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Abstract

Many of the most critical challenges of the twenty-first century revolve around energy
and its management. Improved performance (efficiency, density) in electrical energy
management systems require advancements in a number of areas - semiconductor
devices, passive energy storage components, and a variety of circuit- and system-level
concerns.

The sections of this thesis are somewhat distinct and may find application in a
great variety of circumstances. Nevertheless, they can be understood as contribu-
tions to a single application system: a grid-interface power converter. These kinds
of converters have several unique aspects that make them good targets for research,
including a heavy reliance on magnetic components, relatively high voltages for ap-
plication of emerging GaN transistors, wide range of operating voltages and powers,
and a twice-line-frequency energy storage component that is difficult to miniaturize.

This thesis will present a high-frequency inductor structure with greatly improved
density, an exploration of the limits of magnetic-based current sensing, a method
for characterizing GaN losses with large-signal excitations, a control approach for
miniaturizing grid-interface energy buffers, and a grid-interface circuit with several
advantages over the state of the art.
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Chapter 1

Introduction

Many of the most critical challenges of the twenty-first century revolve around en-

ergy and its management: in urbanization, climate and ecology, economic develop-

ment, and information technology. Evolving technology takes the form of application

buzzwords like electric vehicles, renewable energy, microgrids, data centers, and in-

ternet of things. Enumerating these applications lends concreteness to the argument,

but risks limiting its scope. The challenges of managing energy stem from something

more enduring than a given moment in technological development - they stem from

energy's central role in physics and nature's tendency to diffuse rather than concen-

trate, to dissipate rather than conserve. We do not often invoke entropy directly when

discussing the technology of energy, but in every difficulty we encounter it haunts us.

It is tempting to turn a blind eye to these challenges when nature puts up such

a strong defense. Are there not more exciting things to do when information is the

currency of interest, rather than energy? Especially at a time when information is so

abundant and energy is both scarce and uncooperative?

Yet, as the challenges in energy systems are not easily circumvented, neither are

the needs. Cities will continue to become more polluted, the planet hotter, developing

nations more energy-intensive, and ubiquitous computing more demanding.

Against the backdrop of these grandiose challenges and goals, the primary ac-

complishments of this thesis may appear as lifeless technological concerns - enabling

power converters to operate at higher switching frequencies. Nevertheless, by oper-
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ating at higher switching frequencies, power converters can be made smaller, faster,

and more efficient. This improves their operation, enables increased proliferation of

power electronics in existing applications, and enables new applications. Thus, be-

fore we dig into the technical weeds, we recognize that the accomplishments of this

thesis are a (small) contribution to more efficiently and intelligently managing energy

on a broader scale, with real impacts on important problems.

1.1 Background

The sections of this thesis are somewhat distinct and may find application in a variety

of circumstances. Nevertheless, they can be understood as contributions to a single

application system: a grid-interface power converter. These kinds of converters have

several unique aspects that make them good targets for research, including a heavy

reliance on magnetic components, relatively high voltages for application of GaN

transistors, wide range of operating voltages and powers, and a twice-line-frequency

energy storage component that is difficult to miniaturize.

Below, I briefly review the contents of each of the thesis chapters. Detailed relevant

background can be found in the chapters themselves.

1.2 An HF Inductor Geometry

Prior work has revealed magnetic materials with low loss at HF ( [1-3]. With much

higher quality core materials, and little hope of finding a better winding material

than copper, our attention turns to the geometric structure of magnetic components

to improve their performance.

It is well known that high-frequency magnetic fields impinging on conductors

induce lossy eddy currents. This concept is sometimes divided in the jargon into

"skin effect" and "proximity effect," but it is the same physical phenomenon at work.

For loss-limited components, these effects are the dominant concerns.

The first solution to these issues is to reduce the relevant conductor dimension

20



to less than a skin depth. For higher powers, multiple strands of thin wire are often

braided together to form "litz" wire. As frequencies increase, thinner and thinner

wire is necessary, but electromagnetically this strategy can continue indefinitely. The

difficulty is mechanical, and AWG 48 wire is approximately the limit of what can be

manufactured and braided economically, with high prices strands even larger than

those used here. The diameter of AWG 48 wire is 31 pm, which is equal to one

skin depth in copper at 4.5 MHz at 25 'C. Printed circuit boards are commonly

available with copper as thin as 0.5 oz/ft2 (17.5 pm) which corresponds to the skin

depth at 14 MHz. The challenge in this technology is likewise mechanical. In this case,

the difficulty is not in manufacturing thin copper, but rather in stacking many layers

with complex interconnects. Electromagnetically, it is also not necessarily clear that

edge-wound magnetic structures (as with PCB windings) are optimal. The overall

strategy of using ultra-thin conductors thus has a physical limit of sorts. This limit is

blurry, but rests roughly in the high-frequency (HF) regime (3-30 MHz). As switching

frequencies approach and surpass this range, other techniques become necessary.

This chapter will examine an inductor structure that controls magnetic fields with

several techniques instead of relying on exceptionally thin conductors. Prototype

inductors achieved quality factors of 700-1000 1 in a 1 in3 form factor. The prototype

is a significant departure from typical magnetic structures and has opened additional

lines of investigation.

Parts of this work have been published in [4,5].

1.3 Current Sensing

Because of magnetic fields' origins in moving electric charges, current sensing often

involves some magnetic components, like current transformers and Rogowski coils. It

is known that such components can achieve bandwidths well into the MHz range and

beyond, with high-end commercial examples having bandwidths of 200-1000 MHz [6].

Still, these examples are often not suitable for embedding as part of a control sys-

tem, and their highly-engineered nature makes them prohibitively expensive ($1000+)
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except as test equipment.

Here we explore an open-ended question - how well can custom current trans-

formers and Rogowski coils perform at a size, cost, and design effort that would

be reasonable to embed into an application? This chapter demonstrates examples of

both kinds of sensors with bandwidths above 100 MHz, which is sufficient to embed

in, for example, radio-frequency (rf) applications operating at the 13.56 MHz ISM

band. The examples of each type are reasonably small, inexpensive, and straightfor-

ward to design. In other words, they achieve a sufficient cross-section of technical

and business specifications to proliferate to a wide variety of application spaces.

1.4 Characterizing GaN Switches

High-speed gallium-nitride (GaN) and silicon-carbide (SiC) transistor switches have

been the backbone of advanced power electronics research for a decade, with the first

enhancement-mode GaN devices reaching the market in 2009 [71. Because of their

wide band gap, GaN and SiC switches can operate at higher voltages with lower

resistances and capacitances than their silicon counterparts. SiC has dominated at

high powers and voltages (roughly greater than 1 kV); GaN operates in the lower

voltage territory.

Since most grid-interface power conversion today must be able to accomodate any

grid voltage ("universal input," 90-240 Vac), GaN transistors have typically not had

access to this space. Circuit designers in academia have turned to stacked topolo-

gies [8-10 to accommodate higher voltages, but commercial adoption remained weak.

The introduction of 600 V GaN transistors in 2013 [11] opened the application of GaN

to grid-interface power conversion directly.

It remains important to understand this new technology to maximize its impact,

and while GaN may appear to mimic silicon power MOSFETs (just with better per-

formance), it suffers from several potential difficulties.

The first is termed dynamic on resistance or dynamic Rd8 ,,. Dynamic Rd8 ,,, is

an observation that GaN transistors exhibit higher resistance during their on-times
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in a switching application than they do when conducting dc.

The second is due to energy losses in charging and discharging the parasitic output

capacitance Coss. This is not to be confused with switching loss (where the Coss

energy is simply lost when the switch shorts the capacitor); rather, this loss may be

thought of as a resistance in series with Coss.' Thus, even a soft-switched application

may experience Coss loss; for example, the transistor may turn off "softly," but the

charging current into Coss must still pass through R0 8 8 .

Both dynamic Rd,,o, and Coss loss are complex physical phenomena and typically

appear as non-linear loss components. To date, there is no straightforward way to

model their dependence on circuit characteristics like voltage, current, frequency, duty

cycle, etc. Indeed, mere characterization of such components in authentic scenarios

(e.g. hard switched vs soft switched) is lacking and, since losses may depend on the

test conditions, testing in authentic scenarios is necessary.

Chapter 5 presents an approach for measuring both dynamic Rd8 ,on and Coss

loss in 600 V GaN transistors. The measurement conditions are soft switched at high

frequency with the ability to independently vary temperature. The waveforms used to

evaluate loss closely mimic those of a number of high-frequency converters, especially

in rf power amplifiers. This approach is thus a strong candidate for characterizing

GaN transistors in authentic settings across several parameters (off-state voltage, on-

state current, frequency, and temperature). This work is reported in [13].

1.5 Harmonic Injection

Another peculiar challenge in grid-interface power conversion is the presence of a

large energy buffer whose sizing is necessary to buffer the pulsating energy from the

low-frequency line (50-60 Hz). This capacitor can take up 25 % of system volume,

a percentage that would increase as higher switching frequencies reduce the size of

most other components.

'Modeling the C,,, loss as a resistor is conceptually useful, but virtually useless as a model, even
with a non-linear resistance. Like core loss, it is currently best characterized empirically. Hysteresis
modeling [12] may have more utility.
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Chapter 4 investigates a technique known as "harmonic injection" to reduce the

size of this buffer. The term derives from the perceived and semi-enforced need to

draw current only at the grid's fundamental frequency; the injection of harmonic cur-

rent has been shown to reduce the amount of energy that the large buffer needs to

store. While the term "harmonic injection" is not incorrect, it potentially misplaces

the readers' attention. This technique works by drawing more constant current from

the grid (thus requiring less buffering); doing so effectively requires injection of har-

monics, but not all combinations will work. Buffer reduction always requires harmon-

ics; not all harmonics reduce the buffer.

This chapter explores the limits of harmonic inclusion - how much can the buffer

be reduced while still obeying the IEC/EN 61000-3-2 standards for various device

classes? This far-reaching exploration has been lacking in the literature, and has great

importance for expanding this technique's application beyond lighting (its typical

application) to especially higher power devices. The work in this chapter is reported

in [14,15].

1.6 Power Factor Correction Circuit

Having considered magnetic components, switching devices, and control, we finally

turn to a grid-interface power converter circuit. In particular, Chapter 6 explores a

power factor correction (PFC) circuit, usually the first in a two-stage architecture for

interfacing the single-phase grid to an isolated low-voltage load. The PFC stage

takes as its input any ac grid voltage and typically outputs an approximately dc

voltage. The most frequent solution is the boost converter so that it can operate near

the grid voltage zero-crossings; this choice requires that the output voltage be above

the maximum peak-of-line with margin (1.1 x 240 Vac = 375 Vac).

This solution has two limitations. The first is the obviously paradoxical approach

of first boosting the input voltage when the ultimate goal is to step it down. This

severely limits miniaturization of the second stage. The second, more subtle limitation

is that the boost converter can only achieve soft switching when V, < Vut, which is
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violated for significant portions of the cycle for high ac line voltages. This precludes

operation of such PFC stages with frequencies above a few hundred kHz. This limits

miniaturization of the PFC stage itself.

This chapter presents another circuit that can achieve soft switching for nearly

any combination of input and output voltage. It can also both buck and boost

voltages, which means it can operate near the zero crossings of the line without

requiring an output voltage of nearly 400 V. Thus the PFC can operate at greatly

elevated frequencies with a low voltage output, miniaturizing both stages of the overall

converter. This work has been reported in [3,16,17].

1.7 Impact

Most of the work in this thesis has been presented in peer-reviewed conference pre-

sentations and journal publications [4,5, 13-15,17,18]. Continued industry support,

especially with respect to magnetics, likewise points to the potential impact of this

work. The motivations and potential impacts of each chapter individually are dis-

cussed within the chapters. Their overlap is considered in the conclusion.
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Part I

High-Frequency Magnetics
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Chapter 2

High Frequency Magnetic

Components

Miniaturization of power electronics is often limited by the magnetic components due

to high losses [19]. Although miniaturization of these components is still available with

increased frequencies into the HF (3-30 MHz) range [2], significant design challenges

remain. Skin and proximity effects play large roles at HF, where conventional litz wire

solutions become less practical due to manufacturing difficulties for strands thinner

than a skin depth [20]. Therefore, other approaches for reducing proximity effect, such

as single-layer windings or multi-layer foil windings, have been investigated [20-23].

Fringing fields from gaps in the core also significantly increase winding loss, and

various winding configurations and materials have been explored to deal with these

effects [20,24,25]. In particular, distributed or quasi-distributed gaps have successfully

mitigated fringing field effects [26] and are beginning to be implemented in cores on

the market [27].

To better understand the design challenges for magnetic components at HF, much

research has focused on modeling. Analytical models of conductor loss [28-33] and

core loss [34, 35] have been developed, with some work targeting the HF range [36].

While modeling can provide valuable analysis tools, it leaves unclear how to effectively

design HF magnetic components.

We propose an inductor structure suitable for high-frequency operation with large
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ac currents (such that the magnetic field is constrained by loss and not satura-

tion), along with analytic design guidelines to maximize its quality factor. The pro-

posed structure achieves high Q through double-sided conduction in the winding and

through quasi-distributed gaps. Section 2.1 provides an overview of the proposed in-

ductor geometry. The design guidelines are discussed in Section 2.2, and automation

of the design process is outlined in Section 2.3. In Section 2.4, an example design

is provided for a 16.6 pH inductor designed for 2 A (peak) of ac current at 3 MHz.

The example achieves a quality factor of 700 in simulation, and simulation results

verify that the design guidelines achieve the desired low-loss features. In Section 2.5,

we present a hardware prototype that achieves an experimental Q of 720, agreeing

with simulations. In addition, we demonstrate the prototype improving the efficiency

and thermal performance of a high-frequency, high-current-swing power converter

(1-3 MHz). In Section 2.6, we discuss using litz wire in the proposed structure to

reduce loss, present additional design guidelines for litz, and demonstrate improved

performance of the prototype inductor with litz wire (Q = 980). We conclude that

the proposed structure can achieve high Q and that the analytic design guidelines are

effective in designing high-Q inductors operating at high frequency with large ac cur-

rent components.

For details on the simulations performed here, refer to Appendix I. For even more

detail and an exploration of how this technique extends across application spaces,

refer to [37].

2.1 Geometry Overview

The proposed core geometry resembles a pot core, but has a specific geometry with

a single-layer winding and quasi-distributed gaps in the center post and outer shell

(Fig. 2-1). To implement the quasi-distributed gaps, the core is composed of thin

magnetically permeable discs and outer shell sections separated by small gaps. The

center post and outer shell are bridged by magnetic end caps at the top and bottom

of the structure. A single-layer winding is centered in the window, with evenly spaced
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turns.

* I)= + t5

Figure 2-1: Radial cross-sectional view (left) of the proposed inductor, with a center

post, outer shell, and end caps encasing a single-layer winding. Parameters defining

the geometry are labelled on this view as reference for Sections 2.2 and 2.3. Revolving

the cross-section about the axis of rotation produces the 3D model of the inductor

on the right (a piece is cut out for clarity).

This structure uses a single-layer winding to reduce proximity-effect losses and has

a permeable return path to contain the flux, increase inductance, and imiprove the

predictability of the inductance. The quasi-distributed gaps help reduce fringing field

losses while still allowing the use of a high-permeability core material. Properly de-

signed, the structure can also conduct current through a large fraction of the winding

cross-sectional area, as explained in Section 2.2.2.

2.2 Design Guidelines

The design guidelines below optimize the Q of the proposed structure for a given

volume and inductance. Most of the guidelines can be mathematically defined so

that initial designs can be largely automated. A few of the parameters, however,

must be manually tuned using the guidelines, as would be done in a non-analytic

design process.
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2.2.1 Use quasi-distributed gaps to reduce gap fringing loss

Gapping cores in high-current-swing applications is important for keeping B fields

low to reduce core loss, which scales as B3 (/ ~ 2-3), per the Steinmetz equation

P, = kf B,3 . As frequency increases, even lower B fields are needed to keep core loss

low, leading to larger gaps. The impact of fringing fields from gaps on copper losses

can thereby become more severe at higher frequencies. To reduce the fringing loss,

the proposed inductor uses quasi-distributed gaps [26], as opposed to a conventional

single lumped gap. Instead of dropping the entire MMF across one gap, the quasi-

distributed gap has a smaller MMF across each of multiple gaps, causing less total

loss in the winding. As shown in [26], the ratio of the pitch between the gaps (p) to

the spacing between the gaps and the conductor (s) is an important parameter for

fringing loss; [26] recommends p < 4s.1 For the proposed structure, we set the number

of gaps equal to the number of turns (Ng = N); Appendix A discusses how this

selection, in tandem with the guidelines in Sections 2.2.4 and 2.2.5, generally meets

the p < 4s criterion of [26].

2.2.2 Balance H fields to achieve multi-sided conduction

For a single-layer winding, copper loss at high frequencies is primarily due to skin

effect, which reduces the effective area of current flow. In most cases, only a single

side of the wire has a skin depth of conduction (not the entire circumference, as is

commonly shown in textbooks for a wire in isolation). This single-sided conduction

occurs in typical inductor geometries because the H fields near each turn are imbal-

anced, causing uneven current distribution (Fig. 2-2a). To reduce copper loss, the

geometry should instead be designed to balance the H fields near each turn. If the H

fields on either side of a turn are balanced, double-sided conduction can be achieved

(Fig. 2-2b).

The proposed structure implements double-sided conduction to achieve low copper

loss. To balance the H fields in this structure, the center post and the return path need

'While increasing the number of gaps at lower pitch reduces fringing loss, it does so with dimin-
ishing returns and also makes construction increasingly difficult.
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(a) Imbalanced H (b) Balanced H
fields fields

Figure 2-2: When H fields (red) are balanced, the effective conduction area in the
winding (yellow) is increased. A winding with a lower H field on one side (dark
red) than the other side (light red) has only single-sided conduction (2-2a), while a
winding with comparable H fields on either side has double-sided conduction (2-2b).
The field imbalance/balance can also be seen in the plotted B field lines.

~gpostI

9shell

Xcpost if

Teshell

Ni +

Figure 2-3: Magnetic circuit model used to balance the H fields in the proposed
structure by making the reluctances of the center post (red) and the return path
(blue) equal. This model includes the overall fringing field outside the structure but
not the gap fringing fields. The discs of core material and the quasi-distributed gaps
in the center post and the outer shell are treated as lumped reluctances. The end cap
reluctances are assumed to be negligible.

to have equal reluctances (Fig. 2-3). Doing so makes the MMF drop (F) across each

region the same. Since both regions also have the same effective length (I), having

equal F results in balanced H fields (F = HI).

To accurately design for equal reluctances, we include the overall fringing field

outside the structure in the return path. Mathematically, we need
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JZC~ + _'gpost = (i'R Cshel + J9shell) 11I (2.1)

where 'Post and 'R,,he are, respectively, the lumped reluctance of the discs of core

material in the center post and in the outer shell, 'Rgp,,t and 'JZ g98he are, respectively,

the lumped reluctance of the quasi-distributed gaps in the center post and in the outer

shell, and JZf is the reluctance of the overall fringing path outside of the structure.

Neglecting local gap fringing, 'Zc,,, 'Resh,, 'R,,, I, and 'Rg,,,-1 can be calculated

directly from the geometry (Fig. 2-1):

'C ________________
'JCp = 2 (2.2) =(2.

tc7rC Cshell =PC7r(rt 2 - (rc + w) 2 )

'g9pt - 19 2  (2.4) 'g she1I = 19 2 (2.5)
/107-r2 1yo7,r r2 - (rc + W ))

where Ie is the combined height of the core material discs, 1g is the overall length of

the gap, and pc is the permeability of the core material.

'f, however, is more difficult to calculate from first principles; instead, we estimate

it using a solenoid model. Since the proposed inductor and a solenoid of the same

size have similar overall fringing B fields (Fig. 2-4), their fringing field reluctances are

about the same. So, to estimate 'Zf of the proposed inductor, we can back out the

fringing field reluctance from any appropriate solenoid inductance model. In general,

for a solenoid,

N2
L N (2.6)

2inside + -Tf

where 'Rinside = ht/(to7rrt2 ) is the reluctance of the path through the center of the

solenoid. By substituting a solenoid inductance model of our choosing into (2.6), we

can then derive an expression for Rf. For example, for structures where ht > rt, the

following air-core solenoid model [38] can be used:

32

_A



/ qit/t6I/f

/ I,

w

p4
Figure 2-4: A solenoid (left) and the proposed inductor (right) have similar fringing
fields, so the fringing field reluctances can be modeled as approximately equal. This
approximation is then used in calculations for balancing the H fields in the proposed
inductor. B field lines are shown here, though the fields outside the structure are of
interest here, where B and H are always aligned.

L ,ON 
2 rrt 2

ht + 0.9rt
(2.7)

We can then back out

0.9
7owrt

(2.8)

For more general cases, the short solenoid model [39] may be more appropriate:

L - 2FN2 rt (2.9)

where L is the inductance in pH, Fe is the radius of the solenoid in inches, and F is

an experimentally derived quantity defined in [39]. With this model,

2.54 x 104 ht2(.
2rtF Mtolrrt2

Using 'Rf, we can then design the center post and the return path to have equal

reluctances, and thus balance the H fields to achieve double-sided conduction.
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2.2.3 Distribute B fields to reduce overall core loss

While H field balancing helps better distribute the carried current and reduce con-

duction losses in the winding, evenly distributed B fields in the core can reduce core

loss. In the case of unevenly distributed B fields, regions with higher B fields experi-

ence much greater core loss, since core loss scales as BO. The high core losses in these

regions then result in greater total core loss.

Since B = pH, regions with the same permeability and H fields will have the

same B fields. In the proposed inductor, the center post and the outer shell have the

same effective permeability because they have the same overall gap and core lengths.

Therefore, designing for balanced H fields in the proposed structure will also achieve

evenly distributed B fields in these core regions. For cases in which the center post

and the outer shell do not have the same effective permeability, the structure cannot

achieve both balanced H fields and evenly distributed B fields. Instead, to minimize

overall loss, the designer would need to find the optimal balance with partial double-

sided conduction and a slight imbalance in the B field distribution.

For the end caps, the B field distribution, and thus core loss, is affected by their

thickness. Thicker end caps allow the B field to distribute more in these regions for

lower core loss, but with diminishing returns for added volume. The designer can

use simulation to determine an end cap thickness that reduces loss without excessive

volume.

2.2.4 Select a wire size that optimizes effective conduction

area

Since the structure is designed to achieve double-sided conduction in the winding,

larger diameter wire reduces copper loss by providing more circumferential conduction

area. As the wire diameter increases, however, proximity effect losses between the

turns play a larger role.

One metric for selecting a wire diameter (D,) is the vertical window fill (F,), de-

fined as the fraction of the window height (lIt) that is occupied by conductive material,
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Figure 2-5: For a given window height, a wire diameter that yields a 50-80 % vertical
window fill optimizes the total effective conduction area to reduce copper loss. To find
this optimum, inductors with the same inductance and core geometry but different
winding diameters were simulated. To make the gap fringing loss on the winding
negligible, the inductors had a large window width that was 2.25 times the maximum
wire diameter at F, = 100%.

i.e.

ND~
F = 2h (2.11)

ht - 2h

using the geometry in Fig. 2-1. Finite element analysis (FEA) simulations 2 show

that a wire diameter yielding a vertical window fill between 50-80 % optimizes the

total effective conduction area for these two competing effects (Fig. 2-5). For a given

window height, the copper loss is largely insensitive to deviations in the wire diameter

near the optimum.

2.2.5 Select a window size that balances gap fringing field

loss and core loss in end caps to reduce overall loss

To minimize gap fringing field loss, the structure would ideally have a large window

to increase the horizontal distance between the gaps and the winding. However, since

flux crowding around the ends of the window leads to higher B fields in and near

2A1 FEA simulations were run in ANSYS Maxwell, except for those in Section 2.6 which were
run in Finite Element Method Magnetics (FEMM).
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the end caps (Fig. 2-6), a larger window would increase core loss by increasing the

volume of these high-B-field regions.

Figure 2-6: Flux crowding at the end of the window leads to higher B fields (white
and light blue) and thus greater core loss.

One metric for selecting a window width (w) is the horizontal window fill (Fh),

defined as the fraction of the window width that is occupied by conductive material,

i.e.

D
Fh = D

W
(2.12)

using the geometry in Fig. 2-1. FEA simulations show that to balance the fringing

loss and the end cap core loss, the horizontal window fill of the winding should be

between 40-60 % (Fig. 2-7). So, for a given wire diameter Dw, the optimal window

size is approximately 2D,, but the overall loss is largely insensitive to changes in the

window size near the optimum.

2.2.6 Use a square aspect ratio to minimize overall loss

A "square" aspect ratio (diameter ~ height) is the preferred overall geometry for this

structure. FEA simulations of otherwise optimized inductors show that structures

that are much wider than they are tall, or vice-versa, achieve lower Q (Fig. 2-8).

Conceptually, we can explain the disadvantages of unbalanced geometries by con-

sidering the end caps separately from the rest of the structure (everything within it).
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Figure 2-7: For a given wire diameter, a window size with a 40-60 % horizontal fill for
the winding balances the gap fringing loss and end cap core loss. To find this balance,
inductors with the same inductance and volume but different window widths were
simulated. As shown in the graph, the optimal range of horizontal fill holds across
the optimal vertical fill (F,) range.

800 - O 0
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600 -

Q 400 -
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aspect ratio (height / diameter)

Figure 2-8: Structures with a "square" aspect ratio achieve the optimum Q. To find
this optimum, inductors with different aspect ratios but the same inductance and
volume were simulated, and each design was optimized using the guidelines discussed
in Sections 2.2.1 to 2.2.7.
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The section within l may be thought of as the "active" section where flux links the

winding and substantial reluctance is provided, while the end caps may be thought

of as overhead required to complete the magnetic path. These two sections have op-

posite loss dependencies on diameter: increasing diameter increases loss in the end

caps by adding volume (for a fixed end cap height) but decreases loss in the active

section'. This competing tendency explains why intermediate aspect ratios provide

the best performance.

2.2.7 Approximately balance copper and core loss to reduce

overall loss

As in conventional inductor designs, for a given core material, the number of turns

and overall gap length in the proposed structure can be used to tune the copper and

core losses. The overall loss is usually minimized at a point where core loss is close

to, but slightly less than winding loss [401. To achieve this, the designer can model

the losses with exact core loss parameters or hand-tune the design in simulation.

2.3 Automating initial designs of the proposed in-

ductor structure

Using the design guidelines discussed in Section 2.2, we can mathematically define

the proposed inductor geometry. The design process can then be largely automated

to generate high-Q inductor designs for a desired volume and inductance at a given

frequency and current (Fig. E-2). The end cap height and the number of turns,

however, must still be manually tuned. An example python script for automating the

design process can be found in the related MIT M.Eng thesis [37].

3For a first-order derivation showing that loss in the active section decreases as diameter increases,
see Appendix B.
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Select target L and volume

Determine rt and ht for
a "square" aspect ratio
with the target volume

Select h

Select N

Select Ng = N ]
Select D for a 50-80 %

vertical fill (Eq. 2.11)

Select w for a 40-60 %
horizontal fill (Eq. 2.12)

Determine rc, le, and
19 to balance H fields

and achieve target
L (Eq. 2.1-2.5, 2.84)

no B well-distributed
in end caps?

es

P, a nd P,,,, a t no
optimal balance?

yes

Roughly optimized design

Figure 2-9: Flowchart of the design process for the proposed inductor structure using
the guidelines presented in Section 2.2. The parameters used in the flowchart are
labelled on the cross-sectional view in Fig. 2-1. Grey fill denotes steps that can be
automated.

2.4 An Example 16.6 pH Design: Simulations

Using the guidelines in Section 2.2, we designed an example 16.6 pH inductor that

achieved a Q of 700 at 3 MHz and 2 A (peak) of ac current in FEA simulation (Ta-

ble 2.1). To design the example inductor, a script was used. The target inductance
4Eq. 2.8 may be replaced with Eq. 2.10 or any other appropriate fringing field reluctance model.
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and volume as well as a selected h and N were entered into the script, which gener-

ated dimensions for the geometry that were then simulated. Afterwards, the height of

the end caps was manually tuned so that the B fields were well-distributed, and the

script was re-run with the optimized h. Next, designs with varying number of turns

were generated using the script to find the optimum core and copper loss balance.

At this point, the example design was roughly optimized. We then chose to continue

with additional minor adjustments in FEA for further optimization (Table 2.2).

Inductance 16.6 pH

Frequency 3 MHz
Current 2 A (peak, ac)
Core Material Fair-Rite 67, /1r = 40

C, = 34040, a= 1.18, 3 2.245

Table 2.1: Specifications for the simulated example inductor

Total Diameter (2rt) 26.9 mm
Centerpost Radius (r,) 9.9 mm
Window Width (w) 1.4 mm

Total Height (ht) 26.0 mm
End Cap Height (h) 4.0 mm
Total Core Length (l) 16.5 mm
Total Gap Length (l) 1.5 mm

Number of Turns (N) 13
Number of Gaps (Ng) 13
Wire Gauge (D,) 20 AWG

Table 2.2: Geometry of the simulated example inductor (see Fig. 2-1)

The simulation results verified that by following the design guidelines, the example

design achieved all of the desired low-loss features, and thus a roughly optimized

Q. The B fields in the center post and the shell were roughly equal for low core

loss (Fig. 2-10a), and most turns had balanced H fields and associated double-sided

conduction for low copper loss (Fig. 2-10b). It was verified that additional thickness

to the end caps would have minimal effect on loss, and that larger or smaller window

5Steinmetz parameters for power loss in mW/cm3 , derived in ANSYS Maxwell using core loss
data for Fair-Rite 67 from [2].
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sizes would increase total loss. The core and copper loss were also verified to be well

balanced.

a [mTeslaJ 
J [A/cm^2]

250M 0

17.84400. 0
16. 9 4 0. 0
16. 1 3680.0

15.23320. 0
2.2960.0

5600.0

12. 7 2240. 0

18.6.

11. 9 1520.0O
11. 0 1160. 0

10.2 332. 0

14 2969.0

7,7 -20.0
6.8 -640.0
6.0 -1000.0

(a) Roughly even distribution of B fields (b) Turns with double-sided conduction

Figure 2-10: B field (blue), H field (red), and current distribution (yellow) simulations of the
example 16.6 pH inductor verifying that it achieves the desired low-loss features by following
the design guidelines in Section 2.2. These simulations are of the "worst-case" distributions
for a helical winding, with each turn next to a gap. Other cross sections of the inductor
would have turns in between the gaps and thus lower loss.

2.5 An Example 16.6 pH Design: Experimental Re-

sults

We constructed a prototype (Fig. 2-11) of the example inductor presented in Sec-

tion 2.4.6 The prototype indutor achieved a large-signal quality factor measure-

mient' of Q = 720 at 3 MHz and 2 A (peak) of ac current (Table 2.3), which agrees

with simulations. In addition, the prototype continued to have high Q outside of its

optimized designed operating point. In this section, we deonstrate the performtance

of the inductor across drive level and at higher frequencies. We also show the proto-

6For fabrication details of the prototype inductor, see Appendix C.
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Figure 2-11: Prototype inductor of the example design (Section 2.4) having a mea-
sured Q of 720. Vertical windows in the outer shell were added to impede the cir-
cumferential component of flux and to allow the winding terminations to leave the
structure.

type improving the efficiency and thermal performance of a high-current-swing power

converter.

Simulated Prototype
Inductance 16.6 piH 13.4 pH
Q at 3 MHz, 2 A (peak, ac) 700 720

Table 2.3: The simulated example inductor and the prototype with 20 AWG wire

2.5.1 Experimental Q measurements of the prototype induc-

tor verified simulations

The Q of the prototype inductor was measured across drive levels (0.5-3.5 A), and

the experimental measurements closely matched the simulated quality factors (Fig. 2-

12). This agreement experimentally verified the simulations, and the experimental

Q measurements also verified that the guidelines in Section 2.2 achieve a high Q

inductor. 8

7For details on the large-signal Q measurement approach, see Appendix D.
81n some MnZn ferrite quasi-distributed designs, increased surface losses from multiple gaps have

been observed [41]. For the prototype inductor, however, the agreement between the experimental
and simulated quality factors indicates that any surface loss effects are minimal.
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Figure 2-12: The experimental Q measurements of the prototype inductor (Fig. 2-11)
closely matched the simulated quality factors, thereby verifying the simulations and
demonstrating that the guidelines in Section 2.2 can achieve a high Q inductor.

2.5.2 Prototype inductor can achieve high Q at higher fre-

quencies

The features that allow the prototype inductor to achieve high Q at 3 MHz, namely

double-sided conduction and quasi-distributed gaps, continue to be beneficial at

higher frequencies. In simulations at 4.5 MHz and 5.5 MHz 9, the example induc-

tor achieved high quality factors (Q = ~700) at 2 A (peak) of ac current (Fig. 2-13).

The prototype inductor also had measured quality factors of Q = ~700 at these two

frequencies, demonstrating the structure's potential to achieve high Q at higher fre-

quencies.

2.5.3 Prototype inductor improved efficiency of a high-current-

swing power converter

In addition to achieving a high Q under controlled conditions, the example induc-

tor was used in a power factor correction converter operating at dynamically varying

frequencies of 1-3 MHz and with large ac current components in the inductor [17].

The inductor improved converter performance significantly (Fig. 2-14) over a more

9 For 4.5 MHz and 5.5 MHz, the Steinmetz parameters were k, = 0.00163, a = 1.37, and 3 = 2.21
(for P, in mW/cm 3 , f in MHz, B in mT). The parameters were derived using core loss data for
Fair-Rite 67 from [2].
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Figure 2-13: The prototype inductor (Fig. 2-11) continued to have

tors at frequencies higher than its designed frequency of 3 MHz.

measurements were taken at 2 A (peak) of ac current.
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Figure 2-14: The proposed inductor improved the efficiency of a power converter op-

erating at 1-3 MHz at different output powers, compared to a conventional inductor.

conventional open-magnetic-circuit inductor (a half toroid core with litz wire), de-

spite having similar effective volume. This improvement can also be seen in thermal

measurements: at a 93 W operating point, the conventional inductor saw a ~30 C

temperature rise, while at a much higher power (296 W), the proposed inductor only

saw a ~-3 C rise (Fig. 2-15).
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(a) conventional inductor (b) proposed inductor
(AT = -30 C at PF0 t = 93W) (AT = ~3 C at Post = 296 W)

Figure 2-15: Thermal images showing the proposed inductor (2-15b, white box) hav-

ing a much smaller temperature rise for a higher converter output power than a more
conventional open-magnetic-circuit inductor (2-15a, white box).

2.6 Litz Wire in the Proposed Structure

While the example inductor in Section 2.4 can achieve low winding loss through

double-sided conduction, a large fraction of the solid-core winding cross-sectional area

still remains unused. In some cases, litz wire can have greater effective conduction

area for improved performance in the proposed structure. For example, a litz wire

version of the prototype inductor (Fig. 2-11) achieved a higher Q of 980 at the same

frequency and drive level (3 MHz, 2 A (peak) of ac current). In this section, we

describe design guidelines for optimizing litz wire and discuss the improved simulation

and experimental results of the example inductor with litz wire.

2.6.1 Design guidelines for optimizing litz wire

As a starting point, the simple design procedure for economical litz wire presented

in [42] can be used to optimize litz wire. For a given winding window, the procedure

optimizes the number of strands and strand diameter for loss and cost. To estimate

power loss, the ac resistance factor (FR) is used and can be calculated by

Rac (7rnN) 2d(FR = - = 1+ (2.13)
Rde 192 .6 4b2
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where 6 is the skin depth, b is the breadth of the winding window, N, is the number

of turns, n is the number of strands, and d, is the strand diameter. When the

strand diameter is close to or greater than the skin depth, however, (2.13) may not

be accurate. Instead, the semi-empirical approach from [43] can be used to better

estimate power loss.

The simple litz design procedure is useful, but it is agnostic to the construction

of the litz wire, which can affect performance when d, is not much less than 6, as

may frequently be the case in high-frequency designs. Litz wire is constructed from

strands of individually insulated wire that are twisted together into bundles; multiple

bundles may be twisted together to form a larger effective wire, and such second-level

bundles may also be twisted together to increase the effective wire size further. Thus,

there are many ways to construct litz wire for a given number of strands and strand

diameter. Since each level of bundling may experience skin and proximity effects

similar to those experienced by solid core wire [44], the choice of construction can be

important. To mitigate bundle-level skin effect, [42] recommends that the number of

strands in the first twisting operation should be less than

62
nmax 4 (2.14)

Subsequent twisting operations should combine no more than five bundles. If for some

reason these guidelines cannot be followed (e.g., using a standard litz wire design

to reduce cost), bundle-level skin effect losses are no longer negligible and should be

included when estimating power loss [43,45].

In addition, when the strand diameter is close to or larger than the skin depth,

the way the strands are twisted together can be important and should be included

when estimating power loss. Bundles may be "bunched" together (indicated by the

"/" symbol), meaning that the bundles are twisted in the same direction as the prior

level bundles/strands. Alternatively, bundles may be "cabled" together (indicated by

the " x " symbol), meaning that the bundles are twisted in the opposite direction. For

example, the 5 x 9 x 10/48 configuration in Fig. 2-16a is 10 strands of 48 AWG wire
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bunched together, then 9 of those bundles cabled together, and finally 5 of those

bundles cabled together. The 5/9/10/48 configuration in Fig. 2-16b has the same

number of strands and bundles as 5 x 9 x 10/48, but is bunched in each twisting

operation rather than cabled. In this example, bunching achieves higher packing

factor than cabling.

.04..

(a) 5 x 9 x 10/48 (b) 5/9/10/48

Figure 2-16: Idealized cross-sections of litz wires with 450 strands using cabling (2-
16a) and bunching (2-16b) twisting operations. The different colors of strands corre-
spond to different circuit "shells" used to simulate bundle-level skin effect [43].

2.6.2 Simulations showed litz wire improving Q of prototype

inductor at 3MHz

Using the guidelines in Section 2.6.1, we investigated the effect of different litz wire

designs on the performance of the example inductor (Section 2.4) at 3 MHz. For these

designs, we chose strands of 48 AWG since they are a good trade-off between cost and

power loss at this frequency.10

First, we used the simple litz wire design procedure [42] to estimate the optimal

number of strands. Since the strand diameter is close to the skin depth at 3 MHz,

we then used the approach from [43] to more accurately find an approximately op-

timal number of strands (275) and construction (5 x 5 x 11/48). We also used this

10Power loss could be further reduced with finer strands; however, the costs of magnet wire man-
ufacturing and litz construction increase rapidly for strands with wire gauge greater than 44 AWG.
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approach to simulate a configuration that was readily available for experimental ver-

ification (450 strands, constructed as 5/9/10/48) (Fig. 2-16b). Since the 5/9/10/48

configuration is more susceptible to bundle-level skin effect, it was simulated with

bundle-level skin effect (worst case) and without it (best case). Because of random

perturbations in the positions of the strands in real litz wire, some bundle-level skin

effect may be mitigated, and it is expected that experimental results will fall between

the worst and best cases.

Simulation results show that litz wire can provide significant improvement over

solid wire for the example inductor used throughout this paper (Fig. 2-17). The

approximately optimal configuration (5 x 5 x 11/48) performs slightly better" than the

simple litz model prediction by 7.9%, due to the self shielding effect that occurs when

the strand diameter is close to the skin depth [43]. The readily available 5/9/10/48

configuration under-performs the simple litz model by 6.6% when bundle-level skin

effect is included.

2.6.3 Experimental Q measurements of litz wire prototype

verified simulations

Using the same core geometry as the example inductor presented in Section 2.4, we

constructed a prototype inductor with the readily available 5/9/10/48 litz wire. At

3 MHz and 2 A (peak) of ac current, the litz wire prototype achieved an experimental

quality factor of Q = 980, agreeing with simulations (Table 2.4). For this operating

point, litz wire provided a 36 % improvement in Q over solid-core wire. This improve-

ment demonstrates the potential of litz wire to improve performance of the proposed

structure for certain operating points.

11While the number of strands in the first twisting operation is higher than the recommendation
from (2.14) (niimax = 5 at 3 MHz), it does not result in significant bundle-level skin effect in this
case (a difference of 0.96% in Q).
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Figure 2-17: Simulated inductor Q versus number of AWG 48 litz wire strands using
a simple design method (red line) and FEA simulations of specific litz configurations
(yellow points) at 3 MHz and 2 A (peak) of ac current. At this operating point, the
example inductor can achieve higher Q with litz wire than with 20 AWG solid wire
(blue dashed line).

Simulated Prototype
(average case)

Inductance 16.6 pH 12.6 pH
Q at 3 MHz, 2 A (peak, ac) 1000 980

Table 2.4: The simulated example inductor and the experimental prototype with
5/9/10/48 litz wire

2.6.4 Litz wire prototype can achieve high Q at high frequen-

cies

At higher frequencies (up to 5.5 MHz), the litz wire prototype continued to achieve

high Q at 2 A (peak) of ac current. However, since the litz wire in the prototype

inductor was designed for 3 MHz, the performance using this particular construc-

tion (5/9/10/48) over 20 AWG wire declined at higher frequencies (Fig. 2-18). Other

litz wire configurations, e.g. with fewer number of strands, could have lower high-

frequency copper loss and litz wire may still be beneficial at higher frequencies [43].
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Figure 2-18: Experimental results: Using 5/9/10/48 litz wire instead of 20 AWG solid-
core wire in the prototype inductor improved its Q at 3 MHz, with diminishing returns
at higher frequencies.

2.7 Conclusion

Design of highly efficient, miniaturized inductors in the HF range is a significant chal-

lenge. The proposed inductor structure and design approach provide a solution for

low-loss high-frequency power inductors. Using a set of analytic design guidelines,

designers can achieve a roughly optimized inductor for a desired inductance and vol-

ume and then choose to further refine the design in FEA using the general design

rules. This geometry and its guidelines for achieving high Q were confirmed experi-

mentally through an example inductor with a manufactured Q of 720. In some cases,

using litz wire with this geometry can also improve its performance, and a Q of 980

was demonstrated with suitable litz wire.
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Chapter 3

High-Frequency Current Sensing

Sensing voltages and currents is an important element in controlling power electronic

systems. At higher frequencies and powers, this can become more difficult. For exam-

ple, sensing voltage often requires a voltage divider. At elevated voltages, very high

impedances may be required to reduce power dissipation or impact on circuit opera-

tion. High-impedance circuits may be susceptible to noise and interference, especially

if large components are used to block high voltages. Thus, it is the combination of

power and frequency that presents great difficulty. This fundamental tradeoff partly

explains the somewhat paradoxical observation that low-power circuits can operate at

tens and even hundreds of GHz, while power electronic circuits sometimes encounter

difficulties even at hundreds of kHz.

While voltage sensing does present challenges, current sensing is much more diffi-

cult. At elevated frequencies, sometimes voltage sensing alone may be sufficient, and

circuits may be designed to avoid the need for high-frequency current sensing. Never-

theless, current sensing is necessary in some applications and would enable enhanced

control in others.

Conventional current sensing in reality involves voltage sensing across a series

impedance1 . At higher powers, exceptionally low impedances are required (the dual

of the voltage sensing problem). If we assume that acceptable measurement voltages

1often confusingly called a "shunt" impedance as it appears in parallel with the measurement
circuit
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are constant, then the power dissipated in the series resistor must scale linearly with

current. When this becomes untenable, other solutions like traditional current trans-

formers and Rogowski coils permit sensing with exceptionally low circuit impedance

with acceptable sensing voltages.

These approaches work at high power. Whether they hold up at high power

and high frequency is a practical and somewhat underspecified question, but one of

importance for a variety of applications as suggested above. The state of the art is

somewhat murky. Current sensing solutions exist. e.g. for oscilloscope probes that

can sense at tens of amps and a couple hundred MHz. Other commercial products

exist to measure high RF powers. Still, these are expensive, bulky, heavily engineered

products - typically inappropriate to embed in a system and utilize in a control loop.

In this chapter, we explore whether current transformers and Rogowski coils can

be used with sufficiently low size, complexity, and expense to be embedded for use in

control. We find that, without extravagance, current transformers and Rogowski coils

can be designed to sense ac currents at tens of amps with approximately 200 MHz of

bandwidth.

3.1 Overview

Current transformers and Rogowski coils are conventional transformers with particu-

lar design criteria. In both cases, the design goal is not power transfer, but a combi-

nation of precision in measurement and minimal interference in the measured circuit.

Both transformers can be modeled as in Fig 3-1. In the current transformer, the

magnitude of the magnetizing impedance Zmag WLmag is designed to be much larger

than the load. The load or "burden" Rense (typically resistive) is the dominant

impedance in the path, and the sense voltage is proportional to the current. In

the Rogowski coil, by contrast, Zmag is designed to be much smaller than the load

impedance. Indeed, the load impedance may be purely parasitic, e.g. the high input

impedance of an operational amplifier.

