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NOMENCLATURE

A,B,C,E State matrices

AC - Alternating current

Ac - Comparator gain

Ae - Error amplifier gain

C - Capacitance

Cc - Compensation capacitor
Cgd - Gate drain capacitance
Cgs - Gate source capacitance
Ciss - Input capacitance

Cl - Load capacitance

Coss - Output capacitance
Crss - Reverse capacitance

D - Duty cycle

DC - direct current

D-mode- Depletion mode

DUT - Device under test

dB - Decibel

Ec - Energy in capacitor

El - Energy in inductor

EMI - Electro Magnetic Interference
E-mode- Enhancement mode
FEM - Finite element

fr - Resonant frequency

Gm - Transconducatance

I - Current

Id - Drain current
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Ids - Drain source current

lg - Gate current

lgs - Gate source current

Ip - Peak current

Is - Source current

JFET - Junction Field Effect Transistor
K - Coupling coefficient

L - Inductance

LDO - Low drop out

LI - Leakage inductance

Lm - Mutual inductance

Lp - Primary inductance

Ls - Secondary inductance

MOS - Metal Oxide Semiconductor

P - Power

PFM - pulse frequency modulation
PWM - pulse width modulation

R - Resistance (Load)

Rc - Equivalent series resistance of capacitor (ESR)
RD - drain resistance

Rdc, RI- DC resistance of inductor

Rg - Generator (source) resistance
rms - root mean square

ro - output resistance

Ron - On resistance of transistor
RS - source resistance

S - Laplace operator

SiC - Silicon carbide

Si02 - Silicon di oxide

SOl - Silicon on Insulator
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Chapter 1

1.1 Introduction

Power electronics is a basic and ever demanding field in tluériedd engineering
domain. Electric power conditioning at various stages: generatiansntission or
utilization is inevitable. The input parameters and the requirenfrembsthe system vary
based on the stage where the electronics is involved. A wide vafetyower
conditioning has emerged based on various applications. Figure 1-1 shuuotsril
view of the power electronics at a basic level and its branchéhe dc-dc conversion
domain. DC-DC conversion is a dc transformation mechanism sinoldhat of ac
transformers [1-5]. The depth of development of dc-dc converteradyckevident from

the complex tree structure.

[Power converters |

I
AC-AC DC-DC AC-DC DC-AC
I Regulators Rectifiers Inverters

-

v v Y v v

Mode of Isolation | /O transfer | | Component | Operating control
operation | | principle
L] Y
Buck

| Linear | | Switching | Transformer n Non Cuk | Inductive | | Forward | | Flyback | \ PFM
| Isolated Isolated —Y \ \ J ILM
| v Boost | Buck-Boostl '——'

v v capacitive Voltage Current

Flyback Push-pull mode mode
Continuous . " ; } Zero Zero ->| V 2 mode
i voltage current [V 21 mode|

mode | Full-Bridge | | Half-Bridge | switchin switchin

=

Figure 1-1. Hierarchy of power converters with emplasis on dc-dc conversion.



1.2 High temperature electronics

High temperature electronics is strongly a market driven tecgpdb-13]. Based on
operating temperature the electronics are classified amewial (<80°C), industrial or
automotive (<125°C), military/aerospace (<200°C) and deep space and downhole
(>250°C) [14]. The automotive and military electronic parts often tdsedlownhole
applications are protected by the use of appropriate EnvironmeatdtoC Systems
(ECS). ECS maintains the ambient temperature of the electropipsoviding proper
housing and cooling to maintain the enclosed electronics within $perified limit.
However the development of ECS itself is very expensive in tefhisth area and

power.

The circuits designed for extended temperature operation inchodes level of design
complexity to adjust the operating characteristics avaged temperatures to sustain
acceptable performance. However as temperature increases above &@3iC
commercial designs suffer from their physical limits andiminmal performance can no
longer be satisfied. Hence a need for alternate materialsréwit design is critical for
high temperature operation. Silicon on Insulator (SOI) based designsil@on carbide
(SiC) power technology have been a viable alternatives for harstoemént circuit
design. In addition to elevated temperature, the vibration, shocks, meeteaa, pressure
and radiation hazard makes the working environment hostile and hencasen¢he
vulnerability of any electronic system. Both SOI and SIC dewetisfy these extreme

requirements posed for the harsh environment systems.

A wide range of discrete products are now commercially adeilmr high temperature
operation through vendors like Honeywell [15] and Sissoid [16]. Whitreasing
interests in deep space missions and interest in deeper oil ahérgeal well planning,
the role of high/extreme temperature electronics is moreairithan ever before. The
market growth for high temperature electronics have also beenhetter phase for

several decades.



1.3 Research objective

The objective of this research work is to demonstrate a solutiggofeer supply used in
extreme temperature applications. Operating temperatudeatfanics involved in deep
space explorations easily extend from -150°C to +250°C and in casespfndéural
resource wells like geothermal and oil well, the ambient temtyper exceeds 300°C. As
present generation electronic systems are highly dependent onextbesmos packing
and cooling for reliable operation in these hostile environmentsgla temperature
sustainable electronics would greatly reduce the cooling requioedextended

temperature operation and hence reduce the operating costs of these systems.

In this research the focus is to develop a DC to DC Switched Nradeer Supply
(SMPS) capable of 275°C operation. This SMPS is proposed to be a pane for all

the electronics incorporated in the drill string for Measuringilgv/Drilling (MWD).

More importantly it is desired to make the system a comnmestfidhe shelf (COTS)
product. A step down converter known as a buck converter is chosen based on the
requirement [17]. The design parameters and the expected perforohamaeteristics of

the converter are shown in Table 1-1.

Table 1-1. Specifications of the dc-dc buck convest design.

Specification Value

Operating < 275°C
temperature

Input voltage range| 15 to 25V
Output voltage 15 to0 18V
range

Output Watts > 2 Watts
Regulation 2%
Efficiency 80-90%
Stability (phase o
margin) >75




1.4 Dissertation organization

This dissertation contains 9 chapters including the current oneit@tagure review and
the basics on the dc-dc synchronous buck conversion are discussed in 2hdjpter
basic classes of buck converter are briefly described anch#draateristic equations of

the buck converter are derived.

Chapter 3 discusses the role of silicon carbide electronibssimbrk. The advantages of
using silicon carbide devices are pointed out and the concept of enlesucemmde
Junction Field Effect Transistors (JFETS) is introduced. The dusl’ measured

characteristics of the silicon carbide JFETs are disclosed.

Various control schemes used for controlling the ON/OFF stateeqgdfower switches are
discussed in chapter 4. This is followed by explaining the advantdges-square (V2)
control scheme over the conventional control mechanisms. The isghesowirol loop
stability and modeling of vee-square controller are discussed.

Chapter 5 discusses the role of gate drive involved in the control tgircdihe
transformer coupled gate drive mechanism adapted in this reseaiolen an extensive

review with a detailed description provided in this chapter.

The design of the dc-dc buck converters starting from their Hmsiding blocks is
discussed in chapter 6. The house keeping electronic circuits sargrasented. The

simulated and measured performance characteristics of the blocks aregrovide

The discrete components like capacitor, resistor and inductorsyapaiite in electronics
design. The challenges in obtaining these passive components favaithisand the
procedures followed are discussed in chapter 7. Also as mentioned previous
making the product a COTS component, the issues with packaging techhalegto be

dealt with. Chapter 7 also present the solutions proposed for packaging the design.



The results obtained from various prototypes of dc-dc buck convereegesented in

chapter 8. The startup and transient characteristics of the converter ssedbere.

Chapter 9 provides the conclusion of the work. The data sheets forsthaniir second
generation control IC are provided. The commercialization plangia@a consideration

by providing a rough estimate for SMPS using V2 control IC.

And finally the future work and bibliographic references are proviSeseral important

design factors are provided as a supplementary in the appendix section.



Chapter 2

2.1 Literature Review

As any other field of electrical engineering, digging throtigda work done by various
people in the dc-dc conversion circuits is impossible in a short pefitohe. After an
exhaustive search a brief summary of the work is brought aet \Wweh appropriate

acknowledgements.

Linear conversion that does not involve any switching was theestarhiode of dc-dc
conversion. These are based on pre-referenced Zener diodes at the outpatatente
the output voltage to a required level [18]. But Zener diodes for tegiperature
operation are not commercial. Also the Zener regulators areeadily capable of
producing custom required output voltages and were eventually reptgceithear
regulators [14].

In linear regulators, the Zener diode is replaced by a transidtose conductivity is
controlled by an error amplifier. Linear regulators are sempl construction and
operation, and provide excellent transient response for load variationgvelodue to
the inherent nature of their operation, efficiency is very loilghter loads. Low dropout
regulators (LDO) which are evolved adjustable linear regulagsgaining popularity
since they tackle the drawback of light load efficiency of congeatilinear regulators.
Also they are able to provide a custom required output voltage basadfemdback

element.



Recently, the linear regulators are being replaced bylswg regulators which provide
higher efficiency [19]. Several circuit configurations of switchiregulators evolved
based on custom applications [20]. Reports of dc-dc converter desigoperation at
elevated temperature can be found in literatures. These incluteissather dc-dc
conversion types like boost and buck-boost converters in additions to budkrteosv
[21, 22].

A control loop acts like a brain of the switch mode dc-dc convertenvé&htionally
voltage mode and current mode control were used for controlling itehsw transistor
in a dc-dc converter. Research on improvement of control mechanisswiiwhing
converters is of high interest. The method of control used in this wdheivee-square
control, which presents the advantages of both voltage mode and currentantrdé c
Modeling and advantages of vee-square control over conventional conthaldsdtave

been previously reported in various literatures [23-34].

The use of silicon carbide and silicon on insulator technologies for teigperature
design were proved in various instances [15, 35-43]. The power handpagityaof
silicon carbide devices are of high merit for high temperaturegmeslso the high
reliability of silicon on insulator control circuits suitable forstaenvironments has been

taken advantage of in high temperature designs.

Exhaustive information on gate drive requirements of a switch moderpsupply is
widely available for commercial applications. However none of vadable information
is directly applicable in current work due to temperature tétimin. Commercially
available photo couplers are limited to 150°C operation. An optocoupler deset on
SiC UV photodiodes and the planar transformers with integratéfierecare the novelty

of this work applied to gate drive application.

Applications of planar transformers in pulse circuits have also jpeously analyzed
[44-61]. Practical design basics on pulse transformers can bexaxbttom the video

amplifier designs. A high fidelity pulse transformers suchhes dnes used in video



amplifier designs are extremely difficult to design and hencg ekallenging given a
planar structural constraint. However by use of an intelligent on obgpifier

combination, the challenge is easily tackled in this work.

All the above fundamental concepts are discussed in detail in thepappe chapter
sections of this work. This work differs from the previous workha sense that the
control circuitry is implemented in a silicon-on-insulator technoldgy 275 C
operations. Also silicon carbide power switches are used. Achglesign using silicon-
on-insulator and silicon carbide with relatively inexpensive packatgohniques is the
key attraction for this research woflis is the first and only demonstration of a SMPS

as a completely integrated solution for 275°C.

2.2 Silicon-on-insulator

Conventionally, transistors have been fabricated on a bulk silicon sebstnate the
thickness of the substrate is in order of several hundred micn@m8ticon-on-insulator
(SOI) technology is based on development of a thin film of siliconnonsulator layer.
The devices are fabricated on the thin silicon films and do notdravéwell process” as
in bulk substrates. Figure 2-1 illustrates the transistorsction in bulk and SOI
process. By eliminating a bulky leaky body, the leakage cumeBOil transistor circuits
are significantly smaller than the bulk counterparts. This phenomienexplained by
schematics presented in Figure 2-2. Also by reducing the silicon thidkniess hundred
microns the radiation induced damage is minimum. The radiation hardes@ettprof

SOl is one of its biggest advantages for space applications. fdieer®OIl is the
preferred technology for high temperature harsh environment cir@igrdeSilicon-on-

sapphire technology is used in this work.

Peregrine 0.5um SOl CMOS process is used for fabrication theocaituit. The
characteristics of this process have been well establishectiithés fabricated on this

process are functional up to 275°C with very low leakage current[62prparison, the



circuits designed on bulk silicon substrate are limited to 200°C operatt the expense

of high leakage currents and power dissipation.
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Figure 2-1. Cross sectional view of NMOS transistarin SOI and bulk fabrication process.
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Figure 2-2. Comparison of leakage components in gibn-on-insulator and bulk process technology.



2.3 Modulation techniques

2.3.1 Pulse width modulation

Modulation of switches in a switching regulator is a key for obththe required output
characteristics. Several modulation techniques have evolved based on various
applications. The modes of operation of dc-dc converters based on its doopol
modulation are

e Pulse width modulation mode (PWM)

e Pulse frequency modulation mode (PFM)

e All Digital mode

e Delta Sigma

Of these control modes, pulse width modulation is widely used becaitseswhplicity.
Pulse width modulation is duty cycle modulation of a constant periodfafam based on
an error signal and a reference signal. The duty cycle isatleebetween a switch on
time to a predefined switching cycle period. Based on its operaiiii Bontrollers are

also known as ‘constant frequency variable time’ controllers.

In this work the pulse width modulation (PWM) technique is adopted. &myskock in
a suitable wave shape (saw tooth, triangular or square pulse) amdparator form a
basis for pulse width modulation. A conventional PWM scenario commonly insed
switching converters is shown in Figure 2-3. The figure showsran signal and ramp
signal superimposed. A comparator compares the two signals to tgeagralse width
modulated output as shown in Figure 2-3. As a general rule, themgtieaterror signal,
wider the pulse width. The resulting PWM output can be inverteddbasethe logic
required to turn ON/OFF the corresponding switch by interchangiegniputs to the

comparator.
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Figure 2-3. Principle of pulse width modulation.

2.3.2 Pulse frequency modulation mode (PFM)

While PWM control is efficient for high power, longer duty cycéses, the efficiency of
the system is significantly reduced at lighter loads. Pulsguéncy modulation is
adopted for low power designs especially in cases where theylle in case of PWM
is small. PFM is a ‘constant time variable frequency’ control also knevgaid control.
Figure 2-4 illustrates the pulse frequency modulation for 8mift levels of load
current.

ILOAD

w00 RO L0

time

Figure 2-4. Pulse frequency modulation with respedb load current variation.

In case of random load fluctuations, a continuous change in the coatjokficy results
in higher harmonic distortions in PFM controllers. PFM is usuallyidaeb due to its

complexity and higher electromagnetic interference (EMI).
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2.3.3 All Digital mode

Recently, digital controls of converters are gaining popularity dugidespread use of
digital designs and their inherent advantages. The transistor co8inggipnality has
been drastically reduced as a result of dynamic shrinkingeofransistor size. Also from
a general perspective digital designs are less sensitivese wben compared to analog
circuitries and also consume fairly lesser area and power wimdarsfunctionality is
feasible. The simplicity of digital designs based on their benalvidescriptions and
simulations eases implementation of multiple algorithms innglesicontroller. Hence
digital control offers a hybrid approach where the choiceootrol strategy is dependent
on the load and hence provides the potential for optimal controller opettdtamrever,
the transition from long established and well understood analog corgmtiamisms to
digital domain is yet to happen. In case of high temperaturerdeisiis preferred to keep
the transistors channel length notably larger than the minimumigseioka limit of the
process to avoid excessive leakage at higher temperatures. Rocénst this research
work even though the controller was implemented in 0.5 um technologd basour
previous understanding about the leakage current of the transistugh temperature,
the minimum gate length of the transistors for digital cirmstare limited to 0.8 um for
PMOS and 1.4pum for NMOS. This choice limits the full utilizatminsemiconductor

process bandwidth and additionally results in area penalties.

2.3.4 Delta Sigma modulation

Delta-sigma modulation is an advanced mixed signal implementati@Wdfl control.
Figure 2-5 shows the operation of delta-sigma controllers. The Bigidl shown in the
middle plot (pink) is subtracted from the reference signal (grekajvn in the top to
generate an error signal (top-blue). The error sigrtleis integrated and compared with
preset threshold limits. Delta-sigma modulators oversample gtensyat much higher

frequency. In ADCs the digital output is later decimated in the follow on stages.
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Figure 2-5. lllustrating the delta sigma PWM (Source Wikipedia.com).

In this way delta sigma modulators provide noise shaping chasactemhich reduce
the noise power in the output spectrum of interest. Applications of th@splex
modulation techniques are where there is a need to remove teeimasrtain spectral

range of the converter.

As mentioned earlier PWM based control is of interest in tlugkvand shall be used
throughout the fore coming chapters. However it must be pointed outithathsinking
channel lengths, the transistor models impose statisticalndesigircuits and hence a
transition to digital control design over analog circuitries skalbn will likely be

inevitable.

2.4 Buck converters

Buck converters are the simplest and most widely used convertdesdin conversion.
Buck converters are dc-dc transformers that produce an output toavethe input. By
their nature of operation they are also referred to as step-domwerters. Figure 2-6
shows a basic dc-dc buck converter. The’ ‘Yepresents a dc input voltage and, ¥/
represents a stepped down output voltage. The ‘PS’ is the poweh $iaat connects the
input to output and ‘D’ is the catch diode. The inductor ‘L’ and capatitoform the

13



output filter network. The passive LC network also serves as emséngage elements

with inductor and capacitor energy given by equations 2-1 and 2-2, respectively.

1, ]
E =L [2-1]
1.,
E.=CV [2-2]
/ A | v |
X
. = +
PS \

A
=

Figure 2-6. Basic switch mode power supply with cah diode.

2.4.1 Operation of PWM buck converter

The basis of operation of any PWM switching corstedan be explained by analyzing
their behavior at different periods in a switchimygle. An asynchronous buck converter
as shown in Figure 2-6 is chosen to keep the eaptamsimple. When the power switch
(PS) is switched ON the output voltage increasesalily as current flows through the
inductor, into the capacitor. During this time thiede (D) is reverse biased and does not
affect the circuit. When a preset threshold is medcat the output (M), a control
circuitry (not shown in the figure) switches ofetpower device. A basic characteristic of
an inductor is that “the current flowing through anductor cannot change
instantaneously”. This phenomenon reverses theripolaf voltage at the node ‘x’;
driving it to a voltage lower than the ground (zewdts), thereby forward biasing the
diode (D). Therefore the diode “catches” the cireund provides a path for current flow.

14



Hence the diode is called a catch diode and she¢urn on time of the diode is not well
defined with respect to system clock, the procesgefferred to as asynchronous
switching. As the voltage at the output falls belawreset threshold the control circuitry
repeats turning ON the power switch and hence itheegs continues.

2.5 Synchronous rectification

In case of asynchronous rectification describepravious section, based on the forward
voltage of the diode and steady state operatingeotjra considerable voltage drop across
the diode is required to keep and the current f&timg through the inductor. This results
in significant power loss across the diode during OFF time of the every switching
cycle. The worst case condition is the ‘no load fower delivered to load) case when
the duty cycle is at its minimum and the diode i Or longer time in a switching cycle.
To reduce the power loss due to this forward veltdgop, a semiconductor switch is
used as a synchronous switch. Since the operatitiniscswitch is synchronized with the
system clock and is complimentary to the power @withe converter is called
‘synchronous switching’ converter.

An ideal synchronous switch possesses zero ‘osteggie’ and infinite ‘off-resistance’
thereby resulting in zero power loss. This largelyimizes the conduction loss and
thereby improves the overall efficiency of the syst The control circuitry is however
made more complicated to ensure “timely turn ON” tbe synchronous switch
complimentary to the power switch. Proper firingthé two switches with appropriate
dead times is a challenge and discussed in latgters. Moreover the practical switches
implemented using transistors presents finite Oblstance and OFF resistance that
results in power dissipation during the ON and GEdie, respectively. These parasitic
resistances are taken in to account in system sigatylater sections. Figure 2-7 shows a
synchronous rectifier.
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Figure 2-7. Synchronous buck converter.

