architecture.

8

Mohamed H. Ahmed

Chapter 1

Fig. 1-14. 48 V rack power motherboard.
Recently, much work has been proposed for the 48V VRM in both data centers and
telecommunication applications. These solutions can be categorized as follows. In a single-stage
solution, the 48V is stepped down directly to the point of load (POL) voltages (<2V). In a twostage solution, two converters are connected in series with an intermediate bus voltage between
them; only one of these converters is responsible for regulating the POL voltage while the other
converter operates as an unregulated converter.
1.3.1.

Two-Stage Solutions for 48V VRM

The basic two architectures for a two-stage 48V VRM are shown in Fig. 1-15. The first
architecture shown in Fig. 1-15 (a), relies on a regulated converter (referred to as D2D), followed
by an un-regulated converter (referred to as DCX), where the output voltage (𝑉𝐹𝐵 ) of the CPU is
fed back to the controller to regulate bus voltage (𝑉𝐵𝑢𝑠 ). This is done by controlling the D2D
converter. The second architecture is shown in Fig. 1-15(b). In this architecture, the first-stage is
a DCX followed with a D2D that regulates the POL.
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(a)

(b)
Fig. 1-15. Two-stage 48V VRM different power architectures. (a) Regulated (D2D) + unregulated (DCX). (b) Unregulated (DCX) + regulated (D2D).
The first commercially available 48V VRM solution by VICOR® [3], [17] relies on the
architecture shown in Fig. 1-15(a). Their architecture, shown in Fig. 1-16(a), uses a soft-switched
first-stage buck-boost pre-regulator module (PRM) for the D2D, cascaded with a soft-switched
unregulated sine amplitude voltage transformation module (VTM) for the DCX. Their solution has
developed through the years, achieving higher efficiency and high-density. However, their solution
is not easily scalable. A de-rating of 35 % for their first stage regulator module is required with
parallel operation. For their second stage transformer module, there is no means to control the
current sharing between the various parallel modules[18]. For this reason, they tend to design their
second stage to deliver very high output currents to avoid any current sharing problems when
paralleling various modules. This approach makes their solution less scalable.
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(a)

(b)
Fig. 1-16. VICOR two-stage 48V VRM. (a) Two-stage architecture.(b) Hardware prototypes [19]
The other two-stage VRM architecture is shown in Fig. 1-15(b) and reported in [20]. It
utilized a non-regulated soft switching converter for the first-stage DCX, followed with a multiphase buck converter D2D, to provide a tightly regulated POL voltage. The soft switching
operation of the first-stage helps achieve very high-efficiency and power density. The second-stage
multi-phase buck converter is a simple, low cost and scalable solution that has been used for 12V
rack architecture for a long time; thus, this architecture can quickly be adopted by the industry for
next generation data centers. A great amount of literature and industry work is further developing
this solution using different first-stage topologies. These can be categorized as transformer-based
or switched capacitor-based solutions.
The transformer-based solutions are described as follows: In [20] the first-stage is an inductorless active clamp DCX, as shown in Fig. 1-17. This converter belongs to a family of unregulated
inductor-less converters that has been reported in [21] . This family of converters can operate with
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zero voltage switching (ZVS) for both primary devices and secondary synchronous rectifiers
(SRs), zero current switching (ZCS) for the SRs and near ZCS operation for the primary side
devices. This enables operation with very high switching frequency without scarifying the
efficiency, by which high power-density is achieved. However, this family of converters relies on
a resonant network formed between the transformer leakage inductance and the converter output
capacitance, in order to achieve soft switching. For high frequency operation, the required output
capacitance will be very small. This will result in a larger bus voltage ripple, especially at higher
loading conditions. In addition, the input capacitors of the second-stage buck converter will impact
the resonance performance of the first-stage DCX. An LC filter is needed between the two stages
to decouple them, resulting in a reduction of the overall conversion efficiency and power density.

(a)

(b)

Fig. 1-17. Two-stage 48V VRM with transformer based first-stage DCX. (a) Power architecture.
(b) Hardware prototype [20].
The switched capacitor-based solutions are described as follows: In [22], [23], a capacitive
voltage divider was used for the first-stage DCX, as shown in Fig. 1-21. This converter relies on
capacitors for energy transfer, by which all of the magnetic components are eliminated, and highpower density was achieved. This converter operates with zero voltage turn-off and zero current
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turn-on. The only switching related loss is the devices driving loss and output capacitor charge and
discharge loss, by which high efficiency (>98 %) was achieved. However, the converter
experiences high current spikes during the switching transitions, due to the charge unbalance
across the capacitors, as shown in Fig. 1-19. For high power applications, this converter
experiences high conduction loss at heavy load, and the efficiency drops significantly unless a
large number of capacitors are used. With the capacitor voltage coefficients, the capacitance values
drop significantly with voltages, and will result in an even larger number of capacitors be added
to compensate for this drop. Then the overall power density will reduce [24].

(a)

(b)

Fig. 1-18. Two-stage 48V VRM with transformer based first-stage DCX. (a) Power architecture.
(b) Hardware prototype [22].

Fig. 1-19. Capacitor voltage divider current waveforms.
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In [16], [25], [26], the first stage DCX is a switched tank converter (STC) circuit, shown in
Fig. 1-21(a). Instead of using a pure capacitive voltage divider, an inductor is added to resonate
with the capacitor. The current spikes are eliminated, and the device current becomes a pure
sinusoidal current, as shown in Fig. 1-21(b).
In the STC converter, the devices operate with ZCS during turn-on and turn-off. The only
switching related loss is the device driving loss and output capacitor charge and discharge loss.
The reported converter can achieve a high-efficiency of 98.6 % and power density of 500 W/in2
for the 48/12V converter shown in Fig. 1-21(a), and 98.5 % efficiency for the 48/8V power
conversion with 700 W/in3 power density for the converter shown in Fig. 1-21(b).

(a)

(b)
Fig. 1-20. Two-stage 48V VRM with switched tank converter. (a) Power architecture. (b)
Devices current waveforms [26].
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(a)

(b)

Fig. 1-21. Switched tank converters hardware prototype. (a) 48/12V- 600W STC [26]. (b)
Hardware prototype of 48/8V-450W STC [25].
Although it has a high efficiency operation, the circuit requires an extra buck converter for
startup and short circuit protection. The circuit consists of multiple resonant branches that need to
be identical for optimal efficiency operation. This makes the circuit more vulnerable to component
tolerances, and the need for a special controller to adaptively tune the operating frequency is
inevitable [27]. In a two-stage VRM, the bus voltage between the two-stages needs to be optimized
for maximum overall efficiency and density. The STC converter has difficulty expanding to lower
output voltages. A resonant branch needs to be added with every conversion stage from (4:1, 6:1,
8:1, …etc.), as shown in Fig. 1-22. This makes it even harder to make all resonant branches operate
at the same frequency with different component tolerances.

(a)
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(b)
Fig. 1-22. STC converter with different voltage conversion ratio. (a) (4:1) conversion (b) (8:1)
conversion.
In [28], the cascaded (2 x 2:1) resonant switch capacitor converter shown in Fig. 1-23 ,
demonstrated very high-efficiency and power-density for a 48/12 V conversion with less
sensitivity to component tolerances, and ZVS operation. However, for lower output voltages, the
efficiency will drop, and the circuit complexity increases when cascading more converters.

Fig. 1-23. Cascaded resonant switched capacitor converter [28].
Until now, all of the reported first-stage converters for a two-stage VRM architecture used a
fixed (4:1) conversion ratio DCX and a 12V intermediate bus. With higher bus voltages, the firststage will experience less output current stress, and very high-efficiency can be achieved; however,
the second-stage buck converter will experience higher switching related loss. Higher breakdown
voltage devices will be needed, typically 25 V or 30 V, that have higher figure of merits (FOMs)
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and will reduce the overall VRM efficiency. Also, the operating frequency is limited to lower
values, typically <600 KHz, that will reduce the overall VRM power density.
1.3.2.

Single-Stage Solutions for 48V VRM

Although two-stage configurations are more scalable and simpler, the total efficiency will
always reduce with the non-efficient second-stage buck converter. Also, the total power has to
flow through two converters. Single-stage conversion can achieve higher overall efficiency with
higher power-density. In [29]–[31] a Current-Tripler 48V VRM with a compact magnetic structure
operating at 300 KHz, shown in Fig. 1-24, was proposed, together with a 1-MHz self-driven
scheme that solves the problem of SRs switching. The two solutions can achieve high-efficiency
of 87 % and 84 % respectively. However, in the proposed scheme, not all of the primary side
switches can achieve ZVS at light load. The result is a significant efficiency drop at light loading
conditions, thus preventing high-frequency operation, resulting in reduced power density.

(a)

(b)

Fig. 1-24. (a) Current-tripler 48V/1.0V VRM. (b) Hardware prototype [29].
In [32], a cascaded buck converter, shown in Fig. 1-25, was proposed to reduce voltage stress
across each cell of the cascaded converter, by which low voltage devices can be used for each cell.
However, the structure and control are very complex and eliminate the possibility of using

17

Mohamed H. Ahmed

Chapter 1

integrated smart power stage buck converters, known as DrMOS devices, which are essential for
a high switching frequency operation.

Fig. 1-25. Cascaded multi-phase buck converter 48/1.2V VRM [32].
The hybrid switch capacitor multi-phase buck converter, shown in Fig. 1-26, reported in [33],
[34], can achieve a high peak efficiency of 94.6 %. However, the circuit is complex, the efficiency
drops significantly at very heavy load conditions, and it is highly affected by circuit parasitic.

(a)

(b)

Fig. 1-26. Hybrid switch capacitor 48V VRM. (a) Circuit diagram. (b) Hardware prototype
[33], [34].
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A single-stage quasi-resonant converter with a current-doubler rectifier, shown in Fig. 1-27(a),
was reported in [35] and adopted by STM Microelectronics [36]. The converter can operate with
zero voltage switching (ZVS) in all loading conditions with high-efficiency of 93 %. However, the
topology requires four magnetic components, reducing the converter power density. By integrating
all of the magnetic components in one structure, as shown in Fig. 1-27(b), the converter can
achieve higher power density for the price of a significant reduction in efficiency.

(a)

(b)

Fig. 1-27. Quasi-resonant phase shift full bridge. (a) Circuit diagram (b) Hardware prototypes.
Top: with discrete magnetic. Bottom: with integrated magnetics [35] [36].
From all of these different approaches for 48V VRM in data centers, only one has been already
adopted by industry [36]. For either single-stage or two-stage configurations, the 48V VRM is
required to be easily scalable and to operate with high-efficiency and power density. In this thesis,
a different power architecture is proposed for both single-stage and two-stage 48V VRM solutions
that can address all of the VRM challenges with an outstanding performance over most state-ofart solutions.
In this work, a two-stage transformer based 48V VRM is proposed. The first-stage DCX is an
LLC converter. The multi-phase buck converter is used for the second-stage, as shown in Fig.
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1-28. An optimized magnetic design is proposed for the LLC-DCX is proposed that helps the
converter achieve very high efficiency and power density. In addition, a detailed evaluation of the
intermediate bus voltage is performed, to show the design trade-off and to select an optimal bus
voltage in the two-stage VRM solution. Also, a light load efficiency method is proposed that helps
increase the light load efficiency by more than 8 %. The details of this work will be covered in
detail in Chapter 2 and Chapter 3.

Fig. 1-28. Power architecture of the proposed two-stage 48V VRM with LLC-DCX first stage
converter.
The second approach is a single-stage Sigma converter. The Sigma converter concept was
first proposed in [37], [38], for 12V VRM that exhibited outstanding performance over multi-phase
buck converters. The same concept is revisited in this thesis and proposed for a single-stage 48V
VRM. The Sigma converter is a quasi-parallel converter that connects two converters in series
from the input side, and in parallel from the output side. One of the converters is an unregulated
isolated LLC-DCX that conducts the bulk power, while the other is a non-isolated converter
responsible for regulating the output voltage (D2D), as shown in Fig. 1-29 .
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A potential benefit of this architecture is its ability to achieve a higher conversion efficiency
by sharing power between multiple converters, instead of flowing all of the power in the two
converters, as in the two-stage approach. The key element to obtain full potential for both
architectures is the magnetic design of the LLC converter. This is needed to operate at a highfrequency and achieve high power density without scarifying the efficiency of operation. The
details of this proposed approach to achieve all of the design targets, while meeting the CPU power
and transient requirements, will be covered in detail in Chapter 4.

Fig. 1-29. Sigma converter VRM power architecture.

1.4. Challenges for 48V Bus Converters and State-of-art Solutions
In the 48V rack power architecture motherboard, there exists other high-power demanding
loads, such as PCLe slots for GPUs and FPGAs, cooling, and other peripheral devices. These types
of loads require a regulated 12V, and their power can reach over 1 KW [39], [40]. These types of
regulated 48/12V converters, or sometimes referred to as intermediate bus converters, (IBC), have
been widely used in the telecommunication industry for a long time.
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The 48V IBCs can be categorized as non-regulated converters [41], [42], which are suitable
for a narrow input voltage range (40-60V) with second stage point of load converters, (POL), for
output voltage regulation, as described in the previous section. Semi-regulated converters [43],
[44] are used for wider input voltage converters (36–75V). In these, the converter partially
regulates the output voltage to a range where the second stage POL can still use low voltage
devices to maximize the system efficiency. With the fully regulated bus converter [45], [46], the
output has to be tightly regulated at (3.3V, 5V, or 12V), to supply all of the auxiliary power for
these peripheral devices. This type of converter will be the focus of this work.
Constant frequency pulse width modulation (PWM) phase shift full bridge converters are
commonly used in IBC. Despite the simple closed loop implementation and simple
electromagnetic interference (EMI) filter designs for constant frequency operation, these
converters have limited soft switching capabilities under different loading conditions. This forces
the operation to a lower switching frequency (100–200 KHz) in order to avoid switching related
loss. A state-of-art IBC converter with a PWM operation circuit diagram is shown in Fig. 1-30
[47], [48]. The low frequency operation of these converters results in bulky magnetic components,
and therefore only one transformer can be employed to deliver the desired high output power. With
only one transformer, secondary windings and SRs are paralleled to reduce the conduction loss;
however, current sharing problems between these devices and windings will exist and can be
detrimental. An additional issue for this structure is the large termination loss between the AC
points of the transformer and the filter inductor and SRs, which represents a huge portion of the
conduction loss, especially with high frequency operations [41].
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Fig. 1-30. State-of-art 48/12V IBC with phase shift full bridge.
The trend for state-of-art IBC solutions is shown in Fig. 1-31. Most solutions operate with
efficiencies below or equal to 96 % while providing low power density solutions. The target for
this work is to design an IBC that can deliver high power of 1 KW with very high-power density
while achieving high-efficiency over 97 %.

Fig. 1-31. Trend in state-of-art 48/12V IBC.
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In this thesis, an LLC converter with variable frequency control is proposed for regulated bus
converter applications. Compared to PWM topologies, an LLC converter can achieve a soft
switching operation under all loading conditions. This enables higher frequency operation
(>1MHz) without sacrificing efficiency, while reducing the size of magnetic components. All
details of this work will be explained in Chapter 5 of this thesis.

1.5. Challenges with LLC Converter Magnetic Design
The LLC converter is a key element in all proposed power architectures for a 48V rack
distribution system in both VRM and IBC applications. For high current low voltage applications,
as in data center servers, the design of the LLC converter is very challenging, due to the need of
paralleling multiple SRs to handle the high output current. This will result in issues with the SRs
current sharing and large termination losses of the transformer. The current practice for the LLC
transformer is using litz wire and copper foils to make the primary and secondary windings,
respectively. This work is labor intensive and results in very bulky transformers. Matrix
transformer design can aid in solving these issues.
The concept of the matrix transformer is to break a single transformer into various elemental
arrays, inter-wired to form the single transformer, and doing so will reduce the total transformer
losses by splitting the current among various elements. The matrix transformer has shown
outstanding performance when used in various applications [41], [49]–[55]. The planar matrix
transformer with PCB winding can benefit the targeted applications in many aspects. First, the
manufacturing process can be easily automated, saving major labor-intensive work. Secondly, with
the matrix transformer, the termination connection between each matrix transformer element and
its designated SR can be minimized, resulting in a significant reduction in the total losses. Thirdly,
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higher power density solutions can be easily achieved by integrating these elemental transformers
in simple core structures.
Fig. 1-32 shows an example of a matrix transformer where a single (4:1) transformer was
broken into a two (2:1) matrix transformer structure. The benefit of this is splitting the current
between secondary windings, thus reducing winding resistance and leakage inductance. With all
primary windings connected in series, the current sharing between all secondary windings is
guaranteed, by which no current sharing problem will exist between parallel SRs. With the aid of
the flux cancellation and integration method presented in [50], the single EI-Core shown in Fig.
1-33(a) used for the (1 x 4:1) single-transformer, is simplified to a UI-core structure used for the (
2 x 2:1) matrix-transformer, as shown in Fig. 1-33(b), resulting in footprint and core loss
reduction.

(a)

(b)

Fig. 1-32. (a) Single (4:1) transformer (b) (2 x 2:1) matrix transfomer.
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(a)

(b)
Fig. 1-33. (a) EI-Core. (b) UI-Core.

In [49], the flux cancellation method was first applied to simplify the two-core structure into
a single-core structure without removing the center leg. The designed converter shown in Fig.
1-34(a), used Silicon (Si) devices, operated at 800 KHz, and used an single EI-core. In [41] the
center leg removal concept was applied, and the designed converter shown in Fig. 1-34(b), used
gallium nitride (GaN) devices, and operated at 1.6 MHz.

(a)

(b)

Fig. 1-34. Previous designed DCX with integrated magnetics. (a) 800KHz with silicon
devices and EI-core [49]. (b) 1.6 MHZ with GaN devices and UI-core [41].
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With the advantage of GaN devices and their superior FOMs over their Si counterparts, high
frequency operation, and magnetic integration concepts, the converter was able to achieve higher
efficiency and power density. However, the converter uses a termination method that results in
higher conduction loss and limits the ability of delivering higher power demanded by the current
trend in data centers. The Generation 2 board will be used as a benchmark in this work, and further
modifications will be applied to this design. That will result in significant improvements in power
density and efficiency to promote the LLC converter for the 48V VRM solution in data center
applications.
In the IBC application, the LLC converter resonant inductor is required to be large enough to
achieve regulation capability, and the transformer leakage inductance is not enough for such
purpose. Usually, litz wire inductors are used to minimize the AC related loss of these inductors;
however, the resulted inductors are bulky and labor intensive to implement. Several works have
been recently published that utilize PCB winding, creating a resonant inductor integrated with a
transformer in different circuit topologies. In [35], the stacked transformer and inductor structure,
shown in Fig. 1-35, was proposed for use with a quasi-resonant phase shift full bridge converter
to achieve soft switching and regulation capabilities. In [56] another stacked inductor and
transformer structure, shown in Fig. 1-36, was proposed for use with an LLC converter to achieve
the required regulation capabilities. Although both solutions reported high-efficiency and powerdensity, both structures require long connections between the transformer and inductor that result
in high AC conduction loss. This is due to the nature of the inductor current, which is pure
sinusoidal waveforms, by which high eddy current loss is involved.
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(a)

(b)

Fig. 1-35. Integrated PCB inductor and transformer structure in [35]. (a) 3D view. (b) Cross
sectional view.

(a)

(b)

Fig. 1-36. Integrated PCB inductor and transformer structure in [56]. (a) 3D view. (b) Cross
sectional view.
In this thesis, a PCB winding integrated inductor and transformer structure are proposed. In
this structure, a minimum winding and core structure are utilized to avoid the problems stated
earlier. In this case, the desired resonant inductor for regulation capabilities is realized for the LLC
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converter; however, the losses associated with the PCB winding inductor are significant and
represent a challenge for this design.

1.6. Thesis Outline
As discussed in this chapter, the 48V distribution rack architecture is very important for more
efficient power conversion in data centers with the increased demands of the computing power.
The 48V VRM design is very challenging in terms of scalability, power density, efficiency, and
the ability to meet all the transient requirements by the CPU and GPU. The LLC converter can be
applied in different power architectures to achieve the targeted goals for both VRM and IBC
converters located on the motherboard. However, the transformer design for the LLC converter to
achieve high-efficiency and density is very challenging.
Chapter 2 will investigate a two-stage VRM solution with an LLC-DCX and a multi-phase
buck converter for the second stage. An optimized magnetic structure for the LLC-DCX
transformer with an improved termination connection will be discussed. A light load efficiency
method is proposed, resulting in over 8 % light load efficiency improvement.
Chapter 3 will discuss further improvements in the first-stage LLC-DCX in the two-stage
architecture, by proposing an integrated parallel matrix transformer structure with a better
termination method, as well as a PCB winding implementation to achieve higher efficiency. The
same optimized structure is used to design two LLC-DCX with a different transformation ratio,
and the impact of the bus voltage will be studied to increase the overall system efficiency.
Chapter 4 will discuss a single-stage Sigma converter architecture with integrated magnetics
for 48V VRM application. Two designs will be proposed for applications requiring narrow voltage
range and wide voltage range. All issues related to this architecture, such as startup and closed
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loop control, will be discussed and resolved. The resulting 48V VRM exhibits significant
performance over other state-of-art solutions, either single-stage or two-stage solutions, and can
meet all transient requirements by the CPU.
Chapter 5 will discuss a novel integrated magnetic structure that integrates a transformer and
inductor in a single-core structure. The integrated structure will be applied to an LLC converter
that is used for a 48V IBC and provides the required isolation and regulation requirements, with
superior efficiency and power density over state-of-art solutions.
Conclusions and future work are given in Chapter 6
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Two-Stage 48V VRM With Light Load

Efficiency Improvement
In this thesis, the same two-stage configuration will be revisited, as in [20], but the first stage
inductor-less DCX will be replaced with an LLC-DCX, as shown in Fig. 1-28. Although both
converters share the same soft switching properties, in the LLC converter, the output capacitor can
be chosen as large as required, in order to reduce the bus voltage ripples and eliminate the need of
any buck converter input filters. To enable high-efficiency operation, special care should be taken
with the first-stage LLC-DCX design.