In both models, the secondary leakage inductance affects the precision of the
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-leak primary

i=I/N

Lleak secondary

Lmag

Rsense

Figure 3-1: Transformer model with a resistive load. In a current transformer, Zmag

Zsense, the net impedance is dominated by the load and Vsense is proportional to I. In

a Rogowski coil, Zene Z ,g, the net impedance is dominated by the magnetizing
inductance, and vsense is proportional to the dI/dt.

results by causing the load to deviate from its expected impedance. The primary

leakage appears in series with the sense current and does not affect precision, but it

does increase the overall impedance inserted into the sensed circuit. As the primary

is almost always a simple wire threaded through the sense structure, its leakage can

be made very small and can be ignored in many cases.

3.2 Current Transformers

We designed a series of current transformers by affixing toroidal magnetic cores around

a section of coaxial cable. Circuit current is passed through the center conductor

of the coaxial cable; the secondary is wound around the core. The insulated coaxial

shield is grounded and separates the primary and secondary windings as a Faraday

shield.

We evaluated the current transformers by loading the circuit driving it with one

port of a network analyzer, and measuring with the second port on the secondary.

The primary circuit was terminated with 50 Q to ensure optimal operation of the net-

work analyzer. The secondary was sometimes loaded by the 50 Q input imepdance

of the network anlayzer; at other times a separate shunt load was used (the paral-

lel combination constituted the net load impedance). A flat power ratio indicates

proper operation; for the purposes of evaluation, we set a 0.5 dB gain variation as
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Figure 3-2: Conventional winding and "split" winding on a magnetic structure. The
split winding cancels the single-turn inductance and separates the leads to reduce
parasitic capacitance (image from [24]).

the "bandwidth" of the current transformer, also noting the phase.

We also experimented with both traditional winding styles and a "split" wind-

ing, as in Fig 3-2. The split winding, in principle, cancels the single-turn leakage

inductance caused by circumferential components of the current. The leads are also

separated, which helps reduce parasitic capacitance.

The core material selected was Fair-Rite 61 for a combination of reasonable initial

permeability ([r = 125) and high rolloff frequency.2

The results of a series of experiments are shown in Table 3.1. Overall, these ex-

periments show that, without resorting to extraordinary means, current transformers

can be designed with bandwidths of ~100 MHz. This bandwidth is sufficient for a

great many switching applications operating below ~10 MHz and for sinusoidal rf

applications at 13.56 or 27.12 MHz while still accurately accounting for a sufficient

number of harmonics.

2Tests with Fair-Rite 67, a material with a higher rolloff frequency, exhibited worse high-frequency
bandwidths. Modeling the impact of the core was not further explored, but ought to be to best
understand design.
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f at 1Q
Image Features N flow igh impedance

(MHz) (MHz)

Initial, split, 61 25 0.3 40

w/board, split, 25 0.2 88 65

added shield, 25 0.2 88 88
split, 61

single, 31, shield 25 0.027 31

single, 46, shield 25 0.026 33

single, 67, shield 25 .736 37 82 (7.50)

. 35 w/4.3 Qsingle, 61, shield resi4tor 75 35resistor

shortened board, 80 or
split, 61, exten- 35 138
sively shielded (12.60)

Table 3.1: Parameters for CTs. The core PN 2661801902 was used for the larger
experiments with 61 material and the same size for the other materials. The smaller
core is PN 5961001101.
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3.3 Rogowski Coils

We also designed a series of "planar" PCB Rogowski coils, with an eye toward man-

ufacturability (Fig. 3-3). These boards (layouts appear in Appendix J) were placed

within an aluminum housing that was designed as a 50 Q transmission line segment,

with rf connectors on the ends (Fig. 3-4). This setup was intended to permit insertion

in a typical rf system with minimal interference to the sensed signal, while providing

easy-to-use connections for the main circuit and for sensing.

The initial set of board designs and results are shown in Table 3.2, in which we

experimented with wide or slim traces, the density of vias to connect layers, inclusion

(or not) of a return path that passes through the interior of the coil to cancel the

single-turn inductance, and the position of the return loop. Each of these elements

has trade-offs associated with it (esp. capacitance vs inductance trade-offs) and the

ideal design is empirically determined.

Bandwidth was evaluated by driving one end of the main circuit with a network

analyzer, with the other end terminated in 50 Q. The "secondary" was measured using

a high-impedance probe (Agilent 41800A) for the network analyzer (Agilent 4395A).

The output/input ratio is expected to be linear with frequency (following the magne-

tizing impedance). The upper limit of bandwidth is set by lowest-frequency parasitic

resonance (unlike the Znag vs Zsense rolloff in the case of the current transformer).

Note that the Rogowski coils may not be able to operate near the resonant point

"bandwidth" due to distortion in the output vs frequency curve, depending on the re-

quired accuracy. Nevertheless, the resonant frequency is an easily quantifiable upper

bound.

From Table 3.2, we infer that wide traces and no return loop offer the best per-

formance by reducing secondary leakage and secondary capacitance. 3 A dense set of

vias is also interpreted to help by reducing secondary leakage.

Pursuing these design choices, we designed a second set of coils with additional

features (Table 3.3). Here we focused on wide traces, densely packed vias, and no

3Capacitances between turns, with reduced voltage drops, are much less important that capaci-
tances directly from the signal output to the signal ground.
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Image Traces Vias fAigh (MHz)Loop

Thick. Center Single 178

Thick Center Dense 183

Thick (none) Single 223

Thin, radial Tight Single 131

Thin, radial Center Single 124

Thin, sawtooth Loose Single 136

Table 3.2: Parameters for first-round Rogowski coils
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Figure 3-3: Rogowski coils realized with PCB windings.

Figure 3-4: Rogowski coil housing with convenient secondary access and main-
tained 50 Q characteristic impedance.

return loop, while investigating how a primary-to-secondary shield and the coil design

near the connector influenced results. Several boards had shields, several did not.

Some boards avoided overlap as much as possible between signal and signal ground

near the connector; others permit the signal (top layer) and signal ground (bottom

layer) to maximally approach each other without actually overlapping; still others

filled the available surface area without regard to overlap. These choices address the

tradeoff between secondary leakage and secondary capacitance.

The results from these experiments firstly confirm our previous results. "Maxi-

mizing" the prior rules resulted in a set of boards all with higher bandwidth than the

previous set. In addition, we infer that the shield is helpful and that the interface

with the connector is of minimal importance. Both dependencies are quite weak.

3.4 Conclusion

Many power electronics applications operate with frequencies into the MHz range.

Accurately sensing such waveforms (including harmonic content) requires measure-
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Yes Full Overlap 240

No Min Capacitance 238

No Near Overlap 239

No Full Overlap 232

Table 3.3: Parameters for second-round Rogowski coils
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Shield Termination fhigh (MHz)

Yes Min Capacitance 247

Yes Near Overlap 246



ment bandwidths of several tens of MHz. Some high power rf applications operate

at 6.78, 13.56, or 27.12 MHz, often with nearly sinusoidal operation. Accurately sens-

ing these current waveforms, with some harmonic content, requires a similar band-

width.

The (by no means exhaustive) experiments in this chapter show that such band-

widths are quite feasible in current transformers and Rogowski coils without exotic

constructions. While neither of these solutions can sense dc currents, there are many

applications where the currents are purely ac (e.g. in transformers) or where one

wishes to exclude the dc component (e.g. ripple sensing).

The Rogowski coil solution in particular offers very high bandwidths in a PCB

construction that may be suitable for embedding in rf transmission lines (as explored

here) or for PCB integration in a switching converter. The main vulnerability of

this approach lies in post-processing of the sensed voltage, which must be integrated

accurately which may present difficulties both at high frequency (through parasitics

and undesired amplifier behavior) and at low frequency (through accumulated offsets).

Added circuitry may also present economic barriers in low-cost applications. For an

initial approach to these issues, see [46,47].
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Part II

Grid-Interface Power Conversion
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Chapter 4

Harmonic Injection

4.1 Introduction

Grid-interface converters (illustrated schematically in Fig. 4-1) are often required

to provide power factor correction (PFC) [48, 49] wherein they draw current having

strictly limited harmonic content. The ideal unity power factor case (PF = 1), which

draws only sinusoidal current in phase with the grid voltage, leads to a pulsating

power waveform (oc sin 2 ) with very large instantaneous differences from the (typi-

cally) constant load power, as illustrated in Fig. 4-2. The converter must buffer this

twice-line-frequency power pulsation, and the resulting low-frequency energy storage

Estore = Po/wgrid is necessarily very large. In this equation, Estore is the energy that

must be buffered by the converter during a line cycle, Po is the average (constant)

output power, and wgrid is the angular frequency of the ac grid (typically 27 times

50 or 60 Hz. This storage is typically achieved with electrolytic capacitors, which

have low lifetime and can occupy over 50 % of PFC converter volume [50] (20-30 %

of overall system volume).
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'IN

V/N) PFC Load

buffer

Figure 4-1: Three-terminal representation for power converter with PFC, including
input from grid source, dc output to load, and ac buffer capacitor.

P(t) Excess energy

Average - - -

power 1

Energy
required
from storage

t,

Figure 4-2: When PF = 1, power oscillates oc sin2; integrating the difference between
the input power and the output power gives the energy storage requirement over a
line cycle, shown as shaded.

Energy buffer capacitors are stubbornly immune to typical miniaturization ap-

proaches when PF = 1 because the energy storage requirement is fixed by factors

outside of the circuit designer's control - the power rating of the converter and the

frequency of the grid. In other words, the energy storage requirement for unity power

factor is not a function of efficiency, topology, architecture, or switching frequency [51].

Some research (i.e. into active buffers [52]) has observed that the usable energy

storage of such a capacitor depends on both the buffer capacitance and its voltage

swing:

11CV 2  
- jr C1 0V2 (.1

Estore = CVpeak 2 tough CVmidZXV (4.1)

where Vpeak is the maximum capacitor voltage, Vt,ough is the minimum capacitor volt-

age, Vmid is the arithmetic average of Veak and Vrough, and AV is the arithmetic
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difference between Vpeak and Vrough. These works have used high voltage swings AV

to permit lower capacitance C. Entire converters (sometimes called active buffers)

have been designed to emulate a large capacitor while taking advantage of this ob-

servation [52-55]. These approaches have largely been successful at miniaturizing the

energy buffer, but suffer primarily from added component counts while still buffering

the same amount of energy.1

Here we investigate an alternative approach which fundamentally reduces the

amount of twice-line-frequency energy that needs to be stored, which sets the buffer

size for many applications. 2 It accomplishes this by purposefully drawing harmonic

current, resulting in a more constant input power and therefore less required energy

storage. While operating within line harmonic current regulations, we show that

this method can substantially reduce energy storage requirements - and consequently

energy buffer size - for every IEC/EN 61000-3-2 regulation class (A-D). This approach

usually requires no additional hardware and can be applied to many existing PFC

converters solely by a change in control.

Energy storage reduction has been explored before, mainly in the context of LED

drivers which fall under Class C regulations [60-67], but this method has not thor-

oughly been explored in other classes which are sometimes thought to have substan-

tially stricter regulations [68].3 Here, in addition to extending the analysis of Class

C, we show that this approach maintains substantial benefit for devices operated un-

der Class D and even Classes A and B well into the kilowatt range.

In addition, the side effects introduced by this approach (e.g. loss, frequency vari-

'For a good review of techniques with reduced component count, see [56]; some techniques require
no additional switching devices, but may still add energy storage components [57].

2Some uninterruptible applications (e.g. servers and aerospace applications [58]) impose an ad-
ditional hold-up time requirement wherein the converter must maintain its output power for some
duration (e.g. one line cycle) in the event of a voltage interruption. This requirement may dwarf
the twice-line-frequency energy buffering requirement and such converters may be unaffected by
the proposed technique. Nevertheless, the proposed approach has broad applicability in charger,
adapter, appliance, and motor drive applications which have no hold-up time requirement. Note
that active power decoupling techniques may have utility in fully utilizing stored energy in hold-
up circumstances [59]; nevertheless, since all energy delivered to the load must come from stored
energy, the fundamental requirement on stored energy cannot be affected.

3Exceptions include [69,70] which only consider Class D and [71] which considers all classes but
with limited harmonic inclusion and a highly specific control implementation.
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ation, etc.) have not been thoroughly explored previously but are investigated here.

In particular, we investigate a valley-switched boost PFC converter both theoretically

and with a hardware prototype. For this implementation, we find negligible changes

in loss by introducing harmonic input current. We also find a beneficial compression

in the operating frequency range (from 4:1 to 1.4:1 for a given average power), which

alleviates some of the challenges with using high-efficiency, variable-frequency con-

verters like the valley-switched boost, resonant converters, etc. in PFC applications.

4.2 The ideal case: No buffer

If we first imagine our goal is to eliminate the need for an energy buffer entirely, in

the absence of regulations or notions of power factor, then we would need to draw

constant power from the grid, implying that the input line current must be:

ign,c=o(t) sin(wt) (4.2)

where Pout is the dc output power of the PFC stage and Vin is the ac line voltage

amplitude.

When drawing such a current, since there would be no instantaneous mismatch in

power, the energy buffer size could be reduced by 100 % (i.e. no buffer). Undoubtedly,

this is not a feasible current to draw, as it clearly violates harmonic limits (Table 4.1)

and requires infinite current at zero-crossings of the grid voltage, as illustrated in

Fig. 4-3. Nevertheless, we can take inspiration from this approach and analyze the

harmonic content of in,c=o which is composed of an infinite, equally weighted sum of

all odd harmonics of the fundamental line frequency.

1 = 2 ' sin(n x wt) (4.3)
sin(wt) odd

One interpretation of (4.3) is that intentionally drawing harmonic currents can

be used to reduce the energy buffer size. While we may not achieve the full 100 %

reduction in energy buffer size, we can draw a subset of current harmonics, with
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weights limited by regulations, and achieve some (indeed much) of the same benefit.

IN Constant power

Maximum 
PF = 1

allowable
harmonies

Figure 4-3: Input current waveforms for PF = 1 (blue), zero-buffer solution (green),
and maximum Class D harmonic current (red). The maximum harmonic current
waveform closely approximates the zero-buffer current for a large portion of line cycle.

Maximum
P(t) PF= 1 allowable

harmonics

Constant 16",
power

Figure 4-4: The energy storage requirement when using maximum allowable Class
D harmonics (shaded areared) is significantly decreased from the energy storage
required at PF = 1 (shaded area,blue).

4.3 Operating at Regulation Limits

To appreciate the limits that regulations impose on this approach, consider the

IEC/EN 61000-3-2 Class D requirements [48], which apply to devices in the 75-600 W

power range, governing all odd harmonics to the 39th. These current limits are ex-

pressed in terms of device power (mArms/W), with decreasing amplitudes for higher

order harmonics (Table 4.1). Beyond 600 W, most devices fall under the Class A reg-

ulation, which imposes constant limits on all odd harmonic components, independent
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n-th Class D Limit Class A Absolute
Harmonic (mA/W) Maximum (A)

3 3.4 2.30
5 1.9 1.14
7 1.0 0.77
9 0.5 0.40
11 0.35 0.33
13 3.85/n 0.21

15 < n < 39 3.85/n 0.15 * 15/n

Table 4.1: IEC/EN 61000-3-2 Class D & Class A Limits on Odd Harmonics

of device power. 4 In all of the work here, we utilize the latest 2018 edition of the

EN61000-3-2 harmonic standard [48].

There are infinitely many ways to incorporate harmonic current across a many-

dimensional space. To constrain the problem, we choose two approaches: first, by

introducing all governed harmonics together in equal percentages p of their individual

maximum allowable values; and second, by introducing each harmonic individually

to its maximum before introducing the next. In all cases, harmonic content is intro-

duced with zero phase, under the assumption that there is no benefit to be gained by

introducing asymmetry to the input current/power half-waveform. These approaches

are investigated numerically (see Appendix K for code).

The former method allows us to observe what happens in the most extreme case

of utilizing the maximum of every regulated harmonic within the IEC/EN 61000-3-2

regulations. Let the input current be

39 (odds)

iin(t) = 2 I? sin(n x ot) (4.4)
n=1

where, in Class D, each harmonic coefficient is proportional to the regulated limit

,reg,, (mA/W) and to the output power:

In = Vf2(Ireg,n x p)Pot. (4.5)

4 Class A also governs even harmonics, but systems with power electronic front ends typically
have half-wave-symmetric input currents which have no even harmonics. Even harmonics are also
not useful for twice-line-frequency energy storage reduction, and are not considered further.
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By increasing the percentage p of all harmonics, the energy storage requirement

monotonically decreases (Fig. 4-5), yielding up to a 62 % decrease in the energy

storage requirement at p = 1. This can be seen geometrically in Fig. 4-3 where the

current approximates (4.2) and also in Fig. 4-4 where the shaded energy storage area

is clearly reduced.

While using the maximum allowable amount of of each harmonic current yields

the largest drop in storage, it is an undeniably difficult function to generate reliably

without violating regulations. Fortunately, as described below, it is still possible to

benefit from the majority of these storage savings by only incorporating third and

fifth harmonic terms.

1.0

0.8
Energy storage
normalized to

0.6 PF = 1 case.

0.4
Maximum 61.5%,
with all harmonics

0.2
Percentage of
each harmonic

00 20 40 60 80 100

Figure 4-5: Energy storage requirement as all harmonics are included at the same
percentage p of their individual allowed maxima under Class D. By including all every
available harmonic, the energy storage requirement can be reduced by nearly 62 %

4.4 Incorporating Harmonics Sequentially

Instead of drawing all harmonics in equal proportion to their individual maxima,

we can instead include one harmonic at a time. Let us start by drawing only third

harmonic current,

in(t) = I1 sin(wt) + 13 sin(3wt). (4.6)
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as shown in Fig. 4-6 where 13 is varied from 0-100 % of its allowed maximum value

in class D.

With the inclusion of I3, we see that the resulting input power begins to approxi-

mate the input power of Fig. 4-4, with reduced peak power and more constant power

overall.5 We also observe a significant impact on energy storage (Fig. 4-7), even when

operating well within the allowable Class D harmonic limits. Introducing the third

harmonic component alone can yield up to a 44 % improvement in the storage require-

ment compared to the unity power factor case, which is approximately two thirds of

the maximum possible reduction under Class D.

P(t) Current includes
Current includes third and fifth
third harmonic harmonics

PF=1

E
stored

t

Figure 4-6: Introducing the maximum allowed third harmonic reduces the central
peak (blue) and divides it into smaller peaks (green); introducing fifth harmonic
further corrects the extremities (red). Shaded regions correspond to time of maximum
capacitor depletion (e.g. tmax of line cycle using fifth harmonic), and correspond to
required energy storage.

Once we have included 100 % of reg,3, we can further improve the result by incor-

porating incremental amounts of a new fifth harmonic term

ii,(t) = I1 sin(wt) + 13,ma sin(3wt) + 15 sin(5wt). (4.7)

The energy storage requirement continues to decrease (Fig. 4-7) by introducing

increasing amounts of allowed fifth harmonic, although the additional energy savings
5 As we increase 13 beyond 65 % of its maximum allowable value, the input power at high voltage

falls below the constant desired output. This area should not be included in the integral to calculate
energy storage requirements, as the minor AV associated with this time does not affect the overall
peak-to-peak ripple voltage on the energy buffer capacitor.
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0.4 Energy storage
normalized to
PF = 1 case.

0.2 Maximum 61.5%,
with all harmonics

0 2
0 20 40 0 80 100100
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Figure 4-7: Reduction in energy storage requirement by incorporating third harmonic

current up to its regulation limit, then adding fifth harmonic up to its limit. These two

harmonics contribute substantially towards the maximum achievable energy storage

reduction.

are much less substantial. Maximizing the fifth harmonic contributes an additional

12 % reduction to the storage requirement, significantly less than the third harmonic.

The same logic applies to each successive harmonic, each having less impact on over-

all energy storage due to the tighter limits on higher-order harmonic currents (e.g.

introducing the maximum seventh harmonic contributes an additional 4 % reduction

to the storage requirement).

4.5 Impact Across Device Classes

The previous discussion was based on the Class D requirements of IEC/EN 61000-

3-2, which apply to power supplies for personal computers and similar devices up to

600 W. Devices in other classes (A,B,C) must meet other requirements.

4.5.1 Class A

Devices not belonging to any other class belong to Class A. This includes a variety

of device types, as well as devices rated for more than 600 W that would otherwise

be considered Class D. Class A regulations define maximum permissible harmonic

current values independent of power (Table 4.1) As power is increased, the allowed

harmonics become smaller relative to the fundamental and we observe (Fig. 4-8) that
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P(t) for 75 - 600W
(Class D Regime) P(t) at 800W Max. allowable P(t) at 1200W P(t) at 1600W

of 3d harmonic Max. allowable
PF=1 of all ha o nics

Figure 4-8: Power waveforms when including all available harmonic currents are iden-
tical across the 75 W-600 W Class D range. Beyond 600 W (in Class A), the benefit
of using harmonic currents diminishes as their weight relative to the fundamental de-
creases. Still, this method yields up to a 35 % reduction in energy storage at 1600 W.

) Normalized
1.00 Energy Storage

0.90

OSO 74.4%

0.70 68.2%

0 .6 0 ( C l a s s D ) --

0.50 3 rd harmonic
** (Class A)

0.40 all harmonics
(Class D) + (Class A)

0.30 4

0.20

0.10
Power (W)

0*
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Figure 4-9: Available energy storage reduction decreases with power in Class A (with
fixed harmonic maxima) as opposed to Class D (with harmonic maxima that scale
with power); still, significant energy storage reduction is available even when ap-
proaching the power limits of single-phase equipment. Class D regulation limits do
not seamlessly transition into their Class A maxima at 600 W, hence the discontinu-
ity in achievable energy storage at this boundary.

the power waveform with maximum harmonic content begins to recede toward the

PF = 1 shape. This is a significant departure from Class D; because Class D harmonic

limits scale with power, the results are largely the same across the entire power range.6

6The results are identical for devices operating at or below 584 W. At 584W, the higher-order
15th-39th harmonics reach the Class D absolute limits on maximum permissible harmonic current.
This has negligible impact on the available energy storage savings, as high-order harmonics are
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This trend obviously decreases the available benefit from harmonic inclusion at

higher powers, but the benefit is still substantial well into the kilowatt range (Fig. 4-9).

Indeed, at 1600 W, a roughly 35 % energy storage reduction from harmonic inclusion

is still available.

4.5.2 Class B

Portable tools and some arc welding equipment belong to Class B (regardless of

power), which has the same requirements as Class A with the harmonic limits multi-

plied by 1.5. The normalized energy storage by using the maximum7 available har-

monic content is shown in Fig. 4-10. Using the third harmonic alone, a maximum

of 50 % energy storage reduction is possible at about 750 W. Below this power, the

third harmonic limit is higher than the fundamental, and using a higher magnitude

would only increase the required energy storage again. (We again remind the reader

that the code for these calculations is found in Appendix K).

When all harmonics are used, the energy storage reduction continues to scale as

power is decreased. As power approaches zero, the fundamental becomes less than

every harmonic limit and it becomes possible (in theory) to replicate (4.3) and achieve

complete elimination of the energy storage requirement. Nevertheless, reducing the

normalized energy storage requirement below ~20 % requires a very large number

of harmonics, making it practically unfeasible. Nevertheless, for portable tools of

moderate power (400-800 W), it is both feasible and permissible to reduce the energy

storage requirement by roughly two thirds from the PF = 1 case.

While IEC/EN 61000-3-2 is usually the relevant regulation, not power factor, it

may still be valuable to examine the power factor when harmonic injection is used.

The results for Class A and Class B (under the same cases as Figs. 4-9,4-10) are

shown in Fig. 4-11. For those applications requiring power factor above a certain

value, refer to Section 4.6.

already tightly regulated.
7Due to the constant limits in both Class A and Class B, at low power some harmonic limits may

exceed the fundamental current. In these cases, the magnitude of those harmonics are set equal to
the fundamental to minimize the energy storage requirement.

73



1
Normalized

Energy Storage
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Power (W)
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Figure 4-10: Energy storage normalized to PF = 1 conditions when using the maxi-
mum allowed third harmonic and the maximum allowed of all harmonics for Class B.
For a given power, if an allowed harmonic limit is more than the fundamental, that
harmonic current is set equal to the fundamental.

1 Power Factor

3rd harmonic oo os* -Mo
0.75

.** All harmonics
0.5

0.25

Power (W)
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Figure 4-11: Power factor for Class A (dotted) and Class B (solid) when the maximum
allowable harmonic content is used across power levels. When a harmonic is allowed
to be greater than the fundamental, the magnitude of that harmonic is set equal to
the fundamental for this calculation.

4.5.3 Class C

Lighting equipment exclusively falls under Class C. Most of the past research on us-

ing harmonics for reduced energy storage requirements has targeted this class in an

effort to eliminate electrolytic capacitors from LED drivers to extend their lifetime.
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Nevertheless, much of this research has examined specific designs and control strate-

gies or uses incomplete or outdated limits to investigate the available energy storage

reduction; therefore, we investigate the general limits of this technique on Class C

here.

Class C is divided into a higher power (> 25 W) regime and a lower power (<; 25 W)

regime. In the higher power regime, harmonic limits are set as a percentage of the

fundamental current (Table 4.2). Therefore, as in Class D, the available energy storage

reduction is not a function of power in this regime. In addition, the allowed third

harmonic is a function of the circuit power factor. To investigate the limit of the

available energy storage reduction, we consider the fifth and seventh harmonics as

percentages of their individual allowed maxima. For a given combination of fifth and

seventh harmonic content, we calculate the maximum third harmonic content based

on the power factor constraint:

12
PF - 1,rms (4.8)

*P 2 ++.
In, rms

n=1

where pn is the 'nth harmonic content as a percentage of the fundamental (expressed

as a decimal). With third, fifth, and seventh harmonics included and setting PF

p3 /0.3 as the specification requires, solving for p3 yields

2 - (1 +p2 + P2) + (+ + p2 +4x03

P3 = . (4.9)

For a given combination of fifth and seventh harmonic, the maximum allowed third

harmonic was calculated and the energy storage requirement was calculated with

these three harmonics included (Fig. 4-12). Due to the tight limits on the fifth

and seventh harmonics, they have relatively little impact on the result; higher order

harmonics would have a smaller impact still. In addition, because the available third

harmonic content is a function of the power factor, including larger quantities of higher

order harmonics is not always desirable; in Fig. 4-12, the energy storage requirement
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n-th > 25 W limits
Harmonic (% of fundamental)

3 30xPF
5 10
7 7
9 5

11<n<39 3

Table 4.2: IEC/EN 61000-3-2 Class C (>25W) Limits on Odd Harmonics

improves and then worsens as seventh harmonic is increased. Overall, the energy

storage requirement can be reduced by approximately 25% (from the PF = 1 case)

in this higher power regime of Class C.

Normalized Energy Storage
100

80

7th
harmonic

60

40

20

40 60 80 100
5th harmonic

0.77

0.72

Figure 4-12: Energy storage for
7th harmonics (as percentages of
allowable 3rd harmonic that fits

the high power class C case using max 5th and
their fixed maxima) and allocating the maximum
the PF spec. Power factor is approximately 0.95

and, since very little 5th and 7th harmonics are allowed, does not vary much across
these variables and is not plotted.

In the lower power regime ( 25 W), there are three separate options to satisfy

the IEC/EN 61000-3-2 regulation:

1. Harmonics may meet Class D requirements;

2. Harmonics may meet p3 < 0.86, p5 < 0.61, as long as the current rises before a

line angle of 60', peaks before 65', and returns to zero after 900;

3. Harmonics may meet p3 < 0.35, p5 < 0.25, p7 < 0.3, pq < 0.2, pu < 0.2, and

P2 < 0.05, as long as the total harmonic distortion remains below 70 %. This
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Power Factor
100 0.961

80

0.959

7th 60
harmonic

40 0.957

20

20 40 60 80 100 0.955

5th harmonic

Figure 4-13: Power factor for the high power class C case using given amounts of fifth

and seventh harmonics (as percentages of their individually allowed maxima) and
using the maximum allowable third harmonic consistent with the IEC/EN 61000-3-2
power factor specification for this class.

option is new in the fifth edition (2018) of the IEC 61000-3-2 requirements [48].

We have already covered the first option (Class D), which permits a 62 % reduction

in energy storage requirements. We also need not consider the third option, as it

is less permissive than the second for controlled waveforms like the ones considered

here. Therefore, we need only consider the second option.

To consider the limit of energy storage reduction in this case, we first use the

maximum of the third and fifth harmonics (Fig. 4-14); adding more third and/or fifth

harmonic at no point raises the energy storage requirement, so we proceed consider-

ing the maximum usage. We then include seventh and ninth harmonics, each up to a

maximum of 100 % of the fundamental (Fig. 4-16). As in the higher power regime, we

see that additional harmonic content does not always reduce the energy storage re-

quirement; however, in this case, appropriately adding higher order harmonic content

can reduce the energy storage requirement substantially (from -37 % of the PF = 1

case with only third and fifth to ~26 % with seventh and ninth also included). Thus,

in this regime, the second regulation option offers even more energy storage reduc-

tion than the first option (i.e. Class D limits).
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Percent of available harmonics

0 20 40 60 80 100

Figure 4-14: Energy storage for the low power class C case (second option) using
only the third harmonic and using the third and fifth harmonics. As including more
harmonic content never raises the energy storage requirement, one can maximize the
third and fifth and consider further harmonics (Fig. 4-16).

4.6 Limited Power Factor and Energy Star

In some cases, designers may be constrained to operate above a certain power factor

limitation. Although we know of no case where this is required by regulation for the

classes of devices considered here, it is required for voluntary Energy Star compliance

in the United States and may be an effective industrial standard in other sectors.

As an example, we may consider Energy Star compliance, which corresponds to

a power factor of 0.9 for most kinds of equipment [60]. We investigate the energy

storage requirement as third harmonic is added until power factor is reduced to 0.9.

Higher order harmonics are not included as they impact power factor at the same

rate as the third harmonic but provide less energy storage reduction. Power factor

can be expressed as

PF= 'rms (4.10)
IVfl + I
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Figure 4-15: Power factor reduction when considering third and fifth harmonic inclu-
sion. If a power factor above a certain quantity is desired, compare with Fig. 4-14 to
determine the corresponding energy storage reduction.
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Figure 4-16: Energy storage for the low power class C case (second option) using
the maximum allowable third and fifth harmonics and allocating seventh and ninth
harmonic as percentages of the fundamental (seventh and ninth harmonics are not
regulated directly in this option).

which may be solved for p3 = k3'rms/Ii,rms

P3 = ms\/=- 1) = 0.484 (4.11)

which corresponds to an energy storage of 65.7% compared to the PF = 1 case, or
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Figure 4-17: Power factor for the low power class C case (second option) using the
maximum allowable third and fifth harmonics and allocating seventh and ninth har-
monics as percentages of the fundamental.

approximately 35 % savings on the energy buffer size.

By comparing with Figs. 4-11,4-13,4-15,4-17, it can be seen that this particular

choice of harmonic content is already allowed by IEC/EN 61000-3-2 for Class A, Class

B, Class C (low power) and Class D. The only exception is Class C above 25 W,

which has stringent enough standards within IEC/EN 61000-3-2 that PF > 0.9 is

already guaranteed, and a maximum of approximately 25 % energy storage reduction

is available.

4.7 Impact on Losses

Although reducing energy buffer size can be an important gain for power density, the

increased current drawn is not necessarily free (e.g. in terms of loss) and the side

effects of using harmonic current have not been thoroughly explored in the literature.

Since this approach can be applied independent of the converter topology, one cannot

quantify the exact impacts on system loss without considering detailed design, but

we can attempt to model which converter components or stages will be affected and

how.

Adding harmonic content increases the rms and average rectified current at the

input, when compared to the PF = 1 case. Resistive losses will grow OCi2ms, while

80



diode losses are approximately proportional to their average currents. Adding har-

monics will increase both of these metrics without increasing output power, lowering

efficiency.

Nevertheless, not all components are affected equally, or at all, and loss reductions

may also accrue in some cases.8 As an example, consider a two-stage architecture with

an input diode bridge, dc-side EMI filter, boost PFC stage, energy buffer capacitor

holding approximately constant voltage, and a subsequent isolated dc/dc step-down

stage, as in Fig. 4-18.

input dc/dc
input EMIstepdown to device

voltage bridge fllter onverter

boost PFC stage

Figure 4-18: The two-stage converter with boost PFC is a very popular grid-interface

architecture. For this example, incorporating input current harmonics may negatively
impact losses in the diode bridge, EMI filter, and boost inductor, should not affect the
conduction losses in the boost diode or dc/dc step-down converter, and may improve

losses in the buffer capacitor and boost switch.

By drawing additional harmonic current at the input, the diode bridge and EMI

filter will see increased average and rms currents, increasing their loss. These losses

extend to the boost inductor of the PFC, but not to all PFC stage components.

Since the PFC output voltage is approximately constant in this example, the PCF

output current tracks the power waveform in Fig. 4-4 which has the same average

value regardless of harmonic content. Since iD,ave =out,ave, it can be reasonably

argued that the boost diode conduction losses should be largely unaffected by drawing

harmonic input current. Additionally, the output current actually has a lower rms

value when the input harmonics are included and the boost switch conduction losses

may even improve (although they remain also functions of duty cycle). The energy

buffer capacitor sees reduced rms currents and therefore reduced esr losses. Even

8 For example, switching frequency range compression may be achieved which can be used to
reduce skin/proximity effect losses, core losses, and frequency-dependent semiconductor losses like
dynamic R,, and losses in Co, capacitance [12,72,73].
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if capacitance is reduced to maintain the same voltage ripple (and therefore esr is

increased), the loss Pes = ICrmsResr is still reduced. Finally, downstream elements

(in this example, the dc/dc step-down stage) should be entirely unaffected by the

inclusion of input harmonics. Thus, only "input facing" components see additional

losses by introducing input harmonic content.

2.0
Normalized

1. to PF=1 case IN, rms
1.6
1.4ave
1.2
1.0
0.8
0.6 E
0.4
0.2 Percentage of

each harmonic

0 20 40 60 80 100

Figure 4-19: Increases in iin,ave and iin,rms for a given amount of harmonic currents,
each at equal percentages of their Class D limits.
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1.8 Normalized
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Figure 4-20: Increases in iin,ave and Zin,rms for a given amount of third harmonic
current (as a percentage of its Class D limit).
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We can begin to model the increased losses in affected components by examining

the mean-square and average rectified input currents when utilizing all harmonic

currents together (Fig. 4-19), subject to Class D regulations. Logically, the largest

mean-square and average rectified input currents correspond to the largest harmonic

currents. The same pattern is observed when only the third harmonic is included

(Fig. 4-20). While currents and associated losses do increase, they may be a small

fraction of overall loss. In addition, because losses and energy storage do not vary

linearly, effective compromises are available. For example, incorporating 40 % of the

third harmonic alone grants a nearly 30 % decrease in energy storage (in Class D)

with a very small impact on the rms and average rectified input current metrics.

4.8 Hardware Validation

Many PFC implementations can draw input currents with specified harmonics. In-

deed, one benefit of this approach is its versatility across topologies without requiring

additional hardware. Nevertheless, as a concrete example, we implemented a valley-

switched boost PFC (Table 4.3) which serves to demonstrate experimentally the

claimed performance benefits of using harmonic injection and investigate other prac-

tical effects (see Appendices L, M, and N for schematics, layout, and microcontroller

code). While implementation techniques for harmonic injection are not the focus of

this work, for completeness we do include a brief overview of the control used here in

Appendix H which is taken from [74].

The converter was operated at constant power and adjustable harmonic content,

with third and fifth harmonics included up to the same percentage p of their individual

allowed Class D maxima. Fig. 4-21 shows a series of oscilloscope captures for the

specifications in Table 4.3 where p is increased and the peak-to-peak amplitude of

the output voltage ripple decreases (recall from (4.1) that, for constant average bus

voltage, energy storage is directly proportional to voltage ripple AV). The measured

output voltage ripples are plotted Fig. 4-22, normalized to the ripple expected in

PF = 1 conditions. The calculated reduction in energy storage is also plotted, and
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Vin,rms 220 V

Vout,ave 400 V
Power 250 W
Efficiency 96 % (see Fig. 4-25)
Boost Inductance 116 iHa
Buffer Capacitors 10 bIF x 10
Buffer Capacitor PN Nichion UCY2H100MHD1TO
Boost Diode PN C3D1P7060Q (SiC)
Boost FET PN GS66506T (GaN)

Table 4.3: Prototype Details for All Experiments

aThe inductor was a PQ26/20 core of 3C95 material with 0.05 inches of gap on every leg and
wound with 22 turns of 450/46 litz wire.

matches to within measurement precision.

The capacitor size is limited by the allowed output voltage ripple, so any decrease

in voltage ripple for a specific power can also be interpreted as an available reduction

in bus capacitance. Therefore, with modest amounts of third and fifth harmonics

alone, the bus capacitor can be reduced by upwards of 50%. This is verified in

Figs. 4-23-4-24, where the converter is operated with output capacitance C = 100 PF

and low harmonic content, and also with C/2 = 50 pF output capacitance and high

harmonic content. It can be seen that the reduced voltage ripple from Fig. 4-22 can

be translated into a capacitance reduction instead and that the impact on system

volume is substantial (in this example, about a 1/3 reduction in PFC volume).

We also measured system losses for varying amounts of harmonic currents,9 plotted

in Fig. 4-25. When introducing up to 70% of maximum allowable amounts of third

and fifth harmonic currents, entire system losses across the input diode bridge, EMI

filter, and PFC stage remained well within 10 % of the losses otherwise incurred by

operating at perfect power factor. This is likely due to the converter being heavily

dominated by conduction losses in the boost diode which is not expected to change

with harmonic inclusion. This is verified thermally in Fig. 4-26.

Additionally, incorporating harmonic content introduces new benefits to the con-

verter's switching frequency. Fig. 4-28 shows the measured converter switching fre-

9When measuring efficiency with input harmonics, it is important to remember that the real
power into the system with no phase shift is I1,rms x Vrms, not rms X Vrms.

84



Input Voltage

3v-T

4A - Ipt Current 70 %-N

0%

Voltage Ripple 10 %
1OV- 40'%

70%

Figure 4-21: Experimental input voltage, input current, and output voltage ripple
for 10 % (blue), 40 % (green), and 70 % (red) of the allowed 3rd and 5th harmonic.
The output voltage ripple decreases for fixed capacitance, as expected; the original
voltage ripple magnitude could be restored with less capacitance and improved power
density. Power supplied from a Agilent 6813B set to 220 Vrms input, with a BK 8522
electronic load set to 200 Q resistance.
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Figure 4-22: Experimental output voltage ripple, normalized to the PF = 1 case,
showing a close match to theory.

quency, across the rising half of each line half-cycle for different amounts of harmonic

input current. In sinusoidal current (PF ~ 1) operation, the switching frequency

of the example boost PFC varies from 200 kHz near the peak of the line to almost

800 kHz at low voltages. When harmonics are introduced, more current is drawn at
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Figure 4-23: Photograph of prototype PFC showing the available buffer size reduction
when introducing 70 % of third and fifth harmonic Class D limits with constant output
ripple. The capacitor reduction matches theory and is a major improvement to the
system power density.

low line which reduces the switching frequency (this will generally hold for most

variable-frequency converters). Indeed, when the example converter operates with

approximately 50 % of the third and fifth harmonics allowed in Class D, the switch-

ing frequency range is reduced to 250-300 kHz, or a ratio of 1.4:1. This compression

has a variety of benefits, including for EMI filter and magnetic component design and

for avoiding dynamic R,, and C,, loss penalties. Indeed, by suppressing the highest

operating frequencies, the inclusion of harmonics may improve the loss in the boost

inductor, which may contribute to the flat loss characteristic in Fig. 4-25.

Overall, the prototype demonstrates many of the benefits (and costs) of pur-

posefully drawing higher order harmonic currents discussed earlier. While drawing

many harmonics offers the greatest volume reduction, by using only third and fifth

harmonics one can achieve a substantial amount of that reduction while still oper-

ating well within harmonic limits. Variable frequencies may beneficially have their

ranges compressed, and additional losses may be reasonable and/or compensated by

loss reductions and operating benefits.
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Figure 4-24: Comparison of output voltage ripple when harmonics are included (10 %
vs 70 % of the allowable third and fifth harmonics) and capacitance is reduced. The
reduced voltage ripple of about 50 % in Fig. 4-22 is traded for 50 % less capacitance.
Calculated waveforms are shown in black for comparison.

4.9 Conclusion

As increased efficiency and switching frequency improve the size of other components

of ac/dc converters, energy buffers become more of a bottleneck to miniaturization.

By intentionally drawing currents at harmonics of the grid voltage, designers can

greatly reduce the energy that must be stored each cycle, and therefore significantly

reduce the size of energy buffer capacitors. We show this for every regulation class,

with energy storage reductions between 25-75 % available depending on the class and

power level. In most cases, this technique is available with a change of controls

only, which is an important advantage over other techniques for cost-constrained

applications. We presented a prototype which validates the results without incurring
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Figure 4-25: Measured converter losses, normalized to the low-harmonic case ( 10 %
harmonic usage, 96 % efficiency). In this prototype, which is dominated by diode
losses, including significant harmonic content has negligible effect on efficiency.

Figure 4-26: Thermal capture of the converter operating with 70 % of allowable har-
monics, suggesting that diode losses (which are harmonic-independent) dominate in
this prototype. The hot spot in the center is the boost diode, and the hot spot in the
upper right is the diode bridge.
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Figure 4-27: Experimental power factor and THD for the prototype converter for

different levels of harmonic inclusion showing that significant energy storage reduction

can be achieved even with reasonable power factor constraints (compare Fig. 4-22).
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Figure 4-28: Local operating frequency of the valley-switched boost PFC across the

first half of the rectified input voltage half-cycle. The variable frequency introduced
by the valley-switched boost is greatly mitigated with the inclusion of input harmonics
by drawing more current at low voltage. For each curve, third and fifth harmonics
are each included at the listed percentage of their individually allowed maxima.

a significant efficiency penalty and demonstrates frequency compression which may

be valuable for implementing high-efficiency variable-frequency PFC stages.

Looking forward, we note that there is nothing fundamentally incompatible be-

tween this approach and others that aim for high voltage ripple or use "active buffers"

to reduce the buffer size (e.g. [52-55]). The benefits available from each approach are

compoundable, such that a 50 % energy buffer reduction from each approach should

reduce the buffer to 25 % of its original volume.
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Chapter 5

Losses in GaN Transistors

Gallium Nitride (GaN) transistors, and in particular lateral GaN-on-silicon HEMTs,

have attracted great attention due to their ability to operate well at higher frequen-

cies than silicon devices. Nevertheless, GaN transistors experience increased effective

on-state resistance when switched at high voltage and frequency due to charge trap-

ping in the device [75-77]. This increased resistance (often much more than 2x with

respect to dc) is variously known as current collapse, dynamic on-state resistance, or

dynamic R,,. Dynamic R,, is not commonly reported in datasheets, and how it varies

with operating parameters is not well characterized. In addition, characterization

techniques for dynamic R,, have not been sufficiently developed or agreed upon. It

is also notable that other high-frequency loss mechanisms exist in GaN devices that

are not well described in datasheets. Important among these is hysteretic "off-state"

loss P..8 that occurs in charging and discharging the device output capacitance [72]

(this loss is often thought of as similar to an effective series resistance Ross with the

device output capacitance, though how the loss varies with operating characteristics

doesn't necessarily match the effect of even a nonlinear resistor). Therefore, better

measurements of GaN device loss under realistic operating conditions, including dy-

namic R0 n, will greatly benefit the design of power electronics incorporating GaN

devices and aid in the improvement of the devices.

Some previous efforts have measured dynamic on-state resistance [73,78-83]. The

most common approach is to measure both switch current and voltage waveforms
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during the on state. Since on-state voltage is small and the off-state voltage is large,

a voltage clamp must be placed on the switch node to allow for accurate low-voltage

measurements. However, some setups suffer from the clamp's RC time constant which

limits operation speed [83].

Although this approach can be useful to determine the instantaneous dynamic R,,

during a switching event and may provide useful insights into GaN device physics, it is

difficult to convert the data into a lumped R,, parameter for modeling and simulation.

Furthermore, this method is often measured under hard-switching conditions at low

frequencies - an inauthentic environment for GaN switches in high-frequency power

converters.

