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Applications and Research Directions

Advances in power electronics are needed in:
Inverters and rectifiers       ac ↔ dc 
dc-dc converters dc ↔ dc

(These pose somewhat different challenges)

Directions for improvements:
Miniaturization and integration

Reduced size (& cost) enable new ways of exploiting 
power electronics in applications

Ultra-high efficiency 
Important for renewables, power supplies, …
reduction of useless energy consumption
Must be achieved without increasing size/cost



Miniaturization & Integration

Passive energy storage components are the key to 
advances in miniaturization

Magnetics are especially critical for dc-dc conversion
Both Magnetics and Capacitors are important for dc-ac conversion
Consider dc-dc conversion requirements first

Energy storage requirements vary inversely with switching 
frequency:   C, L proportional to f -1

Size does not scale this way, but with appropriate magnetics
one can miniaturize by increasing frequency

To miniaturize dc-dc converters, we must dramatically 
increase switching frequencies (factors of 10-100)

This requires
Device improvements (materials and design)
Magnetics improvements (materials and design)
Circuit design improvements
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Switching Frequency Solutions

Minimize frequency dependent device loss, switch fast 
enough to eliminate or change magnetic materials
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Improved magnetics
Coreless designs
RF core materials

Improved devices
Better RonC
Materials and / or 

device design

(From J.R. Warren, M.Eng. Thesis, MIT, Sept. 2005)Microfabricated Coreless Inductors
Joshua Phinney, MIT, 2004

Improved circuits



Topology Implications

As frequency increases
Driving high-side switches becomes impractical
Topology must absorb parasitics

device capacitances, interconnect inductance, …

ZVS switching / resonant gating constrain control
Duty ratio and frequency control limited
Only efficient over a narrow load range

Inverter Matching
Network

Rectifier

RLVin

Inverter Transformation
Stage

Rectifier



System Architecture and Control

Develop system architectures and control strategies 
that are compatible with VHF conversion

Fixed/narrow duty ratio, frequency range
Maintain efficient operation across wide load range

Achieved through partitioning of energy conversion 
and control functions



Cell Modulation / On-Off / Burst-Mode Control

Converter cell “bursts” on and 
off to regulate output

Efficient across wide load range 
(no loss when cell is off)
Cells can operate at narrow load / 
operating range

Fixed frequency and duty ratio
Resonant gating, switching at VHF

Power stage components sized 
for VHF switching frequency 
(small passives)

Input and output filters work at 
lower modulation frequencies

Up to a few % of switching freq.
But sizing based only on ripple, 
not transient requirements



Desired Cell Topology Characteristics

Efficient operation at VHF
ZVS switching, resonant gating 
Switch control ports referenced to fixed potentials
Absorbs device and interconnect parasitics
Low device voltage & current stress

Compatible with On/Off control at fixed frequency, duty ratio
Avoid bulk magnetic storage in power stage

Operates well over wide input, output voltage ranges
Maintain soft switching, low stress as operating conditions vary

Inverter Matching
Network

Rectifier

RLVin

Inverter Transformation
Stage

Rectifier

Most available topologies do not meet these requirements

This is both a challenge and an opportunity!



Example Approach:  Resonant Φ2 Boost Converter

Resonant tuned circuit provides capabilities similar to 
conventional boost converter

dc current transfer from input to output (similar to a conventional 
boost converter)

Low peak stress, ground-reference switch
Fully resonant ZVS with small component size
Ideally suited for constant frequency/duty ratio operation 
Low energy storage - good candidate for on/off modulation 
control
Pilawa-Podgurski, et. al., “High-Frequency Resonant Boost Converters,” IEEE Trans. P.E., June 2009



Φ2 Boost – Discrete Implementation

Φ2 Boost converter  based on a 
commercial LDMOSFET

Switching Frequency: 110 MHz
Input voltage range: 8V – 18V 
Output voltage range: 22 – 34V
Output power 23 W nominal
Hysteretic On-off control
Small inductors, potential for 
integration or self-shielding design

Resonant Φ2 Boost Power Stage

Resonant Φ2 Gate Drive

Pilawa-Podgurski, et. al., “High-Frequency Resonant Boost Converters,” IEEE Trans. P.E., June 2009



Comparison to Conventional Converter

Conventional Boost @ 500 kHz                           Φ2 Resonant Boost at 110 MHz

Single inductor, 10 μH 3 inductors, largest 33 nH

Comparison made with the same input and output capacitance



Comparison to Conventional Converter

Converter efficiencies are similar except at light load
Conventional PWM converter slightly more efficient at full load (~2%)
Resonant converter with on/off control more efficient at light load (~9%)



Comparison to Conventional Converter

Conventional Boost @ 500 kHz                           
Φ2 Resonant Boost at 110 MHz

With identical input and output capacitance, the VHF design reduces 
magnetics volume by 78% and total passives volume by 58%

Further increases in frequency are viable and would further increase the 
advantage of VHF conversion

To provide similar transient performance, the conventional converter 
volume would have to be increased by >> 10X !

