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(ABSTRACT)

The advancement of Very Large Scale Integration (VLSI) technology has

reduced the size and increased the speed of information processing circuits.

Consequently, power supplies for such circuits have had to meet increasing

demands for power, yet simultaneously decrease in size. This need for higher

power density in the supplies can be met with higher circuit operating

frequencies and by using high—density circuit fabrication techniques.

Generally, when the conversion frequency of conventional Pulse—Width-

Modulated (PWM) supplies approaches 1 MHz, the switching loss becomes
E

very large. This sharply reduces the efficiency of the supply. A quasi-

resonant topology reduces much of this loss. For a Zero—Current—Switched

(ZCS) Quasi—Resonant Converter (QRC) the turn—off loss is nearly

eliminated.
° It was the objective of the research reported here to combine the quasi-

resonant technology with thick—film hybrid microelectronics technology to

produce a high density dc—dc converter.



For this research endeavor an off line, ha1f—bridge ZCS—QRC was used.

The circuit processed 300V and up to 20A with switching frequencies in the

1MHz to 2MHz range. The voltage and current levels exemplify the high

electric field and current densities that must be considered in the design of

most QRC circuits that process power up to 100W. Only available materials

for thick—film hybrid processing were used although some characteristics

were modified. No special magnetic or capacitive components, or

semiconductors were developed.

To combine technologies the following were performed:

1. identification of critical power electronic circuit and hybrid

component parameters such as maximum voltages and currents, thermal and

electrical component impedances;

2. assessment of thick—film hybrid microelectronic materials and their

compatibility in circuits having high voltage and current levels;

3. development of a complete thick—film power hybrid process; and

4. design, fabrication and evaluation of a power hybrid QRC that has

high power—processing density.
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CHAPTER 1

INTRODUCTION

1.1 Background

Power electronics is an application-driven technology and, as such, has
[

responded to the needs of industry and government. One segment of the

technology, encompassing switchmode dc-to—dc conversion, has responded

particularly to the needs of the computer and aerospace industries. Here,

power supplies with higher power-processing densities, more efficient

operation and faster response are needed.

One method for achieving higher density is to increase operating

frequency. But an increase in frequency must be accompanied by a decrease

in switching loss to avoid a decrease in power conversion efficiency. Limited

by the present day components and materials, when the frequency increases

to hundreds of kilohertz the switching loss in square—wave converters

becomes very large. This has caused converter operation to be limited to

lower frequencies generally below 100 kHz [1-3].

In the late 1970s and early 1980s, a new power-processing technology

called quasi—resonant conversion was introduced [4-7] which allowed higher

operating frequencies by significantly reducing switching losses. The

quasi-resonant approach uses an auxiliary resonant circuit in series with the

switching device to shape the current or voltage waveforms to be

quasi-sinusoidal during turn on and turn off, hence reducing switching loss.
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If the auxiliary resonant circuit uses an inductor in series with the

switching device, then, during turn on of the device, current rise is delayed

while the switch voltage collapses, thus minimizing the volt—amp product of

power dissipated during turn on. The current through the switch will How

until the auxiliary resonant circuit makes the current resonate to zero. The

switch can then be turned off. At turn off the volt—amp product is zero.

Hence, this scheme is termed zero——current switching (ZCS). Unfortunately,

prior to turn on any voltage across the switch represents stored charge in the

interelectrode capacitance of the switch. This charge is dissipated within the

switch and represents switching loss during turn on.

If the auxiliary resonant circuit uses a capacitor in parallel with the

switch, then, during turn off, current is cornmutated to the capacitor and the

switch simultaneously has nearly zero voltage across it. Hence, the volt—amp

product is minimized and the voltage across the switch will resonate to zero.

The switch can then be turned on and the current can thus commutate from

the capacitor to the switch. The volt—amp product of the switch during turn

on is zero. This method is known as zero—voltage switching (ZVS).

Each method allows for higher frequencies of operation than in

squa.re—wave converters. The ZCS technique allows operation up to a few

megahertz [4,8] while the ZVS method allows operation at tens of megahertz

[9].
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The use of quasi—resonant techniques alone can provide great gaius in

increased frequency and, consequeutly, reduced component size and faster

response. But to achieve higher density, the circuit size must be reduced.

To achieve reduced circuit size a high—density circuit fabrication

technique must be used. Conveniently, such a technique is also needed when

operating frequeucies are at megahertz and higher. At such high frequeucies

the parasitic inductances and capacitances of the circuit and its components

have significant effects on circuit operation. Some parasitics such as the

leakage inductance of a transformer in a forward converter can be used as a

resonant inductance when applying the quasi—resonant technique. Other

parasitics, such as transistor gate lead inductances, are not desirable and

must be minimized.

In high—frequency quasi—resonant converters, the method of fabrication

becomes an integral part of the circuit development. It is important, then,

to select a technique that is reproducible beyond the laboratory.

The ultimate technique for highest density fabrication presently

available would be monolithic integration. However, for power circuits

certain components such as inductors and large volume capacitors are not

integrable. The technique for the next densest fabrication uses surface

mounting of which there are two forms. One form, which has had a recent

revival, mounts packaged components on the surface of printed circuits and
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has application in the microelectronics packaging industry. As compared to

the traditional printed circuit board method of through—hole circuits there

are no large hole prints that occupy space. Another form of surface

mounting also used in the microelectronics industry is known as thick—film

hybridization. This technique allows the mormting of large area components

directly onto a thermally conductive, dielectrically isolating substrate and

the direct mounting of unpackaged semiconductors. These last two features

are of great importance because interconnect inductances and thermal

resistances are minimized when direct mounting is used and component

packages are eliminated.

Thick—film hybrid microelectronics circuit fabrication techniques have

been used for several decades for the development of very—high-frequency

and u1tra—high—frequency circuits in the communications field. This

technique has also been used in the production of simple planar power

circuits such as 20kHz dc chopper circuits and for packaging of multiple

power semiconductors in, for example, a three phase, full—bridge FET

module. However, the technique has not been widely used for the

development of power supply circuits, especially those that operate at low

megahertz frequencies. In fact, the use of power hybridization for the

fabrication of high—frequency circuits that operate in the 50W to 1kW range

and at low megahertz is not commonplace. Its use as a development tool is

apparently new as judged by the availability of so few references [10-43] for

the period of 1969 through 1985.
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1.2 Objective

The advancement of VLSI continues to reduce the size and increase the

speed of information processing circuits. Consequently, power supplies for

such circuits must meet ever increasing demands for power while

simultaneously decreasing in size. This need for higher power density in the

supplies can be met through proper selection of circuit topologies, circuit

operation at higher frequencies and by using high—density circuit fabrication

techniques.

In 1985, the Digital Equipment Corporation (DEC) and the Virginia

Center for Innovative Technology sponsored research into a high frequency,

high—power— density power converter applicable to a low—end computer line.

Such a converter should operate off line (from 300Vdc nominal) and deliver

5V at 100W. A goal of 25W/cu.in. was set representing a five to ten times

improvement over what was available commercially. A topology described

by Liu [44] and suggested by Heyman with modification for half—wave

operation [45] was adopted for development. The topology for the off—line

application was a half—bridge (HB), zero—current switched (ZCS)

quasi—resonant converter (QRC) operating in half——wave mode with

secondary—side resonance. Jovanovic [46,47] showed this topology to be

optimum for the application.

The objective of the research reported here was to combine the

quasi—resonant technology with the thick—film hybrid microelectronics
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technology to produoe a high density converter using the HB ZCS—QRC as

the vehicle. The research assessed the critical electrical parameters in the

QRC operation such as voltage, current and frequency that limited appli—

cation of the existing hybrid technology in the areas of materials, thermal

management and process compatibility in its application to the power stage

of the QRC. Research was then conducted to establish a thick—film power

hybrid process applicable to the QRC.

The scope of the research was divided into three distinct thrusts:

1. to design a ZCS—QRC hybrid power circuit that would operate at

megahertz frequencies;

2. to fabricate a ZCS—QRC circuit with a minimum of 25W/cu.in;

and

3. to develop a thick—tilm power hybrid process for 1ow—voltage

circuits having tens of amps of current flow and low—current circuits having

hundreds of volts.

An off—line HB ZCS—QRC was used for this research endeavor. The

circuit is feasible for practical dc—to—dc conversion and processes 300V and

up to 20A with switching frequencies in the 1MHz to 2 MHz range. The

voltage and current levels exemplify the high electric field and current

densities that must be considered in the design of most QRC circuits that

process power up to 100W. Only available materials for thick—tilm hybrid

processing were used although some material characteristics were modified.
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No special semiconductor, magnetic or capacitive components were

developed. For a description of the characterization of operation develop-

ment of the control of the ZCS-QRC and a discrete implementation of the

design, which was used in this research, the reader should refer to works by

Milan M. Jovanovic [8,46-49, 68, 70, and others].

To combine technologies the following tasks were performed:

1. identified critical power electronic circuit and hybrid component

parameters such as maximum voltages and currents, and thermal and

electrical component impedances;

2. assessed thick—film hybrid microelectronic materials and their

compatibility in circuits having high voltage and current levels, and assessed

the limitations of the thick-film process relevant to the fabrication of power

electronic circuits;

3. evolved and empirically verified a complete thick—film power

hybrid process;

4. designed, fabricated and evaluated a power hybrid QRC that has

high power—processing density; and

5. assessed the benefits and limitations of combining the technologies

pertinent to high—frequency, high—density, dc—to—dc converters.

1.3 Summary Of Results

A program was written to determine the component values of the HB

ZCS—QRC when operating with line voltage variations and to determine the
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maximum voltages and currents occurring in the circuit under worst—case

conditions [48]. These maximum parameters were used to determine the

limitations of materials and process; and to determine physical circuit design

and layout.

Thick—film conductor and dielectric materials were also assessed. Since

sufficiently accurate data about very low resistivity conductor pastes were

not readily available from the manufacturers and, in some instances, not

known, a test procedure was developed [49]. Resulting data was used for the

hybrid circuit design.

Since hybrid circuits have traditionally not been used at voltage levels

above 100V, the presence of greater than 300V as used in the ZCS—QRC can

produce electric field strengths that cause interelectrode surface

electromigration of the metallic conductors. Studies [50-58] have shown that

suitable encapsulation of conductors can retard migration. Dielectric

materials were assessed and an experiment devised to determine the

suitability of encapsulants of silver conductors in low humidity

environments. Test results for three dielectrics show no migration for 3000

hours at 100°C.

Traditionally, the thick—ülm hybrid process produces conductor

thicknesses of approximately 15 microns. Thicker conductors are needed for

power hybrids. However, at the low megahertz operating frequencies of the

ZCS-QRC, the ac resistance is of concern. Unfortunately, no appropriate
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oonductor models exist for determining conductor thickness and width. Such

a model was developed [67] for prediction of the electrical characteristics of

the conductors and determination of their geometries.

Other assessments made included calculating hybrid circuit parasitics

such as interconductor capacitances formed between conductors by electric

field coupling across the surface and through a metal heat sink. The effect of

parasitics on circuit operation was also evaluated. Because of the planar

shape of the conductor, the low dielectric constant of substrate materials,

and the large spacings between the conductors and heat sinks, the parasitic

capacitances were found to be negligible (some in the atofarad range).

Thermal conductivities of materials were assessed and used as part of the

evaluation.

Assessment of resistor materials was limited. It was determined that the

typical application of resistors in ZCS—QRCs is for snubbers, which is

noncritical, and no special testing or processing was needed.

Evaluation other materials such as substrates and attachment materials

are given in [49] and [68]. Using information from above and working within

available laboratory resources, the author determined that standard

materials could be used for hybridization of the ZCS—QRC. However, a

suitable hybrid process was not available from any known source. The

development of the process was undertaken. It can be divided into one major

and three minor thrusts.
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The major thrust was concerned with conductor thickness. Because of

the limited current carrying capability (with low power loss) for traditionally

printed thick—film conductors, a process was developed to thick print

thick—iilm conductors. Techniques for changing paste viscosity, preparing

and patterning screens with very thick emulsions, printing of conductors with

wet thicknesses exceeding 150 microns, drying of conductors and avoiding

flow out, and firing to attain high electrical conductivities were established in

the laboratory. A process yielding 50—microns—thick conductors with better

than 175—microns resolution resulted directly from this work [69].