Another approach uses thermal data from a soft-switched high-frequency converter

to determine dynamic R,, [12,72]. While this approach provides an authentic high-

frequency environment, the power converter may limit reconfigurability for different

operating conditions and the reliance on thermal measurements is slow and subject

to errors which may be difficult to assess. Moreover, as this technique relies on tem-

perature rise as the measurement signal, it is difficult to determine the temperature

dependence of both dynamic R,, and the off-state losses P,,.

We propose an approach that is able to measure GaN device loss, including the ef-

fects of dynamic R,, and P,,, at megahertz frequencies, using commonly-encountered

HF voltage and current waveforms, while varying frequency, off-state voltage, and

temperature. This is done by accurately measuring dc power into an unloaded reso-

nant switching circuit operating under zero-voltage switching (ZVS). The measured

input power is entirely attributable to losses, which can be designed to be dominated

by conduction loss in the transistor. By subtracting the (small) estimated extraneous

losses, one can compute an equivalent lumped dynamic R,, for a given operating con-

dition. Moreover, as will be shown, the method can be extended to disambiguate the

loss component P,,, when resonantly charging/discharging the output capacitance.

The remaining sections of the paper include a detailed description of the proposed

technique (5.1), estimation of non-conduction losses (5.2), and validation of the tech-

nique (5.3). We then present experimental dynamic R,, data for 3 MHz operation
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Vin,d _in,dc Cr- DUT vs.u

Figure 5-1: Simplified circuit diagram for the proposed measurement technique. The
device under test (DUT) is operated under zero-voltage switching as indicated in
Fig. 5-2. A nearly de voltage is provided at the output of the filter, and the input
power to the filter can be accurately measured with dc multimeters.

across temperature and voltage for GaN-on-silicon power devices manufactured by

GaN Systems, Navitas, and Panasonic (5.4).

5.1 Measurement Technique

A simplified schematic of the proposed measurement circuit is shown in Fig. 5-1,

with operating waveforms in Fig. 5-2. When the switch is on, the inductor current

ramps up linearly. When the switch turns off, L, resonates with the capacitor C, (in

parallel with the device capacitance, C,,,), delivering a half-sine pulse of voltage VSW

across the device. As the switch voltage returns to zero, the switch is turned back

on with ZVS. The magnitude and frequency of the currents and voltage pulses can

be designed by the choice of Lr, C, the dc input voltage, and the on-time of the

FET. It is noteworthy that the on- and off-state waveforms are closely matched to

those of some high-frequency converters (e.g. [84-88]) and reasonably match a wide

variety of soft-switching circuits. Since the variation of dynamic R0 n across operating

conditions is largely unknown, testing in an authentic environment may provide more

useful results for circuit designers than other available methods.

Overall Measurement Strategy:

1. Adjust ton and Vi, to impose off-state voltage pulses at the desired voltage and

frequency.
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Figure 5-2: Circuit operating waveforms showing half-sinusoidal
sinusoidal inductor currents, and soft-switching conditions that
in HF converters.
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Figure 5-3: ZVS detector and timer circuit. FET on-time is set by the RC time
constant and the dc Vtmr value. In this prototype, ADCMP601 were used for the
comparators, with SN74LVC1G06 for the reset FET and 74LVC1G27 and 74LVC1G32
for the NOR and OR gates.

2. Measure the dc power P at the input port of the circuit. This can be done

accurately with multimeters.
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3. Estimate losses not attributable to conduction in the transistor Pther and sub-

tract them from Pin.

4. Measure or infer the switch current sw,rms, and solve for dynamic Ron

(Pin - Ploss,other) /',rms

Though these tasks can be summarized briefly, the challenge lies in making the

measurements and estimations in steps 2-4 as accurately as possible.

Switching Control: The circuit is controlled by detecting ZVS each cycle to turn

the FET on and using a ramp timer to determine the on-time and hence control turn-

off (Fig. 5-3). This is similar to ZVS switching controls used in other applications [8,

16,89]. The switch node voltage v, is divided and compared to a threshold voltage

Vzv, producing a digital signal Z. When v8 w gets close enough to zero, Z transitions to

low, which turns the DUT on. At the same time, when Z goes low, the switch Sramp

turns off and thus activates an RC-timed voltage ramp vramp. When Vramp exceeds

the threshold Vtmr, the digital signal TMR goes high and the circuit turns the DUT

off. Turning the device off causes vo, to pulse again, and the process repeats.

By manually adjusting Vtmr, the on-time can be varied. By varying ton and Vin,

the desired pulse voltage Vpk and overall frequency can be achieved. For any operating

condition, Vv, can be adjusted to achieve ZVS.

Hardware Setup: To facilitate testing of multiple devices, we divide the test

setup into two components. First, a main board contains the filters1 , input power

measurement ports, and a microcontroller and DACs that set signals Vtmr and V,,,.

(See Appendices 0, P, and S for schematics, layout, and microcontroller code). Sec-

ond, the transistor board contains the DUT and the HF control circuit (Fig. 5-3). (See

Appendices Q and R for schematics and layout). The main board (Fig. 5-4) connects

to the transistor board (Fig. 5-5) through a cable. This division allows the transistor

board to be easily exchanged to test different devices, and it facilitates mounting the

1Since input current Ii,, demand is low but the input voltage Vi" is high (~1OOV), some voltage
sources may operate in a light-load mode in which bursts of current are supplied at low frequency

(~ 10 kHz). A lower frequency filter may be required between the source and the measurement point

to prevent source noise from affecting the measurement of Pi,.
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Figure 5-4: Overall setup, showing the main board with filters, input power measure-
ment and dc signal generation, as well as a transistor board mounted to the hot plate
(Talboys 984TA7AHPEUA 7) and the resonant inductor L,.

Figure 5-5: Transistor board mounted to the hot plate, containing the DUT under a
mechanical clamp (Fig. 5-6) as well as the high-frequency ZVS detection and timing
circuitry.

transistor board to a hot plate (Talboys 984TA7AHPEUA 7) for temperature con-

trol. Only dc signals are sent from the main board to the transistor board, including

input voltage, logic supply V, and control reference voltages. Analog voltages are

filtered at the comparator inputs to prevent interference. All high frequency signals

(e.g. vg, or divided switch voltage Vsw,step) are contained on the transistor board and

are run through short traces.

Temperature Control: We control device junction temperature T in order to
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Figure 5-6: Side view of thermal control setup. The FET's source pad is via-farmed
to the bottom layer of the PCB which makes thermal contact with the hot plate
through an aluminum pedestal (machined flat, with thermal grease applied at each
junction). A clamp is also screwed on top of the FET, through the PCB, and into
the hot plate to provide even pressure.

Ti

Rjc

fete

Rvia ''' Rvia

Th.

Figure 5-7: Thermal model of the thermal control setup. The hot plate temperature
Th is controlled, and heavy via-farming ensures a low thermal resistance connection
from the hot plate to the device case (Tc) and junction (Ti). In the prototype system,
the thermal resistance from device case to hotplate is kept below ~1 C/W.

Rj. Pt ATj, % Error (-)
PGA26E19BA 1.9 C/W 2.35 W 4.46-C 5.56 %

NV6131 2.2 0C/W 2.21 W 4.86 C 6.08 %
GS66504B 1.0 0C/W 2.20 W 2.20 -C 2.75 %

Table 5.1: Breakdown of expected errors between junction temperature and case
temperature Tc, taken from measurements at T, = 80 C and Vk = 400 V. It can be
seen that there are small discrepancies between T and Tc; case temperature control
is effectively junction temperature control for purposes of testing across a wide range
of temperatures.

determine the effects of temperature on dynamic R,,. This is done by heat-sinking

the device to a hot plate through a low thermal resistance path as shown in Figures 5-

6-5-7. Using an aluminum hot plate with high thermal conductivity, and with typical

dissipation values in our system, we can assume that the case temperature of the
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device is very close to that of the hot plate. The temperature at the device junction

is then the hot plate temperature Th plus a small ATc owing to the non-zero thermal

resistance from the junction to the case (Table 5.1). With an appropriately-designed

via farm to an exposed copper pad on the reverse side of the PCB, this thermal

resistance can be made sufficiently small to be neglected.

To validate this approach, we model the junction-to-case thermal resistance ac-

cording to the datasheet values, which are about 1-2 C/W. We model a single via

has having Rvia = 37.4 C/W [90]. Assuming 100 vias in parallel, we obtain an ef-

fective case-to-hot plate resistance of Rch = 0.37 C/W, for a total junction-to-plate

thermal resistance of approximately 2.5 C/W. With 2 W of loss in the FET (for ex-

ample), the expected temperature difference from the junction to the hot plate is a

negligible 5 'C.

5.2 Other Loss Attribution

Given the simplicity of the circuit, the total losses Pi, can be ideally attributed to

only a few sources, namely conduction loss in the FET Pcond and other losses including

losses in the resonant inductor Pir, in the FET output capacitance's P,, [72] [12], in

the filter inductors Pfilter, and in the ZVS detector voltage divider PZVS. By design, the

non-conduction losses Pther should be as small as possible; nevertheless, their actual

losses can be estimated and subtracted from Pi, before computing dynamic R0 ,. Most

losses are amenable to accurate estimation; we expound on the major contributors

of the loss below, in order of decreasing significance. In doing so, we note that a

limitation of the proposed technique is that all unidentified loss sources (or under-

represented losses) are construed as additional conduction loss owing to dynamic Rds-

on. Thus, it is important to account for other loss sources as accurately as possible. In

particular, the design or selection of the passive components in the system, especially

Lr, is crucial to obtaining precise measurements of dynamic Rn. For more details on

the design and selection of passive components, refer to Appendix E.

Co, Losses (P8 8 ): The loss associated with the output capacitor of the DUT
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Figure 5-8: Typical breakdown of estimated losses' contribution to total loss
(%) based on measurements under 400V VXk at 3 MHz on a Panasonic FET
(PGA26E19BA). It is important that Pcond represent a large fraction of the over-
all loss to prevent errors in estimating Pother from impacting the results.
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Figure 5-9: Method for extracting P.., loss by adding a second always-off transistor
(filters not shown). For the same experiment with this setup, the additional loss is
wholly attributable to P,,,.

(PO,,) can be high since the transistor terminals experience high-voltage pulses at high

frequency; this loss mechanism is known to be significant at high frequencies in GaN

devices and some Si devices. In some cases, these losses are ohmic in nature, while in

others the losses are hysteretic or have even more complex relationships [12,72]. This

loss can be difficult to disambiguate from conduction loss since both occur within

the FET. Nevertheless, one means to disambiguate P.. from conduction loss is by

connecting a second always-off transistor S2 in parallel to the DUT and using the

additional loss imposed by the second device as an estimate of P,,,, similar to [12,72].

Because S 2 is always off, the operating waveforms shown in Figure 5-2 are not

significantly changed (recall that C, dominates the switch node capacitance by de-
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sign, so the added C,,, of the second device does not significantly affect the operating

waveforms; if it does, then the resonant capacitance can be slightly adjusted to com-

pensate for this). P,,, can be estimated by performing power output measurements

twice: once without S2 in place, and once with S2 . The difference in FET loss in the

two cases is attributed to P0 ,. Note that this estimation technique assumes that Poss

of an always-off device is the same as that of a device that switches at high frequency.

Resonant Inductor Loss: The resonant inductor L, accrues loss Pi, as current

flows through its equivalent ac resistance Ri,. P, is estimated from the measured rms

inductor current Irrms and the equivalent resistance of the inductor at the operating

frequency R1,. 2 The inductor current is captured on an oscilloscope and the measured

inductor current is used to obtain Ir,,ms The resonant inductor loss can then be

calculated as P,= I,2ms Rir.

It is important to estimate Pir as accurately as possible since Pr is expected to

be one of the most significant contributors to Pother. We use a large air-core structure

to achieve a high-Q inductor with linear resistance, which keeps Pr both low and

predictable. For more details on the design of inductor L, used in the experimental

system, see Appendix E. Note that it is important to keep this large inductor away

from nearby conductors or magnetic materials, including incidental metals in or under

the test bench.

Voltage-Divider Loss: The switch voltage is monitored in order to obtain ZVS

(see Fig. 5-3). This is done by stepping down the voltage through a voltage divider,

which accrues loss. This loss is calculated straightforwardly as P,, = Vw,,ms/Rtep,

where Rstep is the total resistance of the divider. Vw,ms may be calculated from the

switch voltage as measured on an oscilloscope.

Turn-on and Turn-off (Transition) Loss: The loop containing the resonant

capacitor and the FET contains some parasitic inductance Lp. During every turn-

on/turn-off period, LP is magnetized/demagnetized and dissipates loss in the pro-

cess. The turn-on and turn-off losses are calculated equivalently as P"' = Ptoff =

2 To avoid accidentally including probe losses, which can be significant at high frequency, measure-
ment of input power should only be taken with no voltage/current probes attached to the system.
Probes are then attached to measure e.g. Ir, and VsW.

100



f L 1 2,where Itran is the instantaneous current through the device during a tran-

sition event. We infer Itran from the measurement of the resonant inductor current.

Assuming LP = 1 nH, calculations at 3 MHz show that transition losses account for a

small portion (0.47%) of total losses (Figure 5-8). In many cases, it could be ignored.

We need not consider any turn-on overlap or capacitive discharge loss since the

circuit achieves zero-voltage switching (ZVS). Overlap turn-off loss can also be ignored

due to the strong snubbing effect of C,, and Cr.

5.3 Validation

To validate the proposed approach, we performed FET loss measurements across vari-

ous voltages and verified them as plausible against thermal measurements. For exam-

ple, we performed thermal resistance measurements on a Panasonic device (PGA26E19BA)

by setting vg, to zero and passing de current from the source to the drain without heat-

sinking the transistor board. Measurements of Isd, VsA, and AT showed a measured

thermal resistance of 35 C/W (case AT for given dissipation).

We then performed a dynamic R0 n test at (3 MHz and 400 Vpk), again without

heat-sinking the device. The experiment produced a calculated FET loss (Pc0 nd +

PO,,) of 1.6 W during operation. We simultaneously recorded the temperature of the

FET case with a thermal camera, which was ~ 86 C. Letting ambient temperature

TA = 25 C, we expect the temperature of the FET to be: TA+35 C/W.1.6W = 81 C

which is reasonably close to the measured value of 86 C. We performed several of

these tests across various voltages and achieved very similar results. This verifies the

accuracy of our loss modeling and adds confidence to our FET loss calculations.

5.4 Results

In this section, we report experimental results of dynamic on-state resistance of com-

mercial GaN-on-silicon FETs from GaN Systems, Navitas, and Panasonic (all in

the 600-650 V rating range). For each device, data was recorded at 3 MHz over-
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all frequency, for two different peak off-state voltages (Vk = 200 V and 400 V), at

several temperatures (room temperature, 80 C, and 120 C) as explained in Sec. 5.1.

As measurements were performed at the same frequency for similar devices, the same

resonant inductor was used while the resonant capacitor value was adjusted slightly.

Results from each device are shown in Figs. 5-10-5-12, with dynamic R," normal-

ized to the datasheet value at 25 C. The most striking feature of the results is the

high overall value for dynamic R0n, roughly 4-6 times the room-temperature static

R,, value on the datasheets. This result is consistent with findings by other research

groups [72] that reported FET conduction loss multipliers ranging from 2-3 over their

datasheet values at elevated temperatures. 3 The switching environment between this

work and that of [72] are somewhat similar (soft-switched at MHz frequencies) and

any discrepancy between the findings may be attributable to differences in v8s volt-

age and iz, current waveforms. Nevertheless, the results agree that the dynamic R,,

values are substantially higher than static R0 n, even when temperature is taken into

account.

In general, dynamic R,, increases with peak switch voltage as seen in Figs. 5-10-5-

12. This result is consistent with previous findings [79], [80], [91]. This is most likely

due to high electric fields in the channel forcing electrons into trap states, causing

dynamic R,, to increase.

The results in Figs. 5-10-5-12 also allow us to see how dynamic R,, varies with

operating temperature. In particular, the results suggest that dynamic R" is not a

strong function of temperature for these devices. This may be the result of two con-

flicting phenomena: 1) as temperature increases, electrons in trap states are energized

and more readily escape the traps, decreasing dynamic R0 n, and 2) as temperature

increases, ohmic resistance increases which increases the apparent Rn. The relative

strength between these two competing effects may vary across devices, voltages, and

temperature ranges.

3 [72] does not report operating temperatures, but reasonable elevated temperatures can cause
dc resistance to increase by 1.5-2 times.
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Figure 5-10: Thermal sweep across 20, 80, and 120 Celsius show that dynamic Ron
isn't a strong function of temperature. Measurements were done at 3 MHz on a
Panasonic FET with static Ron = 140mQ at 200V and 400V V'pk
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Figure 5-11: Thermal sweep across 20 and 80 Celsius show that dynamic Ron isn't
a strong function of temperature. Attempts at measuring at 120 Celsius caused the
FET to fail. Measurements were done at 3 MHz on a Navitas FET with static
Ron = 135mQ at 200V and 400V Vk.

5.5 Conclusion

We proposed a technique for measuring losses in GaN transistors at high frequency.

This approach is capable of disambiguating dynamic Ron losses and PO,, losses, and

can be performed at a variety of frequencies, off-state voltages, and temperatures.4

Finally, the voltage and current waveforms imposed upon the DUT authentically

resemble those of many high-frequency converters.

We also contribute some loss data for extant commercial GaN transistors. In

4We have tested devices using this approach at 3 MHz and 200-400 V peak, consistent with the
application of such devices explored later in this thesis.
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Figure 5-12: Thermal sweep across 20, 80, and 120 Celsius show that dynamic Ron
increases with temperature with decreasing margin. Measurements were done at 3
MHz on a GaN Systems FET with static Ron = 100mg at 200V and 400V V1 k.

general, the losses in the GaN FETs presented are significantly higher than expected

from the listed Ron, even when accounting for temperature rise and other losses like

Po. The tested devices show an increasing dependence of dynamic Ron with off-state

voltage, as is expected. The dependence on temperature is less severe than would be

expected from the static Ron temperature dependence.

Given the importance of accurate loss predictions for design, simulation, and

modeling - along with the difficulty of measuring dynamic Ron, the proposed technique

offers a solution to characterizing these significant discrepancies.

104

-4



Chapter 6

An Improved PFC Circuit

Electrical loads process real power by drawing current at the same frequency as (and

in phase with) the source voltage. Other frequency components of the input current

result in reactive power and deliver no net energy to the load; these currents are

nevertheless physically real and may dissipate energy in any source impedance (e.g.

resistance in mains distribution lines and transformers). For devices connected to

the single-phase ac grid, currents at harmonic frequencies of the grid voltage are

therefore regulated according to international standards, e.g. IEC/EN 61000-3-2.

Power conversion stages which draw compliant currents by design are called Power

Factor Correction (PFC) converters [92-94].

Power factor correction stages often make up a significant fraction of the over-

all volume of grid-interfaced power converters. Miniaturization using MHz switching

frequencies is attractive, but fCV2 switching losses become intolerable at grid volt-

ages without "zero voltage (soft) switching" (ZVS). Most soft switching techniques

are only suitable for narrow operating voltages and/or powers and therefore have

not been widely used in PFC stages [95], limiting PFC stages to low frequency (LF,

30-300 kHz) operationi with large passive components for both power conversion and

EMI filtering.

'Some PFC converters exceed this frequency range by achieving soft switching at the expense
of additional lossy circuitry or by only partly achieving soft switching [96, 97]. Other approaches
can achieve ZVS using complex switching networks [98,99], stacked architectures [100, 101], or wide
frequency ranges [102-104]. See [95] for further discussion.
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To illustrate the problem, consider the boost PFC converter as part of a two-stage

architecture - arguably the most common combination in use. The PFC stage boosts

from rectified universal input (85-265 Vrms) to a dc bus around 400 V. Operated near

boundary conduction mode, the boost converter may allow a resonant transition to

reduce its switch node voltage prior to turn-on. This process results in true ZVS for

Vi, < V&t/2, and "valley-switching" at vmin = 2Vi - Vnt otherwise [105]. For much

of the line cycle, the switch still turns on with hundreds of volts across it, making

high frequency operation untenable.

Here we present a PFC converter which achieves ZVS for any step-up voltage

conversion ratio. It can therefore act as a soft-switched replacement for popular

boost PFC stages without any modifications to the rest of the system architecture.

In addition, the converter uses a blended feedforward/feedback control scheme which

eliminates the need for current sensing (both high-frequency inductor current and low-

frequency input current). These features enable switching frequencies in the MHz

regime and the opportunity for greatly reduced inductor and EMI filter sizes [106].

The proposed converter is based on a dc-dc converter with wide operating range

previously published as part of this research by the author [95]; this chapter focuses

on new aspects required for its adaptation to ac-de PFC applications. In Section 6.1,

the basic converter operation is cursorily reviewed, but readers are referred to [95]

for more thorough background. Section 6.2 proposes a blended feedforward/feedback

control technique to achieve power factor correction without the need to sense input

current or inductor current. Section 6.3 presents a prototype and discusses details

which are important for practical implementation. Section 6.4 presents experimental

results showing that the converter reliably achieves ZVS at MHZ frequencies across

the line cycle with power factors around 0.998 (THD ~ 6%). We conclude that the

converter has potential for high power density in a wide array of existing applications,

including those with stringent power quality requirements.
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Figure 6-1: The proposed power factor correction topology, which is identical to
the four-switch buck-boost converter (the advantages of the proposed converter arise
through control). Lumped parasitic capacitances CP are drawn explicitly, and recti-
fication bridge and an example emi filter are shown for completeness.

6.1 Abridged Operation Overview

The proposed converter (Fig. 6-1) has a power stage that is topologically identical

to the four-switch buck-boost converter, but is controlled to achieve zero-voltage soft

switching (unlike pure boost converters) with low rms current (unlike pure buck-

boost converters) across the line cycle. The proposed converter can thus operate at

much higher frequencies without incurring high loss penalties. The converter has two

distinct modes of operation.

Low Voltage / Boost Mode: The converter may be operated as a conventional

boost converter by turning switch SAl on for the entire switching cycle. This mode

(see Fig. 6-2) has an energy storage phase (SB1 on), a direct delivery phase (SB2

on), and a resonant phase to achieve ZVS (SB1 and SB2 off). The LC resonant

phase begins with zero initial current, a dc offset voltage Vj, and an initial capacitor

voltage V0st; as such, VB will ring down to zero as long as Vi, < Vst/2. Switch SB1 is

turned on in response to the zero voltage condition (see Sec. 6.2 and Fig. 6-4) which

may occur before the inductor current returns to zero; as such, the current at turn-on

io may be somewhat negative.

High Voltage / Buck Mode: This mode is nearly identical to the boost mode

in operation, with SAl and SA2 active instead of SB1 and SB2. During the resonant

period of this mode, the switching node A may ring up as high as 2Vst. Therefore,

for any Vt < Vi < 2Vst, the buck mode may be employed with ZVS and hence
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high-frequency operation.

Medium Voltage Mode: The boost mode and buck modes leave a substantial

voltage range V0st/2 < i, < V0st with no ability to achieve ZVS and hence high-

frequency operation. When the input voltage approaches the output, the relevant

switch may "miss" ZVS by as much as V0st, or hundreds of volts. Therefore, a new

mode is proposed in [95 which achieves ZVS for any V& < V0st. The progression of

switching states includes an energy storage phase (SAl and SB1 on), a direct delivery

phase (SAl and SB2 on), an indirect delivery phase (SA2 and SB2 on), and a resonant

phase (all switches off). During the resonant phase, switch SAl turns on when node

A reaches Vj, while switch SB1 turns on At later when node B reaches zero; this

does not significantly affect the understanding of the switching states, but must be

accounted for in control.

The advantage of this mode lies in its "CLC" resonant phase, unlike the "LC"

resonant phase in the boost mode. When the resonant phase begins, node A starts

at zero volts, node B starts at Vost, and there is no voltage offset (i.e. from the input

voltage source). This scenario is guaranteed to return node B to zero and node A to

(at least) Vi, for any Vi, < V0st.

The progression of switching states may be understood as that of a boost converter

with an indirect delivery phase added to the end, thereby creating the necessary

conditions in the resonant period to achieve ZVS. (The resonant phase distinguishes

this approach from previous uses of this topology in CCM [107] or DCM [108,109],

thus supplying the important advantage of soft switching.) The progression of states

may alternatively be understood as that of the conventional four-switch buck-boost

converter (i.e. with a triangular inductor current waveform) with a direct delivery

phase added in the middle, thereby reducing the rms current required for the same

power.

There is a minimum value for the inductor current at the end of the direct delivery

phase, denoted i2 in Fig. 6-3. In order to properly commute from SA1 turning off to

SA2 turning on, the inductor energy !Li2 must be sufficient to discharge the parasitic

capacitance C, at node A. To the extent that this condition is violated, node B will

108
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tres tes tdi,

Figure 6-2: Low Voltage (Boost) Mode inductor current waveform. This mode
achieves ZVS when Vi, < Vt/2. The switching cycle is divided into a resonant
phase (SB1, SB2 off), an energy storage phase (SB1 on), and a direct delivery phase
(SB2 on).

i, L

ii

At2

'ZbO t

ZaO
tres|| tes tdir I tind I

Figure 6-3: High Voltage Mode inductor current waveform. This mode achieves ZVS
when Vi, < Va, but is most useful where the Boost mode loses ZVS, i.e. Vi, > V0 't/2.
The switching cycle differs from the Boost mode primarily with the indirect delivery
phase (SA2, SB2 on).

not ring all the way down to zero volts in the final resonant transition. Maintaining

i2 above its minimum value will be an important constraint on control.

It is important to note that the inductor current may be inferred from on-times

without measuring switching-frequency current. Indeed, in the high voltage mode,

tres, At, iZO, and ibo may be computed from voltage measurements and circuit pa-

rameters alone. The switch on-times are directly related to tes, ii, tdir, i2, and tind.

A similar logic applies to the typical boost and buck modes. This observation means

that any desired features of the inductor current waveform (esp. the average input

current and i2) may simply be computed and executed without current measurement

or feedback. This is an important advantage where complex control is required (as in

PFCs) while maintaining ZVS at high frequency. The only additional requirement is
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a control circuit that can (1) respond to ZVS detection by turning a switch on with

sufficiently low delay and (2) hold the switch on for a programmable duration. Such

a circuit is described in Sec. 6.2 and Fig. 6-4.

6.2 Control

The control of the proposed converter is different from many converters, though sim-

ply understood. A dedicated high-speed control circuit, like that shown in Fig. 6-4,

is required for each controlled switch. A given switch (e.g. SAl, SB1) is turned

on when its corresponding ZVS Detector senses low voltage across the switch. The

switch is then kept on for a certain on-time by way of its corresponding Ramp Timer,

whose time-out is dictated by a dc control voltage. After the switch turns off, the

cycle repeats as long as ZVS is eventually achieved again.

The switch turn-on and turn-off actions are thus, in a sense, passive. No input

from a microcontroller is required, except to select the dc or slowly varying ZVS

trigger voltage REFzvs and on-time control voltage REFTMR. The turn-on and turn-

off events for a switch are asynchronous from the microcontroller clock, and indeed

even from the events of the other switches. Therefore, the proposed converter control

should not be understood as pulse-width-modulation or frequency control, though

pulse-widths and frequencies will both vary. The most apt description would be

"on-time control," though this phrase risks confusion with different methods having

unfortunately similar names (e.g. constant on-time control, adaptive on-time control,

etc.). In this case, "on-time control" simply means that the on-times are the only

control variables, and the off-times and the timings of the turn-on/turn-off events are

not directly commanded.

With the concept of on-time control understood, we turn to the proposed converter

in particular. A possible control approach for this converter using constant on-times

was suggested in [951; despite its commendable simplicity, this prior approach was

2The control circuit in Fig. 6-4 is improved over the one in [95] by using a current mirror (instead
of a lone resistor) in the Ramp Timer. This solution is easily executed either on- or off-chip and
results in a much more linear ramp.
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underspecified, had limited control of input current, and forced the converter into

inefficient operation.

VsW

ZVS Detector

ZVS
REFzv

TO
FET

GATE

Ramp Timer

+, TMRg

ZVS* REFTM

Figure 6-4: Auxiliary comparator-based control circuit used for each active switch in
the proposed topology, allowing for turn-on in response to zero-voltage conditions and
a programmable on-time. Minor variations to this circuit may be required as discussed
in Section 6.3. ADCMP601 were used for the comparators, with SN74LVC1G06 for
the reset FET and 74LVC1G27 and 74LVC1G32 for the NOR and OR gates.

Here we propose an approach which achieves higher efficiency and grants the de-

signer arbitrary control of the input current waveform (including high power fac-

tor/low THD waveforms) at the expense of only superficial complexity. The ap-

proach modulates on-times across the line cycle to control the input current shape;

this is done in a feedforward manner using only input/output voltage measurements

and pre-programmed circuit parameters. Thus, the designer need not measure input

current nor design a feedback loop for this purpose. Though feedforward control in

general is rightly avoided for its inaccuracy under uncertain parameters, inaccurate

measurements, and incomplete models, we will show that feedforward control may be

sufficiently reliable for purposes of power factor correction. 3

Let us consider the medium-voltage mode. With two control variables (taa, tba),

3In addition to the feedforwad "inner loop" controlling the input current shape over the line cycle,
a traditional feedback "outer loop" (slower than the line cycle) controls the output voltage by way
of the magnitude of the input current waveform. There is nothing unique about this feedback loop,
and it is mentioned only for completeness.
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we may select two features of the inductor current waveform to target. We choose to

target the average (over a switching cycle) input current Ij, and the corner current i2 .

We wish to maintain the corner current 1 2 at its minimum allowable value, minimizing

rms currents while maintaining ZVS. We target the average input current, of course,

for power factor correction and overall power transfer.

To meet these targets, we need a mathematical model relating switch on-times to

the average input current Ii, and to i2 . The analysis is simply explained, though the

actual computations are messy and left to Appendix F. We quote only the driving

logic and the final results here. To maintain precision, we use capital symbols to

denote values that are constant or averages across a switching cycle; we use lower-

case symbols to denote values that change within a switching cycle or that only have

meaning within a switching cycle. We also introduce the notation X = Vi,/V,,, as

this ratio appears frequently. Finally, because we use Vin for the local input voltage

(averaged over a switching cycle), we instead use Vms to refer to the rms input voltage

(taken over the line cycle). The peak of the input voltage waveform is then v2Vms.

The logic for input current control is as follows. We are able to use a feedforward

approach to because the converter always returns to the same state each cycle (at

t = 0 in Figs. 6-2, 6-3). In principle, the entire behavior of the switching cycle

can be predicted from circuit parameters, measured input/output voltages, and the

commanded on-times. Starting at t = 0, we can determine when VA will reach zero

(tres), what the inductor current will be (iaO), then at what point will VB reach zero

(,At later), etc. With selected on-times, the required variables are all known and the

entire switching cycle is predictable. We can then compute Iconv and i 2 .

In practice, the above analysis is reversed. One begins with a desired average input

current Irn (determined by the position in the line cycle and also the slow output

voltage feedback controller) and then accounts for the current into Cin to obtain a

required average converter input current iconv:

Cony = Iin - Cinwine 2V 2 _ yn (6.1)
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With a required cony and a desired i 2, the required il may be computed:

Z= IconV +

I/2 nI + i2X - 2Iconvi2 X 2 + 2Iconvi2DX(1 - X) (6.2)

where X = Vin/Vut, D tres2Vout/Li2 and tres2 - 1 = w LC, 2. From there,

the required times ta,oni =At + t,, + tdir and tb,on= tes can be backed out and then

commanded:

Vo VoL, (I - X)
tb,on= LV + L- (6.3)

Vin Vn

ta,on =tboan + L 1
out ~Vin

2 2LC (1 - X)
-X -X2+ 2(1-X) (6.4)

While the equations for this feedforward approach appear complicated on pa-

per, the approach is actually simple to implement in hardware. A microcontroller

or ASIC measures the input/output voltages and has pre-programmed values for

circuit parameters. It then simply performs a few calculations and commands the

switch on-times by way of the control voltages REFTMRa,b. The actual turn-on and

turn-off events are executed with the dedicated high-speed circuitry and need not be

"controlled" per se. Finally, we emphasize once again that no current measurement

is required, neither high-frequency inductor current nor low-frequency input current.

Microcontroller code can be found in Appendix V.

Although the discussion above treats the proposed high voltage operating mode,

similar logic applies to the low voltage boost mode. The calculations for the boost

mode and buck mode also appear in Appendix F.

The waveform quality available with the above approach can be seen in Fig. 6-5

showing experimental waveforms from the prototype in Sec. 6.3 for 220 V rms input,

400 V output, and 300 W power. Note in particular that the mode transition, often
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troublesome in multi-mode converters, is indiscernible. The converter achieved THD

below 10 % over the entire power range, with the majority of THD attributable to zero-

crossing distortion. Nothing prevents further refinements to the model (in particular

the assumption that the Cp charging/discharing times after tea,tdi, are negligible)

from reducing THD further if desired.

2A

0A

-2A

400 V

200V t -
00V

-10 0 10

time (ms)

Figure 6-5: Experimental operating waveforms for the proposed converter. The fil-
tered input current has high power quality (THD < 10 %), with no discernible distor-
tion from mode transitions. Zero-crossing distortion is the major source of THD, and
can be eliminated with more detailed modeling. Measurements at 220 V rms input,
400 V output, and 300 W power

6.3 Implementation Details

The PFC converter was implemented in a hardware prototype utilizing GaN FETs,

SiC diodes and advanced high frequency magnetics [110] (Table 6.1). The design oper-

ates with dynamic frequency variation in the 2-4 MHz range, approximately 1Ox that

of conventional PFC systems, with commensurate reductions in passive component

values.

In addition to the power stage components, the high speed control circuit compo-

nents used are also listed in Table 6.1. The control circuit for SB 1 is straightforward

114



Figure 6-6: Photograph of the prototype converter, including twice-line-frequency
energy buffer capacitor, power stage inductor, switching and control elements, and
input filter and rectifier.

Component

FET SA1,SB1
Diode SA2,SB2
Capacitor C0 mt
Inductor L
Core Material
Inductor Design
Diode Bridge
Comparators
Current Mirror BJTs
Ramp Reset FET
Gate Drive
Microcontroller

Table 6.1: Part selection for

Part/Value
Navitas 6131
Wolfspeed/Cree C3D1P7060Q (2 each)
220 pF 450QXW220MEFC18X50
13.5 pH
Fair-Rite 67
Q = 620 at 3 MHz ( [110], Ch. 2)
Z4DGP406L-HF
ADCMP601
2SA1873
SN74LVC1G06
"TinyLogic" NC7WZ16
PIC32MZ0512EFE064

the prototype. See Appendix T for more details.

of powers and at switching frequencies of 2-4 MHz, as predicted in Section 6.1. By

contrast, the conventional boost PFC would lose ZVS with hundreds of volts at turn-

on (for universal input). As such, the conventional solution would not be feasible

at these frequencies with available semiconductor devices and loss allowances; the

conventional boost solution is thus limited to lower frequencies and larger passive

values.

The switching frequency was also measured for the rising portion of the line cycle

(Fig. 6-8), showing that frequency variation is low for a particular power and reason-

able across powers. Experimental frequency measurements validate the model used
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to implement, since SB1 is ground referenced. For SAl, there are two options:

1. Use the circuit in Fig. 6-4 and reference the control circuit to the source (node

A) and v, to the drain Vi. The REFzvs and REFTMR signals must be ob-

tained in an isolated way, but no high frequency signals have an isolator in their

path. This implementation is theoretically faster, but susceptible to noise as

the signal "ground" is referenced to a switching node. This approach is difficult

but feasible, and was used in [95].

2. Reference the control circuit to ground and connect v,, to node A. In this case

the ZVS Detector is not watching for v, to ring down, but rather to ring up - as

such, the polarity of the ZVS comparator should be reversed. Additionally, the

ZVS trigger signal REFzvs must be modulated as V4 changes (as opposed to

the ZVS trigger for SB 1 which need not change). This implementation requires

isolation to bring the gate drive signal to the SAl source voltage domain, thus

placing a delay in the high-frequency path. The advantage of the ground-

referenced controls is substantial, however, and we use this approach in this

prototype. For isolation purposes, we used the S18610 digital isolator, with

sim10 ns delay.

The inductor was implemented with a high-frequency structure (see [110] for de-

tails, as well as Chapter 2 in this thesis) using Fair-Rite 67, a magnetic material

appropriate to the frequency range [106]. The prototype thus served as a platform to

explore both the proposed topology and the magnetic structure in [110].

6.4 Experimental Results

Measured 4 efficiencies and input THD under varying load conditions show that the

prototype achieves a combination of high performance, high frequency and high power

quality (Fig. 6-7). The converter achieved ZVS across the line cycle for the full range
4Experiments were performed with Agilent 6813B as the ac source set to 220 Vrms, with BK8522

as a resistive load. Efficiencies were obtained with two Instek GDM-8341 dual-measurement multi-
meters in this section, and with Yokogawa WT1800 for the four-switch prototype in the next section.
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Figure 6-7: Measured prototype performance, showing high efficiency and high power
quality. Experiments were performed at 220 Vrms input and 400 Vdc output main-
tained by low-bandwidth digital closed-loop control for a resistive load. Modest forced
convection was applied to the switches, though the devices used are primarily bottom-
side cooled.

in Appendix F, with the largest deviations at low power where model idealizations

break down. These idealizations can be corrected with a more detailed model, if nec-

essary.
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Figure 6-8: Instantaneous frequencies across the rising half of the line cycle, showing
reasonable frequency variation across voltage/power. Measured values agree well with

curves calculated from the model in Appendix F.

The prototype was not optimized for volume. The inductor size in particular was

driven by concerns related to the experimental nature of its structure and hence

difficulty/expense in prototyping. Nevertheless, thermal measurements (Fig. 6-7)

indicate that the inductor has very low loss and temperature rise (AT < 5 'C); we infer

that the inductor volume could be greatly reduced without impacting thermal limits or

efficiency. The high frequencies, small passive component values (e.g. L = 13.5 pH),

and high efficiencies make it clear that the converter has potential for high density.

We also infer from Fig. 6-7 that the input diode bridge is a significant source of loss.

This may appear to be a disadvantage compared to now-popular "bridgeless" PFC

topologies; however, this loss can be largely mitigated by using active rectification [9].

Any apparent disadvantage should also be weighed judiciously against other factors;

for example, converters with a front-end bridge may take advantage of smaller emi

filter components on the rectified side (this becomes increasingly important with

reductions in the power stage volume). Finally, the added control flexibilty and

variety of accessible modes of the proposed converter allows the designer to meet a

variety of demands, including high frequency with ZVS, tolerable frequency range,

variable output voltage, etc.
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6.5 Prototype with Low Output Voltage

A second prototype was developed with SA2 and SB2 implemented as active FETS

instead of diodes. This prototype is capable of operating in the buck mode (with

the ability to leave SB2 on). SA2 could still be implemented as a diode (to save on

cost) but we implement it here as a FET to enable synchronous rectification and for

resonant symmetry.

This prototype is similar to the previous one, with some differences. The FETs

were implemented as Panasonic PGA26EO7BA GaN devices with 56 mQ of on-resistance.

The input bridge was replaced with active FETs (STL36N55M5), which may be con-

trolled as diodes or active devices for improved efficiency. See Appendices T, U, and V

for schematics, layout, and microcontroller code.

The converter was operated with Vt = 200 V instead of Vst = 400 V, which

provides a number of advantages at the system level:

1. Any output switches of the PFC and any input switches of the second stage

may take advantage of better-FOM, low-voltage devices

2. The volt-seconds applied to the inductor, for much of the cycle, will be sub-

stantially lower

3. The second stage transformation ratio will be greatly reduced, which is a great

advantage since physical transformers and power converters exhibit reduced

efficiency with large conversion ratios

4. Greater flexibilty is available regarding the voltage swing on the bus capacitor.

For this mode of operation, the converter passes through the following stages/-

modes:

1. V, < V0 t/2: Boost mode

2. Vo t/2 < Vi, < V,t: Modified boost mode
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3. Via,, Vt: Transition mode. This is nothing more than the modified boost

mode where, in computation, we assume Vi, = V0st and compute the on-times

accordingly. Calculations with V, > Vst in this mode otherwise yield complex

results. This mode may be carried out for Vi, > V0st to a limited extent (i.e.

for margin before the buck mode is engaged).

4. Vut < Vin < 2Vt: Buck mode

This prototype was also operated with a degree of synchronous rectification, as

shown in Fig. 6-9 with efficiencies, power factors, and THDs as shown in Fig. 6-12,

Fig. 6-13, and Fig. 6-14 respectively. The high-load efficiency of the converter is

improved compared to the previous prototype, largely owing to the lower-resistance

switches and synchronous rectification. The additional capacitance of more/larger

FETs (as opposed to smaller FETs and diodes) does cause a longer resonant period

each cycle, which tends to decrease light-load efficiency. Efficiencies for the lower

voltage inputs (e.g. those used in the US and Japan) are forthcoming in future

publications.

6.6 Conclusion

The proposed converter has been shown to be capable of achieving ZVS for any step-

up voltage conversion ratio and for a large step-down conversion range with effective

high frequency controls which require no current sensing, making it suitable for de-

veloping PFC converters operating at MHz frequencies. We validated the design ap-

proach and controls in a hardware prototype and demonstrated that the converter can

maintain high efficiency (~ 98 %) MHz switching frequencies, allowing small-valued

passive components. We also show that a feedforward control approach can be used

to meet IEC/EN 61000-3-2 input harmonic requirements, and even more stringent

requirements for low THD.

In addition, the prototype highlights the potential offered by advanced magnetic

materials [106] and design [110] when operated at high frequency. Converter perfor-
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Figure 6-9: The technique of calculating on-times for the FETs is used here to achieve
synchronous rectification. While margin is given here to ensure that the FET behaves
as a diode, there is no danger of shoot-through even if a rectifying device stays on
with some negative current as the main device will not turn on until its own ZVS
condition is again achieved.
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Figure 6-10: Experimental waveform for the buck mode
current and synchronous rectification.
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Figure 6-11: Experimental waveform for the boost
current and synchronous rectification.
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Figure 6-12: Efficiency for the full four-active-switch implementation of the proposed

converter, operated with two different output voltages.
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Figure 6-13: Power factor for the full four-active-switch implementation of the pro-
posed converter, operated with two different output voltages.
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Figure 6-14: THD for the full four-active-switch implementation of the proposed
converter, operated with two different output voltages.
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mance may be improved further with refinements to wide-bandgap switch technology,

which limits both the operating frequency and efficiency through C,,, and RDS,n.

Overall, we expect the opportunities enabled by this converter to improve the power

density of PFC stages and EMI filters for grid-interface power converters.
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Chapter 7

Conclusion

This thesis has presented a variety of contributions to high-frequency power conver-

sion. While all may be understood in the context of grid-interface power conversion,

their impacts extend beyond that context. High-frequency magnetics and sensing of

the type described may benefit designs from the sub-watt to the kW range. Like-

wise, GaN transistors cover a similar space and may suffer from dynamic Rds,on and

CO,, loss across the entire range. The operation of the PFC may be profitably applied

to other converters de-de converters with wide operating ranges. The harmonic in-

jection technique, while seemingly particular to the grid-interface context, is a useful

way of thinking about buffering ac currents. Although implementation may need to

be different, high-frequency rectification (as opposed to grid rectification) may bene-

fit from similar thinking (e.g. in very high current applications where size and even

Resr may be concerns).
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Appendix A

Low-loss inductor: Designing the

Distributed Gap Geometry to

Minimize Gap Fringing Loss

In this appendix, we show that setting the number of gaps Ng equal to the number

of turns N aligns closely with the recommendation for minimizing gap fringing loss

from [261, where the pitch between gaps (p) should be less than four times the spacing

between the gap and the conductor (s), or p < 4s. We assume a large N so that

the center-to-center spacing between each turn (pw) can be approximated as pw =

le/(N + 1) it 1/N, where it is the window height. Setting Ng = N also sets p = pw,

so the vertical and horizontal window fill are then

ND DD
F = D ~w (A.1) Fh = (A.2)

it p w

where Dw is the wire diameter and w is the window width (Fig. 2-1) Based on the

geometry, the spacing between the gap and the winding is

w - D11 (A.3)
2

By combining (A.1)-(A.3), we get
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p- 2Fh (A.4)
s F,(1 - Fh)

Most combinations of F, and Fh within the recommended ranges (Sections 2.2.4

and 2.2.5) satisfy the design criteria from [261, p < 4s. For example, for values in the

center of these ranges, F, = 0.65 and Fh = 0.50, p/s = 3.1 < 4. At the edge of these

ranges where F, is small and Fh is large, the p/s ratio surpasses the recommendation

of p/s < 4, with the worst case at p/s = 6, when F, = 0.50 and Fh = 0.60. These

edge cases, however, still achieve roughly optimal designs. Therefore, setting Ng = N

yields designs for the proposed inductor that meet (or nearly meet) the design criterion

of [26] and thus, achieve roughly optimum Q.
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Appendix B

Low-loss inductor: First-Order

Derivation for Loss of the Active

Section

In this appendix, we quantitatively show to first-order that the loss of the active

section of the structure (everything within it) decreases as the diameter increases. To

do this, we consider the equivalent resistance of the active section.