2.1. Investigation of Matrix Transformer Integration and Simplification
The first stage 48V/12V LLC-DCX is targeted at 250W output power. The major loss in this
stage occurs in the transformer secondary side winding losses where the high output current occurs.
The use of a matrix transformer can reduce these losses significantly. Fig. 2-1 shows an example
of a matrix transformer where a single (4:1) transformer was broken into a two (2:1) matrix
transformer structure. The benefit of this is splitting the current between secondary windings
reduces winding resistance and leakage inductance. The flip side of this design is the increase in
the number of cores results in a higher core loss and footprint [50] .
In [41], [49], [50], the author presents an integrated version for these two core structures,
shown in Fig. 2-2(a), into one core structure, by combining the two cores and widening the center
leg, as seen in Fig. 2-2 (b). By reversing the direction of the primary current on one of the
transformers, with the flux cancelled in the center leg as in Fig. 2-2 (c), the core losses can be
further reduced. Since the flux in the center leg is almost zero, this center leg is removed for further
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simplification as in Fig. 2-2 (d), without any increase in the core losses, saving a lot of the footprint
and increasing the power density.

(a)

(b)

Fig. 2-1. (a) Single (4:1) transformer. (b) (2 x 2:1) matrix transfomer [50].

Fig. 2-2. (a) 2-core (2 x 2:1) matrix transformer. (b) 1-core integrated solution (2 x 2:1) matrix
transformer. (c) 1-core (2 x 2:1) integrated matrix transformer with flux cancellation. (d) 1-core
(2 x 2:1) integrated matrix transformer with flux cancellation and no center leg.
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Table 2-1 shows that the winding resistance and leakage inductance is reduced by half, but
the core loss is almost doubled, when using a two EI-core (2x2:1) matrix transformer instead of a
single EI-core (1x4:1) transformer structure. Using the flux cancellation, and integrating these two
cores in a single UI-core (2x2:1) matrix transformer structure, allows one to keep the benefits of
winding resistance and leakage inductance reduction. In addition, there is a significant reduction
of the total core loss, as shown in Table 2-1. The same concept of simplification and integration
of the matrix transformer will be used in this work.
Table 2-1: Parameters comparison for single 4:1 transformer and Two 2:1 matrix transformer

Quantity

Single EI-Core
4:1 Transf.

Two EI-Core
2x2:1 Matrix
Transf.

Single UI-Core
2x2:1 Matrix
Transf.

Total Winding Resistance
reflected to primary side

49 mΩ

26 mΩ

26 mΩ

Leakage Inductance

57 nH

29 nH

29 nH

Core Loss

3.2 W

5.3 W

2.6 W

2.2. Matrix Transformer Termination Loss Reduction
The transformer termination represents the physical connection between the transformer
windings and the converter. In high current low voltage applications, as in this case, the termination
losses of the secondary windings are more severe, compared to the termination losses of the
primary side. In this work, an improvement of the matrix transformer termination is proposed by
integrating the secondary side SRs and output capacitors in the transformer windings.
Placing SRs and output capacitors outside the winding, as the case shown in Fig. 2-3(a), will
have a very large termination connection, resulting in a higher overall winding loss. In Fig. 2-3
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(b), with the proposed integration, the SRs and output capacitors are a part of the transformer
secondary windings.

(a)

(b)

Fig. 2-3. (a) SRs outside the transformer winding. (b) SRs integrated into the winding.
Reducing the termination loss with this integration is one benefit. The other benefit is
interleaving the termination current with the primary current from the underneath windings. This
will reduce both the total AC resistance and the leakage inductance even more. The effectiveness
of the proposed method can be clearly shown from the finite element analysis (FEA) using ANSYS
Maxwell® simulation, current density simulation results comparison in Fig. 2-4(a) and (b). With
this integration method, the transformer terminals will have less current crowding at the SRs and
more evenly distributed current, compared to the case with SRs outside, where there exists severe
current crowding at the termination. The field intensity comparison is shown in Fig. 2-5(a) and
(b). With SRs outside of the winding, there exists a significant field intensity at the termination
part, compared to the case with integration; this will reflect as a reduction of the transformer
leakage inductance.
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(a)

(b)

Fig. 2-4. FEA simulation current density plot. (a) SRs outside the winding. (b) SRs integrated
into the winding.

(a)

(b)

Fig. 2-5. Transformer FEA simulation results. (a) Field intensity plot. (b) Current density plot.
The calculated transformer winding resistance and leakage inductance from FEA simulation,
listed in

Table 2-2, shows that with the integration method, the proposed design will achieve over a
40 % reduction in the winding resistance and a 30 % reduction in the transformer leakage
inductance.
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Table 2-2: FEA simulation result comparison with and without SR integration
Quantity

SRs Outside

SRs Integrated

Secondary Winding Resistance

2.3 mΩ

1.3 mΩ

Leakage Inductance

29 nH

20 nH

2.3. Design Optimization for Matrix Transformer
To optimize the matrix transformer design, one needs to evaluate the trade-off between total
transformer losses and the occupied footprint. The power architecture of the designed LLC-DCX
converter is shown in Fig. 2-6(a). It should be noted that both the leakage and magnetizing
inductance of the designed transformer are fully utilized to serve as the resonant circuit inductances
𝐿𝑟 and 𝐿𝑚 , respectively. The only element added to the circuits is the resonant capacitor, 𝐶𝑅 . The
(2 x 2:1) matrix transformer PCB winding arrangement with a 12-layer board and 2 Oz copper is
shown in Fig. 2-6 (b). The primary and secondary windings are interleaved to minimize the eddy
current effect and reduce winding resistance.

(a)
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(b)
Fig. 2-6. (a) Power architecture of the LLC-DCX converter. (b) 12-layer PCB winding
arrangement for matrix transformer.
To optimize the transformer design, first it is necessary to choose a good magnetic material.
Several material candidates were tested using the core loss measurement technique described in
[57], and some of the high frequency material candidates mentioned in [58] were also added to the
comparison at 2 MHz, as shown in Fig. 2-7. The ML-90 material from Hitachi was chosen for this
application due to its lower losses at this frequency range.

Fig. 2-7. Core loss density of different materials at 2MHz.
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The core loss density can be calculated by the modified Stimentz equation for rectangular
excitation given by (2-1) [59] . The corresponding core loss is calculated by the modified Stimentz
equation for rectangular excitation given in (2-2). The maximum core flux density can be
calculated by (2-3), where k, α, β are the magnetic material parameters usually supplied by the
manufacturer, 𝐵𝑚 is the peak flux density, 𝑉o is the output voltage, 𝐷 is the primary side switches
duty cycle, 𝐹𝑆 is the switching frequency, 𝐴𝑐𝑜𝑟𝑒 is the core leg cross sectional area, and 𝑉𝑜𝑙𝐶𝑜𝑟𝑒
is the core volume. The AC winding resistance can be calculated from Dowell’s model [60] as in
(2-4), (2-5), and (2-6), where ℎ𝑤 is the copper thickness, and m is the number of layers until
reaching peak MMF. Since we have perfectly interleaved primary and secondary windings
so (𝑚 = 1), 𝜌 is the copper resistivity, and 𝜔𝑠 is switching frequency. This model is valid for
idealized winding, and some other factors should be patched to this model, such as the
interconnection via and termination losses. This can be done by using FEA simulation to
compensate these effects into the calculated winding resistance; thus, the winding losses can be
calculated as in (2-7).

𝑃𝑉 =

8
𝑘 (𝐵𝑚 )𝛽 (𝐹𝑆 )𝛼
𝜋2

𝑃𝐶𝑜𝑟𝑒 = 𝑃𝑉 𝑉𝑜𝑙𝐶𝑜𝑟𝑒
𝐵𝑚 =

𝑉𝑜 𝐷
2𝐹𝑠 𝐴𝑐𝑜𝑟𝑒

(2-1)
(2-2)
(2-3)

𝑚(𝑚2 − 1)
𝑅𝑤 = 𝑅𝑑𝑐 [𝑚𝑅𝑒(𝑀𝑤 ) +
𝑅𝑒(𝐷𝑤 )]
3

(2-4)

𝑀𝑤 = 𝜆ℎ𝑤 𝑐𝑜𝑡ℎ(𝜆ℎ𝑤 ) 𝐷𝑤 = 𝜆ℎ𝑤 𝑡𝑎𝑛ℎ(𝜆ℎ𝑤 )

(2-5)

𝑗𝜔𝑠 𝜇𝑜 𝜂
𝜆=√
𝜌

(2-6)
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2
𝑃𝑤 = 𝐼𝑤_𝑅𝑀𝑆
𝑅𝑤 ′

(2-7)

The footprint of the matrix transformer is shown in Fig. 2-8. It can be seen that three
dimensions (a, b, and c) are to be designed. To achieve a small core loss value, the core loss density
(𝑃𝑉 ) was predetermined at (Pv =1000 KW/m3). To achieve a high enough power density, the
switching frequency (𝐹𝑆 ) was chosen to be fixed at 1.6 MHz.

Fig. 2-8. Matrix transformer dimensions.
From (2-1) one can see that by fixing both 𝑃𝑉 and 𝐹𝑠 , 𝐵𝑚 will be fixed as well. From (2-3) it
can be seen that as both 𝑉𝑜 and 𝐷 are constant, the core cross sectional area (𝐴𝐶𝑜𝑟𝑒 = 𝑎 × 𝑏) will
be fixed. This means that at each value of (a) there is a corresponding value of (b), so we can
optimize the design by calculating the total transformer losses at full load condition at different (a
and c) values, as shown in Fig. 2-9. It is clear that at different combinations of these two
parameters, we can have different losses. To see the transformer loss values for these
combinations, a contour plot of the total transformer losses with the contour plot of the transformer
footprint is shown in Fig. 2-10. From this plot it can be seen that each loss value can be achieved
at an optimal footprint. In Fig. 2-11, the total transformer losses with the corresponding optimal
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footprint were plotted, and this converter design point was chosen at (footprint ≈350mm2) and
marked by the dashed line, in order to have a good trade-off between efficiency and power density
[52].

Fig. 2-9. Total transformer losses at full load operation.

Fig. 2-10. Transformer footprint and losses contour plot.
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Fig. 2-11. Transformer total losses vs footprint.

2.4. Evaluation of The Two-Stage Converters for 48V VRM
After optimizing the design of the matrix transformer, a hardware prototype, shown in Fig.
2-12(b), was built for the first stage LLC-DCX converter. The converter was designed to operate
at switching frequency of 1.6 MHz. It can achieve a high-power density of ≈900W/in3. That is
equal to the power density achieved by the work reported previously, as shown in Fig. 2-12(a)
[41], [42], [55]. The standard for 48V bus architecture states that the voltage may vary from 40V
to 60V [61]; thus, 80V GaN devices (EPC2021) were chosen for the primary side devices. The
LLC-DCX converter operates with no output regulation, so the output voltage will also vary from
10V to 15V. With the center-tapped secondary configuration, the SRs will experience maximum
stress equal to double the output voltage, so 40V GaN devices (EPC2030) were chosen to ensure
the safety of the converter.
The designed converter can achieve higher efficiency compared to the previous work, as
shown in 2.12 (c), with a peak efficiency of 97.3 %, dropping to 97 %, at full load condition. The
41

Mohamed H. Ahmed

Chapter 2

parameters of the first stage LLC-DCX converter are mentioned in Table 2-3. The contribution of
each proposed design aspect for achieving this high efficiency is shown in Fig. 2-13. Primary and
secondary side GaN devices help in significantly reducing device related losses, compared to the
best of the industry practice silicon devices with the same voltage ratings. The use of the matrix
transformer with the proposed termination method has a major contribution in the reduction of
total transformer losses as well.

(a)

(b)

(c)

Fig. 2-12. LLC-DCX converter prototype and comparison with previous work. (a) 48/12V360W converter prototype in [41]. (b) This work 48/12V-250W converter prototype. (c)
Efficiency comparison.
Table 2-3: First Stage LLC-DCX Converter Parameters
Parameter

Value

Input Voltage

40-60V

Output Voltage

10-15V

Maximum Output Power

250W
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Switching Frequency

1.6MHz

Primary Devices

EPC2021

Secondary Devices

EPC2030

Core Material

ML90- Hitachi

Magnetizing Inductance (Lm)

3 uH

Leakage Inductance (Lr)

20 nH

Resonant Capacitor (Cr)

330 nF

Fig. 2-13. Contribution of main converter design aspect in reducing the total converter loss.
For the second stage 12V/1.8V converter, a 4-phase buck converter was used to provide a total
current of 120A and to operate at 1MHz. The efficiency of the second stage is highly dependent
on the DrMOS device losses. An experimental evaluation was conducted for three DrMOS
candidates: TDA21231 from Infineon, SIC620a from VISHAY, and CSD95378 from Texas
Instruments, with a discrete inductor of 200 nH from Coilcraft to select the best device. The used
evaluation boards for the devices are shown in Fig. 2-14. The measured efficiency results are
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shown in Fig. 2-15, where the device from Infineon provides the highest efficiency, so it was
chosen as the second stage converter device.

(a)

(b)

Fig. 2-14. DrMOS evaluation board. (a) SiC620a, TDA21231. (b) CSD95378.

Fig. 2-15. Experimental evaluation of DrMOS device candidates.

2.5. Light Load Efficiency Improvement
As mentioned earlier, the CPU is operating in sleeping-mode for most of the time [5]. One
benefit that can be derived from the two-stage approach is the ability to reduce the bus voltage
from 12V to 6V at light load for improved light load efficiency[62], [63]. Reducing the bus voltage
from 12V to 6V during light load has significant benefits for both stages. For the LLC-DCX, lower
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output voltage means lower (Volt.Sec) across the transformer core; thus, the core loss which
dominates the light load operation losses, can be reduced significantly. On the other hand, the buck
converter with the reduced bus voltage, will have lower switching related losses, which also
dominates losses at light load operation. In Fig. 2-16, the efficiency of both stages at 12V and 6V
is plotted, showing significant improvement in light load efficiency with lower bus voltage. This
will reflect on the two-stage VRM solution.

Fig. 2-16. Impact of changing bus voltage on. (a) DCX. (b) POL.
One way of changing the bus voltage dynamically during operation is switching the DCX
operation from full bridge (FB) to half bridge (HB), so the transformation ratio changes from (4:1)
to (8:1). This is done by making one of the primary switches always on (Q3), and another one is
always off (Q4), as shown in Fig. 2-17.
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(a)

(b)

Fig. 2-17. (a) Full bridge with heavy load. (b) Half bridge with light load.

2.6. Experimental Results
The FB operation waveforms for the first stage LLC-DCX at heavy load condition are shown
in Fig. 2-18. The converter can achieve ZVS with dead time of 66 nSec and a very small turn-off
current of 3A. The waveforms for HB operation during light load condition are shown in Fig. 2-19,
where the output voltage is reduced to 6V. With a fixed magnetizing inductance value for both FB
and HB operations, and reduced output voltage in the HB case, the magnetizing current will be
reduced by half. As a result, the dead time was doubled to ensure ZVS operation during HB
operation. This is clearly seen in Fig. 2-20. The thermal image of the LLC-DCX running at full
load operation is shown in Fig. 2-21. No hot spots were spotted on the converter, showing that
even with this high-density integrated solution, no price is paid on the thermal performance of the
converter.
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Vgs_Q1

(5V/div)

Vds_Q1

(30V/div)

ILr

(8A/div)

VO

12V

(5V/div)

200ns/div

Fig. 2-18. First stage LLC-DCX waveforms with FB operation at Vo=12V and Io= 20A.

Vgs_Q1

(5V/div)

Vds_Q1

(30V/div)

ILr

(4A/div)

VO

(5V/div)

6V

200ns/div

Fig. 2-19. First stage LLC-DCX waveforms with HB operation at Vo=6V and Io= 4A.

Fig. 2-20. 48V/12V LLC-DCX thermal image at full load operation.
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Simplified optimal trajectory control was used to dynamically change the bus voltage during
light load [64]. All of the details of how one can change the bus voltage dynamically in a very
short time was presented in [62]. Shown in Fig. 2-21, are the waveforms of the output voltage and
resonant tank voltages, and currents during changing from HB to FB, and vice versa. The output
voltage can be settled in a very short time with minimum current and voltage stresses in the
resonant tank of the LLC-DCX.

(a)

(b)

Fig. 2-21. Dynamic bus voltage change. (a) From HB to FB. (b) From FB to HB.
The two-stage efficiency comparison with fixed and variable bus voltage is shown in Fig.
2-22. It is clear that with changing the bus voltage at around 50A and phase shedding below 20A,
a significant increase in the light load efficiency (>8 %) can be achieved. The efficiency of the
proposed two stage 48V VRM is also compared with the state-of-the-art solution from VICOR®
at the same output voltage and currents. As shown in Fig. 2-23, there is a better efficiency during
heavy loading conditions. To increase the efficiency of the two-stage solution, the POL operating
frequency can be reduced to 600 KHz, by which the total system efficiency can be increased, as in
the solid green curve of Fig. 2-23.
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Fig. 2-22. Two-stage efficiency with variable and fixed bus voltage.

Fig. 2-23. Proposed two-stage efficiency comparison with VICOR’s solution.

2.7. Summary and Conclusions
In this chapter a two-stage 48V/12V/1.8V voltage regulator design was proposed for the future
data center with a 48V VRM. The proposed design employs a LLC-DCX converter as the first
stage. With GaN devices operating at 1.6 MHz, the LLC-DCX can achieve a high-power density
of ≈900 W/in3. The design employs a matrix transformer design concept with integrated SRs in
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the transformer winding, resulting in significant reduction of transformer losses, while achieving
high power density. The LLC-DCX converter was experimentally tested, and a maximum
efficiency of 97.3 % was achieved. The second stage employs well-developed multi-phase buck
converters with the best industry practices for the 12V VRMs. The two-stage solution achieves a
high efficiency of 91 %. A method of improving the light load efficiency improvement was
demonstrated by simply changing the DCX operation from full bridge to half bridge. The
improvements come from the reduced transformer core loss of the LLC-DCX as well as the
reduced switching loss from the 12V VRM. The light load efficiency improved by more than 8 %.
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Design Optimization for Two-Stages 48V
VRM

In the previous chapter we have shown that a two-stage 48V VRM can achieve high-efficiency
of operation with high power density and significant light load efficiency improvement; however,
the efficiency of the LLC-DCX needs to be increased while providing a higher amount of power.
In this chapter, a closer look is taken in designing the LLC-DCX high frequency transformer. The
optimal device selection and optimal magnetic design procedure are presented; both help to
increase the efficiency by at least 1 %, while doubling the power density from previous reported
work. Secondly, the impact of the intermediate bus voltage is carefully investigated, by designing
two LLC-DCX converters with a fixed conversion ratio of (4:1) and (8:1), to evaluate the overall
VRM efficiency with intermediate bus voltage variation [65], [66].

3.1. New Generation of GaN Devices Impact on LLC-DCX Performance
GaN devices have proven to be good semiconductor device candidates for operating voltage
of 40V – 100V over their counterpart silicon devices in terms of lower FOMs as shown in Fig.
3-1. The graph also shows the development of GaN devices through the years, showing significant
improvements in FOM.
The basic LLC-DCX circuit diagram and operating waveforms are shown in Fig. 3-2. The
ZVS is realized for both primary and secondary switches. The ZCS is realized for the secondary
side SRs; while the primary side turn-off current, at the peak of the magnetizing current, is a very
small value. Although most of the switching related loss is eliminated with the LLC converter, the

51

Mohamed H. Ahmed

Chapter 3

driving loss and primary side turn-off loss have a significant impact on the performance when
targeting a high switching frequency operation.

Fig. 3-1. Figure of merit (FOM) comparison of GaN and Si devices for voltages from 30 V to
200 V [67].

(a)

(b)

Fig. 3-2. LLC converter. (a) Circuit diagram. (b) Operating waveforms.
With the current trend in data center rack power, the targeted power for the first stage LLCDCX with a different conversion ratio, is set to be 900 W. With an input voltage range of 40–60 V
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[61], 80–100 V devices will be used for the primary side devices. The GaN devices and their Si
counterparts are listed in Table 3-1. It is clear that even with the similar Rdson, the GaN devices
have superior FOMs in terms of gate charge and output capacitances. Therefore, only two GaN
devices, (EPC2021 and EPC2053), will be considered for further evaluation. The same primary
side devices will be used for the designed DCX with (4:1) and (8:1) conversion ratio, as they have
the same current and voltage stresses with the same total power.
Table 3-1:LLC Converter primary side device candidates
Device

EPC2053

BSC026N08

EPC2021

CSD19536KTT

Rdsmax (mΩ)

4 mΩ
@5V

3.9 mΩ
@6V

2.5 mΩ
@5V

2.8 mΩ
@6V

Qg (nC)

12 nC

50 nC

15 nC

72 nC

Coss (pF)

500 pF

840 pF

970 pF

1820 pF

Die Size
(mm2)

7 mm2

30 mm2

14 mm2

64 mm2

The primary side devices loss can be calculated, as in (3-1). The RMS currents of the LLCDCX when operating at resonant frequency, are calculated based on the analytical model given in
[68], by which the conduction loss can be calculated. The calculation of the driving loss is also
simple, based on the data sheet parameters.

𝑃𝑝𝑟𝑖𝑚 = (𝐼𝑅𝑚𝑠 𝑅𝑑𝑠 + 𝑉𝑔𝑠 𝑄𝑔 + 𝐸𝑜𝑓𝑓 𝐹𝑠 )𝑁𝑑𝑒𝑣𝑖𝑐𝑒𝑠

(3-1)

Although the primary side switches turn-off at relatively low current, ignoring the turn-off loss
will result in a non-optimal device selection for the designed converter. Unfortunately,
experimentally characterizing the switching related loss of the low voltage GaN devices is very
complicated; the conventional double pulse testing (DPT) methods using large coaxial current
shunts, will impact the switching performance significantly [69]. In this work, the LTSpice®
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simulation tool was used to get an estimate of the primary side devices turn-off losses by creating
a simulation-based DPT.
The turn-off energy of both device candidates with different turn-off currents is shown in Fig.
3-3(a). It is clear that the latest generation of the EPC2053 GaN device has a significantly lower
turn-off energy compared to the EPC2021 device. This reduction in the switching related loss,
results in a reduction of the total primary side device loss, with the EPC2053 over the EPC2021,
up to 75 % load condition, as shown in Fig. 3-3(b). Beyond this point, the conduction loss becomes
more dominant, and the EPC2021 will have lower loss. A higher light load operating efficiency is
desirable in data center applications where the CPU operates in sleep mode most of the time. For
that reason, the EPC2053 device was selected as the primary side device candidate for both LLCDCX designs.