2.6 Transfer function of PWM buck converter

A mathematical model of a PWM buck converter isntérest for analyzing its behavior
and a better understanding of the system dynamieseffect of duty cycle on the output
voltage for a given input voltage is described lg transfer function of the system. The
transfer function obtained here is on the basienafrgy balance in inductor. The energy
balance in the inductor during steady state opmrastates that the average current
through the inductor in a single switching cycle) (i§ zero. Figure 2-8 gives a pictorial
representation of steady state operation of PWNMK lmanverter. During the ON time
(Ton) the inductor current () and the output voltage (V) increases linearly and during
OFF time (&) I. and W,y fall linearly. Mathematically this can be descdld®y equation
2-3 where relatively large charge and discharge tonstants are assumed. Rearranging
the equation the expression for transfer functiéndVi,) is obtained to be the duty cycle

(D).

(Vin _Vout) X Ton = Vout x Toff [2'3]
Vout — Ton =D [2_4]
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Figure 2-8. Inductor current and output voltage during steady state operation of buck converter.

2.7 Transfer function of output filter

The LC filter network at the output of the converéets like a second order system as
shown in Figure 2-9. Even though the transistés dke a switch, the on resistance of
the transistor is a non-zero value. Particularlglavated temperature the on resistance
maybe significantly higher and cannot be neglecié@. dc resistance of the wire used in
the inductor also affects the system performanceadcount for these factors, the on
resistance of the transistor is represented hyaRd the dc resistance of the coil is
represented by Rin the circuit model. The load resistangeaRo plays a significant role

in the transfer function. The mathematical analgsithe system in frequency (Laplace)
domain is as follows.

-

Figure 2-9. Second order RLC representation of buckonverter.
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Using KCL,

Vin(s)-Va(s) Va(s) N VQ(s)

= 2-5
R+j-oL 249 R 2
where R, =R, + R, [2-6]
Further simplification of equation 2-6 to obtaire tlnansfer function yields,
\\//p(s) _ 1 [2-7]
in(s) P &+ 1 N 1+R, /R
L C-R L-C

The transfer function analysis is later used inigilesg compensation network for the
control loop. The equivalent series resistance (ESRhe capacitor is not considered in
this analysis. However the stability of the contomp is dependent upon the ESR and is

discussed in detail in section 4.2.1.
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Chapter 3

3.1 Silicon carbide electronics

Power switches in the dc-dc converters are thegrsimause of failure or limitation of
the systems at high temperatures. Many power sehicdor manufacturers integrate
control circuitry on the power die resulting in sinpower converters. However, high
power dissipation across these switches demanelstiolg capabilities (high voltage and
current stress) of the semiconductor and hencegriatien of power switches to the SOI
control chip is not efficient for high temperatusperation. Silicon carbide as a wide
band gap semiconductor will play a major role ighhiemperature electronics design [19,
63-73]. It possesses some exceptional propertiekinghait well suited for high
temperature applications. Silicon carbide existginous polytypes of which the 4H type

is most popular.

It can be observed that the silicon carbide outper$ silicon except for the carrier
mobility and production cost. However when we cdesithat for power devices that
breakdown voltage, thermal conductivity are mognisicant as a result of greater power
dissipation at the drain terminal, SIC has an athgeby a factor of 30. The mobility is
less of an issue for a power device compared t@abepenalty. With increasing interest

in SiC the commercial cost is expected to redugeifstantly.
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Table 3-1. Comparison of properties of silicon angilicon carbide.

Property
Material Bandgap (eV)

Breakdown field (V crit)
Relative permittivity
Hole mobility (cnf V! s%)

Electron mobility (crAV™* s

Thermal conductivity (W cmK™)

)
Saturation electron velocity (crif)s
Commercial wafer size (cm)

Maximum operating temperature (°

Silicon
1.12

1.3

3x 10°
11.7
450
1400
1.0x 10’
15

300+

4H-SiC
3.2

4.9

2x 10
9.7

120
950
2.0x 10/
10
600+

3.2 Characterization of silicon carbide JFET

To understand the operational behavior of the jancfield effect transistors it is

necessary to obtain their electrical charactessti®everal parameters are required to
completely model a device for all operating comais. Threshold voltage, leakage
current, ON resistance and transconductance ariewhéasic parameters to predict the
switching characteristics of the device. In addittbe device terminal capacitances are
required to model the transient behavior of theia@eVvA junction field effect transistor

can be modeled using diodes, resistors, capacitatgransconductor as shown in Figure
3-1. The diodes are used to model the leakage ntarie the device. Within normal

operating conditions the voltage across the gatessadiode is below its knee voltage to
keep it in OFF state. Similarly the gate drain diad reverse biased and does not

conduct. The g and Gq are the terminal capacitances that determine wWitchsng

performance of the device.
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Figure 3-1. Equivalent circuit model of a junctionfield effect transistor.

3.2.1 Enhancement mode JFET

JFETs are commonly used as depletion mode deviee.absence of an oxide interface
as in MOSFET results in better noise performanc#&Ts and because of its depletion
mode characteristics and the defects associatédtiet oxide interface; it's a preferred
choice of input transistors of low noise amplifietidowever the disadvantage of
depletion mode operation of a device over enhancemmde is the requirement of
negative gate source voltage to turn off the tsdosi This greatly complicates the
requirements of the system operating under unigalpply voltage. Enhancement mode
operation of JFETs in conventional silicon is lieditto less than 0.7 volts however, with
excessive gate leakage. This limit is due to tlesgmce of a p-n junction diode between
gate and source terminal which forward biases eg#te-source voltage increases above
the diode turn on voltage. Due to the wide banduatpre of silicon carbide, the turn on
voltage of the gate source diode in SIC JFETs iBvab2.7V. This lends itself to
facilitating operation and use of SiC JFETs in #mwhancement mode of operation.
Further, buried gate technology is used to crealb@m@cement mode operation in vertical
JFETs which enables lower positive threshold vetadile attaining high overdrive
capabilities. The JFETs used in this research wamk procured from Semisouth
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laboratories inc., USA [14]. The cross-sectiona@wiof the enhancement mode JFETS
based on buried gate technology is shown in Fig§t2e The die snapshot of a packaged
device is shown in Figure 3-3.

Source

-4 | Gate Gate
SiO, SiO,

o
p-type n type epi-layer
implant

n-type substrate

3-3.Snapshot of the enhancement mode JFET in a TGapkage
(Gold pads —left; Aluminum pads — right.)

3.2.2 Gate source characteristics

The gate source characteristics also known as iopatacteristics gives information
about the threshold voltage, off state leakageeotirand transconductance of the device.
Figure 3-4 shows the turn on characteristic of @ SFET measured using a Keithley
4200 semiconductor characterization system. Thierdifit curves show the varying
behavior of device at corresponding temperaturé® threshold voltage is extracted
from the gate source characteristics. In order ¢asure the leakage current of the device
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which is similar to the reverse biased current gate source diode the measured data are
plotted in semi-logarithmic scale. Figure 3-5 shdbws leakage characteristics of four
different SiC JFETS. It can be seen that devick’‘B2haves like an ideal device whereas
others show increased or excessive gate-sourcageaturrent. This type of increased
leakage can be explained as a fault in the faloicaif these devices with this behavior
expected to be absent in commercially availablec#gsv Higher leakage current indicates
the need for an increased drive current requirerinent gate drive circuitry at around the

2V “turn on” point.
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Figure 3-4. Gate characteristics of E-mode SiC JFET
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Figure 3-5. Gate source diode characteristics of Bode SiC JFET.
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3.2.3 Output characteristics

The effect of drain voltage on drain current forieas gate voltages is the output
characteristics of a transistor. The on-resistasfca switch affects the efficiency of a
SMPS since considerable power can be wasted athesswitch as R loss. On-
resistance is measured from the Id-Vd charactesistif the transistor. The Id-Vd
characteristics measured in the laboratory is showsgure 3-6. Behavior of the device
at elevated temperatures (125°C and 275°C) is showre figure.

1.4

vd (V)

Figure 3-6. Drain characteristics of E-mode SiC JFE.
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An improved device is made available to succeedltier generation SiC devices, with
the goal of lower threshold voltage and higher kdeavn voltage. The characteristics of
an improved version of these devices are shownigur& 3-7 and 3-8. Significant

lowering of threshold voltage and improvement ia tlevice current can be seen from

the figure. Both these improve the device perforreaand hence are beneficial.

1.0E-01 ___ . ey
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
Gate Voltage (V)

3-7. Gate source characteristics of the second geaton SiC JFETS.
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3-8. Drain source characteristics of second geneiah SiC JFETSs.
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3.2.4 Pulsed measurements

Continuous operation of JFETs at higher currengsldeto self heating at the device
junctions. This reduces the conductivity of a trstes and hence degrades its
performance. Figure 3-9 shows such an effect silicmn carbide device for gate drive
voltages of 2.0V and 2.5V.

0.8 1 Self heating

T 06 vg=25
§ Vg =2.0
5 04 -
o
£
g 0.2 - Vg=15

0 Vg <=1.0

0.0 5.0 10.0 15.0

Drain voltage (V)

Figure 3-9. Drain characteristics of an E-mode SIQFET illustrating the self heating effect.

To avoid self heating and to get the normal charatics of the device, pulsed
measurements are used. In pulsed measurementsethee dunder test (DUT) is
electrically stressed for a limited time over a-getermined switching cycle. Therefore
by keeping the duty cycle lower the internal terapne of the DUT can be maintained at
nominal ambient value and actual characteristicsbeaobtained. In this work the drain
characteristics as shown in Figure 3-6 is obtaimggulsing the gate at 4 Hz with 20%
duty cycle. The measured RMS current is conveddtié peak current using the formula
given by equation 3-1.

I
I — rms 3_1
P 2x(D-D? [3-1]
where } — peak current

Iims— rms current
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D — duty cycle

The calculated peak current is cross checked fercinsistency with DC spot
measurement. Agilent E3236A power supply and 332&fmal generator is used as
drain voltage source and gate pulse generator.eAyiB4401 multimeter is used to
measure drain current. The instruments are vistuahtrolled using the labview virtual
instrumentation (V1) interface as shown in Figur&(®
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Figure 3-10. Labview VI interface for pulsed powercharacterization of SiC devices.
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3.2.5 Capacitance measurements

The transient behavior and the frequency respohsieeodevices are dominated by the
junction capacitance of a device. “Keithley 510 @zalyzer” is used to measure the two
terminal capacitance of JFET. The third termindkef$ open during the measurements.
The Figure 3-11 shows the gate-source (Cgs), gaia-(Cgd) and drain to source (Cds)
capacitances as a function of voltage across tieosenals. The voltage sweep across the
terminal is shown in x-axis and the measured valueapacitance is plotted on the y-
axis. The third terminal is kept open while measgiithe capacitance. As seen from the
figure the Cgs and Cgd raises exponentially aftertain positive voltage, indicating the
turn on of the forward biased diodes. Commercialgrodevices datasheets specify the
input, output and reverse capacitance of the dewbéeh are related to the two terminal

capacitances as given by the following equations.

Input capacitance Ciss = Cgs+ Ggd [3-2]
Output capacitance Coss= Cds+ Ggd [3-3]
Reverse capacitance Crss=Cgd [3-4]

The input capacitance (Ciss) dominates over theubuand reverse capacitances and
hence a consideration in the gate drive design.
1.0E-09 -

—Cgs
—Cgd
8.0E-10 - —Cds
y
] 6.0E-10 -
[ o
s
e 4.0E-10 -
o
3]
(&)
20E-10 . ___——
~————
I T 0-\0E+00 T T 1
30 20 1.0 0.0 1.0 2.0 3.0

Votlage (V)

Figure 3-11. Two terminal capacitances of the JFET.
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3.2.6 Verilog model of SiC JFET

Based on gate and drain characteristics and capaeitmeasurements, the extracted

parameters are used to describe the behavior ofdélvece in simulations. Verilog

hardware description language is then used to nbdddehavior of the device and use in

simulation of the SMPS design. A summary of paranseéxtracted from the measured

characteristics with their temperature coefficieats given in Table 3-2. The Verilog

mode file used in simulations is given in the apjpesection.

Table 3-2. Basic model parameters of SiC E-mode JAE

Parameter Value Units Comment
Threshold 1.1 v At 25°C
voltage
Vt—temp coeff  -1.6 mV/°C

. Vgs=2.5V;
On resistance <250 a 2g°c
Rds — temp coeff +3 mQ/°C
. Vgs =-1.0V;
Ciss 450 pF 270C
Vgs = -1.0V;
Crss 50 pF 270C
Vgs = 2.0V,
5ms 27°C
Conductance ams Vgs = 2.5V;
275°C

It must be noted that the model file given herdased on measurements from four

devices. The JFET technology in silicon carbidevier improving and the characteristics

of the devices are expected to change and imprathe every generation for the near

term. It must also be stated that the modelingegsafor enhancement mode devices are

carried out in similar to the (n-channel) MOSFETHis is in contrast with the textbook

equations for the JFETs which are usually appleairly for depletion mode devices.

The simulated characteristics of the JFET basedhenVerilog model are shown in

Figure 3-12 and Figure 3-13. The Verilog model fied for simulation is provided in

appendix section.11.1.
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Figure 3-12. Simulated gate and drain current charateristics of the JFET based on Verilog model.
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Figure 3-13. Simulated Id-Vd characteristics of theJFET based on Verilog model.
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Chapter 4

4.1 Control circuitry

The on/off control of the power and synchronoustawas is provided by control
circuitry. The control unit forms the feedback pafrthe dc-dc conversion system. There
are several different types of control mechanismpgetl for various applications. The

more common control modes are as follows.

e Voltage mode

e Current mode

e Vee-square (V2) mode
e V2l mode

e Hysteretic

A brief discussion about the individual mechanismriesented in following sections.

4.1.1 Voltage mode control

Voltage mode control of dc-dc converters is thdiestirand easiest form and is still
widely used. A simple block diagram for voltage raambntrol is given in Figure 4-1. In

this mechanism an error amplifier produces an evodtage by comparing the output
voltage with a preset reference voltage. The erottage sets the threshold limit for the
comparator which compares it to an artificial raop sawtooth) and produces a pulse
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width modulated output. An inverter is used to gatee the complementary control
signals for controlling the power and synchronoustch. The advantage of voltage
mode control is its simplicity and fast transiesgponse to load variations, limited by the
control loop bandwidth. However the compensatidmeste needed for stable operation
of control loop is more complex.

/M

APS |
ﬁ% C == Vour

T
1

VIN

Ramp
+
Comparator Vref
Error
amp.

Figure 4-1. Voltage mode control of PWM converters.

The double pole response of the buck convertertsegu sharp phase drop near the
natural resonant frequency. To obtain a requiredsphmargin for the system,

compensations schemes are required. The three coymmeed compensation schemes
for error amplifier are as follows:

e Type | compensation

e Type Il compensation

e Type lll compensation
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4.1.2 Current mode control

Similar to voltage mode control a current mode awntroduces an error voltage based
on the output voltage and a preset reference \mltelpwever instead of artificially
generating a ramp waveform, the inherent ramp eaifimductor or transistor current is
sensed and used. Figure 4-2 shows the block diagfaourrent mode control. The
placement of sense resistor to monitor currenbrapdicated as well as have a modest
effect on the overall efficiency of the control safie. An isolation transformer is used to
sense the current in high power applications whergense resistor is not efficient.
Current mode control provides fast transient respaio line variations and inherently
protects from over currents. However the associetedirol circuitry is complicated and
EMI problems were reported in the past.

/M

APS l
ﬁ% C == Vour

Sense 1,

VIN =

m |

I\

+

Comparator Vref
Error

amp.

Figure 4-2. Current mode control of PWM converters.

The behavior of the error amplifier in current mammtrol is similar to voltage mode
control and hence the compensation mechanismslssesame. A brief discussion of

compensation schemes is later discussed in set&oh 3.
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4.1.3 Vee-square mode control

Vee-square (V2) control is used in this researchkwbhis is a two loop control method

that derives the ramp from equivalent series r@st& (ESR) of load capacitor. Since the
ramp is generated via the output voltage the dpoutdével is available in the ramp. This

makes the transient response of V2 control loophhiaster to load variations compared
to voltage and current mode control, in particitarising load demands. The operation
of V2 control loop is explained using Figure 4-3.

/.
PS
A

— Reset
Qb dominant
R-S Logic

Figure 4-3. Vee-square mode control of PWM converts.

The outer loop that involves the error amplifieinsa slow feedback (SFB) mode that
sets the dc accuracy of the output. The inner kxip as a fast feedback (FFB) loop to
address the transients in load. The reset domitipsftop logic is used to override the
system clock based on the comparator output. éwilaly any sudden change in the load
is more immediately addressed thereby provided ahmamoother output voltage to
transient changes in the load. Transient respandmund by the sum of the delay of

comparator, logic and power switches, where th&ldglay may typically be neglected.
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In case of voltage and current mode control theremmplifier is required to have a larger
bandwidth to track the transient changes in out@\g. a result controller power
consumption is higher. In case of V2 control, ttamsients in load are directly monitored
by the comparator and hence ease the bandwidthreswent of error amplifier. The
resulting PWM is also significantly different frothe conventional scheme described in
section 2.3. Nevertheless the operation of therobig similar to the one previously

discussed. A detailed operation of the systentés thescribed in chapter 7.

4.1.4 Other control methods

In addition to the above mentioned control methiogiseretic control is another mode of
control. Hysteretic control is also known as baagd control where a hysteretic
comparator is used as a controller. The minimuntengic window that could be set
using the comparator and the speed at which logoreds determines the output voltage
ripple. Hysteretic converters do not have a fixgsteam clock and as a result generate
greater Electro Magnetic Interference (EMI) relat=iies.

The EMI issues related to hysteretic control andMPgescribed earlier) can be
illustrated by considering load transients and esponding output spectrum. Figure 4-4
illustrates the EMI issues of non PWM mode congrsll Different current levels shown
in trace (a), represents 3 different loading coodd, L, I, and k. The pulse modulation
characteristics of PFM and hysteretic controllee ahown in trace (b) and trace (d)
respectively. As mentioned before the pulse frequémcreases proportional to the load
current in PFM. In hysteresis mode, both pulse hadtd frequency changes with respect
to load. The pulse width (both high and low) isited by the loop (component) delay
and largely depends on the load condition. Thisnghain pulse frequency in these
controller results in introducing spikes (noise)tie frequency domain based on its
operating condition. Traces (c) and (e) shown therss introduced due to different

operating conditions for PFM and hysteresis modetroblers. On comparison with

36



PWM control, where the spike occurs only at theed) switching frequency, this
distribution of spikes over frequency spectrum itlssn EMI issues.

2 I3 2
| a) I I I I
LOAD
o (0L L0
.
t
C) lyspur I, spur 5 spur
PFM -
f
d
wvs MIIN UL
t .
€) Iyspur I, spur l+ spur
HYS -
f

Figure 4-4. EMI issues with non PWM mode controls.

Recently V2I (Vee square 1) mode control is proglosdich combines a current mode
converter to a V2 mode control. The performanc&/®F control is comparable to V2
control with minor advantages in transient response

4.2 Compensation in control loop

The goal for any control loop is to automaticaltjust the system parameters to obtain
the required output without any issue of instajilih circuit design, the control loop
stability is characterized by observing the logmsfer function roll off in the frequency
domain. It is desirable to have one dominant pol@rovide -20dB/decade roll off at
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unity gain cross over point and have the non dontinmles and zeros out of the
spectrum of interest (at least 10 times away frantching frequency). This ensures the
phase margin of a system is adequate enough feensystability. Often the natural
response of the system has to be explicitly congiedgo achieve this required response.