The winding resistance is

Rw = pN 2Al = pkwN 2  C (B.1)
A, it

where it is assumed that the available conduction area of a turn A 1 is proportional to

the area of the window with the proportionality constant 1/km, i.e. A1 = l(kwN),

and the radius of the winding path is approximated as the center post radius r,.

For the equivalent resistance of the core loss in the active section, we consider

only the center post core loss for simplicity, since the outer shell core loss is on the

same order. The core loss in the center post is given by

Peore = ke f(iterre2 x = k2 (12rre2 ) L zk ~ k, f( 1trr 2 ) I4 2  2 (B.2)
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where we approximate 3 = 2 (not uncommon for low frequencies; usually an under-

estimate at high frequencies). We may then express core loss through an equivalent

resistance,

Rcore = Pore/I2 = 2kc1t L (B.3)

In an optimized design, core loss is approximately equal to winding loss. Equating

the resistances yields

( _____ 12L2 1/4 (A
Nope = (B3.4)

pk,2re3

Rw = Rcore = pkwNopt2 2 -r' = 2L pkkcC I (B.5)
it r -

so that the total equivalent resistance of the active section is proportional to -1/rc .

Thus, the loss in this section decreases as diameter increases.
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Appendix C

Low-loss inductor: Prototype

Construction

Below, we provide fabrication details of the prototype inductor from Section 2.5.1

for those interested in prototyping processes. The construction method below is not

intended as a viable mass production process.

The prototype inductor was constructed modularly with the aid of custom 3D-

printed fixtures. The center post was constructed first (Fig. C-1a) with one of the end

caps. To control the quasi-distributed gaps, we stacked laser cut pieces of polyester

plastic shimstock with the appropriate thickness (0.114 mm) in between each layer of

core material. To center all of the layers of the centerpost, a 1 mm diameter hole was

drilled in the center of the discs and the center post shimstock pieces so they could be

assembled on a rod. Since the drilled holes were relatively small, we expect minimal

effect on the fields.

For the winding, 20 AWG solid core wire with Teflon fluorinated ethylene propy-

lene (FEP) insulation was wound around a 3D-printed fixture of the same diameter as

the center post (Fig. C-lb). The wire was chosen to have the appropriate insulation

thickness (0.229 mm from the conductor diameter to the outer diameter) to center it

in the window. Then, the winding was wrapped in a single layer of 0.079 mm thick

polypropylene tape (package sealing tape) to maintain its shape, removed from the

fixture and put on the center post.
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The outer shell, composed of three sections to allow for vertical windows (with

approximate widths of 1.5 mm), was constructed one section at a time. Each section

was stacked on a 3D-printed fixture, alternating between layers of core material and

laser cut shimstock (Fig. C-1c). The outer surface of each section was taped to hold

all the pieces together. Then, the sections were added to the center post structure

so that the two winding terminations could leave the structure through one of the

vertical windows in the shell.

Afterwards, the second end cap was added, and the rod was removed from the

centerpost. Finally, the entire circumference of the inductor was wrapped with a

single layer of package sealing tape to apply radial pressure, and a strip of package

sealing tape was wrapped vertically around the inductor to apply vertical pressure.

(a) Center post (b) Winding (c) Outer shell
section

Figure C-1: Construction of the prototype inductor using custom 3D-printed fixtures
(white).
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Appendix D

Low-loss inductor: Measuring High

Q (large-signal)

To measure the large-signal Q of the prototype inductors, we used the same resonant

measurement approach from [2] and [111] and added some modifications for measuring

high Q. The original approach operates a series LC circuit at resonance so that the

ratio of the peak capacitor voltage to the peak input voltage can be approximated

as the Q of the inductor. When measuring a high Q, though, several assumptions in

this approach no longer hold, leading to two modifications. Below, we discuss these

modifications and other considerations for high-Q measurements at high frequency.

We also show the validation of this modified measurement approach with an air-core

inductor.

D.1 Use a capacitor divider to minimize probe loss

and loading

When measuring a high-Q inductor, we expect a high resonant capacitor voltage.

The probe loss and loading at this high-frequency, high-voltage node, however, can

significantly affect results. To get a more accurate measurement of the resonant

capacitor voltage, we replaced the capacitor in the original approach with a capacitor

133



L RL

Rc
1

C1

Vin

RC2

{C 2  Vmeas

Figure D-1: Circuit for the resonant measurement approach to measure high Q,
modified to include a capacitor divider to step down the measured output voltage.
The capacitor ESRs are also included.

divider having the same net impedance. The stepped-down voltage can then be

measured with minimal probe loss and loading (Fig. D-1).

D.2 Include capacitor ESR to accurately measure

high Q

For measuring high Q, the approximation made in [2] and [111 that the equivalent

series resistances (ESRs) of the capacitors (Rc0 , RC2 ) are small compared to the

equivalent series resistance of the inductor (RL) no longer holds, even with NPO,

porcelain, or mica capacitors. For example, to measure an inductor with Q = 1000,

using mica capacitors with Q = 4000 would still introduce a 25% loss error in the

measurement.

Since the capacitor ESRs are no longer negligible, we include them in deriving an

expression for the quality factor of the inductor (QL), using the measured input

voltage vi, and stepped-down voltage Vmeas. From Fig. D-1, we can see that at

resonance, since the impedances of the inductor and capacitors cancel,

Vmeas,pk C2 + jwoC2 (D.1)
Vin,pk Rc + RC2 + RL

We also know that at resonance,
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w0L
QL = W(D.2)

RL

From (D.1) and (D.2), the quality factor of the inductor as a function of Vin,,pk and

V';ncais,pk

QL =wL (D.3)
Vea',pk R0 2

2 + ( o2)2 - Rci - Rc2

where RC, and RC2 are the ESR values found on the datasheet for the capacitors. 1

The non-negligible capacitor ESR loss was validated thermally. At around 3 MHz,

the highlighted mica capacitor in Fig. D-2 has an ESR of ~0.07Q, as extrapolated

from the datasheet. With 2.0 A of current and a thermal resistance of 95 C/W for the

closest standard package size (2010) [112], we expect the capacitor to have a ~13 C

temperature rise, which agrees with the thermal image. This agreement confirms that

the capacitor ESR loss can be predicted, and thus, corrected for when measuring the

Q of the inductor.

Figure D-2: Thermal image showing a mica capacitor (black box) with a 13 C
temperature rise due to its ESR loss, in accordance with calculations.

'In cases where the capacitors are physically composed of multiple capacitors in parallel, the ESRs
R0 i and Rc2 can each be approximated as the equivalent parallel resistance for the corresponding
ESRs. C1 and C2 can also be approximated as the equivalent parallel capacitance of the capacitors
comprising it.
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D.3 Minimize dielectric loss through careful board

layout

For measuring a high-Q inductor, the node between the inductor and the capacitor

divider sees a high voltage at HF. Therefore, in a layout where the return path runs

directly under this high voltage node, the resulting parasitic capacitor can have non-

negligible dielectric loss. We can mathematically show this by modeling the dielectric

loss as the ESR loss of the parasitic capacitor. The dielectric loss is

1
P1 0 8 8 = -V2WC tan (D.4)

2

where V is the peak voltage at the node, w is the measurement frequency, C is the

parasitic capacitance, and tan 3 is the dielectric loss tangent of the board material.

As seen from (D.4), nodes with high voltages (- 1000 V) can have substantial di-

electric loss, especially when their parasitic capacitance and the dielectric loss tangent

of the board are relatively large. For example, for measuring the Q of the example

inductor (Fig. 2-11), the high voltage node expects ~600 V at 3 MHz. If the node has

an area of 1 cm2 on a standard 1.6 mm-thick FR-4 board (tan 3 = 0.02), the dielectric

loss at this node is then 160 mW, which is about 20 % of the inductor loss.

To minimize the dielectric loss, the capacitance at the high voltage node should

be minimized by using a small node area and thick board. Board material with a

lower dielectric loss tangent than FR-4, e.g. Rogers 4350B, can also be considered.

D.4 Resonant measurement approach validated us-

ing an air-core inductor

We validated the large-signal measurement approach described above with small-

signal Q measurements of an air-core inductor. Since an air-core inductor has no

nonlinear core loss, its small-signal and large-signal quality factors are the same. Using

the equivalent series resistance of an air-core inductor measured at 3 MHz (with an
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Agilent 4395A Impedance Analyzer and a custom resonant fixture), the small-signal

quality factor of the inductor was calculated to be Q = 540 at this frequency. Using

the large-signal resonant measurement approach, the same air-core inductor had a

measured quality factor of Q = 500 at 3 MHz and 2 A (peak) of ac current, which

validates this approach for measuring large-signal Q in this range. For even higher

Q (>1000), sources of error have a greater impact on measurements, which makes

it more difficult to accurately measure Q. The validation of the air-core inductor at

Q = 500, however, indicates that it is possible to accurately measure even higher Q
using this measurement approach.
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Appendix E

GaN Measurement

Implementation Details

The final component design and selection for the GaN characterization system are

summarized in Table E. 1. The choice of resonant components is particular to 3 MHz

operation. The filter and IC component selection is not strongly a function of oper-

ating conditions; these components are found on the "main board" which is used in

common across multiple devices and operating points.

Design of Resonant Components: In this approach, passive component design

and selection are crucial to obtain high precision dynamic R,, measurements.

The resonant components L, and C,

ponent values must be chosen to satisfy

Resonant Inductor
Lr 2.5 iH
Turn Diam. 0.25in
Turn Spacing 0.30 in
Turns 5
Lr Diam. 4.53 in
L, Length 2.45 in
Q 680

in Fig. 5-1 form a resonant tank. The com-

a variety of constraints, including providing

Resonant Capacitor
Cr 500 pF
Cr Type COG 1kV

Important ICs
Comparator ADCMP601
DAC LTC2602

Table E. 1: Implementation details for the experimental setup for 3 MHz operation
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red pulse voltage peak and duration (or, equivalently, resonant frequency). They

must also be chosen or designed such that the required current to generate the volt-

age pulse does not violate switch ratings but provides sufficient conduction loss to

make P'. the majority of the loss. An additional constraint is ensuring that C, is

large enough to be the dominant capacitance at the switch node (i.e. C, C,,,).

While the resonant component values influence the above metrics, the inductor

quality factor Q (i.e. the specifics of its design) matters as well.1 Inductor loss as

a fraction of total loss depends both on the required current (determined by the

Lr, C, values) and the inductor's equivalent resistance (determined by its Q). The

achievable quality factor is itself a function (albeit not analytically defined) of the

inductor value, and this coupling makes optimization difficult.

To aid in design, we wrote a program to check various L, and C, pairs (for

given inductor quality factor) and to highlight those combinations that satisfy all the

constraints. The program output is a color map in the Lr, C, plane, with acceptable

and unacceptable regions (e.g. Fig. E-1). A generalized control-flow diagram of the

program is provided in Fig. E-2.

For a given L, and Cr, we calculate the required on-time and input voltage to

achieve the desired pulse voltage and overall frequency. To achieve the correct overall

period, the on-time is chosen to be

1 x )2 16
(o=-T -- + -- T (E. 1)

With ton determined, the dc input voltage required to generate the desired Vk is

Vin = 1+V k (E.2)

We then analytically compute the inductor and switch rms currents. The rms

'The resonant capacitor quality factor QC may be important in principle; nevertheless, low-loss
NPO/COG ceramic, porcelain, and mica capacitors in the 500-5000 pF range are readily available
with quality factors above 1000.
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inductor current is found to be

Vit2 Vt 2

i " + (E.3)
rms 12TLr 16L2

The rms switch current is also found to be

Isw,rms = 1 T (E.4)

We then estimate the losses in the FET based on a hypothesis of its dynamic Ron

and the losses in the inductor based on a hypothesis of its Q; these hypotheses are

subject to error, so the results of the program are understood to be estimates only.

Nevertheless, although Ron is not known exactly and the achievable Q may not be

known a priori, multiple plots can be generated for several values of Ron and Q to

explore the design space.

The color regions are mapped as:

. Green -+ Acceptable - Passes all constraints

. Red -+ Device is expected to overheat

* Blue -+ switch loss P does not represent the majority of total loss

* Purple - Intersection of Red and Blue case (i.e. device overheats and P,, not

majority of loss)

For a given device and frequency, an (L., C,) point is chosen from the acceptable

region, sufficiently far from any failure region as the region boundaries are calculated

with a hypothesis for dynamic Ron. Nevertheless, L, and C, can be tuned afterwards

to account for assumption errors.

After the L, and C, values are chosen for a given assumption about the inductor

quality factor, it is important that L, be implemented to achieve at least that quality

factor. Since the inductor losses are likely to be substantial, it is also important that

its quality factor be well characterized so its losses can be accurately accounted for.
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Figure E-1: Example program output categorizing Lr, C, space into regions of varying

acceptability. Green areas correspond to L, and C, pairs that satisfy all constraints.
Other regions are color-coded by failure type. Simulation was done assuming an

inductor Q of 600 and an operating frequency of 1 MHz.

To achieve these features, The resonant inductor is implemented as a large air-

core solenoid (Fig. 5-4) for two reasons. First, air-core solenoids for the 1-10 MHz

frequency range can achieve quality factors well above 500. Second, air-core induc-

tors have linear resistance and accurate resistance measurements with an impedance

analyzer can be appropriately extrapolated to large-signal conditions.

The design of high-Q air-core solenoids is well understood [113, 114]. A design

obtained analytically (e.g. in [114]) can be verified with FEA tools or with available

calculators which take into account a number of empirically-determined relationships

for air-core solenoids (e.g. [115]). Using this approach, we obtained an inductor with

Q = 680 at 3 MHz.

142



Select desired overall
frequency f and
peak voltage V

Estimate achievable
inductor Q and

estimate dynamic R,,

Color map of
(L,,C,) space

Check an(otheryO
(L,,C,) combination?

yes

Calculate contraint
parameters (e.g. FET
temperature, ratio of

conduction loss to
inductor loss, etc.)

es no Label error by type
Label success (gree) All constraints passed? (red/blue/purple)

Figure E-2: Flowchart of the program for obtaining a rough estimate of L,,C, values.
Several inductor Q can be considered, giving the designer a sense of how feasible the
inductor implementation stage will be.
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Appendix F

PFC Converter Analysis for

Feedforward Control

One critical feature of the proposed converter is that the inductor current always

returns to zero. From this point, based on constant circuit parameters and the in-

stantaneous input and output voltages, the entire circuit behavior is predictable. The

switch on-times can be computed to produce a desired inductor current waveform

without actually sensing the inductor current. Indeed,the circuit need not even sense

the converter input current for power factor correction, as even the average converter

input current Ic,,, is calculable from an appropriately accurate model. This totally

feed-forward approach avoids the need for current sensing altogether.

The remainder of this section outlines how to model the converter for this purpose.

The end goal of the model is to compute the required switch on-times as functions of

only constant circuit parameters and measureables the controller will already have.

The results will be ta,on and tb,on as functions of

. the values of the inductor L, parasitic capacitors C., and input capacitor Cin,

- the measured input voltage Vlj, output voltage Vo, line frequency wij?, and

line rms voltage Vrms, and

. the desired values of i 2 and Iin (Ii, is varied over the line cycle for input current

shaping, and varied in magnitude more slowly as part of the output voltage
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feedback loop).

We remind the reader that capital symbols denote constants or averages across a

switching cycle and lower-case symbols denote truly instantaneous values or those

that only have meaning within a switching cycle. For compact notation, we also use

X = Vin/ou, wi = 1/ LCp for the LC resonant frequency and w 2 = 1/ LCp/2 for

the CLC resonant frequency.

F.1 Low Voltage Mode

We analyze the low-voltage mode in accordance with Fig. 6-2, assuming that il is

sufficient to charge C, in negligible time after SB1 turns off. We wish to derive a

model to relate the average input current Ii, to the on-time of SB1. To do this, we

first recognize that the input current In is not equal to the converter input current

Iconv, but rather is the sum of -Icon and current into the input capacitance Ic. For

simplicity, we model the input capacitance as a lumped linear sum of any EMI filter

capacitor values. Using this simplified model, we compute the required Ion in terms

of the desired Ii, and the Ic drawn by the input capacitance.

Iconv = In - IC

dt

= In - CinWlinev 2 Vrms cos(wunct) (F.1)

We can replace Wlinet = sin- ( Vi)l to make the above equation a function of

instantaneous measurables instead,

Icony = Iin - CinWbine y 2 Vrms 1 - n 2
( \2Vrms

Iin - Cinwiine 2VA2 8 - in (F.2)

Next, we must express Icony as a function of the control input tbon. To do this,

we first compute the current at turn-on io and the most negative inductor current
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during resonance imrn. During resonance:

VB = t - Vin) cOs(wit) + Vil (F.3)

(F.4)
dvB

iL = CT p(vout .n)W1 sin(.Lt)

The minimum inductor current is easily computed,

imin = -CPWI(Vout - Vin) (F.5)

The current at turn-on is related to the time to from the beginning of resonance until

the time that node B reaches zero volts and SB1 turns on, to = yc- - Vin

10 -Cpw 1 (Vut - Vin)sin (cosi

- -CwiVout v1 - 2X

(_V.n

Vout - Vj)
(F.6)

By making a piecewise-linear approximation for the inductor current, we compute

the average converter input current as:

Icon2
lKntbon

L + tmin) (F.7)

Plugging in for Iconv, io, and imin and rearranging, we get

L
tb,on 2 Iin

vin

+ L-C, 1
(I- X+ 1-2X)

2LCinWine 2 ( ms - 1

where the T depends on whether the input voltage is rising (-) or falling (+).

(F.8)

Note
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that this expression is easily interpreted: the first term is equivalent to the popular

constant-on-time control used in true Boundary Conduction Mode; the second term

corrects for the resonant transition time (significant at high frequency); the third

term accounts for the effect of input capacitance.

F.2 Medium Voltage (Modified Boost) Mode

The model for the high voltage mode proceeds in a similar fashion. We take the input

capacitance into account in the same way. We need only compute the relationship

between the switch on-times and our design targets, c and i2 . The average input

current during the HV mode is given by:

Icon= [5ites + -(il + i2)tdir
T 2 2

-2 -2 -2
1 . 2 + -_____

__ . OU t -Vin Vout -Vin

2 ii + l2+i + t .. 2
in VOut - Vin Vout L

2 (ii/i2 )2 - X
2 -i/12 _ (X) 2 + DX (1 - X)

where D tres2 Vout/Li2 and tres 2  12 - irLCp/2, recalling that we use Cp/2

because there are two such capacitors in series in the CLC case. The above equation

reduces to a quadratic in il/i 2 which is easily solved,

i= ICOnV+ (F.10)

Ionv + i2X - 2Iconvi2 X2 + 2Iconvi2 DX(1 - X)

Having set i 2 to maximize efficiency and ij to achieve the correct average converter

input current, we only need to specify the on-times of the switches. To do this, we

must understand when the switches turn on (equivalently, when the switch voltages

reach zero). Switch SAl will turn on first, with the inductor current equal to io after
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a time tres
1

tres Cos- 1 (1 - 2X) (F.11)
22

1
IaO = -- CVutW 2 sin (cos-' (1 - 2X))2

= -Cw 2 VoutVn -n (F.12)

Once SAl turns on, the equivalent circuit changes from an undriven CLC resonant

circuit to an LC resonant circuit with a low impedance input Vn. Taking t, as an

initial condition, we may use an energy argument to calculate i4O:

1 +1 I 1

-C [ -(Vout -n)]2 2 LO 2 P + L2  (F.13)

b* in - Vin) L an2 - 40CP(V )2  P2+2bO L n V- Yot i L In 'aO

C Vot (I - X) (F.14)

Finally, we may estimate At tbO - tao by assuming the parasitic capacitance is

discharged by an average current a(iso + ibO) from its initial voltage Vut - Vin to zero.

At (V0ot - Vin)C/ iaO + i4O

22 2LC(I-X) 
(F.15)

X - (X)2 + /2 (1 - X)

Now, the on-time for SB1 is simply based on a linear inductor current ramp from

40 to Zi,

Vout ( - X)
tb,on = L_ + L ( F. 16)

Aidn yi n

And finally, the on-time for SAl is simply equal to the on-time for SB1, plus the
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direct delivery time, plus At.

ta,on =" tbon + L 12
Vot Vin

2 2LC,(1 - X)

X - (X)2 + /2(1 - X)
(F.17)

F.3 Buck Mode

The analysis for the buck mode proceeds in identical fashion. The time to from the

moment SB2 turns off until the time ZVS is achieved on SAl, and the inductor current

at that moment io, are given by:

1
to=- cos- 1 (i (F.18)

(Cos-(1 = -CVutjX (2- X)

The input current to the converter is then given by

=co 4 = (i1+ io) tbu.k

which, when worked, yields a formula for the desired peak current i1 :

2 2 to(X - 1)
1 = IconvX +IcflVX 2 - 2Ic0 nvio + iO + L

This equation at yields the necessary on-time for switch SAl:

ta =(i - io)L
Vin- vout

(F.20)

(F.21)

(F.22)

If synchronous rectification is desired, the on-time for SA2 is also easily calculated.

Since there is substantial current at the moment SAl turns off, we assume that ZVS
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is detected on SA2 after negligible time. The time SA2 must remain on is therefore:

ta2 =IL (F.23)
Vout

Since switches do not turn on until ZVS is achieved, there is no risk of shoot-

through even if SA2 remains on too long due (e.g. due to nonlinearity in parameters

or other mis-calculations). At worst, mis-commands of this sort slightly alter the

average input current.

151



152



Appendix G

Harmonic injection: calculation

method

To calculate the energy storage associated with any particular harmonic combination,

we calculate how the stored energy changes over a cycle. The maximum minus the

minimum energy gives the required energy storage in a cycle, Estore = Epeak - Etrough.

This computation is performed numerically in the following manner:

1. Specify the conditions of the test, including input voltage XKn,rrns, net power P

(which is equivalent to selecting '1,rms), and the values of In,rm for harmonics

n > 1.

N
2. Compute half-cycle input current waveform through in(t) = Z

sw1
N is the highest order harmonic one wishes to consider.

In sin(wt) where

3. Compute half-cycle input power waveform through p(t) = ign(t) x vin(t)

4. Integrate the difference between the input power and the output power E(t)
T/2

S [p(t) - P,t] dt, where P,t = I',rms x Vzn,rms = KPin) is a constant and the in-
0

tegration may be performed numerically using e.g. cumtrapz in MATLAB/Oc-

tave. The energy storage requirement is the difference max(E)-min(E) and is

normalized against the PF 1 case.
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N
5. Power factor is computed for each case with PF =1,rms/ Z ',rms

n=1

This procedure is repeated by varying the test conditions (power level, harmonic

content) within the specifications of the product class in question. For example, in

Fig. 4-14, the third harmonic maximum is hard-coded based on Class C specifica-

tions, a vector of values for 13,rms is generated up to the hard-coded maximum, and

the procedure above is followed for each values of the 3,rms vector. In most cases,

harmonic content is swept. In some cases like Fig. 4-9, power is swept and the maxi-

mum allowable harmonic content must be computed in Step 1 for each power point.

The above procedure is easily replicated across multiple variables to produce plots

like Fig. 4-12.
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Appendix H

Harmonic injection: control

overview

There are a variety of control techniques that may be used to achieve the types of input

currents discussed in Chapter 4, several of which are discussed in the references. The

technique used here is a blended approach which uses feedforward to shape the input

current waveform over the line cycle with a slower outer voltage feedback loop to set

the output voltage (i.e. to control power). The feedforward line current shaping takes

as inputs the desired harmonic rms currents as fractions of the fundamental, which

itself is set by the slow outer voltage feedback loop. This approach is discussed in full

in [74] and is not the main emphasis of this work. Nevertheless, we briefly outline the

approach below.

We begin by observing that the average (over a switching cycle) line input current

Ii, is not equal to the converter input current lconv, but rather is the sum of Io,, and

current into any input capacitance Ic (e.g. in the EMI filter). Mathematically,

Icony 'in - IC

Iin - Cinwiine 2 Vrms cos(wiinet)

in -CnWline V 2 Vrmns 1 (2i~ms) 2

=in - Cinwiine 2V.m - V2  (H. 1)
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where we have replaced Wlinet = sin-, ) to make the above equation a function

of instantaneous measurables. If we can further express the converter input current

Iconv in terms of control inputs, then we can implement feedforward control based

on directly measurable quantities. Ijn can be set to be any desired waveform, e.g. a

fundamental sinusoid with harmonics.

The converter input current conv(ton) is derived in [74] and solved to yield the

control variable ton as a function of the desired net input current fin:

L
ton= 2-I n

+ /L C I1( - X +,\'1 -2X)

T 2LCinWine 2 )21 (H.2)

where the T depends on whether the input voltage is rising (-) or falling (+), Cp

represents the parasitic capacitance at the switching node, and X = Kn/Vot. We

interpret the first term as a constant on-time (for PF = 1, i.e. 'in cc n) which is often

used in Boundary Conduction Mode boost converters; the second term corrects for

the resonant transition time (significant at high frequency); the third term accounts

for the effect of input capacitance.

In this instance, we may set 'in = v/2 1 1,rms sin(wt) + v 2 1 3,rms sin(3wt) + ... and

replace Wjiut = sin 1 ( Vill as before, noting that sin(n x sin- 1 (x)) can be ex-

pressed as polynomials of x, e.g. sin(3 x sin-'(x)) = 3x - 4X 3 (such expressions are

exact, not series approximations).

Thus, the control input to, is continuously updated based on instantaneous mea-

surements of input voltage and output voltage alone and can be made to conform

with any desired waveform of the type discussed here.
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Appendix I

Low-loss inductor: Simulation

Details

This section includes complete simulation details for relevant tables and plots from

Chapter 2. All simulations were done in ANSYS Maxwell 2D Design, Versions 18.2

and 19.2. The windings for all simulations used the default ANSYS model for copper

(Er = 1, Py = 0.999991, - = 5.8 x 10 7 S/m). For the simulations discussed in this

appendix, all inductors were simulated at 3 MHz and 2 A (peak, ac).

For simulations that used Fair-Rite 67 material (p, = 40), the following Steinmetz

parameters were used to model core loss at 3 MHz: k, = 0.034, a = 1.18, and 3 2.24

(P, in mW/cm3 , f in MHz, b in mT).

1.1 Simulation and Geometry Details for Fig. 2-2

The example simulations for single-sided and double-sided conduction in Fig 2-2 were

close-up views of the middle three turns of a winding on a rod-core inductor. Both

simulations used the same inductor geometry with the winding vertically centered

on the rod core (Table 1.1) but with different core permeabilities. The single-sided

conduction simulation had a high permeability of p, = 1000 for a lower H field on the

inner side of the winding compared to the outer side. The double-sided conduction

simulation had a low permeability of I, = 10 for balanced H fields on the inner and

157



outer sides of the winding.

Rod Core Radius 1.5mm
Rod Core Height 7.35 mm
Number of Turns 13
Winding Radius (to center of conductor) 1.84 mm
Wire Diameter 0.32 mm
Turn Spacing (center-to-center) 0.4 mm

Table 1.1: Geometry of the simulated rod-core inductors in Fig. 2-2

1.2 Simulation and Geometry Details for Fig. 2-4

The simulated proposed inductor in Fig. 2-4 is the same as the example 16.6 PH design

in Chapter 2; the geometry of this inductor is listed in Table 2.2. The simulated

solenoid had roughly the same total height and radius as the simulated proposed

inductor (Table 1.2).

Solenoid Radius (to center of conductor) 13.45 mm
Solenoid Height (conductor edge-to-edge) 26 mm
Number of Turns 13
Wire Diameter 0.8 mm
Turn Spacing (center-to-center) 2.1 mm

Table 1.2: Geometry of the simulated solenoid in Fig. 2-4

1.3 Simulation and Geometry Details for Fig. 2-5

In Fig. 2-5, a range of vertical window fills F, was simulated for three different

core geometries with the same volume (14.4 cm3 ) but different window heights it =

{14.3 mm, 18.3 mm, 22.3 mm}. Table 1.3 lists dimensions for the three core geometries,

and Table 1.4 lists the winding diameters used to achieve the desired range of vertical

window fills for each window height. The inductors all had the same inductance of

16.1 pH and used Fair-Rite 67 for the core material.
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Total Diameter (2rt) 26.298 mm 26.298 mm 26.298 mm
Centerpost Radius (r,) 6.106 mm 6.106 mm 6.106 mm

Window Width (w) 6.0 mm 6.0 mm 6.0 mm
Total Height (he) 26.3 mm 26.303 mm 26.311 mm

End Cap Height (h) 6.0 mm 4.0 mm 2.0 mm
Total Core Length (l,) 13.832 mm 18.004 mm 22.246 mm
Total Gap Length (ig) 0.468 mm 0.299 mm 0.065 mm

Number of Turns (N) 13 13 13
Number of Gaps (Ng) 13 13 13

Table 1.3: Core geometry for the simulations in Fig. 2-5 at different window heights

it

Vertical Fill (F,) Wire Diameter (Dw) Wire Diameter (Dw) Wire Diameter (DU)

for it = 14.3 mm for it = 18.3 mm for it = 22.3 mm

0.3 0.33 mm 0.40 mm 0.53 mm

0.4 0.44 mm 0.55 mm 0.70 mm

0.5 0.55 mm 0.70 mm 0.87mm

0.6 0.66 mm 0.85 mm 1.04 mm
0.7 0.77 mm 1.00 mm 1.21 mm
0.8 0.88 mm 1.15 mm 1.38 mm
0.9 0.99 mm 1.30 mm 1.55 mm

Table I.4: Wire diameters for a range of vertical window fills at different

window heights

1.4 Simulation and Geometry Details for Fig. 2-7

In Fig. 2-7, a range of horizontal window fills Fh was simulated for five different

core geometries with the same volume (14.4 cm 3 ) but different window widths w =

{1.00 mm, 1.50 mm, 1.75 mm, 2.00 mm, 3.17 mm}. Each core geometry had the same

number of turns (N = 13) but different winding diameters Dw = {0.7 mm, 0.9 mm, 1.1 mm}

to achieve different vertical window fills F, = {50%, 64%, 78%}, respectively. The

inductors all had the same inductance of 16.5 pH and used Fair-Rite 67 for the core

material. Table 1.5 lists dimensions for the five core geometries, and Table 1.6 pro-

vides the achieved Fh for each combination of winding diameter and window width.
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Window Width (w) 1.00 mm 1.50 mm 1.75 mm 2.00 mm 3.17 mm

Total Diameter (2rt) 26.3 mm 26.3 mm 26.3 mm 26.3 mm 26.3 mm

Centerpost Radius (re) 9.5 mm 9.19 mm 9.03 mm 8.875 mm 8.11 mm
Total Height (ht) 26.311 mm 26.307 mm 26.312 mm 26.303 mm 26.31 mm

End Cap Height (h) 4.0 mm 4.0 mm 4.0 mm 4.0 mm 4.0 mm
Total Core Length (l) 16.842 mm 16.968 mm 17.038 mm 17.094 mm 17.374 mm
Total Gap Length (1g) 1.469 mm 1.339 mm 1.274mm 1.209 mm 0.936 mm

Number of Turns (N) 13 13 13 13 13
Number of Gaps (Ng) 13 13 13 13 13

Table 1.5: Core geometry for the simulations in Fig. 2-7 at different window widths

D, = 0.7 mm D, = 0.9 mm D,=, 1.1 mm
(Fv = 50%) (Fv = 64%) (F= 78%)

w 1.00mm Fh= 22% Fh= 28% Fh= 35%
w 1.50mm Fh= 35% Fh= 4 5% Fh -44%
w 1.75mm Fh= 40% Fh= 51% Fh= 55%
w =2.00mm Fh= 47% Fh= 60% Fh= 63%
w 3.17 mm Fh= 70% Fh = 90% Fh= 73%

Table 1.6: Combinations of wire diameters D, and window widths w to achieve a
range of horizontal window fills Fh at different vertical window fills Fv

1.5 Simulation and Geometry Details for Fig. 2-8

In Fig. 2-8, inductors with a range of different height-to-diameter aspect ratios (h/D)

were simulated at three different volumes (7cm3 , 14 cm 3, 28 cm 3). For each inductor,

all geometric parameters, except for the aspect ratio, were designed using the guide-

lines from Section 2.2. The inductors had the same inductance (16.6 piH) and used

Fair-Rite 56 for the core material. Tables 1.7, 1.8, and 1.9 list geometry details for

the simulated inductors with different aspect ratios at volumes of 7 cm 3, 14 cm 3, and

28 cm 3 , respectively.
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Aspect Ratio (h/D) 0.33 0.67 1.0

Total Diameter (2rt) 29.902 mm 23.734 mm 20.734 mm
Centerpost Radius (r,) 10.658 mm 8.401 mm 7.303 mm
Window Width (w) 0.663 mm 0.882 mm 1.098 mm

Total Height (ht) 9.989 mm 15.821 mm 20.73 mm
End Cap Height (h) 2.5 mm 3.5 mm 3.5 mm
Total Core Length (l) 4.17 mm 7.813 mm 12.56 mm
Total Gap Length (l) 0.819 mm 1.008 mm 1.17 mm

Number of Turns (N) 9 12 15
Number of Gaps (Ng) 9 12 15
Wire Diameter (Dw) 0.331 mm 0.442 mm 0.55 mm

Aspect Ratio (h/D) 1.33 2.0 4.0

Total Diameter (2 rt) 18.838 mm 16.456 mm 13.061 mm
Centerpost Radius (r,) 6.675 mm 5.787 mm 4.508 mm
Window Width (w) 1.208 mm 1.413 mm 1.752 mm

Total Height (ht) 25.096 mm 32.885 mm 52.211 mm
End Cap Height (h) 3.5 mm 3.5 mm 3.5 mm
Total Core Length (l) 16.53 mm 24.081 mm 43.072 mm
Total Gap Length (l) 1.566 mm 1.804 mm 2.139 mm

Number of Turns (N) 18 22 31
Number of Gaps (Ng) 18 22 31
Wire Diameter (Dw) 0.604 mm 0.706 mm 0.876 mm

Table 1.7: Geometries for simulated inductors with different aspect ratios at a volume
of 7cm3 from Fig. 2-8
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Aspect Ratio (h/D)

Total Diameter (2rt)
Centerpost Radius (r,)
Window Width (w)

0.33

37.942 mm
13.626 mm
0.697 mm

0.67

30.114 mm
10.815 mm
1.207 mm

1.0

26.3 mm
9.475 mm
1.465 mm

Total Height (ht) 12.671 mm 20.081 mm 26.303 mm
End Cap Height (h) 4.0 mm 4.0 mm 4.0 mm
Total Core Length (l) 3.447 mm 10.257 mm 16.128 mm
Total Gap Length (l) 1.224 mm 1.824 mm 2.175 mm

Number of Turns (N) 8 12 15
Number of Gaps (Ng) 8 12 15
Wire Diameter (Dw) 0.348 mm 0.604 mm 0.732 mm

Aspect Ratio (h/D) 1.33 2.0 4.0

Total Diameter (2rt) 23.902 mm 20.88 mm 16.572 mm
Centerpost Radius (r,) 8.536 mm 7.473 mm 5.784 mm
Window Width (w) 1.685 mm 1.929 mm 2.412 mm

Total Height (ht) 31.855 mm 41.719 mm 66.238 mm
End Cap Height (h) 4.0 mm 4.0 mm 4.0 mm
Total Core Length (l) 21.492 mm 30.8 mm 54.99 mm
Total Gap Length (l) 2.363 mm 2.919 mm 3.248 mm

Number of Turns (N) 17 21 29
Number of Gaps (Ng) 17 21 29
Wire Diameter (Dw) 0.842 mm 0.964 mm 1.206 mm

Table 1.8: Geometries for simulated inductors with different aspect ratios at a volume

of 14 cm3 from Fig. 2-8
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Aspect Ratio (h/1D)

Total Diameter (2rt)
Centerpost Radius (re)
Window Width (w)

Total Height (ht)
End Cap Height (h)
Total Core Length (l)
Total Gap Length (ig)

0.33

47.468 mm
16.946 mm
1.323 mm

15.84 mm
3.5 mm
6.984 mm
1.856 mm

0.67

37.674 mm
13.392 mm
1.758 mm

25.1 mm
4.5 mm
13.68 mm
2.42 mm

1.0

32.912 mm
11.778 mm
2.05 mm

32.882 mm
4.5 mm
20.76 mm
3.122 mm

Number of Turns (N) 8 11 14
Number of Gaps (Ng) 8 11 14
Wire Diameter (DIL) 0.662 mm 0.879 mm 1.024 mm

Aspect Ratio (h/D) 1.33 2.0 4.0

Total Diameter (2rt) 29.902 mm 26.122 mm 20.734 mm
Centerpost Radius (r,) 10.342 mm 9.081 mm 6.789 mm
Window Width (w) 2.47 mm 2.731 mm 3.412 mm

Total Height (ht) 39.835 mm 52.207 mm 82.874 mm
End Cap Height (h) 4.5 mm 4.5 mm 4.5 mm
Total Core Length (l) 28.24 mm 39.92 mm 70.416 mm
Total Gap Length (1g) 2.595 mm 3.287 mm 2.458 mm

Number of Turns (N) 15 19 26
Number of Gaps (Ng) 15 19 26
Wire Diameter (Dw) 1.234 mm 1.366 mm 1.706 mm

Table 1.9: Geometries for simulated inductors with different aspect ratios at a volume
of 28 cm 3 from Fig. 2-8
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Appendix J

Rogowski Coil Layout
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Appendix

Harmonic Injection Analysis Code
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1 close all;
2 clear all;
3 cdc;
4
5 modnum = 2; %Roughly, the size of data points to be included in output CSV. Larger number yields

coarser data
6
7 P = 2@; %Output power; convenient to assign a value, but irrelevant as all results are ratiometric
8 Vinrms = 22@; %Input voltage, expressed in rms
9 f = 50; %Input frequency, Hz

10 w = 2*pi*f; %Input frequency, rad/sec
11 T = 1/f; %Line period, sec
12
13
14
15
16 %Class C low power case
17
18 Ilrms = P/Vinrms; %Fundamental current, in Arms

limit3rms = 8.86 *
limit5rms = 8.61 *
limit7rms = Ilrms;
limit9rms = Ilrms;
limitlirms =Ilrms;

Ilrms; %Limit to 3rd harmonic in
Ilrms; %Limit to 5th harmonic
%No limit for 7th harmonic; code
%Same for 9th
%Same for 11th

EN6100-3-2 for Class C sub 25 watt

will only consider values up to I7rms = Ilrms

27 dt 10^"-5; %Time step for time-domain calculations
28 t = O:dt:T/2; %Time vector based on time step. Symmetry ensures that only up to T/2 must be considered
29 percent =[1:1:188]/18; %Code will cycle through this vector to compute various outputs for a given

percentage of included harmonic current
3@ i35 = zeros(length(percent),length(t)); %Matrix to contain time-domain current with 3rd and 5th

harmonics included at various percentages
31 p35 = zeros(length(percent),length(t)); %Matrix of time-domain powers
32 buffer35 = zeros(1,length(percent)); %Vector of energy buffering required for certain percentages of

3rd and 5th harmonics
33 pf35 = zeros(1,length(percent)); %Vector of power factors
34
35 i3 = zeros(length(percent),length(t)); %Matrix of time-domain currents with only 3rd harmonic included

at various percentages
36 p3 = zeros(length(percent),length(t)); %Matrix of powers
37 pf3 = zeros(1,length(percent)); %Vector of power factors
38
39
40 inobuffer = P./(sqrt(2)*Vinrms*sin(w*t)); %Current that would result in no buffer, for comparison
41 pnobuffer = P * ones(1,length(t)); %Power that would result in no buffer, for comparison
42
43
44
45 %For any percentage harmonic inclusion, figure out the energy buffering, power factor
46 for n = 1:length(percent)
47 I3rms = percent(n) * limit3rms;
48 I5rms = percent(n) * limit5rms;
49 I7rms = percent(n) * limit7rms;
50 I9rms = percent(n) * limit9rms;

%Construct the time-domain current, and then compute instantaneous power
i35(n,:) = sqrt(2)*Ilrms*sin(w*t) + sqrt(2)*I3rms*sin(3*w*t) + sqrt(2)*I5rms*sin(5*w*t);
p35(n,:) = i35(n,:) .* sqrt(2) .* Vinrms .* sin(w*t);

%Compute energy storage. Note that it is important to do the full integral in q35,
% as minor deviations up and down in stored energy may not contribute to the
% peak-to-peak energy storage requirement
q35 = cumtrapz(pnobuffer-p35(n,:)); %Integral of power
buffer35(n) = max(q35) - min(q35); %Energy storage
pf35(n) = Ilrms / sqrt(I1rms^'2 + I3rms"2 + I5rms"2);
[a b] = max(i35(n,[1:5@@])); %Checking for max ggmin rules
fivepercent = 8.85*a;
if ( (b*dt)>(65/36@)*T ) && (n!=1)
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21
22
23
24
25
26

51
52
53
54
55
56
57
58
59
68
61
62
63
64
65
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5/22/19 clas_c~
er35(n) = NaN; %Violating this condition doesn't count in EN61808-3-266

67
68
69
7@
71
72
73
74
75
76
77
78
79
8@
81
82

* dt;

endfor

%Plot the energy buffered, normalized
figure
hold on
plot(percent, buffer3./buffer3(1));
plot(percent, buffer35./buffer35(1));

%Plot the power factors
figure
hold on
plot(percent, pf3);
plot(percent, pf35);
title('Power Factor')

%Print the data. Not ultimately used in the paper
fid = fopen('c-low2_35.csv','w');
fprintf(fid,'%s, %s, %s, %s, %s\n','percent','buffer3','buffer35','pf3','pf35');
for i = 1:length(percent)
fprintf(fid,'%f, %f, %f, %f, %f\n',180*percent(i),buffer3(i)./buffer35(1),buffer35(i)./
buffer35(1),pf3(i),pf35(i));
endfor

fclose(fid);

%Since adding 3rd and 5th harmonic to Class C low power only helps,
%Keep going and add 7th and 9th and see what happens

%Values for when "all" harmonics are included (3rd through 9th)
iall = zeros(length(percent),length(t));
pall = zeros(length(percent),length(t));
bufferall = zeros(length(percent),length(percent));
pfall = zeros(length(percent),length(percent));

for n = 1:length(percent) %Cycle 7th harmonic inclusion
for m = 1:length(percent) %Cycle 9th harmonic inclusion

I7rms = percent(n) * limit7rms;
I9rms = percent(m) * limit9rms;
jall = sqrt(2)*Ilrms*sin(w*t) + sqrt(2)*I3rms*sin(3*w*t) + sqrt(2)*I5rms*
sqrt(2)*I7rms*sin(7*w*t) + sqrt(2)*I9rms*sin(9*w*t);
pall = iall .* sqrt(2) .* Vinrms .* sin(w*t);
qall = cumtrapz(pnobuffer-pall);
bufferall(n,m) = max(qall) - min(qall);
pfall(n,m) = I1rms/sqrt(I1rms^2 + I3rms"2 + I5rms^2 + I7rms"2 + I9rms^2);
[a b] = max(iall([1:5@8])); %Checking for max and min rules
[c d] = max(iall([1@@:5@@])); %Checking for max and min rules

fivepercent = 0.05*a; 169
if ( (b*dt)>(65/36@)*T ) ( c < fivepercent)

sin(5*w*t) +
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buff
endif

%Do the same if only 3rd harmonic is included
i3(n,:) = sqrt(2)*Ilrms*sin(w*t) + sqrt(2)*I3rms*sin(3*w*t);
p3(n,:) = i3(n,:) .* sqrt(2) .* Vinrms .* sin(w*t);
%pcrossing = find( (pnobuffer-p3(n,:)) < 0 , 1);
%buffer3(n) = 2*sum(pnobuffer(1:pcrossing) - p3(n,1:pcrossing))
q3 = cumtrapz(pnobuffer-p3(n,:));
buffer3(n) = max(q3) - min(q3);
pf3(n) = Irms / sqrt(I1rms^2 + I3rms^"2);
[a b] = max(i3(n,[1:5@@])); %Checking for max and min rules
fivepercent = @.85*a;
if ( (b*dt)>(65/360)*T ) && (n!=1)

buffer3(n) = NaN;
endif

83
84
85
86
87
88
89
9@
91
92
93
94
95
96
97
98
99

1@0
1@1
102
103

1@4
105
1@6
107
1@8
1@9
11@
111
112
113
114
115
116
117
118
119
120
121
122
123
124