(a)

(b)

Fig. 3-3. Primary side device loss evaluation. (a) Turn-off energy. (b) Total device loss.
The secondary side devices operate with ZVS and ZCS operations, so only the conduction and
driving losses will be considered. With a center-tapped rectifier secondary side configuration, as
shown in Fig. 3-2, the SR devices see twice the output voltage. Different device candidates will be
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considered for each converter, depending on the transformation ratio, as listed in Table 3-2 and
Table 3-3.
Table 3-2: (4:1) LLC-DCX SR Candidates (48/12V – 75A)
Device

EPC2024

BSC010N04LSI

Vds (V)

40V

40V

Rdsmax (mΩ)

1.5 mΩ

1.4 mΩ

Qg(nC)

18 nC

45 nC

Active Area (mm2)

14 mm2

32 mm2

Table 3-3: (8:1) LLC-DCX SR Candidates (48/6V – 150A)
Device

EPC2023

BSC009NE2LS5I

Vds (V)

30V

25V

Rdsmax (mΩ)

1.45 mΩ

1.35 mΩ

Qg(nC)

19 nC

17 nC

Active Area (mm2)

14 mm2

32 mm2

For high current, low output voltage converters, parallel SRs are important to reduce the
conduction loss and increase the overall efficiency. The (4:1) LLC-DCX has a total of four parallel
devices, while the (8:1) LLC-DCX has a total of eight parallel devices, as it delivers twice the
output current. The total SR losses for the (4:1) and (8:1) converters were evaluated. The 40 V
GaN devices have a great advantage over Si devices for the (4:1) LLC-DCX as shown in Fig. 3-4.
While the 25 V Si device has slightly better performance than the 30 V GaN device for the (8:1)
LLC-DCX as shown in Fig. 3-5, the GaN device was selected for its lower active area for the highdensity integration of the (8:1) LLC-DCX converter, as listed in Table 3-3.
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Fig. 3-4. (4:1) LLC-DCX SR devices total losses.

Fig. 3-5. (8:1) LLC-DCX SR devices total losses.

3.2. Matrix Transformer Structure Optimization for High Power LLC-DCX
In Chapter 2, and in the work reported in [41], the LLC-DCX used the matrix transformer
structure, shown in Fig. 3-6. Using the flux cancellation and integration concept, the (2 x 2:1)
matrix transformer structure was integrated using a single-core structure, while using a 12-layer
PCB winding arrangement, as shown in Fig. 3-7. In this chapter, an optimized structure is
proposed for the previously presented matrix transformer structures, that helps achieve lower
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conduction loss while achieving higher power-density, by modifying different aspects of the
transformer structure.

Ip
TR1
2:1:1

I2

I1

TR2
2:1:1

I2

I1

SR1
SR2

SR3
SR4

Ip

Fig. 3-6. (2x2:1) matrix transformer structure for LLC-DCX.

Fig. 3-7. Integrated transformer 12-layer PCB winding arrangement.
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Core Leg Shape Impact on The Winding Loss

In the previous design, a rectangular core leg shape was used for the integrated core structure
of the matrix transformer. From the FEA simulation results shown in Fig. 3-8, it is clear that with
the circular core leg, the current has a shorter path with less current crowding at the edges of the
core, than in the rectangular core leg shape with the same core area and winding width. The total
winding loss reduces by 10 % in the case of the circular core leg.

(a)

(b)

Fig. 3-8. FEA simulation results with different core leg shapes. (a) Rectangular. (b) Circular.
3.2.2.

PCB Layers Current Sharing Balancing Methods

The primary side windings have two parallel paths (I1, I2). These paths are placed on different
PCB layers, as marked on Fig. 3-7. From FEA simulation current density results, shown in Fig.
3-9, there is no equal current sharing between these two-parallel layers. This leads to higher total
winding loss. The two current paths are subjected to different via impedances that will result in
this problem.
In this work, a primary parallel matrix transformer structure is used, as shown in Fig. 3-10. In
this case, the required turns ratio in each elemental transformer is (4:1), with four PCB layers
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allocated for the primary winding. As shown in the PCB arrangement in Fig. 3-7, the (4:1) turns
ratio can be realized by connecting the four primary PCB layers in series, thus avoiding any
primary winding parallel paths and current sharing issues.

Fig. 3-9. FEA simulation current density results in primary winding parallel paths.

Fig. 3-10. Proposed (2 x 4:1) parallel matrix transformer structure for LLC-DCX.
To get the full potential of this structure, the current sharing between these two transformers
should be guaranteed. This can be realized if the two elemental transformers have equal leakage
inductances (𝐿𝑙𝑘 ) and magnetizing inductances (𝐿𝑚 ). From the SIMPLIS® simulation results,
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shown in Fig. 3-11, with equal leakage inductances on both transformers, an equal current sharing
is realized. Even with a ±10 % tolerance, good current sharing is still maintained.

(a)

(b)

Fig. 3-11. Current sharing simulation results. (a) 𝐿𝑙𝑘1 = 𝐿𝑙𝑘2 . (b) 𝐿𝑙𝑘1 > 𝐿𝑙𝑘2 .
The transformer leakage inductance is dependent on the winding geometry, while the
magnetizing inductance is determined by the air gap of the used magnetic core. Only with the PCB
winding implementation, a symmetrical PCB winding can be implemented for these two
transformers; that will result in equal leakage inductances. By integrating these two transformers
in a single-core structure, one can easily achieve an equal air gap, to ensure the second current
sharing condition. The proposed symmetrical PCB winding structure and integrated core structure,
shown in Fig. 3-12, can help achieve those conditions. As shown in the FEA simulation result in
Fig. 3-13, an equal current sharing between these elemental transformers is achieved.
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(a)

(b)

Fig. 3-12. (a) Symmetrical PCB winding. (b) Integrated single-core structure.

Fig. 3-13. FEA current density results in proposed symmetrical winding.
The secondary windings of the proposed matrix transformer structure are connected in parallel.
Four PCB layers are allocated for each secondary winding in the center-tapped rectifier structure.
Equal current sharing between these PCB layers is required to reduce the conduction loss. The
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PCB layers arrangement for each elemental transformer, shown in Fig. 3-14(a), was used in the
previous work. Although all of the primary and secondary layers are perfectly interleaved, and all
of the primary layers are connected in series, (meaning that all of the primary windings PCB layers
carry the same current), a current sharing problem exists between all of the layers. This is shown
in Fig. 3-14(b). The reason for that is the unsymmetrical PCB layers arrangement results in a nonalternating MMF across the transformer structure during each half cycle.

(a)

(b)

Fig. 3-14. (a) Unsymmetrical PCB arrangement. (b) Current density FEA result
In this work, the symmetrical PCB layers arrangement, shown in Fig. 3-15(a), is proposed. By
swapping layers 5 and 7 similarly to layers 11 and 13, an alternating MMF across the transformer
is created. While maintaining the perfect interleaving between the primary and secondary windings
layers. The symmetrical PCB arrangement helps in achieving perfect current sharing between all
parallel layers, as shown in Fig. 3-15(b). This will reduce the total winding conduction loss by
15 % [70].

62

Mohamed H. Ahmed

Chapter 3

(a)

(b)

Fig. 3-15. (a) Symmetrical PCB arrangement. (b) Current density FEA result
3.2.3.

Improved Termination for Primary and Secondary Windings

In the previous chapter, a termination method was proposed by integrating the GaN devices
inside the secondary windings. This method can only be used when using a single SR device per
elemental transformer and cannot be applied when parallel devices are required. The straight
forward method for parallel SRs is shown in Fig. 3-16(a), where the devices are placed outside the
windings. The two parallel devices are placed on the top and bottom layers, as shown in Fig.
3-16(b), and interconnected with all corresponding secondary windings inside the transformer. As
discussed in the previous chapter, the termination losses for this structure will be significant.
Shown in Fig. 3-17(a) is the transformer winding loss breakdown. The secondary winding
termination loss represents 60 % of the total secondary winding loss. This is due to the current
crowding and lack of interleaving at the winding termination part, as shown in Fig. 3-17(b).
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(a)

(b)

Fig. 3-16. Parallel SR termination outside windings. (a) PCB winding. (b) Layers arrangement.

(a)

(b)

Fig. 3-17. (a) Transformer winding loss breakdown. (b) Termination current FEA Results
In this work, the secondary side termination structure, shown in Fig. 3-18, is proposed. Two
extra PCB layers were added to place the parallel SR devices. These devices are connected to their
corresponding secondary windings through via. The current in each SR will flow through the via
placed underneath it to the corresponding secondary layer. This current will flow through the
secondary winding, until reaching the via placed at point D, as shown in Fig. 3-18. Then, the
current will go back to the termination layers to flow through the output capacitors to the
corresponding SR devices.
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Fig. 3-18. Proposed termination for parallel SRs with extra PCB termination layers.
The first benefit of this structure is minimizing the AC termination connection by placing the
SRs right above the windings. The second benefit is the reduction of the converter footprint by
saving the area outside of the transformer required for transformer termination. The third benefit
can be seen from the current direction in the termination and the secondary winding layers. The
current in the termination layer moves from point A to point B through the capacitors to the SR
devices. The current in the secondary winding moves in an opposite direction from point C to point
D. From the PCB arrangement shown in Fig. 3-19, one can see that these layers are adjacent to
one another. This will result in partial interleaving between the termination current and the adjacent
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secondary layer current, to cancel the generated leakage flux, and reduce the eddy current related
loss in the PCB windings.

Fig. 3-19. PCB arrangement with the proposed secondary side termination structure.
The graph shown in Fig. 3-20 shows the comparison of the total transformer winding loss
breakdown with both termination structures. One can see that the termination loss is almost
eliminated with the proposed termination structure. In addition, the secondary and primary side
windings loss reduced significantly. The reason for that can be clearly seen from the FEA
simulation flux density results, shown in Fig. 3-21, where a significant reduction in the leakage
flux is achieved that helps reduce the total winding loss. This improved termination structure
results in a winding loss reduction of over 60 % by the addition of an extra two PCB layers.
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Fig. 3-20. Transformer winding loss comparison with different SR termination structures.

Fig. 3-21. FEA simulation flux density results comparison for both SR termination structures.
The primary side termination is also essential to minimize the AC related loss in the PCB. In
this work, interleaved primary side termination layers are proposed, as shown in Fig. 3-38. The
primary current going to the transformer always returns from the layer below and in the opposite
direction. These two current paths are always overlapped with one another to help cancel the
leakage flux generated, as shown in the FEA simulation results in Fig. 3-39. This will also result
in a 10 % reduction in the total PCB loss.
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Fig. 3-22. Proposed primary side termination structure.

Fig. 3-23. FEA leakage flux results with and without primary side interleaved termination
3.2.4.

Overlapped Secondary Side Windings for Higher Current Transformers

All of the previously mentioned aspects of the optimized structure can be used in the design
of any high frequency matrix transformer where parallel secondary side devices are utilized. All
of the described properties were developed on a two output sets matrix transformer, applied to the
design of the (4:1) conversion when delivering 900W. With (8:1) conversion, the output voltage
will be reduced by half while the output current will be doubled, which means more transformer
outputs are required to handle the higher output currents. The (4 x 4:1) matrix transformer
structure, shown in Fig. 3-24 (a), will be used for the (8:1) LLC-DCX converter. The transformer
has the same parallel primary side connection, as described earlier, to avoid any current sharing
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problems for the primary winding PCB layers. The symmetrical primary winding PCB and singlecore integration were used in this transformer to ensure good current sharing between the parallel
matrix transformers, as shown in Fig. 3-24 (b).

(a)

(b)

Fig. 3-24. (4 x 4:1) matrix transformer structure for the (8:1) LLC-DCX. (a) Power architecture.
(b) Symmetrical PCB winding and integrated single-core structure.
From the FEA simulation results shown in Fig. 3-25, it is clear that current is equally shared
between the upper and lower parallel transformer with single-core integration and a symmetrical
PCB winding implementation, i.e. 𝑖𝑝1 = 𝑖𝑝2 . However, there exists severe current crowding in the
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primary and secondary windings. To understand the reason for this current crowding we need to
have a closer look at the current distribution where the current crowding exists.

Fig. 3-25. FEA simulation current density result for primary and secondary current winding in
symmetrical winding implementation for the (4 x 4:1) transformer.
The primary and secondary symmetrical windings for this transformer are shown in Fig. 3-26.
All of the current directions shown are for the half switching cycle of operation and are reversed
in the second half cycle. For secondary 1 and secondary 2 layers, only two parts will be active in
each half cycle. The reason for this current crowding can be shown from the sectional drawing of
the PCB winding arrangement, shown in Fig. 3-27(a). In the outer winding section (Region I and
Region III), there is a perfect interleaving between the primary and secondary winding currents;
however, in the middle section (Region II) where the current crowding exists, the primary winding
current is no longer overlapped with the secondary winding current. It flows in a perpendicular
direction; thus, there is no means to cancel the leakage flux created between these two layers. As
a result, current crowding will occur.
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Fig. 3-26. Symmetrical PCB winding implementation for the proposed (4 x 4:1) parallel matrix
transformer structure.

(a)

(b)

Fig. 3-27. Sectional view of the PCB windings. (a) Non-overlapped winding. (b) Overlapped
secondary winding.
An overlapped secondary winding structure is proposed that can help solve this issue. In the
secondary 1 winding drawing, shown in Fig. 3-26, the marked points (A and B) in (TR1 and TR2),
have the same voltage potential, as both are connected to the output voltage terminal. The current
always flows in one part of the secondary 1 winding in each half cycle. That means these two
points can be connected to each other, and the gap between them can be removed, as shown in the
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section drawing shown in Fig. 3-27(b). This will allow the secondary 1 current flow into a longer
current path and overlap with the current in the secondary 2 layer [70].
With that, the perfect interleaving can be maintained in the current crowding region to cancel
the generated leakage flux at the current crowding location. The same overlapping concept can be
applied to points (C and D) in the secondary 2 windings of (TR3 and TR4). The symmetrical PCB
winding implementation for this transformer with the overlapped secondary winding structure is
shown in Fig. 3-28.
The FEA flux density results with the overlapped winding is shown in Fig. 3-29, where the
created leakage flux is reduced. From the current density simulation results, shown in Fig. 3-30,
one can see that that all current crowding has been eliminated, and perfect current sharing between
the two parallel transformers is realized, with a 25 % reduction in the winding loss.

Fig. 3-28. Symmetrical PCB winding implementation for the proposed (4 x 4:1) parallel matrix
transformer structure with overlapped secondary windings.
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Fig. 3-29. FEA simulation field density result for the (4 x 4:1) transformer with the overlapped
secondary windings.

Fig. 3-30. FEA simulation current density result for the (4 x 4:1) transformer with symmetrical
PCB winding and overlapped secondary windings.
This overlapped winding structure can be extended for any transformer with a higher number
of outputs, to avoid any leakage flux when interleaving is not achieved, and high efficiency can be
realized.
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Transformer Fringing Flux Impact on Termination Layers

The magnetizing inductance of the transformer is created by adding an air gap between the
core pillar and the magnetic plate. A great amount of fringing flux will spread through the air gap,
creating many eddy current losses in the nearby layers. This could be severe for the designed
transformer. The fringing flux at the air gap was simulated and the results shown in Fig. 3-31 show
the strong fringing flux at the air gap of one of the four elemental transformers. Layer 14, which
is closer to the air gap, handles the same amount of current, but has ten times more losses than
Layer 1. This is due to the strong fringing flux. To solve this issue, the air gap needs to be pushed
away from the PCB layers by a distance ℎ𝑓𝑟 . Using FEA simulation, different ℎ𝑓𝑟 values were
evaluated, and the results are shown in. Fig. 3-32. The total loss reduced significantly with the
higher ℎ𝑓𝑟 , until reaching a diminishing return point at ℎ𝑓𝑟 = 0.6𝑚𝑚, which was chosen in the
final design, this value need to be evaluated for each specific design as it will differ with the
variation of air gap length, magnetizing inductance, copper thickness, etc...

Fig. 3-31. Transformer Fringing Flux impact On layer1 and 14 in the designed transformer.
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Fig. 3-32. Total transformer losses vs. extending the core air gap.

3.3. Matrix Transformer Design Optimization with Non-Uniform Winding
The same design methodology, described in Chapter 2, was used for this DCX design
optimization. In the previous design, the switching frequency was preselected at 1.6 MHz, in order
to achieve high-power-density; however, the trade-off of the design with different operating
frequencies was not analyzed. In this section, the operating frequency was added as a design
variable, to be able to select the optimal operating point, and study the trade-off between the power
density and efficiency. First, the contour plot of the total transformer loss was plotted at 600W and
1 MHz operation, as shown in Fig. 3-33. As opposed to the previous chapter, we only have two
design parameters in this case, which are the core radius (r) and the winding width (c).
From the contour of the total transformer loss and footprint, we can specify a design region,
as shown in Fig. 3-33. Point A represents the optimal design point, at which the transformer
achieves specific loss with the minimum footprint, and can represent the balance point between
winding and core loss for a specific footprint. Point B represents the same total loss but with a
higher core radius. That means a lower flux density in the core, and as a consequence, will result
in lower core loss. Point C represents the same total loss with higher winding width and lower core
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radius, which means the winding loss are reducing and the core loss is increasing. The selection
of the design point depends on the targeted applications. A specific design might favor the core
loss while scarifying the winding loss to achieve high light load efficiency, by which point B is
selected. Other designs will favor the winding loss for higher full load efficiency and better thermal
management solutions. In that case, point C will be selected. In this design, we selected the optimal
design points to have a balance between the full load and light load operations.

Fig. 3-33. Contour of the total transformer losses and footprint for (4:1) LLC-DCX.
The results in Fig. 3-34 show the total transformer loss evaluation with footprint and
frequency variations when the total transformer loss is optimized at 600 W. The total loss is highest
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with the lowest operating frequency of 500 KHz. The total loss at 1 – 1.5 MHz is similar; however,
at 1.5 MHz, the higher switching related loss will reduce the overall efficiency.

Fig. 3-34. (4:1) LLC-DCX transformer total loss vs. footprint.
Listed in Table 3-4 are the total converter loss and power densities with different operating
frequencies. With a high switching frequency of 1.5 MHz, the total power density can be increased
for the price of the higher total converter loss, due to higher switching related loss from the devices.
Although the lower switching frequency has higher transformer loss, the total converter loss is the
lowest by reducing the device switching related loss, but this comes with the price of lower power
density. The 1 MHz operating frequency is considered as a good trade-off between frequency and
power density and was selected for the designed converters.
The total converter efficiency was evaluated at the three design points highlighted in Fig. 3-35.
Design Point 1 provides the highest light load efficiency with the higher power density; however,
Design Point 2 provides higher efficiency at the thermal design point (TDP) when powering two
microprocessors, according to the latest generation of Intel CPU [12]. In addition, Design Point 2
provides higher full load efficiency that is more suitable for loads operating at higher loading
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conditions most of the time, such as a GPU. For this design, Design Point 2 was selected for a
flatter efficiency curve to enable this solution for different types of motherboard loads.
Table 3-4: Total converter loss and power density with different operating frequencies
Frequency

Transformer Loss

Devices Loss

Total Loss

Power Density

0.5 MHz

4W

7.2W

11.2W

1000 W/in3

1 MHz

3.3W

8.2W

11.5W

1300 W/in3

1.5 MHZ

3.35W

9.2W

12.5

1600 W/in3

Fig. 3-35. (4:1) LLC-DCX total converter calculated efficiency.
A further opportunity for power density improvement is pursued by considering a nonuniform winding width for the transformer winding. The process of optimization in the previous
section was done, based on a uniform winding width (𝐶), as shown in Fig. 3-36(a). In this section,
another degree of optimization is proposed by utilizing a non-uniform winding width. The
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proposed structure, shown in Fig. 3-36(b), has a different winding width in the transformer. The
winding width in three sides is referred to as 𝐶1 while one side is referred to as 𝐶2 .

(a)

(b)

Fig. 3-36. (a) Uniform winding (b) Non-uniform winding.
The volume of the core, is the function in these two dimensions, as shown in (3-2) and (3-3).
Reducing the winding width 𝐶2 while keeping 𝐶1 and the core loss density 𝑃𝑉 constant, will reduce
the total core volume and thus, the total core loss. With the reduction of the winding width at one
region, the winding loss will increase, due to the high current density at the reduced part, as shown
in Fig. 3-37.

𝑉𝑜𝑙𝐶𝑜𝑟𝑒 (𝑟, 𝑐1 , 𝑐2 ) = 2𝜋𝑟 2 ℎ𝑃𝐶𝐵 + 4ℎ𝑐𝑜𝑟𝑒 (𝑐1 + 𝑟)(𝑟 + 𝑐2 )
ℎ𝑐𝑜𝑟𝑒 =

𝐴𝑐𝑜𝑟𝑒
𝑟 + 𝑐1

(3-2)
(3-3)

To validate the proposed optimization method, the core, winding, and total transformer losses
are plotted at different 𝐶2 values during full load operation and shown in Fig. 3-38. The increase
of the winding loss with lower 𝐶2 values was counteracted with a reduction in the core loss,
keeping the total transformer loss the same at the full loading condition. Design point A represents
the uniform winding case where 𝐶1 = 𝐶2 = 5𝑚𝑚. The total transformer loss at full load is
almost constant with moving to point B where; 𝐶2 = 3.7𝑚𝑚, while the power density increases
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from 1300 W/in3 to 1600 W/in3, due to the reduction in both the transformer footprint and volume.
Another benefit of reducing the core loss will appear during light load operation where the core
loss is dominant, so a higher light load efficiency is expected by this optimization method.

Fig. 3-37. Current density in the windings by non-uniform winding structure.

Fig. 3-38. Transformer losses with different winding width C2.