General control systems theory discusses the \v&@dompensations schemes as

e Lag compensation
e Lead compensation

e Lag-Lead compensation
The same approaches in circuit design are commeféyred to

e Dominant pole compensation
e Feed forward compensation

e Pole-zero compensation

The feed-forward loop of the inductor-capacitor Jlick converter resembles a second
order system that inherently provides a double pole output at a resonant frequency
(wr) given by equation 4-1. This double pole provide$80 degree phase shift of the
input signal. In the feedback loop an additionad tégree phase shift is introduced by
the error amplifier or the comparator. This resirtthe total phase shift being potentially
in excess of 360 degrees when error amplifier onparator are considered and hence
creates a potential oscillatory circuit rather tharstable control system. A properly
compensation scheme is required to ensure thdigtaifithe system. A general rule of
thumb is to provide at least 75 degrees of phasgim#or both good stability and a

reasonable settling time (critically damped system)

1
a) =
"JL-C

The frequency domain analysis of the control Impnalyzed in the following section to

[4-1]

illustrate the need and effect of compensation.
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4.2.1 Frequency domain analysis

Frequency domain analysis of control loops usimgritagnitude and phase plots (BODE
plots) is the most popular technique and is dismlisa the following section. The
analysis is based on the frequency response ahtliedual blocks as given below. It
must be noted the ideal expected behavior of thekil components are discussed here.

A numerical illustration is provided in later sexts to correlate the theory and design.

4.2.1.1 Output filter

The LC low pass filter in the forward path of thengerter including the parasitic
elements is shown in Figure 4-5. The schematicesgmts a second order system. The
transfer function of this output filter is earli@erived in section 2.7. The equivalent series
resistance of the output capacitor is included Iseree it plays a significant role in the

control loop.

L
Ron Rac m Vo
MW,
- Re R

Figure 4-5. Schematic of feed forward path of buckonverter including parasitic elements.

The modified second order system can be descripedjbation 4-2. It can be noted that
the numerator of the transfer function introduceem®. The zero frequency is introduced
via the output capacitance and its equivalent senrésistance (ESR),.RMost dc-dc

converters depend upon the equivalent series aasistof the capacitor for stable
operation of converters. The ESR zero cancelsfteetef double pole thereby resulting
in a -20 dB/decade roll off beyond the ESR freqyeftis can be easily observed from
the magnitude bode plot as shown in Figure 4-6.Jdie rolls off at -40 dB/decade past
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the natural resonance frequeneyd) of the LC network. The zero introduced by the
ESR atwesr gives a gain and phase boost reducing the g#iomffdo -20 dB/decade.

The phase plot is not explicitly shown here.

e
Vo(s) Wesr

AU RN

[4-2]

1
2--Rg-C

where WESR

and R, = R,, + Ry¢

Gain (dB) 4 Wic WESR

N ¢ Frequ»ency

-40 dB/dec

0

-20 dB/dec

Figure 4-6. Magnitude response of second order LG/stem with ESR effiect.

4.2.1.2 Feedback loop

In the V2 feedback loop the cascade connectiomrof amplifier and comparator are the
dominant blocks and their transfer functions aralymed. The ideal magnitude response
of the error amplifier based on its transfer fumctdescribed by equation 4-3 is given in
Figure 4-7. The expected response of the compaiatiso shown in the same figure.
The dominant pole of the error amplifier and itstyigain cross over frequency based on
the transfer function is given by equation 4-4 drisl where ‘¢’ is the output resistance
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of error amplifier, ‘gm’ is the transconductanceeofor amplifier and ‘C’ is the effective
load capacitance.

C
y (gijJrl
TF=—2~ AN 4-3
V, (gm=r, 1+(r,xC)s [4-3]
0 =— [4-4]
roxC
gm
= 4-5
Don =" 5 [4-5]
A Gain (dB)
we 2 \comparator
Error Amp
WoA Frcﬂ:]uency

Figure 4-7. Frequency response of comparator and esr amplifier blocks.

With the frequency response characteristics ofitdevidual blocks the overall ‘control
to output voltage’ response can be obtained bynadttieir gains in the log scale (dB).
The Bode magnitude plot of the overall system imalestrated or estimated in Figure
4-8. As it can be seen the roll off at unity gan40dB/decade. Except for the case with
extremely high dc gain the double pole roll off wbyield poor phase margin (almost
close to zero) and hence causes potential ingtabili
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Figure 4-8. Magnitude response of loop transfer fuction versus frequency.

4.2.1.3 Compensation

In order to compensate the system and obtain &B-2fetade roll off a capacitor is used
at the output of the error amplifier as a compeosatlement. The selection of a
capacitor is such that it reduces or moves the damipole of the error amplifier to a
very low frequency. In other words addition of canpation capacitor limits the speed
of the error amplifier such that the transient cese is only controlled by the feedback
through comparator. Considering the error amplifielividually, adding a compensation
capacitor reduces the bandwidth of the error amepl#&nd moves its dominant poles to a
lower frequency in the spectrum. This reduced badfithwesults in slower response time
for the error amplifier. Hence the error amplifgath is referred to ‘slow feedback path’
and is not responsive to the transients at the. |8égb the cascade configuration of
comparator and error amplifier provides a very hig@i gain for better accuracy of
output voltage. The effect of capacitor on the nitagie response is shown in Figure 4-9.
The modified dominant pole and gain crossover feegy of the error amplifier after
compensation is given by equation 4-6 and 4-7 eesgely (details in section 4.2.4).
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. = [4-6]

m
Wop = am [4-7]

where Cc is the compensation capacitor

Gain (dB)

— — Ideal Error Amp
—— Compensation
— EA with Cc

Compensation

N\ Frequency

Figure 4-9. Effect of compensation capacitor on ear amplifier.

The selection of compensation capacitor is suclt tha frequency where zero is
introduced is 1/10 of the LC double pole frequency. This concepuighfer expanded in

the error amplifier design discussed in chapter 6.

The overall response of the loop with the compemsatapacitor can be obtained by
adding the response of individual blocks. Figur&é04shows the overall open loop
magnitude response. It can be observed that theffait unity gain is -20 dB/decade.
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Figure 4-10. Compensated magnitude response of thentrol to output loop.
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A higher loop bandwidth reduces the settling timoe the output and hence improves
transient response. However the total control syssebased on the sampled data system
controlled via the loop clock. Hence the maximuneragion frequency of the control
loop has to be a considerable factor (usually gretitan two) of the loop bandwidth

(omay) to satisfy the Nyquist sampling rate.

In order to illustrate the simplicity of the comgation mechanism in vee-square control,
a brief analysis of type I, type Il and type llinspensations used in conventional control
methods are described below.

1. Type 1 compensation

Type 1 compensation is the simplest dominant pohepensation of the error amplifer as
shown in Figure 4-11. It resembles the transfection of a simple integrator represented
by equation 4-8.

Vo 1

Vin© sR-C

[4-8]
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Figure 4-11. Type 1 compensation of error amplifier

2. Type 2 compensation

Type 1 compensation is seldom used in practicaliGgtpns since the bandwidth of
error amplifier is strictly limited in this caseoFwider bandwidth, type 2 compensation
as shown in Figure 4-12 is used. Here using additicomponents in feedback a pole
zero pair is introduced to extend the dominant pblerror amplifier. Hence by adding a
second degree of freedom, type 2 compensation geswvider bandwidth for error

amplifier compared to type 1. The transfer functdiype 2 compensation is given by 4-
9.

\%: RQ'CZ'S-FC]:. - [4_9]
12
s-R-(C,+C,) [(Rz C.+C, s]+1j
|
|
R2 c2
||
I
R1 c1
Vin -
vV Vv Vo

Vref
v—f\/\/\,—— +

Figure 4-12. Type 2 compensation of error amplifier
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3. Type 3 compensation

Similar to type 2compensation, type 3 compensatittoduces more components in the
system as shown in Figure 4-13 to allow higher degf freedom. In reality it introduces
two pole-zero pairs to extend the bandwidth ofetver amplifier to very high value. The

transfer function of the type 3 compensation nekwegiven by 4-10.

R3 C3 R2 c2
|| ||
f ” v | I
R1 G1

Vin -
W\" Vo
*

Figure 4-13. Type 3 compensation of error amplifier

Vo (R,-C,-s+1)[(R+R,)(C,5)+1] [4-10]

s-Rl-(c1+cz)-((R2-&%-s}+1J-(R3-c3-s+1)

It must be evident that the complexity in compeiosatequired for error amplifier to run
as fast as system clock as system clock frequergases is tremendous. On the other
hand the compensation for error amplifier in veaasg control requires one simple
capacitor since the error amplifier is in slow feack path. The reduced component
count increases reliability of vee-square contrattipularly at elevated temperature

operations.

Understanding and design of system based on déssiatrol theory has been a wide
spread practice among engineers. However the mamterinol theory design based on
state space yield more mathematical insights tosverd system and is described in the

following section.

46



4.2.2 State space analysis

The state space analysis provides the transfertiunof the system to model its
behavior. A state space model is required to deterrthe transient behavior of the
system. While the frequency domain analysis disiss the previous section ensures
stability in frequency domain under steady statedd@n, the transient response can be
obtained using the complete transfer function regmeation. The stability of a system
can also be determined from the state matricekeoEystem. Above all, the state space
analysis is useful in describing the effect of indiual elements of the control loop and
hence the most appropriate procedure to followtfercontroller design.

The general state equations and output equatioasyo$ystem is described by equations
4-11 and 4-12, respectively.

X = Ax+ BU [4-11]
y =Cx+ Eu [4-12]

Where X is the state variable, Y is the outputalale, U is the input variable and A, B, C
and E are co-efficient matrices. (The variable EHded since D is used to represent the
duty cycle of the converter, later in the analysiE)e inductor current and capacitor
voltages are commonly used as the state varialfldbeosystem. For PWM based
converters the system can be analyzed independasittg the ON time and OFF time
equivalent circuits. The ON-time equivalent ciragishown in Figure 4-14. The parasitic
components are included to obtain a more accuraidein R, represents the on
resistance of the transistor and ther&resents the inductor series resistance.
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Figure 4-14. ON time equivalent circuit of the buckconverter.

4.2.2.1 ON time analysis

For the ON time equivalent circuit, the basic eopregt using the KVL and KCL are given
by equation 4-13 and 4-14, respectively. The stgteation in terms of inductor current
and capacitor voltage is given by 4-15 through 4-18

di_(t)

Y ®) =i O[R,+ R+ L=~ +% 0 [4-13]
g () =i () =i () +ic (1) [4-14]
c0=c- 20 o-i.@ [4-15)

where,
and Vo(t) =ig(t)x R=v () +ic () x R [4-16]

di, (t) .

From 4-13,  L=1==V, (1) -vo () —i. ®[R,, + R ] [4-17]
From 4-16 and 4-17,L diat(t) =V, (t) — [Ve (1) +ic (t) x Re |- i, )[R, + R ] [4-18]
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From 4-15 and 4-16,Cx eV _i 1) =i © =i () =i, (1) — e+ i;(t) R aaag]
After few steps of algebra,
dv (t) R _ y 1 i
Cx p =i (t) ( ch Ve (1) (R+ch [4-20]

Substituting for i(t) from 4-20 in 4-18 and after some algebraic rpalaitions,

di (t) B y RxR: | . y Rx R. i
p =V, () -V (1) (—R+RCJ i (1) |:Ron+RL+R+RC:| [4-21]

From equations 4-20 and 4-21 the state equatigrtedoon-time equivalent circuit is
given as follows

di] | Rchj R
L 0] dt |_ [R’”+R+R+Rc RER MO 0] 1422
0 C| dv.(t) R —1 v [0

dt R+R. R+R.

The output equation derivation is as follows:

Vo (6) = Vo (0) +io (xR, = v (1) + Cx e® o g [4-23]
From 4-16, dt
Substituting ford dt( ) from 4-20 and solving for, (t) ,
o R xR _
Vo () = Ve (t) £R+RCJ L()( ch [4-24]

Therefore the output equation is given by,
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o)) (:E] R+RRC O o] [4-25]
0] o @) o

The state and output matrices (ABCE) for ON staji@ivalent circuit are given by 4-26
through 4-29.

_1£Ron+RI+RXRCJ _1 R

A= L R+ R. L R+R. [4-26]
1 R 1 -1
CR+R. CR+R.

Bl= ! 4-27

-5 [4-27]
Rx R. R

Cl=|{R+R.)] R+R. [4-28]
1 0

E1=0 [4-29]

4.2.2.2 OFF time analysis

The off state equivalent circuit of the buck congers shown in Figure 4-15. During off
state the equivalent circuit is similar to ON st&becept that the generator voltage is zero.
Therefore the only change in the state equatidhasthe matrix B is zero. The output
equation remains the same.
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Figure 4-15.0FF time equivalent circuit of buck cowerter.

As the ON state and OFF state representation obtio& converter are individually
obtained, based on an state space averaging teehragorted by Middlebrook and Cuk
[74], the coefficient matrices of the averaged eystan be computed as given below.
The variable ‘d’ represents the duty cycle. Theéesend output matrices are weighted
(time averaged) based on the duty cycle where thiépication by represents ON time

weighting and (1-d) represented OFF time weighting.

A=Al*d + A2* (L d) [4-30]
B=Bl*d + B2* 1—d) [4-31]
C=Cl*d +C2* (L-d) [4-32]
E=El*d+E2* (1-d) [4-33]

Equation 4-30 through 4-33 represents the stateoatpit matrices of the time averaged
buck converter. For a buck converter the steadie statput voltage (Vo) and input
voltage (VQ) are related to duty cycle (d) as gibgrequation 4-34.

d=2 [4-34]
Vg
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Therefore a change in output load of the power lsufpanslates into a change in output
voltage and a corresponding change in duty cyclmamntain the steady state output.
This requires analysis of output voltage to dutgleyransfer function also known as
control to output transfer function in order toetetine the stability of the system.

4.2.3 Small signal analysis

Small signal analysis is used to obtain controbtput transfer function of the buck
converter. The small signal analysis is performgdpbrturbing the system variables
around the dc operating point. The state matristpwtumatrix and duty cycle can be
represented by the steady state parameter pluslassgmal values is given by equations
4-35 to 4-37.

X=X +X [4-35]
y=Y+y [4-36]
d=D+d [4-37]

Where the upper case letters represent steadyBtafmrameters and lower case letters
with ‘hat’ represent small signal values. Recogrgzihat the derivatives of steady state
parameters are zero, the state equation can baksesm terms of coefficient matrices

and small signal parameters as given below (4-38).

From 4-11, 4-30 and 4-31,

X = {[A](D +d)+ A2(1— (D +d))] o[ X + %]}+{[51(D +d)+B2(1—(D+d))]e[U + J]}
[4-38]
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We know that the matrix A1 = A2 and B2 = 0. Furtassuming that the input voltage is

constant yields,

X =[AL-[X + x] + BYD + d)][Vq] [4-39]

Since the duty cycle is modulated and presents itself as an input tsthe sthe above
eqguation is non linearThe equation can be linearized by small signakrict®n and
omitting the product of ac terms [75, 76]. Thisulesn small signal state equation as

given below,

x = [AL- X] + BI(d)][Vg] [4-40]

Taking the Laplace transform of the functions agatranging,

A

x(s)=[sl — A1l - BL-d(s)-[Vg] [4-41]
where | is the identity matrix and s is Laplacerapar.
The relation between the output voltage and thg cytle is obtained as

Vo(s)=C-X(9)C [sl - Al - BL-V, -d(s) [4-42]

d(s)

Therefore, C-[sl- A" BlL-V,

The above equation gives the effect of small sighdl cycle on the output voltage.
After substituting the coefficient matrices andeddgpic manipulations the standard form

of transfer function is given as in 4-43.
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\A/o (S) _

d(s)

v R+ SCR) }
| SLC(R+R)+S(C(RR +R. +R, )+ R.(R +R,) + L) +(R +R. +R,,)

[4-43]

In similar fashion the load current to duty cyabeitput voltage to input voltage and the
output voltage to output current transfer functioas also be derived. Since these are not

of major interest at this juncture, they are nqilexly discussed [77].

4.2.4 Loop transfer function

The control to output transfer functions is obtdifiem the small signal analysis of the
buck converter as detailed in previous sectionhifnsection the compensator transfer
function is obtained. The compensator transfer tianc represents the feedback
characteristics that show the effect of changeutpwt voltage on the duty cycle. The
overall block diagram is shown in Figure 4-16. Tdhesed loop system is analyzed by

breaking the loop at the output node and applyismall signal perturbation.

PWM Buck converter
d

T

5 T

)

g
‘37‘

Compensation
Network

—TCc

Figure 4-16. Block diagram of V2 control buck convser.
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The analysis of the cascaded compensation netwatktlee PWM circuit is observed
initially. This is later added to the control totput buck converter part to obtain the
overall loop transfer function of the system.

Considering the circuit model of the compensatiogtwork (error amplifier and

capacitor) and the PWM (comparator) individuallysagwn in Figure 4-17 the equation
for the output voltage y/can be expressed as given by equation 4-44.

_ Vo
\V/ -
Ae +

Co=r

l
|

Vref

Figure 4-17. Equivalent circuit for analysis of corpensation network,

Ac(— v X Aej —v, [4-44]

1+7rs

where Ac and Ae are the open loop gain of compeeatd error amplifier, respectively.
Through the following discussion we have justifiabksumed that bandwidth if the OTA
is much less than that of the comparator. Reanngniflie equation,

V, Ae

Yo __ad1+— e 4-45
v C[ lEn (r, x Cc)s} [4-45]
Vo _ _ac 1+(r, xC,)s+gmxr, [4-46]
v, 1+(r,xC,)s
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where gm andyfare the transconductanaed output resistance of the error amplifier. Cc
is the value of compensation capacitor.

Vo . (r,xC.)s+gmxr, [4-47]
v, 1+(r,xC,)s

(CC JS+1
v gm
Yo o —Acx(gmxr, )| = 4-48
v <(gmoxr, 1+ (r, xC_)s 48]

L S
Yo ~ —Acx AE{TZSjL :lz—ACx Ag 2 [4-49]
v, 1+7,s 145

L @

0, = [4-50]

w,=~— [4-51]

Therefore the overall (open) ‘loop transfer funitithat includes the control to output
and output to duty cycle transfer blocks can beiokt from 4-49 and 4-43 as given
below 4-52.
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i+1
w
TF = -Acx Aeng x| —2 X
S
1+ —

Dp

[ R(+sCR.)

S’LC(R+R.) +s(C(R(R +R. +R,)) + R (R +R,;))) + L) + (R + R + R,,)
[4-52]

The transfer function yields information about tbe frequency or DC gain and the pole
and zero locations of the buck converter includimg parasitics. This transfer function
remains valid as long as the phase delay of thepacator, logic and power switches
remains small relative to the OTA. This is readilgserved via the previous Bode

analysis.

4.3 Effect of components

The transfer function derived in the previous settiprovides a more accurate
representation of the system since the parasiéidraniuded in the model. It should be
noted that not every parameter affects the systerfonmance equally in all domains.
Assumptions need to be made to simplify the systerbetter understating. To facilitate
this task, the estimated operating values of thevidual parameters for a 5V converter
are summarized in Table 4-1. The comments has i@eie to indicate the effect of the

parameter in the feedback loop using the bode sisaly
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Table 4-1. Estimated values of components of SMPS.