The tiring techniques yielded sintered resistivities that were only 8.2%

greater than pure metal. This is the first documentation [69] of such low

resistivities in the industry.

Also developed for the power hybrid process were process rules for the

printing of a thick dielectric layer across thick conductors, attachment of

substrates with a predictable thermal interface, and a method of

semiconductor attachment. For the latter, heavy aluminum wire was used

for top—surface transistor connections. The method of semiconductor

attachment was not new for the industry, although it was new to the

laboratory, and was shown to be compatible with the thick-printing process.

In particular, wire bonding to thick conductor prints was extremely

successful.

The development culminated with the hybridization of the power stage

of a 100W, off-line, half—bridge ZCS—QRC by the author. Its maximum
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switching frequency was 1.1 MHz (2.2 MHz oonversion frequency) when

delivering 5V at 20A from a 300 Vdc input and with 78% efficiency. The

efficiency is one to two percentage points hetter than attainable by a discrete

version operating at lower frequency at the same power level. The

power—processing density of the power circuit is 3.1 W/cu.cm (50 W/cu.in).

This power stage uses thick printed conductors having stepped thicknesses of

38 microns and 55 microns.

A two——dimensional analysis was performed to determine thermal profiles

within the hybridized ZCS—QRC. The profiles show peak temperatures in

semiconductor junctions and surface temperatures of other components. The

information identifies lirnitations on component placement and thermal

impedances of attachment materials.
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CHAPTER 2

ANALYSIS OF ZCS—QRC

2.1 Introduction

To assess the application of the thick—film hybrid technology to the

development of the ZCS——QRC, limitations of the technology must be

determined. The lirnitations depend on certain critical parameters in the

ZCS—QRC. These parameters are maximum currents in conductors, which

are used to determine conductor widths and methods for component

attachment; maximum circuit voltages, which are used to determine

conductor and component spacing; and component operating characteristics,

particularly those that are frequency dependent, which are used to compute

power losses and thermal profiles in the hybrid circuit.

Before the critical parameters for the ZCS—QRC can be evaluated the

circuit must be analyzed and a specific design implemented. The following

two sections present the analysis, design and calculated critical parameters.

2.2 Circuit Analysis and Design Equations

The specific application to which research was applied required that a

dc—to—dc converter circuit operate off——line, i.e., from 300 Vdc; provide 5 Vdc

at 100 W; and have a power density of 25 W/cu.in. or higher. To obtain the

high density, frequencies of operation in the megahertz range were needed.
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When the operating frequency of conventional PWM converters

approaches 1 MHz, the switching loss becomes large, thereby sharply

reducing the efficiency of the supply. A quasi—resonant topology reduces

much of this loss. For a ZCS—QRC the turn—off loss is nearly eliminated [4].

It has been shown that when comparing the flyback, forward, and

half—bridge ZCS—QRC topologies for off—line applications, the ha.lf—bridge

topology operating in half—wave mode with secondary-side resonance is

preferred [46]. The topology can offer a high efficiency of operation and

provides better core utilization and automatic flux reset of the transformer.

The operation of the ZCS—QRC, shown in Fig. 2.1, is described in [46]

and a large signal analysis is given in Appendix A. Design equations are

obtained from the analysis and provide the necessary basis for calculation of

the critical circuit parameters.

The design equations need to include worst—case operating conditions.

The following parameters are used as the independent variables in the

equations. Note that, since high—frequency operation of the circuit is

desired, it is assumed that the transformer is wound with minimum

secondary leakage inductance, and the inductance value is considered to be

an independent variable for calculations. The leakage inductance also

represents the total resonant inductance in the design equations. The

parameters are:

supply voltage: high line Väax

iow line vg*¤
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output: nominal voltage V0

allowed ripple (p—p) Vg

minimum load R{°*
maximum load R.:i“

filter inductor: ripple current (p—p) I?

transformer: turns ratio N

leakage inductance L,

These parameters are used in the following design equations to determine

component values. The component values will be used in the following

section to compute critical circuit parameters, such as maximum currents

and voltages. The critical parameters are then used in the hybrid design.

RESONANT CIRCUIT:

From the condition that the resonant current must be greater than the

output current by some margin (derived from Eqs. A.7 and A.8) to maintain

zero—current switching, the resonant capacitor value is:

_ ( 2NVo ) 2
resonant capacitorz C, = L, l——7—+—; (2.1)(0.9V‘§‘“R:"‘)

The following can then be calculatedz
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resonant frequency: F, == 1/(213/f,-C,) (2.2)

resonant impedance: Z, = Ji,/C, (2.3)

conversion frequency:
F‘£*”‘

= 2NVoF,/V‘§'i“ (2.4)

switching frequency:
F‘§‘“

= FEM/2 (2.5)

The 0.9 factor in (2.1) gives a 10% margin to assure that the resonant

current is greater than the output current under worst—case conditions,

thereby maintaining zero—current switching.

INPUT CAPACITOR BRIDGE:

The capacitor values are calculated from an energy transfer equation

describing the input energy delivered from the capacitors to the remaining

circuitry and load [49]. Hence:

rovä
C1= C2>+—— (2-6)

REl¤F€8X(V§lH)2

This assumes a maximumi 0.1V'2i" variation of the center point voltage of

the divider and an 80% efficient converter. (The actual converter built and

tested provided 78% efficiency.)

SWITCHING TRANSISTOR SELECTION:

From Jovanovic in [64]

15



2NV§8X Ruin

R3]? = (/{F,/3 L (2.7)
3 5 0

where k is a constant value of Rds (on) ¤ Cm for a particular transistor

family. The Cm is the output switch capacitance. For example, the IRF7xx

family has k 2 12 ps. The voltage across the device is clamped to the supply

voltage. However, the voltage rating of the transistor should be greater than
V‘§“"

by some safety margin.

OUTPUT RECTIFIER SELECTION:

V 0 F I2 8 X
The maximum rated rms current: I',‘?§’,§=1.18 F , (2.8)

Peak reverse voltage: V'§§§ =
3V‘§‘“/N

(2.9)

OUTPUT FILTER VALUES:

From Vorperian [71], the filter inductance can be calculated from the

resonant inductance, i.e.

E c M ID 8 X

L; = L„(A + B) E ( Mm I E (2.10)

A = (1 - M¤·*¤)(« - cos°‘(1 - M·=·*¤)}

B 2_Mmin) Mmin
M'“i“

= 2VoN/V‘§“

16



Mmax = 2VoN/Vigiu

Q%‘“
= R§"‘/«/(L:/C:)

EC = Qlgih/MNBX

E, = 1fR;*·=/2v,,

For steady state, the output filter capacitance is:

0.125I?
Cf (2.].1)

V 0 F lg 1 Il

where, again from [65],

Figin = 41.Mmin/Xm’q

Qgax = REM/V Lr/Cr

Qm = Qgax/Mmin

X„,,q = 1 + sin"(1/Qm) + 1.5 Qm +(Qä--1)1/2

The maximum ESR of the filter capacitor is:

ESR“‘°"‘
= Vg/IQ (2.12)

where
V o V oI§=RE‘“— Rääx (2.13)

17



The ESR""“‘ accounts for voltage drops due to current through the capacitor

and does not account for variations due to stored energy in the filter inductor

which should be considered for step load changes, particularly from full load

to light load.

2.3 Calculation Of Critical Parameters

The above design equations are used to determine component values

which will, in turn, be used to determine critical circuit parameters. These

input data selected to satisfy the needs of the associated application and the

resulting design data are given in Chapter 5 for the design of the ZCS-QRC.

For the circuit shown in Fig. 2.1 and from the equations in Appendix A:

1. the maximum voltage stress in the primary side is Vds;

2. the maximum current through the primary side switches and connecting

oonductors is
I'{-'ä’„§/

N;

3. the maximum current through the capacitors and connecting conductors

is one half of the above value;

4. the maximum current through the secondary rectifiers, resonant

capacitor and associated conductors is Ifäc;

5. the current through the freewheeling diode, output filter and associated

conductors is Io;

6. the maximum voltage at the secondary of the transformers is VS/N;

18



7. peak voltage between the rectifiers and the filter inductor is 2 Vs/N;

8. the voltage at the output is V0;

9. the maximum frequency that must be considered for current conduction

is the conversion frequency, Fc.

These values will be used in the following chapters, particularly Chapter

5, to detern1ine the QRC design parameters and the criteria for evaluating

materials.
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CHAPTER 3

MATERIALS AND CONDUCTOR EVALUATION

3.1 Introduction

Material selection is a critical part of the design of a high frequency, off

line, thick—tilm—hybrid converter since characteristics such as electrical

conductivity, high—field metal migration and thermal conductivity can limit

the frequency and power density of the converter [72]. The materials used in

the thick—tilm hybrid design can be divided into four categories: substrates,

interconnects, dielectrics, and attachments.

Substrate materials such as aluminum nitride, beryllia and porcelainized

steel were not considered because of high cost, poor availability or unproven

reliability. Conductor materials such as oopper and gold were also not

considered for simila.r reasons. An alumina substrate and a silver—based

metal conductor were selected for evaluation because of their desirable

electrical and thermal characteristics [55]. Since the focus of the research

was the design and development of the converters, only suitable materials

rather than optimal materials were required.

3.2 Material Testing

Materials can be evaluated for their chemical, mechanical and electrical

characteristics. The concerns for power hybrids in this research, however,

were limited to electrical characteristics, speciiically, conductor resistivity

and electromigration.
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There appears to be no information available about fired ink resistivities

in the literature or from power hybrid circuit manufacturers. Hence,it is not

well known what the resistivities of thick—film silver inks are after firing.

Since manufacturers do not use highly accurate techniques for resistivity

measurements, only approximate values are generally available. These values

may be orders of magnitude above the actual value.

The pattern shown in Fig. 3.1 was developed and used for characterizing

conductor resistivities. The bifilar serpentine pattern, shown to the left in

the figure, was designed to have 200 squares of material with each square 0.5

mm (20 mils) wide. The remaining patterns were not used.

To obtain the resistivities, both resistance and geometrical profiles of the

patterns were measured. An example of such a profile is shown in Fig. 3.2.

The accuracy of the resistivity measurement depended on the accuracy of the

profile measurement. Because of the significant thickness variation in the

conductor cross section, only an average thickness could be used.

Two silver—based materials from each of three manufacturers were

evaluated in a standard thick—film process using this serpentine pattern.

The resulting resistivity measurements are shown in Table 3.1. Rasistivity

was measured at both room temperature (25°C) and with varying

temperature (dr/dt). The material by DuPont, No.6160 (DuP6160), has the

lowest tested resistivity at 0.89 mfl—mils (2.26 ,uSl—cm). (The manufacturer's

data gives the resistivity as 2 mSl—mils (5.09 0—cm)). It should be noted that

the change in resistance due to temperature is appreciable. For a 100°C
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increase the rasistivity increases 38%. This significant increase affects the

conductor skin depth which will be discussed in the following section.

Besides resistivity, electromigration of the conductor was considered.

This topic has been studied at length [50-58]. Conclusions show that

forming a hermetic encapsulation of the conductor inhibits hydroxal ions

from significantly contributing to the surface transport of charge through the

encapsulating medium as might occur in multilayer dielectrics. Thus, proper

encapsulation and the elimination of trapped impurities by proper cleaning

causes the rate of migration to be extremely slow. The method of cleaning

used was to air fire the substrate just prior to processing.

To verify the abatement of migration, the test pattern shown in Fig. 3.3

was designed which contains four duplicate patterns. Each duplicate

provides eight lines with each pair of lines having stepped conductor spacings

varying from 0.5 mm (20 mils) to 2.5 mm (100 mils). The conductors

forming the lines were energized with 1000 V and thus provided electric field

intensities of 2,000 V/mm to 400 V/mm, respectively. The edges of the steps

which form the line patterns are rounded to avoid field concentration.