Comparison with identical input and output capacitance

Conventional Boost @ 500 kHz                           Φ2 Resonant Boost at 110 MHz



Research Design Comparison

This general approach appears promising
Increasingly viable across a range of power levels and 
applications
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VHF Power Conversion Needs
New topologies and control strategies

Better performance, efficiency, integration

Device optimization (for VHF)
Better device types (GaN, SiC)



VHF Power Conversion Needs

RF magnetic materials 
and magnetics designs
Coreless magnetics
research

Converter packaging 
and integration 
research

Applications 
development

High-power discrete
Low-power integrated

Prototype for radar power supply

Inductor Design at 30 MHz and 1 A Current Level

VHF Boost Converter for LED Lighting



Interface to ac Grid (dc ↔ ac)

( ))2cos(1)( tPtP AVline ω−=

)2cos()( tPtP AVcap ω⋅=

-            +Vcap

Vline

+

-

iline

icap

isrc
+

-

vsrc

AVsrc PtP =)(

Inverters, rectifiers pose 
additional constraints

size, integration, efficiency 

Needed: “Unity Power Factor”
Current into grid proportional to 
grid voltage

For single-phase ac, we must 
buffer power at 2 x fline (120 Hz)

Higher switching f doesn’t help
Usually buffered in a capacitor

Inverter
or

Rectifier



Interface to ac Grid (dc ↔ ac)

Best capacitor energy densities at high voltage (~ 450 V)
Allowed capacitor voltage swing greatly influences needed 
storage volume 

To miniaturize, do not place buffer in parallel with source/load!
Elimination of electrolytics requires significant swing for small size

Allowable loss can also set volume 
especially for ultra-high efficiency designs

Topology design can leverage these factors for miniaturization
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Ultra-High Efficiency Power Conversion

Ultra-high efficiency conversion can be achieved 
through similar methods to VHF conversion

Use dynamic loss reduction to rescale devices instead of 
rescale frequencies

Need new circuit topologies and operating methods
Resonant gating and switching

Mitigate losses that scale up with device area
Provide different loss tradeoffs
Eliminate junction drops – these do not scale!

Performance of resistive on-state devices will continue to scale 
favorably

Need new system architecture and control strategies
Must design so loss scales with operating power
Achieve high efficiency across wide load range 

Application of new device types and passives



Example Grid-Interface Resonant Converter

Single stage topology with full resonant operation
Directly processes between 1-ph ac and low-voltage dc
No junction drops or recovery losses
Design scaling for high efficiency

All devices ZVS soft switched 
Resonant gating possible

Phase, frequency, on/off control

η > 96%  available with this approach (conventional devices, magnetics)



Summary

Higher frequency offers the potential for 
minaturization, integration, bandwidth

Cored magnetics have a limit, but coreless designs improve 
with frequency
Must overcome switching and gating losses and manage 
parasitics

Appropriate system design methods enable operation 
at VHF frequencies

Resonant gating and switching
Architecture and control 

Separate energy conversion, regulation
Improved topologies offer major performance gains
Improved devices and passive designs also have a big impact

Feasibility and advantage of this approach has been 
demonstrated

Much additional research is needed
The potential for improvements is large



Summary

Grid interface (dc ↔ ac) poses additional challenge
Must handle 2 x fline (120 Hz) power buffering
Size depends on placement, structure of storage
Topology and architecture has a big impact

Significant room for innovation in this space

Ultra-high efficiencies
Some of the same approaches as for miniaturization

Scale in different direction
Resonant gating and switching
Architecture and control 

To scale loss with power
Improved topologies offer major performance gains
Improved devices and passive designs also have a big impact

Resistive on-state devices
Capacitor energy density
Improved magnetics designs at conventional frequencies





Physical size based on
Flux density limits
Loss/efficiency requirements

Quality factor
Thermal limits

Heat transfer

Cored Resonant Inductors

At low frequencies: increases in 
frequency reduce energy storage 
requirements

Core size decreases with frequency
At high frequencies: core loss requires 
reductions in flux density to meet loss 
and/or temperature limits

Core size increases with frequency
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Low-Permeability RF Core Materials

Inductor Design at 30 MHz and 1 A Current Level

Some low-permeability RF magnetic materials are useful for 
power applications to several 10’s of MHz

Core loss limits these materials at higher frequencies
Most available RF materials are not well characterized for 
high ac flux density operation

We have characterized several commercial materials for power 
applications

M3 Material Core Loss vs. Flux Density (μ = 12μ0)

Y. Han, et. al., “Evaluation of Magnetic Materials for Very High Frequency Power Applications,” PESC 2008



Coreless Resonant Inductor Scaling

At constant η (constant Q): Volume proportional to f -3/2

At constant heat flux: Volume proportional to f -1/2

with Q improving as f 1/3

Coreless magnetics always improve with frequency!
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Cored Resonant Inductors

Physical size based on
Flux density limits
Loss/efficiency requirements

Quality factor
Thermal limits

Heat transfer
Two loss mechanisms 

Core loss

Winding loss

At low frequencies: increases in 
frequency reduce energy storage 
requirements

Core size decreases with frequency
At high frequencies: core loss requires 
reductions in flux density to meet loss 
and/or temperature limits