125
126
127
128
129
13@
131
132
133
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134 bufferall(n,m) = NaN
135 endif
136
137
138 endfor
139 endfor
140
141
142 %Plot energy storage
143 figure
144 colormap(flipud(rainbow));
145 imagesc(bufferall./buffer35(1));
146 colorbar;
147 xlabel( '9th');
148 ylabel( '7th');
149 %colormap(default);
150
151 %Plot power factor
152 figure
153 colormap( flipud( rainbow));
154 imagesc(pfall);
155 colorbar;
156 xlabel('9th');
157 ylabel('7th');
158 title('Power Factor, Low Power Class C')
159 %colormap(default);
16@
161
162 %Print data for publication
163 fid = fopen('clow2_79.csv','w');
164 %fprintf(fid,'%s, %s, %s\n','seventh','ninth','buffer' );
165 for i = 1:length(percent)
166 for j = 1:length(percent)
167 if (mod(i,modnum) == 0) && (mod(j,modnum) == 0)
168 fprintf(fid,'%.2f, %.2f, %.2f\n',i,j,bufferall(i,j)./buffer35(1));
169 endif
170 endfor
171 fprintf(fid,'\n');
172 endfor
173 fclose(fid);
174
175 %Print power factor data for publication
176 fid = fopen('c low2_PF79.csv','w');
177 %fprintf(fid,'%s, %s, %s\n','seventh','ninth','buffer');
178 for i = 1:length(percent)
179 for j = 1:length(percent)
180 if (mod(i,modnum) == 8) && (mod(j,modnum) == 8)
181 fprintf(fid,'%.2f, %.2f, %.2f\n',i,j,pfall(i,j));
182 endif
183 endfor
184 fprintf(fid,'\n');
185 endfor
186 fclose(fid);
187
188
189
198
191
192 % Now for Class C above 25 watts
193
194 P = 20;
195 Vinrms = 22@;
196 f = 50;
197 w = 2*pi*f;
198 T = 1/f;
199
200
201 Irms = P/Vinrms; 170
202
203
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204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226

227
228
229
230
231
232 endf
233 endfor
234
235

iall = sqrt(2)*Ilrms*sin(w*t) + sqrt(2)*I3rms*sin(3*w*t) + sqrt(2)*I5rms*sin(5*w*t) +
sqrt(2)*I7rms*sin(7*w*t);
pall = iall .* sqrt(2) .* Vinrms .* sin(w*t);
qall = cumtrapz(pnobuffer-pall);
bufferall(n,m) = max(qall) - min(qall);
pfall(n,m) = Ilrms / sqrt(Ilrms"2 + I3rms^2 + I5rms^"2 + I7rms^"2);

or

figure
colormap(flipud(rainbow));
imagesc(bufferall./buffer35(1));
colorbar;
xlabel('7th');
ylabel('5th');
%colormap(default);

figure
colormap(flipud(rainbow));
imagesc(pfall);
colorbar;
xlabel('7th');
ylabel('5th');
title('power factor Class C high power')
%colormap(default);

fid = fopen('c-high_57.csv','w');
%fprintf(fid,'%s, %s, %s\n','fifth','seventh','buffer');
for i = 1:length(percent)

for j = 1:length(percent)
if (mod(i,modnum) == 0) && (mod(j,modnum) 0)

fprintf(fid,'%.2f, %.2f, %.2f\n',i,j,bufferall(i,j)./buffer35(1));
endif

endfor
fprintf(fid,'\n');

endfor
fclose(fid);

fid = fopen('c-high_PF57.csv','w');
%fprintf(fid,'%s, %s, %s\n','fifth','seventh','buffer');
for i = 1:length(percent)
for j = 1:length(percent)
if (mod(i,modnum) == 0) && (mod(j,modnum) ==

fprintf(fid,'%.3f, %.3f, %.3f\n',i,j,pfall(i,j) );
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limit5rms = 0.10 * Ilrms;
limit7rms = 0.07 * Ilrms;
limit9rms = 0.05 * Ilrms;

inobuffer = P./(sqrt(2)*Vinrms*sin(w*t));
pnobuffer = P * ones(1,length(t));

for n = 1:length(percent)
for m = 1:length(percent)

I5rms = percent(n) * limit5rms;
I7rms = percent(m) * limit7rms;
p5 = I5rms/Ilrms;
p7 = I7rms/Ilrms;

%The maximum allowable 3rd harmonic is a function of power factor
%Therefore, first choose a value of 5th and 7th harmonic to investigate
% then figure out how much 3rd can be included within EN61000-3-2 specs
p3 = sqrt( 0.5 * ( -(p5^2+p7^2+1)+sqrt((p5^2+p7^2+1)^2+4*.3^2)));
I3rms = p3*Ilrms;

236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
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273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
3@8
381
382
303
304
305
386
307
38
309
318
311
312
313
314
315

%i3 = zeros(length(P),length(t));
%iall = zeros(length(P),length(t));
buffer3 = zeros(1,length(P));
bufferall = zeros(1,length(P));
pf3 = zeros(1,length(P));
pfall = zeros(1,length(P));
Ezero = P/w;

%Cycle through power to obtain limits for Class B
for n = 1:length(P);
pnobuffer = P(n) * ones(1,length(t));
Iirms = P(n)/Vrms;

316
317 %Limit
318 if I1rm
319 I3rms
32@ else
321 I3rms
322 endif
323
324 if Ilrm
325 I5rms
326 else
327 I5rms
328 endif
329
338 if I1rm
331 I7rms
332 else
333 I7rms
334 endif
335
336 if Ilrm
337 I9rms
338 else
339 I9rms
340 endif

every harmonic
s < limit3rms

= Ilrms;

= limit3rms;

s < limit5rms
= Ilrms;

= limit5rms;

s < limit7rms
= Ilrms;

= limit7rms;

s < limit9rms
= Ilrms;

= limit9rms;

to be less than the fundamental

172
if Ilrms < limitlirms
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endif
endfor
fprintf(fid,'\n');

endfor
fclose(fid);

%Class B

P = [200:10:160];
Vrms = 220;
Iirms = P./Vrms;

%Class B limits are 1.5 times class A limits, not a function of power
limit3rms = 2.3*1.5;
limit5rms = 1.14*1.5;
limit7rms = 8.77*1.5;
limit9rms = 8.40*1.5;
limitllrms= 8.33*1.5;
limitl3rms= 8.21*1.5;
limitl5rms= 8.15*1.5;
limitl7rms= 8.15*15/17*1.5;
limitl9rms= 8.15*15/19*1.5;
limit2lrms= 8.15*15/21*1.5;
limit23rms= 8.15*15/23*1.5;
limit25rms= 8.15*15/25*1.5;

341
342
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343 I11rms = Ilrms;
344 else
345 I11rms = limitlirms;
346 endif
347
348 if Ilrms < limitl3rms
349 I13rms = Ilrms;
35@ else
351 I13rms = limitl3rms;
352 endif
353
354 if Ilrms < limitl5rms
355 I15rms = Ilrms;
356 eLse
357 I15rms = limitl5rms;
358 endif
359
360 if Ilrms < limitl7rms
361 I17rms = Ilrms;
362 else
363 I17rms = limitl7rms;
364 endif
365
366 if Ilrms < limitl9rms
367 I19rms = Ilrms;
368 else
369 I19rms = limitl9rms;
37@ endif
371
372 if Ilrms < limit2lrms
373 I21rms = Ilrms;
374 else
375 I21rms = limit2lrms;
376 endif
377
378 if Ilrms < limit23rms
379 I23rms = Ilrms;
380 else
381 I23rms = limit23rms;
382 endif
383 if Ilrms < limit25rms
384 I25rms = Ilrms;
385 else
386 I25rms = limit25rms;
387 endif
388
389 %Consider effects with just 3rd harmonic, or with all harmonics
398 i3 = Ilrms*sqrt(2)*sin(w*t) + I3rms*sqrt(2)*sin(3*w*t);
391 p3 = i3.*sqrt(2).*Vrms.*sin(w*t);
392 q3 = cumtrapz(pnobuffer-p3)*dt;
393 buffer3(n) = max(q3) - min(q3);
394 pf3(n) = Ilrms/sqrt(I1rms^2 + I3rms^2);
395
396 iall = Ilrms*sqrt(2)*sin(w*t) + I3rms*sqrt(2)*sin(3*w*t)+ I5rms*sqrt(2)*sin(5*w*t)+

I7rms*sqrt(2)*sin(7*w*t)+ I9rms*sqrt(2)*sin(9*w*t)+ Illrms*sqrt(2)*sin(11*w*t)+
I13rms*sqrt(2)*sin(13*w*t)+ I15rms*sqrt(2)*sin(15*w*t)+ I17rms*sqrt(2)*sin(17*w*t)+
I19rms*sqrt(2)*sin(19*w*t)+ I21rms*sqrt(2)*sin(21*w*t)+ I23rms*sqrt(2)*sin(23*w*t)+
I25rms*sqrt(2)*sin(25*w*t);

397 pall = iall.*sqrt(2).*Vrms.*sin(w*t);
398 qall = cumtrapz(pnobuffer-pall)*dt;
399 bufferall(n) = max(qall) - min(qall);
480 pfall(n) = Ilrms/sqrt(Ilrms^2 + I3rms^2 + I5rms^2 + I7rms^2 + I9rms^2 + I11rms^2 + I13rms^2 + I15rms^2

+ I17rms^2 + I19rms^2 + I21rms"2 + I23rms^2 + I25rms^-2);
481
482 if (P(n) == 2@0)
483 P(n)
404 Vrms
405 Ilrms
406 I3rms
407 I5rms
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408
409
410
411
412
413
414
415
416
417

I7rms
IlIrms
I13rms
I15rms
I17rms
I19rms
I21rms
I23rms
bufferall(n)

418 figure; hold on;
419 plot(t,pall);
42@ plot(t,pnobuffer);
421 %axis([0 0.011 0 3]);
422 endif
423
424
425 endfor
426
427
428 figure
429 hold on
430 plot(P, buffer3./Ezero);
431 plot(P, bufferall./Ezero);
432 plot(P, pf3);
433 plot(P, pfall);
434 title('Class b);
435 legend('Buffer 3','Buffer All','PF 3','PF all');
436
437 fid = fopen('classB.csv','w');
438 fprintf(fid,'%s, %s, %s, %s, %s\n','power','buffer3','bufferall','pf3','pfall');
439 for i = 1:length(P)
440 fprintf(fid,'%f, %f, %f, %f, %f\n',P(i),buffer3(i)./Ezero(i),bufferall(i)/Ezero(i),pf3(i),pfall(i) );
441 endfor
442 fclose(f
443
444
445
446
447
448 %Class A
449
450
451 P = [200
452 Vrms = 2
453 IUrms =
454 limit3rm
455 limit5rm
456 limit7rm
457 limit9rm
458 limitllr
459 limitl3r
460 limitl5r
461 limitl7r
462 limitl9r
463 limit2lr
464 limit23r
465 limit25r
466
467
468 %i3 = ze
469 %iall =
470 buffer3
471 bufferal
472 pf3 = ze
473 pfall =
474 Ezero =
475

id);

:10:
28;
P./V
s =
s5=

s =
s =

ms=
ms=
ms=
mS=
ms=
Ms=
Ms=
ns=

1600];

rms;
2.3;
1.14;
0.77;
0.40;
0.33;
0.21;
0.15;
0.15*15/17;
0.15*15/19;
0.15*15/21;
0.15*15/23;
0.15*15/25;

ros(length(P),length(t));
zeros(length(P),length(t));
= zeros(,length(P));
r = zeros(1,length(P));
ros(1,length(P));
zeros(1,length(P));
P/W;

476 for n = 1:length(P);
477 pnobuffer = P(n) * ones(1,length(t));

174
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478 Ilrms = P(n)/Vrms;
479 if Ilrms < limit3rms
480 I3rms = Ilrms;
481 else
482 I3rms = limit3rms;
483 endif
484
485 if Ilrms < limit5rms
486 I5rms = Ilrms;
487 else
488 I5rms = limit5rms;
489 endif
490
491 if Ilrms < limit7rms
492 I7rms = Ilrms;
493 else
494 I7rms = limit7rms;
495 endif
496
497 if Ilrms < limit9rms
498 I9rms = Ilrms;
499 else
500 I9rms = limit9rms;
501 endif
502
503 if Ilrms < limitlirms
504 Ilirms = Ilrms;
505 else
506 IlIrms = limitlirms;
507 endif
508
589 if Ilrms < limitl3rms
518 I13rms = Ilrms;
511 else
512 I13rms = limitl3rms;
513 endif
514
515 if Ilrms < limitl5rms
516 I15rms = Ilrms;
517 else
518 I15rms = limitl5rms;
519 endif
528
521 if Ilrms < limitl7rms
522 I17rms = Ilrms;
523 else
524 I17rms = limitl7rms;
525 endif
526
527 if Ilrms < limitl9rms
528 I19rms = Ilrms;
529 else
530 I19rms = limitl9rms;
531 endif
532
533 if Ilrms < limit2lrms
534 I21rms = Ilrms;
535 else
536 I21rms = limit2lrms;
537 endif
538
539 if Ilrms < limit23rms
540 I23rms = Ilrms;
541 else
542 I23rms = limit23rms;
543 endif
544 if Ilrms < limit25rms
545 I25rms = Ilrms; 175546 else
547 I25rms = limit25rms;
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548 endif
549
550
551 3 = Ilrms*sqrt(2)*sin(w*t) + I3rms*sqrt(2)*sin(3*w*t);
552 p3 = i3.*sqrt(2).*Vrms.*sin(w*t);
553 q3 = cumtrapz(pnobuffer-p3)*dt;
554 buffer3(n) = max(q3) - min(q3);
555 pf3(n) = I1rms/sqrt(I1rms^2 + I3rms"2);
556
557 iall = Ilrms*sqrt(2)*sin(w*t) + I3rms*sqrt(2)*sin(3*w*t)+ I5rms*sqrt(2)*sin(5*w*t)+

I7rms*sqrt(2)*sin(7*w*t)+ I9rms*sqrt(2)*sin(9*w*t)+ Iilrms*sqrt(2)*sin(11*w*t)+
I13rms*sqrt(2)*sin(13*w*t)+ I15rms*sqrt(2)*sin(15*w*t)+ I17rms*sqrt(2)*sin(17*w*t)+
I19rms*sqrt(2)*sin(19*w*t)+ I21rms*sqrt(2)*sin(21*w*t)+ I23rms*sqrt(2)*sin(23*w*t)+
125rms*sqrt(2)*sin(25*w*t);

558 pall = iall.*sqrt(2).*Vrms.*sin(w*t);
559 qall = cumtrapz(pnobuffer-pall)*dt;
560 bufferall(n) = max(qall) - mtin(qall);
561 pfall(n) = I1rms/sqrt(I1rms^2 + I3rms"2 + I5rms"2 + I7rms^2 + I9rms"2 + I11rms^"2 + I13rms"2 + I15rms^,2

+ I17rms^2 + I19rms^2 + I21rms"2 + I23rms^2 + I25rms^2);
562
563
564 if (P(n) == 200)
565 P(n)
566 Vrms
567 Ilrms
568 I3rms
569 I5rms
570 I7rms
571 Ilirms
572 I13rms
573 I15rms
574 I17rms
575 I19rms
576 I21rms
577 I23rms
578 bufferall(n)
579
580 figure; hold on;
581 plot(t,pall);
582 plot(t,pnobuffer);
583 %axis([0 0.011 0 3]);
584 endif
585
586
587 endfor
588
589
590 figure
591 hold on
592 plot(P, buffer3./Ezero);
593 plot(P, bufferall./Ezero);
594 plot(P, pf3);
595 plot(P, pfall);
596 title('Class a');
597 legend('Buffer 3','Buffer All','PF 3','PF all');
598
599
600 fid = fopen('classA.csv','w');
601 fprintf(fid,'%s, %s, %s, %s, %s\n','power','buffer3','bufferall','pf3','pfall');
602 for i = 1:length(P)
603 fprintf(fid,'%f, %f, %f, %f, %f\n',P(i),buffer3(i)./Ezero(i),bufferall(i)/Ezero(i),pf3(i),pfall(i) );
604 endfor
605 fclose(fid);
606
607
608
609 Vout = 406;
610 Vinrms = 220; 176
611 P = 239;
612 Cin = 2.8*10^-6;
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613
614
615
616
617

618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

Ilrms = P/Vinrms;
limit3rms = 0.0034 * P;
limit5rms = 0.0019 * P;
dt = 1*10^-5; %Time step for time-domain calculations
t = [0:dt:10/1000]; %Time vector based on time step. Symmetry ensures that only up to T/2 must be
considered

Vin = Vinrms
icin = Cin *
icin = [icin

*sqrt(2) * sin(w * t);
diff(Vin) / dt;
icin(end)];

percent = e.1;
C = 100*10^-6;
I3rms = percent * limit3rms;
I5rms = percent * limit5rms;
ilow = sqrt(2)*(Ilrms*sin(w*t) + I3rms*sin(3*w*t) + I5rms*sin(5*w*t)) - icin;
iclow = Vin.*ilow/Vout-P/Vout;
vclow = 1/C * cumtrapz(iclow) * dt + 1.5;

percent = 0.7;
C = 50*10^-6;
I3rms = percent * limit3rms;
I5rms = percent * limit5rms;
ihigh = sqrt(2)*(Ilrms*sin(w*t) + I3rms*sin(3*w*t) + I5rms*sin(5*w*t)) - icin;
ichigh = Vin.*ihigh/Vout-P/Vout;
vchigh = 1/C * cumtrapz(ichigh) * dt +1;

figure
hold on
plot(t,ilow+icin);
plot(t,ihigh+icin);

figure
hold on
plot(t,vclow);
plot(t,vchigh);

fid = fopen( 'ExperimentalPrediction.csv' , 'w' );
fprintf(fid, '%s, %s, %s, %s, %s\n','time','inlow',
length(t)
for i = 1:length(t)
t(i)*1000
fprintf(fid,'%f, %f, %f, %f, %f\n',(t(i)*1000),(il

'iinhigh','voutlow','vouthigh');

ow(i)+icin(i)),(ihigh(i)+icin(i)),vclow(i),vchigh(i)

656 endfor
657 fclose(fid);

177
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/b3 9/alex/Dpbox (MT)/Hrmnic Input PjectHarnicinputharm ro9code/hao ic_input2.c

2 F ile: modbocet32_rmfactord.c
3 "Author: Alax Hanson

* Created In 9.y 2 217, 11:36 AM

7

1011/ <editor fold defaultests--collapsed" desc-"Configuretion Blt.*>
,213 // DEVC PG3
14/ USERID - No Setting15
16
17 #ragm con 93g1E - 09 1OFF 11 Ethernet RMIl/Ml Enable (RM , Enabled)
19 *prgmacon 9 FE99 90-ON # Ethert 1/0 Pin Select (Default Ethernet 1 O)
19-fi92m91291g PGL1WAY -09 1i arr0iss9on Group Lock One Way Configura2o1 (Allow multiple reconfiguratos)

209 #p91a9 9PMDL1WAY 1OFF /I Peripheral Module Disable Co9n9gu9aton (Allow multiple reco09g9rations)
21 #Prgm "'fig IOL1WAY - OFF / Peripheral Pi S4lct Cogurastin (Allow multiple recongurations)
22 #prigma 9 nag FUSID10 - OFF / USE USB9 D Selection (Controlled by Pon Function)
23
24 1/ DEVC PG2
25 lipralsoa config FPLLICLK - PLLFRC // System PLL I-put Clock Selection (PRC is Input to the System PILL)
26 *pragma cong PLL.D1V - D9.1 // System P LL Input Divider (I4 Divider)
27 #prgma -11"g FPLLRNG -RANOE_5_1 0_MHZ 11 System PLL Input Range (5-10 MHz Input)
28 #pama. -fig FPLLMULT - MUL_64 J/ System PILL Multiplier (PLL Multiply by 4)
29 "'fi9g PLF D1.99 :D" it2/ System ALL Output Clock Divider (2z Divider)
30 #prama cng UPLLPSEL FREQ_24MHZ /U USE PILL Input Frequaincy Selection (USB PLL input is 24 MHz)
3 1
32 // DEV1CP.1
33 *prag.- -fig FNOSC - SPILL // Oscillator Selection Bils (Past RC Osc w/Div-by-N (FRCDIV))
34*p-9rm9 n DMTINTV -WIN-127128 //ZDMTCot9WInd9w. 9 l4(Wndow/nterval5a9i127/12859tr9valu
3' prgma c9n9g FSOSCEN = OFF J/ Secondary O .litr Enable (Disable SOSC)
3 #pr9.9 -9(9 IESO - OFF /(9Interna 1E9ternal Switch Over (Disabled)
37 *pragno con9g POSCMOD - OFF /9 P9241 y OC9 a119tr Con 1rat!9n (Primary .. 2 disabled)

33949991999.9 11 0~1999419 ( (4 1 C P91119.9 (99119(9)

3a #p a config OSCIOFNC - OFF // C LKO Output Signal Active anth SOPn(sbld
3 9 9p(gm AUCKSM9 -CSDCMD. I/Clock Switching and Monr 9select 2 9 (Clack Switch Disabled. FSCM Disabled)
40 pgma9 g WDTPS 9PS104857 1 tchdog Timer Po1t9caler (1;1048576)
4 1 spr"gm: config WDTSPGM - STOP J/ Watchdog Timor Stop During Flesh Programming (WDT stops during Flash Programming)
42 #pragmn confgVWINDIS - NORMAL /I Watchdog Tmer WIndow Mode (Watchdog Timor Is In non-Windmw model
43 #pragmn corifg FWDTrEN - OFF fl Watchdog Timer Enable (WDT Disabled)

44 #pr-gm.onoffFWDTWINSZ-VAWNSZ_25 // Wtthdog Tllr Wind-wsize (Wnd-w Iz is25%)
45 p'gma onfg DMTCNT -DMT1 / Deadlin Timor Count9Se-ection (2^39 (2147483648))
46 eprogm. -Hng FDNTEN -OFF // Dead..n Thmr Enable (Dead.-n Timer 1s disabled)
47
4: / DEVCPFGO
49 , 9pragma cng DEBUG 1 9OFF #/ Background Debugger Enable (Debugger 4 disabled)
50 ispragm. comfg TAGEN OFF IIJTAG Enable (OTAG Disabled)
51 # 9 9g9m 9 con9g IC ESEL - ICS_ PGx1 / 19IC2ICDC9 mm nel9S9 l(CommUnict99on(PEC1PGED1
52 #pragma coftgTRCEN -ON //Trawe Enable (Trace features in the C PU arm disabled)53 isprogma config BOOTISA - MIPS32 // Bomt ISA Selection (BEwt code and Exception code Is MIPS32)54 #spraga oonfig FECCCON - OFFUNLOr KED // Dynamic Flash ECC Configuration (ECC and Dynamic ECC oa disabled (ECCCON hits arm writbl))55 #prmonn conifg FSLEEP -OFF //Flubh Sloop Mode (Piash It powered down when the device Is 1n Sleep m.d)
56 #lpragm, cunflg DBGPER -PG_ALL 11 Debug Mode CPU Access Permission (Allow CPU access to all permiseloo regions)57 diprgma canig SMCLR MCLRNORM I/ Soft Masher Clear Enable bi (MC LR Pin guerates a normal system Reset)58 9p1gm. ong SOSCGAIN - GAI 2 / Secondary Oscillator Gain Control bi (2x gain setting)59 #pr.Ugma -fig SOSCBOOST - ON 11 Secondary Oscillator =os Kick Start Enable bit (Boost the kick start of the uscillatur)60 pr99 9 9 9g POSCGAIN - GAIN_2X / Primary Os.Illatr 1. Contrl bi (2x gain setting)61 #prag. -. fig POSCBOOST - ON // Primary Oscillator Btot Kick Stant Enable bit (Bonet the kick start of the recillator)629 pr9gm - 0o-0 FJTAGBEN (INORMAL I/ ETAG B9t (Normal (TAG Functionality)6364 /1 DEVCPO65 Spregna config C P - OFF // '.o Protect (Prrotltr Disabled)66

ji//</ditor-Fold.69
70 /fWlndos
72#nd 1 ." ..
73 *Include < /trkh
74 #1nud sda -&,bo
75 #in:cludo <-Alib lh
76 #1n-1ud. -- h h:
77
78 ///1//linu"
79fl4#1nclude'fot/mlermzhiptc32/N A3fpic32mx/include/prwc/p32mz0512,feO64.h"
Boil9d 9lop/9icr9chip 32/v .43/p1c32m9in )2clude/c.h
61 //*i9c9ude3"/1Pt1mi2 r1(hip.932v9 1 .431p9c32mx1nclude/stdio.h"82/ #slclud."t.pt/microchtp/xc32/1A .3/plc32imulaclude/math.h"83 ff/#include <.ayftit~sh>848586
87 1/ 4editor-fold defauttstates"collapsed' desc-"Pln Odeftnes">8889 /#definmDIOI_smtLATESET - 1<<5
90 /define D102_set LATESET 1 _<6
91 //*define D103_met LATESE" - <7
i12 // d ain DI04 set LATGSETr - <6

3 #deflne D105 set LATGSET - <794
95 /1#deftne DIO I.plr LATECLIR - <5
506 //*doflne DI02jcIr LATECLR . 1..6

g7 //#denn D103_cr LATECLR - <7
9,8 //define D104_CIrLATGCLR. I< 6
99 "/idefn DIOScir LATGC LR - 1-<71001011 02 /l#deine ZVS_select WLt 1ATFSET- 1<<31 03 //#donne CSa_sst LATDSET- 1<<0

. 104 sidfe.n ~~e LATGSFT- 1-<9 //#define CSI, at LATDSET. 1-<3
1 05 /J#dsnnmENA5BLE._set LATESEr. 1<11 08 #defne ENAI3LJbn LATDSET.s 1 -3 /#defln. ENABLEb set LATESET-1<<4
,()7/#denn MANUALa_Wet LATESET- 11<2108 #0d.=i MANU.Alb -1t LATDSET- 1<<4 //#d.0neMANUALb-st LATESET-1<<31091 10 //#idefine ZVS_aelect_cr I.ATFCLR- 1 -5
I11 /dd.R. CS. cIr LATDCLR- 1<<0
,12#*defl..CSb15 11 ATGCLR- 1<-9
I 13 t/#deftne ENABL~a clr LATECLR. 1<<1114 #~dfin. ENAU FLh cr LATDCLR-I "I<,1 5 /111denne MANUALa~cIr LATECLR- 1_<2
1, 6 didernne ANrAlb, :I, LATDCLR. 1<<4
.1711 8#d*it1n, FFF,.hargo.-et LATDSET- 1<<5119 #Ad 1311 FE.-n.harg _11, LATDCL.R- 1<<5'2n121 #idefne 1r1g. .t LATBSET- 1<<11 22 #dernn. Trm_dir LATBC LR- 1<<1123124 I/Dfine ADCdata registers1 25 //WVAB take car of Uant and SPI in function, rather than sidefimia126 // <1edit-(old>
12'120 /1 <idiltor-fold dofaaftstateu~o',oiapied" desc-o Fnction Proactypos">
, 29 //double Computell (double Vin, double \but, doule V-.., double P, doubt. L. double Cru, double cap sign, double Cin, doable w~linw, double 12, double limitp-rcet, double 13. double 15):130 I/vold SetupSPla(vmid)131 void ChockResset(vold):132 old S""pS~IRblvold):1 33 sold Set.pADC(vaidh;134 vold SatupUART2(y.1d):
135 "od Setup!UATM!(vuld);130 wid Set"pTImerfvoid):137 void StartuipBoost(vold):
138 //vold StartupCycle(vold);
1 39 voi TrIggarPulse(uoid):
140 "od Wdt-Fluegsurnsigned Int running, unsigned Int mode);
141 "oiWieikCisunt(unaligned int kickourt):
142 vold WrIterd .. (v-Kd;141 vWd Writescreem(char .1501)b144 f/vold WriteSPla(unsigned Int- dacinput, char select);,45 vold Wr"""""gb(unsigned ior' dacinput, char sulact)h140 dod Wri"'VI"Idouble vin);147 v-id WriteVout(double vout);148
149//< /.dltor-fold.
151 //<edltor-fiald delaultotatem-cllapsed' de-c=Static Volatfle Initheatunitions/Disclaraiom',52153 1yeeercI,4 ann d 'u-r 1:15 nigned Ai.. :1156 unskjoed u3RX :I:
157 =Inigd fisIng :1;156 unond Wria'nlmis :1;
59 nsgood Rtunn.w ;1;I no unigned M'- :I;

161 unmlPned C;onirul :1:
1 62 )[-1 trc1 63 I/Mlde and Running farm . state machine with status Ruing,Mode

IA4 //State 0,0 Everything is off, converir hasn't started
,65 /JSWat 0,1 SA I Is on for initial charging of output capacitor166 UState 1.I Operation In mcd boust mode
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167 /7S01 1,0 - Operation . regular buost mrd,

1 68 #See o for s.t transitions169 static milatile F 1aStr,,, 1 Flags:
17017 1 :Wdi mlad : double adccount:172 satclld. d"OubeWnacm
173 static voWal d, uble -otaccumn;
174 statir WWIIt: e lot protect . 0;175 fitatic molaille char selection;176 // <Jeditcr-Fold>177
179
180 int sanabst argc, char* rg)181
182 /1 <dt-fld defaultstate-"oap.ed dsc,'0lobal Iterupt Enable>"
,83 //Enable -C Wo r""h" interrpM164 // r0cros c6 from this page; http://ml06cbhpdevloper.ro/32bitm7o-61h-.6ptios-usmg6
185 INTCONSE- TN

1
TCONM0_AlSK: 0S.t. Interrupt controller to Multi Octor Mud, through macr186 __bultnIenable iterrupts0; // Globally enable interrupts tbrough CP. St-t E bit187 fl </edltcr-fald

1609 /<edit,-fold defulttat--call.p.ed" "dec-O" illator Setup"-1 901 91
I U2
193 REPOCONbIts.OE - 0,
194 OSCCONbits.PRDIV - 000: 7/Se7 6 as default. divide by1 95
196 //RECLK ca. be used for SP (or PBOLK2) or as an output, 97 //REFCLK2 -a be used for output -r SQI (-nused)
106 //REFCLK3 can be used for ADC (or FRC or SYSCLK) or as an output199

200 REPOICONb0 . R11DIV-0:
201 REPO I CONb0. RSLP - 1; /R 6 during W7eep
202 I(REPOI1CONbIn.ACTiVE -.- REP1 CONbIts0.N){ /Shouldn't write Ifa1,0,e I- ON
203 REP01CONbits.10 OO L- ObL 00; //Use SYSC LK output as source for r0f1rence
204 REPO1CONbItsR0111V- 0. 0 oNod 7ider1for 1re 1-clock
205 FTR1'M1101,1M 0 -206 REPOICONbIts,0N - 0 ffr- nto actlv-W
207 }
20B REPO1CONb.O, - 0/0ur on to drI L the REPC0LKO1 Pin (do7ned by PPS)
209 /0NO10 that SPL1CON should be completely donned by config regs6ters reset
210

2212
2 3
214
2 1,
216
2 1
2 18 /U <-dtor-lo d dWfau1Wt.t-'..Blp-ed" dhmas,'Unlock Sequence for Modifying Oscillater>

23 1 tO 1'7001.0661 -7

2 W111 -oalesgood int Int status;
220 volatile unmlgned int dma suspend;
2 1
222 I/ Disable global Interrupt
223 Int status - __buildn_get isr state();
224 _builindisablejinterrpts();

225
226 // Suspend DMA
227 d suspend - DMACONbIts.SUSLND;
228 If(d.666676d -. 01
229 1
230 DMACONSET 11 DM1 ;,IN S6 0 PEN1 %IAK;
231 while CDMACONbfts.DMAW'SY -- 1):
232 }
233
234 t' Unlock *1
235 0y Y K" "000"f00.6236 1YI SK El O'AA996655:237 11 IN ) 02556699AA:238 / </editor-foldl>
239
240
241 PB3DIVbits. PfBD)V - 0; //PBCLK3 - SYSC LK (0. scaling) runs TM RI which trigger ADC
242 PB3D1)"it.0N - 1: //Actiate PBCLK3
243
244 PB2DN~bits.PBIIV - 0: 111Divid. by 2; UA RT
245 PB2DIVbIta.ON -1
246
247 PBIDIVbWt.P'BDIV- 0;
248 //PBI DtVbfts.ON - 1:
24'
250
251 #/ <edltor-fold defnultWtte-s"rollapsed" daac-" Re-lck Sequence After Modifying oscilator->
252 SYSKLY 0 133333333; 1
253
254 If (d- .- up.nd -- 0)
25' DMACONCLR - IINA: N S1 -SM N I %AIK;
257 1
258
259 builtin set isr statenint status);
280 /1 </editcr-Fold>
26 1262
263 fl 1qe.t.-fold7
264
265 /c0d66-fold defaultstate-"16l6psed" d.o-"A.l6.6 Pin Aigm1t'>
266 /UN.t that Pin. with analog option default to analog input unless changed mnually267 //Analog ps only appear on B E, G ports
268 ANSELBT Q

26 A NSL0;
270 AN 7iLG.2 - 0 1271 ANSELBb tW.ANSB -1; /[Vmnjow
282 0AN0 6 10
273 076edt60rfojd
274
275 /1 <sditoa-fold dfutat"clpsdo deo--Pin StatW Inattalization*>
276 TRISEbit..RISE5 - 0LATEW1.3ATE5 - 0 P. I output low (11110 d)
277 TRISEbs.TRISE65- 0. LATEb.0ATE6 0; Pin 2 output low unusd)
278 TRISEbI.TRISE7 0 LAT6bbs.LATE7 0; 0Pi 3 output low u.d)279 TRISGbIts. TRISGI 0; LATGbIUa.LATIGf 0; //Pin 4 output low CSC K2)
2"0 TRSGbIt.TRISG7 - 0, LATGbita.LATG7 - 0; //Pln 5 output Lw unused
281 T GbIt.TRSG - 0: LAT~Bl..LATG6 - 07 1lPi. 6 output 10 (..0d)
282 //n 7 VSS
283 //Pn 8 VDD
284 //Pin 9 MCLR
285 TR7SGbits.TRIS.9 - 0, 0ATGb0(.0A.lr - 0, lPi. 10 output low (CSb)

270 
000200000266 TR(12b017.T0(700 - 7:,T~iIAB 0: 270P01 111up low u sd

206 TR010b1t1.T01174 -7,:LTbis AB 077 220700P 1270 7upu 6 w(u/ d

28 RSBbltm.TRISB3 - 1; //Pin 13 input (U1RX)
289 TR1S6bits.7RISB2 - 0; LATBbW. .LATB2 - 00 /Pi 14 output low (unused)
290 TRISBb7.00SB(012 0 0AT0b7.lA - //Pi 15 PG C I also used as debugger pin291 U/PI. 16 PGEDI
292 0R0S6btS.TI7-3 1; LATBbIW.1T16 -0: 0PI 17 poulow (usd)
293 0RSBb!78 .TRS167 0; LATbits.76 -0: Pin 18 7tp o(0667d)
294 //Pin 19 AVDD
295 /Pin 10 AVSS
296 THISBbIts.TIRISM8 1: //PIn 21 Input (%9n low)
297 TRISBb1tW.TRISH9 1; filPin 22 input WVbut ow)
298 TRISlbits.TrRISDB 0 0. LATiblis. LAT1310 - 0; UPIn 13 1utput low 1,usd
299 TRIS~bIWs.TRI.SB 11 0, LAT13bts. LAITB I - 0; /UPI 24 utput. w(nsd
300 / 6Pin 25 VSS
301 //Pin 26 VDD
302 TRISBbIts.TRISB12 - 0: ATBbitm.LATB12 - 0:/IPin 27 outPuti aow(used303 TR(SBb1ts.TRISB11 0 0 ATBbi.ATB 3 0 //Pin 28 7706 7 lo (u7d630 I~isTI l4-0, LATBbWtM.AT 84 -, :/PIn 2g Output ow(unused
30' TRIS bits.T'R'I15 -0: LATBb LATB 5 -0, /HPin 30 output low (unused)
306 TRISChbW.TF1SC 2 Q 0 LATC its~lT1 0, J/I, 31 Outiput low (unused)307 TRISChIts.T 15 7, 0; LATChbtL.ATC,15 0. //Pin 32 output low (nsd)306 //Pin 33 V13US (unused)
309 U/PI. 34 VUSB13V3 (grounded)
310 

071 30 031 11PI. 36 D- (nued)

3 12 H/Pi. 37 D+ (,nused)
313 TR(SFbI.T]SF6 3 7 0 LATpbi.ATF 3 -0. //Pin 38 output low (unused)3 141 /n 39 VDD
3 / 7 /Pin 40 VSS
316 TRSFbItS.R70S -0 LAT0bIW.0lF4 - 0; //Pin 41 Output low 7sed)317 TRIS~bits.TMSF5 0; LATFblts.LATF.S- 0; //Pin 42 output low (unused)
316 TRISDbits.0TR0S07 9 - 0 LATDb00 .0 -AT 9 7 0: Pin 43 output low (unused)319 TRISDbitm.TrR:S Dio 0, LATDbIWs AD1 - U; /.i 44 output -o (unsd)320 TRISDbt.TRISD I 0: LATDbs.IATD( -007/. 45 706701 70w "u16s0d)321 TR0SD00t0.TIISIO -0-00ATDbits.LATD0- 0/PI 46 output low(unused)
322 TRSCb61.TS,,, ( 13 - 0; LATrhl.. LATC 13 - 0 4 /3PI 1 47 Output low (.17 -7d323 TRISCblot . R;Sl14 - 0: LATCbts. LAI C 4 - 0; /PI. 48 output low (un ed)324 TRISDbts.MS - 0: LATDbt.01ATDi - 0; //Pin 49 output low (SCKb)
325 0 0RISDbi .TS(07072 - LATbiIAT2-0; //Pin 50 output low (SDOb)
326 0RSDtsT0SD 0 LATDb.1 3 - 0: //Pi 51 output tow (.an6 00n66.bl)327 TRISD, o -rDbIts.Al LA 0; /Pin 52 output low =3167601 0
328 T 0b0W.T7IS D(5- 0;0LATDbIt.LATD. -0; //Pin 53 output low lot charge micro)329 0I 54 VDD

330 /Pi1 55 VSS
331 TRISFbits.1SFO - 0; LATFbit.T -G0, 0; //P7n56 0tput1 w(un:ad)332 TRISFbi00(007 11F1- 0;LATFbits.Il1l -0; //Pn 57 output low (on.sd)333 TRISEbi0.T0S010 - 0:LATEbi.L 1-- 0 0Pin580ouIput lounusd)
334 /Pin 59 VSS
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335 //Pin 60VDD
336 TRISEbits.TRISE -&3 LATEbiM.LATE - 0 /7P 61 output w(3nu.d)

337 TRISE4.TRS3 2 -30 LTEt.3ATE2 0, /Pin 62 utput ow (unmed)
338 TRIM 3.TRSE3 -3; LATEbl. L6TE3 -, /7/Pn 63 output low (um6/3 d)

339 TRISEbIs.TRISE4 ,- LATEbts.TE4 -0, //Pin 64 output low (6 / d)
340 11 <Nsttdito old-
34 1
342// < - ddit3r-fold6d3333t3.t.'3c663.p..d" desc-*Pedpheral Pin Sa3ct Assignw nt6 >
343 , 3RXR - Ob00: //Set U3RX to be Pin RB3
344
345 P725 3-Ob310, //St R 5PB2 t 3 be/3 U2
346
347 R PGJR - Ob0110; //SetRPG8Wtob.SDO2
348 //RPD2R - 01b0101; //Set RPD2 Wo be SDOI
349 /FiPE5R -Obll11; I/Set RPE5(pln l) tREFCLKOI
350 3 .REPCLKO 6 can also go to RP 7 (pin 5)
351 //REFCLK3 m go W 6 RPG6 (pin 4)

353 / </dltmrfold6
3S4
355 //6it -fold dellaulbstate--capsed" dasc-,'Vadabl Definition and Initialiation,>
356 7l3gs.Time, Q
357 73,g..AD 1 -0
358 Flg.U3RX &;
359 3ag'. WrIta1m/. - 0;
360 Plags.Running - 0;
361 7 3.M3d3-0://
362 P7g.3si333 1,
363 E33.33ntrol - 0;
364
365 FNABL Fb :
366 3ANUALb 3 3r:
367
368 //Nowe that I can start up with R -1100 kicking In at 350 V
36" I/Cb starts at 8000-6553M: Ca starts at 4850*65536
370 3/E6pect slightly higher than 400 at rst7 Very close after engaging control

371 //Or same Cb, C. and R - 850 for a 240 V In put
372
373
374

37S /A(variable)_16 corresponds Wo 16 bit codes Wo send to 5V DAC
376 / 6They are 3 3 nve33r from "3 6" Variables by (variable In 5333 ) 3 2316/3
377 un,"-6d /t 3rIb_16 .14000,
378 /363iged /3t -b_6 6- 5500, This worked fr3ver bW..r removing lear cap
379 unsigned int V-1,b_16 - 7500,
380 66gned Int v3t3r3a_16 - 23000;
381 Lnsgned lot v-va_I 6 - 40000:
382 unig3ed / tImb63use66;
383 463/d 3nt -. L
384 unsigned h3t I - 0,
385 unsigned lot ConrolCount . 0;
386 udsgmed Int KIckCount - 0:.
387 n3 3d In6 Vm3C3 6t - 0:
388 -nsnd int AvgCount - 0:
389
390 /double, -33ult - 0.8 /3//hs worked forever before rmoving linear cap.

