PREFACE

The Internationa}I1 journal "Electronics”, published by University of Banja Luka, is devoting its
special issue to the 14™ International Symposium on Power Electronics - Ee2007. The editor of the
journal Prof. Dr. Branko Dokic has invited me, as a guest-editor, to present the most interesting papers of
the symposium.

The 14™ International Symposium on Power Electronics - Ee 2007 (Energetska elektronika -
Ee 20072 was held in Novi Sad from November 7-9, 2007. It was co-organized by Power Electronic
Society (Serbia) sited in Novi Sad, Faculty of Technical Sciences - Institute for Power, Electronics and
Communication Engineering from Novi Sad, Institute "Nikola Tesla" from Belgrade and Novi Sad Fair.

Ministry of Science of Republic of Serbia, Provincial Secretariat for Science and Technological
Development of AP Vojvodina, Serbian Academy of Science and Art (SANU), IEEE Serbia &
Montenegro Section and Engineering Chamber of Serbia sponsored it.

This significant event shows constant interest of researchers, university professors, engineers,
manufacturers, students and other experts in the field of Power Electronics, which more widely comprise
power electronics switches, power electronics converters, electrical machines, electric drives, control &
measurement in power engineering, power electronics in communications, electric power quality and
renewable energy sources.

The first gathering of the Ee, was held in Belgrade in 1973 with 47 presented papers from all over
ex- Yugoslavia. Next conferences were in Belgrade in 1975, with 50 papers, in Zagreb in 1978, with 94
papers, in Sargjevo in 1981 with 95 papers, Ljubljana in 1984 with 104 papers, in Subotica in 1986, with
126 papers and in Belgrade in 1988, with 109 papers.

After a long brake, due to unfortunate events in ex-YU, Power Electronics has been revived in
Novi Sad. It has re-started as a symposium in collaboration with Novi Sad Fair, as a parallel event during
the traditional International Fair on Electronics and Informatics, in 1995, with 79 papers. Next
symposiums were held in Novi Sad in 1997, with 98 papers and in 1999, with 82 papers. Significant
participation of foreign authors resulted in upgrade of the symposium into International one, which in
2001 gathered 107 papers, in 2003 101 papers, in 2005 93 papers and in 2007 101 papers.

The Ee 2007 International Symposium presented the papers from various institutions of 20
countries (Bosnia & Herzegovina, Bulgaria, Canada, Croatia, Czech Republic, France, Germany,
Greece, Iran, Italy, Republic of Macedonia, Montenegro, Poland, Romania, Russia, Serbia, Spain,
Switzerland, United Kingdom and USA) and gathered more then 200 participants. All papers were
published in electronic form (CD-ROM), which also contains multimedia presentations of the organizers
and commercial sponsors, facts about Power Electronics Society, as well as complete bibliography from
all symposiums on Power Electronics (1973-2007).

Besides, annual meeting of the Power Electronic Society and meeting of the IEEE Industrial
Electronics, Industp/ Application & Power Electronics Joint Chapter were held. Parallel to the
symposium, the 14" International Fair "Electronics & Informatics" enabled the participants to meet the
latest design and realizations of devices, systems, hardware and software in the field of electronics,
telecommunications and computer industry.

The symposium highlighted the problems and practical or virtual solution in many fields. Six
topics were put forward: Power Converters, Electrical Drives, Electrical Machines, Control &
Measurement in Power Engineering, Power Electronics in Telecommunications and Power Quality. The
most interesting contribution were in the areas of power electronics application, industrial motor drives,
vectlpr control, distributed power generation, new or improved power electronic converters, power
quality, etc.

The selection of the papers pregented in this issue is the editor’s choice and only one of several
possible selections to represent the 14" Symposium on Power Electronics - Ee 2007. We would like to
emphasize our thanks to the authors who have accepted our request for prompt respond and fast
adaptation of the papers to journal requirements. More details about the symposium can be found at
Internet address: www.ftn.ns.ac.yu/dee.

We would also like to invite all readers of the »Electronics« journal to take active participation by
submitting the papers or attending the next, the 15" International Symposium on Power Electronics -
Ee 2009, which will be organized in NOVI SAD, SERBIA in November, 2009 (www.ftn.ns.ac.yu/dee).