Each test substrate had half of its patterns ooated with compatible

dielectric coatings or migration-resistant overglazes. The coatings were

DuPont 5704, ESL 4904 (from Electro Science Laboratories), and TFS 1151

(from Ferro). Six substrates, two for each manufacturer, were energized with

1,000 Vdc, heated to 100°C and maintained in a low humidity environment
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with less than 10% R.H by using a desiccant. To detect surface migration a

visual inspection was conducted and leakage current was measured. Neither

indicator showed any change after 3100 hours of testing. Hence, the ooatings

provided sufficient migration abatement.

3.3 Conductor Resistivity

An important issue when using thick—film techniques to develop power

supply circuits is the use of low resistance conductors. Thick—iilm silver ink

was selected for processing because of its low resistivity but, as discussed in

the previous section, an accurate value of its resistivity was not generally

known, and the preliminary measurements only provided basic information

for material selection. An accurate knowledge of the resistivity is needed,

however, in the circuit development to be discussed in Chapter 5.

Besides resistivity, a good knowledge of the ac resistance (due to skin

effect) is needed when medium to high frequency effects are included. Thus,

to determine accurately the value of conductor resistance both resistivity and

skin effect must be accurately determined.

Deterrnination of resistivity was achieved by measuring the dc resistance

of a processed silver conductor of known geometrical shape. Inaccuracy in

the determined value was due to the difficult geometrical measurement.

However, using a thick—printed conductor, as described in Chapter 4, the

geometrical error was significantly reduced.
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The geometry problem is illustrated in Fig. 3.2. The average thickness

of the cross—section of a typical thick—ülm conductor is approximately 15

microns (0.6 rnils) with a variation of approximately three microns. The

thick—printing process described in Chapter 4 gives an average conductor

thickness of 50 microns to 60 microns with the same absolute thickness

variation. The measurement error of the cross section of area is now less

than 10%. Thus, the dc resistivity can be determined to within 10%.

Figure 3.4 shows a DuPont pattern used for developing the thick printed

conductor process and for determining resistivity. The serpentine pattern to

the left was used for resistance measurements. Using this pattern, twelve

thickness measurements were taken and then averaged to obta.in an effective

area for the cross section of the conductor. Table 3.2 summarizes the dc

conductor resistance and thickness measurements, and the calculated

resistivities (from Eq. 4.2) of tive sample substrates. The shape of the cross

section of a conductor is trapezoidal and is considered in the calculation.

The average resistivity is calculated at 1.72 rnicrohm—cm which is within

10% of the absolute resistivity for pure rolled silver (1.58 microhm—cm).

This value is the key to calculating the ac resistance of the conductor.

3.4 Conductor Resistance

Not all the currents flowing in the ZCS—QRC will be uniformly

distributed within the cross section of the conductors because of skin effect

which is caused by the moderately high frequency of operation. A typical

model for the ac resistance of a conductor is [59]:
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C
R6 G

Jwherethe skin depth

6 = (1 fp 0)-1/2 (3.2)

and ( is length to width ratio

0 is conductor conductivity (S/cm),

f is frequency (Hz), and

,u is conductor permeability.

This formula is for a conductor that is intinitely thick relative to the skin

depth 6. For the ZCS—QRC, which is operating between 1 MHz to 10 MHz,

this assumption of inlinite thickness is not valid in our case. If a physical

conductor thickness is between 0.16 and 26 skin depth thickness, then the

total resistance is best expressed as

s i nh v + s i n v
R=R6 cosh v — cos v (ima')

and v = t/6 (3.3b)

where t is the actual conductor thickness. This equation has been developed

in detail in Appendix B.

For large values of v (t >> 6) which occur at high frequencies the

conductor appears very thick relative to the skin depth and
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R ** R6 (3•48„)

where the ac resistance is given by;

R6 = (/266 (t >> 6) (3.4b)

The ac power dissipated in such 6 thick conductor is equivalent to the dc

power dissipated in 6 conductor of thickness 6 carrying 6 uniform current

density, i.e.,

U>5 __ U =lR6 - Rdc (3.5)

where Rdc is 6 dc measured resistance. It can also be shown [59] that the

phase angle of the total conductor impedance is 45° under these conditions

(t>>6).

The conductor thickness of thick—iilm power hybrid circuits seldom

exceeds 50 pm with typical prints being 15 pm thick. For 6 hybrid circuit

using 6 2.5 ;4Q—cm silver conductor, the skin depth at 1 MHz is 80 pm and at

10 MHz is 25 pm. Hence, the skin depth exceeds the conductor thickness.

For the high—frequency 2 MHz ZCS—QRC being developed here (3.36) will

be used to determine the resistance and to predict power loss.
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3.5 Optimum Conductor Thickuess

It is important in power hybrid circuits to have as low a sheet resistance

as possible. By combining (3.36) and (3.46) the conductor resistauce can be

expressed as

R = R6 P7 (3.6a)

where

F sanui/+61nv 36b
7_coshv-cos'!)From

these two equations it can be seen that the resistance is composed

of two functions; one dependent on thickness, the other on the number of

squares of area.

Figure 3.5 shows the value of F7 for various thickness ratios v. Solving

for the minimum of P7 or from the graph it can be shown that the minimum

F7 for a given skin depth and resistivity occurs when the total conductor

thickness is

t = 16 (3.7)

and that
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F;111 = tanh 1/2 (3.8)

Hence, a conductor thickness of t = 36, rather than 16, has less than a

1.2 percent higher sheet resistance. This is insignificant compared with

changes in resistance due to process variations. For t = 26 the increase is 20

percent, and having t = 6 gives more than 40% increase in resistance. If

t >> 6, there is less than a 10 percent increase in calculated resistance above

the optimum.

Proximity Effects

The current distribution and, hence, conductor impedance can be altered

by a magnetic field generated by a conductor in close proximity. This

situation may occur, for example, in the high current conductors in the

output filter of a hybridized SMPS where ceramic capacitors bridge two

conductors and bring the conductors into close proximity.

Burton [60] empirically investigated the proximity effects on two

identical, parallel, rectangular conductors. He showed that the effects

became significant when the facing edges were within a distance equal to

three times the perimeter of one conductor. Furthermore, he proposed an

equation that predicts the approximate increase in ohrnic loss, ,\, when the

conductors move from infinite to zero separation, i.e., at the touching point

t / w
1 = 1 + ;V
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where t is the thickness and w is the width of the conductor.

For power hybrid circuits w is usually very large relative to t. If t/w >

1/20, then the worst case increase in ohmic loss with two conductors

infinitesimally close will be less than three percent. This increase is

negligible when the conductors are separated by a distance greater than 2w.

Burton's results are empirical and include edge and corner effects. Therefore,

the three percent represents the worst case error.

3.6 Selection of Conductor Width

Though total conductor resistance R in (3.6) can be reduced by using an

optimum thickness (3.8), and by minimizing the resistance R6, i.e., from

(3.4):

Rgh = 4··*¤/266 (3.9)

where 6 and 6 are constants. The
(""“

is the minimum number of squares for

a conductor. Theoretically,
(“"“

can be zero indicating the conductor would

have zero length or infinite width. However, the length of a conductor is

never less than the spacing between two interconnected components. This

spacing is determined from a consideration of thermal interactions of

components, minimization of component stresses due to electric fields, safety

standards, room for test probes, etc. The length is seldom zero and is usually

beyond the control of the circuit designer. The width of a conductor,
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however, is independently selected by a designer. It is then appropriate to

select a
("’i“

by determining a maximum width rather than a minimum

length. The following develops an equation for determining the optimum

width for a conductor.

Since, from (3.9), an infinite conductor width would give minimum

resistance, an opposing expression of penalty for excessive width is needed.

Note that excessive width in the conductor also implies excessive volume in

the circuit. Therefore, a function to minimize the width and, hence, the

volume is needed. One such expression, though not unique but adequate for

this application, is for conductor volume, C, such that

C = Mlwt (3.10)

with M being a conversion or weighting factor with units of ohms per unit

volume. Since conductor thickness is independently determined by (3.7), the

penalty for increasing conductor volume occurs because of the increasing of

conductor width. The penalty may be imposed because of increases in the

circuit area (including substrate, heat sink and enclosure area) or because of

increases in conductor resistance. Unfortunately, any selection process of

width will require some subjective determination of M by the designer.

The optimum width is found by combining (3.9) and (3.10) into a

function, F, such that
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F = Mltw + Z/266w (3.11)

where w is constrained to 10 t < w < w and M is independent of w, and then

minimizing the resulting function. Since functions R6 and C are monotonic,

the minimum of F exists when its derivative with respect to w is zero.

Hence,

0 = Mft — E/2¢r6w2 (3.12)

and the optimum width that minimizes the effects of R6 and C, for an

optimum thickness, t = 1 6, is

w = 1/6(21aM)1/2 (3.13)

Note that this equation, unfortunately, is not dependent on current

density. Therefore, if the designer computes an optimum conductor width

for one part of the circuit, the same width would be applied elsewhere. A

proportioning factor, N, is introduced to make w dependent on the current, I,

Howing through the conductor. The N may be thought of as a weighting of

importance in minimizing R6 at different current levels.

Inserting N into (3.11)

F = Mltw + NZ/2a6w (3.14)
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and minimizing F as before gives

w = (N/2r«rM)1/2/6 (3.15)

The N can have many forms. If it is desired that, for varying widths, the

, conductor have constant power dissipation, then

1 2(N) / = Igom, (3.16)

or for constant power density or constant voltage drop

The 1,,,,,,,, is the per unit conductor current that has been normalized by a

nominal current, 1,,, which has been selected by the designer. The I,, is also

used to compute the weighting factor M as discussed below.

As an example of this procedure consider a conductor design for a .

ZCS—QRC having a 32A pseudo—sinusodial current flowing at 2 MHz during

full load operation. The conductors must then be sized to accommodate

these currents. For a oopper conductor system with a nominal current of

10A the following parameter values result.

N = 32A/10A = 3.2
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« = 0.6 x 106 s/cm

6 = skin depth = 46 pm

Using these values and a process value of M = 0.65 mf!/mmß, which may

have been determined by a manufacturer for his process, gives the optimum

width of a conductor, from (3.15), as w = 2.5 mm.

This direct calculation of w by (3.15) was not used for the ZCS—QRC

described in this dissertation since an empirical value for M could not be

obtained from the low circuit volume occurring in the laboratory. In the

final circuit the conductors widths were printed as wide as possible to

provide the lowest resistance. The conductor widths were constrained either

by physical circuits widths dictated by components size or by electrical

safety requirements (which are discussed in Chapter 5). The use of a value

for M that is nearly an order of magnitude less than for the example above

would still be within reason for the thick printing process which was

developed for the ZCS-QRC.

3.7 Summary

Since the focus of this research was the design and development of a

converter, only suitable materials rather than optimal materials were

required. Therefore, a qualitative evaluation of possible material systems

was performed and a silver conductor system on alumina was selected. Two
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silver systems from each of three manufacturers (see Table 3.1) were

evaluated to determine which had a conductor material with the lowest

relative resistivity. The DuPont 6160 conductor system was selected. The

actual resistivity was measured and found to be 1.72 microhm—cm on

average. This information is used in the final circuit design.

Testing was conducted to determine if silver migration would be a

problem during circuit development. It was found that no migration

occurred with electric field intensities as high as 2 kV/mm, with and without

the use of an encapsulant. This conclusion allowed the separation of

conductors and components to be determined by other factors such as safety

criteria or thermal interactions.