3.4. 48V LLC-DCX Design with Different Conversion Ratio
The two-designed LLC-DCX with a matrix transformer structure and (4:1, 8:1) conversion
ratios are shown in Fig. 3-39 (a) and (b). The same parallel matrix transformer structure was used
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for both converters. The (4:1) LLC-DCX has two-elemental transformers integrated in one core
structure. The 8:1 LLC-DCX, has 4-elemental transformers integrated in a single core, to deliver
double the output current at lower output voltage and keep the same output power. As mentioned
earlier, integrating multiple-elemental transformers in one core will help achieve similar
magnetizing inductance for all elemental transformers and avoid any current sharing issues
between these transformers.
One can see that the extension of the (4:1) LLC-DCX design to the (8:1) LLC-DCX conversion
is very simple. The primary side devices will experience the same maximum voltage and current
stresses for both converters, and the same primary side device is used for both designs. Both
designs utilize the transformer leakage and magnetizing inductances to create the resonant tank
required inductances. With the extension of the LLC-DCX to different conversion ratios, the
resonant tank configuration will not change. Only the total transformer turns ratio, by which no
extra resonant capacitors will be added for different converters, and a very simple control scheme
can be used, to compensate for any tolerances in the capacitors or leakage inductance values.
This is a fundamental difference between the LLC and the STC based first stage DCX converter
in two-stage VRM solutions. The (4:1) STC, reported in [16], requires two resonant branches,
while in [71], a (6:1) STC is reported that requires three resonant branches. These branches need
to have the same resonant frequency for a high-efficiency operation. This makes the STC more
vulnerable to component tolerances and requires more complicated controller schemes to keep the
operation of each branch around the resonant frequency. There is no reported (8:1) STC in either
industry or academia. This converter will require four resonant branches with separate inductors
and resonant capacitors, increasing the system complexity and cost.
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(a)

(b)
Fig. 3-39. LLC-DCX with matrix transformer structure. (a) (4:1) conversion. (b) (8:1) conversion
The loss breakdown of the designed two converters is shown in Fig. 3-40. It is clear that the
two converters have the same primary side device losses; however, the transformer primary side
conduction loss is higher for the (8:1) LLC-DCX, due to the higher winding length with the total
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required 8-turns. Although the number of the transformer outputs and SRs is doubled in the (8:1)
DCX design, resulting in reducing the devices and transformer secondary resistance by almost
half, doubling the output current with lower output voltage will result to increasing the 𝐼 2 𝑅 loss,
by which the total secondary side loss increases. The 𝑉𝑜𝑙𝑡. 𝑆𝑒𝑐 applied to the transformer core is
also reduced with the (8:1) DCX; however, due to doubling the number of transformer outputs,
the total core volume increases, and the core loss is almost the same for both designs. From this,
one can see that the LLC-DCX will always have a lower efficiency with the reduction of its output
voltage. In this case, the 8:1-DCX has a 7 W higher total loss, by which the efficiency is expected
to reduce by about 0.7 %. If this reduction in the first-stage efficiency is not counteracted by an
increase of the second-stage buck efficiency, then there is no benefit of reducing the intermediate
bus voltage.

Fig. 3-40. Loss breakdown of the designed (4:1) and 8:1 LLC-DCX at full power of 900 W.
Table 3-5 compares the designed two converters’ total leakage inductance and AC resistance,
reflected to the primary side, with previously presented work. With the proposed optimized
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magnetic structure, the total leakage inductance and AC resistance can be reduced significantly,
resulting in much higher efficiency with higher power-density.
Table 3-5: LLC-DCX converter parameter comparison with previous work
This Work
4:1

8:1

4:1 DCX
in [41]

Llk (nH)

8 nH

10 nH

29 nH

RAC-tot (mΩ)

≈12 mΩ

≈18 mΩ

≈50mΩ

Parameter

3.5. Buck Converter Design for Different Intermediate Bus Voltage
The second stage is a conventional multi-phase buck converter, that can be designed with either
silicon or GaN devices, and operates at high switching frequencies to achieve high power density,
as described in [72], [73]. The 12V input second-stage buck converter with the 12V input using
DrMOS, is a very mature technology and widely used in data center applications. With lower input
voltages (6V), lower breakdown voltage FETs can be used that have better FOMs. In addition, the
buck converter operating at lower input voltages will have lower switching related loss. This will
enable a higher switching frequency operation to further reduce the bulky inductors and filter
capacitors with a higher BW operation. However, the current industry trend is still focused on the
development of 12V DrMOS devices that are not optimized for lower bus voltage operation. Thus,
no significant benefits can be achieved with lower bus voltages.
Shown in Fig. 3-41, is the measured efficiency for a Si-DrMOS and a monolithic half bridge
GaN-IC, both designed and optimized for 12V applications. It is clear that with lower bus voltages,
there is a marginal increase in the efficiency that only takes place at light loading operation,
meaning with the current available market devices, the 12V bus will result in an overall higher
efficiency and power density.
84

Mohamed H. Ahmed

Chapter 3

Fig. 3-41. Buck converter measured efficiency with 12V DrMOS and different bus voltages.
Recently, MPS® announced an optimized multi-phase buck converter with lower input voltages
[74], [75]. From their results shown in Fig. 3-42, one can see a significant improvement can be
achieved, not only when switching to lower bus voltage, but also by developing new DrMOS
devices with better FOMs. Their buck converter can run at a very high frequency of 1.5 MHz with
one fourth of the inductance used in a 12V application (50 nH), due to the lower 𝑉𝑜𝑙𝑡. 𝑆𝑒𝑐, while
achieving a maximum efficiency of 96 %.

Fig. 3-42. Buck converter efficiency with 12V and 6V MPS-DrMOS devices [75].
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3.6. Experimental Results and Two-Stage 48V VRM Evaluation
The designed (4:1) and (8:1) LLC-DCX converter prototypes are shown in Fig. 3-43. The
details of each designed converter are listed in Table 3-6 and
Table 3-7. The designed and custom-made transformer magnetic core uses ML91s material
from Hitachi metals. Both converters operate at 1 MHz and can provide a continuous power of
900W with power density of (1600 W/in3 – 450 W/in2) for the (4:1) converter and (1200 W/in3 –
300 W/in2) for the (8:1) converter. The two converters are designed in a very low profile of 7mm
and 6.9mm, respectively.

(a)

(b)

Fig. 3-43. LLC-DCX GaN based 900W prototypes. (a) 4:1 LLC-DCX. (b) 8:1 LLC-DCX.
Table 3-6: (4:1) DCX converter parameters

86

Mohamed H. Ahmed

Chapter 3

Vin
(V)

Vo
(V)

Pomax
(W)

Fs
(MHz)

Primary
Devices

Secondary
SRs

Lm
(uH)

Lr
(nH)

Cr
(uF)

40-60V

10-15V

900W

1MHz

EPC2053

EPC2024

2 uH

8 nH

2.7 uF

Table 3-7: (8:1) DCX converter parameters
Vin
(V)

Vo
(V)

Pomax
(W)

Fs
(MHz)

Primary
Devices

Secondary
SRs

Lm
(uH)

Lr
(nH)

Cr
(uF)

40-60V

5-7.5V

900W

1MHz

EPC2053

EPC2023

2 uH

10 nH

2.1 uF

The full load operating waveforms under different conditions for the designed prototypes are
shown in Fig. 3-44 (a), (b), and (c) for the (4:1) LLC-DCX. It is clear that ZVS is achieved for
both primary and secondary devices under all operating conditions. The continuous running
thermal image of the designed (4:1) LLC-DCX is shown in Fig. 3-44(d), clearly showing the good
thermal performance of the designed converter with such high-power density.
Although the (4:1) LLC-DCX design utilizes a parallel primary and secondary matrix
transformer structure as described earlier, the two parallel transformers (TR1 and TR2) have
almost identical thermal stress. This verifies the effectiveness of the proposed parallel matrix
transformer with the symmetrical PCB winding structure, ensuring good current sharing between
the parallel transformers. The experimental results for the designed (8:1) LLC-DCX are shown in
Fig. 3-45 (a), (b), and (c). Similar thermal performance with symmetrical temperature stress on the
parallel transformers was also achieved for the designed (8:1) LLC-DCX, as shown in Fig. 3-45
(d). That verifies the effectiveness of the proposed symmetrical PCB winding implementation in
ensuring equal current sharing, even with parallel transformers.
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(a)

(b)

(c)

(d)

Fig. 3-44. (4:1) LLC-DCX experimental results at full load. (a) 40/10 V. (b) 48/12 V. (c)
60/15 V. (d) Thermal image.

(a)

(b)
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(c)

(d)

Fig. 3-45. (8:1) LLC-DCX experimental results at full load. (a) 40/10 V. (b) 48/12 V. (c)
60/15 V. (d) Thermal image.
The measured efficiency of the deigned (4:1) LLC-DCX, and comparison with the estimated
efficiency at 48 V input voltage, are shown in Fig. 3-46 (a). The measured efficiency greatly
matches the estimated efficiency; this verifies the used models for calculating the devices and
magnetics loss of the designed converter. The measured efficiency with different input voltages is
shown in Fig. 3-46 (b). One can see that the designed converter maintained a peak efficiency of
>98.0 %, with a maximum efficiency of 98.4 %, at the nominal input voltage of 54 V. The lowest
full load efficiency achieved is 97 % at 40V input, where the output current is the highest, and the
conduction loss becomes more dominant. Similarly, the designed (8:1) LLC-DCX matches the
estimated efficiency at 48V, while maintaining a high peak efficiency >97.6 % for all operating
conditions, with a maximum reported efficiency of 98.0 % at the nominal input voltage of 54V, as
shown in Fig. 3-47 (a) and (b). These results clearly show the benefits of the proposed extending
method of the (4:1) LLC-DCX to the (8:1) LLC-DCX. Only a 0.4 % efficiency drop is paid with
doubling the number of transformers to deliver twice the output current as shown in Fig. 3-48;
however, the power density of the (8:1) LLC-DCX is 25 % lower than that of the (4:1) LLC-DCX.
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(a)

(b)

Fig. 3-46. (4:1) LLC-DCX measured efficiency. (a) Comparison with estimated efficiency at
48 V. (b) Efficiency at different input voltages.

(a)

(b)

Fig. 3-47. (8:1) LLC-DCX measured efficiency. (a) Comparison with estimated efficiency at
48 V. (b) Efficiency at different input voltages.
The efficiency comparison of different state-of-art first-stage solutions for the two-stage VRM
is shown in Fig. 3-49. For the (4:1) DCX solutions, the proposed LLC-DCX approach achieves
lower peak efficiency than other resonant switched capacitor-based solutions. However, the
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converter maintained the high efficiency over all loading conditions with an almost 1 % higher
efficiency than other solutions at full load, as shown in Fig. 3-49 (a). The proposed (8:1) LLCDCX approach achieved a much higher efficiency than the only reported (8:1) DCX solution from
MPS®, where also the LLC-DCX approach was utilized [75].

Fig. 3-48. (4:1) and (8:1) LLC-DCX measured efficiency at 54 V.

(a)

(b)

Fig. 3-49. Efficiency comparison of different first-stage DCX state-of-art solutions. (a) 4:1
conversion. (b) (8:1) conversion.
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Listed in Table 3-8 is the parametric comparison between all of these solutions. The proposed
(4:1) LLC-DCX can achieve a power density of 570 W/in2, without including the driver and
controller circuits, and 450 W/in2 for the complete solution. The STC solution reported in [16],
achieved a power density of 500 W/in2, without the extra buck converter, controller, and driver
circuits, by which the proposed converter can achieve higher power-density. The solution reported
in [28], can achieve the highest power density of 550 W/in2 for the complete solution, with lower
full load efficiency than the proposed LLC-DCX. For the (8:1) DCX, the solution reported in [75],
can achieve a higher power density for the complete solution, with a significant drop in the
efficiency than the proposed converter.
Table 3-8: First-stage DCX solutions parametric comparison
4:1 DCX Solutions

8:1 DCX Solutions

Parameter

This Work
LLC-DCX

Cascaded
RSC [28]

STC [16]

This Work
LLC-DCX

LLC-DCX
[75]

Magnetic Parts

1

2

2

1

1

Devices Count

12

8

10

20

N/A

570 W/in2

N/A

500 W/in2

400 W/in2

N/A

450 W/in2

550 W/in2

220 W/in3

300 W/in2

450 W/in2

Power Density
Without auxiliaries
Complete Power Density

Using the MPS’ second-stage buck efficiency data, shown in Fig. 3-42, with the measured
efficiency of the proposed first-stage LLC-DCX, shown in Fig. 3-48, the proposed two-stage VRM
efficiency can be calculated with a different intermediate bus voltage. From the results shown in
Fig. 3-50, even with lower first-stage efficiency at 6V, the two-stage VRM can achieve a three
percent higher efficiency with 6V, compared to the 12V operation. This result can only be achieved
92

Mohamed H. Ahmed

Chapter 3

with the development of lower voltage second-stage buck converter devices with better FOMs.
For that reason, the 6 V intermediate bus voltage was selected for the proposed two-stage VRM in
the 48 V rack architecture for future data centers.

Fig. 3-50. Two-stage 48 V VRM efficiency with different intermediate bus voltage.

3.7. Summary and Conclusions
In this chapter, a high-efficiency and high-power-density GaN based LLC unregulated
converter with integrated magnetics, is proposed for a two-stage 48V VRM solution in future data
centers. All aspects of the PCB winding transformer structure were analyzed, in order to maximize
the operating efficiency and density. A new termination method was proposed for parallel SR
devices that eliminates all termination conduction loss and reduces the leakage inductance
significantly. A parallel matrix transformer structure was proposed to overcome the current sharing
problem that exists when using parallel transformer layers. A symmetrical winding arrangement
was proposed to overcome the current sharing issue between all of the secondary winding parallel
layers. Finally, the transformer design optimization was analyzed to study the trade-off between
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the operating frequency and converter performance, in order to select the optimal operating
frequency.
Two converters with fixed transformation ratios of (4:1) and (8:1) were designed that can
achieve high-efficiency efficiencies of 98.4 % and 98.0 %, respectively, in a very high-powerdensity of 1600 W/in3 and 1200 W/in3. The two-stage 48V VRM efficiency was evaluated with
different intermediate bus voltages, (12V or 6V), to determine which was better in terms of
efficiency and power density. The conclusion is the lower bus voltage will reduce the first stage
converter efficiency but a significant increase in the second stage efficiency will result, by which
a very high two-stage efficiency can be achieved with lower bus voltage of 6V.
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Chapter 4

High-Efficiency Single-Stage 48V Sigma
Converter VRM

Although the two-stage 48V VRM solution is simpler from system level design and scalability
perspectives, the two-stage efficiency will always reduce due to cascading two converters, where
the full power is required to flow in them. The second-stage buck converter efficiency will always
have a significant impact on the overall efficiency. The buck converter efficiency is highly
determined by the used devices. Silicon devices have reached their theoretical limits in terms of
FOM, and further improvements in the device technology are unlikely. In this chapter, we propose
a single-stage sigma converter that can achieve higher efficiency and power-density, compared
with the two-stage approaches. Several challenges arise with the proposed architecture, such as
scalability, integrated magnetics, startup, and closed loop control. These issues will be addressed
in this chapter, to meet all of the VRM requirements, thus promoting the Sigma converter for the
48V VRM in future data center applications.

4.1. Introduction to the Sigma Converter Power Architecture
The Sigma converter concept was first proposed in [37], [38], for 12V VRMs that exhibited
outstanding performance over multi-phase buck converters. The same concept will be revisited in
this work but proposed for a 48V VRM. The Sigma converter is a quasi-parallel converter that
connects two converters in series from the input side, and in parallel from the output side. One of
the converters is an unregulated isolated DCX that is required to deliver the bulk power to the load,
while the other is a non-isolated converter, responsible for regulating the output voltage (D2D), as
shown in Fig. 4-1. A potential benefit of this architecture is its ability to achieve higher conversion
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efficiency, by sharing the power delivered to the load through two converters, compared to a twostage solution in which the total power has to flow through two converters.
Further efforts should be made on the design of the DCX and the D2D to maximize the
benefits of this power architecture. The soft switching properties of the LLC converter enables
operating at very high-frequency to achieve high-density and high-efficiency, making it a suitable
candidate for this converter’s DCX. Integrating magnetics with PCB winding and a matrix
transformer, with the opportunity of flux cancellation, has been reported to reduce the size and
losses of the LLC-DCX transformer at high-frequency operation, as described in the previous two
chapters.

Fig. 4-1. Sigma converter power architecture.
None of the preceding work has discussed the Sigma converter design with integrated
magnetics. The matrix transformer structure and design will impact the performance of this
converter significantly and will be discussed in the following sections. In this work, a detailed
design guideline for the sigma converter with integrated magnetics will be discussed, by which the
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right matrix transformer structure can be chosen for different input/output voltage variations, to
maximize the benefits of this conversion system. A matrix transformer, which integrates four
elemental transformers into one core structure with PCB windings is proposed, to achieve highefficiency and power density. Accompanying the DCX, is a buck converter with a PCB winding
inductor, to realize all stringent requirements for regulation dynamics, while increasing the power
density. Two different designs will be discussed in this work: a Sigma converter for narrow voltage
range that is suitable for telecommunication applications, and a Sigma converter for wide voltage
range that is suitable for CPU VRM applications in future data centers.

4.2. Sigma Converter Design Guidelines
In the Sigma architecture, both converters have the same input current as given in (4-1); thus,
the power sharing between them is proportional to the input voltage across each of them, as in
(4-2). In the proposed architecture, the DCX converter is an LLC converter. The input voltage of
the LLC-DCX equals to the reflection of the converter output voltage by the transformer turns
ratio (n) and the LLC-DCX voltage transformation gain (𝐺𝐿𝐿𝐶 ). The remaining voltage will appear
on the buck-D2D, as given in (4-3). The DCX turns ratio (n) has a significant role in the voltage
distribution across these two converters, and consequently, the power sharing among them. For
efficient power conversion, the LLC-DCX is required to handle most of the power, as it can be
designed with very high-efficiency, compared to the buck-D2D. The condition 𝑉𝐷𝐶𝑋 ≫ 𝑉𝐷2𝐷
should be satisfied, in order to achieve that goal [76], [77].

𝐼𝐿𝐿𝐶 = 𝐼𝐵𝑢𝑐𝑘

𝑃𝐿𝐿𝐶 = (

𝑉𝐿𝐿𝐶
)𝑃
𝑉𝑖𝑛 𝑜

𝑉𝐵𝑢𝑐𝑘
𝑃𝐵𝑢𝑐𝑘 = (
) 𝑃𝑜
𝑉𝑖𝑛
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𝑉𝐿𝐿𝐶 =

𝑛𝑉𝑜
𝐺𝐿𝐿𝐶

𝑉𝐵𝑢𝑐𝑘 = 𝑉𝑖𝑛 −

𝑛𝑉𝑜
𝐺𝐿𝐿𝐶

(4-3)

Constraint #1

𝑉𝑖𝑛𝑚𝑖𝑛
𝑛𝑚𝑎𝑥 ≤ (
− 𝐷𝑚𝑎𝑥 ) 𝐺𝐿𝐿𝐶𝑚𝑎𝑥
𝑉𝑜𝑚𝑎𝑥

(4-4)

Constraint #2

𝑉𝑖𝑛𝑚𝑎𝑥 − 𝑉𝐵𝑢𝑐𝑘𝑚𝑎𝑥
𝑛𝑚𝑖𝑛 ≥ (
) 𝐺𝐿𝐿𝐶𝑚𝑖𝑛
𝑉𝑜𝑚𝑖𝑛

(4-5)

The Sigma architecture has two main design constraints. The first constraint is to ensure a
positive voltage across the buck converter that is always higher than the maximum output voltage,
so the duty ratio is always (D < 1) during all operating range, as given by (4-4). This constraint
sets the maximum allowable LLC turns ratio (𝑛𝑚𝑎𝑥 ). The second design constraint is to ensure
high operating efficiency by limiting the maximum allowable voltage appearing on the buck
converter, (𝑉𝐵𝑢𝑐𝑘𝑚𝑎𝑥 ), during all operating conditions. This constraint limits sets the minimum
allowable LLC turns ratio, (𝑛𝑚𝑖𝑛 ), as given in (4-5). 𝑉𝑖𝑛𝑚𝑖𝑛 , 𝑉𝑖𝑛𝑚𝑎𝑥 , 𝑉𝑜𝑚𝑖𝑛 , 𝑉𝑜𝑚𝑎𝑥 are the
maximum and minimum input and output voltages, respectively, and 𝐷𝑚𝑎𝑥 is the maximum buck
duty ratio. Different applications will require a specific design of this architecture, based on the
constraints mentioned above. This achieves the desired higher conversion efficiency, by delivering
the bulk power through the more efficient path of the LLC-DCX, and less power through the buck,
for regulating the output voltage.

4.3. Sigma Converter Design for Narrow Voltage Range Application
Some applications require a very narrow input and output voltage range, such as in
telecommunication applications or in the DDR VRM. The desired converter specifications and the
turns ratio design range are listed in Table 4-1. The maximum allowable voltage across the buck
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converter is set to be 𝑉𝑏𝑢𝑐𝑘𝑚𝑎𝑥 < 30𝑉. This will allow the use of low voltage devices for the buck
converter to maximize its efficiency and maintain the bulk power to flow through the LLC-DCX
in all operating conditions. Although the maximum turns ratio, (𝑛𝑚𝑎𝑥 = 43), will result in the
most efficient operation, the implementation of a specific turns ratio with the matrix transformer
is constrained by other limiting factors.
Table 4-1: Proposed converter specifications and LLC-DCX turns ratio design range
𝑽𝒊𝒏𝒎𝒊𝒏

𝑽𝒊𝒏𝒎𝒂𝒙

𝑽𝒐𝒎𝒊𝒏

𝑽𝒐𝒎𝒂𝒙

𝑽𝒃𝒖𝒄𝒌𝒎𝒂𝒙

45V

55V

0.8V

1V

30V

4.3.1.

𝑫𝒎𝒂𝒙

𝒏𝒎𝒊𝒏

𝒏𝒎𝒂𝒙

0.9

31

43

Matrix Transformer Structure Selection for Sigma Converter

First, in the matrix transformer simplification, and the integration of the flux cancellation
method discussed earlier, every two elemental transformers can be integrated using a single UIcore structure, resulting in significant core loss and footprint reduction. This means there is a need
for an even number of elemental transformers, (2, 4, 6,…etc.), in order to take advantage of the
flux cancellation and core integration for high-efficiency and power-density.
Secondly, the basic structure of the matrix transformer with multiple elemental transformers
is shown in Fig. 4-2(a). The single transformer is divided into multiple elemental transformers
connected in series from the primary side and in parallel from the output side. To ensure equal
current sharing between these elemental transformers, the number of turns in each elemental
transformer should be equal, i.e., (𝑛𝑇𝑅1 = 𝑛𝑇𝑅2 = ⋯ = 𝑛𝑇𝑅𝑁 ). Thirdly, with the requirement of
multiple turns per elemental transformer, (𝑛𝑇𝑅𝑥 > 1), these turns should be implemented in more
than one layer, in order to have an entrance and exit path for the primary side current without using
extra via or PCB layers, as shown in Fig. 4-2(b). Finally, the number of primary turns per PCB
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layer should be equal, to maintain a balanced MMF across the transformer winding, and ensure
perfectly interleaved primary and secondary windings, to reduce all AC related winding loss.