391 doable zvsamult - 0.75;
392 double temp
393 double tImebq
394 double thmna
395 //d blCb-68000*65536/37000"65536 - L'/3. wh.Lapp6"4000"

396
397 Y/double L- 16600:/linductanceunitssVIA (- nH) ws16600
398 double L - 116600; //chel says Inductor is actually like 13.9 uH
399 double 11 I3- .3 u Units A (2.8 worked for a long ima)
400 d-We 12 - 0 //C. OLat units A
401 //double Cb -40DDO; 3 3 3/ s ns 32000 corresponds to 16 uH - 2.5 A

402 /d6b3. C3 - 5150*G 36;3500035536; - L*12
403 Iffdcubla C. 288D0: ItUMMt -- *V 28800 corresponds to 16 uH "1.8 A
404 double /Startup - 3;
405 double ntegral - 11;
406 double derivative:

47double rr
408 double pr rr
409 /Idoubl" corretod"' 0; Hans
410 /dobl. correctionb - :3 3/s
411 //double 6.3b6p"2""3r 0.133; // / 2
412 //double correcti.nprefecto- 0.216: 1/ WsV413 double Void:
414 double Via;
415 //ouble rap6lope 5 0.00375: //3 Volt per 800 5s. veri2ed for 5.6 kohm, 220 pP416 /Idouble rsup-lope 0.00191; //1.53 Volt per 800 as, as-wmd for I I kohm. 220 pP
417 d-ub4e -i-mp.lp - 0.OD025: /10.42 Volt par 600n assumed for 2.2khb- 4.P
418 //-.retly 2 V over 7 us as of 4,29118 --
419420 doubk, R -a80;, I/R-250 gives 40 W at 120 Vrmts //Worked Very wall at R - 125, gives about 220 W at 200 Vrms
42 1 double 13 - 0.0034, 3A= (sp given In /W)
422 doubJ.:5-010019:
423 double 7 0.00:
424 doe 19 0.,
425 o~ 00035:
426 double 11.1tpercent . 0:427
428 doubl Wormal:
429 double tfrr ;
430 double tforcap;
43 1 double ttotal;
432 //double Cin - 2000 ; /1.7 uF 250 as "AV //I think Cm A measured in nF
433 double CIn - 7000,
434 double Via. - 0.0000003142: / p r as (50 b3)

435 double V"'; 110; /mvots
46 double Vb Mx 0:

437 /36dub3 - C-0.12; 3336 p7-3.363 AN
438 //doublCres 0.6- 5, //0-12 wkd wall for a long time; needed higher for ro csing. stitching
439 doebl. Cres - 0.2; //Used 0. 15 before removing linear cape
440 double e - 200,
44 1 d-b" e il 1
442 double icoav - 0:

43 double 1 0'444 doubl' D 2"0445 d"Mubl est - I:
446
447 double Vinfprav : 0:
448 doable capsig. 1;
449 double VMn preSig. - 0:
450 it ntat. 1
41 1 uns1g.ed let peakwaftcount 0:
45'
453 u3igned int SignCount - 0;
454
455 char bull16/ ;
456
457 11 <4edtte-fold
458'
459
460 Satups"IbO;
461 SetwpADCO;
462 "'"'PTIm-rO
463 StUPUART20
464 SetupUA6630;
465
466 PRECO NbItw.'R EFEN -Obl 1; //Allow PrdIctIv- Prefetch ofCPU Instructions and data
467 PRECONbits.PF.MWS ObOOO0: /rZo wait stales for PPM access time (Oee Table 37-13)
468
469
470 Writ7SPb(&v6yb_16,
47 1 Writesplb(&Vcntrb 16, T)
472
473 F1-T h/ 3 / 3t; / 33tar with the charging FET Just 3 7 a.1 the time

474
475 f /r(i.3-3< 3++){N/ } //666233333L3tting modules g /t started up, clean WriteMenu

476 Wiecen"nr)
4177 WrHWM.nUO:
478
479
460
481
482
483
484 ChackRes-ti;
485
486
487
48
489
490

491
4 2
493
494
495 wh3l3(I)3

496
497

498
499 7(Fags.U3RX-- 1) /

3ol // /4333r-fold d3faultstate-"collapeed" dec-3User Interface, 1.pdate"

502 U4RXREG U4 r(REG - 9I8/2; 1/9h, 10 40tion W the -Pn
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503
5N4 .w1t (.alet.o)
505 = Isl s 0:
506 firmltpercaent -limnitpercet + .1;
507 //Aprint bf, 0%.05' Ohitoposoont):
508 /WrI5teScreen(bu50 :509 breek;510 :as

51 IlOuotpercent - limitp-ront - 0.1: IfflomitparcentO)(limitpercnt-0;}
502 0/%sprlntf(but "%.I0'. limritprcent);
513 //WriteScregn(but:

5 14 bral:
515 g. o ,:
5 16 MIsMUlt - Muarmult + O,05; break:517 .... I :518 zsMult - zsM-Ult - 0.05; break:

520 Pgacnr 1; breek:

522 Writsebut(Vout) break:
523 . ... , , :
524 Writ.W(Vso); break525 .. s " :
520 R R + 20: brek,527 -as ,:
526 R R - 20;, brek;529 a :
530 WrI00Mg0(Fags.OonoIng, Fogo.Mdod);boak;531 _as . 1:
532 WritKckCount(KIckCount); break. //WreSPa(&v-sb-6, 'c') break;
533 ca :
534 WrFteO1.' 0: break;535 default:
536 WIR.tScre-n(!'M 01.)537 -. /Ed of wItch stat...nt538
539 P002.UsA3RX - 0;
540 flogo.Tor-0,541 }/End of If(Flag..U3RX)542543
544545 lnftpgs.Tim- -- 1) {

546 /0 000 0tor-Fold d00 0u0 sta0te-0c0llaps4d0 0 d/00-0S0/t0 0 pd0a0">
547
548
549 Flag..Tim-r - 0:
550 KickCout _ KIkC...t + 1;55 155' V///.////// 1tag. Update //H11/////////l///553 Irpaking ADC data and convert to I6-bit (double) whorm number is in wilts554 Vout : (doubt.) (Al .T. IA4->16); 11,0067575 - 3.3 * 134,3 / 2^16
555 Vout - Vo*(3 * 12008 / 6553); Was 134.3; 115.5 tuned on 270 V out
556 'A_prev - O
557 'A. (doubt.) (M1- DATA3- 16);
558 Vi - A*(3.3 * 133 1 65536); 1AWas 134.3; 117 Luned on 25 %An
559
560 00///0//00/00 Vros Detection 0000000000000000000000
561 IO5

0
0 0 Vr0s*1.414) {Os - V. *0.7071;}

562 if(VM N nMo) { n Max - Vim)}
563 VresCount - VrosCount + 1;
564 5(Vr5Count>000) /Osmer goes off every 32 us. or 259 ti5es per half-perod
565 /So waiting for awery 4 half-cylas O, about 1000 counts
566
567 / 5if5 0Max > 350) ( Vrs - -240 ) I/Dso't want it Wto cidetelly think the ootago Isry high
568 /1.[l ( Vs - M. Max * 0.7071 + 5: }

569 if(000x < Vs'1.414){Vrms - nMa*0.7071: }

5751 VInMax - 0,
57 VSoCou-t - 0;
573}
574575
57' ////////// dV/dL sign Detetion /////////577 IftsignCount -=- 2) { /132 us * 8 - 256 us WAS 8

578
579/ /f the last se you looked. voltage w roso.580 11 //Add hystarsi. to m-ke It harder tchnge stes
581/) f(ig 0 -- 1) {

582 j/ f( o-W ovSigon > 0)
583 O fl.gs.Rising - 1: capsign -0-;584// 1..
585 /1 {Flags. Rlelng - 0 caP_.Ign - 1;)
586 fl
507// else( l f the Last Lim you looked, voltage was f0llng
58 // UI(VIn-VWnp-eSign > 6)
5691 Me{ lg. Rising - 1: cap-sign - -1: }
590 /1 1..

591 0/ {5lig.R00lng - 0:, p_.Ign - 1;}
592 /1

593 0w0000000g0.000) /
594

595 cs. 1: f/0tag0 rising

59 cap2sign - -1 -$97 If(Vin > Vrtns*1.41-0.96) ( M/AS 0.85
598 91gnMtMt - 2: peakwaltcount - 0:
599 IF(F00 . Cotrull -- I) {

600 R - R + ( ut-400)*0.04: //0.1 worked Sne at low power

602 //Startup00o0st0 :
603 }/WrItsScrsen("2"):} //Moolng 0 top state. 42
604 breA;
605 0000 20000000 ne Peak606 calp-sig. - 0:,607 ff(pealkwaltcount 8) (Algnstate - 3: peakwaincount Q ); // USED TO WAIT FOR 2 peakwaltounts
608 W.s {peakwaitcount - peakwel; ...nt + I:}609 brosk;
610 _ - 3: / 5,tage fallingell cap-sin - 1:

612 IfOVin Vrs"1o.41*0.12) 00goo0010 -4gn 00 40}/Writso "4")
613 br 00k:614 cae4:
615 p00Ig . - -1;
610 0 if > V0n5r0vs0gn-3){617 .1grstate - 1;

600 }//Writscreen(.1."0620 bmak:62 1 default:
622 capsign -- 1:
'23 sgaae-1624 ' lsesic625626 SiginCount -0

627 Vin_p0SIg- '628
e29}630 a-e631 SlgnCont - SIgroCnt + 1:632 }633634
635 00000000/00000/Sa 00ti.5 0 to aood srt problems. 0//000000
636 00if A Is own close to VMs-sqr(2), oke ItJust s l0er than Vrrms-Oqrt(2)
637 //B u Vr update --- ry 0 ycl.. this should only engage at the very edge.
638 0% 5 Vrtos*1.414) 055 - 1.414*Vrmos-0,} 00
639640
141
642 /00000/0// Set ZVS threshold //0///0/////
643 00 'An>(138) )
644 -- b_16 - ( ag d .0) ( (0.014-5-1.85) -65536/5);

45 /WrItescreen(ow):64 6}647 alse{
648 -abhl - (unsigned 0ot) (0.08065536/5) /Worked greato 0.075 up to 175V

649 g
650 / 0sb_16 - 2 (unsigned Int) (0.1*65536/5);651' Writ.SPlb(&-.vb_16,Y);
652 0//or(000000:l00-) (NopO;}653654
655 IfsPOg..Running--O && Flogs.Moud--0)
656 / oadfto-0l d fau0t0tat..-'coap-dr deoo-"ChargOg Stata"o6 7
658 0f/(ut > 350) { 5/350 /127525 - 0bov 0 this %but regular boost saf //Standard was 375
659 writascre-nt'Wh660 Flag .R-ong 1:661 Mlg:.Mcde .662
503 Sart5p0 0ost( ;

664 } 00.0665666
667 //ti mab . - U*Startupj(".):
660
070 Otvntrb_1 - (unsigned 0)(ti00br.mp00 p,4 *65536/5): 5050, 0000 *0 odoOV
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671 ntrkI16 - (unsigned Int) (2.5 655365): )/Wrd with 2 for a long 8672 WrIt6SP6b(&cntrb_ 16.)673
674 f(66ckCount > 350)
675 7orli.0.163;)++) (Np()}
676 Startupoost():
677 6 6ckCunt - 6;
676 

}679680}001 /If dusfod
682 1
683684 1113nest State685 if(FI-g . Runntn-1 && Fl.gs.Mod...0){
66 Tri6j _t:

687 /1 <edt,-fold default.tate="ilap-' d"i de.>-Do.st Stte"68"
689 i1(ut6150){ H11166 ->76V
690 6 11.dai7ram6d dsed"U4st.4o.llap.ed" dec-Boot ->Charge691 WrItescre-n("C");
692 Flegs.RumI6ng-0:

693 Plaga.M.d .o;694
695 ENABLEb -1; //Eabl. B should be on
696 /6ENABLE_set, //E.bleA should be on
697 MANUA cr /Set Manuel 5 to off
698 /7MANUALA-CLI 6/S6t Manuel A to off699 I/t dto-od
700}
701 -l. {7if6ochang rqutd,th- 6giv 6.oth-r1kk 66 6kk6.pgng
702 6 .dito-f-ld d.eaf6.t..-'coDapsed" de.. Kep lgos
703
704
705 Writescr-n(.D"):
706 66.) - 2/R *-(I + 1l661paront*(33+5'15)"Vmus - lim.tpercent*4*13+
707 /Whn I ren this before I didn't haw the 2 before the C n 4.1, but it sh
708 /6q'm trybIgwith the factor of 2 but redu Ing C-1. 6s a 6rl6ble

//0h9 1.- ce up the HV mode (which clearly 1, acting like C_Jn 1. toe bI

7J1
612 If ( (ttalrmpslop) > 4.8 )
613 tIola . 4.8.ramp6lope:

714
715 else IfR (10tal6rempalope) 6 0.21 && '. < 100)
716 166)1-=0.2/r1mpslope;
717 }
71 8
71 9720 vN6trIb 16 - (unsigned Int) (ttOW7 rmpalPe 65536/5):721 WritSPIb(&vcntrIb_16),
722
723 6I1(cC)unt 6 1> 16){
724 6r6.6 .6I3,I++) N6op();}
725 Startpooso;
726 KlckCount .0:
727 }
728 /<dit-f.kl.

727 }
73W Trig :I,,
73' /1 -;edit-fold>
732 }
733 /1 </edttor-fold>
734
735 6 2 Ed of tmer Interrupt
736
737
7 38739
740
741 } /fEnd of infulb, while
742
743 re.ur (ExI-. s6,> ss):
744)}
745
74 

6747
74.
749
750
751 WOl ( R Al VETOF(R( I AWf3 KX VFT-,:(R. IPL2AUTO) lntitr3thadlen-iod)752
753 FlagP.U,3RX -1;
754 selection - U73FLXREG: UT IXIIENG -selection: I/Echo selection to the scresn7,5 I/WrW"Screen(i"):
756 I 1S4b1ts.U3RXIF 0.
757
758}
759

76vOMd _IsR Al VI 1T1(1( 1INMR I W;OR 111 PL2AUTrO) therlHaudW-rW id)
;61
762 JPSObIt6.TilF= -0
763
764)
765

76w vISR AT NMCOR Ii R_ VE:T0k. IPL2AUTO) IntTizinr2l-andifletod){767
768 Flags. fimer -1
769 IP"0bi s-T2JP-0770
771 1
772
773

774 uld ChsckRssst(v-Id)(
775
776 kf(CON & 0.0O03){Wr1.eScr-(" lH)R'
777 I6ss16(613& 060602))W6IteSc.6 (-t6 );)
778 .ste61.16 & 0zO6666){7Wr%0S. rn6':N I 1A.):}
779 .1./ 46(RC & 6 6 4){ WrItescree." 11');}

78 :lso lf(:Y 'ON & 0z020O){WrgtsScr-u(': ICG"):)
7al a If(7C16N &061 0) (WritaScren(11 1 1");)

782 bw7 if1(RCON & 60x0020)(Wr.teScr.".611 ))}783 1C14,N - 06
784 }

;85 votd SetnpADCQvId){1
787
788
789 ADC3-C3G G DfAADC3:
790 AI)C4CF- ' DEVADC-4;
791 //6Vout6ow Is on B9, Pin 22, AN49, (ADC4)
792 MeI- is on B8, Pin 2, AN48 (ADC3)
793 /16ge 474 "When an altrnate input is used as the Input source for &
794 6 dedicated ADC o.. he data output Is Stil read from the prunary
795 6 Input data output register-
796
797
798 //First thing, lead calibration data into the CFG regists799 I/DEIVADC la stord In flesh memory

BOO //e -only- thing the FRM says Is that the user must copy the data
801 /lE6mpIs 1. the FRM h7e only these >6>c comenand6

803804805
806 //Check section 22.4.3 of FRM "Selecting the erc6t of ADC mu6t807 6 1Fraton. I. left justified. while integer right-justifted8 ADCCON10b1.FRA1T - 1; / 1Fract 1)al output (left.jtfed, 16bIt number with zefig9 ADCIMCON~bit.1NI=0J. ADI CON JIhis. S;GN4 -
811
812 ADCCONIbts.SlIDL. - 0 /Keep running In Idle mode813 ADCCON bt.ACPMPEN - 0. //Chr. 1 1 pump disab1d (for Vdd > 2.5., se P427)814 CFGCONbIt.lAN6PEN -6 66Cha>e pump disabled (for Vdd > 2.5, se6 P427, 59815 ADCCONbI6.FSSC [KEN 6 41: 66st System Clock to ADC Control Clock Enable (W8lf3 ADCCON IbRNs.FSPlBC LKEN - 1: /Paripheral clmck to ADC enable (specific conditio817
616 ADCCON3bI .AD6SEL - Ohl1: //UV- SYSk 1 Input (can m e 6 RC. PBCLK3, REPC86 ADCCON3bItsC. NCLKDIV1 - 61(7,661612.32 MHz TQ826 ADC3TMEbIt.AD)DIV - 00000) 112 - -Tq6 Ted -16 MHz
826 ADC3TE bIts.SAM1 -. Ob-6 0001000 /Sample time - 81d822 ADC4TMEbI.AD1C1IV - 66b600001: 62 -Tq -e1d - 16 MHz823 ADC41ME1bfta.SAMC . 1,0000001000; //Sample time - 8 %d824 //R"Ial that 12-blt conversion takes 13 Ted

.25 /,(G+13)/(I6 MH.) 1.3-u
826 //WIhT r16 6nningat64 MHz, nedtocounttatleast84827
828 ADCCON3bIs.VR16-6.~E - 0, U6s AVdd and AVs as pis.neg r6f6r6nc4

:2983 ADCTrRGMODEbitS.SH4A LT 01,b01: //Use AN49 on ADC4 (-ot low)831 ADCTRGMODEbIt6.SH3ALT b61,1: //Use AN48on ADC3 (vin w)832
833 AIN :6, N -6 01 /A1 Inputs use single-ndd, unsigned data834 A6I N2 ,835 AixINMI JN3 0;83"837 Aix G R ?f-N 1 : 0: //No InterrPtm fivan any ADC038 A -: 1R11NF - 0;
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me; need morejuice

26*15)*VIn*6n*0.51Vrms + limtpa nt*(16''15)"6n*Vin**Vinn/(4*Vrms)Vr6 -VrmsI I + (tVn)*qrtU*Crms)(sqrs(1 - 20v1/Vut)+1-V/16t) + cap>slg. - 2-L C6' It..6 6*2qr(2"V 66VcmW(Vh*V66) -1):ould be theme frorn my notes
9g) and Edge matzhes what I think the actual C In is better

ros for LSB)

. FRM 22 p.77)
n2 FRM22 p.77)
LK3)
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839
840 ADC3TIMEbi .SORES - ObO 1; //12 bi t resolution841 ADC4TIMEbILI.SEL RES - Obi 1; // 2 bit resolution842843 Y/Pr-m Section 22 of FRM: "Each Class I input has a unique trigger and
844 Y upon arrival of the trigger. end, sampling and starts conversio .
845 // Upon completion ofconversion, the ADC module rvets back to

46 It sampling mode. When a Class I Input is enabled and Is not being
847 convert

e
d. it Ai always samtpled."o

848 / Exception: SAMC is a mm mum sample me, If It Is not met when
649 fl . trigger arrives. the ADC Will wait until It Is et.850 /1 Sea FRM See 22.4.4.2.1-28, 1852 l/ADC ICG and ADC4CIG need to be written with DEVADC1. DEVADC4 prior to turno
853 /1ADCFLTRx? May toe in averging o ooersampling mode
a54 //Could you se the APRDY (or the standard RDY signal) b trigger a now conversion?
855 and effectively cretto a continued m ouem.ntohe..?
856 (migh t ued to go thtrough o CPU nto rrupt)8,7 //U.e ADCDATAI and ADCDATA4 Wo acc.. 46 and 49 (merely tent).58
859 ADCTRGbku.TRGSRC3 ,b00101; //AN3(-407) totng TMR0 toh oo triggorotturo

00 ADCTRG2bits.TRGSRC4 ObO101 //AN4 49?) using TMR match as trigger source861
862 AoLosTAT - 0; //FIFO and all associated properties ao dbled863864
866 TiCONbltm.SIDL - 0; //Run TI -ve 1. Idle mode
867 TtCONbts.TCS 0: 1/Run on peripheral clock PBC LK 3 (instead of external clock)
868 TICONbIts.TCKPS -1,00, //1:1 prescaling869 Tl CONbIts.TGATE (I.0870 T1 CONbIts.TlSYNC 0;,871 PR I -1 .: //Set this value to the number of counts.
872 //Not that the ADC takes (SAMC+24)1t11 d for sampleolt rt
873 000220 2-Mt based on ADCTIMEADCDV
a74 /frQ TC LKbased on ADrCON3.CONCLKDIV
875 /,AMd ttstly TCLK - FRC or System Clock based on ADCCON3.ADCSEL
876 /So need roughly 30 Tad counts, or o TQ 60 TCLK
077 I/St maybe lot P0CLK3 count to 100878879 TICONbIts.0N .1; //frn timeren880881 flIPC~bItu.TIIP - 2:882 //IECObIts.TIIE - 1:883

886887
889 1Dig1tal and alog can be disabled to conserve power890 /jDIgItal starts up quickly and I. easily ... bled

91 000hr pwer saying by huttlng down analog biasing, but takes tim to tart up again
892 111 assume the default Is off. but better sat them that way anyway
803 ADCANCONbits.ANENO - 0;
894 ADCANCONbl.ANEN - t0t
895 ADCANCONb-t

0
.ANEN2 - 0o

,,96 ADCANCONbit",ANVN3 1; I/ADC3 analog and bias circuitry :.abled
697 ADCANCONbIts.A NE N4 -1; //ADC4 analog and bl-s circuitry enbId898 ADCANCONbIta.ANEN7 -,
Ogg
IMO ADCCON3buts.DIGFNO e .
901 ADCCON3bit..DIGENl 0;
902 ADCCON3bt.DIGEN2 0

t 03 A NbitO1GEN3 1; //AD3 digitally .0bled (for .0_low)04 ADCON3bI. D0EN4 : ADC4 is digitally ... bled (royo t_low
905 ADCCON3bib.DIGEN - 0;
906
907
908 ADCCONIbtOSN .- 1; turn on last thing
909
910

9.
913
S',4 vold SetupS~slb(void)(
916 .t, lg//dla High., 7
918 SP2CNb.MSS N - 0; //Man0 lly do slaVO select
9M9 SP2CONbIt. MCL0SEL - 0: Ust PLK2 CLK (.. pp to REILKO)

20 SP2CONbios.SL - t 0; o/Continuo In Idle mode921
922 SPI2rONbits. MODE32 : 0; /Irhese three bits define 8-bit communiestion
923 SPI2CONbIt tMOoDEI f 0:
924 SPI2CON2bIts.AUDEN - Q: //AUDEN 1 fr00di Mo.s t
925
926 SP 2CONbhts.CKE 1; I/Change date on actlve->ldla transition
927 S2CONbtsootK P -o //Clo0k Idle Io Ime
928
929 SP12CONbits. SSEN - Q: /1SS% pin Is unused (will manually do chip select)
930 SPI2CONbItsMSTEVN 1: //Mastwr mode
931 SP2CONbIt.DISS0IA 1 SDI pin Is un d (never expecting to receive)
932
933 SP11211R1U - 0, /IB.ud ..t divisor (Fsck - Ppbi(2(BRG,+1))D
034 / /f1ast0st possible s Fpb2 (-32 MHz in this case

935
936 SP02CONbIt.ON - 1: /ur on wit last thing
937
93'
939}
940
941 vud Satupltesr(yotd) 1
94i2 /1"ihs is the main timer which sets the time between DAC updates
943 I/Nat the same as Thmerl which is used to trigger the ADC (much faster)
944
945 T2CONbt.SIDL - 0. //Run T1 even In Idle mode946 T2CONbIt.TC1S - 0;, //R-n - peripheral clock PBCL-K 3 (InstwM of-etrnal clock)
947 T2CONbts.TCKPS - 0; //1: 1 prescalhng
048 T2CO blta.T32 - 0; //Each timer Is separate 16 bit timer, not combo 32 bi

009 PRM 048 /Stth l 1tothe o bt oot .
950 PR2 - 2048;

951 t 11hs is nominally the same s from the PIC24 code which used
952 ///0000100000 2 00
953 //Pbr P5CLK3 - SYSCLK - 64 MH., 2048164 MHz - 32 u
954 /tWhkch Is anywhere between 32 and 96 swItching periods worth
955956
957 T2CONbita.ON . 1: /frn time, an958
959 !PC2bIm '.TP -2:

W6 IECObWtUX21,- 1:
911
9652
963}
9N4
965 vold SOuPIUART2(void) { //Uslng this UAKr for transmlss.o on RB2

W67 U2MODEbIta.STSEI - Q; /A1 step b t
968 U2MODEbitaPDSF.I. - 0b0: //6-bit, noparity
969 U2MODEbIts.fVRGH - (I; /fHlgh speed mode
970 U2MODEb Its' UEN - 01b00: //Us, TX and RX but not RTS/CTSIBCLK
971 U2MODEb ts.RXINV - 0. Iildle state Is high
972
973974 U21IRG - 72; flBased on PICLK2 - SYSCLK 1. 64 MHz)
075 I/Ses, FRM 21. 3 for tables
97a
97
978 U2MODEbItW.QN - 1;
979 U2STAb t.UXN - 1:

98 2TA), ta.URXEN - I;
981 U2STAbita.UIRMSEL, . 0; //leturrupt asseurted while buffer has any characters
982
983
984

M8 :PS4bft .U2RXIF : 0;
9W6 iS4bIt ,2X1 -0987 IEC4bt1.U12RiE : 1:
988 IEC4b.t.U, 'XIE 0;
989 IPC36bfts.U2R1(IP - 01,010
9W0
991

.93
99
995 void SatupUART3(woid) ( flUsing this UART for transmission on R B2996
997 U3MODEbIt..STSF. - 0; /11 stop bit
go6 U3MODEb L'.PS EL - 01b00: 1/8-bt. no pertly

99 3MODEb tW.51GH - 0. fi/figh speed mode
I .0 U3MOD~b ItEN -= 1,00; //Use TX( and RX but not RTS/CTS/BCLK
toot U3MODIb!,tsRXNV - Q; /ldle, state 1, high1002
i0031004 L:3hW! - 72: H/Based an PBCLK2 - SYSC LK 1- 64 MHz)1 005 /IS-e FRM 21.3 for tables
1006
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0100l008 U3MODEbi1.N - 1-
1009 U3TAb. UTXf1N - 1:
1010 U3STAbi0.3RXEN - 1;1011 U3STAbitt. URXiSEL - 0: //Pntarrupt asertcd whil. buffer has any characters1012
10131 014
1015 l 4bIts pl.U 3RX I dl{

1026 OS4bits.U-ol IF20 s

101 2EC'b1tL1,oI,, 5o O;IC'1q ; C4bIts. U3TXJE -0;
103 PC 39bIts.L3RXP - Ob
10201021
1022l1023
1024

1025 void Startuplooat(old){,026 lot 1:1027
1028 //MANUALa.cIl //Make so Man4ON A , ff1029 MANIALh_ :Ir: //Mak1 sum 2 ManuaON B is off1030
1031
1 032 ENAI.Eb -t10
1033 //ENABLa_WeI1034
1035
1030 MANI Abl.; -Ij- r on B
,037 //MANUALa s-t Sol Turn on A - this opens a path through the Inductor103 f0; 1.7; 1++) (N.op)}100.
10401 041 ENAl ( Eb Ar, //Quliky disable 5 beforemeet action, 042 MAl'be --r: //R-mv Manual B

10431 0441 D45}
1 046
1047 od T Igg0rPIW oId)o1 04 a Trhg "104 l r Id 11050 1
1051
1052 oiod WrFlaglunsfignd et runng, mliumd I0t mode )I(1053
1054 unsoIgned Int ADChl M0ot 1& 32 bit In XC32 compler short's am 16 bit
1055 nmo0tADCv1 llI;
1056 //ADCV l - ADCDATAI:
,057 /1ADCealF - (doubts) (ADCDATA4>>16); //Convart 32 bit to 16 bit
1,,58 /IADChalF - ADCtWIF/ 1.127;
1059
10130
11061 //ADC

10  

3.3 * ADClf (0Ox10000000);1 062 char bufl I h
I D63 sprintf(but, "Wr?, running):1 064 writuscre"nts ux.111i. r ");

1105 Wdtescro1(bu0;,1 066
1067 sprintf(buf, "1, mode):1 060 WrhteScrsam("\nntM 11 069 WriweScrmn(bun:
1 07
1 10}1 072

1 0731 074 void WriteVickCmunt(umsIgvad lot kickount)(
1075
11076 olusignd int ADC 1I; /lt Il 32 bit In XC32 compiler horw's am bit11077 //fl tADC10 IF1078 /1ADCV I - ADCDATAI;
1079 //ADCWalF . (dnble) (ADC DATA4>>16); I/Convart 32 bit to 16 bi
1080 /IADCWl F -A DVaIF 11.127:

10811062
1083 l/ADCl - 3.3 * ADCV1F / 0 x100000000);, 064 bhar buR 161 085 sprintf(buf. % klckcmunt);1 086 Writescr n( *It 0'unnfl -);

1087 WrtScron(buO1 088
1 089 }1 0901 0911 092 void WriteMeam(ycid)(1 0931 094 Wrih Scren(''\In.I tdU.1-MIili Iu P-1 ")1 095 Wtisscrmen(SurrmlR\zDcmt1

I.,6 WriweScmamn("\,A-I Ae-.A\t,:j-%1,A):
IW97
1098 Wolhopscraa("\nM0p 

: -1184,t.):12099 wrItIscreIn(''\doo,5 ri0SPI20 T101loS l\h01
1100 3wlat1r \0 &U 000011,1101 Wrtcrn(ir:rieimtfs ;1102
1103 WriIteScrmen("\ntnA1');
1104
110511 06 }1107
1108 v i WriteScre10 (char 6501) 1 1 /Us0ng U1A1T2 on RB2 fortr20anmtting

1009l ~ls~sdo~ 01

1110 l o 21p;,1 11 p -:1"12 whlwe(p111 3 whil. (I(U2STAbits.TRMT)){
111 4 }

115 2TX"EG = ep++;

1117

1120
1121 void WrItaSPib(unahgnd int* dacinput. char select) {1122
1123 l 1t I;
1124 2 1t mode;7 1o25 uns 

20d 
5 /t 

t1mp:11261127 -wftch (select){1128 c-.,'.:1129 mode - ObO00000000 I 10001: /)Contro word o select right DAC for VcntrIS1130 brak:
1131 cass.. ;:
1132 mode - ObO00000(00I 10000; /ContrxQ word to Walct right DAC for V-y B1133 bok
1134 dafault:1135:
1136 }

1371138
1130
1140 :Sh "h; //Chip select B actIvy low,
114 11142 /rmnsmit 8-bit mode weord

11143144 1'12131T - mode; whII.(SPI2STATbIts.SPtVBE OM )(1, 4511 46
11 47 Wmp - d..Input:-11 4 tamp - top >_ 0;

1150 /f/Tranmit 8-bit date .. rd11 51115'2 S P12B, F - tWmp: widI'(SPI2STA~bitMSPITME - 0){}11 5311 5411 55 temp - (*daclnpuQ) & Oaxol 1:1 156
t1157 ffr-ran-mit 8-bit date -ord
1150 -SI12RI + - Whip; whIL.(SPI2STA1 bIts-SPITBE F 0){},11 60 lr(i.I; i<I0: 1++) (N,,pd: } //Necessary delay for L1TC2602 timing11 61

11 63116411 65}11 "G1167 Void Writ.VIa(d.ubIe yin) f11 6811 69
1170 //unsignad int ADGW: /int Is 32 bit in XC32 complier: short's am 16 bit11 7 ' //ffotADCWF;1172 U/ADCh AD AA413 /1ADCV F - (d1uble) (ADCDATA3>- 16)1174 //ADCV.IF - ADValF i 1.127;
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1 75 //ADC V.I...des re ved as1 76 // dddd dddd ddd 0000 woo0 0000 0000 0000
1177 //So divide by 2^32 to get fractn of No1 volIge whiCh is 3.3
117"11791160 cherbun 161;
I181 sprintf(bu, "3", .);

11773lWd855s..tlen bIsol
119 5
1185 }

71 
861187-Iod Write aut(double vout) (

1189 //unsogned Int AD-Val //Int 1, 32 bit In XC32 rompiler short'sr 16 bitI19 I o /floatADCWA1P:1191 //ADCWk1 - A DCDATAI:11 92 //ADCV8F -(doUble) (ADCDATA4>16); //C-Onrt 32 bit Wo 16 bit
1,93 //ADCV&IF ADCVaIF 1 1. 127:
1194

1196 R/ADCWIPff'3.3 -ADC~dF/I(OX100000000):
I1197 ;he, bufTV ,.1198 sprintf(buf, '%fl, -ot):1199 WritScren("\nk,%,a : )
,200 Wditescreenibuf):

1202 }
12031204
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GaN Measurement FET Board
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/home/alex/Dropbox (MIT)/Dynamic Ron/Dynamic Ron Share/uC Code 3 - interrupt/modboostinterrupt.c

1/*
2 * File: modifiedboost.c
3 * Author: Alex
4*
5*
6 * For Bryson, GaN code
7*
8 * Created on December 9, 2015, 10:56 AM
9 */

10
11 #include "p24FV16KM202.h"
12 #include "stdio.h"
13 #include "string.h"
14
15
16 // <editor-fold defaultstate= "collapsed" desc= "Configuration Bits Setup">
17
18
19
20
21
22
23
24
25
26
27

// Configuration Bits to make the part run from Internal FRCDIV
// Oscillator.

FBS

BWRPOFF & // Boot Segment Write Protect (Disabled)
BSSOFF // Boot segment Protect (No boot flash segment)

28 _FGS
29 (
30 GWRPOFF & // General Segment Flash Write Protect (General segment may
31 GCPOFF // General Segment Code Protect (No Protection)
32 )
33
34 _FOSCSEL
35(
36 FNOSCFRCPLL &
37 //FNOSCFRCDIV & // Oscillator Select (8MHz FRC with Postscaler (FRCDIV
38 //Note that the default for CLKDIV is to divide by 2 (4 MHz clock => Fcy = 2
39 SOSCSRCDIG & // SOSC Source Type (Analog Mode for use with crystal)
40 LPRCSELHP // LPRC Power and Accuracy (High Power/High Accuracy)
41 & IESOOFF // Internal External Switch Over bit (Internal External Switchov
42
43
44 _FOSC
45(
46 POSCMODNONE & // Primary Oscillator Mode (Primary oscillator disabled)
47 //OSCIOFNCIO & // CLKO Enable Configuration bit (CLKO output signal en
48 POSCFREQMS & // Primary Oscillator Frequency Range Configuration bits
49 //SOSCSELSOSCHP &/ SOSC Power Selection Configuration bits (Secondar
50 FCKSMCSECME // Clock Switching and Monitor Selection (Clock Switching
51
52
53 _FWDT
54(
55 WDTPSPS32768 & // Watchdog Timer Postscale Select bits (1:32768)
56 FWPSAPR128 & f WDT Prescaler bit (WDT prescaler ratio of 1:128)
57 FWDTENOFF & // Watchdog Timer Enable bits (WDT disabled in hardware;
58 WINDIS_OFF // Windowed Watchdog Timer Disable bit (Standard WDT select
59 )
60
61 / Warning:
62 // Always enable MCLREON config bit setting so that the MCLR pin function will
63 If work for low-voltage In-Circuit Serial Programming (ICSP). The Microstick
64 / programming circuitry only supports low-voltage ICSP. If you disable MCLR pin
65 // functionality, a high-voltage ICSP tool will be required to re-program the
66 // part in the future.
67 _FPOR
68(
69 BORENBOR3 & // Brown-out Reset Enable bits (Enabled in hardware; SBOR
70 PWRTENON & // Power-up Timer Enable (PWRT enabled)
71 I2C1SELPRI & / Alternate 12C1 Pin Mapping bit (Default SCL1/SDA1 Pins f
72 BORV_V18 If Brown-out Reset Voltage bits (Brown-out Reset at 1.8V)
73 // & MCLREON // MCLR Pin Enable bit (RA5 input disabled; MCLR enal
74
75
76 _FICD
77 (
78 ICSPGx3 // ICD Pin Placement Select (EMUC/EMUD share PGC3/PGD3)
79
80 If </editor-fold>
81
82 If <editor-fold defaultstate="collapsed" desc="Function Prototypes">

be written)

t))
MHz)

er mode enabled (Two-speed Start-up enabled))

abled)
(Primary oscillator/external clock frequency between 100kHz to 8MHz)
y Oscillator configured for high-power operation)
and Fail-safe Clock Monitor Enabled)

SWDTEN bit disabled)
ed (windowed WDT disabled))

EN bit disabled)

or 12C1)

bled)
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83
84 void SetupSPla(vold);
85 void WriteSPIa(unsigned int* dacinput, char select);
86 void SetupUART(void);
87 void WrlteScreen(char s[50]);
88 void StartupCycle(void);
89 void WriteVcntra(void);
90 void WriteMenuO;
91 void SetupTimer(void);
92
93 // </editor-fold>
94
95
96
97 typedef struct {
98 unsigned Timeri :1;
99 unsigned ADCI :1;

100 unsigned UIRX:1;
101 unsigned Auto :1;
102 unsigned WriteTimes :1;
103 unsigned BitSix :1;
104 unsigned BitSeven :1;
105 unsigned BitEight :1;
106 }InterruptFlags;
107
108 static volatile InterruptFlags IntFlags;
109
110
111
112 i
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167

nt main(void) {

IntFlags.Timerl = 0;
IntFlags.ADC1 = 0;
IntFlags.U1RX = 0;
IntFlags.WriteTimes = 0;
IntFlags.BitSix = 0;
IntFlags.BitSeven = 0;
IntFlags.BitEight = 0;

//EnableA should be digital, output, on
TRISBbits.TRISB10 = 0;
LATBbits.LATB10 = 1;

//Set Manual A to digital, "off"
ANSBbits.ANSB8 = 0; /Set pin 42 (OCIF) to digital output (manual A)
TRISBbits.TRISB8 = 0;
LATBbits.LATB8 = 0; /Should always be off unless PWM-ing

CLKDIV = OxOOOO; /Stop dividing clock by 2 (to achieve 32 MHz)

//These variables go from 0 to 2^16 = 65,536.
//Vcntrl values indicate times ranging from 0 to .
//Vzvs values indicate turn-on triggers from 0 to 500 V. (x1OO step down ratio)

unsigned int vcntrla = 23000;
unsigned int vzvsa = 6000;

//Make B2 and B7 (U1RX,U1TX) digital pins so UART can take them over
ANSBbits.ANSB2=0;
/IrRlSBbits.TRISB2 = 1;
LATBbits.LATB2=0;

ANSBbits.ANSB7=0;
//TRISBbits.TRISB7 = 0;
LATBbits.LATB7=0;

SetupUARTO;
SetupSPIaO;
WriteSPIa(&vz
WriteSPIa(&vc
//SetupTimerO;

char selection;

vsa,z');
ntrla,V'C);
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168 WriteMenuo;
169
170 while (1) {
171
172
173 if(IntFlags.U1RX == 1) {
174
175 WriteScreen("\n\r");
176 selection = U1RXREG; //Echo selection to the screen
177 U1TXREG = selection;
178
179 switch (selection) {
180 case 'a:
181 WriteScreen("No B versions");
182 break;
183 case':
184 WriteScreen("No B versions");
185 break;
186 case's':
187 vzvsa = vzvsa + 300;
188 WriteSPIa(&vzvsa,'z');
189
190 break;
191 case x:
192 vzvsa = vzvsa - 300;
193 WriteSPIa(&vzvsa,'z');
194 break
195 case'q':
196 StartupCycleo;
197 break;
198 case'd':
199 WriteScreen("No ADC Function");
200 break;
201 case c':
202 WriteScreen("No ADC Function");
203 break;
204 case 'g':
205 WriteScreen("No B versions");
206 break
207 case 'b':
208 WriteScreen("No B versions");
209 break
210 case'h':
211 vcntrla = vcntrla + 500;
212 WriteSPla(&vcntrla,'c');
213 break
214 case 'n':
215 vcntrla = vcntrla - 500;
216 WriteSPIa(&vcntrlac);
217 break;
218 case ':
219 WriteScreen("No Auto/Manual");
220 break;
221 case 'y':
222 WriteScreen("No Auto/Manual");
223 break;
224 default:
225 WriteScreen("Invalid Selection");
226 }
227
228 WriteMenuO;
229
230 IntFlags.U1RX = 0;
231
232 } // End of if(U1RX)
233
234
235 if(IntFlags.Timerl == 1) {
236
237 IntFlags.Timerl = 0;
238 } //End of timer interrupt
239
240
241
242 } // End of infinite while
243
244 return 0;
245 }
246
247
248
249
250
251
252
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253 void __attribute_((_interrupt_, no_autopsv)) _UIRXInterrupt(void) {
254 IntFlags.U1RX = 1;
255
256 IFSObits.U1RXIF = 0;
257 }
258
259
260
261 void __attribute_((_interrupt_, no autopsv)) TlInterrupt(void) {
262
263 IntFlags.Timerl = 1;
264
265 IFSObits.T1IF=0; //Clear interrupt flag
266 }
267
268
269 void SetupSPIa(void) {
270
271 //SCKa
272 //ANSBbits.ANSB11 = 0;
273 TRISBbits.TRISB11 = 0;
274
275 //SDOa
276 ANSBbits.ANSB13 = 0;
277 TRISBbits.TRISB13 = 0;
278
279 //CS-LDa
280 ANSBbits.ANSB12 = 0; // (pin 15)
281 TRISBbits.TRISB12 = 0;
282 LATBbits.LATB12 = 1; //Idle high
283
284 //A functions are on SSP1 (SCK1,SDO1)
285 SSP1STAT = Ob0000000001000000;
286 /Status register for MSSP2
287 //Bit 6: CKE - some confusion on this point, but setting to 1 to match
288
289 SSP1CON1 = ObOO00000000000000;
290 //Bit 15-8: Unimplemented (00000000)
291 //Bit 7: WCOL No Collision (0)
292 //Bit 6: SSPOV No overflow (0)
293 //Bit 5: SSPEN Not enabled (0) (will enable last thing)
294 //Bit 4: CKP clock idle low (0)
295 //Bit 3-0: SSPM<3:0> SPI master mode with clock Fosc/2 = Fcy (000
296
297 SSP1CON3 = ObOO00000000000000;
298 //Bit 15-8: Unimplemented (00000000)
299 //Bit 7: ACKTIM unused in SPI (0)
300 //Bit 6: PCIE unused in SPI (0)
301 //Bit 5: SCIE unused in SPI (0)
302 //Bit 4: BOEN unused in SPI master (0)
303 //Bit 3: SDAHT unused in SPI (0)
304 //Bit 2: SBCDE unused in SPI (0)
305 //Bit 1: AHEN unused in SPI (0)
306 //BIt 0: DHEN unused in SPI (0)
307
308 SSP1CON1bits.SSPEN = 1;
309 }
310
311 void SetupTimer(void) {
312 T1CON = Ob000000001 10000;
313 //Bit 15: TON turns on or off (turn on last thing)
314 //Bit 14: Unimplemented (0)
315 //Bit 13: TSIDL continues in idle mode (0)
316 //Bit 12-10: Unimplemented (000)
317 //Bit 9-8: TECS extended clock option, set to 00 but unused if TCS=0
318 //Bit 7: Unimplemented (0)
319 //Bit 6: TGATE enables gating, unused if TCS=0
320 //Bit 5-4: TCKPS prescale to 1:1 (00) or 1:256 (11)
321 //Bit 3: Unimplemented (0)
322 //Bit 2: TSYNC external synchronization, unused if TCS=0
323 /Bit 1: TCS - use the internal clock Fosc/2 (0)
324 //Bit 0: Unimplemented (0)
325
326
327 //Note that Fosc = 32 MHz after postscaling, so Fcy=Fosc/2 = 16 MH
328 //ITo achieve 1 kHz update frequency, scale by
329 // a factor of 16000 = Ob0011111010000000;
330 //For testing, use a 1 second update frequency, scale by
331 // a factor of OxFFFF after a prescale of 1:256
332 //PR1 = Ob0011111010000000;
333 PR1 = Ob0000100000000000; /About 0.13s refresh rate (0.25s was
334
335
336
337
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338 IECObits.T1IE=0; //Enable interrupt
339
340 }
341
342
343
344 void WriteSPla(unsigned int* dacinput, char select) {
345 //Write Sequence
346 //Writing to SSP1BUF should get 8 bits into the transmit register
347 //Writing 3 times should transmit 24 bits, or one "word" for the LTC2602
348 int i;
349 unsigned int temp;
350 //while(SSP1STAThits.BF == 1); This line (sometimes) caused infinite delays
351
352 int mode;
353
354
355
356 // char buf[10];
357 // sprintf(buf,"%u",*dacinput);
358 // WriteScreen("\n\r");
359 // WriteScreen(buf);
360
361 switch (select) {
362 case 'c:
363 mode = Ob0000000000110001; //VcntrlB
364 break;
365 case 'z:
366 mode = ObOO00000000110000; /NcntrlB
367 break;
368 default:
369
370 }
371
372
373
374
375
376
377
378
379
380
381 LATBbits.LATB12 = 0; //Active low
382
383 SSP1BUF = mode;
384 //SSP1BUF = OxOOOO & p[0];
385 //Data out
386 //Bit 15-8: Unused for 8 bit SPI I think
387 //Bit 7-4: COMMAND C<3:0> (0011) - Write and update module n
388 //Bit 3-0: ADDRESS A<3:O> )0001) - DAC B
389
390 //while(SSP1STAThits.BF == 1);
391 for (i = 0; i < 20; i++) {
392 }
393
394 temp = *dacinput;
395 temp = temp >> 8;
396 //temp = temp & OxOO11;
397
398 // sprintf(buf,"%u",temp);
399 // WriteScreen('\n\r");
400 // WriteScreen(buf);
401
402 //SSP1BUF = ObOO00000011010001;
403 //SSP1BUF = OxOOOO & temp;
404 SSP1BUF = temp;
405 //Bit 15-8: Unused for 8 bit SPI I think
406 //Bit 7-0; 8 MSBs of data
407
408 for (i = 0; i < 20; i++) {
409 }
410
411 //while(SSP1STATbits.BF == 1);
412
413 temp = (*dacinput) & OxOO11;
414 /SSP1BUF = ObOO00000001110100;
415 //SSP1BUF = OxOO & p[0];
416 SSP1BUF = temp;
417 //Bit 15-8: Unused for 8 bit SPI I think
418 /Bit 7-0; 8 LSBs of data
419
420 for (i = 0; i < 20; i++) {
421 }
422
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423 LATBbits.LATB12 = 1; //back to idle high
424 /frriggerPulseo;
425 }
426
427 void SetupUART(void) {
428 UlMODE = Ob0100000010000000;
429 //Bit 15: UEN - UART disable (0) (will turn on last)
430 //Bit 14: UFRZ - freeze in debug mode on (1)
431 //Bit 13: USIDL - Do not stop in idle mode (0)
432 //Bit 12: IREN - IrDA disabled (0)
433 //Bit 11: RTSMD - flow control mode (0) (won't use those pins anyway)
434 //Bit 10: ALTIO - do not use alternate pins (0)
435 //Bit 9-8: UEN<1:0> - Enable RX and TX pins; not CTS, RTS or BCLK (00)
436 //Bit 7: WAKE - wake up during sleep enabled (1)
437 /Bit 6: LPBACK - loopback mode disabled (0)
438 //Bit 5: ABAUD - one-time auto baud measurement not taking place (0)
439 //Bit 4: RXINV - idle state is '1' (0)
440 //Bit 3: BRGH - low speed (0)
441 //Bit 2-1: PDSEL<1:O> - 8 bit data, no parity (00)
442 //Bit 0: STSEL - one stop bit (0)
443
444 U1STA = ObOO00010000000000;
445 //Bit 15,13: UTXISEL<1:O> - interrupt when transfer to Tshift (00)
446 //Bit 14: UTXINV - transmit idle state is '1 (0)
447 //Bit 12: Unimplemented (0)
448 //Bit 11: UTXBRK - sync break transmission disabled (0)
449 //Bit 10: UTXEN - transmitter disabled (0) (will enable later)
450 //Bit 9: UTXBF - status bit for full buffer register (0)
451 //Bit 8: TRMT - status bit for full shift register (0)
452 //Bit 7-6: URXISEL<1:0> - interrupt flag set when character received (00)
453 //Bit 5: ADDEN - address detect mode disabled (0)
454 //Bit 4: RIDLE - status bit for receiver idle (0)
455 //Bit 3: PERR - status bit for parity error (0)
456 //Bit 2: FERR - status bit for framing error (0)
457 //Bit 1: OERR - status bit for buffer overflow (0)
458 //Bit 0: URXDA - status bit for receive buffer available (0)
459
460 U1RXREG = ObOO00000000000000;
461 //Bit 15-9: Unimplemented (0000000)
462 //Bit 8: Data bit 8 in 9-bit mode (0)
463 //Bit 7-0: Data bits 7-0 (00000000)
464 //Not sure if I can set these bits; just helps bookkeep in code
465
466 U1TXREG = OxOO00000000000000;
467 //Bit 15-9: Unimplemented (0000000)
468 //Bit 8: Data bit 8 in 9-bit mode (0)
469 //Bit 7-0: Data bits 7-0 (00000000)
470
471 U1BRG = ObOO00000001100111;
472 //Bit 15-0: Baud Rate Generator Divisor bits
473 //For 8 MHz internal clock, Fcy = 4 MHz -- see baud rate tables
474 //Choose BRG = Od25 in this case for Baud = 9600
475 //0d25 = ObOO00000000011001
476 //Actual measured Fcy = 2 MHz: for Baud of 9600 with BRGH=0, want Odi
477 /Od13 = 0000000000001100;
478 //Fcy = F/2. F = 4 MHz if divided by 2 in non-volatile memory.
479 //Works at 4 MHz: ObOO0000000001 100 corresponds to 9600
480 //At 32 MHz (Fcy = 16 MHz) for 9600, want Od103 => 1100111
481
482 //Enable the U1 module
483 UlMODEbits.UARTEN = 1;
484 Nopo;
485
486 //Enable transmit for the Ul module
487 U1STAbits.UTXEN = 1;
488 Nopo;
489
490 //Turn off
491 IFSObits.U1RXIF = 0;
492 IFSObits.UlTXIF = 0;
493 IECObits.U1RXIE = 1;
494 IECObits.U1TXIE = 0;
495 IPC2bits.U1RXIP = Obl11;
496
497
498 }
499
500 void WriteMenu(void) {
501
502 WriteScreen("\n\n\n\n\r***Modified Boost Menu***");
503 WriteScreen("\n\ra:IncVzvsB\tz:DecVzvsB);
504 WriteScreen("\n\rs:IncVzvsA\tx:DecVzvsA");
505
506 WriteScreen("\n\rd:WriteVout\tc:WriteVin");
507 WriteScreen("\n\rg:IncVcntrlb\tb:DecVcntrlb");