Since the converter under development would operate at frequencies in

the megahertz range, the ac resistance of the conductors was considered. It

was found that the total conductor resistance was dependent on both

frequency and thickness and is described be (3.3a). From (3.3a) it was

concluded that a conductor of thickness pi times the skin depth of current in

the conductor would have minimum resistance; however, such a thickness

may be unachievable by the hybrid process and (3.3a) would be used just for

calculations.
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TABLE 3.1 Conductor Resistivities

Resistivity mS2 — mi
Manufacturer Material

@25°C dr/dt; (°C")

DuPont 6160(Ag) 0.89 3.4><10°3
6134(Pd—Ag) 12.4 9.1¤10°3

Electro Science 9562(Pd—Ag) 2.25 4.5><10‘3
Laboratories 9601 (Pd—Ag) 1. 84 4 .1><10‘3

Ferro 3424 (Pd—Ag) 2 . 44 4 . 9><10'3
3754(Pt-Ag) — 7.8><10'3
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TABLE 3.2 Thick—Conductor Resistivities

amp e Resistance on•uctor Resistivity

No. Thickness
(mf?) (um) (M?/Sq) (¢#¤·¤¤¤>

4 85 59.9 .702 1.78
8 112 41.1 .636 1.61
9 107 41.1 .622 1.58

10 115 40.6 .645 1.64
11 130 43.9 .788 2.01

Average: .679 1.72
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CHAPTER 4

PROCESS DEVELOPMENT

4.1 Introduction

During the past half decade, circuit operating frequencies of switchrnode

supplies have risen to such high levels that circuit packaging is becoming an

integral part of the circuit design. The dependence of design on packaging is

a situation that already exists in the communications industry where surface

mounting of components on ceramic substrates has produced high——frequency,

high—density circuits. If the circuits dissipate greater than a few watts then

power hybridization is used for circuit fabrication.

Certain operating characteristics of power supply circuits are not the

same as with communication circuits such as currents of tens of amps and

voltages of hundreds of volts. These characteristics determine the type of

power hybridization.

A power hybrid has been used for many years for the packaging of

discrete power semiconductors. It was not the high frequency capability, but

thermal management, which was desirable from hybridization. However, due

to higher devioe switching speeds, such as those occurring in MOSFETs, the

high frequency capability is now important. This power hybridization

technique has been developed to provide high current interconnects of

hundreds of amps and packaging of devices to operate up to 1500 V.
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Looking at what hybrid circuit fabrication techniques have done for

communications circuits which operate at high frequencies and discrete

devices which have high electrical stresses, it appears that the general

application of power hybridization to switchmode supplies is very suitable.

Methods OfCircuit Fabrication

There are three conventional methods used to form a hybrid circuit. The

first method deposits and etches thin films of oxides and metals. This

thin—film process is not used for power hybridization except in military

microwave applications. This method uses a batch process that is

considerably more expensive than the other methods to be discussed.

The second method uses thick conductive, dielectric or resistive pastes

that are sintered to form capacitors, conductors and resistors. This

thick—iilm process is suitable for supplies, but is limited because of conductor

thickness (<50 um).

The third process, that of copper—on—ceramic, forms conductor patterns

by cladding or plating copper onto a ceramic substrate. It cannot create

capacitors or resistors, but only interconnects. This method is also suitable

for power supplies of limited complexity.

Over the past several years another circuit fabrication technique has

been developed for surface mounting components on a printed wiring board

(PWB). Unlike conventional PWBs the leads of packaged components are
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attached to surface conductors rather than plated through holes. This

method, which uses surface mount technology (SMT) [2], is very similar to

copper-on—ceramic. Instead of using a ceramic substrate, materials such as

epoxy·-glass are used. Because the SMT boards (substrates) have relatively

poor thermal conductivities and high ooefficients of expansion, only packaged

power devices are used. If devices need heat sinking, they are mounted to

have a separate heat sink attached. The SMT process provides very good

high—density packaging of control and monitoring circuitry. The use of SMT

and hybrid circuits (if a distinction can be made) should be considered during

the partitioning and initial design of a power supply system.

SMT boards with laminated construction (such as copper——invar—

copper) provide good thermal conductivity and tailored coefficients of

expansion. These boards, however, are rather expensive and do not offer the

high—voltage isolation of ceramic.

4.2 Process Development

The standard thick—film silver process produces a conductor thickness of

approximately 17 pm (0.67 mil). For the final circuit layout of the

ZCS—QRC, a single 17 pm thick conductor that oould carry the required 20A

to 32A would need to be over 19 mm (746 mils) wide. Two output

conductors would then occupy over half the substrate width.
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A technique is described in the following sections for printing conductors

50 microns (2 mils) thick in one print cycle. The technique uses high silver

content paste (DuP 6160) and achieves a resolution better than 175 microns

(7 mils) with adhesion better than 21 N. A method for printing thick

conductors wider than 1.5 mm (60 mils), but using two print cycles, is also

described.

During development of the technique, 0.25 mm (10 mils) of wet thickness

was found to be the limit for printing and firing. Above this limit the

conductors lose adequate adbesion. However, this may vary depending on

the type of drying and firing method used, e.g., infrared.

Electrical tests on the thick—printed conductors showed an average

resistivity of 1.72 p„0—cm (0.68 mil/sq). An example power hybrid substrate

had an absolute sheet resistivity of 0.34 mil/sq. at an average thickness of 50

microns (2 mils).

Conductor adhesion, component solder attachment and wire bondability

were excellent. Dielectrics and overglazes, which are designed for thick

printing, remained oompatible with thick conductors. A technique was also

developed for thick printing over very wide areas.

4.3 Parameters Affecting Fabrication

Three factors significantly affect the thickness of printed conductors

during fabrication. They are: paste composition, including the amount of

binder and the viscosity; printer setup, speciiically screen snap off, squeegee
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speed and pressure; and processing, specifically drying profile and peak firing

temperature.

Paste Composition

The paste composition has much to do with the final resolution and

adhesion of the fired conductor. Since thick conductors are printed to wet

thicknesses exceeding 175 microns, a considerable amount of printing vehicle

and binding agent can be present at the conductor surface and

conductor-substrate interface. Too much vehicle and binder can cause flow

out during drying and firing because of the large internal lateral pressure

occurring in the conductor during the densification.

Since low resistivity conductors are needed, the paste should have a high

metal content. Reported here are results using DuPont 6160 Ag conductor

paste which is a mixed bonded system having a low binder concentration.

The fired concentration is approximately one percent glass and one percent

oxide. This low binder concentration helps abate any flow out during firing.

It was found from repeated printing failures that the paste viscosity was

too low for thick printing. A paste with low viscosity makes it difficult to

a.chieve thick wet prints that retain good resolution during printing and

drying. The high static pressure in the wet print can expand the sidewalls of

the print causing poor definition. The viscosity of the paste was modified as

described later.
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Printing

In his assessment of the ink transfer process in screen printing, Reimer

[61] quantitatively showed the importance of snap off. For a conventional

patterned screen, where the emulsion fills the entire screen fabric, a sufficient

snap off distance is needed to avoid a "cling zone." This occurs when the

fabric behind the squeegee, as the squeegee is printing, clings to the

substrate. In this cling zone, the thixotropic paste will linger and increase in

viscosity making it more difficult to be cleared from the fabric. A qualitative

assessment of ink flow during thick printing is given below which should

explain the occurrence of a large cling zone and the need for an ever larger

snap off distance than used when printing inks for conventional thicknesses.

This thick—printing technique uses a screen that has a significant build

up of emulsion on the print side as shown in Fig. 4.1. The amount may

equal or exceed the thickness of the mesh fabric. The passage of ink through

the mesh during the printing process can be qualitatively viewed as a

combined process of stenciling and screen printing.

Similar to stenciling, paste will be cleared from any open area in the

lower portion of the patterned screen, Area B Fig. 4.1, only when forces due

to sidewall adhesion which are normal to the substrate are less than either

the force causing separation of the paste in the open area or the adhesive

forces of the paste at the substrate surface. This last condition directly

affects the cling zone.
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Similar to screen printing, to clear paste from any open area in the upper

portion of the patterned screen, Area A in Fig. 4.1, two characteristics of the

paste and screen movement must be considered. As paste is sheered through

the screen fabric in Area A its viscosity decreases and fills Area B between

the fabric and substrate. The viscosity profile within Area A, however, is

not uniform and the paste at the squeegee—fabric interface will be more

viscous than that in all of Area B since it has not experienced sheering by the

fabric. This indicates that it will be more difficult to clear the higher

viscosity paste from the fabric mesh in Area A than from the fabric-

to—substrate area, Area B. To clear paste from Area A, forces acting on the

paste within the fabric and essentially normal to the substrate must be

greater than the forces exerted by the mesh as it is moving through the

paste. This is, again, modeled by Reimer [61] and further refined by Huner

[62]. However, in these references, the removal of paste is modeled as a

hydraulic action that occurs within the fabric as it is lined from the

substrate. For thick printing, the hydraulic action within the fabric differs in

that it occurs as the fabric lifts from the lower viscosity paste in Area B.

Paste removal from the fabric then requires that the force exerted on the

paste within the fabric mesh, as the mesh is snapping off, be less than the

separation force of the paste in Area B.

The force exerted on the paste within the fabric can be reduced if the

snap off velocity of the fabric is reduced by decreasing the snap off distance
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and slowing the squeegee speed. Unfortunately, the reduction in squeegee

speed also reduces the sheer force on the paste which is being pushed through

Area A into Area B and lessens the decrease in paste viscosity. The effect of

reducing the snap off is verified by Reimer [61].

Unfortunately, there are undesirable effects occurring with decreased

snap off. An important parameter for achieving suitable printing, as

discussed earlier, is the reduction of the cling zone. Increasing snap off

decreases this zone. In thick printing, the large surface area of the sidewalls

of the patterned emulsion, Area B Fig. 4.1, will cause a large force normal to

the substrate to be exerted on the screen mesh. This, in addition to the

forces caused by hydraulics [61], must be countered by the tension of the

mesh. Hence the clearing force can be increased by increasing snap off.

The optimum printing conditions for thick printing can then be

approached by using an increased snap off distance and a slow squeegee

speed. This is in keeping with the empirical observation.

Processing

With wet—print thickness exceeding 175 microns (7 mils), the drying

profile has much to do with the final print resolution and success in firing.

Rapid drying causes the outer surface of the wet print to harden and to slow

further drying of the inner portion of the print [63]. A drying profile is then

needed which is different and usually longer than conventional drying cycles.
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It is also important to consider the method of drying. If infrared is used with

a material having a high absorption, such as copper, then the drying cycle

can be shorter than, for example, silver using convection drying.

Another factor affecting the success of thick printing is the iiring profile.

The profile must have adjusted rates of temperature rise and peak firing

temperature suitable to allow for complete sintering and removal of organics.

The peak firing temperature is critical to obtaining good resolution and

adhesion. With higher peak temperatures, there is a greater densification of

the metal solids and a greater accumulation of binder at the print surfaces.

The greater densification is desirable since it reduces conductor resistivity.

4.4 Thick Printing Proms

This section describes the test pattern and fabrication process for

achieving thick thick—film conductors. The results show that a fired

thickness of 42 microns (1.7 mil) for a large area and 50 microns (2 mil) for a

narrow line were achieved with a single print—dry—-fire cycle. Minimum

adhesion for the conductors was 21N and resolution of line separation greater

than 125 microns (5 mils) was achieved.

Test Pattern

The test pattern shown in Fig. 4.2 is described in the publication,

"Method of Test for Wire Peel Adhesion of Soldered Thick Film Conductors
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to Ceramic Substrates," A—74672, by E.I. DuPont De Nemours and Co.,

Electronics Division. Three sections of the pattern allow for four tests to be

performed. The serpentine pattern provides approximately 200 squares of

conductor material to be used for dc resistance measurement. The

rectangular 2 mm x 2 mm (80 mils x 80 mils) pads are used to measure the

thickness of "wide oonductors". The pads are also used for adhesion

measurements. The lower right "T" pattern is used for measuring the

resolution of the print. In the "T" pattern the narrowest spacing between

conductors is at the upper right with 105 microns (4.1 mils). The spacings at

the left and bottom, are approximately 175 microns (6.9 mils). Of main

interest is the 105 micron pattern.

Using the serpentine pattern an accurate resistivity measurement can be

made only if the number of squares and the cross—sectional area of the

conductors can be accurately determined. For the actual printed pattern as

shown in Fig. 4.3 it was determined from profiling that the conductor base

width was 440 microns (17.3 mils); therefore, the pattern has 231 squares. A

correction factor for the conductor area was also determined since the sides of

the conductors sloped at approximately 35 degrees. The total conductor

cross section for peak thicknesses between 40 microns and 60 microns can be

calculated from

Ac = TP x Wb x 0.81 (4.1)
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where TP is conductor thickness (thickness variation within the top 15%

is averaged);

Wb is conductor width at the base

The measurement of resistivity for thick conductors can be relatively

accurate because the top—surface profile variation is small compared to the

overall thickness. It was observed that the profile variation was limited to

15% of the thickness. By using the 35 degree approximation in the surface

variation the resistivity can be deterrnined to within 10%.