(a)

(b)

Fig. 4-2. (a) Basic matrix transformer structure with multiple elemental transformer. (b) Primary
winding implementation with PCB winding.
Applying these four PCB winding implementation related constraints, to the design
specifications and architecture constraints listed in Table 4-1, will result in all of the design options
listed in Table 4-2. 𝑁𝐸 is the number of elemental transformers, 𝑛𝑇𝑅 is the turns ratio of each
elemental transformer, and 𝑛𝑡𝑜𝑡𝑎𝑙 = 𝑁𝐸 × 𝑛𝑇𝑅 is the LLC-DCX total transformer ratio.
It is clear that different matrix transformer and primary side configurations will have different
impacts on the Sigma converter operation. The first and last options, 𝑁𝐸 = 4 and 𝑁𝐸 = 10 , will
result in the highest possible converter efficiency with the highest power flowing through the LLCDCX. Although both have the same impact on the architecture, for simplicity of the design, the
first option, (𝑁𝐸 = 4), was chosen for this design. The case with 𝑁𝐸 = 10 can be a possible
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candidate if higher current converter is required. Although the Half bridge (HB) configuration has
a lower turns ratio, it requires more PCB layers compared to the full bridge (FB) configuration, to
implement the PCB winding. Therefore, FB was selected to reduce the cost and complexity of the
proposed converter. The proposed Sigma converter structure is shown in Fig. 4-3. The total DCX
turns ratio is 𝑛 = 40: 1. The benefits of this design are shown from the power-sharing graph in
Fig. 4-4. At most operating conditions, the LLC-DCX handles most of the output power, by which
higher overall efficiency is expected. The same design guidelines can be used for other 48V VRMs
with different input and output voltage and power requirements, to select the optimal matrix
transformer structure for each application. The optimization of this matrix transformer to achieve
the highest possible efficiency and power density will be discussed in the following section.
Table 4-2: LLC-DCX with matrix transformer options for sigma converter with different primary
side configurations
𝑵𝑬

Primary Side

𝒏𝑻𝑹

𝒏𝑻𝒐𝒕𝒂𝒍

PCB
Layers

HB

5

20

15 layers

4
FB

10

40

12 layers

HB

3

18

9 layers

FB

6

36

12 layers

HB

2

16

12 layers

6

8
FB

4

32

12 layers

HB

2

20

12 layers

10
FB

4

40

12 layers
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𝑷𝑫𝑪𝑿
@ 𝟒𝟖/𝟏𝑽
𝑷𝑩𝒖𝒄𝒌

22V

5:1

26V

3:1

30V

2:1

22V

5:1
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Fig. 4-3. Proposed 48/1 V – 80 A Sigma converter structure.

Fig. 4-4. Power sharing between the LLC-DCX and the buck-D2D.
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LLC-DCX Design and Optimization for Sigma Converter Architecture

For the proposed Sigma converter, the LLC-DCX requires a transformer with (40:1) turns
ratio. This single transformer was broken into four elemental transformer arrays, as shown in Fig.
4-5, where the transformer leakage and magnetizing inductances with an additional capacitor are
used to form the resonant tank of the LLC-DCX. The flux cancellation concept was utilized in this
architecture to integrate the four transformers using a single core structure, as shown in Fig. 4-6.
SR1

TR1 P1
10:1

P2

Sec1
Sec2
SR2
SR3

Q1

Q4

TR2 P1
10:1

P2

LR

Sec1
Sec2
SR4
SR5

Lm

Q2

Q3

CR

TR3 P1
10:1

P2

Sec1
Sec2
SR6
SR7

TR4 P1
10:1

P2

Sec1
Sec2
SR8

Fig. 4-5. Proposed LLC-DCX with matrix transformer.
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Fig. 4-6. Integrated four transformers using single-core structure.
To optimize the matrix transformer design, the trade-off between total transformer losses and
the footprint is evaluated, and then the optimal switching frequency is selected. The same design
methodology was used for this transformer as previously discussed. The total transformer losses
vs. optimal footprint at full load, and nominal voltage conditions at 1.5 MHz switching frequency,
are shown in Fig. 4-7. Different from the previous chapters with relatively higher output voltage,
due to the low output voltage, (<1V), and high frequency, the 𝑉𝑜𝑙𝑡. 𝑆𝑒𝑐 applied on the core is very
small, and the winding losses are more dominant with very small core loss.
With lower switching frequencies, the AC related winding loss will reduce, while the core
loss increases, due to the higher 𝑉𝑜𝑙𝑡. 𝑆𝑒𝑐, as shown in Fig. 4-8. From the results in Fig. 4-9, the
total losses are highest at high switching frequencies. With reducing the frequency, a reduction in
the total losses occurs until 1 MHz is reached. This is because the reduction in the winding losses
is counteracted by a significant increase in the core losses, so further reducing the switching
frequency will result in a higher total transformer loss.
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Fig. 4-7. Transformer total losses and footprint at 1.5 MHz and full load.

(a)

(b)

Fig. 4-8. Transformer losses variation with switching frequency. (a) Winding loss (b) Core loss
To achieve high-efficiency and power-density, the design region is highlighted in Fig. 4-9.
The corresponding total loss variations with different switching frequency were plotted, as shown
in Fig. 4-10. With different footprints, the total losses tend to have a minimum loss point at 1 MHz
switching frequency; therefore, 1 MHz was selected as the operating frequency. The efficiency of
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the converter was then calculated, and the final design point was selected at a footprint of 300
mm2. All previously mentioned optimization aspects from primary and secondary termination,
fringing loss reduction, and current sharing between layers, were used to optimize this magnetic
structure.
Total Transformer Loss

Ploss (W)

5

4

3

1.5 MHz
1.25 MHz
1.0 MHz
0.75MHz

Design Region

2

100

200

300

400

500

600

700

Footprint (mm2)
Fig. 4-9. Transformer total loss vs. footprint at different switching frequencies.

Loss Vs. Frequency

Ploss (W)

5

200mm2

4

92.1%

300mm2

92.7%

400mm2

92.8%

3
0.5

0.75

1

1.25

1.5

Fs (MHZ)
Fig. 4-10. Transformer total losses vs. switching frequency.
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Buck Converter Design Optimization with PCB Winding Inductor

The Sigma converter was designed so most of the power flows through the higher efficiency
LLC-DCX while the buck converter is responsible for regulating the output voltage. From Fig.
4-4, the power and voltage applied to the buck converter are variable, depending on the operating
condition. In the worst case, (𝑉𝑜 = 0.8 V and 𝑉𝑖𝑛 = 55 V), the buck converter will experience a
voltage stress of (𝑉𝑏𝑢𝑐𝑘𝑚𝑎𝑥 = 23 V) and should handle a current of about (33 A), so devices with
a minimum voltage rating of 40 V are required for the buck converter. GaN devices were used for
the buck converter in this design. The high side switch is EPC2015c while the low voltage switch
is EPC2024. An optimal layout, presented in [78], was used for the layout of the discrete GaN
devices, to minimize the effect of parasitic inductances, and their effect on the switching related
losses. The inductor design for this buck converter is important to achieve high-power-density and
high-efficiency. For low voltage buck converters, the common practice is using a commercial
discrete inductor that has a very low dc resistance (DCR) and low core loss. However, these
inductors have a large footprint and high profile which reduces the overall converter power density
significantly.
In this proposed Sigma converter, the LLC-DCX uses a 14-layer PCB to implement the DCX
transformer. The same PCB can be utilized to implement a single-turn inductor. As the PCB copper
thickness is smaller than the copper foil thickness used by discrete inductors, the inductor windings
can be parallel connected in multiple layers, to reduce the total inductor DCR. The basic structure
of the proposed PCB winding inductor is shown in Fig. 4-11. An EI-core shape with ML-95
material from Hitachi was used to implement the single-turn inductor. An inductance of 𝐿 =
190 𝑛𝐻 and a DCR of 𝑅𝐷𝐶 = 0.53 𝑚𝛺 are achieved.
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(a)

(b)

Fig. 4-11. Single-turn PCB winding inductor structure. (a) Top view. (b) Cross sectional view.
Although the DCR in the proposed design is larger than the commercial discrete inductors,
the efficiency reduction is negligible, since the buck converter is only handling a small amount of
output current. Using this PCB winding inductor will help achieve high-power-density without
scarifying much on the efficiency. The reason for the high DCR is shown in Fig. 4-12. Non-even
current sharing occurs between all parallel inductor PCB layers, resulting in the increased DCR
value.

Fig. 4-12. Current distribution in the PCB layers of the inductor.
A buck converter with a commercial discrete inductor and a PCB winding inductor were
experimentally evaluated. The measured efficiency, shown in Fig. 4-13, shows the buck converter
with the PCB winding inductor has higher efficiency in most operating regions. This is due to the
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lower core loss of the designed PCB winding inductor. The AC related loss of the PCB winding
inductor was evaluated using ANSYS Maxwell®. The commercial inductor used is from Würth
Elektronik, and the AC related loss of this inductor was calculated based on their inductor loss
calculator software, REDEXPERT®. As shown in Table 4-3, the AC related losses of the PCB
winding inductor are three times lower than that of the commercial inductor. This loss includes
both 𝑅𝐴𝐶 and core loss, where both are load independent, and only determined by the peak to peak
current ripple, which can be reflected by the light load efficiency increase in the efficiency results
when using PCB winding. The volume of the PCB winding inductor is 25 % smaller than the
commercial inductor, but it has almost double the value of the DCR, whose losses dominate at
higher loading conditions. That explains why both solutions have the same efficiencies at heavy
load.

Fig. 4-13. Measured efficiency of buck converter with discrete and PCB winding inductor.
Table 4-3: Comparison between PCB winding and commercial inductor
Inductor

Inductance

AC Losses

DCR (mΩ)

Volume (mm3)

PCB

190 nH

60 mW

0.53 mΩ

340 mm3

Commercial [79]

200 nH

200 mW

0.29 mΩ

450 mm2
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Experimental Results

The prototype of the proposed 48V Sigma converter VRM for narrow voltage range
applications with integrated magnetics is shown in Fig. 4-14. The LLC-DCX has four output
terminals, two on each side of the PCB, while the buck converter has one output terminal. The
prototype also includes a microcontroller (MCU) for control of this converter. The proposed
converter can achieve a high-power-density of 420 W/in3 in a very low profile of 4 mm, which is
much better than any state-of-art solutions.

(a)

(b)
Fig. 4-14. Sigma converter prototype. (a) Top view. (b) Side view.
The parameters of the proposed converter are listed in Table 4-4. Even with a total primary
winding of 40 turns, the transformer has leakage inductance of 180 nH; this is due to the
interleaving structure between the primary and secondary windings that helps cancel all of the
transformer leakage flux.
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Table 4-4: Narrow voltage range Sigma converter parameters
Parameter

Value

Input Voltage Range

Vin = 42-55V

Output Voltage Range

Vo= 0.8-1V

Maximum Output Power

80W

LLC - DCX
Primary Devices

EPC2016c

SR Devices

KGF12N05

Transformer Core Material

ML91- Hitachi

Magnetizing Inductance (Lm)

36 uH

Leakage Inductance (Lr)

180 nH

Resonant Capacitor (Cr)

125 nF

Buck Converter
High side Switches

EPC2015c

Low side Switches

EPC2024

Inductor Core Material

ML95- Hitachi

Inductance (L)

190 nH

The converter steady-state operating waveforms at heavy load condition and nominal input
voltage and output voltages (48/1V) are shown in Fig. 4-15(a). 𝑉𝑄1𝐿𝐿𝐶 is the drain-source voltage
of Q1 switch in LLC-DCX, 𝐼𝐿𝑟 is the resonant current in LLC-DCX, 𝑉𝑆𝑊_𝐵𝑢𝑐𝑘 is the switching
node voltage for the buck converter, and 𝑉𝑆𝑅_𝐿𝐿𝐶 is the drain-source voltage of SR in the LLCDCX. The LLC-DCX primary and secondary side devices can achieve ZVS. The primary turn-off
current is very small, so the turn off losses can be minimized. The overshoot at the buck converter
switching node is very small, showing the effectiveness of the optimized layout of the GaN
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devices. The case with high input voltage and lowest output voltage is shown in Fig. 4-15(b). The
buck switching node voltage is highest, and the duty ratio is smallest. In this condition, the buck
converter is delivering its highest power. Soft switching is still achieved with clean buck converter
voltage, although it operates at very large input voltage and high output current.

(a)

(b)
Fig. 4-15. Sigma converter operating waveforms. (a) Input voltage of 48V and 1V-80A output.
(b) Input voltage of 55V and 0.8V-80A output.
The importance of integrating the four elemental transformers with a single core can be shown
from Fig. 4-16. All of the SRs drain to source voltages are perfectly aligned, although they are on
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different magnetic flux paths. This indicates the symmetry of the air gap across each elemental
transformer can easily be realized using a single core structure, compared to multiple core
structures that are more susceptible to tolerance variations.

Fig. 4-16. Sigma converter SRs drain to source voltage waveforms.
The thermal images at nominal condition and full load with 300 LFM air cooling are shown
in Fig. 4-17(a). There are no hot spots for the proposed converter, even with the power-density
much higher than state-of-art designs. The thermal image of the least efficient case (55/0.8V) is
shown in Fig. 4-17(b). It is clear that the buck converter temperature is getting higher and
represents the hot spot of the converter; however, the maximum temperature is below 70 degrees.
The DCX efficiency was measured separately at the nominal condition and compared with the
analytically calculated efficiency. The results, shown in Fig. 4-18, show a good agreement between
the estimated and measured efficiency, validating the loss analysis and simulations used for the
transformer optimization. The variation at light load efficiency is caused by underestimating the
turn-off loss of the primary side devices, which can only be obtained from Spice simulations that
are not very accurate.
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Fig. 4-17. Sigma converter thermal image. (a) Input voltage of 48V and 1V-80A output. (b)
Input voltage of 55V and 0.8V-80A output.

Fig. 4-18. Experimental vs. estimated efficiency of LLC-DCX.
The converter efficiency at different conditions is shown in Fig. 4-19. The proposed converter
can achieve a peak efficiency of 94 % that drops to 92.6 % at full load condition. A comparison
between the performance of the proposed 48V Sigma converter and other state-of-art solutions is
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listed in Table 4-5. It should be noted that all of the power densities are without any control or
auxiliary power supply circuitry. The Sigma converter can achieve the highest conversion
efficiency compared to all other state-of-art solutions. VICOR’s solution can achieve the highest
power density; however, the proposed sigma converter with integrated magnetics can be designed
in a much smaller profile.

Fig. 4-19. Sigma converter measured efficiency.
Table 4-5: Comparison of proposed converter with state-of-art solutions
Solution

Approach

Peak
Efficiency

Power
Density

Thickness
(mm)

Vo
Io

VICOR®
[80]–[82]

Two-stages

92%

140 W/in2

7.6 mm

1V
107A

CPES
[42], [62]

Two-stages

91%

80 W/in2

8.3 mm

1.8V
140A

STM®
[35], [36],
[83]

Single-stage

93.2%

66 W/in2

N/A

1.2
105A

This Work

Single-stage

94%

82 W/in2

4 mm

1V
80A
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4.4. Sigma Converter Design for Wide Voltage Range Applications
In the previous section, although the designed 48V VRM based on the Sigma converter
achieved very high-efficiency and power density, the converter only operates for narrow input and
output voltage ranges, which does not fully meet the Intel CPU voltage requirements. In the
previous section, the LLC-DCX operates at a fixed switching frequency (𝑓𝑠 ), equal to resonant
frequency (𝑓𝑟𝑒𝑠 ), with unity gain 𝐺𝐿𝐿𝐶 = 1, leaving only (𝑛) as the only design parameter. The two
designed constraints given by (4-4) and (4-5), when applied to the operating ranges required by
the CPU in the 48V rack architecture listed in Table 4-6, will result in an unbounded turns ratio,
as shown in Table 4-7. Both constraints cannot be met.
Table 4-6: 48V VRM operating voltage requirements
𝑽𝒊𝒏𝒎𝒊𝒏

𝑽𝒊𝒏𝒎𝒂𝒙

𝑽𝒐𝒎𝒊𝒏

𝑽𝒐𝒎𝒂𝒙

𝑰𝒐𝒎𝒂𝒙

40V

59.5V

1.3V

1.85V

225A

Table 4-7: LLC-DCX turns ratio design range with fixed frequency operation
𝑽𝑩𝒖𝒄𝒌𝒎𝒂𝒙

𝑫𝒎𝒂𝒙

𝒏𝒎𝒂𝒙 ≤

𝒏𝒎𝒊𝒏 ≥

24V

0.9

22

28

Solving this problem can be done by changing the LLC-DCX gain. By changing its operating
frequency away from the resonant frequency, by which higher and lower LLC gain 𝐺𝐿𝐿𝐶𝑚𝑎𝑥 >
1, 𝐺𝐿𝐿𝐶𝑚𝑖𝑛 < 1 is realized, to meet both design constraints. Choosing the LLC-DCX turns ratio of
(𝑛 = 24) will result in the Sigma converter operating ranges, as shown in Fig. 4-20. Region I
represent the nominal input voltage range. In this region, the LLC-DCX operates at the resonant
frequency with unity gain. The buck converter voltage is already maintained within the required
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region, i.e., 𝑉𝐵𝑢𝑐𝑘𝑚𝑖𝑛 < 𝑉𝐵𝑢𝑐𝑘 < 𝑉𝐵𝑢𝑐𝑘𝑚𝑎𝑥 , at all input and output voltages bounded within this
region. This region represents the highest LLC-DCX efficiency, with operation at its optimal
efficiency point at the resonant frequency.
In Region II, with high 𝑉𝑖𝑛 , the LLC-DCX operates with (𝑓𝑠 > 𝑓𝑟𝑒𝑠 ) to reduce its gain (𝐺𝐿𝐿𝐶 <
1). According to (4-3), 𝑉𝐿𝐿𝑐 will increase to reduce 𝑉𝐵𝑢𝑐𝑘 and keep it within the specified limits.
In Region III, with low 𝑉𝑖𝑛 , the LLC-DCX operates with 𝑓𝑠 < 𝑓𝑟𝑒𝑠 to increase its gain 𝐺𝐿𝐿𝐶 > 1.
According to (4-3), the LLC-DCX input voltage will reduce to increase 𝑉𝐵𝑢𝑐𝑘 and keep 𝐷 > 1.
With this operation, the Sigma converter can operate at wide voltage range and maximum
operation efficiency during nominal conditions, and the least LLC-DCX gain control is only
required at high and low line conditions.

Fig. 4-20. Wide range Sigma converter operating regions with variable frequency LLC-DCX.
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Realizing this, requires the LLC-DCX converter to have a controllable gain. The 3D drawing
shown in Fig. 4-21, shows the desired LLC-DCX gain when operating in the three regions. The
maximum gain required is 𝐺𝐿𝐿𝐶𝑚𝑎𝑥 = 1.2, and the minimum gain required is 𝐺𝐿𝐿𝐶𝑚𝑖𝑛 = 0.8 to
keep the buck converter voltage within the limits. In these regions, the buck converter duty cycle
varies between 5% < 𝐷 < 60 %. That is considered an acceptable range by all current buck
converter controllers.

Fig. 4-21. LLC-DCX gain requirement and the corresponding buck converter duty cycle.
In the narrow range Sigma VRM, the transformer leakage inductance was utilized as the
converter resonant inductor, (𝐿𝑟 ). This inductance is very small (≈ 180 nH) and will result in flat
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uncontrollable LLC gain characteristics, as shown in

GLLC = nVo / Vin

Lm =12uH Lr= 100nH → Ln = Lm/Lr =120

fn

Fig. 4-22. For that, a higher controlled leakage inductor is required to achieve the desired gain
characteristics and achieve the wide voltage range operation.

GLLC = nVo / Vin

Lm =12uH Lr= 100nH → Ln = Lm/Lr =120

fn

Fig. 4-22. LLC-DCX gain characteristics with transformer leakage inductance.
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LLC-DCX Design with Integrated Inductor and Transformer Structure

The proposed matrix transformer for this LLC converter is shown in Fig. 4-23. The structure
uses the same parallel matrix transformer structure previously mentioned in Chapter 3. In this
structure, six elemental transformers are inter-wired to form the single transformer 𝑛 = 12: 1, used
with a half bridge primary side configuration that has an equivalent ratio of 𝑛 = 24: 1, desired for
the wide voltage range operation. With 6-elemental transformers, the converter is designed to
deliver a high output current of 120A. The symmetrical primary winding and overlapped
secondary winding structure, previously discussed in Chapter 3, were utilized for this transformer,
as shown in Fig. 4-24. However, with this transformer, the leakage inductance is too small to
achieve the regulation capability.
By extending the primary windings without overlapping with the secondary windings, leakage
flux will be generated, by adding two magnetic pillars, as shown in Fig. 4-24. This leakage flux
will be confined, and can be controlled, to get the required leakage inductance for variable gain
operation, with a minimum footprint and winding requirement. Both transformer and inductor
share the same primary windings. They can also be integrated, using a single or separate core
structure. The details of this integrated transformer and inductor structure will be discussed in more
details om Chapter 5 of this thesis.
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Lr

120A
4:1:1
TR1
4:1:1
TR2
4:1:1
TR3

Lm
4:1:1
TR4
4:1:1
TR5
4:1:1
TR6
Fig. 4-23. LLC-DCX with 6 x 4:1 matrix transformer structure.
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Secondary Windings
TR2

TR1

TR6

TR5

TR3

TR4

Primary Windings
TR1

TR2

TR3

TR6

TR5

TR4

Transformer

Inductor

Transformer

Fig. 4-24. PCB implementation of the integrated matrix transformer and inductor structure.
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The selection of the magnetizing, (𝐿𝑚 ), and resonant, (𝐿𝑟 ), inductances have a great impact
on the designed gain characteristics of the converter, and the operating frequency range when
regulating the output voltage. The converter will be designed to have a maximum gain of 𝐺𝑚𝑎𝑥 =
1.2, to have some margin from the desired maximum gain of 𝐺𝐿𝐿𝐶𝑚𝑎𝑥 = 1.1. According to [84],
the first step of the design is the selection of 𝐿𝑚 to achieve the desired 𝐺𝑚𝑎𝑥 . The governing
equations for the LLC converter are listed in (4-6)–(4-8), where 𝐶𝑟 is the resonant capacitor, 𝑓𝑜 =
1 𝑀𝐻𝑧 is the resonant frequency, 𝑅𝐿 is the load resistance, 𝑛 = 24 is the transformer turns ratio,
𝐿𝑛 represent the ratio between 𝐿𝑚 and 𝐿𝑟 , and 𝑄𝑛 represent the resonant tank quality factor with
different loading conditions. To achieve the desired 𝐺𝑚𝑎𝑥 = 1.2, SIMPLIS simulation was used
to get the maximum gain contour with different 𝐿𝑛 and 𝑄𝑛 values, and the results are shown in the
purple line of Fig. 4-25. Any combination of (𝐿𝑛 , 𝑄𝑛 ) on this line can achieve a maximum gain
of 1.2. Another contour plot, which represents the product of (𝐿𝑛 𝑄𝑛 ) , as given in (4-7), can be
plotted on the same graph. The intersection between these two contour plots will determine the
minimum 𝐿𝑛 value required to achieve the desired 𝐺𝑚𝑎𝑥 . The second contour plot is dependent on
different circuit parameters. In this design, the resonant frequency, turns ratio, and load, have been
already determined. That means the second contour is only changing with different magnetizing
inductances.