Parameter

Expected

value

Temperature

coefficient

Remarks

Comparator DC N Higher gains
Ac ) >50 Positive )
gain reduces systematic
Error amplifier N offset but introduce
Ae ) > 100 Positive o
DC gain stability issues
Plays significant
ESR of N Y g.
Rc ) > 20 m Positive role in
capacitor .
compensation
Transistor ON N
Ron ) <2Q Positive ) )
resistance Higher resistance
DC resistance of N implies higher loss
RI _ _ <2Q Positive
inductor wire
Output ) Changes affects the
L _ > 65uH Negative _
inductance required value of
Output N compensation
C ) > 220uF Positive )
capacitance capacitor
Vin Input voltage >10V -
R Load resistance a -
Compensation _
Cc ) >1nF Negative -
capacitor

To summarize, a high dc gain in error amplifieruegs the systemic offset, and loop
gain is the product of comparator gain by error l#ap gain in the feedback loop.
Comparator gain must be adequate to convert rippler to a valid logic level i.e.
VDD/Vippe > 50" for 2% regulation. However high gain systems arfficdit to
compensate for a fixed switching frequency sinaedguires larger filter components to
roll off the gain. As discussed before the ESRhef dutput capacitor plays a major role
in compensation and hence must be carefully choBes.value of output capacitor and
inductor depends on the system requirement. Thbadstto select these components are
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discussed in later chapters; however the valuewipensation capacitor is based on the
output filter and hence has to be considered iralighr Any dc parasitic resistance

contributes to loss and hence must be minimized.

4.3.1 Effect of parasitics

The parasitic elements in the design componentssigasficant role on the system
stability. A bode analysis of the transfer functiamth different (Equivalent Series
Resistance) ESR values is shown in Figure 4-18.fiblsee shows the effect of ESR on
the control loop stability. The blue curves shopresents a zero ESR condition where
the phase margin is lesser than 20 degrees. Tlea gugve represents a 2ESR
which introduces a zero in the transfer functione zero provides phase and gain boost,
resulting in 65 degrees of phase margin. Similtréyeffect of the parasitic resistances is

shown in Figure 4-19.