Guest Editors:

Prof. Dr. Vladimir Kati¢


http://www.etfbl.net/
http://www.etfbl.net/
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Prof. Dr. Vladan Vucékovié
1928 - 2006

On October 6, 2006, our professor, friend, mentor, a founder of the Power Electronics
conferences, founder and co-president of the Power Electronics Society, distinguished professor and
scientist, Prof. Vladan Vuckovi¢ has passed away.

He was born in Kragujevac (Serbia) on January 24, 1928. He finished his education in Belgrade at
Electrical Engineering Faculty in 1953 (B.Sc.) and 1965 (Ph.D.). Since 1954 up to retirement in 1995 he
has been employed at Institute Nikola Tesla, Belgrade, with only one break in period from 1989-1993
when he was professor at Electrical Engineering Faculty. He wa also guest professor at the Faculty of
Technical Sciences in Novi Sad from 1983-1993.

He started his work on Power Electronics in 1961 when Academician Prof. Petar Miljani¢ brought the
first SRC (Thyristor) at the Institute. In the following 1962 it was designed and developed the first
variable-speed induction motor drive with thyristor inverter. That was the beginning of the application of
the Power Electronics in Yugoslavia.

In 1981 in ,,Viskoza“ factory in Loznica (Serbia) the first industrial variable-speed induction motor
drive with transistor inverter and microprocessor control has been put into operation. In cooperation with
“Sever” electrical machine factory from Subotica, prof. Vuckovi¢ and his assistances developed and
manufactured several microprocessor controlled induction motor drives with IGBT transistors and
algorithms of vector control. Beside this achievements, numerous high power (up to several hundreds
kVA) AC/DC converters, DC/AC converters, static switches, UPS devices have been developed, which
found application in computer centers, hospitals, power stations, ships, submarines etc. all over ex-
Yugoslavia.

At Faculty of Technical Sciences in Novi Sad Prof. Vuckovic¢ has taught courses on Industrial and
Power Electronics since 1983. His lectures, ideas and high skills inspired and gathered around him a
number of young people. He made decisive influence on them to devote their career to the field of Power
Electronics and to their future scientific and professional work, so Novi Sad now became one of the most
important centers in this field. With Prof. Vladimir Kati¢ in 1997 he has founded the Power Electronics
Society in Novi Sad, which took the leading role in organization of further Power Electronics
symposiums

He has published three books: »General theory of electrical machines«, »Fundamentals of Power
Engineering: Power Converters« and »Electric Drive« and also around 100 scientific and professional
papers, projects, studies etc.

With the highest respect, the Power Electronics Society will keep memory on our founder, colleague
and a great man Prof. Vladan Vuckovic.
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INTEGRATED POWER STAGES FOR SWITCHED MODE POWER

SUPPLIES

Wai Tung Ng, Olivier Trescases, Guowen Wei
University of Toronto, Edward S. Rogers Dept. of Electrical and Computer Engineering,
10 King’s College Road, Toronto ON Canada M5S 3G4

Abstract: With the increasing need to incorporate more
complex mixed-signal controller for switched mode power
supplies, CMOS compatibility becomes a very important
consideration for monolithic DC-DC converters. This
paper examines the different power output stage designs
and identifies the key device characteristics such as on-
resistance, gate capacitance, switching speed that ensure
optimized power conversion efficiencies. An integrated 1W
DC-DC converter switching at 4MHz with multi-mode
operation and a peak power conversion efficiency of 89%
is used to illustrate various design trade-offs.

Keywords: Power Devices, Output Stage, DC-DC
Converter, CMOS Compatibility.

1. POWER OUTPUT STAGES

The key components in any smart power integrated
circuit (PIC) are the output stage and the power devices.
The first set of design considerations is the device
breakdown voltage, current handling capability, switching
speed and process compatibility. Once these initial
requirements are satisfied, the attention should be turned
to the optimization of the performance of the output
stage(s) and the overall system.

In order to minimize power dissipation, most smart
PICs are targeted for switched mode operation. The half
and full or H-bridges (Fig. 1. and 2) are the most common
output configurations in smart PICs. In both cases, the
output transistors are called the high side (HS) driver or
the low side (LS) driver, depending on its placement with
respect to the power supply rail. The LS driver is normally
an n-channel power MOSFET (n-MOS) with both its
source and body connected to ground potential. The HS
driver can be either another n-MQOS (totem pole output
stage) or a p-MOS (push-pull output stage).