.2
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508 WriteScreen("\n\rh:IncVcntrla\tn:DecVcntrla");
509 WriteScreen("\n\rq:Startup\t");
510 WriteScreen("\n\re:Auto/Manual\ty:TimeDispToggle");
511
512 WriteScreen("\n\n\r");
513
514 }
515
516 void WriteScreen(char s[50]) {
517 char *p;
518 p = s;
519 while (*p) {
520 while (!(U1STAbits.TRMT)) {
521 }
522 U1TXREG = *p++;
523 }
524 }
525
526 void StartupCycle(void) {
527
528
529 //Ensure good initial condition
530 CCP1CON2Hbits.OCBEN = 0; //ManualON A disconnected from PWM
531 LATBbits.LATB8=0; //Make sure ManualON A is off
532
533
534 //EnableA should be digital, output, on
535 TRISBbits.TRISB1O = 0;
536 LATBbits.LATB1O = 1;
537
538
539 LATBbits.LATB8 = 1; //Turn on A
540 LATBbits.LATB10= 0; //Quickly disable A before timer triggers
541 LATBbits.LATB8 = 0; //Remove Manual A
542
543 }
544
545
546
547
548
549
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modboost32_buck.c file:///home/alex/modboost32_buck.html

/homeale/Dropbo (M(IM(d1Ifd st/M6 dB6 t32RBucksmdboost32_buk.c

2 *File:tvmdboost,32_refactorod..
3 *Author: Alex Hanson
4

5 Created on May 2 2017, 11:36 AM6 *
7

10
(I // -6dto6f6ld defaultstat-co.llapsed" dec.-"Con6tfigrtio. Bt">
, 21 3 // DEVC FG314 11 USERID - No Setting,516
1 7 prge 6ng FMilEN -OFF Ethernet RM/, /MI Enable (RMII Enabled)

16 . pragma wo66g ETHIO -ON I/ Ethernet 10 Pin Select (Default Ethernet /0)
19 #plugm. on g PGLIWAY - OFF //rm"so Group Lock One Way Coniguraon (Allow multiple rconuag0ratons)
20 #prgma confg PMDL1WAY - OFF Peripheral Module Disable Configuration (Allow multiple reconfgurations)
21 6prm56 oonfg IOLIWAY - OFF [ Peripheral Pin Select Coniguration (Allow multiple recon6 ations)

22 Opragwa conng FUSBIDIO - OFF I US USBiD Selection (Controlled by Port Function)
23
24 9/ DEVC PG2
25 #pramgw con K PLL_(LK - If.1.C 6 System PLL Input Clock Selection (FRC . input to the System PLL.
26 5Pr5gm con PPLLIDV - DIGV1 // System PL L Input Divider (1I Divider)
27 6P .gmaonng FPLLRNG - RANGE_5_10_MRZ I/ System PLL Input Range (5-10 MH Input)
28 4pr.1s6g conftg PPLLMULT - MUL_64 /1 System PLL Multiplier (PLL Multiply by 4)
29 Pr5gm con6g FPLLODIV - DIV_6 // System PLL Output Clock Divider (21 Divider)
306#prgma 6n6g UPLLPSEL - 5RE_24M2 // USB PLL Input Frequency Selection (US PLL input Is 24 MHz)
31
32f/DEVCFG1
33 tprogmne config FNOSC - SPLL /I Oacllr Selection Bits (Fast RC O c IDN6-by-N (FRCDV))
34 #prgna6 6on6 g DMTINTV VA- W.127128 /f DMT Count WInd w Interval (l61dow/I6erval value Is 127/128 counter v1u)

.35 #pragm1 c g PSOSCEN -1OFF I/ Secondary Os tatr Enable (Disable SOSC)
36 6pr1gma con g IESO O-FF O // Inter.allaternal Switch Over (Disabled)
374p6g66 6POSCOD- // Primary Oscillator Configuraion (Primary os6 disabled)
38 *progma conng OSCIOFNC - OFF /l CLKO Output Signal Active on the OSCO Pit (Disabled)
39 f#pragms, comfig PCKSM - CSDCMD // Clock Switching and Monitor Selection (Clock Switch Disabled, FSC M Disabled)
40 #prgm - 6fig WDTPS - PS1048576 I/ W 6tchdog Timor Postcalr (1:104a576)
41 /161gm confg WTSPGM - STOP // Watchdog Timor Stop During Flesh Programming (WDT slops during Flesh programming)
42 5pragm nfig WNDIS - NORMAL /I 6 6tchdog Timor W 1nd4 6 Mode (Watchdog Timor 1. In Rnn.-Wndow .1o)
43 prgma cong 5WDTEN - OFF /I Watchdog Timor Enable (W6T Disabled)
44 5prgot cnfig FW1WINSZ-WINSZ25 (/6Wthd6g6Tir ,Wind5w1Sl . (Wndw616116,. 25%
45 6pr6m. .. fill DMTCNT w DMT31 /I Dead-n Timor C6..t Selection (2^31 (2147483648))
46 5pragt 66 con6g 5DMTEN - OFF / 6 Deadm 1n Timr Enable (De6d6an Timor is disabled)
47
4 8 // DEVC PG0
49 Prg5 m Wnfig DEBUG - O (F /f Background Debugger Enable (Debugger Is disabled)
50 #prga 0 con(6g6TAGEN -OFF / . JTAG Enable ( 6TAG Min6d)51 #progme config IC ESEL ICS-PGxI // ICE(ICD Comes Channel Select (Coommunicate on PGEC I/PGEDl)

52 5p5gt confg TRCEN -ON /I Trace Enable (r6 f0aturs in the CPU are disabled)53 epragm. cfig BOOTISA - MPS32 11 Boot tSA Selection (Boot cude and Estaption code Is MI PS32)54 #pragm condg PECCCON -OFFPUNLOCKED // Dynamic Flash ECC Configuration (ECC and Dynamic ECC a disabled (ECCCON blus ars, writable))
55 11m cnfig PSLEEP - OFF I/ Flash Sloop Mode (Flesh I powered down whn the device Is in Sleep mode)

564praiwa con6 DGPER - PG.ALL I/ Debug Mode CPU Access 66rMI666 (Allow CPU acs6 to all permission regions)
57 5reag co6 SMCLR - MCLNORM // Soft Master Clear Enable bit (MCLR pin generates a normal system Result)

56 5prgma 5 o.6 SOSCGAIN - GAIN_2X /f Sao6ndary Oscillator Gain Contrl bits (2K gain setting)59 #pragm config SOSC BOOST ' ON /f Secondary Oscillator Boost Kick Starn Enable bit (Boost the kick start of the oscillator)60 #Pr.O.. condg POSCGAIN - GINV 2 It/ Primary Oscillator Gain Control bits (2K gaIn setting)at Oproias cong POSC O ST ; ON H/ Primary OCaillawsr Boost Kick Stant Enable bit (Bonst th0 kick ownr of the tocilisar)62 #Pmga conafIg TAGBEN - NORMAL // WSAG Boot (Normal E|JTAG functlonallty)63
64 1/ DEVCPO65 *pregma counfg C P - OFF //rCode Protect (Prot-ctWo Disabled)666768/f</editenfold>
70 If""'dow
71 #hncl u"e Japr I a M
72 M-nlude w"-
73 #1nclade wuria
74 #'nclud. <-Wih>

75 *tclud.~t~bh
77

79SS* a # lude "/op/ O0h6p1c32/v6.43/pIC32mx 15nclude/pro p320512feO64.h"
80 //#1clude "I11p/icrchip/C3211.43/poC32mxl 6inude/2.h"

66U*(6ud6 e l6iopt/(rcip/XC321.43/pc321m/ncludestdio.h
a 5/60(661d p Icr(6 hIp/xc32N1.43p(c32mx6nc6ude566 0h.h'83 I/Moiclude -ayaatiribeh64

5

65766l614,66Ito-d d.5..66146.-57c114p.,d" d16.6-7P6. 5d 666*4'6

89 #d1" ) D10 LU) LATESET - 1665
90 6 d=5 6 11 12( 1 LATESET s 0 1< 6

91 *d666 13_3s-1 LATESET 1<<67
92 #tdenf irml 014.t LATESET - <0
93
94 *denno. DIOl _-,;I LATECLR - <5
95 #daft.. 1102_ 1, LATECLR - <6

96*ei6 ne Ds3cir LATECLR - 1-<7
97 #de61 Di04 csr LATECLR 1<0
96
99
(16 (/'here Is no 6r ZVSs(cto 6 thnwhite buck board

01 /1/denn ZVS .Sawa .ML LATSET- 1<5102
1 03
104 5d61 4S616_S6t LATDSET- 1<<0105 #define CSa2 set LATBSET- 1-<13
106 *define CSb _-%L LATDE - 1<-3
107 4df1 CSb21 LATGSET- 167
108*6d5.n 6 ENABLE.It LATBSET 1<- 5
109 defne ENAB12.2 set LASET. 163
(1614#d(. E NABLEb a 66t LATESET- 1::4111 #defloo ENARLEb2 -- t LAESET- I <I
112 4def6ne MANUALa1_ant L6 SET- 1<6 9113 *denine MANUAL.2_- t LAT13SETr 1<<4
114 5def MANUALblset LATESET- 1-63
115 *dens MANUALb2_1 10ATESET- 16<2
1160611 5 NONPR. LAT6SET- 1 1
117 #dfln. HONPRF set LATPSET- 1-<0
11 8119 *define CS& I cir LATDCLR- 1<<0
120 *tid . 26 LAT C LR 113
121 Otdifin-Ciibl _car LATDCLR- 1<<3
122 #d11 '6Sb2 slr LATGCLR- 1-<7
123#1dn,e ENABL. cI1 LATBCLR.1. 5
124 6d56 ENABLE2_Or 1TBCLR- 1<-3
125 5d61n6ENABLEb_Ir LATECL-164126 #dennm PNAB3LEb2_clr LATECLR- -<I
127 d62 MANUAL1e Ir 1ATGCLR- =91<
128d61 66MANUAL42 .r LATBCLR- 1664
129 #d,66 1 MANUALbl U/r IATECLR- 1 <3130 #define MANUALb2Isr 0ATECL- 112131 #define NONPRE cI, LATFCLR- 1 -1
13 #d16 HONPRE ., LATFCLR. 1-0
13/1 31 35 //Dean, ADCdatw registers136 I/WUI take carn of Uart and SPI In functions rather than #deffms
137 If 6dltor-folld6
t38
139 6editr-k6ld defultsdate-coll.ped' d.c66unctuhna P1otyp-,6140 doub" Ccaput 11 (doable Vi, double %but. damblo Vrms, double I, double L double Cres, double tapsign, double C In. double w llne, double 12, double lbaltpercent double 13, doubt. 15);
141 dob6, Co.1P6 bUck.16 ub61 Vi6 . double ut, doubt Vries. double R. double double Cre, double capsig, d-1b4. C I., do0b. w..61. . doubt. 12. double 1itp.6 (.4 double 13, double 15);142 double Co putstck(d(uble6 Vin, double ut, double V 6, double P, double L doable Cres, double capsign, double C double w _line, doble 12, double Imitpr6n double 13, double 15):
43 double Co6pu6bstravd6ble Vin. double %but, double Vrms. doable R, double L double Coe, double cap agn, double Ci. double w Hans. doable 12, double 6mitpercnt, double 13. double 65) double to):

144 vod SetupSP. 1(6oId);
145 void SetupSPIb2(vud);
1466 voi StupSP66 6 (v6id)

147 void SotspSP6b2(voId);
148 void SultUpADC(vold);
149 void SobspUARrivold);
150 void SetupT66 6r66o6d);
151 void StartupBos(vold);
152 void StartuplilD6cKwd);
153 vokd S1,artpCyc30(vo6d):
154 void StwtuspILMO(vod)1 55 voklWd t~n~vi)
56 Void WrIteScreedchar s[501);

(57 void W41teSPal(usigned lte da6nput. char select)158 v-kd WrIteSPla2(tweignod lnt* dacInput chor aeaect):159 vokw WiteSPIb,1(ansigned In," dacinput chuar select);166 Voi WI6 P6621(twoIgn.d lt d1np1, 6. /6h 1 select);
161 voi ( .te6I 1 1,o/6d)6
162 sol Wit".At(void);
163 ol Wdtv1(6id);
164 v.d 6Wk6t6V11 d):165 //1 4dlldor-liald.

166
167 //1 d1tor-fold deb.uft .te-'collap.sd. d st-"Static Volatile I6.alti6zation./Declartos6
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160 typedef .Lruct j
17;0 7sIgd Tim/ r :1:
171 igned Ad-1 :7
172 UMIgned UIII :6 1
173 unsige.d Rising ;1;
174 tunsined WIt.7t1m :1;175 -nsigned Running :1;
176 _6n7ig Mud :1;
177 -n1.- C6onl, :1;
178 1Fl"6S-rA83; 7
179 //Mods and Running rm a state 76 m 1chine with states Runing.Mode
180 1/tat1 0.0- Everything is oft. converter hnt started
181 /3stt 0,1 SA Is " for Initial charging of output capacitor
182 /3S1 1,A Operation in mod boost mode

13 . s . . 1, , pr regular boost ,d,18 /e oefrsaetransitions185 static volatile I-IgStructA Map,;
185187 static Volatile double adocount;
188 .11stic volatile doubla vinaccum;
186 .tac volat d e voutacc ;

19, Udatc ."atI. char salacti-n
142 /I -1sdt 6 .6f7ld193
1 941 95
198 6t mad17nt agC, char** argV){1 971 98 /1 -edtt-nfld deh"I"'b-"colapsed" dams,"Global interrupt Enabls-1 99 J/Enabe uC Wo receive interrupts

200 If mo 7 cove front this page: bttp://m7rochlpd2Iopr.cor/32bit61-armhxceptio6-us.ge

201 INCONSET - _INTC0NMVEC MASK- //Set interrupt onroll6 r to Mult 6ctor Mod, through mcr
202 _b7I7ti7_ab I6nt1rrupts0; // Globally enable Interrupts through CPO StatuslE bit
203// </61torfold3
204
205 / -d41t.rfmdk deftautstatesculApsm1d" des6c6"Omillatr 6up">
206
2 7
20
209 REFOICONbIt..0 - 0;
2/0 OSCCONb1.FRC.I/IV - 761: //S-. 8 as default, divide by I

212 /fRE8CLK1 can be used forSP (or PCL2) or as w output213 / 0RE3PCLK2 can be used for outpu or SQ (unused)
214 / 7/RECLK3 can be used for7ADC (or PRC or 1CLK) or as an output215
216 REPO1CON15t1.RODIV - 0:
217 REEO CNbIt.RSP -0 1; //Run during 3le7p
218 IR(REPICONWUItACTTlVE - REPO1CONbhts.IN){ /YShouldn't write Vfactive I -ON219 REFU1CONbftm.W)SlEL -0b0000, /IU-eSYSCLK-utput as .__rc for referre
220 REIU1CONbItx.R(,DIV -0,; //No divider for reference clock
221 REPO, TRIM Q
222 REF1CONbIs..N -0 /1ur68t786ct6.vW
223 }
224 REP01CONb6t4.OE-7;/31furn ondriv62 th. RFCLKOlpi6(d77d by PPS
225 //Note that SPLLCON should be completely de777 d by cmn7g registers on rset
226
227
228
229
23.

231
232

233
234 61 4d81t1f7ld d lfa78. Hst .l4p..d" d8.7.61."U k S3q.,.7 for Modifying Oscillat.>
235 volatile un/0gad 77t 7nt r7tu.;
236 67latile unsigned Int dmaspend:
237

238 1// Disable .b/.1 nterrupt
239 itstatus =_bitngta~tt0
240 _.IltI_dIsabla_I.n t.t0;
241
242 // Suspend DMA
243 d-7uspnd . DMACONbit.SUPE.ND7
244 if (d6 ... 7pnd -- 0)
245 {
246 DMACONSEE - _DMACONSUSPENDMASK:
247 while (DMACONb37 7 .DMABuSY -- 1);
248}
246
250 7* U8dock -1
251 SYSKEY 0.100000000 3252 SYSKEY -O.AA996655,
253 SYSKEY 82O155669AA
254 /77edV8/fild:-
255
2 6
257 P3DVbI.PBDIV - 0, .PBCL3 .dSYSCLK (m -slng) rum TMR1 which triggpr 4 ADC

258 P53DIVbita.ON - 1; //Act]-.t P8CLK3
259
260 PB2DIVbit@. PBDIV - 0; /1DIvIds by 2; UART
271 PB2DIVbt..ON .- 1;
262
263 PBIDIVbitS.PB~fV -,;
2054 IPBIDI~bit.ON - 1;
265
27
267 // <edItorfold defauftstateus"collap-ed" des-"..L-k Sqenc After Modifyin Oaclatoe.
268 SYSKEY - 0%33333333:
2W9
270 I (dm staspand -- 0)
27 1 (272 DMACONCLR - _DMACONSUS PEND MASK;
273 }
274
275 _bultin 'etjsr state(n.t status);
276 il </edt-ofohd.
277
278
279 -1.0d-1fold-
280
2670/ fl dI"W" old d"Il.aft3."a.'6.collapsed" d.c="Aumlog Pin Aissipi.e7t8 >
282 /Note that p7 with 6nal6 g option default W analog Input unless changed nually
283 /Anal g plus only appear on t. E, G Ports
284 ANSELBh A 1 7
285 ANSELE 70:
286 ANSELO 0,
287 ANSELBb1. ANS7 6 1; //Vb
288 ANSELDbik.ANSB2 -P1; W.V6
289 ANSELMbI.AN617 1 1 1,/6T 1/w290 ASEL~bf. ANSI91P //VlA.-ow
291
292
293
294 // /7d777fo d6
295

296 11 738dIt 6.F3- d 37.Vs311/.1n1- d /777Pi7 S7712 /isltah las 17
26 TRAS.bit8. /-7TRIS7G 88 0; LATGb76ATG5 - 0 1 PI. 4 output Iow 6 SCKb2)

298 TRISGIt.TRISG7 8 0; LATGbt.1ATG7 - 0 1 PIn 5 output low (CS/LDb2)
2M TRISabit.TrRWOS 0. IATGbitm.lATG8 - Q; //Pln 8 output low (SDOb2)

300 /mPin 7 VSS301 /2Ph, 4 VDD
30 //Pi 9 MCLR
303 TRI8b1is.TRISG 0, LATGbi 77.LA'/ - 0;, //Pin 10 outputlow(ManuaL)
304 TRIS"I"t3.TRS 5 -1II LAT7 bs.LAI7B5 - 0; /P6 I output low (Enable776 8305 TRIS "bIt".R SI4 -0; LATBblts LATB4 0: //Pin 1 2 output low (Manuel a2)306 TISBbIt".TR S3 0; LAT~bitm.LATB3 0; //Pn 13 output low (Emable .2)
307 TRISEbIIII.TFI:SB2 I ; I/Pin 14 Input (Vn ... pin)308 /PIn 15 PG8C 1
30 //Pin 16 PGEDI
310 TRIS~blts.TR;SB6 1: //P" ift 17 input (Vh new plu)
3 11 TRISBbIt.TR SB7 0;,A~bt LAT87 - 0, //Pin 18 output k-w (utused)
312 0Pin 19 AVDD
313 /Pin 20 AVSS
3 14 TRISBbtst.TRISBB 1; //Pft 21 Input (Vbut low new pin)
345 TRISBbIt.RISB - 1; I/Pin 22 Input ( now)

316 TRSBbT.RISB 0 - 0 LATBbim.LAT B 1 - 0 1PIn 23 output low (SDO2)
317 T78E8bits.TIS11 I - 0, LAT7bi.LAT111 - 07 HPIn 24 output km (in8..W)

3 18 //Pin 25 VSS
3 19 I/Pl. 26 VDD
320 TRISBbI .3RiSB132 - 0-; LAT.8.LATB12 - 0; /7n 27 output low (cused)
321 TRIS3bit3.TRISBa13 0; LATBbI7.LATB3 0, 1/MP. 28 output low (CS/LD2)

322 TRIS1bits.TR4SB614 -0; LATB7b1is.1AT14 -0, //Pin 29 output I=w (SCK.2)
323 TRISBbit.TRIS3 5 -; LATBbts.LATB 5 3 -7;7 7 30 Output I (uned)

324 T73SCh1t7.4sC I 2Q- : LATCbft'./.ATC12 -10; 7/ 31 output low (unued)
345 T803 .TRbSr15 0, 1;.A3Chts30 AT,-' 5 -3 Q 3 PI 32 output I-w (u2--sd)

326 /Pin 33 VUS (unu d)
327 0tP71 34 VUSB3V3 (grounded)
328 //Pln 35 VSS
329 //PI' 38 I> (--asd)
330 //Pin 37 D+ (unused)
331 TRISbit.71ISF3 - 0;bLATbt.A17 -F1 3//Pin03/outpUt8low(unused)
332 0f181 39 VDD
333 '/P1. 40 VSS
334 TRISbit.TRISF- 0,LAT+bit.IATF4-7 718841 / 11711/6tput871unud)
335 T0Sbi.1R6I6- 0;,IAT7bit.17AT37-Q /PN4276tput 8/w7nused)
336 TRISbt.TRS. - 0;3LATDbIts7.ATDs - 0; /P743 /tput0l7w1unused)
337 TRISDbts.TRSD 1 - 0; LATIDbI/.ATD10 1 0 //Pin 44 output l67 w (SCK )
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338 TRISDb.TRISD1l - 0: LATDbits.lAT 1 - I 10 //Pn45 output low (SDOl)
330 TRISDbt.TRS0 -0; LATDb..1ATD0 -0: //Pin 46 output l 3w (CSLal)

340 TRISCits.TR3S0133- 0 .TC13 -0;/P34703003304(0003.d)
341 TRISCbt".TR13Sr14 - 0, LAiMCOI.1ATC14 0;3//Pin 48 33tpu loo d (unued)
342 TR0SDbItJ.T/ ;T ;Pin 49 output lw (SC Kb )343 TRISDbit.TRID2 - a LATDbit..LATD2 - a: /Pi .SOo3tput ow (SDOb )
344 TRSDbI.TRl503 - a LATDbta.iArD3 - a, //P1 33utu low(CS/LDbI)
345 T 0SDbit .T3S4 - a; LATD3t3.JLATD4 -a 10 /P3 523 3ut3303(14Th)346 TRISDbIts.TISD5 -1: 11PIn33 inpO (U433)
347 //3n 54 VDD
348 /IPn 55 VSS
349 T-IS Fits.TRISP -30; LATbI.IAT3 Q U;PI. 56 output low (Honpr)
350 TRISPit.TRISP -S 0; LAT3b.IATF3 - a: /P 57 output low (Non_p )
351 TRISEbits.TRISE0 - LATEIs.AT0-0; //n3 58outputl3w3(un0 ed)
352 1/3 59 VGS
353 /Pi 60 VDD
354 TRISEbIt.TRJSE. 0; LATEb0.3lATE - 0; //Pa. 61 output l3 w 3 En0l. b2)
355 TRISEbIts.TISE2 -30; ATEbits.1T2 -30 //Pin 62 output low (Manuafhb2)

356 TR3SEbt.TRISE33-0 LATEblts.LATV3 -0 //Pin 63 output low (ManU3 _b)
307 TISEb0ts.TIRISE4 - 11 [AT b3ts.IATE4 -0; //Pln 64 output w Enableb)358
359 TR0sEb.T0RISE5 -o 30;ATEbI3.3ATE3 - a0;P 13 0 utputloo (lDIO)300 TRISEblts .TSE0 - 0; LATEbIt.LATE6 -0; /Pl 2 output lw 10(D2)

36 I 0SEbILS .TRSE7 -0 LATEbIts.LATE7 - &; /oPI 3 output l3w (0103)
362 TRISEbit0.TRISE0 -0 LATEb3, LATE0 - 3; 33P3 58 output 304 (D04)363
364 J/ </.d&t-lokld
365
36611 0.4dit-fold delmultads6at3c..oo qp.ed" deac-"Parlphorml P 3 Select A..3gnme3
367 U4RXR - b0010; //Set U4RX to be pin RPD5368
3W9 RPD4R - ObO010: //Set RPD4 to be U4TX
370
37) RP2- Ob0303; //Set RPD2 to be SDO
372 PG0 Ob800 //Set RGP to be SDO2
373 RP810 - Ob03,I; //Set RPB10 0 0 0be SDO3
374 RPD3R Ob000, //StRPDI tobe SD 4

375 //RPE5R -0 b111; /Set RPE5 (Pin 1) to REPCLKO1
376 4REPCLKO3 ao go 0 RPG7 (pin 5)
377 / 0REPCLK03 ogo to RPG6 (pin 4)

378
379f /. Wdbr-okl
380

381 / -4dittofold defsul ale-"collap.ed. decV.ariable De0nition and Inittalbualo">
382 :0.Timor.0;
383 Meg.1ADl- -0;

3" Page 1U1MX - :385 Pla:.Wrt.TIm'1 - Q
386 3lg..Al..0nn-3 0.
387 Pl.g..Mod. 0;/
388 P)8gs.Riing - 1;
380 3ag.Control - 0;
390

39 3NA3Lbl.sat;
392 ENABLEI3_s33 ;
393 ENABL302_t;

394 3A5L1 2.3t;
395 MANUAL3,,Ir3

3W0 ,t311; 0311,
397 MANI A: h2 :[,,
398 MANUA2 1i,
399
403 3 0N 3 that I n start Up with R -1100 k Idkin in at 350 V401 //Cb starts t 180 65536; C. starts at 4850*65536

302 3Ec 3t /48,3y higher than 400 at in0t, very close after engaging ctrol

403 3ra Ch, C 4 and R - 850 for a 240 V in put
404
405
406
407 /A(varlable- )_ orr3spond. to 16 bit codes 4 send to 5V DAC
408 /frhay ame convarter froma "normal" variables by (variable In voINs) * 2^16/5409 /ursigned int vz b_16 . 5500 This worked forever beor remoing o llear caps
410 unsigned 3 t 3 ribl_16 - 20000, I/Wm0 14000 before 10-13-18411 ulg3d 3 t 833 01_16 - 7500,
412 .3Ignd:M 3 trial_16 - 23000:
413 unsignad at 00,_16-40000:
414
415 //Ernowl'justinitilizin theseso 0ilcomple
416 0 ed1t 4trib2_16 - 7500;
417 assigned [at 303 b2_16 1 7500;

418 unsig d v 8ntrUi.2 _16-7500,

419 ulg..d ba 333.8216 - 8500
420
42 1 uslged Jut tirmeb..p-ue16:
422 unsignedint out
423 unalig8ad t I - 0,
424 unsigned ntControlCount -0;
425 20ig4ed lot 01ckCount - 0;
428 Unsigned [at Vr8 CoUnt - 0:,
427
428 double pr3S3lg - 0;
429 lot signsatte - 1:
430 Int syncrecenable - 0,
431 Int bridgeenable - 0:
432 u".0gned Int peakwaltount - 0
433 qnsigned it S3gaCount - 0;
434 //doubt. -,amult - 0.8; OTl. woaked f0rever before re-.ovIt- -3.6p
435 double maoault - 0.8: 11W. 0.75 before 10 13-18, trouble with A reaction In tartmp
436 double temp.
437 double t ,2
438 double tImb2 - 0:
439 double ti""';440 4/double Cb - 8000-05536,11700500536; - l-O1, whern L appro "4000"
441
442 //double L - 1600 //Inductance, units n*V A (- ali) was 1600443 double L 14000 3 / 0Rach3l says Inductor I . actually like 13.9 H
444 double i3 1.. //Currant. Units A (2.8 worked for a long drm)
445 doubts 1' 2.1; /3Currnt. units A
44 6 /d 0bl. Cb 40000; 1Units ns*V, 32000 corresponds to 16 u' 2.5 A
447 0double Ca 5150*65538;/5000*65536: - L-12
448 3odoubl. C- 2880013113o.-)V 28000rpood.3 to 16 u * 1.8 A
449' double 11 Stau I: til;
450 double Integral- 10;
451 double derivative;
452 double rr-r:

453 double peomr,
454 double rr"do0 3 -0, //ms
455 double correction), 00 , /-0
456 double crrctionbprafactor 0. 1,33 / N
457 double 4rrctionapre3actor -0.21 fl ns/V
458 doubt. V_ I;
459 double 3
460 double Vb:461 doubt. Va;
402 //daub0 :0raplop - 0.00375 /3 Volt per 0

0  
, 0ri3ed for 5.6 kohm, 220 pF

463 //daub; apl3p33. 0.00111.530;/ t 8003 3000, 4 03d3f3kob8. 2203p404 double rapslope .00364; f/3.64 wit par us. as measured n 10/218 30 all 4 switches
405 double r plpea3 - ;.000054; / hangd ft 220p. 5.6k 470p, 10k. 0hI.h should yield this 4. lo-r ramp.l..

466 doub. R - 125) //125 worked 41 for a long Um //R-250 gives 40 N at 120 Vr 1s 30-25-18: 250 .oo high aha t to be pract0ic0 (est, he. tra8I3tinning)467 doubts 3ff20220/:
468 doub. 13 3.0034; A W (-pgiven In A/W)
46 double 15-0.0039;
470 double 17 - 0.310.
471 double 19.-0.0. 05;
472 double lit - 0.00035:
473 doubts Im3tpercent - 0;
474
475 double toreaL;
476 do-ble tfor-e;477 double tforcP;
478 doubts Ittt.
479 double tbuckL
480 doble 11 buck: 0
481 double U-me2;
482 double C n-4500; 1/3-18-19 worked -3 2 at 3500 fora long than. but0notnough I thinkUsed to be 2000 - 2000 as -A /3V - 2 up403 //T.h.ally should be 4400 for 4.4 U but I don't think I Usually use the re2p l value bc denating
464 double w.l0ne - 0.0000003142; n per m (50 hz)
485 dthud" Vrrm - 221); /ff-lt.
486 double 33nM3 - 0;
487 //double Cram 0 .01 0.;/100 pF - 0.1 as - AN
488 f/double Ce (X .15, HO, 12 worked wall for a long time; needed higher for sam crossing, stitchIng489 //doubl. C=e 0.05; /IUsed 0. 15 before re-jaig Bie.r -a490 double Cres 0. 125; //Used 0.05 (50 P) for Navitas; using , 125 (125 pM) for large panasonic pelt.491

492 double Hin*.;
403 doeble lcanv C 0
494 double . - 0
495 double D - ,;
4.6 double test -1497
49B double Mn_prev - (I;
499 doubt, Vbut_Pmv - M:
5'00 double rap-slgn - 1;
501 double captoggle - 0,
502
503 doubts bridge hyst - 841;
504505 char bufl16LSOB
507 //<4.dit-fold.
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5059510 S.tupsPla10;
511 S1.1pSPP.29;
512 S06pSP b610:
513 S1top0Plb20;
514 S6tupADC(;
515 S*t3p'T..0:
516 S 0tupUART):0
517
518 PREC0NbIt.PREFE-1N -0 11: 1A0l0 Prdicttv Prefatch of CPU Instrucdio3s andda

510 PRECONb0t0.PFMWS -0b000 Ohp moit states for PPM accas thee (s 1 Table 37-13)52C,
521 W 9teSPla0(&011 10.19,9
522 vrft1.P019(&Von3t1rI );

523 Wrt1SP42(&vz&-21 9L')
524 1WSP42&strl.2_16:,

525
526 WrilS6PIbI(&1116, j,
520 W2SP1IbI(&v2trib 16, 1)528 writ."PLb(&-vb2_16, ,*);

529 0W10SPb2(&.trI2 16, 1.
530
531 01r1-011100000l++)N0;}71 .5t4i mg dl. 4g3t1 0d0up, clanWrdtMenu
532 Wdt1S09r*"6n.V):

,33 WtoMe-uO;
534535536 w1,11(0){
53753539
540 6713.U1RX -- 1)
5431 1 3.d9t--Od 94d.arut4t.e-collop.ed" de.c,Uer intort.ce Update"
542 wdtscr ,1C11h
543 0.41k - U4RXREG U4TXREG - selction: //Echo selection In the screen544
545 .1w1tc1 0s.eon)o I545 aeV
547 limultprot - limitporcent + 0.11
54B /Ispr0ntf(but Ir".17 limitpercnt);
549 I 0witescreen(bu :550 break;551 s :552 031tPercont - limallp1rcent - 0.1; IlUImltpsrc,,M30){Hnitparcnt-0,1
553 //%.pdtfbuf "%.1, limeitpurcet.0)554 /fWritescr"'n(but):555 break:
556 ae''
557 2.- .t - -. 144t + 0.05; break,558 ca- -,
554 0v21mult - - II0t - 0.05; break,560 -s 'q';
561 Plg4.C.ntrooo 1; break;
502 -1 014'd':
563 W1t00ut0; break:
564 630090601

w6 Writwvlno: brenk:
566 c-s Yv:
367 Wrlteh0; break-,
me8 c-s T:5 9 Wditeo0: break,

571 P09f - 0aff + 25
572 R - (220220)/Pff: 1 break;573 -s Wb:

574 P0% 41 ff - 25.
575 R 220*220)/ff; break; break;576 -s 'ts577 1212-1.05 broak: llriaSP14(&oosb 16. '1'h break578 c.s '..
579 12 W120.95; h k; l1teSPI18.16.1.16,'1): break:580 cs i
581 14c0pt4ggle -- 0) (ptoggle1; Witescr0no1":1}
582 .I..fcapwoggl. . 0; WritaScre6n1.6 )583 breaL:
W84 ca : r

585 16ycracen-bWl -- 0) 141yn0r0c13b1.-1; Writ.Sr9(6"1;)
540 4.114(.y 44ab . 0: 9r00..l00"O')587 break;

542 0444 'y569 if(6rCObetm.b5e1 -- 1)11r31i0ab it0Screen(" r ;
5904 o1e00b0i074 .6WR -- 1){Wtescreen1. (4W50110 )
545 1666000114.WDU- .o1d1001r446 "W5.01" n rW):59 f(RCONbtU.0030 -- 1)1WritS-rE.("DMT0nr") 0
597 6I6CONb.6SLEEP -- 1)( eScre("SLEEPknr):)
590 1RCONbit.IDLE - 1 )( .0WS1r IDLftWi;}
599 fW71CONWUt9.CMR -- 1){jWrIt&Scr n(C MRn");}ow0 lf(RCONblt.'WR I- 1){Witescraefn"BORInxre}601 iRRCONblta.POR -{Wtcre"PRnr)
602 RCON 01,00000000000000001111111111111111;
603 RCONbIt.0 -9
8N4 RCONbIt..POR 0
0 bra .

606 ae''
607 Wdte4enu46 brek606 def.ultb
609 W Stescr.o1eIovad Selection"):610 )"RoEd of -wItch statearent
611612 Wdte'scroun("nr"):
613 Lag.U1RX-06 4 // </"dt-f.4d>
615 1 0Ed offI1Pags.U1
616 7
619 LAFlage.Ttmr o - )

644 6 <.dt9p0919 d4091114097-"cooII.psd" d446-011.t.0Upd9t9".

621 Pg..Tme 0.622623
824625 /ff
626 / 1UST M7R TEST1NG, DELETE BEFORE RUNNING
627 /lwdit1SP2(&vzs&2_411z);
628 //VritSP1.2( 216 '11

629 1w01SPVMb14 l-160;
630 l4t.SPb1(&entrIbl_1,'');
631 lWr9614PI121,W -o4b2_1M3);
632 llWr1446PI112&044td216',V)633
034
635 H636637
838639
640841
642 0600/ 0142/4f wi 61g0update 0111061
643 /7f7kinADC1da00 and conv0rt0to 16-bt (double) whom u4nub1 is In volts
644 0utpmv - Vent
645 0904-1(doub4) (ADCDATA33180 /.0067575 - 3.3 " 134.3 / 2^16646 Vol - 00t43.3 127 1655361
647 00Ut- (VoUtpr + ut)/2
640649 Vipr- - vin,
650 I -(double) (ADCDATA4-16
651 096 - 3115.3 *127 /05536 /134.3 was a little bigh

652 19V1n7p1. . 20 && V. 1. 15VI801. ){5 - 1. 15-._prov 1}
653 .4 i(.56Pv j 20 && < O.5*w ojxev)9 S - 085%003.p0;
654 We - (VlM_prv +0)/2;
655

am6 V (double) (ADCDATAI->16);657 09 V11 3.3 - 127 0 65538):658
659 -1 1 (doub40) (ADCDATA2>16)
660 01 04093.3 127 / 65536);
W62663

604 1l0/000Il//10 Setting tbe Input bridge4l00665666 NONPRE~cfr;667 HONPRE_cIr I/Acdwv code replaced by diode operation M014-18am8 /fActve cods disablad 4-I1 or final blue boord to strt669
570 lIlarldgeenab. .- I && Peff > 200)f67 1 M8% - V + bridgehs &W>10.72 NONPREcly ui yt&&A 10873 HONPRE_-Lt674 DICI_&.1,675 a lso if(Vn V + brldge_.iyst &I& lWi > I 10){676 HONPRE .[,:677 NONPRE-awt-;
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678 DIO3.8t;679 }else 4
680 HONPRE o;
681 NONPRE cir082 DI1_1cir
683 D03 don684}
685 6

88 8986 p0,e687 HONPRE cir688 NONPRE 8r.
889 }69691 If(Poff < 200) {syncrooenable =0; }692693
695
696 /1/////8 10// V- 8 Detection// /697 ".(' > Vrs".414) V. - V * 0.7071;)698 Wm.% > W Ma)({WMax= n; }699 Vrm8.088 - . 8VmsCount +1
700 8r088C888 1000) 1 71mer goes off every 32 us, or 259 9m 1 pr half-period701 N/o waiting for awery 4 half-cyclis Is about 1000 countU
7 2
703 //0I8M8X > 350) VrMS - 240, } #Don't want It to ac8Id8nta y think the voltage 1, crzy high784 //.I- { v9r8 s - nMax * 0.7071 + 5: )
705 I( 8Max < VMS*1414)Vrm - VWMW867071)}7 '
707 1M8x - 0:
706 VramCount - 0;
7 to
71 1
712 /8///8) )dV/dt sign Detection 4848 /88 /8/8)8))

71 3
714
715 /) 8HIS IS THE DIREC, OLD WAY
71)a7 I)V(-)89,pr.v > 0) )fags.8iting - 1; capsig. - 1;717// 1.. {Fl8Ag.8 Ing - 0; capsig8 . 1: }

7 1 "//
719// 48Pt8ggl. -- 0) Joansign - 0,
7-20
72'

722
723
724
725
728 1 / 8 8is I 8 the StA-m 8hine, now way. Mor robust.
727 iSIgCnt _-- 2){ 32 8 -256 - WAS 8
728
729 switch(mggnstat.){
738
731 case 1: /lvoltag. rising
732 ps.g1 - -I:
733 If(n 7 V1r88 s1.4180.85) {/WAS 0.85
734 ignstata - 2. pek.itc nt - 0; //Wr8t8 Sr8("2");
735 8Fl'gL.C.n trol .. 1) f
738 R - 8 + 8 8-400) .04 , 90.1 worked fine at low power
737 }
738 StartupBooso
738 )/Writescre9n("2");} //Moving to top state> *2
740 break,
741 cas 2: //volt-ge near Peak
742 cap8gn - 0;
743 lop"Ikwaitcount > 6) {signerete - 3: peakwaitcount (t M }// SED TO WAIT FOR 2 ptakwalt744 else (ppeakwa8t8o)n - pe8kw)8t2ount + 1; }
745 break;
746 -8.8 3; 1%)ltag. falling
747 capsig - 1;
748 I78 < VrMa*1.41'0.25) {.igntate = 4; }/8WrIteScrSn("4"):}
74 . break,
750 cese 4:
751 capsign - 1: /1)s -1. could be 0. 1 want +I because It will add more m both sides for m752 8ff.8 > VI8.-S1ig-)3){

753 Sign. -1;
754 Startnplocat0;
755 }Wr8tS8r 8n("1");}
756 br8k;.
757 default:
758 cap sign -;759 'ignstat I 1
760 } //-1-s switch
761
762 SignCou t - 0
763 X8_prvSgn Vi%:
764
765 1
768 1-e
767 SignCount - SIgnCount + 1;
768}
769
770 IRVr < 70)0cap)sign-;
77 1
772
77 3
774
775
776
777
778
7 9
780 ///////////S.nItiz. V& to -vold Sqrt probl.m /////- /

788 17V9n >Vros-.41) Vin - .41*Vrms-;} //

782 ) IN 8 w is even clos to VrmsSqrt(2), make It just sm 9l.er than Vrousqrt(2)7d3 I/Because Vrnu; updates every cycle, this should only engage at the very edges784
7 5
786 If(F gs.8Running--8 && PMags.Mode -8))
787 79<edtor.fold deaultsta -8c8llapsed' des--Chargg Stat">788
789
790 if( but 100) { //350 nornnally - above this Vout regular boost Safe
791 /YWritascrern"B');
792 899.8Ru9nnng - 1;
783 Flags.-1d. - 0:
794 t9meb 308
795
796
797
798 StartupBousto:
799 } js

805 894824
801 //Make Sure A2 and 52 are off

so2 ENABLEb2_set.
603 ENABLP.2 set.
804 MANUALb2_cr;805 MANUAL.2_clr;

807
88 88 .1530(u1ig 9d Int- (8%/I810 8 * 8.8)4t9*65536/5 0,9/ LV8 388-bIt/5V1309 WriteSPla.(vMys1_16,Y);

1110
812 lf(Vin<350) (coretlonb -mmrrctionbarefactor *(400-Vln-50); } /10-13-18 do I rmallymaed thl813 1.> {888888888-0981 '
815 0/88e - L*pStartu 88(%)+corrctlon; Com8ented 10-13-18816 t9 .- t9eb+50: flatartup with triangular waveform817
888 8/Co 8 8ented 10-13-18 - shmldn't a9 just be on for b + a little ( om itlation)7819 / tI.,1688 (uignd.t) (times-* r8lope 655365); 1 ns 'V8ns4.code/VB20 U/WrIheSPlaI(&vcntrIaI_I6,'c')82'822
823 f8r(-O4<3:++) 8N0;)
824 StrtupLn.g49825826827828}
830 9
831
832
:33 //Mod Boost Sudse Should be 1 1834 IftFlagS.Runnding--I && Flage.Mode-Ia)i835 // <-dit-fold defieultstate--collapsed& deac-Mod Boost State->
836837 JIMM Sure A2 and B2 are 61T
838 //ENAL.Eb2_t839 ENABLEa2 set-.
840 MANUALb2 c8r;841 MANUALa2_clr;842843

844 i%ut100) /119660 -> 15 V845 // <edit-fold defultstate-"collapsed" desc-Mod >Charge">846 ENABLEb2_se :847 Vhtgs. Running -e 0;
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848 Flag.Md, - 0,849 /A/WtS.ren("C.);a50851
852 ENABLEbl.sa; 5Enabl B should be on
853 ENABLE I-1t8 Eabl.A should be ..854 MANUALb_cr; //Set Manuel B W off

855 MANUAL Ic8r. S 8t Manual A to off
856 /888.d.883f88d2

857 }
858 .8s. I8V(VIn8<8 3*0.478) //4-20-19 1 used 95 o, dedicated 200V next comment old. 8Und,, 893 V--, 3rn b8t88a.850 0/ 382d188-fold d.5.o88.t4t--0o888p..d" d..sc-Md > o4 "
861 ENA5LEb2_.et862 ENABLEa2set-
863 P88g.Mod. - 0; //Wrttescreen("Buh854 88p.88gs.o9n - 1865
866 8/INU8<350) crre3t8o3 b - corretio0r-ctor 8 (400- -50k }867 //. .. 087.388880 -0;}8W8
809 /t4h - L8'888(W8 + 8orctlonb,870
871 85ti8e5. - 0.eb,80.6 /ThiS NEEDS TO CHANGE w8TH NEW ALGORITHM872
873 /o need W calculate R - il) with new and iproved Hv mod874 //R . 2W8 1(.5*t8 b*88 + 0.5-(II'+2)"( .- dnm0b) ) f ( time + L8+ 2/W0ut + 3.1415*sirt(L*Cr8s/2)) 88875 /Note the 8e or C p2 since the n 8t capacitance is 2 Cres In series when in Mod Boost mod876 //R - Vi I<Iln877
870

1179 Flags.Rising -0:,
885 8/cap.ig 8 - 1; 1 was fixing cap_sign because of8 8 measument8eror681
882 tints8 - 21R + (0t8W)*1Q(L8Cr.s)*(8, rt(8 - 2VIn0 8ut) + I - 8 W0m88 + capsign "'1, 2 ''C0Inw 'lin" sq(2*VrS*Vrms8(8.) - 1),883 f(tt3tal 8.5(.8ramp8lp8)8) ttl - 4.58rap8lop.;084 also .(ttotal3 0) total - 0;
885 ctbl_8 - (unsigned 8 5t) 8ttotal * ra8plope - 655315),88 WdSPb1(& trIb8_86&8,8
807

884 88883382

W69890 Ittimebissuse-1 6 - (unsigned Intl (0.8 timb *rempslope *6553M/);
:91 //Writespib(&thmeb-pause_18.'e';892893 StartopBoot0:894 1/ .1"dtmrfold.895 }896 aime Iftvh > Wout+20){ #897 1 < 84.dtor-fd d2fs.8ts8a8.8"888lap-d- d8. 'M. d -> .8ck0 >

899 ENABLEI,2 _su
900 ENABLEa2_W :

901 F1%gs.Mod. - 1: Wrtcrn"''902 Flags. Runndng - 0;
903
904
905 tbuck - 3600
906 8 8d81_16 - (u8si8n8 d Int) (8buck 5ramplpe ' 655365),907 WriW4SP0(&0ntrla11 &0):
008

9W9 StartupBuck0;
91 y </edit-lbld.