Because of the close proximity of adjacent conductor and narrow end

radii, meaningful measurement of the ac resistance cannot be made.

Paste Preparation

The paste viscosity listed by the manufacturer is between 85 to 115

Pa—s. This viscosity is too low to achieve good columniation of the

conductor during printing causing loss of resolution, particularly, during

initial drying. Paste viscosity was, therefore, altered.

Two methods of drying were explored. The first method used a vacuum

system to lower the ambient pressure of the paste. In vacuum, the printing

solvents with low partial pressures are extracted. However, two difficulties

precluded this method. The roughing pump in the vacuum system became

severely loaded when gases were liberated. Also, during evacuation, the

paste temperature decreased making the solvents, at lower partial pressures,

harder to extract.
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An alternative procedure for drying paste is heating to dispel solvents.

This is less desirable because of the higher probability of oxidation and

contamination. However, this procedure was adopted and great precaution

was taken to prevent contamination. The paste was heated slowly on a hot

plate for 10 minutes to just below 100°C and continually stirred. The

increased viscosity was 215 Pa—s as measured with a Brookfield HBF

Viscometer [64] with an SC4—14/6R spindle and water cooled chamber at 10

rpm and 25°C i 1°C. There was a measured change of approximately 10

Pa—s/°C. (which should also be considered during printing).

Other paste samples were dried to 165 Pa-s, 285 Pa—s and 414 Pa-s, It

was empirically determined from successive attempts at printing with

different pastes that viscosities of 200 to 225 are preferred.

Printing and Processing

It was empirically determined that to attain pattern thicknesses of

approximately 50 microns (2 mils) with good resolution the optimum range

of printer settings for patterns using 5 in. by 5 in. screens are: a snap—off

distance between 1.0 mm (40 mils) and 1.3 mm (50 mils); squeegee speed

between 14 mm/s and 28 mm/s; and an attack angle between 39° and 45°

(40° preferred). A 60 durometer squeegee was used. Pressure was the

independent adjustment. (There was no provision in the equipment for

measurement of pressure.) Screens were prepared using Ulano Incorporated

CDF—7 direct film emulsion resulting in a total thickness of 155 microns
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(6.1 mils) of emulsion (including fabric thicknäs) on 230 count mesh. The

emulsion was applied using Ulano's präcribed techniques.

Patterns were printed on 96% alumina substrates with a single printing

pass. The substrates settled for a minimum of 10 minutes at room

temperature and a minimum of 20 minutes each at 75°C and 150°C.

Substrates were then fired with a 900°C, 60 minute profile in a four zone

convection furnaee.

4.5 Printing Results

Shown in Table 4.1 are results for 11 selected tät substrates. The two

key parameters, forward squeegee speed and snap off, which were discussed in

the previous section, are given along with the acceptance (e.g. reject, good,

very good). Acceptance was determined by visual evaluation of print quality

and resolution. All rejects had loss of resolution and smudging in the "T"

pattern. Dried and iired thicknesses are tabulated as averaged data. The

narrow trace data repräent an average of twelve measurements taken across

the 500 microns (20 mils) wide tracä of the serpentine pattern shown in Fig.

4.2. The measurements varied in tired thicknäsä from 60 microns (2.4 mils)

to 41 microns (1.6 mils). The center thicknesses of the la.rge—area conductor

pads which are 2 mm (80 mils) square vary from 32.3 microns (1.27 mils) to

35.6 microns (1.40 mils).
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The substrates that were not acceptable had poor resolution and were

prooessed with printer settings outside the ranges mentioned in the previous

section. Samples 1 and 2 had low squeegee speeds and inadequate snap off

distance. Sample 3 had excessive speed. Samples 10 and 11 had adequate

speed and snap off but lower squeegee pressure than the other samples. (The

pressure is not listed.)

All the acceptable substrates have printed patterns resolved to better

than 175 microns (7 mils). The "Very Good" substrates resolved better than

127 microns (5 mils). A printed test pattern with very good resolution is

shown in Fig. 4.3.

Adhesion

To conclude the development of the thick—printing technique, adhesion

testing was conducted using the "Method of Test for Wire Peel Adhesion of

Soldered Thick Film Conductors to Ceramic Substrates," A—74672, by E.I.

DuPont De Nemours and Co., Electronic Division. Three modes of failure

exist. The first mode is due to solder adhesion failure when the test wire

which is soldered to a test pad lifts from the solder leaving the pad intact.

This yields inclusive results; three substrates fell into this category.

The second mode of failure is the internal fracture and separation of the

pad. The third mode is separation at the conductor—substrate interface

where the pad lifts from the substrate. These latter two modes test the
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adhesiveness of the paste directly. The physical fracture and separation

failures were all typiwl for these types of tests. The tests were conducted on

an Instron Incorporated instrument. The failure distributions are graphically

presented in Fig. 4.4 for paste and interface failures, respectively. All the

tension forces are above the minimum acceptable, particularly the interface

failures. These tests were conducted after 2300 hours of room temperature

and very low humidity aging.

4.6 Electrical Characteristics

The serpentine pattern on the test substrates was used for the

measurement of the conductor resistance. Five substrates were measured

and the results and computed resistivities are shown in Table 4.2. The

conductor thicknesses as given in Table 4.1 are used and an equivalent

conductor cross—sectional area is computed using (4.1) with a measured base

width of 440 microns (17.3 mils). The conductor resistivity is then

R = Rdc X Tp X X

10-3whereRdc is the dc measured resistance of the serpentine trace

TP is the conductor thickness.
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The 1.72pSZ—cm (0.68mSZ/sq.) average resistivity is quite close to pure

silver which is 1.59;;0—cm. Measurement of ac resistance was not possible

because of proximity effects induced within the pattern.

Other processed substrates using lower üring temperature profiles were

nearly 30% higher in resistivity. It is generally thought that higher firing
[

temperatures cause a higher densification to occur and, hence, lower

resistivity results [65]. This appears true for the thick—printed silver

conductors processed here.

4.7 Wide Conductor Printing

When conductor widths exceed approximately 1.5 mm (60 mils) the

printing of 6. thick conductor with a uniformly thick cross section becomes

very difficult. The difficulty arises because of the large deflection of the

screen in the center of 6. wide pattern. Consequently, at the edges of the

pattern where thick emulsion suspends the screen from the substrate, a thick

deposit of conductor paste occurs. In the center only deposits resulting from

the thickness of the screen mesh are left.

A method to print wide thick oonductors has been developed which uses

pillars to support the screen in the center area of a wide pattern. The

method is as follows. Referring to Fig. 4.5, pillars are placed symmetrically

throughout the inner area of 6. wide pattern at distances no further than 1.5

mm (60 mils) from each other or from the sides of the wide pattern.

58



Different pillar shapes, such as rectangular, can be used. Regardless, one

or more horizontal dimensions of the pillar should not exceed 1.5 mm (60

mils), otherwise the pillar itself may not have uniform thickness.

After the pillars are printed, dried, and depending on oonductor

thickness, fired, the entire wide pattern is then printed over the pillars, as

shown schematically in Fig. 4.5. The edge definition of the wide pattern is

retained since the pillars are placed away from the edges. The fabrication

cycle is completed by drying and firing.

The following equations are used to determine emulsion thickness for the

screens and are derived from the wet thickness equations used for stencil

systems [66]. Assume the same screen mesh is used for both. If the pillars

are printed, dried, and fired, then the thickness of the emulsion build—up for

the printing of pillars is

Te, = Tp/62 — Tm A(1 + 6)/6 (4.3)

where Tp is the desired fired thickness of pattern;

6 is the decimal equivalent percentage of the reduction from

wet to fired;

Tm is the mesh thickness;

A is the decimal equivalent percentage of open area.

The thickness of the emulsion build up for printing the pattern is
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Tep = Tm A(1 + 6)6 + Texö (4.4)

It may be advantageous not to fire the pillars but to use their height

after drying to support the screen. The emulsion build—ups then are

Tex = Tp/6,36; — Tm A(1 + 64)/Öd (4.5)

and

Tep = Tp/Ö; — Tm A öd (4.6)

where öd is reduction from wet to dry and

6; is reduction from wet to fired.

During the development of the thick printing process it was determined

that the cofiring of dried pillars which were layered by the dried pattern and

having a combined dried thickness above approximately 200 microns (8 mils)

caused a loss of adhesion of the pillars. However, the method of firing the

pillars first was successful in providing the thickest fired patterns. This

became the limit to cofiring thick thick—film conductors.

Shown if Fig. 4.6 is the thick printed substrate for the ZCS—QRC. The

overall substrate dimensions are 5.8 cm (2.3 in.) by 4.3 cm (1.7 in.), The
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pillars, which are shown on the right, create a thick layer sufficient to

conduct thirty—two amperes. The iired pillar thickness is approximately 60

microns (2.4 mils) and thickness between pillars is approximately 40 microns

(1.6 mils). The absolute sheet resistance for the average thickness is

0.34mQ/sq.

4.8 SUMMARY

A technique is described for printing conductors 50 microns (2 mils)

thick in one print cycle. The technique uses high silver content paste

(DuPont 6160) and achieves a resolution better than 175 microns (7 mils)

with adhesion better than 21N. A method for printing thick conductors

wider than 1.5 mm (60 mils) but using two print cycles is also described.

During development of the technique 0.25 mm (10 mils) of wet thickness

was found to be the limit for printing and firing. Above this limit the

conductors lose adequate adhesion. However, this may vary depending on

the type of drying and firing method used, e.g. infrared.

The electrical tests on the thick—printed conductors showed au average

resistivity of 1.72p.Q—cm (0.68mQ/sq). An example power hybrid substrate

had an absolute sheet resistivity of 0.34 mf!/sq. at an average thickness of 50

microns (2 mils).
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TABLE4„1

Fired Thickness for Selected Substrates

Drie• «ic.ness ”ire• T•ic uess
Forward Snap

Speed Uff Narrow enter arrow enter
Trace of Pad Trace of Pad

Sample
No. mm/s mm pm (mils) pm (mils) pm (mils) pm (mils)

1 Reject 13 1.0 64 2.5 67 2.6 29 1.2 29 1.1
2 Reject 13 1.3 68 2.7 65 2.6 41 1.6 40 1.6
3 Reject 43 1.4 82 3.2 77 3.0 56 2.2 53 2.1

4 Good 29 1.4 89 3.5 68 2.7 60 2.4 41 1.6
5 Good 29 1.4 90 3.5 70 2.8 58 2.3 42 1.7
6 V. Good 15 1.4 84 3.3 73 2.9 57 2.9 41 1.6

7 V. Good 15 1.4 66 2.6 65 2.6 41 1.6 31 1.5
8 V. Good 15 1.1 68 2.7 62 2.4 41 1.6 36 1.4
9 V. Good 15 1.1 68 2.7 64 2.5 42 1.7 36 1.4

10 Reject 15 1.1 66 2.6 66 2.6 41 1.6 37 1.5
11 Re‘ect 15 1.1 69 2.7 65 2.6 44 1.7 38 1.5
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TABLE4.2

C0nduct0r·Rcsistancc

'amp 6 lesistancc C0n•uct0r Rcsistivity
N0. Thickncss

(m0) (pm) (m0/sq) (p0·cm)

4
_

85 59.9 .702 1.78
8 112 41.1 .636 1.61
9 107 41.1 .622 1.58

10 115 40.6 .645 1.64
11 130 43.9 .788 2.01

Ävcra;6 .679 1.72
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Fig. 4.1 Cross section of screen and emulsion. The thick build up

is needed for thick printing.
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‘ Fig, 4,43, Distribution of adhesion failures caused by internal
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2300 hours of storage at room temperature and low
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Fig, 4,5 Illustration of patterned screen ready to be placed over

pillars. The pillars support the center of the screen while

the screen emulsion deiines the thickness and resolution of

the edge pattern.
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Flg. 4-6 Example circuxt substrate for a 100 W, 2 MHz switchmode

power supply. The right side was printed using pillars and bars

to support the w1de pattern. An absolute sheet resistance of

0.34 mi)/sq. resulted.
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CHAPTER 5

DESIGN, FABRICATION AND TESTING OF THE ZCS-QRC

5.1 Introduction

This chapter finalizas the development of the ZCS—QRC. Analysis and

design equations were developed in Chapter 2, materials used to fabricate the

circuit were evaluated and selected in Chapter 3, and a fabrication process

which was developed is given in Chapter 4. What remains is to combine the

design equations, materials and fabrication process to design a specific

ZCS—QRC which will have the highest density and efficiency.