80
m— ESR=20m
= = ESR=0
5 60 \\~...
@ ity
o 40- \\\
3 “'n\
g \\
N
= ol .'I:\
\\\\\
1-38 =
~~~~..
5135 \\\_.
T (T~
o 920 R ””\~...=="v<”. . e
© i ~ =~
T 45 \\\
N
L
o T—

10° 10° 10* 10° 10°
Frequency (rad/sec)

-
or

Figure 4-18. Effect of ESR on the phase margin ohé control loop.
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Figure 4-19. Effect of parasitic resistances on theontrol loop.

As it can be seen from the Figure 4-19 the DC gaseverely attenuated by the parasitic
resistances however the bandwidth and gain cross foequencies remains unaffected.
The difficulties in compensating high gain systezas also be observed from the figure
as the top (red) curve marginally passes the phmsgin requirement (45 degrees). A
larger ESR is required in such cases to compenbatgsystem. The plot indicates the
importance role that parasitic can in the systesigiesince a zero parasitic provides
lower phase margin than the actual system for giZ&R. This actually eases the

compensation design and enhances system performance

4.3.2 Robust control design

Detailed analysis of the control theory presentkdva is based on the assumption of
linear model of the equivalent circuit. Exact valued components used in system must
be known to guarantee the system stability. Howe@ve@ractice, the components values
vary a wide range over the operating temperatund, itis necessary to analyze the

robust stability of the system.

An exhaustive analysis of stability of any contmystem can be analyzed using
Kharitonov polynomials [78, 79]. The Kharitonov tiiem states that for an interval

polynomial as shown in equation 4-53 whose coeffits @ has a real boundary limit
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[Ximin, Ximaxl, the interval polynomial is stable if and only ffe four Kharitonov

polynomials are stable. The Kharitonov polynomiatse given by 4-54 through 4-57.

Since the stability of the interval polynomial ispgndent upon the stability of the four

Kharitonov polynomials, this method is widely usted establish the robustness of a

control system.

P(s) = g+ as' + @S’ +...+ a3’

where, a € R ; Ximin < & < Ximax

Fl(s) = Xomin t leinsl + X2ma>52 + )Q%ma>§3 + X4mins4 + XSmin55+ X6ma>§6+---

FZ(S) = Yomin t lea>51 + X2ma>52 + )%minss + X4mins4 + XSma>§5+ XGma>56+- .

F3(S) = Yomax+ XiminS' + XominS + XamaS + XamaS. + XsminS” + XeminS +...

Fl(s) = Yomaxt lea>5l + X2min52 + )%minss + X4ma>§4 + X5ma>55+ X6min56+- .

[4-53]

[4-54]

[4-55]

[4-56]

[4-57]

A worksheet to analyze the robust stability usirttaktonov theorem is shown in Table

4-2. The analysis is based on the maximum and roimrwalues of the components

(capacitors and inductors) described later in Gdrapt The process is to analyze the

stability of Kharitonov polynomials which are forthéy the coefficients obtained from

the maximum and minimum value of the system comptsne
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Table 4-2. Worksheet to analyze Kharitonov robust stbility analysis of buck converter.

max min
c 1.00E-03 1.00E-04 output capacitance
| 1.00E-04 1.00E-05 output inductance
r 1.00E+03 1.00E+00 load resistance
rc 1.00E-01 5.00E-03 ESR of output capacitance
rl 2.00E+00 1.00E-01 ESR of output inductance
ron 2.00E+00 3.00E-01 On resistance of switch
vg 2.50E+01 5.00E+00 Input raw voltage
ae 1.00E+03 1.00E+03 Error amplifier gain
ac 1.00E+03 1.00E+01 Comparator gain
ro 5.00E+05 5.00E+05 Output resistance of error amp.
gm 3.00E-05 1.00E-05 Transconductance of error amp.
cc 1.00E-06 1.00E-11 Compernsation capacitor
wz 3.00E+01 1.00E+06 zero frequency
wp 2.00E+00 2.00E+05 pole frequency

Range of coeffecients

MAX (yi) MIN (xi)
al 3.00E-03 1.01E-03
a2 5.00E+06 3.10E+05
a3 5.02E+10 1.54E+10
a4 1.50E+12 1.00E+16

Kharitonov polynomials Routh Hurwitz Stability
Coefficients
F1 3.00E-03 5.00E+06 1.54E+10 1.50E+12 F1 F3
F2 1.01E-03 5.00E+06 5.02E+10 1.50E+12 3.00E-03 1.54E+10 1.01E-03 5.00E+06
F3 3.00E-03 3.10E+05 1.54E+10 1.00E+16 5.00E+06 1.50E+12 5.02E+10 1.50E+12
F4  1.01E-03 3.10E+05 5.02E+10 1.00E+16 1.54E+10 0 5.00E+06 0
1.50E+12 1.50E+12
F2 F4
stable 3.00E-03 1.54E+10 1.01E-03 5.02E+10
3.10E+05 1.00E+16 3.10E+05 1.00E+16
1.53E+10 0 5.01E+10 0
1.00E+16 1.00E+16

The range of maximum and minimum values of the acaomepts are provided as input
and the excel sheet is programmed to obtain th&ideats of the control to output

transfer function. The maximum and minimum coeffits are used to create the
Kharitonov polynomials. The stability of these fquolynomials is analyzed using the
Routh Hurwitz stability criterion. A sign change tihe Routh stability analysis would

indicate instability in the system.

In order to handle multiple variables a matlab paogis developed and provided in the
appendix section 11.2. Here the output capacitancethe ESR of the capacitance are
considered the critical parameters that changeslyiover temperature and hence are
used in the stability analysis.
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Chapter 5

5.1 Gate drive electronics

An isolated or floating voltage supply is requiredturn on the high side switch of
switching converters. Various mechanism exits tbiee this operation. They are as

follows

e Bootstrap
e Switched capacitor
e Optocoupler

e Transformer coupled gate drive

Of these techniques bootstrapping and switched cdapagate drives are more
competitive for low power, commercial applicatioRsr higher drive power, optocoupler
gate drives are commonly used in the commerciaketaO©nly transformer coupled gate

drives are applicable for high temperature switcdenpower supply.

5.2 Transformer coupled gate drive

A typical block diagram of a transformer coupledegdrive is shown in Figure 5-1. A
differential driving circuit in the primary side Ips to minimize the saturation of
transformer core. NP and NS are the number of tofreil in primary and secondary.

The mutual coupling between the primary and seagndarepresented by the coupling
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coefficient ‘K’. The switching frequency of the dool loop is usually set at a few
hundred KHz. Direct switching of the power switcliiesn ON and OFF) with respect to
control loop switching cycle is less efficient asstwould require larger transformer size.
For this reason higher switching frequency is ukmdthe gate drive circuit and an
auxiliary dc supply is generated at the secondanygua full wave rectifier. This type of
gate drive mechanism is described as a transfocowgrled gate drive with control and
signal transfer. The gate drive buffers are tur@dd(enabled) based on a control signal
proportional to the switching frequency. Duringstperiod, the power is transferred from
primary to secondary. In the secondary side theived signal is rectified to produce a
DC voltage for turning ON the high side load swjtathich in this case is a MOS or SiC
transistor. When the control signal disables thigebuthe voltage at the secondary side is
allowed to bleed down or discharge to zero basethematural decay response of RLC

circuit or by adding an active discharge circuit.

K
> > ¢
NN 1K |
Buffer Np Ns
> PN —|—|§ Load
Primary Secondary

Figure 5-1. Transformer coupled gate drive - diffeential mode; followed by a full wave rectifier and
load circuit

5.3 Pulse transformer

Unlike a sinusoidal voltage source as shown in féigutl the electronic circuits often
require pulse voltages for digital (binary) opewatifor simplicity. A square wave is
hence dominant in electronic circuits rather thare svave. Conventional transformer
theories are mainly based on single input frequecitgracteristic of a sine wave;

whereas a pulse waveform is mathematically an itefiar at least a broadband sum of
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sine waves with multiples of fundamental frequendye fundamental frequency
corresponds to the pulse period.

Pulse transformers are those specifically desigoesperate in electronic circuits where
pulse inputs are encountered. These are convelyioneferred to wide band
transformers or video transformers. The rise tinheghe input pulse determines the
bandwidth required in the transformer for efficignise reproduction in secondary. As a
transformer itself is a band pass network withratétion at lower and higher frequency,
the resonant frequency of a transformer is thearghy equation 5-1.

fr = fl x fu [5-1]

where the fl and th are the lower and upper cutha€uency, respectively. The lower
cut-off frequency is dominated by the source rasist and the mutual inductance of the
circuit. The higher cut-off frequency is dominatey the leakage inductance and load
capacitance of the transformer.

It must be noted that the presence of a rectifietha secondary eases the strict
requirement of square pulses at the secondary. firt@d output available after
rectification is based on the sum of the powerdigmed in individual pulse cycles.
Hence unlike a normal pulse transformer where ittedify of the output is important, the
objective here is to transfer maximum energy irheacle. This concept is applied later
in selecting the operating frequency for the gaieedransformers.

5.4 Coreless Planar transformers (CPT)

Conventional core type transformers are bulky arel reot volume efficient. Planar
transformers based on printed circuit board (P@Bhmology and on-chip processes are
much more efficient for certain applications. lche applications the planar transformers
are made on a magnetic substrate for higher qui@dipr and coupling. However this
requires exotic processing steps and is not césttefe in our application. Therefore in

most cases planar windings are fabricated on alyhiggsistivity substrate and hence
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known as coreless transformers. In this work ceeefdanar transformer based on PCB

technology is adopted.

5.4.1 Characteristics of planar transformer

The factors affecting the characteristic of a ptarensformer are as follows:

e Physical Area

e Metal lines

e Metal spacing

e Substrate

e Operating frequency

e Orientation of primary and secondary windings

5.4.1.1 Physical area of transformer

As the goal is reduce the volume occupied by thasformer, usually a comfortable
minimum area is picked to work with. In this studyl0 square centimeter area is
considered for the transformer. A larger area caontbrporate increased number of
windings and hence improves the coupling. Howetvafso decreases the bandwidth of
the transformer since capacitance increases proparto area. It is desirable to have the
bandwidth of the transformer to be at least 10 sitmgher than the maximum switching
frequency. For instance, a minimum of 60 MHz bantwiis desirable for better

reproduction of pulse at the secondary for a switgfrequency of 6 MHz.

5.4.1.2 Metal lines

The width and thickness of the metal lines afflet tesistance of the conductors. Wider
width and thicker conductors are preferred for oauly the resistance and thereby
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improving the quality factor. The inductance of aetah strip is logarithmically
proportional to metal thickness and width and Irhegaroportional to its length. For a
given area, increasing the metal width reducestimeber of turns in the transformer and
in turn the coupling as well as increasing capaciaand reducing bandwidth. Since the
inductance is proportional to the square of nundlbéuarns, it is important to optimize the
width of the conductors to obtain maximum induct&anc

5.4.1.3 Metal spacing

The spacing between the adjacent conductors ofapyirand second windings directly
affect the coupling between the lines. Also forixed area, increasing the spacing
reduces the number of turns in the winding. Theaingtacing affects the bandwidth of

the system as it controls the inter-winding andaiwinding capacitances.

5.4.1.4 Substrate

The substrate on which the metal tracks are faegcaletermines the losses and
bandwidth of the transformer. High resistivity subtes are preferred for lower electrical
losses and lower dielectric constant enables widadwidth for the system. In MEMS

post-process flow the substrate underneath thel hegters is removed to improve the
quality factor of on-chip inductors and transforselin VLSI circuits, upper layers of

metal are used along with thicker metals.

5.4.1.5 Frequency of operation

The frequency of operation of the transformer Iprgietermines the physical size of the
transformer along with the secondary loading. Tdactance of inductor and capacitor is
given by equation 5-2 and 5-3 respectively.  Higfrequency operation helps in

reducing the component size to meet required impea
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Inductive reactanceX, =alL =2x7zx f xL [5-2]

Capacitive reactanceX. = 1 [5-3]
wxC

5.4.1.6 Orientation of windings

There are several different types of orientatiohpronary and secondary windings of a
transformer. Figure 5-2 shows the most populardygfeconductor winding. The planar
type windings are also known as “Frlan” transforsnegsult in negligible interwinding
capacitances and hence are highly preferred foe Wwahd operation. On the other hand
the stacked type transformers provide good coupding more turns for a given area.
However due to large coupling area the capacit@aggnificantly increased. Often a
modified stacked transformer known as diagonalécletd transformers are used as a
trade-off between coupling and capacitance.

Primary 4% Secondary

LS LSS LSS

Diagonally
stacked
structure

Planar
structure

AANNRRRNNNNNAAAAN
NANRRRRRRRRRRN
NAMANRANRRRRRN RN

NN

v :
T LA LA L AL AL LA

Figure 5-2. Common layouts of planar transformer stucture: Frlan (left) in a single plane,
“diagonally” stacked (right) in two planes.
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5.5 Pulse transformer design

As seen in the previous section various factorscafthe design and performance of the
transformer and there exists no unique solutiosatesfy all design constraints. An effort
to modify a parameter during design results in @uatiic change in another, typically
resulting in undesired response. The best examplgdibe the increase in inductance by
increasing the number of turns also increases Hpaaitance and hence decreases
bandwidth. The suggested starting point is to stét a maximum permissible area for
the transformer based on operating frequency aac seftware based approach to verify
the performance. A systematic design flowchart risspnted in section 5.9. A design
approach based on fundamental understanding of &®Tsimulations is presented in

following section.

5.5.1 Mathematical Analysis of CPT

Mathematical analysis of the transformer providesghts that help to design the CPT.
The turns ratio in the transformer is assumed taihigy in following analysis. This
simplifies the analysis to some extent while beix¢endable to transformers with non
unity transformation ratio. The transformers candmresented using a T orequivalent
circuit. For simplicity the ‘T’ equivalent circuibf the transformer used for the
mathematical analysis is shown in Figure 5-3. Thedel includes the parasitic
capacitances and resistance of the transformeringn@he behavior of the transformer
is also dependent upon the source and load chassicke and thus are included in the
model. Applying nodal analysis in the s domain, ttaesfer function of the equivalent
circuit in Figure 5-3 is obtained. Since the ovetnansfer function is very complicated
with fourth order terms in numerator and denominataitable simplifying assumptions
are made to reduce the complexity.
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Figure 5-3. Equivalent circuit model of the transfamer including parasitic, source and load
components.

R -s-(C; - L ~Rg~s3.(Cf +Cp)-(LI +2-L,)+C, -sz-(2-Cf ~RdC~Rg-(L, +L,.)
+2:C, R Ry (L +L,)+L (L +2: L) +C, -s:(C, “Ry.*R)+C, -Ry* R,
+(L+L,) (2R +Ry))+C - Ry - (Rye + Ry + Ly,
LRy R s (C +C)+(Cr +Cp) (L +2: L) +87- (2:C; " Ryo Ry R+ (L + L)
+C;-(2-C-R.-R,-R (L +L)+2-C,-R.-R,-R (L +L )+ L - (L +2-L,)- (R,
+R)+C-R-(2-C,-Ry.-Ry-(L +L)+L - (L +2-L)+C,-L -R, - (L, +2-L,))
+8°(C/" R R"R +C, -Ry" Ry R +2:L, (R (R, + R) + R; R)
+Ln (2R (Ry+R)+R;-R)+C R -(C, R, R, - (L +L,)- 2R +R,))
+C, Ry (Li+L,) 2 Re+R)+L - (L +2:- L) +5(Cy -Rye - (R - (Ry + R)
+2'R;*R)+C Ry 'R (R +R)+C Ry *R; (R +R)
+(L+Ly) (2R + Ry +R)) + (R + Ry) - (R + R)

[5-4]

It is reasonable to assume the leakage inductante @rimary and secondary windings
and their dc resistances are equal for a 1:1 wamsfr. Though this does not reduce the
order of the system, it greatly reduces the nunobgarameters. The simplified transfer
function is given in 5-4. With use of Matlab®, tfrequency response of the transfer
function is observed for nominal values of the comgnts. The values are based on
previous reports on CPT and given source and lpadifications for this work . Figure
5-4 shows the magnitude and phase response ofnflifiéd system (blue curves
RIp=RIs=1000 ohms, Rg = 20hms), 2) simplified systeith RIp=RIs=0 (green curves),
and 3) simplified system with Rlp=RIs=Rg=0 (redwas).
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Figure 5-4. Bode plots of the complete system wieveral approximations.

It can be clearly seen that the dc resistanceeoptimary and secondary coils along with
the generator resistance influence the low frequeain of the system. The response for
an ideal source with zero source resistance i€lhargjfferent from a practical source.
Hence the parasitic resistances of the windingsgalaith the generator resistance are the

limiting factors that set the lower operating fregqay for transformer.

Conventionally the gate drive transformers referred pulse/video/broadband
transformers are analyzed with the rise time, tbfhe pulse and fall time of the input
pulse in mind. Based on the different pulse parameubsections, corresponding
equivalent circuits are developed by elimination nmin-dominant components. This

typically results in low and high frequency models.

5.5.1.1 Rise time analysis

A high frequency equivalent circuit model is comset for the rise time analysis of the

transformer. Figure 5-5 shows the equivalent circoiresponding to pulse rise time.
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Figure 5-5. Equivalent circuit for the rise time ofthe input pulse.

Vy(s) R
Vi) 8 G R(LP+L)+S(C R (R, +R, +R)+ L, + L)+ R, + R + R, +R,
[5-5]

Applying nodal analysis the transfer function of tystem is obtained and presented in
5-5. It is reasonable to assume that the loadtaesie is much greater than source
resistance, as in the case of typical high sidéchwieing a FET. Further assumptions are
made such as equal leakage inductance in primatysacondary (1:1 turns ratio) and

negligible resistance for the windings, to reprédte transfer function as a standard
second order system.

Comparing the derived transfer function with staddsecond order system, the natural
resonance frequency of the system and the damgatitgare given by equations 5-6 and

5-7 respectively. The rise time is given by equat-8.

YRS S [5-6]

" J2-L-C

Rg \/(L%:I)~ Rg  _ RgClw, [5-7]

"B L%I+\/?R| T fug) 2

¢

7 —Cos*(¢)

T, = or
@, '(1_4/2)

[5-8]
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The load capacitance, load resistance and risedmnesually specified as design inputs.
It is also desirable to obtain a damping coeffitilss than 0.707 to satisfy a critical

damping requirement. Therefore using the givene&lm the equations 9-1 and 9-2 a
relation between the leakage inductance and soest&ance can be obtained. For a load
capacitance of 200 pF in parallel with @Qkand a rise time of less than 50nS, leakage

inductance and source resistance requirements @jigen in equation 5-9 and 5-10.

0<L, <55x10"H [5-9]

R, =L - (141410°-5.10° L) [5-10]

In the application under consideration for this kvtite source resistance of the drivers is
fixed to the lowest possible value while avoidingdar-damping. As seen from the
previous section an ideal source with zero resigtgsrovides excellent low frequency
response. In the current work the generator registas given to be 2 ohms. Therefore to
satisfy the critical damping constraint with th@usce resistance, the leakage inductance
has to be lower than 0.2 nH. This is a very smalll@ and cannot be obtained in practice.
Hence it is not possible to obtain the desired tisee for given conditions with a
critically damped system. However the damping nemoent shall be relaxed. The
resulting low damping coefficient results in osatitiry behavior for a unit step input. The
step response of the rise time equivalent cirged Curve) and the complete equivalent
circuit (blue and green curves) are shown in Figas& The overshoot value is much
higher in approximated rise time equivalent cirae$ponse compared to the complete
system. This is an indicator of the trade off iocwacy due to various assumptions made

in the rise time transfer function derivation.
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Figure 5-6. Step response of the transfer functiorepresenting
the rise time equivalent circuit and complete equialent circuit.

Therefore a suitable option is to limit the leakag@uctance to meet the required rise
time and trade off the low damping. In special saame external series resistance can be
added between the source and the primary windmgsprove damping. It should also
be noted that the second cycle representing thidabien in the figure should not be
considered since the model is only valid for tise time duration.

5.5.1.2 Pulse top analysis

In contrast to pulse transformers the gate driveuiry includes a rectifier at the
secondary side. The use of rectifiers in the semgnside reduces the constraints in the
pulse top period. The approximated equivalent difoun the pulse top duration is shown
in Figure 5-7. It must be noted load capacitancecaasidered, ignoring the load
resistance since the MOSFETSs or JFETs provide acttape loading to the transformer.
A complete transfer function of this circuit yield$th order system as given by equation
5-11.
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Vy(S) _ L,-R*s [5-11]
Vis) s*-¢’ L% L, R*+s"-C L L, R-(C ‘R R +2:Ll)

+s°-LI-(C, R -(LI'R +L,- (2R, +R)+L, -L,)+s°-L, - (C, - R, -R?
+L R +L, (R +R)+sR (L (R, +R)+L,-R)+R, R’

A simplified expression obtained by assuming edeakage inductances and negligible
dc winding resistance is given in section 5-11tf@mrassuming that the source resistance
is greater than the impedance due to leakage iadcet the following relationship is
obtained.

“(7rg
¥ i [5-12]
i 1+s-( ngj
Rq Rip i Ls Ris Vo
V4
L R C T

Figure 5-7. Equivalent circuit for the pulse top duation.

Equation 5-12 indicates that the response of tlstesy during pulse top duration is

dominated by the mutual inductance and dictatesnvasburce resistance. Hence a high
mutual inductance and a low source resistanceraferped.

The time constant of the primary side series Rtutiimposes a minimum required self
inductance to keep the power dissipation lower. @n@op in secondary voltage is

proportional to the pulse duration. As a rule afttio the on time of the circuit has to be
lower than 10% of the time constant. Hence for eemioperating frequency, the

minimum required self inductance is given by equah-13, where Ton=1/f and Rp is

the sum of the source and primary winding resiganc

75



L
T, < 10%(R—p] =L,>10-R,-T,, [5-13]

p

For a given operating frequency, it is recommenigedse a differential buffer to drive
the transformer since it provides symmetry and éwitte gain of single ended circuit.
Also due to differential switching, the fall angdeitime analysis are identical.

5.5.2 Finite element analysis

Finite element analysis (FEA) is useful to analyhe properties of a structure by

breaking up into smaller pieces. It also helps ndasstand the behavior of a hardware
model in less time and cost. Various FEA softwanesused to analyze the behavior of
inductor and transformers in the literatures. lis $tudy the FEA analysis were carried
out using “sonnet” software. Based on the simpljafficiency and previous reports[44-

61], stacked transformers are selected for udsisnatork.

For study, a two layer PCB structure with an equahber of turns in the primary and
secondary winding is considered. A symmetric stmectis preferred for reducing the
FEA time and it also makes the primary and secgndaterchangeable. A three
dimensional view of the stacked transformer stmectused in the study is shown in
Figure 5-8. A summary of transformer specificati®provided in Table 5-1.
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Figure 5-8. Three-dimensional view of stacked trarisrmer structure.

Table 5-1. Specification summary of stacked transfmer.

Parameter Specification

Number of turns — primary 9
Number of turns — secondary 9
Width of metal conductor 10 mil

Spacing between metal conductorn 6 mil

Dielectric thickness 13.4 mil
First and second lengths 400 mil
Relative permittivity 3.4
Relative permeability 1
Copper weight 1 ounce

*1 mil = 25.4 micrometers

The different layers represent the layers of atedrcircuit board. The top winding
(shown in red) is connected to push-pull ports2f2and the bottom winding (pink) is
connected to ports (1,-1). The power transfer dtaristic of the transformer is analyzed

over the frequency range of 100 KHz to 100 MHz.
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For validation the \simulated design is sent outgdbysical fabrication. Roger’'s 4350
dielectric material with one ounce copper traceused for printing the circuit. The
selection of PCB material is based on the previewaluation of 4350 dielectric for
elevated temperature operation. The high temperataracteristics of these copper clad
laminates are presented in the appendix sectiofh, 11

5.6 S-parameter measurements

Scattering parameters, commonly known as s-parasptevide information about the
transmission and reflection characteristics of dectecal port when a signal is
transmitted or observed at its terminal. The sipatar measurements of the fabricated
structure are obtained using Agilent 8753ES netwamklyzer. The transmission and
reflection characteristic as given by the FEA amelg-parameter measurements are given
in Figure 5-9. In both cases (simulation and measent) the de-embedded data is being
shown. The frequency response of the test setufbéas calibrated and removed by