𝐿𝑛 =

𝐿𝑚
𝐿𝑟
𝐿𝑛 𝑄𝑛 =

𝐿𝑚 <

𝑄𝑛 =

√𝐿𝑟 /𝐶𝑟
𝑛2 𝑅𝐿

(4-6)

2𝜋𝑓𝑜
𝐿
𝑛2 𝑅𝐿 𝑚

(4-7)

𝑡𝑑𝑡
8𝐶𝑜𝑠𝑠 𝑓𝑠

(4-8)
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Fig. 4-25. LLC maximum gain contour with different 𝑄𝑛 and 𝐿𝑛 .
Secondly, the (𝐿𝑚 ) should also be designed to achieve the ZVS condition as in (4-8), where the
𝑡𝑑𝑡 is the deadtime period required to realize ZVS, and (𝐶𝑜𝑠𝑠 ) is the junction capacitor of the used
primary and secondary side devices. The (𝑡𝑑𝑡 ) impacts the total conduction loss of this converter.
The total conduction loss of this converter, including devices and transformer winding loss
variation, with the dead-time, is shown in Fig. 4-26. The minimum conduction loss will be
achieved at a deadtime of (𝑡𝑑𝑡 = 25 𝑛𝑆𝑒𝑐), which corresponds to a magnetizing inductance of
(𝐿𝑚 = 2𝑢𝐻). From the graph shown in Fig. 4-25, this (𝐿𝑚 ) value corresponds to 𝐿𝑛 = 4, meaning
that a total leakage inductance of 500 nH is required to achieve the desired maximum gain
requirement. The corresponding LLC-DCX gain characteristics of the designed converter are
shown in Fig. 4-27, where the converter is required to operate with a switching frequency range of
800 KHz to 1.5 MHz, in order to realize the wide voltage range of operation by the Sigma
converter.
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Fig. 4-26. Total converter conduction loss variation with deadtime.

Fig. 4-27. LLC-DCX voltage gain characteristics.
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Experimental Results

The wide voltage range Sigma converter prototype was built, as shown in Fig. 4-28. The
converter uses 100V - EPC2053 GaN devices for primary side devices, and 5.5V-KGF12N05
silicon devices for the secondary side SR devices in the LLC-DCX. A custom-made core with
ML91 material from Hitachi was used for the integrated matrix transformer and inductor structure.
The buck converter was designed using 40V EPC2015/EPC2024 GaN devices and a PCB inductor
that uses a custom-made core with ML95 material from Hitachi. The converter power density is
700 W/in3. The LLC-DCX is operating with 1 MHz switching frequency at nominal conditions
with a frequency range of 800 KHz to 1.5 MHz to achieve the required gain variation. The buck
converter operates at a fixed frequency of 500 KHz.

Fig. 4-28. Wide voltage range sigma converter prototype.
The LLC-DCX operating waveforms, at resonant frequency, with different input and output
voltages, and full load condition, are shown in Fig. 4-29. The LLC-DCX operating waveforms,
when operating below and above resonant frequency, according to the Sigma converter operating
ranges, are shown in Fig. 4-30. It is clear that the LLC-DCX can achieve ZVS for both primary
and secondary side devices under all operating conditions.
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(a)

(b)
Fig. 4-29. LLC-DCX operating waveforms at nominal voltage and resonant frequency. (a) Vin =
54V, VLLC = 43V, Vo = 1.8V. (b) Vin = 54V, VLLC = 32V, Vo = 1.3V.
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(a)

(b)
Fig. 4-30. LLC-DCX operating waveforms at high and low line conditions. (a) Vin = 40V, VLLC
= 37V, Vo = 1.8V, Fs = 800 KHz. (b) Vin = 60V, VLLC = 38V, Vo = 1.3V, Fs = 1.2 MHz.

128

Mohamed H. Ahmed

Chapter 4

The LLC-DCX measured efficiency when operating at resonant frequency and away from
resonant frequency, is shown in Fig. 4-31. The LLC-DCX with an integrated magnetic structure
can maintain a maximum efficiency over 94 % under all operating conditions. It is clear that the
frequency drops by only 1 % when shifting the operation away from the resonant frequency. This
verifies the effectiveness of the proposed integrated magnetic structure. Very little price is paid, in
order to realize the required gain variation, and enable the Sigma converter to operate in wide input
and output voltage ranges.

Fig. 4-31. LLC-DCX measured efficiency under different operating conditions.
The overall efficiency of the Sigma converter under different operating conditions is shown in
Fig. 4-32. The converter can achieve a high-efficiency of 95.2 % at nominal conditions that drops
by only 2 %, when operating at the least efficient point, when the buck converter voltage is
handling most of its power. The comparison between the performance of the proposed single-stage
solution, and the previously discussed two-stage solution, with other state-of art solutions, are
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shown in Fig. 4-33. It is clear that the sigma converter can achieve a much higher efficiency than
a two-stage VRM and other state-of-art solutions. The converter operates with a very good thermal
performance for such high power-density, as shown in Fig. 4-34.

Fig. 4-32. Sigma VRM measured efficiency under different operating conditions.

Fig. 4-33. Sigma VRM efficiency comparison with state-of-art VRM solutions.
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Fig. 4-34. Sigma converter thermal image at full load condition.
The proposed converter performance parameters comparison with other state-of-art solutions
from industry and academia at nominal conditions is listed in Table 4-8. One can see that the
proposed converter can achieve higher peak and full load efficiency and power-density, compared
to all other reported two-stage and single-stage solutions.
Table 4-8: Wide voltage range Sigma converter comparison with the state-of-art solutions.
Solution

This Work

PSFB [35]

Hybrid DC/DC [85]

Maximum efficiency

95.3%

93%

94.6%

Full load efficiency

93%

91.4%

87.2%

Power density

700W/in3 200 W/in2

N/A-66W/in2

420 W/in3-N/A
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4.5. Startup Control of Sigma Converter
One of the main challenges for the proposed converter is the soft startup. The soft startup of
the LLC converter has been always challenging. Due to the excessive voltage and current stresses
in the resonant tank [86], [87], another challenge specific to the Sigma converter can be explained
from Fig. 4-35. By keeping the LLC-DCX operating at resonant frequency, the DCX input voltage
is proportional to its output voltage, which means that the total input voltage will appear on the
buck converter devices during startup. Thus, certain care should be taken to avoid breaking the
buck converter low voltage devices during startup operation that are designed for a maximum
applied voltage of 22V.

Fig. 4-35. LLC-DCX and Buck converter voltages during startup.
In this section, a soft startup mechanism is presented for the Sigma converter that includes a
soft startup for the LLC-DCX, buck converter, as well as cooperation between the two converters,
to avoid any excessive stress across either of them. The control method was implemented in a low
cost, low power consumption 60 MHZ MCU TMS320F28035 [88].
The startup of the LLC-DCX is a very critical process, as it will experience very large resonant
current 𝑖𝐿𝑅 and voltage 𝑣𝐶𝑅 stresses, if not well controlled. In [86], the simplified optimal trajectory
control (SOTC) was first proposed for startup control of the LLC converter, and showed great
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performance in comparison with other commercial solutions. Further simplification for this
concept was presented in [87], [89], by which SOTC control was implemented in a low cost MCU
for controlling a high frequency LLC converter. The SOTC based startup process of the fullbridge LLC-DCX can be described as follows: In Stage 1, the resonant tank current should be kept
within a symmetrical current limit band, as shown in Fig. 4-36(a). Based on this requirement, the
switching frequency 𝑓𝑠 corresponding to given output voltage 𝑉𝑜 can be pre-calculated, and this
pre-calculated 𝑓𝑆 vs. 𝑉𝑜 table is stored in the MCU. During Stage 1 of start-up, the MCU senses
the output voltage and controls the switching frequency, according to the 𝑓𝑆 vs. 𝑉𝑜 table. In Stage
2, shown in Fig. 4-36(b), the switching frequency is decreased gradually with the increase of the
output voltage, until reaching the steady state output voltage, and merging with the closed loop
control. The offline lookup table was calculated based on the LLC-DCX parameters, and the
resulted 𝑓𝑠 Vs. 𝑉𝑜 curve is shown in Fig. 4-37. It should be noted that due to the resolution of the
PWM module of the MCU, we can only achieve step changes in the switching frequency of the
LLC, as shown in the solid lines close enough to the ideal calculated curve.

(a)
(b)
Fig. 4-36. SOTC control for LLC-DCX soft startup. (a) Stage 1. (b) Stage 2.
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Fig. 4-37. LLC-DCX switching frequency vs. output voltage during startup.
4.5.1.

Startup Mechanism for Sigma Converter

Using SOTC control will help startup of the LLC-DCX without any excessive voltages or
currents. For the Sigma converter structure, the LLC-DCX is just one part of the startup process.
The other challenge, as described earlier, is to keep the voltage across the buck converter within a
safe operating range, as the devices used cannot handle the total converter input voltage.
The basic control scheme for the Sigma converter is shown in Fig. 4-38. The converter input
voltage, buck converter voltage, and the output voltage, are all sampled with the analogue to digital
converter (ADC) module of the MCU. The SOTC control is used for soft startup of the LLC-DCX.
A digital voltage mode PI controller was used to control the buck converter during startup and
steady state operations. The MCU generates the buck converter duty ratio and the LLC operating
frequency, based on the operating condition of the converter. The startup mechanism can be
divided into three operational stages, described as follows:
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Fig. 4-38. Sigma converter main control scheme.
Stage 1 takes place when the input voltage reaches its nominal value. At this instant, both the
DCX and buck converter input capacitors will be pre-charged, proportional to their capacitor
values by 𝑉𝐵𝑢𝑐𝑘 /𝑉𝐷𝐶𝑋 = 𝐶𝐷𝐶𝑋 /𝐶𝐵𝑢𝑐𝑘 . For safety purposes, these capacitors have to be chosen
such that 𝐶𝐷𝐶𝑋 < 𝐶𝐵𝑢𝑐𝑘 , so the buck converter voltage will always be lower than the DCX voltage
before starting the converter. The (𝑓𝑠 Vs. 𝑉𝑜 ) curves for the LLC-DCX startup were calculated
only at the nominal DCX voltage (40V); however, the DCX voltage will vary, depending on the
input voltage applied on the converter (40-60V). That means the voltage on the DCX is required
to maintain constant at the designed lookup table during the startup process. The startup Stage 1
control diagram is shown in Fig. 4-39. This stage is used only if the DCX voltage is much higher
than the nominal condition, and the buck converter capacitor is completely discharged. The buck
converter operates with a fixed duty ratio (𝐷𝑠𝑡𝑎𝑔𝑒1 = 3%) to help charge its input capacitor
quickly and build up the voltage across it. The SOTC is used to provide the LLC-DCX with proper
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switching frequency. This stage ends when 𝑉𝐷𝐶𝑋 reaches a value close to its nominal voltage, then
the controller will switch to Stage 2.

Fig. 4-39. Sigma converter control diagram during startup Stage 1.
Stage 2 is responsible for regulating the 𝑉𝐷𝐶𝑋 at its nominal value by which a proper startup
of the LLC is achieved. Doing so will also ensure that there is no excess voltage stress across the
buck converter. To achieve this, the 𝑉𝐷𝐶𝑋 was sensed and regulated with a digital PI controller
through controlling the duty ratio of the buck converter as follows: If the VDCX > VDCX_Ref , the
buck converter duty ratio will reduce, allowing its capacitor voltage to increase, so the DCX
voltage will be reduced again. The control diagram for this stage is shown in Fig. 4-40, where the
SOTC control is still applied for the LLC-DCX, while controlling its input voltage with the digital
PI controller. During this stage, the output voltage will continue building with almost constant
𝑉𝐷𝐶𝑋 and 𝑉𝐵𝑢𝑐𝑘 . This stage will end when the output voltage reaches a threshold value (0.9V),
close to its steady state value, when the controller will switch to the third and final startup stage.
In Stage 3, very close to the steady state output voltage, the PI controller is switched from
controlling 𝑉𝐷𝐶𝑋 to controlling 𝑉𝑜 with a rising reference, until reaching the desired steady state
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voltage, as shown in the control diagram in Fig. 4-41. SOTC startup control is still applied to the
LLC-DCX until reaching the steady state voltage, where the closed loop controller merges to
control the output voltage, and the LLC-DCX switching frequency drops to its nominal value of
1MHz.

Fig. 4-40. Sigma converter control diagram during startup Stage 2.

Fig. 4-41. Sigma converter control diagram during startup Stage 3.
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Experimental Results

The startup waveforms for the Sigma converter at 48V input voltage and no loading
conditions, with different startup stages marked, are shown in Fig. 4-42. The proposed mechanism
can achieve a fast startup time, (≈400 uSec), with limited stresses in both buck converter and LLCDCX voltage and current stresses. It is also clear there is a smooth transition between different
startup stages, even when the controller structure is changing from one stage to another. The same
performance was achieved at different input voltages, as shown in Fig. 4-43. That proves the
validity of the proposed mechanism.

Fig. 4-42. Sigma converter startup waveforms at Vin = 48V at no loading condition.
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Fig. 4-43. Sigma converter startup waveforms at Vin = 54V at no loading condition.

4.6. Modelling and Control of Sigma Converter
As previously discussed in Chapter 1, the Sigma VRM must meet all stringent transient
requirements by the CPU. With fast transients reaching 1000 A/uSec and constant load line to
achieve accurate AVP, the control design of the Sigma VRM is very challenging. First, an accurate
small signal model is required, both to study the small signal property for this converter and
investigate the possible control candidates suitable for this converter.
4.6.1.

Investigation of Control Methods for Sigma Converter VRM

In [90], the control for the Sigma converter VRM was discussed for the 12V VRM, and
showed that the converter can achieve the AVP requirement with fast transient response in CPU
applications. However, the model was developed for a different DCX topology and an outdated
current mode control model for the buck converter was used; that will impact the model accuracy
of the Sigma converter.
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In [91], an accurate open loop small signal model was developed for the Sigma converter.
The modelling concept is similar to the one used in [90], while using more updated models for the
LLC converter. The model was developed using the existing, simplified model for the LLC
converter reported in [92], as well as the buck converter three terminal switch model, reported in
[93]. Using these models, the open loop small signal model of the Sigma converter was
established, as shown in Fig. 4-44. The duty cycle to output voltage transfer function and all of the
related parameters are listed in (4-9)–(4-15), where 𝑅𝐿𝐿𝐶 , 𝑅𝐵𝑢𝑐𝑘 are the parasitic resistance of the
LLC and buck converters, respectively; 𝐷 is the buck converter duty cycle; 𝑛 is the LLC converter
turns ratio; 𝐶𝑖𝑛 , 𝐶𝑜 is the total input and output capacitance; 𝐶𝑒𝑞 , 𝐶𝑒𝑞2 are the equivalent capacitance
when the input and output capacitance are connected in parallel and series, respectively; 𝑅𝑐𝑜 is
the output capacitance ESR; 𝑅𝐿 is the load resistance; 𝐿𝑟 is the LLC converter resonant inductor;
and 𝐿 the buck converter inductor.

Fig. 4-44. Sigma converter small signal model [91].
𝑠
𝑠2
+
𝜔𝑧 𝑄𝑧 𝜔𝑧2 )
𝐺𝑣𝑜 (𝑠) = 𝐺𝑣𝑜−𝐷𝐶
𝑠
𝑠2
𝑠
𝑠2
𝑑
𝑑
(1 + 𝜔 𝑄 + 2 ) (1 + 𝜔 𝑄 + 2 )
𝜔1
𝜔2
1 1
2 2
(1 + 𝑅𝑐𝑜 𝐶𝑜 𝑠) ⋅ (1 +
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𝐺𝑣𝑜_𝐷𝐶 ≈
𝑑

𝜔1 ≈ √

(1 + 𝑛𝐷)2
𝐿𝐶𝑒𝑞

1
𝜔2 = √
𝐿𝑒 ′𝐶𝑒𝑞2

𝜔𝑧 ≈ √

1 + 𝑛𝐷
𝑛2 𝐶𝑖𝑛 𝐿′𝑒

𝑄1 =

𝑉𝑖𝑛2
1 + 𝑛𝐷

𝐶 (1 + 𝑛𝐷)2
𝑅𝐿
√ 𝑒𝑞
𝐶𝑒𝑞 𝑅𝐵𝑢𝑐𝑘 𝑅𝐿
𝐿
1+
𝐿

(4-12)

𝑉𝑖𝑛2 (1 + 𝑛𝐷)
4𝑛2 𝐶𝑖𝑛 𝐿′𝑒
√
𝑄𝑧 ≈
′
𝑛𝐿𝐼𝑐 + 𝑉𝑖𝑛2 𝐶𝑖𝑛 𝑅𝐿𝐿𝐶
1 + 𝑛𝐷

(4-13)

𝑛2 𝐶𝑖𝑛 𝐶𝑜
=
𝐶𝑜 + 𝑛2 𝐶𝑖𝑛

(4-14)

𝐶𝑒𝑞 = 𝑛 𝐶𝑖𝑛 + 𝐶𝑜

𝐿′𝑒𝑞

(4-11)

𝑅′
𝐶 (1 + 2𝐿𝐿𝐶 )
𝑅𝐿
𝑛 𝑅𝐿
√ 𝑒𝑞2
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𝐿𝑒 ′
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2
′
4𝑛 𝐿𝑒

2

𝐶𝑖𝑛 = 𝐶𝑖𝑛1 + 𝐶𝑖𝑛2

(4-10)

𝜋 2 𝐿𝑟
=
4𝑛2

′
𝑅𝐿𝐿𝐶

𝐶𝑒𝑞2

𝜋 2 𝑅𝐿𝐿𝐶
=
8

(4-15)

The model in [91] shows that the Sigma converter has two set of double poles. The first double
pole occurs at frequency 𝜔1, due to resonance between (𝐿, 𝐶𝑒𝑞 ). The damping of this double poles
and its quality factor (𝑄1 ) are determined by the 𝑅𝑏𝑢𝑐𝑘 . The second double poles occur at frequency
𝜔2 , due to resonance between (𝐿′𝑒 , 𝐶𝑒𝑞2). The damping of this double poles and its quality factor
′
of (𝑄2 ) is determined by the 𝑅𝐿𝐿𝐶
. In addition to the ESR zero, the model has one set of double

zeros occurring at frequency 𝜔𝑧 , due to resonance between (𝐿′𝑒 , 𝑛2 𝐶𝑖𝑛 ). The damping of this double
′
zeros and its quality factor (𝑄𝑧 ) is determined by the 𝑅𝐿𝐿𝐶
and the loading condition. The model

showed a good agreement with the simulation results, as shown in Fig. 4-45. The open loop
frequency response shows that at high frequency, the effect of the double pole at 𝜔2 , and the double
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zero 𝜔𝑧 is very marginal. This is due to the high damping effect of the LLC parasitic resistance,
by which the quality factor of both is very small, i.e. 𝑄𝑧 = 0.3, 𝑄2 = 1.3. However, the low
frequency double pole located at 𝜔1 has very high peaking, due to the high-quality factor 𝑄1 =
12. The reason for that can be seen from (4-11), where the 𝑄1 is directly proportional to the 𝐶𝑒𝑞
which represents the parallel connection of 𝑛2 𝐶𝑖𝑛 and 𝐶𝑜 multiplied by the (1 + 𝑛𝐷) factor. In
addition to that, this double pole is only damped by the buck converter parasitic resistance 𝑅𝑏𝑢𝑐𝑘
which is much smaller than the parasitic resistance of the LLC converter 𝑅𝐿𝐿𝐶 . For this reason, the
compensator design with voltage mode control will be difficult, and the BW will be limited to
lower values to ensure a stable system.