2. N-MOS HIGH-SIDE DRIVER

The choice on which configuration to use is
normally determined by the output power level. For high
voltage and high current applications (e.g. 10's of volts
and several amperes) it is more advantages to use an n-
MOS transistor as the HS driver. The higher electron
surface and bulk mobilities would lead to a smaller device
area when compared to a p-MOS device for a given on-
resistance. However, the drawback in using an n-MOS as
the HS driver is the fact that a floating source n-MOS is
required. In addition, in order to turn the HS driver on and
off properly, a gate drive voltage that is higher than the
supply rail (Vpp) is required. This voltage is normally
generated using an on-chip bootstrap circuit (with
integrated diode as seen in Fig. 2.).

Fig. 1. Two common output stage circuit configurations:
(a) Totem pole output stage with two n-MOS transistors,
(b) push-pull output stage with CMOS transistors.
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Fig. 2. A pair of n-MOS/n-MOS totem pole output stages
used to form an H-bridge for a class D audio amplifier.
Bootstrap circuits are needed to provide gate drive
voltages that are higher than Vpp.

Since the power devices are required to support
high supply voltage, the extended drain MOSFET
(EDMOS) structure [1] is normally employed. A cross
sectional diagram of a 40V CMOS compatible process [2]
with n-MQOS, p-MOS and floating source n-MOS extended
drain MOSFETs is as shown in Fig. 3. Although the
device cross sections appear to be rather complex, only 3
optional processing steps are introduced to a standard
0.35um CMOS process to implement all the HY EDMOS
devices. These include the addition of the n and p-drift
region implant layers and the HV n-well implant layer for
the floating source n-EDMOS.

An integrated H-bridge using the same fabrication
process with n-EDMOS for both HS and LS drivers is as
shown in Fig. 4. This output stage was designed for a 40W
Class D audio power amplifier. The used of n-EDMOS as
the power transistors allowed an area efficient
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Fig. 3. A typical range of high voltage power transistors (40V extended drain n-MQOS, p-MOS and floating source n-MOS) that
can be fabricated using a CMQOS compatible technology [1].

design with on-chip protection circuits, gate drivers, and
bootstrap circuits. Both the HS and LS drivers have on-
resistances of 220mQ. With a supply voltage of 25V, the
maximum efficiency achieved was 88%.

Fig. 4. A micrograph of an H-bridge output stage for a
50W monolithic class D audio amplifier. This chip is
fabricated using a 40V, 0.35um CMOS technology. The
die size is 2.8 x3.5 mm®.

3. CMOS PUSH-PULL OUTPUT STAGE

In low power, low voltage DC-DC converter
applications (e.g. battery powered, 1W operation), the
amount of current that needs to be handled by the HS
driver is normally less than 1A. In this case, conventional
CMOS device structures such as those shown in Fig. 5
would be idea candidates for the HS and LS drivers. No
additional process change to the standard CMOS
technology is needed, making this approach highly
economical and attractive. In addition, the fact that a p-
MOS transistor is used as the HS driver, the gate drive
signal can be the same PWM (Pulse Width Modulation)
waveform with appropriate dead-times.

NMOS PMOS

n-‘guard

p-substrate

Fig. 5. Cross section of a standard CMOS technology that
can be used to form a push-pull output stage.

Although the hole surface mobility is
approximately three times lower than that for electron, it is
often not necessary to design the HS p-MOS driver to
have three times the area as the LS n-MOS driver. Since
the duty cycle of PWM signal is approximately equal to
the ratio of the output to input voltage,

Duty Cycle >~V Vin (€

the average duration that the HS driver turns on is not
50%. For example, with a Li-ion battery input voltage of
4.2V and an output voltage of 1.0V, the duty cycle for the
HS and LS drivers are 24% and 76%, respectively. In
order to achieve the best conduction loss versus efficient
use of area, the on-resistance of the p-MOS transistor can
be approximately three times higher (76/24 = 3).
Therefore, the same device area can be used for both the
n-MOS and p-MOS.