performing the SOLT (Short Open Load Thru) calilorat. The figure shows a close
agreement between the simulated and measured sespon

1.2
1 4 s bl
Q —
2087 [ sims11
g 06 | |— Sim-S21 VY
g — -mes-S11
204 1 |—. -
b mes-S21
0.2
0 _— \ \ \
1.0E+05 1.0E+06 1.0E+07 1.0E+08

Frequency

Figure 5-9. S-parameters (Transmission S21 and Refition S11) of the stacked transformer.
Measurement result versus finite element analysis.
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5.6.1 Voltage gain versus power gain

The individual circuit parameters of the transforro@n be extracted from the measure s-
parameters based on some assumptions. Assuminginthective impedance is

significantly larger than the capacitive reactatieeinductance of primary and secondary
winding can be obtained using equations 5-14. @ngilassuming the coupling between
the primary and secondary is dominated by mutudlicgtance the mutual inductance of

the transformer can be obtained using equation.5-15

_Img(Y,) Img(Yy,)

Coxaxf 2xmxf

[5-14]

_Img(Y,) Img(Y;,)

= = 5-15
2xrx f 2x % f [ ]

M

The coupling co-efficient can be calculated frone ttotal inductance and mutual
inductance using the equations 5-16. The extractdakes versus frequency is plotted

and shown in Figure 5-10.

K=L, x+vL1xL2 [5-16]

L =L Lfl-K2]= L 1-K?] [5-17]

It must be noted that the transmission co-efficigntiained by the parametric extraction
and the transmission coefficient,(Bmeasured using the network analyzer are different
The calculated coupling co-efficient is the voltagen whereas the,Sis the power gain

of the two port network. The power gain highly deg® on the source and load
impedance and is maximized when the load impedascmatched to the source

impedance. In case of matched load and source empedhe power gain is same and
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Figure 5-10. Extracted values of primary and secoraty inductance (Lp, Ls), mutual inductance
(Lm) and leakage inductance (LIp, LIs).

equivalent to voltage gain. The comparison betwenvoltage gain and power gain is
shown in Figure 5-11. The figure illustrates thedeviband coupling capacity of the
transformer. For pulse inputs, which has only Hafinput in the fundamental frequency
and the remaining half in the higher odd harmonicss recommended to select the
fundamental closer to lower cut off frequency. Fmtance a fundamental frequency of
1MHz is preferred for transferring higher harmonie®wever considering the power

loss associated with lower switching frequency (polest in primary is inversely

5 -
0 |
-10
-15 -

Coupling factor (db)

—s21-db
- - k-db
-40 ‘ ‘ |
1.0E+05 1.0E+06 1.0E+07 1.0E+08
Frequency

Figure 5-11. Comparison of measured transmission efficient (S21) and the calculated coupling
coefficient (k).
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proportional to square of the switching frequenay)js wiser to choose a higher
fundamental frequency. We have chosen 10 MHz adutheamental frequency as this
minimizes the power dissipation and at the same &itows energy from harmonics43

5" and ) to couple to secondary.

It must be noted that for sinusoidal inputs, transiers with narrow band and high Q
characteristics are commonly used for maximum iefficy. In such cases the bandwidth
of the transformer shall be tuned such that theecefmequency is the fundamental

operating frequency.

Mathematical relationship between the power gaththe voltage gain are as follows.

vV 2

Input power P=— [5-18]
R
V 2

Output power P = RL [5-19]

2
Power gain G= R V°2 X R [5-20]

RV R

For matched load and source resistance, the paue (@) in decibels is given by

V2 V
G, =10log| —>- |=20log| —
dB g[viz J g[v

j = Ay [5-21]

where A is the voltage gain of the system.

The maximum power transfer theorem states that iimamx power is delivered to load

when the load impedance is matched to the sourpedance”. This can be observed
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from Figure 5-11 where the S21 exhibit peak vahoeiad 20 MHz indicating the match

between the load and source impedance (50 ohms).

However the maximum power transfer is not esséptame as maximum efficiency in
most cases. The impedance offered by the primahyctance is directly proportional to
the switching frequency. Hence a higher switchmggjdiency reduces the peak current in
the primary side in every switching cycle. Therefoselecting a switching frequency
marginally higher than the maximum power transfegfiency is advantageous. The
higher limit is based on the switching looses ififéru(driver). The CVf losses in the
differential buffers sets a point of minimum ret@s further increase in frequency results
in reduced efficiency due to switching losses. Uistrbe noted the above argument is only
valid for gate drives involving FETs that requien input current (voltage controlled
devices). For high current drive requirements tlesigh has to be correspondingly
modified.

5.7 High side buffer

Efficient design of buffers for transformer couplgate drive, driving a non linear load is

a challenging task. The source and load impedanugst be considered to meet a
critically damped system requirement. The desigateqjy proposed in Figure 5-13

illustrates the trade off in rise time, droop arainging due to low buffer resistance. In
this work the design of high side buffer is basadmnimum possible source resistance.
The output resistance is set to be 3 ohms. Thistishe optimum design, however based
on transformer characteristics external maniputatid source impedance is possible in
this method.
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5.8 Full wave rectifier

As mentioned before a full wave rectifier is usedhe secondary side of the transformer
to rectify the differential output of secondary.eTbonventional method of using diodes
for rectification results in considerable forwambpl across the diodes and is not efficient.
Alternative rectification techniques using MOS s&tors have been demonstrated in the
past [80, 81]. In this work a MOS switch basedifiectis used. Figure 5-12 shows the
method of incorporating MOS switches as full wawstifiers. The inductive link
represents a RF power receptor or a secondaryrahsformer. The differential signal at
the transformer secondary provides current to ted Ithrough the switches that
complementarily alternate between each cycle. Tureent flow corresponding to the
polarity of input voltage is shown in the figurehel MOS transistors size must be

optimized for lowest on resistance while minimizthg gate capacitance loading.

_'_ 5.6/ 5.6/
- 1.4 | A 0-72
Inductive @4 MP1 | MN'I @3
link | |
| — :
m LOAD -
—1 Ll
|~ I
MP2 MN2|—
5.6/ | * 5.6/
I 1.4 0.7
@32 @32

Figure 5-12. Full wave rectifier in CMOS process.

In this work the design of FWR is based on minimuaitage drop (minimum ON

resistance) across the transistors and a fasttinee However increasing the size of
transistors increases the load capacitance atettendary of the transformer and hence
can reduce the bandwidth of the system. This esulthe typical trade-off between load
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capacitance and on resistance. Eight (8) paralhnces of the CMOS rectifier shown in
Figure 5-12 is used as the rectification block.

5.9 Summary of gate drive transformer

Based on these requirements of a system, detaidddematical analysis and design of
planar transformer is discussed in the appendiicge®.5.1 There is more than one
method to design CPT based on the tradeoffs madkesigner. One such design flow is
given in the flowchart shown in Figure 5-13.

The design flow begins with the given parametéts the load capacitance (Cl), load
resistance (RI), pulse rise time (Tr), switchingguency (f) etc. The first step is to
calculate the maximum permissible leakage induetdocsatisfy the rise time constraint.
An alternate approach which satisfies a criticahgismg requirement is provided where
the designer is able to custom design the buffecofd, the minimum required self
inductance is calculated using the natural timestant of ‘RL’ circuit. As a rule of

thumb the time constant is chosen to be at leagind€s the switching period. Third,

based on an assumed coupling factor, for the @liself inductance in step 2, verify
that the leakage inductance is not more than thermaen value calculated in step 1. As
a final check, verify that the impedance due toualinductance is much higher than the
source resistance. The final design involves amatitee selection process. Adjusting the

switching frequency is the easy method to satisipyrdesign constraints.
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Figure 5-13. Design flowchart for gate drive transfrmer design.
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5.9.1 Simulation results

The gate drive circuitry is simulated prior to faltion. Figure 5-14 shows the schematic
setup for gate drive verification. Experimentallptained two port parameters of the
planar transfer is used as a two port network nimuation. The oscillator, buffer, FWR
and discharge circuits are also the circuits desigfor this work. The simulated
waveforms related to the gate drive circuitries presented in Figure 5-15. The figure
shows the (differential) voltage across the primamyg secondary windings, the fall and
rise characteristics of the rectified voltage wita control signal. The source resistance is
about ¥ and load capacitance and resistance are 200 pRiQdrespectively. The
switching frequency is 10 MHz. The average valuegeatified voltage is about 2.9V
which is sufficient to drive the power JFET in deepde. The rise and fall times are
lesser than 50 nS.

o O
, Discharge L
T'mer [—» CMOS — Ckt 0
OSCR 2 - port FWR A
model —»
U O D

Figure 5-14. Schematic setup for the high side gatiive simulation.
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Figure 5-15. Waveforms at various stages in the higside switching Circuit.

Top- Primary and secondary voltages, Middle- Diffeential secondary voltage,
Bottom — Control and rectified voltage.

5.9.2 On chip - gate drive transformer

Transformers integrated on silicon chips were mesly reported for RF applications
[82-100]. With generation 2.0 control chip, a diaglly stacked transformer is fabricated
on the same chip as controller to experimentallgeoke its characteristics. The
fabricated control chip and the on chip transfosmame illustrated in Figure 5-16. The
transformer’s primary and secondary are formedlaggy spiral “metal 3” and “metal 1”

windings, respectively. “Metal 2” is used to bringt the inner winding to G-S-G pad

termination. The design parameters of the transoame summarized in Table 5-2.
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Figure 5-16. Generation 2.0 control chip with integated gate drive transformer.
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Table 5-2. Design parameters of on chip gate driieansformer.

Parameter Remarks
Physical size ~ 05 miK 2.8 mm
Primary Secondary
Metal layer Thick metal MT Metal 1
Conductor width 30 um 30 um
Conductor spacing 30 um 30 um
Sheet resistance Ao 48 m/o
No of turns 3 3
Physical length ~11.2 mm ~11.2 mm

Raw measurement of the inductance and quality fadftthese inductors are performed

using network analyzer. The observed inductancethedjuality factor for a range of

frequencies are shown in Figure 5-17. The valuedifictance is as expected and the

quality factor is troublesomely lower due to higbsistance conductors. Significant

improvements to the quality factor can be achielbgdusing multilayer routing. The

mutual coupling between the windings is of greateportance. However, the self
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inductance limits the minimum frequency of openatidhe coupling factor can also be

improved by a more symmetric structure and utigzimore physical area.

5.0 1.50E-08
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Figure 5-17. Measured inductance (right) and quali factor (left)
of the on chip gate drive transformers.

To obtain the performance characteristic of thegrdted transformer, the control chip is
packaged on an 8 pin cerdip. The control signasvanipulated to produce the required
drive functionality. The gate drive transformers driven by the differential buffers. The
input frequency is varied from 50MHz to 300MHz MCO. The test circuit is shown

in Figure 5-18. The differential output voltage dam seen from the top trace of Figure
5-19. The duty clamp functionality cannot be bypass the controller and hence is

present in the system.

SS Control
circuit with on
ip transformer

8 Pin CerDIP

Figure 5-18. Protoboard developed to demonstrate ¢hfunctionality of on chip gate drive.
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Figure 5-19. Gate drive characteristic waveforms othe on chip gate drive prototype.
(Right: a zoomed-in view of the rising edge of thevaveform)

In order to verify the functionality of integratgate drive in real system a proto board is
built using the integrated transformer instead g PCB transformer. Packaged SiC
JFETs are used as high side switch and the ccedradl programmed for 3.3V output

voltage. The demonstration board is shown in Figu2e.

Figure 5-20. SMPS prototype using integrated gaterive transformer.
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The measured results for no load operation are shdvigure 5-21. The output voltage
(1) controller voltage VCC (2), the error amplifieatput voltage (3) and the voltage at
the gate terminal (4) are shown in the figure.dh de observed that a clean output

voltage is obtained using the gate drive and hgmesents as an attractive solution for

the future designs.
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Figure 5-21. Performance of the SMPS using integratl gate drive.
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5.9.3 Measured results

The fabricated gate drive circuitry is experimelytabsted and its characteristics are
observed. Figure 5-22. The input frequency is setedo be 10MHz. The voltage

observed at the source terminal (Vsource) and aite tgrminal (Vgate) is represented by
the bottom traces respectively. The effective gatgrce voltage is represented by Vgs.
The timing functionality of the duty clamp circug represented by Vramp. The duty
clamp circuitry ensures a preset maximum duty cgpleration and is discussed in detall

in section 6.3.7

dcquigition is ztopped.
10.0 kSars | nj[E
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Figure 5-22. Measured characteristics of the gaterde circuitry.
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Chapter 6

6.1 DC-DC Buck converter design

An overall system block diagram of a dc-dc syncbrenbuck converter is shown in
Figure 6-1. As mentioned before the feed forwardcthwand filter network and the V2
control loop can be noted in the figure. In additto these primary blocks the auxiliary

house-keeping units like the over temperature moniinder voltage lockout are also

shown.
—'—T Vin
A
Hi Side Gate | | Duty | )\ HS L
Drive Clamp
Y
NO"“_ Vout
overlapping _m .
clock Lo
A v
LoSide Gate | | Duty |\ |g
Drive Clamp Co o
Thermal L L

L ~[Controll« | Shutdown

RS-Flip
Flop

VREF

Soft St

Figure 6-1. Detailed block diagram of synchronousick converter with v2 control mechanism.
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A non-overlapping clock generator provides inpgnai to the high side and low side
switches (HS and LS), based on the control blod¢kuwiuThe control block monitors the
inputs from the V2 control and the auxiliary cohttmcuits. A duty clamp circuit is used
to limit the duty cycle to the switches to a preasetount. Other than the discrete
semiconductor switches and passive L-C filter congods analog building blocks are the
basis of control loop and the auxiliary electronithese building blocks and the house-

keeping circuits are discusses in the followingises.

6.2 Analog building blocks

6.2.1 Voltage reference

The steady state dc output voltage of the voltasgulator is based on a reference
voltage. This internally developed or externallylgx reference voltage is expected to
be independent of temperature, semiconductor psoaed supply voltage to obtain a
stable required voltage at output. Designing aagatreference for wide temperature
range is a challenging task. Highly compliant mddes and good knowledge on analog
circuit layout techniques are important. In thisrkva voltage reference based on MOS-
gated diodes is adopted. The schematic of thegmltaference is shown in Figure 6-2.
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Figure 6-2. Schematic of a voltage reference cirdui

The operation of the circuit is based on the dgwalent of a PTAT (Proportional to
Absolute Temperature) current and a CTAT (Complaargrto Absolute Temperature)
current. The resulting zero temperature co-efficenmrent is passed through a resistor to
develop a required reference voltage(s). An immobrtkesign strategy is to maintain the
operating current for the diode legs (branches)ogilinear characteristic regime. In
addition the areas of the resistors and diodes meistdequate to achieve the desired
matching. The design equations are given by 6-dutjir 6-6.

nxV. xIn(k
IPTAT:TT() [6-1]
V
| __Vm 6-2
CTAT T R [6-2]
N
V%F=@xVTxN}hEXVm [6-3]
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L= ar [6-4]

V,
N — REF,req [6'5]

nxV; xIn(k)+ [Vli)lj

Neer _ anxIn(k)xaVT o N Ny [6-6]
oT oT L aT

In this study, a 400 mV reference voltage is chdsased on previous measurement of
diodes. The measure reference voltage across iigetature range of 27 to 275°C is

shown in Figure 6-3.

0.9 ==t==VREF 1
==lll=\/REF 2

08 11 e g

0.7 -
S 06
G 0.5 -

S 0.3 4
0.2 -
0.1

0 T T T T T
0 50 100 150 200 250 300

TEMPERATURE (° C)

Figure 6-3. Measured value of reference voltage afrious temperatures.
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6.2.2 Comparator

A comparator circuit compares the two signals @iriput and provides a digital output.
The reference voltage of 400 mV demands PMOS idpsiign for proper operation. The
schematic of the comparator is given in Figure 84 RP and RN transistor represents
regular high threshold voltage (Vt) devices. Thedpld NL devices are low Vt devices
that are used in series with high Vt devices. Tusgel stacking of high Vt and low a Vt
transistor yield higher early voltage and also warthe kink effect. As the comparator is
used in the fast feedback loop, the bandwidth ef cbmparator must be as fast as
possible at it will set the switching or clock ftemcy of the system. The cascaded
configuration of error amplifier and comparatoreatt the feedback loop gain and hence
the stability of the system. The extracted valu@@én loop gain of the comparator at
elevated temperatures is given in Figure 6-5. keaaf transient response the intrinsic
and transition time are major factors that dechde gystem performance. The measured

values of delays are given in Figure 6-6.

VDD A A
e

RP b J_RP ] RP
fl | - PrTE #& ]PL
Ibias —d[_®* e ] Vout
1 PL ] 1 >
whrmoh L Ep | fF

RN:| R[ |__"_
A

VSS RN RN

Figure 6-4. Schematic of comparator.
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Figure 6-6. Transient characteristics of comparatomat elevated temperature.

6.2.3 Hysteretic comparator

A hysteretic comparator is a special type of corafmarwith a memory. The memory of
the comparator is called the hysteretic window.ikénla normal comparator with two
inputs, the hysteretic comparator consists of simgput and two reference inputs. The
reference inputs set the hysteretic window of tbmmgarator. The upper threshold and
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lower threshold determines the transition of thetestat the output. In this work the
hysteretic comparator is realized using dual coatpas and a digital logic as shown in
Figure 6-7. The performance of the hysteretic comatpa at various temperatures is
shown in Figure 6-8. A hysteretic comparator isudding block for the under voltage

lockout circuitry discussed in section 6.3.5

Comparator 1

Vhigh > +
- R
Vin Digital | @»
logic
+ S
VIow » —

Comparator 2

Figure 6-7. Block diagram illustrating the implemertation of hysteresis using dual comparators.
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- = 250°C
—275°C

L gl e ST B e T e L L T e W

-
(3}
!

0 T E T T T
164 1645 165 1655 166  1.665
Vin (V)

Figure 6-8. Memory window of hysteretic comparatorover temperature range of 27°C to 275°C.

6.2.4 Amplifier

An error amplifier is required to amplify the erreignal between the instantaneous
output voltage and the reference voltage. Sincetitput and gain of the error amplifier
sets the dc accuracy, the input offset at the emgplifier inputs must be considered. As

99



mentioned before, the error amplifier is used ia #how feedback loop and hence its
bandwidth is not of limited concern.

In this design long channel transistors with coeatlle area are used for designing the
input and mirroring transistors to obtain bettertchang and higher open loop gain. This
helps in reducing the input offset voltage, 1/fsgeoand control the kink effect of the
OTA. The transconductance of the error amplifiechesen based on the availability of
high temperature compensation capacitors . Thasiously discussed in section 4-2.

The schematic of the error amplifier is shown igufe 6-9.

ML P i e
- | Ibias Ibias Ibias
Ibias e RPGII: PIL: P PI!:

'4|: PL NL _|__IR|I__ _4!__1' A A A
— A Vout
Vﬁ':,,;R_PI;""] RN |- |—<1 I :L_IDLRN —4': RP

RN:||_ Rﬂl_ |_||: RN |_| j}_r —||: RN

VSS

Figure 6-9. Schematic of the error amplifier circut.

6.3 Supporting blocks

In addition to the basic building blocks severdtastdigital gates and oscillators are

required for the complete system. With use of thgeidbuilding blocks discussed in the
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previous section several supporting blocks are @ds@loped for use in the design. These

are discussed in the following section.

System oscillator

Gate drive oscillator

Low side buffer

Shunt regulator

Zener regulator

Non overlap clock generator
Under voltage protection

Over current protection / Startup circuit

© © N o g w PP

Duty clamp circuit
10.Power on reset

6.3.1 Oscillators

6.3.1.1 System oscillator

A system oscillator sets the operating frequencyhef PWM converter during normal
operation. Various methods exist to implement &oit circuits. In order to improve the
versatility of the control system to various cornges, a voltage controlled oscillator
(VCO) is implemented in this work. As suggestedliyy name, the oscillation frequency
of a voltage controlled oscillator is a functionao€ontrol voltage. In this work a Schmitt
trigger based design is adapted. The schematieadgcillator is shown in Figure 6-10.
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Figure 6-10. Schematic of the Schmitt trigger basedscillator circuit.

A current starved inverter circuit charges and liasges the input capacitor of the
Schmitt trigger. The current is set by the extdynapplied control voltage. The trip
points of the Schmitt trigger are based on the adewdimensions. The oscillation
frequency is given by equation 6-7. The design ased on 100 KHz oscillation
frequency for 0.8 V control input.

|
f =
¢ Cx2x(V, -V,)

[6-7]

where, |- Controlled current; function of contvoltage.
C — Capacitance at input of Schmitt trigger
Vy — Upper trip point of Schmitt trigger
V| — Lower trip point of Schmitt trigger

It must be mentioned that the issues associatédosttillator clock jitter is considered to
be negligible in this case. Also due to device naitanes, a non 50% duty cycle is
expected. The measured frequency characteristiv@®D at various temperatures is
shown in Figure 6-11. The oscillator has a neadinfrequency response between 100
KHz and 200 KHz at all temperatures and hencefetithe design requirement.
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Figure 6-11. Control voltage versus oscillating frguency of VCO at different temperatures.

6.3.1.2 Gate drive oscillator

Gate drive oscillator is used to provide differahttlock for the high side gate drive
transformer. The gate drive transformers are driwgithe clock buffers as described in
previous chapter, 5.71t is desirable that the fesxqy of operation of gate drive circuitry
is orders of magnitude higher than the control lé@guency by at least 20 times to
minimize the turn on delay of high side gate driVhis requires a standalone oscillator
for its operation. In this work the system oscdlais reused without the capacitor at the
input of Schmitt trigger. The absence of capaamakes the rise and fall delays shorter

and in turn makes the switching frequency highet iarturn the frequency if oscillation
greater . This replaces the value of ‘C’ in equatio

[6-7]

with the parasitic capacitance present in the ndtle. voltage control mode provides a
convenient means of selecting the operating freqpeto match the transformer
characteristics to obtain maximum efficiency if ided. The design is capable of

switching from few KHZ to 50 MHz. It is not poss#bto explicitly measure the output
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waveform since addition of probe pads to the nalts garasitic capacitance. This along
with use of long probing leads result in instapind or loading of the circuit at high

frequencies.

6.3.2 Low side buffer

Low side buffer is used to drive the gate capaciaof the synchronous switch at the
system clock frequency. The design of buffers éw kide switch is relatively straight
forward. The design is based on the capacitive (G@ag) the silicon carbide JFET and
the required switching rise/fall times. The inpapacitance of the low side JFETs vary
with their capabilities and process. A worst casgacitance of 200 pF is assumed in this
design based on measured data presented in clRaptehe value of ¢gsis found to be
great, multiple buffers can be paralleled to aohihne desired specification. The current
required for a known capacitor load;s€and a predetermined slew rate is given by
eguation 6-8.

i :C|ssxd_v

m [6-8]
For a 200 pF capacitance and a 3V/50nS slew faesurrent required is greater than 12
mA. A capacitive loaded buffer circuit is also edlent to a RC delay. The time
constant of the circuit is given by equation 6-8irg a load capacitance value of 200 pF
and a rise / fall time requirement of 50nS, theunegment of ON resistance of the