Fig. 4-45. Open loop duty cycle to output voltage transfer function bode plot.
Since this high 𝑄 low frequency double poles is created due to the buck converter inductor,
the current mode control can help split this double pole into two single poles, as in a regular buck
converter, by controlling the inductor current. In [94], [95], the small signal model of the Sigma
converter using current mode control was developed. The basic structure of the Sigma converter
with peak current mode (PCM) fixed frequency control and constant on time (COT) variable
frequency control is shown in Fig. 4-46.
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(a)

(b)

Fig. 4-46. Sigma converter with current mode control. (a) PCM [94]. (b) COT [95].
The same modeling concept used to develop the small signal model in voltage mode control,
was used to develop the Sigma converter small signal model with a current mode controlled buck
converter. In this case, the buck converter unified three-terminal switch model, with current mode
control, reported in [96], was used as shown in Fig. 4-47. The control to output voltage transfer
function with current mode control, and all associated parameters, are listed in (4-16)–(4-23),
where 𝑅𝑖 is the inductor current sensing gain; 𝑇𝑜𝑛 , 𝑇𝑜𝑓𝑓 are the on and off time of the buck
converter high side switch; 𝑆𝑛 , 𝑆𝑓 are the rising and falling slopes of the inductor current; and 𝑆𝑒
is the external ramp slope.
𝑠
𝑠2
+
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𝜔1𝐶𝑀
𝜔2 𝑄2 𝜔2
𝜔3 𝑄3 𝜔3
(1 + 𝑅𝑐𝑜 𝐶𝑜 𝑠) ⋅ (1 +

𝐺𝑣𝑜−𝐷𝐶−𝐶𝑂𝑇 ≈
𝑣𝑐

1 + 𝑛𝐷
𝑅𝑒𝑞
𝑅𝑖

𝑅𝑖𝑛 =

−𝑉𝑖𝑛2
𝐷𝐼𝑏𝑢𝑐𝑘

𝜔1𝐶𝑀 =

𝐺𝐿 = 𝐺𝑜 =
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𝑅𝑖𝑛 −1
𝑅𝑒
𝑅𝑒
𝑅𝑒𝑞 ≈ 𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ( 2 ,
,
,
,𝑅 )
𝑛 𝑛𝐺𝑜 𝑛(1 + 𝑛𝐷)𝐷𝐾𝑖𝑛 (1 + 𝑛𝐷)2 𝐿
𝐾𝑖𝑛 =

−𝑇𝑜𝑓𝑓 𝑅𝑒
2𝐿

(4-19)

𝑅𝑒 =

𝐿
𝑠 +𝑠
𝑇𝑠𝑤 (𝑠𝑛 + 𝑠𝑒 − 0.5)
𝑛
𝑓

(4-20)

𝑄3 =

1
𝑠 +𝑠
𝜋 (𝑠𝑛 + 𝑠𝑒 − 0.5)
𝑛
𝑓

(4-21)

PCM
𝜔3 =

𝜋
𝑇𝑠𝑤

𝐾𝑖𝑛 = 𝐷′

𝑅𝑒 =

2𝐿
𝑇𝑜𝑛

(4-22)

COT
𝜔3 =

𝜋
𝑇𝑜𝑛

𝑄3 =

2
𝜋

(4-23)

Fig. 4-47. Sigma VRM with three-terminal equivalent switch model for current mode control.
For the Sigma converter, the current mode control helps in splitting the high 𝑄 double pole
located at 𝜔1 in the open loop transfer function, and changes it to a low frequency single pole
located at 𝜔1𝐶𝑀 , as in a regular buck converter. Two major differences differentiate the Sigma
converter with current mode control, from the regular buck converter with current mode control.
First, the single pole is determined by an equivalent resistance 𝑅𝑒𝑞 , as mentioned in (4-17).
This resistance is the parallel combination of different resistances, some of which have a negative
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−1

value ( 𝑛𝑖𝑛2 , 𝑛𝐺 ), as listed in (4-19). This will result in a total of negative resistance (𝑅𝑒𝑞 < 0), and
𝑜

as a result, a right half plane (RHP) pole is created. Secondly, the DC gain is also affected by the
same resistance, and this results in the negative DC gain in the control to output voltage transfer
function (𝐺𝑣𝑜−𝐷𝐶−𝐶𝑂𝑇 < 0). Shown in Fig. 4-48, is the control to output voltage frequency
𝑣𝑐

response. It clear that the low frequency double pole is changed to a single pole with a negative
DC gain as the phase starts with (-180).

Fig. 4-48. Control to output voltage transfer function bode plot for PCM and COT control.
The high frequency response with current mode control is similar with voltage mode control,
with the double zeros and double poles located at 𝜔𝑧 and 𝜔2 , respectively. In addition, the Sigma
converter with current mode control has a new set of high frequency double poles located at 𝜔3 ,
due to the sideband effects in the current feedback, similar to the buck converter with current mode
control. These sideband effects are represented by the 𝑅𝑒 , 𝐶𝑒 branch, where the 𝐶𝑒 resonates with
the buck converter inductor 𝐿, to create the double poles at 𝜔3 .
With PCM control, this double poles is located at half the switching frequency 𝜔3 = 𝜋/𝑇𝑠𝑤
and can have a negative 𝑄2 with high duty cycle operation, causing system instability. With COT
control, this double pole is located beyond half the switching frequency 𝜔3 = 𝜋/𝑇𝑜𝑛 with a
145

Mohamed H. Ahmed

Chapter 4

positive 𝑄2 under all operating conditions. The COT will not have a severe phase delay at half
switching frequency compared to the PCM, as shown in Fig. 4-48, by which higher BW can be
achieved. In [94], [95], it was shown that although the control to output transfer function represents
an unstable system with a RHP pole, the system can be stabilized with closing the voltage loop
and with an appropriate compensator design. However, due to the nature of the non-minimum
phase system, the BW has to be designed within finite range to ensure system stability. This
becomes complicated, especially with the wide voltage range of operation.
The third control candidate to be investigated for the Sigma VRM is the V2 COT control. With
direct voltage feedback, the V2 COT control can be easily implemented and requires a very simple
compensator design [97]. The enhanced V2 COT control is used to resolve the instability problem
when using V2 COT control with low ESR ceramic capacitors; this is done by adding the inductor
current to the direct voltage feedback. The basic structure of the Sigma VRM with enhanced V2
COT control is shown in Fig. 4-49.

Fig. 4-49. Sigma converter with enhanced V2 control.
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From the previous modeling attempts for the Sigma converter, the conclusion was that in order
to stabilize the system, both current and voltage feedback are required to have a stable system.
Inherently, the enhanced V2 COT control has this property, where both inductor current and
voltage are directly fed back to the modulator. The same modeling concept was used to model the
Sigma converter with enhanced V2 COT control. In this case, the buck converter unified threeterminal switch model with enhanced V2 COT control, reported in [97], was used, as shown in Fig.
4-50. The differences between this model and the current mode control model is the added
(𝑅𝑒2 , 𝐿𝑒2 ) branch, representing the sideband effect of the capacitor voltage direct feedback, the
parallel resistance (𝑅𝑖 + 𝑅𝑐𝑜 ), and the 𝑖𝑜 , 𝑖𝐷𝐶𝑋 feedback loops.

Fig. 4-50. Sigma VRM with three-terminal equivalent switch model for enhanced V2 control.
In the buck converter with enhanced V2 control, the side band in the current loop is still
represented by the 𝑅𝑒 , 𝐶𝑒 branch, where the 𝐶𝑒 resonates with the buck converter inductor 𝐿, to
create the double poles at 𝜔3 . In addition, the side band in the current loop is represented by the
𝑅𝑒2 , 𝐿𝑒2 branch, where the 𝐿𝑒2 resonates with the buck converter output capacitor 𝐶𝑜 , to create
another set of double poles at half the switching frequency 𝑇𝑠𝑤 /2.
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In the Sigma converter with enhanced V2 COT control, as in COTs, the first double poles at
𝜔3 still exist; however, the second set of double poles created by the resonance between 𝐿𝑒2 and
𝐶𝑜 will not exist. The reason for that is the output capacitor 𝐶𝑜 in this circuit resonates with the
LLC inductor 𝐿𝑒 , and creates the power stage double pole at 𝜔2 , which is lower than 𝑇𝑠𝑤 /2. This
𝑅

𝐿𝑒2 will only create a high frequency single pole located at 𝜔4 = 𝐿 𝑖 ≫ 𝑇𝑠𝑤 , and its effect can be
𝑒2

ignored.
In [97], the sideband effect in the output current feedback 𝑖𝑜 was ignored, as it passed through
a low pass filter created by the output capacitor. Similarly, the input capacitors represent a low
pass filter for the 𝑖𝐷𝐶𝑋 , by which only the modulation frequency is to be considered; the sideband
effects can be ignored in both 𝑖𝑜 , 𝑖𝐷𝐶𝑋 feedback. When both current feedbacks are multiplied by
the 𝑅𝑐𝑜 = 100 µΩ as a sensing gain, which is a very small value compared to the inductor current
sensing gain 𝑅𝑖 = 5𝑚Ω, their feedback can be ignored. The model can then be simplified as shown
in Fig. 4-51. The control to output voltage transfer function for the Sigma converter with enhanced
V2 COT control and its associated parameters are listed in (4-24)–(4-27).

Fig. 4-51. Simplified Sigma converter with three-terminal equivalent switch model for enhanced
V2 control.
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𝑠
𝑠2
+
𝜔𝑧 𝑄𝑧 𝜔𝑧2 )
𝐺𝑣𝑜−𝑉 2 (𝑠) ≈ 𝐺𝑣𝑜−𝐷𝐶 2
𝑉
𝑠
𝑠
𝑠2
𝑠
𝑠2
𝑣𝑐
𝑣𝑐
(1 + 𝜔 2 ) (1 + 𝜔 𝑄 + 2 ) (1 + 𝜔 𝑄 + 2 )
𝜔2
𝜔3
1𝑉
2 2
3 3
(1 + 𝑅𝑐𝑜 𝐶𝑜 𝑠) ⋅ (1 +

𝐺𝑣𝑜−𝐷𝐶−𝑉 2 ≈
𝑣𝑐

𝑅𝑖𝑛 =

1 + 𝑛𝐷 ′
𝑅𝑒𝑞
𝑅𝑖

−𝑉𝑖𝑛2
𝐷𝐼𝑏𝑢𝑐𝑘
′
𝑅𝑒𝑞

𝐺𝐿 =

𝜔1𝑉 2 =
𝑉𝑖𝑛2
𝐼𝑐

1

(4-25)

′
𝑛2 𝐶𝑖𝑛 𝑅𝑒𝑞

𝐺𝑜′ =

(4-24)

𝑉𝑖𝑛2 𝐷
−
𝐼𝑐
𝑅𝑖

𝑛2 𝑅𝑖
≈ 𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 (𝑅𝑒𝑞 ,
)
1 + 𝑛𝐷

(4-26)

(4-27)

The results, shown in Fig. 4-52, show good agreement between the model and the simulation
results. The high frequency portion of the control to output is no different from voltage mode or
current mode control and is dominated by the LLC resonance, with the output and input capacitors
creating the double zeros at 𝜔𝑧 , and the double poles at 𝜔2 . The difference when using the
enhanced V2 control can be seen at the low frequency where there exists a single pole at 𝜔1𝑉 2 . This
pole is a LHP pole. In addition, the transfer function no longer has a negative DC gain, as can be
seen from the phase plot starting at 0 degrees, which is different from the COT and PCM control
mentioned earlier. The reason for that can be seen from (4-27), where the negative 𝑅𝑒𝑞 is now
parallel with another positive resistance, 𝑛2 𝑅𝑖 /(1 + 𝑛𝐷). This resistance value can be chosen by
′
the selection of the current sensing gain 𝑅𝑖 , by which the 𝑅𝑒𝑞
> 0 condition can be guaranteed in

all operating conditions. This will make the 𝜔1𝑉 2 a LHP pole, and 𝐺𝑣𝑜−𝐷𝐶−𝑉 2 > 0.
𝑣𝑐

The comparison between all of the investigated control methods is shown in Fig. 4-53. With
COT, PCM, and enhanced V2 COT control, the high 𝑄 low frequency double pole can be avoided;
however, both COT and PCM have a RHP pole with a negative DC gain. That complicates the
compensator design. With enhanced V2 COT control, this pole is a LHP pole, and the Sigma
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converter has a positive DC gain. That makes the compensator design much simpler for achieving
high BW.

Fig. 4-52. Control to output voltage transfer function bode plot for enhanced V2 control.

Fig. 4-53. Small signal result comparison of different control methods for Sigma VRM.
4.6.2.

Control Design for Sigma VRM

After investigating all of the possible control methods in the previous section, we can conclude
that enhanced V2 COT control is the best choice for high BW and system stability. With V2 control,
we require two controllers: a digital controller for the LLC converter for startup and power sharing
control with wide voltage range operation, and a V2 controller for the buck converter to deal with
the load transients. For applications with slow transients, voltage mode control can be considered
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as a candidate, as it can be easily implemented in the digital controller used for the LLC converter,
and the overall system cost can be reduced. There are no instability problems with the voltage
mode control, but a low BW design is used to avoid the phase delay caused by the high 𝑄 double
pole. The V2 control will be used to meet the stringent transient requirements by the CPU with the
wide range Sigma VRM.
4.6.2.1. Control Design for Slow Transients with Narrow Voltage Range Sigma VRM
The digital implementation of the voltage mode control will be used to control the narrow
voltage range Sigma VRM described earlier. This converter is suitable for telecom power supplies
where slow transients are involved. The voltage mode control can be implemented by using the 60
MHz MCU used earlier for the startup control. The type-2 voltage mode compensator with the
transfer function listed in (4-28), to achieve the desired loop gain listed in (4-29), was digitally
implemented with the MCU.
𝑠
𝑠
𝜔𝑖 (1 + 𝜔𝑧1 ) (1 + 𝜔𝑧2 )
𝐴𝑐 (𝑠) =
𝑠
𝑠
1+𝜔
𝑝

(4-28)

𝑇𝑣 (𝑠) = 𝐴𝑐 (𝑠)𝐺𝑣𝑜 (𝑠)

(4-29)

𝑑

The designed compensator has two zeros placed in the vicinity of the high 𝑄 double poles
𝜔1 : one high frequency pole placed to reduce the noise at high frequency, and an integrator to
have enough DC gain and minimize the steady state error. Due to limitations of the used 60 MHz
MCU, the maximum achievable sampling rate is 200 KHz, which is one third of the buck converter
switching frequency (600 KHz). For that, only a low band width (BW) design can be implemented
with this MCU to avoid the impact of the digital delay and ensure stable converter operation.
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Shown in Fig. 4-54 is the loop gain of the converter with voltage mode control, where a BW= 20
KH with phase margin = 60° is achieved. Shown in Fig. 4-55, is the load transient simulation
results with a slew rate of 6A/µSec. The over/undershoot is limited within ±50mV, with settling
times <120 uSec, which is suitable for telecom power supplies. The experimental results of the
load transient response with the designed controller are shown in Fig. 4-56. These results are very
close to the results obtained from the simulation results, with overshoot/undershoot below 50mV
and settling times below 120 µSec.

Fig. 4-54. Loop gain of Sigma VRM with voltage mode control.

Fig. 4-55. Sigma VRM with voltage mode control simulation results with load transient.
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Fig. 4-56. Sigma VRM with voltage mode control experimental results with load transient.
4.6.2.2. Control Design for Fast Transients with Wide Voltage Range Sigma VRM
To meet the stringent requirements by the CPU, the V2 control will be considered as a
candidate. The Sigma converter is required to have a constant DC output impedance to meet the
adaptive voltage positioning (AVP) requirement by the CPU. First, the output impedance of the
Sigma VRM is derived without closing the outer voltage loop. The expression is listed in (4-30)(4-31). It is clear that the open voltage loop output impedance of the Sigma converter with V2
control has a constant DC value; that is a function of the current sensing gain 𝑅𝑖 and the duty cycle
𝐷. This is because in theV2 control, only the buck converter current is sensed, which does not
represent the total converter output current. The relationship between the two currents is listed in
(4-32) where the buck current represent a portion of the total output current with a ratio varying
with operating conditions.
𝑠
𝑠2
+
2 )
𝜔𝑧2 𝑄𝑧2 𝜔𝑧2
𝑅𝑖
𝑍𝑜𝑖 (𝑠) =
𝑠
𝑠
𝑠2
𝑠
𝑠2
1 + 𝑛𝐷
(1 + 𝜔 2 ) (1 + 𝜔 𝑄 + 2 ) (1 + 𝜔 𝑄 + 2 )
𝜔2
𝜔3
1𝑉
2 2
3 3
(1 + 𝑅𝑐𝑜 𝐶𝑜 𝑠) ⋅ (1 +

1
𝜔𝑧2 = √ 2
𝑛 𝐶𝑖𝑛 𝐿′𝑒𝑞

𝑄𝑧2 =

𝐼𝑜 = (1 + 𝑛𝐷)𝐼𝐵𝑢𝑐𝑘
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𝐺𝑑𝑟𝑜𝑜𝑝 =

𝑅𝐿𝐿 (1 + 𝑛𝐷)
𝑅𝑖

(4-33)

To achieve constant AVP, the active droop control method with the structure shown in Fig.
4-57, is proposed. The inductor current is added to the sensed output voltage to create a voltage
reference that changes with the load conditions, according to the desired load line resistance (𝑅𝐿𝐿 ),
so 𝑉𝑜 would follow the new 𝑉𝑟𝑒𝑓 . The 𝐺𝑑𝑟𝑜𝑜𝑝 term is used to compensate for the difference between
the sensed inductor current and the output current. This value would change with the duty cycle of
the buck converter, as in (4-33). A very simple integrator can be used as a compensator to eliminate
any steady state errors.

Fig. 4-57. Sigma VRM with active droop V2 control.
Shown in Fig. 4-58, is the closed loop output impedance of the Sigma VRM with the active
droop control method. It is clear that with only 𝐺𝑑𝑟𝑜𝑜𝑝 variation, a flat output impedance can be
realized under all operating conditions of the wide voltage range Sigma VRM.
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Fig. 4-58. Constant closed loop output impedance of the Sigma VRM active droop V2 control.
The simulation results, shown in Fig. 4-59(a), show that the Sigma VRM is able to achieve a
very good transient response with very high current slew rates 𝑑𝑖/𝑑𝑡 = 3000𝐴 𝐴/𝜇𝑆𝑒𝑐 with the
desired load line 𝑅𝐿𝐿 = 0.8 𝑚Ω. Similar transient response was achieved under all of the operating
conditions where the LLC converter is operating at, below, or above, the resonant frequency for
the wide voltage range operation, with good current sharing between the LLC and the Buck
converter during the load transients, as shown in Fig. 4-59(b – d).

(a)
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(b)

(c)

(d)
Fig. 4-59. Wide range Sigma VRM transient response with different operating conditions. (a)
𝑉𝑖𝑛 = 54𝑉 𝑉𝑜 = 1.8𝑉 𝐹𝐿𝐿𝐶 = 𝐹𝑅𝑒𝑠 . (b) 𝑉𝑖𝑛 = 54𝑉 𝑉𝑜 = 1.4𝑉 𝐹𝐿𝐿𝐶 = 𝐹𝑅𝑒𝑠 . (c) 𝑉𝑖𝑛 = 60𝑉 𝑉𝑜 =
1.4𝑉 𝐹𝐿𝐿𝐶 > 𝐹𝑅𝑒𝑠 . (d) 𝑉𝑖𝑛 = 40𝑉 𝑉𝑜 = 1.8𝑉 𝐹𝐿𝐿𝐶 < 𝐹𝑅𝑒𝑠
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4.7. Summary and Conclusions
In this chapter, a 48V Sigma converter VRM is proposed for the power architecture in
telecommunication and data centers with 48V rack voltage. The proposed Sigma converter is a
quasi-parallel converter that uses a high-efficiency LLC-DCX to deliver the bulk power to the
load, and a buck converter to regulate the output voltage, with a small amount of power during
nominal condition, so higher conversion efficiency can be realized. A design guideline for the
Sigma converter with integrated magnetics is presented to ensure high-efficiency and power
density can be achieved.
First, a Sigma converter design with an integrated matrix transformer structure was proposed
suitable for applications requiring a narrow input and output voltage range. The designed converter
with an integrated matrix transformer structure was designed. A buck converter with a single-turn
PCB winding inductor is also presented. A hardware prototype is built for the proposed Sigma
converter, demonstrating a peak efficiency of 94 %, a full-load efficiency of 92.5 %, and a power
density of 420 W/in3, in a very low profile of 4mm. The proposed converter exhibits a significant
increase in efficiency and power density over the state-of-art solutions, as well as a very good
thermal performance.
Secondly, a wide voltage range Sigma converter is proposed for a 48V VRM for the CPU in
data center applications. A magnetic structure is proposed that integrates a resonant inductor and
matrix transformer, with minimum winding to reduce the total conduction loss. The structure is
used in the Sigma converter LLC-DCX, to realize variable gain control and achieve efficient
operation over wide voltage ranges. A prototype is built with an integrated planar magnetic
structure for both the LLC-DCX and buck converters. The prototype was able to achieve a
maximum efficiency above 95 %, with power density of 700W/in3, and very good thermal
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performance. The proposed solution showed a higher performance than other state-of-art solutions
in terms of efficiency and power density.
A soft startup and closed loop control method for the Sigma converter is presented. A
combination of SOTC control for LLC-DCX startup with voltage mode control of the buck
converter was implemented, to achieve a soft startup for the Sigma converter. The startup
mechanism and the closed loop controller were implemented with a low cost, low power
consumption MCU-TMS320F28035 and experimentally verified. The startup method can achieve
a fast startup, while limiting the stresses across the buck converter and LLC resonant tank to a safe
region, to avoid devices damage.
Various control methods have been investigated for the Sigma VRM. A digitally implemented
voltage mode control was used for applications requiring slow load transients where all the control
functions including the startup was applied on the same MCU and was experimentally verified to
achieve a good transient response with minimum overshoot and undershoot. The V2 control was
found to be the best candidate for the Sigma VRM o ensure stability and high BW operation. An
active droop control was used to realize the constant AVP requirement with very good dynamic
response with high current slew rates and verified with simulation results.
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LLC converter with integrated magnetics for
intermediate bus converters

In the 48V rack power architecture motherboard, there exists other high-power demanding
loads, such as PCLe slots for GPUs and FPGAs, cooling, and other peripheral devices. These types
of loads require a regulated 12V, and their power can reach over 1 KW [39], [40]. These types of
regulated 48/12V converters, or sometimes referred to as intermediate bus converters (IBC), have
been widely used in the telecommunication industry for a long time.
Constant frequency pulse width modulation (PWM) phase shift full bridge converters are
commonly used in IBCs. Despite the simple closed loop implementation and simple
electromagnetic interference (EMI) filter designs for constant frequency operation, these
converters have limited soft switching capabilities under different loading conditions. This forces
the operation to a lower switching frequency, (100-200 KHz), in order to avoid switching related
loss. A state-of-art IBC converter with a PWM operation circuit diagram is shown in Fig. 5-1 [47],
[48]. The low frequency operation of these converters results in bulky magnetic components;
therefore, only one transformer can be employed to deliver the desired high output power. With
only one transformer, secondary windings and SRs are paralleled to reduce the conduction loss;
however, current sharing problems between these devices and windings will exist and can be
detrimental. An additional issue for this structure is the large termination loss between the AC
points of the transformer and the filter inductor and SRs. This represents a huge portion of the
conduction loss, especially with a high frequency operation [41].
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Fig. 5-1. State-of-art 48/12V IBC with phase shift full bridge.
This thesis has shown significant benefits can be achieved with the LLC converter, only if one
deals with all the high frequency related loss in the magnetic structure [98]. In this chapter, the
LLC converter is promoted as a candidate to replace the IBC, with a constant frequency PWM
operation, and the use of a variable frequency resonant converter for higher efficiency and power
density. One aspect that differentiates this LLC converter from the one in previous chapters is the
regulation capability required. For that, a similar termination and winding structure was used in
the transformer of this LLC converter. This chapter will focus only on the integrated inductor and
transformer structure design, previously mentioned in Chapter 4.