5.2 Circuit Design

A precursor to the circuit is the determination of design requirements

which are shown in Table 5.1. Most of these parameters can be considered

typical for a 100W off—line ZCS—QRC and were recommended by the

research sponsor. The parameter L, is the minimum available from the

transformer structure that was used during the development. As discussed in

Chapter 2 it is desirable to have this value be as low as possible. The lower

the L, the higher the resonant frequency and, consequently, higher the

operating frequency. This provides for smaller components and higher

density. Also, decreasing L, decreases the resonant output impedance and

provides operation at higher loads. More detail regarding the design trade

offs are provided in [68] and [70].

71



Specific component values for the ZCS—QRC can now be calculated from

equations developed in Chapter 2 and Appendix A. Table 5.2 lists the name,

equation numbers in parentheses, label and calculated value for circuit

components. The specific components selected from these values are listed in

Table 5.3'along with details of the transformer that was used.

Also listed in Table 5.2 are critical design parameters which were

discussed in detail in Section 2.3. The current parameters are used to

determine conductor design, the voltage parameters are used to determine

conductor spacing and both parameters to determine power losses.

The conductor fabrication is given in detail in Sections 4.5 and 4.7. The

conductor width was not optimized using the technique discussed in Section

3.6, but rather was made as wide as possible to have minimum resistance.

The conductor widths were limited by overall component widths and safety

requirements.

The conductor spacing or circuit layout is dominated by two criteria

which apply respectively to the primary and secondary sides of the circuit.

For the primary side, the layout is determined by safety design criteria

because of the relatively high voltages (up to 350 V) that are present. The

secondary—side layout is determined by component size and widths which are

as wide as allowable. The safety criteria are given below and encompass UL

and VDE requirements. (UL and VDE are U.S. and European associations,

respectively, that set safety regulations for the design of electronic products.

Since this research was in support of an industrial development, the safety

criteria were incorporated in the design.)
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Primary Circuit:

Primary to Primary-
Basic insulation,

uncoated but protected for 240 V:
Clearance 2 mm (79 mils)
Creepage 3 mm (118 mils)

Primary to Secondary-

Reinforced insulation,
uncoated for 340 V peak:

Clearance 8 mm (315 mils)
Creepage 8 mm (315 mils)

Primary to Secondary-

Reinforced insulation,
Coated for 373 V peak:

Clearance 2 mm (79 mils)
Creepage 2 mm (79 mils)

Secondary Circuit:

If < 43 V peak, coated or uncoated:
no requirement

If < 50 Vrms, coated:
no requirement

If > 43 V peak but < 85 V peak, uncoated:
Clearance .38 mm (15 mils)
Creepage 0.72 mm (28 mils)

The thickness of the coating material should not be less than 0.03 mm (1.2

mils). Also assumed in the layout design is the use of a dielectric coating

which will cover all high—voltage, primary··circuit conductors, and that the
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semiconductors and the primary circuit chip components will be coated with

an elastomer. The fired conductor thickness averaged 50 microns (2 mils).

The absolute sheet resistance of the printed output conductors for the HB

ZCS—QRC is 0.34 m.Q/square.

Shown in Figure 5.1 is the thick printed thick—film substrate. The left

portion of the circuit is the primary side or high~—voltage side. The right side

is low voltage. Note the wide conductor prints on the right side for carrying

currents in excess of 20A. The darker pattern is the DuP 5704 dielectric

coating.

Except for the conductor processing discussed in detail in Chapter 4 the

fabrication of the hybrid circuit followed typical traditional techniques.

Mounting of components was done with silver 36/62/2 tin—lead—silver solder

and 8 mil aluminum wire bonding. The power diodes were obtained from the

manufacturer with molybdenum tabs attached. The manufacturer used 95/5

lead—indium solder to attach the tabs.

5.3 Thermal Analysis of Semiconductors

To assure long term reliability of the converter, the juuction operating

temperatures should not exceed 100°C for the transistors and 125°C for the

Schottky diodes [72]. There are three factors affecting the temperature: the

power loss within the device, the thermal impedance between the device and

heatsink including any thermal interaction with surrounding components,
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and the ambient temperature. To determine the junction temperatures, a

two—dimensional, finite—difference analysis was performed on the transistors

and diodes.

There are three forms of heat transfer considered in the ZCS—QRC:

conduction (diffusion), convection and radiation. For an emissivity of 0.3,

which is approximately the value for silver, alumina and silioon, the total

radiated power loss at 100°C from the entire surface of the ZCS—QRC was

calculated to be less than 2% of the total electrical energy lost by the

ZCS—QRC. The 2% is insignificant when compared with unoertainties in the

constants used in the calculations. Also, the neglecting of radiation loss

provides for a worst case for cooling by conduction and convection.

Radiation effects were neglected for the semiconductors.

The convective heat transfer is difficult to determine accurately because

it depends on many material and environmental factors. Fortunately, the

convective heat transfer is not the dominant part of the overall transfer

process. The convective heat flow from a transistor in the ZCS—QRC was

calculated to be less than 0.4% of the heat flowing from the entire structure.

This was based on a 100°C difference between surface and ambient. Any

convection from the sides of the transistor would be half this value and

proportionately less by the ratio of the side area to surface area. The heat

flow due to convection is assumed negligible and the convecting surfaces are
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modelled as insulated surfaces. Similar calculations and conclusions are

made for the ZCS-QRC diodes. The total heat flow in the ZCS-QRC is

modelled only for conduction.

The numerical approach for finding the temperatures uses a

two—dimensional grid of temperature nodes to define temperatures at

descrete positions within a two—dimensional model of the ZCS-QRC

structure. A two—dimensional model was selected because of its improved

accuracy over a one—dimensional model, yet, not having extreme

computational complexity as in a three—dimensional model. In the

two—diminsional model heat flow is constrained to be in two dimensions by

isolating the plane (front and back) in the third dimension. Disallowing heat

flow in the third dimension causes the calculated temperature to be higher

than actual. This approach is well documented in textbooks such as Holman

[73].

A control volume is defined at each node, as shown in Fig. 5.2, and an

energy balance for heat flow is imposed. Energy flowing into and generated

within the control volume must be equal to the energy leaving. Fourier's

equation, expressed as a finite difference, is used to describe the energy per

1mit time flowing in and out. The heat generated, qc, internal to the control

volume uses the volumetric heat—generation density, q"', i.e.

QG = q A><AyAz
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Following are the heat flow equations and the resulting nodal

temperature equations for two configurations of nodes. The first set of

equations represent a configuration with heat flow in a uniform medium.

The second set represents flow between two materials having dissimilar

thermal conductivities which divide the control volume into North and South

regions. For nonconvective, nonradiating and insulated nodes, the node

temperature is set equal to the adjacent node, i.e., T„,,„ = T„,,„+1. The

nomenclature is given below (refer to Fig. 5.2).

Ax, Ay and Az are the incremental distances [m]

k is the thermal conductivity of the material North, South, East or West

relative to the figure position, [W/m/°C]

q is the heat f'low from the North, South, East or West (relative to the

figure position on the page) and Generated, [W]

q ' ' ' is the volumetric heat—generation density, [W/m3]

T„,,„ is the temperature of a node at row m and column 11, [°C]

Tw is the temperature of the surrounding environment [°C]

Interior node with generation

<1„ = —k AXAZ [T„,’„ — T.„-1,,.] /^v
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QS = —k MAZ [T„,„ — T„„„,„] /^y

qE = —kAyAz [Tuna —
Tmfm] /Ax

<1„qc

= q
I I

’AxAyAz

For Bq = 0, the uode equation for temperature is

3% Tw „ | + 3i \ T„.

as + hl
Interior node with generation and dissimilar materials (kN and ks)

q„ ny

QS =-kS^><^ZqE

/2Ax

qw = —[kNAyAz /2Ax

qG =
q, I

’AxAyAz
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For Eq = 0 the node equation for temperature is

T„,,„ = äh kN+kS Tm 11,1+Tm 11,1
IkN+kSI + I

Ax , , ,
+K§ kNTm ,1 ¤+kSTm,,1 11 +q AxAy

(5.2)
[kN+ks[ [Ä? +Ä§I

Equations (5.1) and (5.2) are used in a two—dimensiona1 array to

represent a physical distribution of temperatures in the transistors and

diodes. The thermal conductivities and physical geometries are listed in

Tables 5.4 and 5.5, respectively. The analysis is applied first to the

transistors and then to a diode.

Shown in Fig. 5.3a is the cross section of the hybrid circuit with two

transistors mounted in close proximity. The area denoted with solid lines is

sufficient for analysis because of thermal symmetries. In the analysis, the

area is discretized by superimposing a mesh of nodes on the area. Equations

5.1 or 5.2 are applied to each control volume to generate a two—dimensional

array of nodal temperature equations. A spreadsheet is used as an equation

processor which solves for temperatures at each node as a function of

surrounding temperatures. The solution of the temperature equations using

such a processor is given in great detail by Eid [74].
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The volumetric heat—generation density, q"', was determined as follows.

The power dissipated in the transistor (from Jovanovic in [70]) is

IIl8Xpt (53)

where the terms are as defined in Chapter 2 and Appendix A. For the ZCS-

QRC developed here the Fc = 2.2 MHz, Coss = 80pF, Vs = 300 V, Rds =

1.50, and I'}'2§/N = 0.42 A, and the power dissipated is then Pt = 5.5 W.

It is assumed that heat is generated uniformly in the upper 25% of the

FET chip excluding its surface. The volumetric heat—generation density is

qu,

=whereXm, Y,,„ and Zm are the width, thickness and depth of the transis-

tor, respectively, and are given in Table 5.5. The density is then calculated

to be q"' = 3.3 mW/m3, and is used in (5.1) and (5.2) for the transistor

profile.

The resulting two—dimensional temperature profile of the structure given

in °C is shown in Fig. 5.3b and represents the area described in Fig. 5.3a for

two transistors that are separated by 2 mm. The horizontal spacing between

nodes is 0.1 mm. The vertical spacing of layers (except heatsink) are in

relative proportion with specific dimensions given in Table 5.5. As seen in
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Fig. 5.3b under worst—case conditions there is a 30°C difference from center

chip (upper left corner) to heatsink, or 5.5°C/W. Most of the heat flow is

vertical with minor heat spreading in the x direction. The amount of

spreading shown, however, indicates some interaction of other closely spaced

transistors, though not appreciable. Also, the profile shows that much of the

thermal impedance, 3.1°C/W, is dropped across the mounting material for

the substrate and heat sink.

This analysis applies directly to the ZCS—QRC fabricated during this

research. Temperature measurements of the circuit with a noncontact probe

showed a 53°C surface temperature and a 27°C ambient temperature. The

temperature difference of 26°C is well within the calculated temperature

difference of 30°C. The 15% error is acceptable since the properties of the

materials are not accurately known and the analysis is limited to two

dimensions.

The same analysis technique and assumptions were used to analyze the

temperature (profile of the Schottky rectifers. The maximum power loss in

the rectifiers was computed to be 4.9 W. The physical structure and

temperature profile (in °C) for a single diode is shown in Fig. 5.4 with an

anode—to—substrate connection. The connection uses a 0.13 mm (5 mils)

thick copper ribbon which directs approximately 10% of the heat flow from

the surface. The horizontal spacing between nodes is 1.0 mm. The vertical

spacing of layers (except for heatsink) are in relative proportion with actual
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dimensions given in Table 5.5. It is assumed that all the heat is generated in

the upper half of the silicon. For this structure there is a 15°C drop from

semiconductor to heatsink, or an equivalent 3.2°C/W thermal impedance.