transistor, from measurements is found to be less 115 ohms. This criterion is easily
met with the buffer designed using capacitive equat

7=22xRxC [6-9]

From peregrine data sheet, ‘50/0.5’ device provit@snA of current for typical model

and at 25°C. Assuming a pessimistic ‘4 X' degramtator 275°C and 1.6 device length,

the final dimension required is approximately, ‘606’. Starting with ‘1 X’ inverter of
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‘2.8/0.8" and ‘2.8/1.6’ and keeping the lengths stamt, the tapering of buffers is as

follows

Tapering — 3@3/, 5@6/, 5@20/, 20@15/1.6

The transistor level schematic and the simulatedaatteristics are shown in Figure 6-12.

The performance of the buffer circuit at elevatetperatures and various process model

files are given in Figure 6-13.

IN

Figure 6-12. Schematic of the low side buffer
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Figure 6-13. Input and Output waveforms of the lowside buffer across typical, slow and fast corner
at 25, 150 and 275°C

6.3.3 Internal voltage generator

6.3.3.1 Shunt regulator

The input voltage to the dc-dc converter can bérarly and is usually limited by the
power switches via either the standoff voltageheran resistance. The control circuitries
operate under a 3.3 volts supply voltage. This pasvderived by using an on-chip shunt
regulator. Since the circuitry is on-chip the madiminput voltage is limited by the
breakdown strength of the substrate. Proper lagaxg has to be taken to avoid excessive
field strengths between adjacent diffusion regiongransistors. The schematic of the
internally implemented voltage reference is showrrigure 6-14. The physical size of
this block is determined by the maximum load cureerd the input voltage. Higher load

current requires wider pass gates in voltage absdrbducing Ron) at lower operating
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voltage. Lower load current requires wider shuriegan voltage limiter at highest input
voltage. The performance of the raw voltage shagulator is shown in Figure 6-15. A
trade-off between the two is chosen here. It isartgnt to note that the stability of the
circuit is dependent upon the capacitors C1 and T®2. value of C2 has to be much

larger than C1 to avoid instability and to prevestillations at output.
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Figure 6-14. Internal power generation using shuntegulator.
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Figure 6-15. Characteristics of the shunt regulatocircuit for various load currents.
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As shown in the figure there are 3 main sectionhéregulator. The first section is the
voltage absorbing section where the high voltagegst is dropped to a lower voltage in
a cascading fashion. The number of cascaded stageses a lower limit on the input

voltage. The middle section is an internal refeeegeneration part. The final section
comprises a comparator unit and a shunt arm. Thegawmtor compares the reference
voltage with the instantaneous output voltage awdtrols the shunt transistors

accordingly. The shunt transistors vary the ouipytedance in order to maintain the
output voltage at required level.

6.3.3.2 Zener regulator assisted startup

The shunt regulator discussed above suffers frarase limitation of power dissipation.
The power lost in the shunt path to maintain a lstaiperating voltage increases
proportionally to the input voltage and hence i$ desirable. An alternate approach is
proposed using Zener behavior of transistors isvehim Figure 6-16. Rather than a
continuous power supply generator the proposediitikick-starts an auxiliary power

supply that powers the main system. The operatfidineocircuit is described as follows.

The peregrine semiconductor fabrication processl usethis work does not provide
Zener diodes. The reverse transistors breakdoviheofransistors mimics the operation
of a Zener diode and hence adopted as substitate@ever unlike a Zener diode where
the reverse breakdown voltage is limited by procéise breakdown voltage of the
transistor is dependent upon the channel lengtheoflevice.
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Figure 6-16. Zener based startup circuit for interral voltage generation.

The transistors M1s and M2l provide a gate soundtage for a discrete high voltage
(HV) JFET/ MOSFET device. The gate-source voltageetbped is due to difference in
breakdown voltage of the short channel and longneeaNMOS. The diode D1 and D2
feeds the internal power supply line to start thilary control power supply. The
control power supply develops the required voltatyech is feed into the internal power
line through diode d3. A power on reset circuitrapi@g under the main power rail shuts
down the startup circuit preventing continuous pogissipation.

The inherent drawback of the design is the requergnof an external discrete transistor
(i.e. SiC JFET) to absorb the high voltage aftartaip cycle. From experimental results
the breakdown voltage of the long channel and stimaihnel devices are measured at
different ambient temperatures. Figure 6-17 sholes obtained results. Since the
breakdown voltage of the M1s is between 4 V to & series connected diodes D1 and
D2 helps to reduce the voltage level applied tarobpower supply.
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Figure 6-17. Breakdown characteristics of short chanel (10 um /0.8 um, left)
and long channel (10 um/ 1.0 um, right) NMOS

6.3.4 Non overlap clock generator

Non overlap drive signals are a must for high sae low side switch control.
Overlapping clocks create “shoot through” and thput supply is shorted to ground. This
highly degrades the performance of a converterigdesy non overlapping clocks with
automatic delay control is of great interest. lis thiork a preset delay time is fixed based
on the turn off times of the silicon carbide JFETke delay is based on a “RC” time
constant. Additional pins are provided to incredisis delay by externally addition
capacitance to the RC network. The schematic ohtimeoverlap clock generation circuit
is shown in Figure 6-18. It must be noted thattthra of the switch is delayed whereas
turn off is immediately applied by use of an “ANDate.

IN R ouT
—— /N AND

OUT_B
>/ W AND)}——»—
»_

Figure 6-18. Generation of non overlapping drive ginals.
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6.3.5 Under voltage protection

The control loop circuitries require a stable inpottage for its operation. The under
voltage lock out (UVLO) circuitry continuously mdaor the supply voltage to the
controller. In case of a droop in the supply vodtdgelow a preset limit the switching
operation is stopped. The schematic of the UVLQutiry is shown in Figure 6-19. In
order to avoid noises a range window has beenssaef @ hysteretic comparator. The set
voltage and trip voltage are set to be 2.7 V arid\8. The selection of these voltage
levels is based on the measured characteristiaadofidual analog blocks and their
power supply rejection ratios. A more importanttéads the gate drive circuitry which
requires a worst case voltage of 2.7 V (at low terafure) at primary side to achieve a
minimum required turn on voltage (2.1 V for SiC JiBn the secondary side. Reference
voltages corresponding to these set and trip vedtagre derived from the system
reference voltage using the resistive divider neétwoas shown in the figure. The

operation of the circuit is shown in Figure 6-20.

VDD
VREF
Vin
R1 § R3
R2 § R4§

Vi

ul

g >

Figure 6-19. Under voltage lock out circuitry.
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Figure 6-20 Operation of under voltage lock out circuitry.

The measured characteristic of the under voltagkolat circuitry is shown irFigure
6-21 The input supply voltage (VDD) is swept up andvdoand the response of t
UVLO circuitry is observed. The result shows a widwgsteresis window for hig

temperature (275°C).

—8—275°C| : : _
2 22 24 26 28 3 32
vdd (V)

Figure 6-21 Measured characteristics of UVLO circuitry at room temperature and 275°C

0
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6.3.6 Over current protection

A startup circuit is implemented to prevent the dard inrush of current through the
system when it is turned on. Theoretically V2 colr does not require a startup since
the switching is based on the dc reference volsaeby the error amplifier. The RC
charging of the compensation capacitor determihesstartup characteristics. In this
study an independent startup circuit is implemenisithg a controlled current source.
The compensation capacitor is charged using thiseigusource until a preset level is
reached after which the start up circuit is disdlded normal operation is started. The
block diagram of startup circuit is shown in Figér22.

Figure 6-22. Startup implementation.

6.3.7 Duty clamp circuitry

In order to set a maximum ON time in a switchingley a duty clamp circuitry is

implemented. As mentioned before the V2 controb&saturn on of power switch to 100
percent duty cycle which is a continuous ON statas will cause self heating of the
power switches as described in chapter 3 and hewnct#d severely affect the system
performance. The schematic view of the implememtgy clamp circuitry is shown in

Figure 6-23. The duty clamp operation is based RCaime constant. The RC charging
waveforms and output waveforms of the circuit igegiin Figure 6-24.
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Figure 6-23. Schematic of the duty clamp circuit.
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Figure 6-24. Duty clamped output waveform and the eltage across the capacitor.

6.3.8 Power on reset

A power on reset signal is a control signal totdfae operation of various blocks of the
control system. Normally in a digital design a powa reset circuit is used to reset
(initialize) the state of flip-flops (registers) t@ required binary level. The voltage
reference block serves as a basic unit in the feddlmop. In order to hold the controller
operation until a stable reference voltage is oleifrom the voltage reference block a
power on reset signal is used. A power on rese@biglaces the controller in reset mode
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for long enough to ensure a stable reference walfélge schematic of the power on reset

circuit is shown in Figure 6-25. The characterisfieration of the power on reset circuit

is based on the rise time of the raw input poweDY. Typical rise time for modern

electronics circuits are in order of sever hundr&dto few mS. The response of the POR

circuit for a 10 mS rise time at room temperaturd a75°C is given in Figure 6-26 and

Figure 6-27, respectively.
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Figure 6-25. Schematic of the on chip power on refeircuitry.
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Figure 6-26. Transient response of power on reseircit for 10 mS VDD rise time at room

temperature.
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Figure 6-27. Transient response of power on resetrcuit for 10 mS VDD rise time at 275°C.
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6.4 Layout

The complete control circuitry that includes theibary electronics is implemented in

the Peregrine 0.5 micron SOI (FC) process. Thecpimfiguration of the controller is

shown in Figure 6-28. The overall layout view irdihg the input-output pad frame is

shown in Figure 6-29. The total die size is 3 mm2 mm. The individual circuits are

pointed out in the figure. The layout of the cohiéois shown in. The die snapshot of the

fabricated V2 controller is shown in Figure 6-30.
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Figure 6-28. Pin configuration of V2 control chip.
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Figure 6-30. Fabricated dice of the controller chip

118



Chapter 7

7.1 Passive devices

Inductors and capacitors are inevitable in pow@pbudesigns. Effort to integrate these
components on chip has been limited to extremelygower applications. Medium and
high power converters require off chip, discretenponents for filtering the output.
Identification of passive components for high terapgre design is not a trivial task.
Commercially available passives are tested onlioul25°C for military and automobile
market and in some cased to 200°C for niche agplitas The selection of inductors and

capacitors used in this work is discussed in theviing sections.

7.1.1 Inductors

Molybdenum Permalloy power (MPP) cores are adofiedse in the output filter. The
selection is based on the previous reports of heghperature behavior of MPP cores
[101-103]. Selection of inductors is much less ohassle compared to the other
components. MPP cores are commercially availablevaaious sizes from several
vendors. The size of the core depends on the iadoetrequirement and the permeability

of the core. The formula for computing inductante ooil is given by equation 7-1.

2
Inductance of coill, L= Ho X b T N"x A [7-1]

Where,
u0 — permeability of free space = 4 10-7 H/m
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ur — relative permeability of core material

N — number of turns

A — area of cross-section of the coil (m2)

| — length of coil (m)

The performance of MPP core inductors evaluatedut® in the design is shown in
Figure 7-1. A nearly independent characteristichwgmperature is evident from the

result. The quality factor of the inductor is atgeen in secondary axis of the figure.
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Figure 7-1. Performance of MPP core inductors ovethe temperature range of 25 to 275°C.
7.1.1.1 Calculation of load inductance

The value of load inductance required for the boakverter can be computed from the
switching frequency, required load current ripphgut and output voltage. The transient
current through an inductor and voltage acrossrtiector can be described by equation
7-2. By rearranging the equations, the inductas@gvien by equation 7-3.

e= Lx% [7-2]

_ (Vin _Vout) XTON
Al

L

[7-3]
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The equation is rewritten in terms of duty cyclegW¥i,) and switching frequencys(j.
Hence the final equation for calculating the indince is given by 7-4.

L = (Vin _Vout) % Vout % i [7_4]
|_xRF |V f

where RF is the ripple factor (usually around 3frCest).

The above equation yields a minimum required valuaductance to keep the controller

in continuous conduction mode.

7.1.2 Capacitors

Capacitors are the primary limitations for high pmrature electronics. Capacitor
solutions available for high temperature operatwe extremely expensive and often
dominate the overall system cost. Overcoming th& sues is only one issue. High
capacitance value capacitors rated for 275°C doex@dt commercially. Exhaustive

efforts were made in this case to find the suitgdalds. Commercially available ceramic
capacitors of COG and NPO type do not satisfy #pacitance requirement of the output
capacitor. As alternatives tantalum and conductp@ymers are tested for their

performance at elevated temperature. Figure 7-2vshihe capacitance of 47 pF
conductive polymer and 220 uF tantalum capacitorsaous temperatures. It must be
stated that these capacitors are significantly esiwe and hence contribute a major
fraction of total system cost.
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Figure 7-2. Performance characteristics of high cagritance capacitors at elevated temperatures.

The ESR of the capacitor can be obtained from tesightion factor of the capacitor
using equation 7-5. The measured dissipation faébor the high valued storage
capacitors are shown in shown in Figure 7-3.
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Figure 7-3. Dissipation factor of conductive polymeand tantalum capacitor.
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7.1.2.1 Calculation of load capacitance

The value of load capacitance is based on eneaggfer between the inductor and the
transient load with the capacitor. In order to pdeva “switching noise” free output the
capacitor has to compensate for the transientretice caused by the inductor current
and the load changes. For instance a microconti¢dlad) going into a reset mode after a
complex computation would put the power supply frammear full load to no load
transient. This could result in output voltage @W@ots with output voltage potentially
reaching destructive levels. To avoid such efféiees maximum energy capacity of the
capacitor should be larger than that of the indudibe following equations describe the

transient effects and the minimum required valueapfacitance for a given specification.

The r.m.s value of the overshoot voltage aboventhrainal output voltage is given by
equation 7-6.

Vos=rmgVoutVog —Vout=yVouf +Vos —Vout [7-6]

Based on the energy balance, during transient ehémgn full load to no load, the
voltage across the capacitor has to increase taisubhe flow of current through the
inductor. This results in a charge (energy) balabe®veen the inductor current and

capacitor voltage as given by equation 7-7.

2
Lx(lo+A2|j C xVos?
_ X VOS [7_7]
2 2
. L ALY
Rearranging, Vos= E>< |o+? [7-8]

Substituting 7-8 in 7-6, we get
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2
Vo, =V, 0+ Lx(lo + A—'j -V, [7-9]
C 2

The required value of capacitance is given by

2
L x (Io + Azlj
™ NV v o

out ut

Choosing the maximum tolerable overshoot and uiagore-calculated inductance, the
minimum required capacitance is obtained from aequoat-10.

7.1.2.2 Equivalent series resistance

ESR of the load capacitor is an important facterstability of the control loop. This has
been previously discussed in section 4-2. In cdseaasient response the ESR of the
load capacitor sets the lower limit on the ripplghe output voltage. For a given current,
the ESR ripple is given by equation 7-11. In caskgre lower ripple is required, a
parallel combination of capacitors is used.

Vour.. = Al xESR [7-11]

7.1.2.3 Compensation capacitor

In addition to the load capacitor the V2 controllequires a compensation capacitor for
stable operation of the system. The capacitanceesabf compensation capacitor are
relatively lower than the load capacitor and he@@# and NPO type dielectrics are best

suited for high temperature operation. Though tleegmEcitors are relatively expensive,
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they are readily available commercially [104]. Tgeformance of a COG type capacitor
at elevated temperatures is shown in Figure 7-4.
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Figure 7-4. Performance of ceramic (COG) type capdtors for high temperature applications.

7.2 Hybrid packaging techniques

This study involves integration of silicon carbifleETs, SOS control dice and handful of
passive components for a complete buck convertsigde Making an off the shelf
components involves a major task of packaging teeicé for commercial use. The
packaging issues are often overlooked especiatiifgh temperature designs. In these
cases packaging solutions have to be custom dekigne

The starting point of the packaging issue is tHessate to be used. The commonly used
ceramic packages are not good for high temperaesgns as the package material. The
commercially available alumina (ADs) is not an efficient thermal conductor. To reduce
the thermal stress at the junctions of the powetches, aluminum nitride is commonly
used. The thermal conductivity of aluminum nitride200 W/m-K whereas the same for
96% alumina package is only 24 W/m-K. This reldivieigh thermal conductivity of
aluminum nitride helps in spreading the junctiomperature of the power switches and
hence improves the reliability and lifetime of thestem.
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In this work a custom made aluminum nitride plabpaard with metal (Gold) routing in
top and bottom layer is used as substrate. In dgrovide hermetic sealing of the
semiconductor devices, an aluminum nitride windeamfe assembly is custom made.
The window frame acts like a wall that enclosesslmiconductors and a metallic lid is
used to hermetically seal the system. This regulta three step hybrid packaging
technique.

e Eutectic / epoxy bonding of SiC JFETs and SOS Hd passive components to
an AIN motherboard/substrate.
e Eutectic attachment of AIN window frame.

e Finally metallic capping of window frame.

A three dimensional perspective of packaging i®giw Figure 7-5 .

Metal Lid

AN Window
Top Seal frame
Rin /
. Y / / /
Bottom Seal Load
Ring — / P Capacitor
y AESEI / y
F— Jeicg=y SosT /7
7 f AT Load
/ W Inductor
AIN A

Motherblo/ d ////

Figure 7-5. Proposed packaging method for dc-dc coerter.
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7.2.1 Eutectic bonding

Eutectic bonding is a process of attaching didéostubstrate using a solder perform. This
method of die bonding is applicable only for bomdsimilar metals. In this study the

gold plated silicon carbide dices are bonded toptlh@ar board using gold-germanium

(Au-Ge) eutectic solder. Westbond 7200 ES eutega{y bonder is used to achieve the
task.

7.2.2 Epoxy bonding

Epoxy bonding is the most commonly used type ofdomp process that uses an epoxy
material to glue two components. The SOS contrid hbonded to AIN substrate using
thermally conductive, electrically non conductiyaory. To attach the bulky inductors
and capacitors to the substrate, electrically cotide, thermally stable silver filled

epoxy is used.

7.2.3 Wire bonding

The bare dices of silicon carbide and control dirguare bonded using gold bond wires
to the planar board. K&S wire bonder is used fas ttask. Gold wire of two mil

thickness is used for power switches to reducedhistance.

The CAD layout out the aluminum nitride planar lwbexr shown in Figure 7-6.
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Chapter 8

8.1 SMPS Testing Results

8.1.1 Circuit board assembly

A prototype of the SMPS was assembled on Aluminuimde (AIN) mother board using
eutectic, epoxy and wire bonding methods. FiguesBrows the assembled components
on board. The output capacitor, compensation capagate drive PCB (Printed Circuit
Board) transformer and inductors are attached fostsate using high temperature
conductive epoxy. The Silicon-on-Sapphire (SOS}ranC is attached to the substrate
and wire bonded to bring connections out from 1@t substrate traces. The silicon
carbide power devices are eutectically attachdasht® pads and wire bonded to top side
terminals. Connecting leads are twisted throughvilaéholes in the substrate.

PCB gate
drive
transformer

Output
capacitor

AIN mother

SOS control board

circuit

SiC JFET

Compensation mductor

capacitor 2 oy — Off board

. l | connecting leads

/
Figure 8-1. 1.8” x 1.8"Assembled 275°C SMPS circultoard with testing connections
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8.1.2 Test setup

Figure 8-2 shows the test setup and the list oipagent used for the purpose. The
assembled circuit board is mounted on a hot ptatelevated temperature testing. Power
supply 1 (0.8 V and 0.9 V) is used for biasing ttedtage control oscillators. Power
supply 2 is used for powering the control IC (3.8a¥d provide high voltage raw input
supply (>10 V). The oscilloscope is used to obsdéineeoutput waveform during startup,
standby and loading conditions. A signal generstaised for applying step inputs above
and below the dc reference level to characteriap kiability.

Power
supply 2

Power
supply 1
Hot plate

Signal
generator

Figure 8-2. Test setup for SMPS verification. Insetrshows the cwcmt board on hot plate.

8.1.3 Test results

8.1.3.1 3.3V converter

3.3V output operation is set by either an inteoratxternal resistor divider. The transient
startup and steady state characteristic of theopyqoe¢ at room temperature under no load
conditions and for a 47 ohm load are disclosedgnié 8-3 and Figure 8-4 respectively.
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Figure 8-3. Transient output voltage plot of the B8V converter showing a 3 V overshoot at start up
and the steady-state value under no load conditions
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Figure 8-4. Transient output voltage plot of the 8V converter showing the overshoot and state-state
value with 47 ohms resistive load.

The startup and steady state output observed unodkrad at 275°C is shown in Figure
8-5. When compared to the no load room temperath@a@surement result of Figure 8-3
and Figure 8-4, the plot has no overshoot and estlwutput voltage ripple. Voltage
ripple at normal temperature is somewhat excesatvéd00mV due to inadequate on
board decoupling. The AIN board was fabricatednweéss than adequate space for
decoupling capacitors. The better response at 2i&b€0e to reduced intrinsic switching
speed of the transistors at elevated temperatateetises the decoupling requirement. As

131



a result the decoupling provided is much effecavelevated temperature than at room

temperature.
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Figure 8-5. Transient output voltage plot of the 3 V converter.

The startup and steady state characteristic ofdhgerter for 47 ohms and 8.2 ohms real

loads are shown in Figure 8-6 and Figure 8-7, spdy. The absence of overshoot

and ripple is readily observed at elevated tempezat This is a direct result of the

reduced switching speed of both the CMOS and Siicds by roughly a factor of 3 as

temperature goes from room temperature to at 273°Gripling of the decoupling

capacitors should serve solve future ripple proklem
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Figure 8-7. Startup characteristic of the 3V conveer with 8.2 ohm resistive load - 275°C.

8.1.4 Control loop stability

The stability of the control loop can be measunedirectly by application of a step

function at the reference input. From network systheory and superposition it can be
shown that the application of a step change in loac voltage step change at the
reference input are equivalent. Applying a voltagehe input is both simpler and does

not require power devices. By observing controploesponse to a step change in input
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loop stability is evaluated. A signal source isduse apply a +/-50mV step amplitude
centered at 400mV to reference voltage input. Ehike input to the error amplifier. This