4. SEGMENTED OUTPUT STAGE

Once the sizes of the HS and LS drivers are
determine for a particular peak conversion efficiency and
operating frequency, the overall performance of the output
stage can be further improved by optimizing the switching
loss. The typical source of power losses in a DC-DC
converter is as shown in Fig. 6. The output stage is
responsible for the gate drive and conduction loss. The
gate drive loss, Py is dominant at low output current (see
Fig. 7) and is given by

FETs
ESR Gate Switching &
loss Drive conduction

4//

|
\ R, loss
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| L v, /
*D—E;:I My Cou -|' %’] iL04D
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Fig. 6. Various power losses in a DC-DC converters.
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Fig. 7. Typical power conversion efficiency versus output
current. Gate drive and controller losses dominate in the
low output current range. Conduction loss is more
prominent at high output current.

Pyate = fs (Cgate,P +Cyate,N )Vi% 2
Pgate IS proportional to the size of the n-MOS and p-MOS
drivers. If smaller size power transistors can be selected at
low output current, Pgy can be reduced. This will
maintain high power conversion efficiency over a wide
range of output current.

The circuit configuration of the n-MQOS and p-MOS
drivers in a traditional output stage, as shown in Fig. 8,
can be partitioned into parallel combinations of identical
transistors. These transistors can be further grouped in to
three independently controlled segments to achieve binary
weighted sizes of 1, 2, and 4. The gate drive signals are
connected to individual gate drivers such that only the gate
capacitances of the selected segments are switched. With a
digitally controlled DC-DC converter [3], different
segment size can be selected according to output current.
This allows dynamic optimization of Pg.
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Fig. 8. Schematic of a traditional CMOS push-pull output
stage with two large gate drive circuits for the high-side
and low side switches. The segmented output stage is
basically a re-organization of the same layout with
transistor segments grouped into sizes of 1, 2 and 4.

This segmented output stage was implemented
using a 0.6um standard CMOS technology with a
maximum breakdown voltage of 7V (see Fig. 9). The
active device areas for the HS and LS drivers were chosen
to minimize the conduction loss for an input voltage range
of 2.7 to 4.2V and an output voltage of 1.8V with a

maximum output current of 500mA. The n-MOS and p-
MOS transistors have active areas of 0.15 and 0.37mm?,
respectively. The measured range of on-resistance and
Pgae are as plotted in Fig. 10. As the transistor size
changes from a normalized size of 1 to 7, the gate drive
power also increases proportionally for both n-MOS and
p-MOS.

Fig. 9. A segmented output stage fabricated using a 0.6um
CMOS technology. The n-MOS and p-MOS have active
areas of 0.15 and 0.37mm?, respectively.
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Fig. 10. Measured on-resistance and gate drive loss for
the segmented output stage, ranging from the smallest to
the largest segment size.

However, the on-resistance does not reduce by a
factor of 7. The spreads of 0.62Q to 1.5Q for the n-MOS
transistor and from 0.62Q to 1.9Q for the p-MOS
transistor only constitute factors of 2.4 and 3.1. This is due
to the fact that the metal interconnect resistance is
comparable to the on-resistance of the power MOSFETS.

The efficiency measurements for Vi, = 2.7V with
different enable codes are shown in Fig. 11. Enable code
of <111> is equivalent to select all transistor segments,
hence the largest transistor size. The power conversion
efficiency is highest for large current, but suffers
significantly at low output current range. By contract, with
enable code of <001>, only the smallest segment is
selected. The power conversion efficiency is now highest
at low current and reduces as the output current increases.
Also included in Fig. 12 are the power conversion
efficiencies for the PFM (Pulse Frequency Modulation)
and DCM (Discontinuous Conduction Mode) for the
largest and smaller power transistor sizes. For very low

)Gate Drive Power (mW
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output current, it is much more advantageous to switch
from PWM to PFM mode. With the use of a digital
controller [3], the optimal enable codes and operating
mode (PWM or PFM) can be selected such that the peak
power conversion efficiency can be maintained over the
widest possible output current range. Using this approach,
the converter achieved a peak efficiency of 89%. This is a
significant improvement by a maximum of 6.9% when
compared to the non-segmented case as shown in Fig. 12.
The peak efficiency is limited by the relatively high series
resistance from the inductor and high-switching losses in
the power stage at 4 MHz.
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Fig. 11. Measured efficiency versus output current for Vi,
= 2.7 V. The curves correspond to 5 different segment
combinations out of 49 since the NMOS and PMOS use
the same enable code.
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Fig. 12. Measured efficiency versus output current for Vi,
= 2.7V. In the top curve, the optimal segments are enabled
by selecting the appropriate segment size according to the
output current. The bottom curve is achieved if
segmentation is not used.