5.1. Integrated Parallel Matrix Transformer Structure
The designed LLC converter is required to have a turns ratio of (4:1), whereby the converter
operates close to the resonant frequency during nominal condition of 48/12V, to ensure the highest
operating efficiency at nominal condition. With targeted power of 1 KW (Iouput = 83A), the single
(4:1) transformer is broken into four elemental transformers to reduce the conduction loss [99].
The same parallel matrix transformer structure previously discussed in Chapter 3 will be used. The
designed converter with the matrix transformer is shown in Fig. 5-2. As opposed to paralleling
multiple primary winding layers, one parallels two matrix transformer structures, each with a 2x2:1
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structure, with only two parallel PCB layers (as previously discussed). The transformer uses the
same symmetrical PCB winding for equal current sharing as shown in Fig. 5-3.

Fig. 5-2. LLC converter with 2 parallel (2x2:1) matrix transformer structure.

Fig. 5-3. Symmetrical PCB winding implementation for the parallel matrix transformer.
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5.2. Integrated resonant Inductor with matrix transformer
The 48V bus converter (BC) is required to tightly regulate the output voltage at 12V under all
operating conditions. The state-of-art solutions use PWM based topologies, where a simple duty
cycle control can be used to regulate the output voltage. The LLC converter, proposed for the 48V
IBC, uses variable frequency control to change the gain of the LLC resonant tank and realize output
voltage regulation. The designed converter is required to deliver a constant output power of 1 KW
at a regulated output voltage of 12V. The nominal input voltage of this converter is 48V; however,
this voltage is normally connected to a battery, which voltage might vary between 40–60V when
fully discharged during power outages, or when fully charged. This means the designed converter
is required to have a voltage gain 𝑀 = 𝑛𝑉𝑜 /𝑉𝑖𝑛 , that varies between 1.2 to 0.8 to regulate the
output voltage at 12V, when the input voltage changes from 40–60V, respectively.
The designed voltage gain characteristics for the designed LLC converter are shown in Fig.
5-4. The converter is required to achieve a maximum gain of 1.2 at Vin = 40V, and a minimum
gain of 0.8 at Vin = 60V under 25–100 % loading conditions. Below 25 % load burst mode control
can be utilized to regulate the output voltage without further increasing the switching frequency
[100]. These gain characteristics are determined by the magnetizing inductance 𝐿𝑚 and resonant
inductor 𝐿𝑟 , in the proposed converter. It is required to have 𝐿𝑚 = 0.6 𝑢𝐻 and 𝐿𝑟 = 0.2 𝑢𝐻, in
order to regulate the output voltage with a frequency range of 0.8 – 1.6 MHZ, as shown in Fig.
5-4. The magnetizing inductance can be easily achieved by increasing the air gap of the matrix
transformer core. However, in the designed PCB winding transformer, the windings are interleaved
in order to reduce the AC conduction loss, resulting in very small transformer leakage inductance
(𝐿𝑙𝑘 ≈ 15 𝑛𝐻). This is not enough to achieve the required gain characteristics and achieve output
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voltage regulation. For this reason, an extra resonant inductor is required and added to the
converter.

Fig. 5-4. LLC IBC converter voltage gain characteristics.
The LLC resonant inductor is needed to handle the high primary side AC currents of the
converter. Usually, Litz wire inductors are used to minimize the AC related loss; however, the
resulted inductors are bulky and labor intensive to implement. In this work, a PCB winding
inductor is proposed for high power density and manufacturability of the proposed converter.
Originally, a separate inductor and transformer would be used, as shown in Fig. 5-5. Clearly, with
the proposed transformer and inductor PCB winding structure, the part of the inductor in the dashed
black box can be removed, as it is duplicated in the transformer primary winding, and both inductor
and transformer primary windings can be integrated together, as shown in Fig. 5-6.
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Fig. 5-5. Separate resonant inductor and transformer structure.

Fig. 5-6. Integrated inductor and transformer winding structures. (a) Primary winding. (b)
Secondary winding.
In this integrated structure, the extension of the primary winding without overlapping with
any secondary winding, as shown in the vertical PCB winding arrangement in Fig. 5-7, will create
leakage flux. By adding two more core pillars, this flux will be confined within the core, and
controllable leakage inductance can be realized, with minimum PCB winding and foot print. The
same concept can be used for an integrated inductor and transformer with any converter, to realize
inductance with minimum winding and loss. In this work, the concept was applied on the designed
LLC converter to achieve the desirable regulation capability.
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Fig. 5-7. Integrated inductor and transformer PCB winding arrangement.
Multiple benefits can be achieved with this integrated magnetic structure. First, the integrated
structure has a 10 % lower footprint, compared to using separate inductor and transformer
structures. Secondly, by saving the winding length required to create the leakage flux, a significant
reduction in the total winding loss can be achieved. The FEA current density simulation results,
shown in Fig. 5-8, compares the total winding loss of both integrated and separate winding
structures for the P1 layer, where a 38 % reduction in the total winding loss is achieved. The same
results were achieved for all four primary winding layers, as shown in Fig. 5-9, resulting in a total
winding loss reduction of 30 %.

Fig. 5-8. FEA current density simulation results for separate and integrated winding structures.
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Fig. 5-9. Primary layers winding loss comparison for integrated and separate structures.
Thirdly, with the proposed integrated structure, the two magnetic cores can either be separated
or integrated in a single-core structure. Each of these cores has its own flux component, depending
on the excitation current of each one of them. The leakage inductor in this structure will be utilized
as the series resonant inductor of the LLC converter (𝐿𝑟 ), while the magnetizing inductance
(𝐿𝑚 ) of the transformer will be utilized as the parallel resonant inductor. The waveforms of both
inductors current components are shown in Fig. 5-10. The series resonant inductor 𝐿𝑟 will see the
primary side sinusoidal resonant current, while the parallel resonant inductor 𝐿𝑚 will see the
triangular magnetizing current, resulted from the applied output voltage on the transformer
winding. The maximum flux ∅𝑚𝑎𝑥−𝐿𝑟 and ∅𝑚𝑎𝑥−𝐿𝑚 , which is proportional to the excitation
current of both inductors, will occur at the time instant 𝑡1 and 𝑡2 , respectively.
The core loss density in each core, is a function in the maximum flux density 𝐵𝑚𝑎𝑥 =
∅𝑚𝑎𝑥 /𝐴, with its highest value at the peak of each flux component. Although these two current
components are in phase, the maximum flux of the sinusoidal flux occurs at time instant t1, while
the maximum flux of the triangular flux component occurs at time instant t2. By integrating the
two magnetic cores in a single core structure, as shown in Fig. 5-11, both the inductor and the
transformer will share the top and bottom magnetic plates. In this way, one can take advantage of
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the phase shift in the maximum flux instants, where each component will see a larger core area.
That will help reduce the 𝐵𝑚𝑎𝑥 at each time instant only in the magnetic plates. This will result
in a smaller core loss density only in the magnetic plates, while keeping the same core loss density
in the core legs. From the FEA simulation flux density results, shown in Fig. 5-12, one can clearly
see the reduction in the flux density at the time instant 𝑡1 , for the integrated structure over the
separate core structure, with a better utilization of the magnetic plates. This reduction in the flux
density will result in over 30 % core loss reduction, as will be shown later in the experimental
section.

Fig. 5-10. Series and parallel resonant inductors current waveforms.

Fig. 5-11. Single core structure for the integrated transformer and inductor.
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Fig. 5-12. FEA flux density simulation result comparison in separate and single-core structures.

5.3. Integrated magnetic structure design optimization
With the symmetrical PCB arrangement, discussed in Chapter 3, we can ensure balanced
current sharing for both primary and secondary transformer parallel layers. However, with an
integrated inductor structure, the lack of interleaving in the inductor winding structure results in
strong leakage flux that might negatively impact the whole magnetic structure current distribution.
This should be studied carefully.
For simplicity of FEA simulations, one elemental transformer integrated with an inductor is
considered for further analysis. The simplified integrated structure equivalent circuit and PCB
arrangement are shown in Fig. 5-13. Each elemental-transformer primary winding and inductor
consists of two-turns, implemented using four PCB layers. Two turns are connected in series using
layers 3 and 6, while the other two turns are connected in series using layers 9 and 12. These two
separate series connections are then connected in parallel, represented by 𝑖1 and 𝑖2 current paths.
From the FEA current density simulation results, shown in Fig. 5-15, the current density for these
two parallel currents, 𝑖1 and 𝑖2 , is almost equal to the symmetrical PCB winding arrangement
previously mentioned.
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Fig. 5-13. Equivalent circuit and PCB winding arrangement of integrated one transformer and
inductor.

Fig. 5-14. Current density distribution in primary winding parallel layers without inductor.
The introduction of the inductor winding to the structure will dramatically change the current
density distribution. All of the primary current is forced to pass through layer 12, resulting in
current distribution of 𝑖1 = 2% 𝑖 𝑇𝑜𝑡𝑎𝑙 and 𝑖2 = 98% 𝑖 𝑇𝑜𝑡𝑎𝑙 , as shown in Fig. 5-15. This means half
of the PCB layers added to reduce the conduction loss in the transformer and inductor are not
utilized. The reason behind that is the strong inductor fringing flux at the air gap, concentrated
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near layer 12, as shown in Fig. 5-16. This flux will attract all current to this layer, and a severe
current sharing problem will exist.

Fig. 5-15. Current density distribution in primary winding parallel layers with transformer
integrated with inductor.

Fig. 5-16. Field intensity FEA simulation results of the integrated structure.
A fractional turn inductor structure with an interconnection between PCB layers, is proposed
to overcome this issue, where both primary currents, i.e., 𝑖1 and 𝑖2 , are affected equally by this air
gap fringing flux. The proposed structure equivalent circuit and PCB arrangement are shown in
Fig. 5-17.
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Fig. 5-17. Equivalent circuit and PCB winding arrangement of integrated transformer and
inductor with fractional turn interconnection.
The PCB implementation method of this interconnection is shown in Fig. 5-18. The first
current component 𝑖1 goes to a fraction of turn on layer 3. Then, the current interconnects with
another fraction of turn on layer 12 through vias, and then continues to a full turn on layer 6.
Similarly, 𝑖2 will start with a fraction of turn on layer 12. Then, the current interconnects with
another fraction of turn on layer 3 through vias, and then continues to a full turn on layer 9. Both
current components will have to pass through layer 12, by which the leakage and fringing flux
impacts both of them equally. It should be noted that with any additional parallel path, the same
interconnection method is required to ensure balanced currents among all of these parallel layers,
which will make the implementation more complicated.
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Fig. 5-18. PCB implementation of the fractional turn interconnection between PCB layer 3 and
12 in the integrated magnetic structure.
The interconnection location between these two layers impacts the current distribution
between the two parallel paths. Shown in Fig. 5-19 (a), is the primary winding with the
interconnection location at distant 𝑥 from the core center. Using FEA simulations, we sweep
different 𝑥 values and record the current sharing between these two parallel paths. The current
distribution ratio, shown in Fig. 5-19 (b), clearly shows that at 𝑥/𝑟 = 0.35, equal current sharing
can be realized. The current density FEA simulation results, shown in Fig. 5-20, shows the
comparison of the current distribution with and without the fractional turn connection. It is clear
that with 𝑥/𝑟 = 0.35, the two parallel current components are almost equal; therefore, all of the
primary and secondary parallel layers of the integrated structure can be utilized to full potential. A
total winding loss reduction of 30 % is achieved by fully utilizing the parallel connection of both
the primary and secondary windings.
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(a)

(b)

Fig. 5-19. Interconnection location impact on current sharing. (a) Primary winding with
interconnection. (b) Current distribution ratio.

Fig. 5-20. Current density distribution in primary winding parallel layers comparison with and
without the fractional turn interconnection.
The designed inductor in the proposed structure uses an air gapped core, by which the air gap
reluctance highly affects the inductance and the impact of fringing flux. The designed core leg is
extended away from the PCB winding by a distance (= ℎ𝐹𝑅 ), to reduce the eddy current loss
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associated with the fringing flux, as shown in Fig. 5-11. Using FEA simulation, different ℎ𝐹𝑅
values have been evaluated, and from the results shown in Fig. 5-21, if the core leg is extended
more than 1 mm, the fringing flux loss reaches a diminishing return point where further extension
will not serve any purpose.

Fig. 5-21. Inductor winding loss with core leg extendion to avoid fringing flux loss.

5.4.

Experimental Results
The experimental prototype, shown in Fig. 5-22, was built for the proposed 48V-LLC bus

converter with an integrated magnetic structure. The designed converter parameters are listed in
Table 5-1. EPC2021-100V GaN devices were used on the primary side, due to their low FOM and
small turn-off losses. 40V Silicon devices were used on the secondary side. The magnetic core
uses ML-91 material from Hitachi metals and is a custom-made structure. The designed converter
can deliver a continuous power of 1 KW in a quarter brick form factor. With a profile of 12mm,
which is 3mm lower than standard quarter brick size, the designed converter can achieve a power
density of 700 W/in3.
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(a)

(b)
Fig. 5-22. 48V/12V-1KW LLC Converter experimental prototype. (a) Top-view. (b) Side-view.
Table 5-1: LLC Converter prototype design parameters
Parameter

Value

Input voltage (Vin)

40-60V

Regulated output voltage (Vo)

12V

Maximum output power (Pomax)

1000 W

Primary Devices

EPC2021

Secondary Devices

BSZ0500NSI

Transformer/Inductor Core Material

ML91
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Parameter

Value

Operating Frequency Range (Fs)

0.7 – 1.6 MHz

Resonant Inductor (Lr)

200 nH

Magnetizing Inductance (Lm)

600 nH

Resonant Capacitor (Cr)

110 nF

To achieve the regulation requirements, the designed converter operates in a frequency range
of 0.7 – 1.6 MHz during all operating conditions. The total devices loss breakdown under different
operating conditions is shown in Fig. 5-23. The total devices loss is only 1 % of the total delivered
power at full loading condition.

Fig. 5-23. Total converter devices loss breakdown at different input voltages and full load
condition.
The steady state operating waveforms, under nominal input voltage of 48V and full loading
condition, are shown in Fig. 5-24(a). Zero voltage switching can be achieved for both primary and
secondary devices with a very small turn-off primary side current. One can see that the secondary
side SR voltages are perfectly aligned with each other, even when both SRs are for different
elemental transformers. This will happen only when both elemental transformers see the same
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exact magnetizing inductance, easily achieved when using a one-core structure. Fig. 5-24 (b) and
(c) show the full load operating waveforms input voltage of Vin = 40V and Vin = 60V, where the
frequency is changed to 780 KHz and 1.3 MHz, respectively, in order to regulate the output
voltage. In both cases, one can see ZVS operation is still achieved for both primary and secondary
devices.

(a)

(b)
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(c)
Fig. 5-24. LLC converter operating waveforms at full load conditions and 12V output voltage
(green) primary side device drain to source voltage (purple) resonant inductor current (red and
blue) secondary side SR drain to source voltages. (a) Vin = 48V and Fs = 1MHZ. (b) Vin = 40V
and Fs = 0.78MHZ. (c) Vin = 60V and Fs = 1.3MHZ.
In order to verify the concept of integrated core structures, the same converter efficiency was
tested at nominal condition with both single-core and separate-cores structures. The testing results,
shown in Fig. 5-25, show the converter achieves a maximum efficiency of 97.8 % while
maintaining an efficiency above 97 % from 25 % to 100 % loading conditions. The single-core
structure helps to increase the efficiency at full loading condition by 0.6 %, both with similar
efficiency during light load. The reason for that is the dependency of the inductor core loss on the
excitation primary side current, meaning that core loss has a very marginal impact during light
load operation.

178

Mohamed H. Ahmed

Chapter5

Fig. 5-25. LLC converter measured efficiency at nominal conditions.
The thermal image comparison of both core structures of this converter, at nominal condition
(48V/12V), and full load operation, is shown in Fig. 5-26. The core temperature (SP1) has dropped
by more than 16 degrees, with the single-core solution over the separate core solution, due to the
reduction of the core loss. One can see the highest temperature across the board is only 74 degrees
with such a high-power density solution. The temperature at SP2 and SP3 represents the SR
temperature on two parallel elemental-transformers; the temperature on both SRs is almost equal.
This proves the validity of the proposed parallel matrix transformer structure, where equal current
sharing can be achieved on both transformers, by using a symmetrical winding implementation
and integrating all four-transformers, using one core structure.
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Fig. 5-26. Converter full load thermal image comparison with different core structures at
nominal voltage.

Fig. 5-27. Converter measured efficiency at different input voltage.
The converter’s measured efficiency with input voltage variation is shown in Fig. 5-27. With
variable input voltage away from the resonant frequency, the efficiency will drop; however, the
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overall converter efficiency is maintained above 96.5 % under all conditions. A digital control
method was used to regulate the output voltage of this converter. The proposed method is beyond
the scope of this paper and has been described in detail in [101].
Table 5-2 summarizes the performance comparison between the proposed converter and other
state-of-art solutions. While operating at higher frequency, the proposed converter can achieve the
highest maximum and full load efficiency, compared to all other state-of-art (SOA) solutions. The
proposed converter can achieve the highest power density, compared to all SOA solutions
operating with the same input and output voltage range. The SOA solution, reported in [102],
achieved higher power density; however, it can only operate at narrower voltage range with lower
efficiency than the proposed converter.
Table 5-2: Performance comparison of this work with state-of-art solutions 48/12V IBCs
Vin

Pomax

Frequency

Max. Eff. %

Power Density

This Work

40-60V

1000W

0.7-1.3 MHz

97.8%

700 W/in3

[103]

40-60V

600W

0.3-1MHz

97.8%

300 W/in3

[104]

40-60V

1000W

230 KHz

97.3%

624W/in3

[102]

45-60V

1300W

230 KHz

97.4%

812 W/in3

[46]

40-60V

800W

150 KHz

96.3%

480 W/in3

5.5. Summary and Conclusions
In this chapter, a novel integrated matrix transformer and inductor for a regulated LLC
converter are proposed for 48V/12V bus converter applications. Integrating four elementaltransformers using a single-core, with a symmetrical PCB winding arrangement, is recommended
to realize equal current sharing between parallel transformers. With a simple extension in the
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primary winding, a controlled leakage inductance required by the LLC converter to achieve the
output voltage regulation is realized, with minimum losses and footprint. A symmetrical PCB
winding arrangement for the matrix transformer with fractional turn interconnections between the
inductor windings is proposed, to achieve equal current sharing between all parallel PCB layers.
The transformer and inductor core were integrated using a single-core structure that helps to reduce
the core-loss and improve the full load converter efficiency. A GaN based converter prototype for
a 48V/12V-1KW is built that achieves a power density of 700 W/in3 with maximum efficiency of
97.82 %. It has outstanding performance over other SOA solutions in terms of efficiency and
power density.
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Conclusion and future work

6.1. Conclusions
Significant challenges arise with 48V rack architecture for data centers. The 48V VRM in the
vicinity to the CPU and GPU has to be designed with high-efficiency and power density. In this
thesis, multiple power architectures for the 48V VRM have been analyzed and optimally designed
to achieve these goals.
This thesis first proposes a two-stage architecture with an unregulated LLC converter for the
first stage and a multi-phase buck converter for the second stage. The LLC-DCX converter can be
designed with very high-efficiency and power density. The second stage converter is a scalable
solution with the ability of high BW control to meet all processor stringent transient requirements.
Special care should be taken in designing and optimizing the first stage LLC converter transformer
in order to promote this solution as a two-stage 48V VRM.
The magnetic structure of this transformer uses the matrix transformer concept with an
integrated magnetic core structure to achieve high-efficiency and power density. All aspects of
this transformer, including the primary and secondary winding termination, current sharing, and
PCB winding arrangements, to minimize all losses related to high-frequency operation, have been
carefully analyzed and designed to maximize the LLC-DCX efficiency. First, a 48/12V-250W
LLC-DCX with 870W/in3 and 97.3 % efficiency was designed and later improved. A 48/12-900W
LLC-DCX with 1600W/in3 and 98.4 % efficiency was designed for the first-stage LLC-DCX. A
light load efficiency method was proposed by changing the operation of the converter from a full
bridge to half bridge operation. For the optimal two-stage design, another 48/6V LLC-DCX with
1200W/in3 and 98.0 % efficiency was designed to analyze the impact of different bus voltages on
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the two-stage efficiency. With lower bus voltages and optimized second stage buck converter low
voltage devices, the two-stage solution can achieve higher-efficiency and power density.
The second proposed architecture is a Sigma converter 48V VRM, with the quasi-parallel
structure. The power is shared between two converters, by which more efficient power conversion
is achieved, compared to the two-stage architecture. An integrated magnetic design methodology
has been proposed to maximize the converter efficiency, along with an integrated magnetics buck
converter. The designed converter can achieve very high efficiency of 94.0 % with very high
power density of 420 W/in3.
For 48V rack architecture, regulated 48/12V brick converters are also required. Instead of
PWM based converters, an LLC converter with an integrated inductor and a transformer magnetic
structure is proposed to achieve the regulation capability with high efficiency and power density.
A 48/12V-1KW converter with 700 W/in3 power density is developed with 97.8 % efficiency,
higher than most state-of-art solutions.

6.2. Future Work
The two-stage 48V VRM should be further investigating in the following aspects. Evaluating
lower intermediate bus voltages as 4V or 5V with better low voltage second stage devices might
change our current conclusion of optimal design at 6V. The board losses between the first-stage
and second-stage needs to be analyzed, with the lower bus voltages as the bus currents will be very
high and any ohmic losses will impact the overall performance.
A more scalable design for the first-stage LLC-DCX is desirable, for example, a 300W design
with parallel modules will be simpler for the system design level. The current sharing between
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these modules need to be investigated and a control method should be applied to ensure the best
performance.
This work focused only on the first-stage design, although several attempts has been done to
improve the second-stage power density using 3D integration techniques, with lower bus voltages
and better FOM devices, the frequency of the buck converter can be increased to the 2 MHz range
and a higher-power density 3D POL module can be designed, the overall two-stage power density
can be optimized using this method.
For the single-stage Sigma converter 48V VRM, the remaining work includes the
experimental testing of the V2 control method to verify the concept and meet al the CPU transient
requirement. A general control method is required to coordinated between the LLC and the Buck
converter for the wide voltage range operation during system variations and load transients. The
light load efficiency improvement and the multi-phase operation with the Sigma converter needs
to be investigated.
Design a Sigma converter for GPU applications must be considered as well. With GPU the
voltage range is even wider than that of the CPU and the converter design will become more
challenging. In addition, the GPU requires much higher current demands, and lower output voltage
which represent challenges for both magnetic and converter design.
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