corresponds to a +/- 12.5% change in load at thpubuAn excellent or nearly ideal
response is observed at the output as shown irrd=ign8. This demonstrates that the
control loop phase margin is greater than 75 degifeigure 8-8 is for no load conditions.
Note that the rise time is the loop’s responsentinarease in load demands and responds

without overshoot while the fall time is limited Hye no load RC time constant.

/ Vout Vout
PS
“ RLoad
‘b
—————\ $ \
VN = @—»—/ L
Vref 3 c
RLoad
-
1 Reset -l
dominant =
R-S Logic
amp.
Simplified SMPS Control Loop Simplified SMPS Equivalent Circuit
| (a)
(s Q. =G ()
’ )I[“'““‘ e i ]
Frminmeind EP S |

¥

[ [ 200 ms/div ||:||:|D|4m oooo00 ms [EI[E [ 5s0v ‘%D
Measurements ‘—J[—l

current nean std dew nin nax E
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Wotopl2] 3624 ¥ 3629 Y a.oy 3.629 ¥ 3529 Y
Woawgl2]  3.31502 ¥ 331638 ¥ 1.185 m¥ 3.34502 ¥ 334720 ¢

Figure 8-8. Simplified control loop with equivalentcircuit (a) and output transient response to a
12.5% output referred change by pulsing the 400mV \tage reference with a 350 to 450 mV pulse
train.
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8.1.4.1 The 5V module

Similar to the 3.3 V module, a 5V module was alsvealoped and tested. The output
voltage in this case is set by the pre-designedrnat resistor dividers. Due an

undetermined error in the resistance divider vatue obtained output level is lower than
the desired level. Externally added resistors destnated proper SMPS operation as
noted above. The start up and steady state respdribe converter under no load and
with 47 ohm load is shown in Figure 8-9 and Fig8r&0 respectively. Again at room

temperature an overshoot is observed at startrufhel 5V case slightly greater than 2

volts.

(IE (@ @2.DDWdiv — G@

«T

* [@fe]=]Z][H]| 200 ms/aiv [[][HIEN 568 5ass0 ms [FIEIE[T]f2e5v [
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OCYrmz (3] 4.61915 ¥ 3.12545 ¥ 1.69508 Y 1.30189 ¥ 4.51915 Y
W otopl3l 4.7 W 3.35 Y 172 ¢ 1.45 ¥ 1.79 ¥

Figure 8-9. Transient output voltage plot of the 5/ converter showing a 2 V overshoot at start up
and the steady-state value under no load conditions
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Figure 8-10. Transient output voltage plot of the 5/ converter showing a 2 V overshoot at start up
and the steady-state value under a load of 47 ohms.

The control loop stability is tested for and obgerwusing the same technique described
above for the 3.3 V converter. A response somevdsat than a critically damped loop
response is shown in Figure 8-11. Note that fortés¢ of Figure 8-11 is under no load
conditions and again from the rise response werebdbat the loop is stable and phase
margin is greater than 75 degrees. The fall respanslictated by the no load RC time
constant.
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Figure 8-11. Control loop behavior for step +/- 100nV step change applied at the reference input of
the 5V SMPS module under no load conditions.

8.2 V2 controller: generation 2.0

Based on testing results and observations fronptékminary control die, few changes
to the first version of the controller are applidthe performed improvements are as

follows. The improvements in the performance ircdssed in following sections.

8.2.1 Decoupling

Due to high frequency switching of gate buffers anardesigned (low impedance)
rectifier, the circulating currents in the chipdaly affected the performance. Particularly
at lower temperatures, the high ‘di/dt’ of transrstresulted in excessive noise in the
power supply. Also the output of the high frequeposgillator was padded out through a
pad driver for monitoring purpose. Ultimately thesetors resulted in higher output
noise and poor voltage regulation of the SMPS.

In the revised design, additional decoupling capegiare provided to address to the need
of high frequency currents due to gate drive buffdre rectifier circuit design has been
scaled down for optimum on resistance for 50 n&ydehd reduced power. Also the gate
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drive buffers are scaled down but provided with enatecoupling. The on chip
decoupling provided is estimated to be more thahk.1

8.2.2 Low side duty clamp

The duty clamp circuit which prevents 100% dutyleyaperation is applied to both high
side and low side switches in the initial desigrwdver, a low side switch does not
require a duty clamp circuit and hence has beewvethin the second trial.

8.2.3 Global bias generator

The bias circuits used for individual comparat@as)plifiers and voltage reference is
grouped into a single master bias generator to rnrakeesign more robust and also save
area. The schematic of the global bias generasirag/n in Figure 8-12.

4 VB1<RT=L|D__G|: RP voP

RP b 4 rP

| VB3 ¢ £ [ PL Ibias 1 Ibias n

a/E NL_ |+ AR >
—] RN_|| | RN I[N [N
:IH VB4 ok L

2
Z
L 1

§ T : RN ’_|: RN
VSS ik

Figure 8-12. Schematic of master bias with startupircuit.
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8.2.4 Modified layout

By eliminating the low side gate drive, combiningd generators and reducing buffer
and rectifier sizes, the area has been reduced 3rom X 2mm to 2 square mm. The
second generator controller is laid out and falbewaFigure 8-13 shows the layout
snapshot and the corresponding pad out details falirecated dice is shown in Figure
8-14

S

agte va2 vsl view vpZ vpl

\/Oi5\/ il Imnmmu|||||

vref+ out

Figure 8-13. Layout snapshot of the second generati V2 control chip.
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8.2.5 Bard layout

A modified mother board with provisions for morecdepling capacitors, power planes
and ground planes is implemented. The revised boamimension 1.8 sg. inches is
fabricated on the FR4 - PCB technology. In the fayer board, the top and bottom
layers are used for power and ground planes. Bleasal interconnects are implemented
using layer 2 and 3. Figure 8-16 shows the toprldgspout of the motherboard. The
board is designed to be versatile, to adopt comaleMOSFETs or JFETs. Unlike the
AIN motherboard the updated board integrated thte ghive transformer during

fabrication and hence is much efficient in assembly
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Gen 2. Test Results

The second generation V2 control IC is fabricated mounted on the PCB motherboard
for testing. Figure 8-16 shows the assembled bigeady and compatible for commercial
distribution. Commercial MOSFETS are used as swidh the board. Added decoupling
capacitors and the easily accessible board terntimaligh header pins are the major
advantages of the updated board.

Figure 8-16. A complete SMPS prototyped on a FR4 sad 4-layer board.

The start up, steady state and transient respohskeeoSMPS based on the second
generation V2 controller were experimentally vexfi Figure 8-17 shows the startup
characteristics of a 3.3V prototype and its stestdte voltage. Unlike the earlier version
a linear start up characteristic and a very lovs@@®C steady state output voltage can be
observed from the figure. The peak-peak ripple ag#t is lesser than 50mV. This
illustrates the proper working of startup circuitdathe slow feedback path of the

controller that sets the dc output voltage.
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Figure 8-17. Startup and steady state characteristiof gen. 2 controller SMPS.

The transient response of the prototype is obsebyeslwitching an 8 ohm load using a
MOSFET. The MOSFET gate control voltage and its\dient effect on the output
voltage are shown in Figure 8-18.
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Figure 8-18. Transient response of the SMPS.
Top trace - Load current step, Bottom trace - Ac capled output voltage.
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Chapter 9

9.1 Conclusion

For the first time, a switch mode power supply capable of opating at 275 degree
centigrade as a standalone component is demonstratefihe performance of the V2
controller implemented in SOS substrate is verifigidh the silicon carbide power
switches and passive high temperature componerdaedLC’s. Prototype converters for
3.3V and 5 V output were developed and their perémces measured under startup and
loaded conditions are disclosed at room temperainceat 275°C. The prototypes are
built on custom 1.8 sq. inch aluminum nitride sudists with thin film gold metallization.
Excellent performance is obtained at higher tentpeza. A summary of performance is
provided in Table 9-1. External control of the duycle limit and non overlapping
periods are provided to the user. Several otherpregrammable and debugging options
such as over current protection, high temperanaator, controller status indicator etc.
are provided. With minor improvements to the prafiany design the results from the
generation 2.0 controller are also presented. Aamhstnation of more commercially
viable module is presented using the generatiomc2itty and FR4 mother board. The
complete converter can be made commercially aVail@ an estimated cost as given in
Table 9-2.
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Table 9-1. Performance summary of V2 controller.

Specification | Expected | Obtained| Remarks
Operating High temperature limited by available
<275°C > 275°C _
temperature capacitors
Input voltage Higher limit is dependent on the JFET
15to 25V | > 18V _
range (In this case < 600V)
Limited by internal resistor divider net
3.3, 5V,|work and voltage reference. Extendable
Output voltage
1.5to0 18V| 6.6, and to any voltage from 1.5 to 18 V by the
range
J 10V use of a external resistor divider
network.
Limited by layout and heat removal from
the SIC JFETs and limited high side
Output Watts | >2 W >1W gated drive. Failure to adequately
remove heat from JFET will result |n
SMPS V2 shut down at 30C.
- at elevated temperature. Generally
Regulation 2% <5% limited by value of output capacitor and
layout area.
o Dependent on load current.
Efficiency 80-90% | .>80%
~ 81% at 3.3V, 300mA output, 275°C
Indirectly measured validating
N simulations carried out in Cadence and
Stability N N
>75° >75° Matlab. Additionally stability was

(phase margin

observed by power switching withQ8
load (1.4 Watts)
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Table 9-2. Cost estimation for commercial 275°C SMP

U)

Component Estimated Cost (USD Vendor
Peregrine
SOS control IC 200 semiconductors
AIN package 300 Stellar Industries
Capacitor 100 Kemet Inc.
Bonding accessories 100 Cotronics Corp.
Gate drive transformer 10 4PCB / Kingcircuit
MWS wire
InelEie; 2 Arnold Magnetics
Sub total 715
SiC devices 300 SISO
Laboratories
Overhead 200 osu
Total 1215

The estimated cost is based on the prototype faiwit cost and NOT on the commercial

scale production cost. Even at this cost the syssecompetitive to the supplies offered

by the commercial vendors. Nevertheless the vétgatind 275°C operation is the

unique features of the developed system.
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9.2 V2 controller data sheet

The pin characteristics and performance specifoati of the V2 controller is

summarized in the following tables.

Table 9-3. Datasheet for V2 controller.

Available pins [Functionality Min Typ Max
vdd power supply 3 3.3 3.6
VSS ground 0 0 0
viow low side switch driver 3.3v. 8 Ohm;ifo ns @100

. . . 3.3V, 1.5 0hms, 5ns @
vhigh1l drive signal for transformer 100pF
. complementary drive signal for 3.3V, 1.50hms,5ns @
vhigh2
transformer 100pF
vsl transformer secondary input to rectifier - - -
complementary transformer secondary
vs2 . o - - -
input to rectifier
vgate regtlfled positive voltage for high side o\ 26V :
switch gate
rectified reference voltage for high side
vsource . - - -
switch source
Vo output voltage feedback for control - - 5V
vref2 rl?nu\l;f)ered voltage reference output (400 370 mv| 200 mv | 420 mv
vrefl ?nu\igered voltage reference output (800 770 mv| 800 mv 1820 mv
vrefin reference voltage for the controller - 400 mV -
Vo res in down scaled output voltage wrt vref for 400 mV @ desired vo
- = comparator
coext external compensation capacitor 10nF | 15nF | 25nF
terminal
vetrll control voltage for system oscillator 0.75 0.8V 1V
vctrl2 control voltage for gate drive oscillator | 0.8 V 1v 11V
ocp externe}l terminal for over current tie low
protection
flag indicates the status of controller high
force the controller to operation (high - :
force tie low
force)
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Table 9-4. Pin configuration of generation 2 contriter

:\312 Name Functionality Min Typ Max

1 vdd* power supply 3 3.3 3.6
2 VSS ground 0 0 0

3 VO output voltage feedback for control - - 5V
4 vetrll control voltage for system oscillator 0.8 1.1V 1.6V

. . 0.8v 11v 16v
vctrl2 control voltage for gate drive oscillator

) 10 MHz at 1.1V @ RT

6 | vref _out* buffered voltage reference output (400 mV) | 370 mV | 400 mV | 420 mV
7 vref_in reference voltage for the controller - 04t/ -

8 | vo_res_in| down scaled output voltage wrt. vref for comparg 400 mV @ desired vo

9 flag indicates the status of controller High-mat

10 force Force the controller to operation High - force

11 ocp external terminal for over current protection tie low

12 vddb3 vdd divided by 3 1.1V control voltage
13 cduty duty cycle limit capacitor > 50pF

14 cdly_hi sets turn on delay for high side switch

. _ Default to 50ns non overlay

15 | cdly_lo sets turn on delay for low side switch

16 vo_3v internal resistor divider output for 3.3V 0.4v

17 vo_bv internal resistor divider output for 5V 0.4v

9.3 Future work

Commercialization is the next major task of thisearch work. The SMPS and the vee-
square controller are ready as it is for the erat osarket. The controller chip can also be
packaged in commercial IC packages or ceramic gmsk&or use in common power
supply applications. The system efficiency and gqrembnce can be improved by

optimizing the circuits for lower power.
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Chapter 11Appendices

11.1Verilog A model of SiC JFET

The following Verilog code is used as the modelkdiec silicon carbide JFET for use in

simulations

‘include "constants.vams"

‘include "disciplines.vams"

module Tail (D, G, S);
inout D, G, S;
electrical D, G, S;
parameter real area=1 from (0O:inf);

parameter real vtol= 2.1, /I Threshold voltage
parameter real beta=2.0 from (0:inf); Il A2

parameter real lambda=0.001, /[Channel lengthulation
parameter real is=1e-12 from [0:inf); /Ireversede leakage current

parameter real gmin=1p from (0O:inf);
parameter real cjs=1e-10 from [0:inf);
parameter real cgd=1e-10 from [O:inf); //IGate-Dreapacitance
parameter real m=0.5 from (0:1);
parameter real phi=1 from (0:inf);
parameter real fc=0.5 from (0:1);
parameter real temp=25;
parameter real vttempco=-0.00174;
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real vto, Vgs, Vgd, Vds;
real Id, Igs, lgd;

real Qgs, Qqd;
real f1, f2, {3, fcp;

analog begin
vto=vtol-((25-temp)*(vitempco));
@ (initial_step or initial_step("static")) begin
f1 = (phi/(1 - m))*(1 - pow((1 - fc), m));
f2 = pow((1 - fc), (1 + m));
f3=1-fc*(1 + m);
fcp = fc*phi;
end
Vgs = V(G, S); Vad = V(G, D); Vds = V(D, S);

if (Vds >=0) begin
// forward active.
if (Vgs - vto <= 0) begin
Id =0;
end else if (Vgs - vto <= Vds) begin
Id = beta*(1 + lambda*Vds)*pow((Vgs - vto), 2);
end else begin
Id = beta*Vds*(1 + lambda*Vvds)*(2*(Vgs - vto)\¥ds);
end
end else begin
/] reverse active.
if (Vgd - vto <= 0) begin
Id =0;
end else if (Vgd - vto <= -Vds) begin
Id = -beta*(1 - lambda*Vds)*pow((Vgd - vto),;2)
end else begin
Id = beta*Vds*(1 - lambda*Vds)*(2*(Vgd - vto) ¥ds);

end
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end

/I parasitic diodes.
if (Vgs < 1) begin
Igs = is*(exp(Vgs/(3*$vt)) - 1) + Vgs*gmin; end
else  begin Igs = is*(exp(Vgs/(5*$vt)) - 1) + Vgshin;
end
lgd = is*(exp(Vgd/(5*$wt)) - 1) + Vgd*gmin;
/I charge storage.
if (Vgs < fcp) begin
Qgs = area*2*phi*cjs*(1 - sqrt(1 - Vgs/phi));
end else begin
Qgs = area*cjs*(f1 + (1/f2)*(f3*(Vgs - fcp) + (5*Vgs -
fcp*fep)/(4*phi)));
end
if (Vgd < fcp) begin
Qgd = area*2*phi*cgd*(1 - sqrt(1 - Vgd/phi));
end else begin
Qgd = area*cgd*(f1 + (1/f2)*(f3*(Vgd - fcp) + (yd*Vgd -
fcp*fcp)/(4*phi)));
end
I(D, S) <+ Id;
I(G, S) <+ Igs + ddt( Qgs );
I(G, D) <+ Igd + ddt( Qgd );
end

endmodule
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11.2 Matlab program for Kharitonov analysis

The following code is used to analyze the robusbibty of the controller using
Kharitonov analysis. Based on experimental reswoltdy the interval values of output
capacitance and its equivalent series resistareearsidered to be dominating factor
over temperature and hence are included in theysisaHowever it is possible to extend
the program to include other parameter variatidribeexpense of processing time. The
programs includes Routh stability analysis of &ritonov polynomials and displays
either ‘good’ or ‘bad’ based on the results.

% code begins
clear all; format long; clc
close all;

¢ = logspace(-5,-3,100);  rc =[0.05:0.01:0.1];
| = le-4; r=2;

r=10; ron = 2;

vg = 10; ae =1000; ac =1000;

ro = leb5; gm = 30e-6; cc = 19e-9;

wz =gm/cc; wp = 1/(ro*cc);
lenl=size(c); len2=size(rc);

fori=1:len1(2)
for j=1:len2(2)
cs3(i,j) = I*c(i)*(r+rc(j));
cs2(i,j) = I*(c(i)*wp*(r+rc(j))+1)+c(i)*(r*(rl+rc(j)+ron)+rc(j)*(rl+ron));
cs1(i,j) = (rl+rc(j)+ron)*(1+wp*c(i)*r)+wp*c(i)*rc(j)*(rl+ron)+l;
¢s0(i,j) = wp*(rl+rc(j)+ron);
end

end

pl = [min(min(cs3)) min(min(cs2)) max(max(csl)) max(max(cs0))];
p2 = [min(min(cs3)) max(max(cs2)) max(max(csl)) min(min(cs0))];
p3 = [max(max(cs3)) min(min(cs2)) min(min(cs1)) max(max(cs0))];
p4 = [max(max(cs3)) max(max(cs2)) min(min(cs1)) min(min(cs0))];

poly = [p1; p2; p3 ;p4l;
% % % % % % Routh stability analysis begins % % % % % %
for z=1:4
m=4; n=round(m/2); q=1; k=0;
for p = L:length(poly(z,:))

if rem(p,2)==0
c_even(k)=poly(z,p);
else

c_odd(q)=poly(z.p);
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k=k+1;
q=q+1;
end
end
a=zeros(m,n);

if m/2 ~= round(m/2)
c_even(n)=0;
end
a(1,))=c_odd,;
a(2,:))=c_even;
if a(2,1)==0
a(2,1)=0.01;
end
for i=3:m
for j=1:n-1
x=a(i-1,1);
if x==0
x=0.01;
end

a(i,)=((a(i-1,1)*ai-2,j+1))-(a(i-2,1)*a(i-1,j+1)))/x;

end
if a(i,:)==0
order=(m-i+1);
c=0;
d=1,;
for j=1:n-1
a(i,j)=(order-c)*(a(i-1,d));
d=d+1;
C=C+2;
end
end
if a(i,1)==0
a(i,1)=0.01;
end
end
Right_poles=0;
fori=1:m-1
if sign(a(i,1))*sign(a(i+1,1))==-1
Right_poles =Right_poles+1;
end
end
Rt_poles(z)=Right_poles;
% fprintf("\n Routh-Hurwitz Table:\n")
% a
end
if (Rt_poles == 0)
display('good")
else
display(‘bad")
end
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11.3High temperature characteristics of copper cladriates

The gate drive transformer is implemented on thgpeo laminates. The performance of
commercially available 1 ounce copper laminate$ W04350B and RT6202 dielectric

materials are evaluated at elevated temperatutes.tdst coupons used for testing is
shown in Figure 11-1. The harsh effects of elevétetperature can be readily seen from
the oxidation and carbon deposit on the conduaidiase. The performance of the test
material is evaluated by measuring the capacitandedissipation factor of the materials.

The measured results at various input frequencesteown in Figure 11-2.
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Figure 11-1. Test coupons for high temperature tesstg of copper laminates.

161



x 10" RT/d6202 0.06in. dielectric RT/d6202 0.06in. dielectric

: 04 ;
— 1 0KHZ m— 10KHz
— — 50 KHz = — 50 KHz
£ e 100 KHZ 8 037 e 100 KHz
<35 -
Y e 500 KHz S s 500 KHZ
o ] MH —
§ z § 0.2l 1MHz
3 2
© 3r 7
g 5 0.1
S a™
2.5 : : 0 :
0 100 200 300 0 100 200 300
Temperature (°C) Temperature (°C)
x 102 RO4350B 0.06in. dielectric RO4350B 0.06in. dielectric
5 T T 0.01 T "
= {0KHz
= « 0.008(| =—30KHz
£ 4.9r 2 e 100 KHZ
m 3 500 KHz
—_— (18
3 < 0.006 1MHz
§ 8/ [ 10Kz B 0.004
g 50 KHz =
S 4.7L| =100 KHz £
O | | === 500 KHz 0.002
m—— {MHz
4.6 : - 0
0 100 200 300 0 100 200 300
Temperature (°C) Temperature (°C)
Figure 11-2. Capacitance and Dissipation factor dest coupons for various frequencies at different
temperatures.

From Figure 11-2 it can be observed that the dissip factor for the RO4350B material
is significantly lower compared to RT6202 dielectand is preferred for substrate.
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11.4Validation of high capacitance capacitors

In addition to the conductive polymer and tantalaapacitor, X5R dielectric based
capacitors are also evaluated. Unlike the prewodsclosed characteristics, negative
temperature coefficient characteristics of the X&#pacitors can be observed from the
plot. The decrease in capacitance at elevated ratupe is an undesirable characteristic,
however compared to polymer capacitors the digsipdactor of X5R capacitors are
significantly less which yields lower ESR. The IoweSR is preferred to minimize the
output ripple and the power loss.
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Figure 11-3. Change in capacitance of X5R capacitomwith temperature
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Figure 11-4. X5R capacitors: Dissipation factor vesus temperature
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11.5Validation of PCB transformer gate drive

To verify the functionality and performance of vars transformer structures, different
layouts are fabricated on a four layer FR4 printeduit board. The transmission and
reflection characteristics are obtained by s-patammeasurements (S11, S21) using
vector network analyzer (VNA).
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' Figure 11-5. Photograph of fabricated PCB transforners

To verify the functionality of the gate drive trémsner a custom test coupon is
developed as shown in Figure 11-6 (left). The dessgbased on board implementation
of a switching buffer and a full wave rectifier. i$hs required to minimize the effect of
leakage inductance of the connecting wires. Thectieh of drive is either differential or
single ended. A differential driver is used as Hdvuo isolate the input signal source and
to provide a differential drive for the transform@&he synchronous drivers are used to
individually drive the transformer as a single eshdgut or as synchronized differential
input. The fabricated transformer is diced and aoid the board as shown in Figure
11-6(right). A discrete full wave rectifier chip ised to generate the dc voltage from the
switching (ac) input. The rectified output voltageshown in Figure 11-7. The input to
buffer is 3.3V amplitude at 10MHz frequency. Theulé obtained is consistent with the
expected voltage gain for the transformer structure
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Figure 11-6. Custom test fixture for tsting PCB transformes
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Figure 11-7. Rectified output from onboard setup for 10MHz input.
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11.6Alternative gate drive methodology

The selection of transformer coupled gate drivehigh temperature operation is biased
due to the availability of previous reports on thigciple. A novel alternative principle
is the use of silicon carbide ultraviolet (UV) pbodiodes. Use of commercially available
SiC UV for flame monitoring in aircraft engines wdsmonstrated earlier. The UV
diodes on SiC technology are found to be stableeimperatures over 300°C. A reverse
biased operation of the diode in detector modesomunction with the forward biased
emitter mode can be used to mimic the operatiom @jptocoupler mechanism. The
proposed system is presented in Figure 11-8. Ththighmethod seems to be promising,
the added complexity of the detector — emitter m&be and the requirement of floating

supply limits is practical use.

generator photodiode

-
e
1

a2

[ TT

Feedback
Control

Figure 11-8. Optocoupler based gate drive mechanissuitable for high temperature operation;
based on silicon carbide UV photodiodes.
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11.7 Mathematical calculations — Buck converter

The following is an excel worksheet insert to cltel the inductor and capacitor based
on the input parameters. Various frequencies tatdrdhine the frequency characteristics
of the converter are also shown.

Table 11-1. Worksheet to calculate the inductance arcapacitance for switching converter.

INPUT
vin 25
VO 3.3
Switch freq 200000
Power 5
Max current 15
Ct. ripple factor 0.3
Regulation 0.02
Volt. Ripple 0.066
ESR 0.05
ro-ea 3.00E+04
gm-ea 3.00E-05
cc 1.00E-08
OUTPUT
L 3.183E-05 (C3-C4)*(C4/C3)*(1/C5)*1/(C7*C8)
c 2.751E-04 (C19*(C7+C8*C7)"2)/((C4+C10)"2-CA"2)
f-lc-2p 1.702E+03 1/(2*3.14*SQRT(C19*C20))
f-ea-p 5.308E+02 1/(2*3.14*C13*C15)
f-cc-z 4. 777E+02 C14/(2*3.14*C15)
f-esr-z 1.158E+04 1/(2*3.14*C20*C11)
Design
esr-req 1.701E-01 1/(C22*2*6.28*C20)
cc-req 2.807E-08 C14/(6.28*C22/10)
esr-err 1.201E-01 C29-C11
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11.8 Mathematical calculations — Inductance of a mi¢rps

The SOS IC and gate drive transformer is connetttemligh the printed wires. These
transmission lines affect the performance of the gaive. The trace inductance adds to
the leakage inductance of the transformer and hdrae to be minimized. The
mathematical expressions used to calculate theciadoe of microstrip is applied in
excel worksheet and is presented in Table 11-2. Giwss-sectional view of the

microstrip is shown in Figure 11-9.

Figure 11-9. Cross-sectional view of a micro strifransmission line over a ground plane.
Table 11-2. Worksheet to calculate inductance andipacitance of a micro strip.

Inductance of microstrip (skinny w<h)

User Input
Conductor Length = 0.86
Conductor Thickness t= 0.000176378
Conductor Width w= 0.06
Dielectric Height h= 0.02499995
Dielectric Constant er= 9

Calculations ((C8+1)/2+(C8-1)/2(POWER(1+12*C7/C6,-0.5)
Eff permitivity e_skny = 6.946596673 +0.04*POWER(1-C6/C7,2)))
Eff perm inc thickness eeff = 6.938676578 C11-((C8-1)*C5/C7)/(4.6*POWER(C®/0.5))
Propagation delay pd = 2.23164E-10 84.72*POWER(10, -12)*POWER(C12,0.5)
Effective width weff = 0.060657202 C6+(1.25*C5/3.14)*(1+LN(4*3.14*CE8))
Characteristic Imp z= 82.16915118 60*LN((8*C7/C6)+(C6/(4*C7)))

Result

Inductance L= 1.577E-08 C13*C15*C4
Capacitance C= 2.33568E-12 C13*C4/C15
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