5. CONCLUSIONS

This paper examined different CMOS compatible
output stage configurations that are suitable for smart PIC
implementation. n-channel EDMOS structures are more
attractive for the HS driver in totem pole output stages in
high voltage, high current applications. Standard CMOS
technologies can be used to implement push pull output
stages in battery operated low power applications. Further
optimization of the power conversion efficiency over a
wide range of output current can be realized by using
segmented output stages and multi-mode operations.
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SMART DIGITAL CONTROLLERS FOR LOW-POWER HIGH-FREQUENCY SMPS

Aleksandar Prodi¢
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Abstract: A review of advanced digital controller
architectures for low-power high-frequency dc-dc and ac-dc
switch-mode power supplies (SMPS) is given. Practical
implementations of “smart” features improving overall
energy utilization, dynamic response, and allowing “plug-
and-play” controller operation are described. In parcitular,
the paper shwows arhitectures utilizing inherent
nonlinearites and imperfections of digital controllers as well
as those of controlled power stages. The architectures
perform on-line auto-tuning, load estimation and multi-mode
operation. Effectivness of the methods is demonstrated
through experimental results.

Keywords: Low-power SMPS, digital control, auto-tuning,
multi-mode

1. INTRODUCTION

Digital controllers for SMPS supplying miniature
portable devices, computers, and other loads ranging from a
fraction of watt to several hundreds of watts have emerged as
an atractive alternative to predominantly used analog
solutions [1]-[4]. The reasons include superior flexibiliity of
digital systems, simpler implementation of advanced power
management and control techniques [5]-[9], often used in
higher power systems. However, becuse of practical
implementation problems, the advanced features have not
been implemented in low-power systems. Mostly, beacuase
of the complexity of the hardware required for their
implemenatiation. The advanced control alghoritms usually
rely on computation demending alghrotims and require a
fairly powerful micrcoporcessor for their implementation.
The complexity and cost of such a processor significantly
exceed those of the complete low-power SMPS.

In the targeted applications it is required that the
controllers are implemented with a simple hardware and have
a low power consumpition, not effecting the overall system
efficency. Often, the total power budget allocated to the
controller is measured in microwatts and the siclicon area
they can occupy is limitted to a fraction of a mm?. Because of
such stringent requirments, the functionality of the digital
controllers for low-power SMPS is often limitted to
performing output voltage regulation only.

To introduce advanced control techniques in
low-power SMPS, several advanced control techniques and
architecrures have been proposed in recent publications [5]-
[12]. The techniques improve SMPS efficienchy, dynamic
response, system reliability, and can be implemented with a
fairly simple hardware. As such, they are well-suited for the
digitally controlled low-power SMPS.

The following sections of the paper give a review of a
several such technigues and architectures. In Section Il an
auto-tunning and self-calibration technique and system
relying on limit-cycle oscillations is described. Section Il
shows multimode controllers that utilize inofrmation from
duty ratio control value to optimize SMPS efficiency over the
full range of operation. A simple digital techniques for

improving dynamic response of voltage loops in rectifiers
with power-factor correction (PFC) is described in Section
(AVA

2. LIMIT-CYCLE OSCILLATION (LCO) BASED
AUTO-TUNING SYSTEM

The dynamic and static characterics of an SMPS
depend on the operating point and output load. They also
change with external influences, such as temperature and
aging. To account for these and provide stable system
operation for all operating conditons, the voltage loop
compensator is usually designed in a conservative manner.
The bandwidth of the loop is reduced, resulting in a slower
dynamic response than possible. As a consequence, the
energy storage elements are oversized. In additon, the design
is usually performed on the case-by-case basis, further
increasing the cost of the SMPS.