Again, there is mostly vertical heat flow, and the same assumptions about

component interactions can be made as for the transistors.

From the analysis, it is shown that the ambient temperature should be

kept at less than 70°C if the transistor junction temperature is not to exceed

100°C. The profile should be corrected for actual heatsink efficiency and any

margin of error due to approximations of the thermal properties of the

materials.

5.4 Circuit Performance

The hybridized power stage was connected in the laboratory to a 0-300

V supply and a hybridized controller. The voltage supply was varied up to

300 V. Shown in Figs. 5.5a, b and c are switching transistor voltages.

Figure 5.5a shows the gate—to—source voltage on transistor Q2 (see Fig. 2.1).

The oscillation occurring nearly half—way up the rising edge of the voltage

waveform indicates the precise time the device is turned on. This is the time

that the equivalent Miller capacitances are charged or discharged appropri-

ately. Figures 5.5b and 5.5c show the drain—to—source voltages at half load

(10 amps) and full load (20A) with the supply voltage at 300 V. Under full

load the circuit ran at a conversion frequency of 1.6 MHz. With a supply
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voltage of 250 V and full load, the conversion frequency increased to 1.9

MHz. Initial difficulties with symetrical operation of a gate drive circuit

during turn off of transistor Q1 caused oscilltions in Fig. 5.5c (during turn

off). The use of a different driver allowed operation to a full 2.2 MHz,

however, no waveforms are available. An increase of the resonant

capacitance to a value higher than initially calculated (to 200 nF) was

needed. This indicates that a factor of 0.8 rather than 0.9 in (2.1) should be

raised to calculate the resonant capacitor value.

The circuit efficiency for low line (250 V) and nominal line (300 V) is

shown in Fig. 5.6. The efficiency for the power stage is 78% 3; 1% for an

output current range from 6 A (30 W) to a full load of 20 A (100 W). As

shown in the figure, the losses due to higher switching frequencies at low line

a.re nearly equal to the losses due to high line voltages (occuring at lower

frequencies). Having a similar efficiency for both line voltages is

coincidental. The full—load low line conversion frequency is 2.2 MHz and

conductor loss is lower than measurable. Compared with a printed- wiring

breadboard version of this circuit, the frequency is 10% to 20% higher at the

same efficiency; however, the power density is much greater. The variation

of frequency due to load is shown in Fig. 5.7.

The converter uses a single—loop control. The measured closed—loop

gain and phase at nominal line and full load are shown in Fig. 5.8. There is

approximately 10 db of gain margin and a 37° phase margin. Gain crossover

is at 13 kHz.
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The power circuit is shown on the left side in Fig. 5.9 and is adjacent to

a hybridized control circuit. The substrate of the two circuits is 5.8 cm (2.3

in.) long and 4.3 cm (1.7 in.) wide. However, the circuit portion is only 3.6

cm (1.4 in.) wide. Excluding heatsink and control, the power stage has a

density of 3.1 W/cu.cm (50 W/cu.in.); with heatsink and control, the density

is 2.1 W/cu.cm (35 W/cu.in.). Further size reduction can be made by

repositioning the filter inductor, decreasing the present circuit size to fit the

shorter transformer (which is shown) and locating source and output

terminals on opposing sides. Such reduction could add 30% to the density.
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TABLE 5. 1

Design Requirements of Hybridized ZCS—QRC

Min. Input voltage — V‘§i“
150 V

Max. Input voltage —
V'§°" 425 V

Uutput voltage — Vo 5 V

Dutput voltage ripple (p-p) — vg 50 mV

Max. load resistance 2.5 0

Min. load resistance —-
Rf'Ji“ 0.31 0

Filter inductor ripple current (p-p) — I? 1 A

Turns ratio of transformer — N 12

Leakage iuductence of transformer —Ll_ 20 nH
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TABLE 5.2

Calculated Component Values and Circuit Parameters

for Hybridized ZCS—QRC

COMPONENT VALUE

Resonant capacitance (2.1) — C, 162 nF

Max. switch breakdown voltage —— BVä‘§“
425 V

Peak switch current (A.18) — I‘§“"
5.9 A

Optimum o11—resistance (2.7) — R§§‘((m) 0.7 0

Average rectiiier current. (A22) — I‘§§§ 10 A

Peak reverse rectitier voltage (A23) — V‘§§§ 53 V

Average freewheeling diode current (A24) —— Iää 20 A

Peak reverse freewheeling diode V (A20) — V‘§—'§"
35 V

Filter inductance — (2.10) L; 4.8 pH

Filter capacitance (2.11) — C; 6.7 pF

Filter capacitance ESR (2.12) — ESR‘“""
7.2 mi}
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TABIJl5.3

Part List For Hybridized ZCS—-QRC

CDMPUNENT PART

Primary Switch Q1, Q2 IRFC330

Transformer Core: TDK LP 23/8 (HYOQ

Turns Ratio (N) 12

# of Prim. Turns (N1) 12T, Litz 100/42

# of Sec. Turus (N2) 1T, 2 mil Cu foil

Leakage Ind. 15 nH © secondary

Resonaut Ind. (L,) leak. induct. of transformer

Resonant Capapacitor 162 nF NP0

Rectifiers IR60CNQ045

Filter Inductor (L;) HTP 55125 7T AWG# 16

Filter Capapcitor (C;) 2 X 265L 6301 336-1
(2 X 33 pF tant. chip (Matsuo))

Input Capacitors (Ci) 0.1 pF X7R
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TABLE 5.4
Properties of Iaterials

Materia erma on uctivity
[mw/mm'°Cl

Attachment

CF561K* 1.5
561K* 0.88

Metals

Aluminum 222
Copper 391
Molybdenum 151
Silicon 147
Silver 419

Solder

92Pb,5In,2.5Ag 38.7

Substrates

Alumina 26
Aluminum Nitride 150
Silcon Carbide 90

*Epoxy ülled überglass mesh by Ablestick, Inc.
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TABLE 5.5

Component Dimensions For Semiconductors and hdauuiah

omponent 1•t• •ept•
ic ness[ml [¤¤] [ml

For transistor analysis

Transistor 4.45 3.68 0.406

Solder 4.45 3.68 0.127

Silver 5.22 3.98 0.1051

Substrate 8.56 7.79 0.635

Attachment 8.56 7.79 0.102

Heatsink 20.6 19.8 4.01

For diode analysis

Diode 5.28 5.28 0.297

Solder 5.28 5.28 0.127

Molybdenum 5.28 5.28 0.329

Substrate 55.0 43.9 0.635

Attachment 55.0 43.9 0.102

Heatsink 55.0 43.9 4.01
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Fig. 5.3a. Cross section of hybrid circuit with two trausistors mounted in
close proximity
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Fig. 5.5a Gate—to—source voltage across lower switch transistor
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5.5b Dra.in—to—source voltage for lower switch at half load (10A)

and with a source voltage of 300 V
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Fig. 5.5c Drain—to—source voltage for lower switch at full load and with

a source voltage of 300 V
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current for low and nominal input voltages
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CHAPTER 6

SUMMARY

The initial goal of the research was the development of a high density dc

to dc converter for off—line use. A power density greater than 25 W/cu.in..

was targeted. The state of the technology at the time research began was

such that off—line converters were at less than 10 W/cu.in. and operated with

PWM techniques.

To achieve higher density a reduction in both component size and circuit

size was necessary. The operating frequencies of the converters needed to be

raised substantially to reduce component size. However, with PWM

techniques, increasing the frequency led to sharp increases in losses. A

solution was to use a zero—current quasi—resonant switching technique. This

allowed the converter to operate at megahertz frequencies and assured the

use of smaller components. To support circuit development at the higher

frequencies and provide a reduction in circuit size a thick—film hybrid

microelectronic process was used to fabricate the circuits.

At megahertz frequencies the physical and electrical circuit topologies

are strongly interdependent. Parasitic elements, such as inductances and

capacitances, which occur easily in the physical layout of a circuit, can

provide beneficial or detrimental effects in the electrical circuit. Hence, the

fabrication process was electrically characterized for its use in the converter
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development. It was found that the coupling capacitances in the power

circuit were negligible, but the lead and interconnect inductances were

significant. It was determined that that the ac conductor resistance was

signiiicant at the low megahertz frequencies of interest. To have the

conductor resistance be less than 20% above the dc value the thickness of the

circuit conductors needed to be equal to or greater than one skin depth. At

low megahertz frequencies a skin depth of 45 microns or more was expected.

Since traditional hybrid microelectronic fabrication process was not able to

provide the needed conductor thicknesses, a thick—printing process was

developed to provide 50 micron—thick conductors.

Preliminary to the power hybrid circuit and process development, which

the author was undertaking, a breadboard version of the converter circuit

was being developed by M.M. Jovanovic, who developed the quasi—resonant

technique for off—line applications.

Developments from the breadboard were combined with the hybrid work

to produce a hybridized converter power stage. At the culmination of this

research effort a chip and wire version of the ZCS—QRC power stage was

produced which operated at 100 W with a 78% efticiency including control,

and having a 3.1 W/cu.cm (50 W/cu.in.) density (for the power stage only).

A thermal analysis was performed on the circuit predicting approximately a

30°C rise at full power and was confirmed through lab measurements.
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It is suggested that future work to achieve higher density supplies

continue in three areas. The first area is well underway with the use of the

zero-voltage quasi-resonant and multi—resonant techniques. This, hope-

fully, will push the frequency to much higher levels without sacrificing

efficiency and help reduce the size of components. With zero-current

switching there remains significant loss during turn on when the charged

terminal capacitances of the switches are discharged through the switches.

The zero-voltage technique eliminates this loss. A similar loss occurs for the

diodes. The use of thick—film techniques will be more applicable since higher

frequencies will be used.

Throughout this research the magnetic components, specifically the

transformer and filter inductor, have been physically difficult to use with

hybridization techniques. Also the repeatability of obtaining critical

parasitic values of leakage inductance has been poor. Future work should

concentrate on reducing the size of magnetic components, particularly

making the magnetics more planar, and improving electrical characteristics

of the materials.

The third area for future work should investigate what methods are

available for fabricating power hybrid circuits and, if possible, the selection

of an optimum method. Since higher density implies closer spacing of

components, besides smaller components, then techniques for packing circuits

should be investigated, particularly, those that are compatible with magnetic

components.
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APPENDIX A

ZCS—QRC CIRCUIT ANALYSIS

A.1 Circuit Analysis

This appendix provides equations for peak stresses which can be used for

the selection of components for the circuit design described in Chapter 2.

Figure A.1 shows the reduced schematic of the half—bridge

zero—current—switched quasi—resonant converter which has secondary—side

resonance and operates in the half—wave mode. Energy from the source, VS,

is switched across the primary of the transformer by switches Qg and Q2. As

energy passes across the transformer it charges the inductance of the

transformer and then resonates with the secondary—side capacitor, C,.

During resonance, energy is also stored in the filter inductor Lg, and passed

to the load. After resonance, energy that is stored in C, is passed to the

load. The energy flow of the circuit can be divided into four stages: that of

resonant inductor charging, resonance, resonant capacitor discharging, and

freewheeling (when energy only from the filter components, Lg and Cg, supply

the load). These four stages are used as the basis for the large—signal

analysis.

Simplification of the circuit shown in Fig. A.1, along with certain

assumptions, can be made to aid the analysis. Only the secondary circuit is

analyzed with a secondary—side voltage source, V, instead of VS; i.e.,

V = VS/2N
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where N is the transformer turns ratio. The output iilter is approximated to

the first order by a constant current source of value Io. The MOSFET

switches and the diodes are assumed ideal. The reduced circuit used for the

analysis is shown in Fig. A.2. Individual branch currents will be set to zero

to change the active topology during the analysis.

The circuit will be analyzed for each stage of energy flow. Assume that,

prior to the tirst stage being activated, the circuit is freewheeling; i.e., no

switch is on and output current Io is flowing only through diode Dfw.

Inductor Charging Stage: to $ t $ tl.