Core size increases with frequency
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Q Limited
Δ T Limited
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Cellular Converter Architectures

Unregulated
Cell

Vin

Unregulated
Cell

Vin

Unregulated
Cell

Vin

Regulating
Cell

Vin

Control
ON/OFF Regulation

Control

Load

Processes power through 
many converter cells

Each cell is rated for a fraction 
of the total load
Vary number of active cells with 
load

Greatly improved efficiency 
over load

Only active cells contribute 
loss
Cells can operate over narrow 
range

Modulation of cells can be 
used for output control

Reduced ripple, loss

Rivas, et. al, “New Architectures for Radio-Frequency dc-dc Power Conversion,” IEEE Trans. P.E., March 2006



Cellular Control Strategy – Vernier Control

N
o.

 o
f U

nr
eg

ul
at

ed
 c

el
ls

1

2

3

4

Load on Regulating Cell
B B+H B+U B+U+H

The regulating cell delivers 
the appropriate amount of 
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keep the regulating converter 
within a specified load range
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Rivas, et. al, “New Architectures for Radio-Frequency dc-dc Power Conversion,” IEEE Trans. P.E., March 2006



Example System Performance

Load changes from 
1000 Ω to 3 Ω at  t = 0

Excellent static 
regulation

Fast and well damped 
transient response

Rivas, et. al, “New Architectures for Radio-Frequency dc-dc Power Conversion,” IEEE Trans. P.E., March 2006





Limitations of Traditional Class E Inverter

High device stresses
for Class-E

Uses a large “choke”
inductor

Constrains on/off control
Highly sensitive to load 
variation

Constrains operating range
Highly constrained design in 
terms of device parameters

Tight link between output 
power, device capacitance, 
loss, and frequency
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Impedance-Based Waveform Shaping

By controlling the impedance seen at the transistor output, we can 
shape the voltage waveform

A simple network can null the second harmonic and present a high
impedance at the fundamental and the third harmonic

Impose odd-harmonic symmetry in voltage waveform

This network can be used in an inverter to “shape” the switch voltage 
to approximate a trapezoidal wave
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Class E  --> Ф2 Inverter

Class E 
Inverter

Φ2 
Inverter



Ф2 Inverter

Input side multi-resonant network shapes operating voltage
Network nulls the second harmonic and presents high impedance 
near the fundamental and the third harmonic 
Shapes drain-source voltage to a quasi square wave  

reduces peak voltage ~ 25-40% as compared to conventional class E
Reduces sensitivity of ZVS switching to load characteristics

No bulk inductance (all inductors are resonant)
Small  inductor size
Fast transient performance for on-off control

Absorbs device capacitance in a flexible manner
Eliminates the tie between device capacitance and power that 
exists in the class E inverter

Vds (idealized)

Rivas, et. al., “A High-Frequency Resonant Inverter Topology with Low Voltage Stress,” Trans. P.E., July 2008



Example Ф2 Inverter Design

30 MHz class Ф2 inverter
Vin = 160 – 200 V
Pout > 320 W @ ηD~ 93%

Low device stress
Vds,pk < 2.3 Vin

Breaks class E frequency limit
Small passive components

Fast transient response

LF= 200 nH

L2F= 375 nH

LS= 325 nH

CS = 2 nF
C2F = 19 pF

ARF521
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Comparison to Conventional Converter
Conventional Boost @ 500 kHz                           Φ2 Resonant Boost at 110 MHz

Steady-state ripple 10 mVpp Steady-state ripple 200 mVp-p

Transient response to 2.5 V, 2 ms Transient response < 200 mV, 1 μs



Closed Loop Efficiency Map

Efficiency ranges from 82% to 87%+ over 5% to 90% load
2:1 input voltage range, 1.5:1 output voltage range
Topology and control contribute to achievable range





Switching frequency: 
30 MHz
Output Power: 
≥200W (at VIN=160V)
Input Voltage Range: 
160-200V
Output Voltage: 33V
Eff. ~85% (82.5 - 87.5%)
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Rivas, et. al., “A very high frequency dc-dc converter based on a class Ф2 resonant inverter,” PESC 2008

Higher-voltage Ф2 dc-dc Converter



Research Design Comparison

This general approach appears promising
Increasingly viable across a range of power levels and 
applications
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(From J.R. Warren, M.Eng. Thesis, MIT, Sept. 2005)

Device Losses - Resonant Gating

Conventional “hard-switched” gating:  P = CissVg,pk
2 f

Flexible, but high loss
Resonant “sinusoidal” gating:  P = 2Rg(π f CissVg,ac )2

Reduced loss for transition time >> Rg·Ciss, but fixed duty cycle

Self-Oscillating Resonant Gate Driver
(From Rivas et.al., 2004 IEEE PESC)
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Device Losses

Mitigate switching loss through Zero-Voltage Switching
Greatly reduced overlap, discharge, and recovery loss

Reduction of switching, gating loss contributions 
enables dramatic design rescaling

device area, component size, and switching frequency 

Conduction loss can be greatly reduced through design 
scaling

Use unipolar devices (resistive on state drop)
Synchronous rectification

vX

Resonant load network