To compensate for these, in high power systems,
direct measurement of the SMPS parameters such as output
load, temperature of components is often employed. The
measured values are then used for on-line self-calibration of
the controller, i.e. auto-tuning. Often, the measurements are
also used to estimate the values of power stage filter
components and further improvement of the controller
performance. The esimation is usually based on fairly
complex data processing [13]-[15], and, as such, not suitable
for low-power applications.

The low-power auto-tuning system of Fig.1 does not
require a complicated hardware and is used both for
improving dynamic response and the SMPS efficency. In
steady state it operates as an ordinary voltage mode pulse-
width modulation digital controller [2]. A digital equivalent
of the output voltage error signal e[n] is passed to a
programmable PID compensator that creates digital pulse-
width modulator’s (DPWM) control signal d¢[n]. In steady
state, the resolution of the DPWM is high to eliminate
nonlinear effects.

Auto-tuning is perfomed regularly or upon potential
instability is detected. During that phase, the corner
frequency of the power stage and output load are detected
and the controller parameters adjusted accordingly. The
detection is performed through the analysis of the frequency
and amplitude of intentionally introduced small limit-cycle
oscillations [16],[17]. The limit cycling is caused in very
simple manner, by reducing the resolution of the DPWM and
using a Pl compensator with a pole at zero. As shown in
[12],[18] for such conditions, the LCO at frequency

1

f
e =5 i o))

occurs. Where the parameters L and C are the values of the
power stage inductor and the total capacitance connected at
the output port of the buck converter of Fig.1, respectively.
The peak-to-peak amplitude of the oscillations is
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where, Vo is the dc-value of the output voltage, D steady
state duty ratio value, D quantization step of the DPWM and
R the resistance of the output load.

Equation (1) show that f ¢ coincides with the corner
frequency of the power stage, which is the key parameter in

conventional PID compensator design [2], [19].
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Fig. 1. LCO-based auto-tuning controller regulating
operation of a buck converter.

By simply measuring this frequency the compensator
can be set that for any given operating conditon provides
optimal dynamic response.

From (2) it can be seen that the output load can also be
estimated. The results can be used for overall efficency
optimization, through the power stage segmentation. As
shown in Fig.1, instead of having only one pair of switches,
like in conventional topologies, two differently sized
transistors are used. At low output currents, where switching
losses are dominant, smaller and faster transistors Q; | and
Q, . are active. As the current increases the larger
transistors, having smaller on-state resistance R,, start
operating, to minimize conduction losses, having the larger
impact at heavy loads [19]. The selection of the switches is
performed by the auto-tuner, through a control signal s[n].
Equation (2) also shows that by changing D, the amplitude of
the oscillations can be set to an arbitrarry small value.

It interesting to note that the shown architecture can
also be used for design automatization and development of
“plug-and-play” controllers. After connected to a power
stage, the plug-and-play system “learns” the values of basic
power stage parameters and adjust its own operation
accoringly.

2.1. Experimental results and practical limitations

Experimental results comparing operation of a
conventional single-mode PID compensator and the auto-
tuning system are shown in Fig.2. The conventional regulator

is designed following widely adopted design guidelines [2],
[19], to result in stable operation for all operating condtions.
The auto-tuning compensator is set to have the bandwidth of
1/15 of the power stage switching frequency for any given
condition [18].

It can be seen that the auto-tuning controller results in a
faster dynamic response allowing for the reduction in the size
of power stage filter components.

Fig. 2. Load transient response of a conventional controller
(top) and the auto-tuning system (bottom) for the output load
changes between 1.3 A and 3A.

Fig.3. shows auto-tuning for improving efficiency.

Gate drive Q1 ;. Qs 4

Gate drive Qv 1 Q2

Fig. 3. Efficiency optimization through the auto-tuning
process adjusting the size of the power stage transistors.

The auto-tuning is activated after load transients,
causing LCO of small amplitude at the output. Based on the
amplitude of the oscillations the output load is estimated and
the transistor gating sequence selected. At the lighter load (R
=5 Q) only small transistors are active, while when the load
resistance drops to 2.5 Q all transistors operate.

Experiments and analysis presented in [12] also revel
system constrains. They show that the LCO based load
estimation has very limitted accuracy and can only be used
for a coarse current estimation. The inductor and capcitor
series resistance as well as the dead time circuit significatly
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