Initially, switch Q2 is closed and switch Q1 is open (Fig. A.1), hence

i1(t„) = 0 id(t„) = Io

i2(t) = 0 vc(t) = 0

Summing currents in active branches gives

i,(t) + id(t) + 1., = 0

1

Ü f (Uc(t) ··V) dt + l1(to) + IQ =ÜV

— T:(t—t„)+I„ = id(t) (A.2)
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where L, is the secondary—side leakage inductanoe of the transformer.

This stage ends when all source current flows directly through the load

and the diode current decreases to zero, i.e., id(t,) = 0; then, from (A.2),

t,—t,, = 1,,L,/V (A.3)

Resonant Stage: tl $ tg t2

Initially, switch Q2 is closed and Q, open (Fig. A.1).

i,(t,) = -10 id(t) = 0

i2(t) = 0 v,;(t1) = 0

Summing currents in active branches gives

i{(t) + ic(t) + Io = 0 (A.4)

1 U g ( 1; )

Ü (vc(t) — V)dt + i1(t;) + C,—-T + Io = 0 (A.5)

vc(t) = V {1 — cos[w,,(t—t,)]} (A.6)

i,(t) = a,,C,V sin[a„(t—t,)] (A.?)
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..V _
- _ sin [w (t—t,)]—I1,(t) —

U 0 L r ° ° (A.8)

where U0 = 4 L}- C}-

This stage ends when Secondary current through the rectifiers reverses

direction, i.e. i,(t2)=0; then, from (A.8),

1At

the end of this stage the Switches are turned off at zero current.

Capacitor Discharging Stage: tz 5 t 5 tg

Initially, no Switches are conducting.

1, (1) = 0 1,,(t) = 0

iz (*3) = 0 vc(tz) = V —(V2—I02Z?1)1/2

ic(t2) = *1}) where Zn

=Summingcurrents in active branches gives

ic(t) + Io = 0 (A.10)
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1
‘Uc(t) = C-; fi„(t) dt + v0(t2)

I o
= —— ·C—-(t—t2) +[V —J V2 (A.11)

where Zn = (L,-/C;)1/2 (A.12)

This stage ends when the capacitor voltage reverses and the diode begins

conducting, i.e., v0(t3) § 0; then, from (A.11)

C r
tg — tg

V2FreewheelingStage: tg < t $ t4 E to

Initially, no switches are conducting.

i1(t) = 0 id(t3) = -10

i2(t) = O v0(t) = 0

Summing currents in active branches gives

id(t) = -10 (A.14)
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This stage ends either when a switch, Q1 or Q2, is closed or when the

output current becomes discontinous, in which case (A.14) is no longer valid.

A.2 Primary—Circuit Analysis

In the previous analysis an ideal transformer was assumed and effects

due to magnetizing inductance were not included. Given below is an analysis

of the primary—circuit currents which How through switches Q1 and Q2 when

magnetizing inductance effects are included.

Shown in Fig. A.3 is the primary—circuit schematic that will be used for

the large signal analysis. Evaluation of the four stages of energy flow as

described in the previous section shows that current flows through the

switches only during the inductor charging and resonant stages. Therefore,

the analysis will develop an equation for the switch current, iS(t), during

theinterval to 5 t 5 t2. It is assumed that the change in the midpoint voltage

between C1 and C2 is zero and the midpoint voltage is one half the supply

voltage.

Inductor Charging Stage: to 5 t 5 tl

Initially, switch Q1 is closed and Dfw (Fig. A.1) is conducting. The

equivalent circuit of the active branches is shown in Fig. A.3b.

Since L„,>> L,N2 (where Lm is the magnetizing inductance of the

transformer ) for the off—line circuit that is to be designed in Chapter 5, then
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i,(t) = V,(t—t,,)/2L,N2 (A.15)

For this monotonic function the maximum current occurs at time tl.

Using (A.3) the maximum current is

i'§‘8"
= 1,,/N (A.16)

Resoaant Stage: tl $ t$ tz

Initially, switch Q, is still closed but Dfw is not conducting, and L, and

C, are resonating. Using (A.7), the switch current is

i,(t) = i„,(t) +1,(t) =

V S 1 ) V S O I

where

ZuThemaximum current for this stage occurs at t = tl + 1.58/wo for the

ZCS—QRC described in Chapter 5. Therefore,

E8! E8!
4 1 I lg al X

(S = VS (mit; + + mw) (M8)
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The two right most terms within the bracket represent the current

passed through the switch and transformer. The remaining term represents

the current through the switch and magnetizing reactance. The magnitude

of this current is less than 10% of the total switch current at full load for the

ZCS—-QRC considered here. Therefore, it does not appreciably affect the

current rating of the switch. However, it does affect the minimum level of

switch current during light—load conditions.

The minimum switch voltage is equal to the maximum input source

voltage.

A.3 Critical Design Parameters

The maximum currents a.nd voltages within the circuit are used to

determine component values. The equations for the maximum currents and

voltages are derived from the preceding section and the input data

information listed in Section 2.2.

From (A.7), the maximum resonant—capacitor current is

a.nd the maximum capacitor voltage from (A.6) (with an argument of ir

rad/sec.) is
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VQTX = V‘§‘X/N (A.20)

From (A.4) and (A.8), the maximum rectiiier current is

Pfg; = I‘g":X + IS + I?/2 (A.21)

where I? is maximum iilter—ir1ductor ripple current. The maximum average

current is

1 f2 vg A A v S 1-;

F S V2 2 X V S I?
mit (mm; + qm + 5) (A·22)

where TS = 1/FS, 1· = 1/4F,. The I?/2 will be of negligible value for the

ZCS-QRC developed here.

The maximum reverse voltage is

3 Vlg 8 x
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The current through the freewheeling diode is not affected by the

maguetizing inductance of the transformer. The diode is conservatively rated

to have capacity for long off times in switching, such as during shut down.

The maximum rated current in the freewheeling diode is

VIII 8 X

The maximum reverse voltage is the same as the maximum capacitor

voltage, see (A.20). These equations are used in Chapter 5 to determine

conductor widths and component spacings.
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Fig. A.2 Reduced schematic for ZCS—QRC analysis.

127



Ideal
Cl

.l A
Q 1

Lm

i $(0
..l>

.l A
CQ 2 2

Fig. A.3a Prima.ry—circuit schematic of half—bridge converter.
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Fig. A.3b Equivalent circuit for inductor charging stage.

129



1s<0L

m Lr

Vs N 2

CI

> N2

Fig. A.3c Equivalent circuit for resonant stage.
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APPENDD( B

DETERMINATION OF CONDUCTOR THICKNESS AND WH)TH FOR

POWER HYBRID CIRCUITS

B.1 Introduction

Any interconnecting conductor in a nonsuperconductive circuit has a

tinite internal impedance, i.e. a tinite resistance and reactance within the

conductor. In signal level circuits the impedance is usually negligible.

However, in power circuits, particularly thick—ülm power hybrid circuits, the

impedance is of considerable concern. For instance, in circuits where

hybridization is used to reduce circuit size, conductors with relatively large

cross sections are not readily attainable. Consequently, the use of narrow

conductors may double or quadruple the impedance found in conventional

circuits.

The impedance of a conductor can also increase with frequency since the

current distribution within the conductor becomes nonuniform and the

effective thickness of the electrical path is reduced as shown in Fig. B.2. ·

This may cause problems for hybridized switchmode power supplies (SMPS)

that operate above 1 MHz. Other factors can affect the impedance. If

conductors are in close proximity, the internal current distribution may

concentrate towards the edge of the conductor and further limit its effective

width. Also, if the conductor has sharp corners, e.g., in a. conductor with a

rectangular cross section, fringing effects change the distribution of current.
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In this appendix design rules are developed for selecting the thickness

and width of a flat strip conductor as used in a thick—film hybrid circuit or

printed circuit board. Edge and proximity effects from adjacent conductors

are considered and will be found to be negligible for power circuits.

B.2 Current Distribution

Figure B.1 shows a rectangular strip conductor of length, Z; width, w;

and thickness, t. This conductor might be printed on a hybrid substrate or

etched into a printed circuit board. If edge effects are negligible (which will

be shown to be true), current crowding in the conductor corners is negligible,

i.e. w >> t. Also, assume a current is flowing in the z direction. The wave

propagation for this conductor is described by Maxwell's equations for a lossy

region.

v X E = -12vp H (B.1)

vXH=+;w6 E+ 6E (B.2)

where

w is the frequency of the current [rad/s]

p is the permeability of the medium [H/m]

6 is the permitivity of the medium [F/m]

6 is the conductivity of the medium [S/m].
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The right side of (B.2) contains the terms for the displacement current and

conduction current, respectively. Since this development is for a "good

oonductor", 0/wc >> 1, then (B.2) need only contain the conduction current

term, i.e., +0 E.

In Fig. B.1, the current density, J, (= 0E), is assumed to be a vector

quantity with unit direction in z and having magnitude and phase variation

in the y direction. Substituting J into (B.1) and (B.2) and combining gives

d 2 J z ( Y ) _
$-2- = —2w¢wJz(y) (B-3)

Using the deünition for skin depth [b.1], 6 = (rf,u0)—1/2, the solution of

(B.3) is

My)Forthe strip conductor in Fig. B.1 the current is symmetric about the y = 0

plane. Therefore, JZ(y) = JZ(—y) implying J1 = J2. Setting y = 0 and,

solving for the integration constants,

J„(y) = 1/2 Jz(0) cosh(1 + j)y/6 (B.5)

The current distribution in the conductor is
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cosh 1 + '
Jz(y) =

J§“'f
oosliäl + _})v§2 (B.6)

where v = t/6, the ratio of total thickness to skin depth, and
J§“"f

= Jz(t/2)

which is the current density at the surface.

To better view the distribution of this complex current density, the

magnitude of the current normalized by the surface value is computed as

cosh 2y/6 + cos2y/6I·V£°"“I
= |Jz(Y)/Jäurfl = (B-?)

and is plotted in Fig. B.2. The vertical axis gives the magnitude of the

current within the conductor relative to the surface value. (Note: J„ =

J
‘;°"“.

The horizontal axis gives the position in the conductor relative to the

skin depth. The family of curves represent different conductor thicknasses

relative to the skin depth. Hence, for a conductor two skin depths thick (i.e.

v = 2), the current at the center of the conductor (where y/6 = 0) is

approximately 80% of the surface value but is equal to the surface value

when at the surface where y/6 = 1. As can be seen, the current density can

be appreciable at the center of the conductor (y——•0).

Edge Effects

The above development assumes no transverse current distribution in the

x direction and no current crowding at the edges of the conductor. King [b.2]
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shows there is some transverse distribution due to skin effect and, for a

perfect conductor, (6 = o) 20% of the current flows in the outer 5% of the

conductor's width (2.5% of each edge). He also points out that, for a

conductor with finite conductivity, the skin effect is diminished and a much

smaller percentage of current flows in the outer most edge:. Therefore,

neglecting a transverse distribution of current will introduce little error in

the following development of the oonductor impedance. However, because of

symmetry about the x = w/2 plane, the development for the optimum

conductor thickness will remain exact and the selection of conductor width,

which is done empirically, will not be affected by neglecting the transverse

distribution.

B.3 Conductor Impedanoe

The total current per unit width [b.3] is

t /2 f
_

IZ
f

2J§“"
6 (1+))v

tallh-1;
/2

The voltage drop per unit length is

V,/Z =
J;“'f/6

(B.9)

Hence, the internal impedance of the conductor can be represented as
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V Z

Z=·i—;=R.+jX (B.10)

where

R C 6 1 ll 11 v + 6 1 ll v B_
2*75 cosh 'U-cos V (Joa)

C 6 1 ll 11 v — 6 1 I1 v
X: 20°5 gggh U * ggg

Uand

( = E/w (B.10c)

which is the number of squares of area.

In power hybrid circuits the resistance is of greatest concern since higher

currents can cause appreciable power loss in highly resistive conductors. For

instance, in SMPSs with outputs of 5 V and 100 W, currents of 20 A can flow

through the interconnects of rectifiers and filters at conversion frequencies in

the low megahertz range.

Equation (B.10a) gives the total resistance of the conductor at any

frequency.
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1CURRENT DISTRIBUTION IN STRIP CONDUCTOR
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Fig. B.2 Current distribution in strip conductor
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