912 }
013 else 1 11.f no change req.ied, set new values and giv a new kick14 // ditor-i8d deaultstat-.tlapsed' desc.8Keep Mod->
915 8801d System916 // lftA.<350) (cuorctionb - correctinbprefisctor * (400-VM-5ft}91788 .0.8. (corrctio - 0}

= q;Htme L*VIAlVtn)+correctdofb: f/Cb is In vs*V. total Is in as9101 // vnrb16 - (unsigned Int) (thael b rampslope - 65536/5): /1 us - (Vffis) ->convert to 16 bit 5 V DAC output920 // WditsSIbl(& ctrib_18.'c');
921 //
922 1 if(% 343) (correction - orr8ctiona_prefacor * (400-3-57):)92311 88 4-s88r8t. - 8. 1
024 8 t8e -. (L-L'2)/1480-VI.) + t8e88 + corrct 8:
925 fl 8tr_16 - (unsigned Int) (t83 se 8 rampalope ' 65536/5); /1 ns - (V/) 8conrt to 18 bit 5 V DAC output91,1/, WrItaSPI&(&vwntrla_I Wd';
928/ 16 - (.88ns8gd Intl (8 8 * mamult/00 65536/58; /1 Stop down to 5 V doman. -> conert to 16 bit 5V DAC output929// WrIt*SPla(&-zms_1 6,T);
90931 //N.W System
932 // - 5 28%8ut
0331// D - (3.I4I5*%uWI/(L-f2)) - sqrt(LC-1s2):
935/1936 //91371/ Un - (VWR1* I +(3ldmtecn+-5fmtecn)Vm -(4"13*Lmitp.rcnt+20=15-limtpormt)*Vin*%*0.5/Vrme, + (16"15*11iir nt)'%*n'tVinAn/4*VrmsVrmsmI938 11 Icon, - fln + cap- ign"C-Jn -Hlne'qrt(2*Vrm*Vrm-Vin"Wn93911 1, . Icm + rt(I88848 cony + 0 2528 - i88o38888.8q 25 2.+ 28nv82, D"(l-x)940

941 11 - ComPu-(85. 5 ut, Vrms, . Cres, capsIg , C8In. w8te, 12, .l .tpercent, 13,15);842 1. .3888500
943 timel, - L*(11+Vout-uqrt(Cres/L)*(I.-%/%ut))/W:
944 /timea - L*(1 +%t8qrt(Cr8/L)*(-Vu ut))8. 8 + (8-12)A%8ut-Vi) + sqrt(LCm12)*(3.14I5/23. 4852 (13-82* ut)) 0 8Approximaton forc a945 8 USED TO use Cre78 2
948 times I L.('81+%8ut*30rt(CresL)8(1-I5nut))/ n +(ll2)(80ut- ) +sqrt(LCr/2)*( 4'(88- 8(sqr8(8-f) +.707*8-x)) 88947 88 NOE THE A8OVE EOUATION SHOULD USE 1.4 for SRT(2) - why was I us8eg 0.7077 Probably brain frt848 N.... 8 when I -r 4 the abOe. A. of 10M8 , Wly.7078 0,0 o . not sur It I ].old change It040950
951 //fHIS IS THE TRANSITION MODE
952 8VI > (ut-17))
053 t8s8 - 750i 4-20-19 worked we at 750 for a long time, nger is more efficient but risks failing tW ocillate54 If(Peff ' 250)ti8 - 2M, }4-20-19 added b/c low power f n at 240 08
955 0b - Cmpt8ttran( , u, Vrms, , L. Ces, cap_sIgn. Cie. wile, 12, Iitp8 , 13,15,tbut);

956 848timeb t .) (8eb - tmes:} .just as a precaution957}
958

954 v 01d016 - (unsigned Int (in8 8 8 -s-p11p05 8 65536/5) 1188' 85 " .)5 3888l.8 - 8o0-8 t W5 0 AC output964 WtsSPa5(&s-raIIG,1178)

9W1
ROB trslbl16 ~(nsignd Int)(dn^ zvsmplope' *553/)h 11 noe do/ns to -Vdo t, I> conVDAC toutput5VDA utu964 WrttSP88(&-t. 081_16/

960857 Wr88.8580b8(&85n8r8b8 98.00
9W6970
971 1/0ts should got S2 to synchonously rot8fy during the mod-boost mod.072 -b216 . (Igd Lt) (vot/100 * 075 ' 683/5)5 it Step d- to 5 V domain, - com3a to 16 bit 5V DAC utput973 Wrjh&SpIb2(&-zvb2_6':
974
975
976 85-28 12 L I 80 ut 0.4; the 0.6 Is.8, r safety
977 tra26 5(unsigned Int) (timea2 r8.apslope - 053W5): /I as (V0n-) -. coert to 16 bit 5 V DAC output
078 Wr5tSP82(&vcntda2_29 '):

979
9W0 tImab2 - times-dumb + tim=a212;I/ the f2 is for saftty
981 f(t0.b2 >080)tImb2 . 18000;}982 t88b280 6 - (unsigned int) (Umeb2 * ramplope -65536/5); as *(VIM) -convrt to 16 bit 5 V DAC output983 WrIt8SPlb2(&8ntdb2_18.6.
9&4
985 8 8I8sync.ce88ble -- )(ENA8LEb2 cIr:}
96
986
gag
990 NOPO;
991

992 8RKICk8o8n0t-0 8){
993 I818
994 83m enclsg StartupCycl. with disabling B2go5 /Haviuu B2 operational car, keep the "kick" ftom workingM9 ENABLEb,2_pet,
997 0885pCycO
998 8 8r(8-80880;08++){Nop0;}
999 88ycrc588bl. 8- && M.3 5038t*0.52)(ENABLEI2_cr; ENABLEa2_ci)

8852 KkCu 8t - 0;1001 }Iese (1002 KickCount - MickCount + 1:8083 }1004 it </adit-fold-
1 005 }1006 issidltor-fibld

1007 8I0QB

0120 1 dBo8t Sta2
081 8Flag .Ru40308 - 1 && ag .Mod- O)

18812 fl < dit-folddefaultstt -8collap 'd desc-Boost State0>10131014 llrmut<100){ //10W0 - 76 V1 01 5 // <-ditor-fold delaultstate-mcallapsed" desc--Boost -> Charge-
101 1 //Writ8Scraam('1C"),1017 Flags.Runing - 0:
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018 Plags.Mod. -10 9
1020 ENABLEb _set, Enabl B sbould be on
021 ENALIT0 0.e0 IEnabl.A should be on

1022 MANUALblclr /Set Manuel oW off
1023 MANUALlCOr:o I/SoO Manuel A to off
1 024 /1 </.ditor-fold>

1 025 }
1026 0-0 If( > Vt*.<47 ){ 114-20-19 1 used 95 for dedicated 200V mode. next com ent old. Oer 195 V -turn on mod boost state
1020 /dltorofold defaultoatoe-"collapsed" deoc-'Boost - Mod Boo.0">1028
1029 iFfag,.Contmol -- 1)
1030 fl <edl0r-fold defaultstate-"ollapsed" doao-'Control">

1 031 If(bnrulCount > 10)l
1032 rrr-405 - \4ub;
1033
1034 /f output oltage gets beyond 450. knock it down faster
1035 for < -50) { Integral - (integral + rror)*.
L036 else j tegra - Integral + er-} 0/ er0 r (V)}

1 037
1038 1 - (150) # Integral + (1115) - .6r0 // coafic4nts M (AM)
1030 1610 < 2) 01 - 2:} /1 minimum 11 - 2A
1040 0NO4 that 1/15 5 ano -ry 15 -0ts .f eror produces . IA change 1. i
1041 hIs is actually pretty strong.wouldn't be surprised ifunstable
1 042
1043 ContolCount - O;
1044 10e {

1045 Contro0C-unt - Contr0lCount + 1;1046

047 0 < -ediLOrfiold>
104 8

105010511052 //Old way
1053 1 400-350)0 correctiob - correctionbprfactor(0M -50) /iAswer In ns
1054 0/ 0..- - 0; +1055/ dmo - 1201 964)+corrct0on5:
1056/1057//
1058/1 I0ln<343)olorrectiona orrtonoaoo rOfltor'(400-V-570 }
1059// WO.0cor4ti'on. 00}),
1060 / times - (L lg-.d2)/(400-Vin) + timeb0 + crr040a5:

I D62 Y/ vcntrIa_1 6 - (mnsigned int) (timea - rempelope '' 65536/5):
1063 WrIt0S PI0&0o ltria_ 80V),
074 8/
065 /I , 16 - (0u0gned Int) Win - 0 s-mult/00 * 65536/5):

1068 /t WrItGSPI&(&--vs_1 6,z');
1067/1

1 068 I/ vcentrIb_-16 - (mnsignad Wnt) (LImwb * rampelope '' 65536/5):106911 WrItxd;PIb(&xcatrIb_1 GV);
1070
1071

1 073 11 . Computel INWn Vout, Vrm. P, I, Cme, cap sign, CIn. w line, 12. limitpernent, 13. 15):
1074 . - Mn/out;
1075 Lime b - L-(Il +VoUtftgrt(CrMsL)"'(I-MnVout))Ain;
1070 /0t00 - L*(11+'ut-sqrt(Crm/L)*(I-v/Vout))/Von + (I0-021'OOWut-V) + sqrt(L'CrsI2O(3.I45/2 + (1-20nf0o0ut) /Approad0m0tion fororo
1077 timeo - L'(0+0U0sqrt(C M/L)*(1-lnlAut))f n + (ll-12)*1/(Vout-VIn) + oqrt(L*CrL'W2)( 40(-oO/osqSto-o'oO +.07'(-x)) I

1078 /USED TO USE CRES/2. Aso why sito.i 0707 (soh o mm.ent)

10791050
1081 ENABLEb2.,t0/ Don't want to accidentally cause p00blms

103 ntrla 1_16 - (unamgoed Int (Lim0a. * rmplop - 65536/5), /1 ns 0 (Vi) - 0nvert to 16 bit 5 V DAC output
1084 WrdteSP0al0(&0cntril_17.,);

1 085
1080 0 1_1 . (unlagoed 040 (O o * 'omult l 00 * 6553W5);

1087 WrdtSP0a(&0sol l6t)
1 0881 089 ventbl-16 - (usigned int) (tmb * mpalope *65536/5): I/ ne * (Vmns) ->convertto 16 bitS5V DAC output1090 WritWSPlbI(&vwnrrIbII6,c');1 0911 092
1 D931 094
1095 Plag.Mode - 1
I W6 Plag'A.Mnin . 1;1097 KIckCmunt - 0:

1098
10N StartupCyoI.0

003 0 </edlor-old>
1101 0
: 11 else If(Vh < 25 ) I //Undwr 25 V - pause01031/ /<dIltor-fold defaultstata -oflapand" desc- Borat->Pause"11 04/1 /fWrWtScxrr(P);

11051/ Plags.Running -O,
I06/ Plag.Moda -

1107 // StarupBoosto.0
111 /<Iedltor-fldkl

I1 0911 }

1 10 else (//If no change required, then give mother kick o keep going
00 0 00 .dIt0-fold defaulttate-''collaps" deoo-Keep Boout'>1112

1113 //ftn<60 && p.sign -- )test - 1.3 1,0,120 1,}111 4
0015 0tto4l- 2*LR + 2(tWur/On)*sqrt(L"Crs ' (I - 20VI/ 0ut)) + capsign L *C In o line .qrt(2-Vnxs*V-rl/n3 ) - I)1116 //tt - 2R U (I + 3*V- * .0034 - 2 W0 t o'.0034 1 V-) + 2*(V 3)*grt(LoCr ' 0 - 2'An/Xt)) . cap sign - L *CI. 'woin -qr'(2,VrmoOVrs(O In0 ) 1 ;

0017 0.0400 - 2'2R 0 + mitpOnrent'(3"+'l+5*5)*Vmn - Ilmitpercoot*(4'13+20050)*0 " 0.5/Vrm s + 01 1 tper1ent1(16*15)*VAn*ln"V50n'Vn/(4'Vom*VrmsVrm0 ) ) + (vkmt[n)'sqrt(LCro)"(lq5t(1 - 2OrWouQ)+o-lnut) + Mp sign * 2-L * Cjn *W line 0sqrt(2*Vmr,3*Vrms(m0Vl) -1)100 200 1- 2*LWR + but/Vin)Sqrt(L"C rLs)"(sqirt( - 2500uort)+V1 Nbut) + cap.0n - 2. ' Cn - w .line ' sqro2*v'Vrmoo/(VIn*on) - 01)
1119 //When Iran this before din't have the 2 before the Cjn 000e but It should be them from my o
1120 //I'm trylog with the factor of 2 but reducing CIO as a variable1121 //rhis will clean up the HV mode (which clmAy Is acting 111k, CIn Is moo big) and also matches what I think the *Mtal Clin Is better
1122 If(otal > (4.5Soarnpalope) I ttotel - 4.5/rampsope;
1123 elm if (LtOel < 0) ttoal - 0;1124
1125 vntrIb_16 - (unsigned Int) (total * lr' slope 65535):16 WIWSPlbl (&-etribl_l GV';1120
112" ifi/sync Ran
1129 v00b2_16 - (unsigned Int (Vt/l00 *80.75' 65535; // Step down Wo 5 V domain. - nrt to 16 bit SV DAC Output
1030 Wr4P5b2(&z-sb2_1 6,Y';131
1132 t0meb2 - ttotal ' Vin I ut - Vin) * 0.6; /00 h 0.6 IS for .fety
1133 vntrb2_06 - (unsigned Int) (tmob2 ' rompslope ' 6553150

134 ritaSPIb2(& ntrIb2162c'01 35 /,///1 36
1 3711 38 Startupsoosto;
1140 If(lynrcenable -- I && a > 45)ENABLEb2_cIr,}
1014 

11142 lf(VIn <45){ENABLEb,21s8t}
1143 0 </ed0tr-fo l>
1157 }1145 // Iedftr-fold11 46}11 47
11 4811 49 //Buck State
1150 If(P1gs.RunnInq--0 &&lage.Mod -- )
1151 08ditor-fld d 1fau.tatat.-collaprmd" de-"Bmk State">1152
1153 IR0, 1 t.f150)f

11 54 /1 Uditorbd du300 Mx co.0p d" de -uck -> Chorg0g>1155
11 5611 57 ENABLEe2_"tt;
1108 PIMg' Running - 0.
1150 0lag'.Mode - 0-

1161 ENABLEbi,_set: //Enable B should be on11 62 ENABLEal_mbt //EnableA should be on1163 MANUALbI_cIr:, #Set Manuel B Wo off11 64 MANUAtL.clr; flSet Manuel A to off
1165 /</dltolxr-fold -1166}1167 else JR'An < Vut+20 ){
1168 H <edlor-fold df0ult0-stt oollopsd dc-"B.uk-o MudBoc1169
I1 70 If(Plag.C.ntrol -- 1) f117 1 /0 <ditor-fod drfaultWtat@ -c.apsd" dmso-*Crntroj">
1172 IfControlCourat 00)3
1173 0r.ooo-405. -lut:1174
1175 //If mtput oltaga gets beyond 450. knock It down Faster
1176 0500 2 -50) 1 Integral - (integral + )*. I1177 O.o04 tol 0-l .o 5 Integral3 + ro ; 05 0 rror (V)g}1178
1179 10110) "n9r1+(1/15) r /effici.n. - (ArV)

80 1Nj < 2) (,,,- 2} /f minim 2A1181 /Not. that 115 mams mnxry 15 Its of error produces a 1A change in P M11 82 /IfhIS Is actually Pmetty strong..wouldn't be surprised If unstable11 8311 84 Cntrolcount - 0;
11 85 } Oise (11 86 ControtCouint - ControICount + 1:
1187
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1190
119'1192 //ITHIS IS THE TRANSITION MODE1193 IM. n(8,bt-20)){
1194 0d0- 800:,1/4-20-19 worked well at 750 for a long thus, longer is1195 Ing, <250)({LIM - 200}14-20-l90 dded b/c low power failing a1196 theb Computetbtmn(Vn, %.Mot Vr-, R o. Cr8 cap .1g. C1in,11 97 lfttimeb , timea) Itimeb - time;)} //Just.a a precautdon

199
12021201 vetril.16 - (unsigned Int) (U-me - -oP..P-a - 65536/5); /1 ns *(VI1202 WritwSPla)(&-bntial110';1203
1204 -21 16 (unsigned Int) (Vin " zvleatult/100 * 65536/5);
1208 Wr2t88Pl11I1999o.1118,)11205
1207 1-tribl_16 - ( 9signed Int) (88b " ramplp. - 6553&/5): /s1208 WritaSPb1(&ntrIb..2 1 61,'),1 209

1210 Il1Iy/IJlJl11111111II/lII111111I1111IIII l0I gll/ll/llII/lbl //o 51211 /TiS s.d 10 S82 to synchronously rectify during the mod-b1ost1 1
1212/ 11981102,6-2u119.- -d i9) ('"t - -v9mult/100 * 65536/5) fl Supd12131 WrItSP102(&-'1b2 16.);
1218" // dmeb2 - timea-1imeb,
1216 11 81t1mb2 8 1000){trash2 - 1000;}
1217 # 8ntr1b2_10 - (119u21d 1t) (13mb2 - remPelop 085536/5) /1 ns12180 W1' itSPIb2(&vntrIb2_116'c')1219g
1220 //1ftsyncrcenable 1){ ENABLEb2_cIr} 1
122 

11222
1224
122512261227 ENAI)L~a2_.Lt1228 MANUALa2_clr;1229 ENABL~b2_.set,1230 MANUAL1,2_0r;
1231 Flag..Mode - 1;
1232 Flags.Runng - 1:1233
1234 StartpCyc0 01235 /1 </edIto-f.Id>1 236 )
1237 .8.1

1236 "1/ cdi1or1f12d de1aulstate-"c81
1

ped" deso"
1

K1p Buck">1 239
1240 i1boko - Cmput-Il Vin. V0t, Vr-, R. L Cre , cp sIg, C1in,1241 tbuc'-ComputetbuCk(VIn. VOUt Vrms, R, L. Cres capsign, C.In, w_li1242 tuck t8 .1k.0.2p1 243
1244 If(obuck>4720){tbuck -4720 ffh isT4.8V1/ (rap.1opea1-00.0009

1246 1trial-16 - (uigned int) (buck raMpoMp1a0 "65315);1247 Wr18
8 0

1111(881221 *)(1 2481 249
1250 l lllll)lIll01 100111001000/10100lb bm
1811 051 hIs should get SA2 0 synchronously rectify during the buck mode1 252
1253 t8112 - 11buck0/8out - 0.5 /1rhe 0.5 Is for safety1254 If(ti80-28 1000){t1m012Q 1000;} /As of 3-16-19, the SA2 setup only1255 ntri&2_16 - (unsigned Int) (1m82 * ramp11.11P1 6553615): *111256 WrItWSPI&2(&vetrIa2_16,'V):1 257
1258
1259 /9ftsyncrecenable01 1)(ENABLEA2 ,cir)1 260
1202 OOHll/l/l)/O/lOOOOHlllglg/OflOOOy/lOO/OI/g/llllllO

2 281 81282 10
1262
1263

12641 265 ENABLFA2_60t;1 265 StartupBucko;1 267 ror(I-0:l<I1.:I++)(Nop0:}1268 Iftsyncracenable -- I)(ENABLFA2cir}1269
1270

1287 I011 P8111011p

129 1.21888018)

1 272 <Wedtor-fkId>1293 }1274 -4./dit-r fld-
126 1/ <.d1tr.-I"LdI1277 ) //Erd of timer Interrupt
1 279

120079 592.9118-8

1 280
1 201 }//End of Infinite while1 2821 203 return (EXIT SUCCESS):1 2N4

1320 819.1.-

1 289
1 2901 291 void _ISRATVBCTOR(_UART4-RX._VECTOR, IPL2AUT0) InuartwHandlertvoid) t1292

1293 4lag.U1 P 1;1294 selection U4RXREG P U4TXREG - selection; /Echo selection to ther,2"5 1fvWtS-e("hi");1296 lps5bitu.U4RX1P - 0:1297
128) 121 299
13009VOid _ISRATVECTOR(TIMER l1VECTOR. IPL2A O) IntT1 rlandler ki)13 11 302 I PS~bka.TIIF - 0:1 3031 304 }130'1306"'od ISRATVECTOR(_TZMER 2 VECTOR, IPL2AUTrO) Infri-er2f-andler(vold)(1307
1306 Plaus.11mer;.1i.
0309 I00bit0.T2199888;131
1312'1313 wold SatupADC(voId){
13 141315 HII~rst thing, lead calibration data into the CFG registers13 6 I/DEVADC I. stored in flash memory1 3 1 #The "mtIy* thing the FRM says Is that the U*Gr Must copy the data1 3 18 I/Eumples It the FRM hlve only these exact commands
319 ADCICFG DEVADCI; //Vh, PID 17 (136). AN46
320 ADC2C G -DEVADC2 W Pie 14 (2). AN2

1321 ADC3C8 80 DEVADC3: /ut8ow, Pin 21 (1). AN48
1322 ADC4CFG -DEVADC4; 1-low. Pin 22 (8 129), AN491323
1324 0118ge 474 "When an altert8 Input Is used as the Input source for a
1325 I 8 dedicated ADC dul., the data output Is till read fir0. the priay1326 /1 input data output register"
:327132813291 33013311 332
:3331334 I/Chack section 22.4.3 of FRM "Slcigthe Format or ADC -.Iut1335 flFractional Is leftjustified, while Integer is right-justlfied1 338 ADCCONlbiu.PRACT -1; //Practionad output (left jtutifled, 16-bit number with
1337 ADC3MCON1bI.SIGN1 - 01
1338 ADC3MCON

1
bItS.5GN2 o 3,1339 ADC1MCONIbI.-SIGN3 Q--1 340 ADC MCONI ts.LSIGN4 Q1341

1342 ADCCONbit.SIDL -090 0 Keep10i0g ind 9.19md.

1343 ADCCON1bi.S.AICPMPEN - 0 / ,Charge pump disabled (for Vdd 25, see P427)1344 CFG3CO N itsJlOANCPEN - I: //Charge pump disabled (Mr Vdd > 2.5, sas P427, 5
:345 ADCCON~bftx.PSSCLKEN - 1; f/Plast System Clock to ADC Control Clock Enable1346 ADCCONI bitu.VSPBCLKEN - 1; //lbripheral clock to ADC enable (specific canditio1347
1348 ADCCON3b[ts.ADCSEL - Obl11; //Use SYSclk as input (can wse PRC. POCLK-3, REI1349 ACON3hfts.CONCLKDIV - 1: IISYqctk/2 32 MHz - TO
1350 ADCTIMEbt1.ADCDIV - Ob0000001; /2 Tq - d - 16 MHz1351 ADC3TIMEb18.SAMC - Ob0000001000, /Sampl 99. l80ad

135 ADC2TIM9 b8 .ADCDIV-00000001: /21Tq-Td - 16MHz
(353 ADC2TrlMEbt.SAMC - 010000001000. Saple time 8"0d1354 ADC3TM bMAWADCDOV - ObOO00001: //2 - Tq . Ted - 16 MHz1 355 ADC3TIMEbIWsSAMC - ObO0D0001 GOD, flSerpl. tnm - 8-Imd1356 ADC4TIMEbita.ADCDIV - 000001; //2 * Tq - Tad - 16 MHz1 357 ADC4TIMEbIt .SAMC - 01b0000001000, //Sample time - B Tad

9e efficient but risks failing to ocil0atet 240 VWn
w line. 12, imeitperont, B3, ISImes);

ns) - con rt W 16 bit 5 V DAC output

as) - -on5rt to 16 bit 5 V DAC output

Wdeown Wo 5 V domain. - onvert to 16 bit 5V DAC output

(V/ns) -> comver, to 16 bit 5 V DAC output

ne, 12, lim0tpercent. 13, 15):
m, 12, limitpercent. 13,15),

4)-4.72 .s

has1 a rm or0about 1 usno se0 l
fes) - onvertto16 bit 5V DAC output

9811 for .SB)

96)
-1 FRIA 22 p.77)

219 8RM22 p.77
CLX3)

5/21/19, 10:38 PM

file:///home/alex/modboost32_buck.html

8 of 13 265

I



modboost32_buck.c file:///home/alex/modboost32_buck.html

1358 //Recall that 12-bit conyarsm o tkes 13 Ted
13 359 (8+13)/(16 MHz) :1.3 ; 6

3330 /Wth 71merl mnag at 4MHz, need to -. nt to at least 84
3611362 ADCCON3bits.VREFSEL - ;//Us AVdd ad AV.. as pusmng rofersncas

13631364 ADCTRGMODEbfts.SH IALT - 1,01; //Use AN46 on ADC1 (Vh)1365 ADCTRGMODEb.5SH2ALT 31b001 /Use AN2 on ADC2 3n)
,366 ADCTRGMODEbIt0.S33ALT - 3b3; /U3 AN48 on ADC3 (o tw)1367 ADCTRGMODEbIt.SH4ALT -33b01; /Use AN4 3 o3 ADC4 (vinlow)136B13 91 370 ADC MC ON I - Ch //All Inputs use aingle-anded, -nsigned data1371 ADC MCON2 : 0.1372 ADCiMCON3 0;,1373
1374 ADCG3RQEN -0 f;No intarrptsfrmanyADC
1375 ADCGRQEN2 -3 3
1376
1377 ADCITIM bits.SELRES - 0833; /12 bi resolution
1378 AD C 3IMEbits.SELRES-Ob113: //132 bt resolution31379 ADC 3T MEbItS.SELRES - Obl 1; Ill 2 bft resolution1 380 ADC4T;MEbItx.SHLRES - Ohl 1; /I12 bit resolution
1381
1382 /ProM Section 22 of PRM: "Esch Class I input has a unique tbigger and
1383 It upon arrival of the trigger.ds sampling andstarts con rI.

1384 /1 Up.3 3pletion3fon3version. the ADC module revrts backto
1385 / sampling made. When a Class I input is enabled and Is not being
1386 /t canyrted, It Is always sa83pl3d."
1387 /9 Exception: SAMC Is a minimumn sample dame, If It Is not met when
1388 / a trigger arrives. the ADC will -it until It 13 at
1389 /l See RM Sec 22.4.4.2.1-21 3901391 IIADC lCPG and ADC4C FG need to be written with DEVADC 1. DEVADC4 pdri to turn on?
132 /ADCFLTRX? May use In aver3ging or o33e3ampling made1393 #/Could you uss 'he AFRDY (or the standard RDY signal) to trigger . new canvorsion?13914 H/ and affiectIvely Trat -onus] -esretsh"'e?
1395 If (might read to go through . CPU interrupt)1396 //Us ADCDATAI and ADCDATA4 Wo -3es 46 and 49 (maraly alternatee)1397139 ADCT ~IW .TRGSRCI ObO0101: /IANI(-467) usIng TMRI math as 11gar source
1399 ADCTRG bItW.TRGSRC2 011,00101; //AN2(:477) using TMRI atch as trIggr so=rc1400 ADCTRG~bits.TRGSRC3 -0b0I10: /AN3(-487) using TMIR1match as triggl s'm1401 ADCTRG2bitu.TRGSRC4 - 01,00101: //AN4(-497) .1.ng TMR I match as trigger source1402

1403 ADCFSTAT - 0, flF 1PO ad all associated properties -r disabled14041405140"1407 TICONbits.StDL - 0; //Run TI even in Idle mode
2408 TlCONbIts.TCS - HR; /Rn o peripheral clock PBCLK 3 (Instead of exturnal clock)1409 TICONbI, 1.TCKPS 01,b00; //I:l prescaling1410 TlCONbit,. TGATE - 0',
1411 TCONbit.TSYNC - 0;1412 PR - 100; //It this value to the number of counts.
1413 #/Note that the ADC takes (SAMC+24)ad or sampl3convert1414 Zrfad - 2 TQ based on ADCxTIME.ADC DIV1415 ffTQ TCLK b-W..onADCCON3.CONCLKDIV
1416 8 And lastly TCLK - F CrSys3M1 C k b3d 63ADCCON3.ADCSEL1417 //So nedmrughly 30Tad cuns. or60 TQ -60 'CLK
1418 //omyb. let PBCLK3 count to 10014191420 TICONbItsON - 1; furn timer..1421"1422 //IPC~bhts.TIIP - 2;
1423 31EC0bt.t38E - 1;1424142514261427
142814291430 I/Digital and analog can be disabled to consemv power
1431 lDlgited starts up quickly and is easily enabled1432 I/Furth.r power saying by shutting down analog biasing. but takes time Wo start up again
1433 / 11 3 the default is ofE but better set them that way anyway
1434 A 3DCANC Nbit.ANEN 0:
1435 ADCANCONb3.ANEN3 - 1; //ADC analog and bas 3 circuitry enabled
1436 ADCANCONb.ANEN2 1; /ADC2 analog and b3a3 circultryust abd1437 ADCANCONbits.AN EN3 I 1 //ADC3 analog and his circuitry mnald
1438 ADCANCONbts.ANEN4 1; /ADC4 a3log and bas circutry enabled1439 ADCANCONbit.ANEN7 -30;14401441 ADCCON3bfts.DIGEN0 - 0;
1442 ADCCON3bfts.DIGENl - 1; //ADC1 I i digitally enabl-d (ficr yout law)
1443 ADCCON3bI3.DIGEN2 I3; 3/ADC2 analog and b3a 3 circuitry enabled1444 ADCON3bIm .DIGEN3 - ; //ADC3 analog and blas circuitry enabled
1445 ACCON3bIDGE4 -3 N 1; /ADC4 s digitally enabled (for vin3low)1446 ADCCON3bhts.D:GEN7 0:,14471448
1449 ADCCON1bI.ON - 1 2 33urn on last thing14SO145 11452 }1453"1454 mild SetupSPla.(void){1455
1456 CSB-L- flt /Idle High1457
1458 SP14CONbI.MSSEN - 0 1 IIMa 6338ly do sl 33a select1459 SP14CONbIWs.MCLKSEL . (X H/U- P5CLK2 .. CLK (sa opposed to REPC LK01)1460 SP14CONbIta.SIDL . 0.: /Contin.. 1. Idle aod.14611462
1463 SP4C NbI.MODE32 -0 1: 23he 33 three bi define 8-bit ommun3cat3on
1464 SP14CONbt1. 3MODE16 3, 3

1465 SP14CON2bItz.AUDEN 0; H/AUDEN is for audio oodacs
1466
3467 SP14CONbfts.CXE 1; Chag data on act14 e-3l8 transition
1468 SP14CONbIts.CKP 0, 6Clock kilo Is low1 469

"470 SPl4C Nbit".SEN - 0:, flSSI pin Is unused (will manuallydo chIp welect)
1471 SPCONbit.8STEN - 1; / 3Ma6t8 mode1472 SPI4CONbft9.DISSDI - fl/SDI pinis unueed (never expectig o rcive)1473
474 SP14BRG - 0; //baud rate divisor (Fsck - Fpbi(2N"RG+1))
475 48F5atest possible is Ppb/2 (-32 MHz in this canal1 476

1477 SPI4CONbIt;.ON - 1: furn p- unit last thing147:14791480}1481142 moid 5.tupSPJ.2vId){14:2
1484 CSa2.set, /Uldle High14"'
1486 Sp33CONbIts.MSSEN - 0: /Maually do slave selct
1487 SP 3CONbl.s.MCLKSEL - 0, WaUs P13C LK2 as CLK (as opposed to REFCLK01)
1488 SP13CONbIts.SIDL - 0 Continue In Idle mode
14891490

3491 SP13CONb8t3.MODE32 - 0, //hese three bits deine 8-bit communication
1492 SP3CONbIt.MODE 6 - &:
1493 SP3CON2b .AUDEN - 0: /AUDEN . for ...I. cd-s144
1495 SP3CONbIts.CKE - 1; 1 6Change data on active-83 l transition14D5 SP:3CONbit..CKP Q Y:/Clack idle 6low1497
148 SP3CONbit..SSEN - 0;, SSX pin is unused (will m3nu3lly do chip select)1499 SP 3CONbIts.MSTEN : 1; /HMaUt mode
1 500 SP;3CONbfta.DISSDI ;/D pni ned(vr pctgt rcv)1501
3382 SP3BRG - 0, if 333d 3at divisor (P5k - FP/(2N0BRG+1))
1503 /11a8test pos8ble Is 3 pb3 2 (-32 MHz In this case)1504
1505 SPI3CONbIt.ON - 1; 3 3ur on unit last thing,5061 5071 508)}1 509
13510 id SetupSPIb(Id) I1 51 11 5 12 CSb1_set; #Ildle High
12513
1514 SP 05 CONbi3.MSSEN - 3 3 6/Manually do slay3 select
1535 SPI 11CONbI3.MCLKSEL - ;/Use PBLK2 as CLK (as opposed to REFCLKO)1516 SP[ICONbits.SIDL - 0; /C.ntin-eIn idl. mad.1537
1518 SP1CONbit.MODE32- 0; 11/hese threebits define 3.bit8ommunication
151 9 SI PI CONbita.MODE 16 -0,
1520 SPICON2bIt.AUDEN - 0 //AUD3N Is for audio cod3e3
15231522 SP IC Nbitz'.CKE : 1; //Change datea nactlv->dle transition
1523 SP; IC00Nb1tW.CKP -0; #/Clock Idle 1.lo15241525 SPIICONbIta.SSEN - 0; M/.~ pht 1. nu.u. d (.111 manually do chip salect)1526 SP I C NbIM*.MSTEN : 1; I/Master mode
,527 SP: ICO0NbItW.DISSDI - ;//S DI pIn , unused (never expecting In receive)
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1528
1529 fPIBRG - 0;- //Baud -W divsor (..Fk - Ppi(2(BRG+1))
1530 10lestest possib e Is Fpb/2 (-32 MHz In this case)153 1
1532 SPICONb45 ,0N - 1; h5Tro on unit st thing
153315341535 )1536
1537 Vold SetupSPlb2(vod) I1536
1530 CSb2_k0 0)Idl. High1540
1541 SPI2CONb". MSSEN - l; /Manually do slow select1542 SP120ONbi .MCLKSEL -0: /Us. 5P5LK2. CLK (doppossd t1REFCLKO)
1543 SP2CONb,SlDL - 0; I/Continu. In Idle mods1544
1545 SP2CONbia.MODE32 -0: 5.65,5 three bit. defie B-bIt oommunklati.o1546 SPCONb0t0.MODE06 I oo s1547 SPI2CON2bIt.AUDEN - 0, //AUDEN Is for audio code.1 548
1549 SPI2CO~bit.CICE -1; //Ch.ng. data -n activ-il. transition1550 SP12CONbIAU.CKP = 0 /IClock idle Is low1551
1552 SP52CON5.SSEN - 0; 0SS4 pin is umesed (will manually do chip select)1553 SP52CONb0t0.MSTEN -51: /M5ater mod.
1554 SP2CONbI.DISSDI5- 1; #SDI Pin Is unused (n erexpecting In cve)1555
1556 SP2BRG - 0 //Baud rate dvisor (Pack - Fpb/(2(BRG+1))
1557 //ftwt possible Is PPh52 (-32 MHz In this cave)

1559 SPI2CONbIt.ON - 1: /rur on unit last thing

15611582)1 563
15644 .5Id S.T1mar(wId) 5
1585 //Ts Is the mai ter whichm"ss the time between DAC updates1566 #/Not the same as Thmsrs which 6sd to trigger the ADC (much fast.,)1 567
1566 T2CONb0t0.SIDL - 0; 5/Run TI -n 5Idle modo
1569 T2CONbi.TCS - ; 16Rn peripheral clock P5CLK 3 (Instead of extral dock)1570 T2CONbI .T P - f05;)1 pr,5callng
1571 T2CONbt.T32 - 0; fEch d5oer Is separate 16 bit tim, not comb, 32 bit
1572 PR2 - 2048; 5 5et this u to the number of counts.
1573 5(50i6 1oss nmInlly the some ." from the PIC24 code whkch used
1574 105b600100000000 
1575 /6,r PBCLK3 - SYSCLK - 64 M , 20464 MHz - 32
1576 /)Which is anywhere between 32 and 96 switching periods worth1577
1579 T2CONbIt.ON .- timer
1580

1582 PC btsT21P 2:
5582 0480445.T 08 -1:151131584
I58

1547 vold SetupUA.5void) I

1 US U4MODEbIts.STSEL - 0; 1/1 st.P bit

15 53 55.5 53655.

15908 U4 02iesl.s bu w of 5600.

1560 U4MODEbIt4. O - 0;

15921 U4MODbit.UEN : 1b0 /s1T; n X u o TSCSBL

17562 U4SMODbits.RX N : / hg

1563 U4STbRG ,RISI - 02; // nrd on asserK2 whl buffeK has an4 chaace)

1605045 .0N - 4

58653 744216t5U25SE 554.: ,ssss rMp sss.r 8 offl 54uf,5 r hs,0 5ny,5harSct08

5555 406.4.

1605
I60 :PS5bIt.U4R~aF - Q:

1608 PS5hI.U4TXIF 0,1IW9 I BC5bfts.U4RXIE 1;
1810 EC5bit..U4TX6E 

- 01611 IPC42bit..U4RYJP - 1,010,
1612
16131 614 )1 61 1I.1 void StartupB.ost(vold)j1 .17 let 1:
1619 ENABLEb2_ at,
1820 MANUALb2_clr1621 //MANUAta1_clr I/Make surm MatmalON A Is oMf Commeltsd out 10-14-181622 MANUALbl -dr, //Make none ManualON B Is off (doesn't actually ture, switch off)16231 624

1025 ENABLEb1 set;1 626 ENABLE&I~aet;1 6271 6281 629 MANUALb1 vet: //tu.n - B1 630 MANUAL. ,..set- //TUrn on A - this opens . path through the Inductor1631 lbr8-0; 6+ I++) NoPO:} fhlgb d fto 3 .. 10-14-18
1632
Id33 MANUALbl cir //Ram-va Manuel B1 034
1835 ENABLEb1_r; //QUICky disable 5 before et action
1 637
16W8 vold St1rtupBuck(16d){1 039 Int 1:

1641 MANUALa7_41r 0Mak. surss ManaON A Is off Commeated out 10-14-181842 MANUAlA2_cin
1643 MANUALbcItH Ar, ak. sume MazmaION 5 Is off (doasn't actually turn switch off)1 644 MANUALh2_cir; ,,a
18451646 FNABLEbl _.t1 647 LNABL .1set:
1648 ENABLEb2_81t;4/7504/6/.//5/810956 " . ""8 -1649
1650 //MANUALbI.&s.L 5086r 5 on 51 651 MANUAL~AI set; 0/arn on A -- this opens path through the lnductor1652 MANUA~b2 _.t; , e1653 f br(-0; <7:I++) iNopW;} W/hanged froan3on 10 14-1.1654 MANUALa.ci;/1655

566 ENABLE0_0r IQuIcklydsable p5beforer.setaction
1657

6581659 loi StartupCycl.(v.Id){
1 661 lnt I;1 662
1683 MANUAL2_c0r
5664105 I/Maka sum both aret manually c50trolledI 8W MANUALAI .I,, //Make .- r ManuaJON A 1. off1667 MANUALbl_crIM JIMak. amr Mae .ON 5 1. off

low9 MEOW.l mnual contr-ol1 670 ENABLEbi-set:
1671 ENABLEals14;1 6721 8731 674 MANUAtbl _set. /flr= on B - appoxf-auly nothing should happen1 675 MANUALal Ift /furn on A -- tide opens a path through the lnductmr1 076 I/Sh-ukd wait until currant, daftoltely posithve sufficient1677 M/len. Trm olf manual, let wZVSo signal rMet1678 /fThe%, turn off enable1679 foul-0-, 1<7: I++) MNPH,; } / A 6 before 1&-13-18

1681 MANUALbl_dir //Rauxwe Manual B
1 682 MANUALa I_clrn ftlaurwmo Manuel A16W31 5& //Nop0:16M51 6W ENABLE"bI ,cir I/Q.Ikly disable 8 before Meet action1 667 ENABLE.1 Ih -,r /Q.Jckly disable A befbre meet action15M8 1119r ome Mean, disabling A tist was too fast and sometimes It turned back on
:6901691

1 6921 8931 M4 /////ERAS E ALL THIS BEFOR E O PERATION1 69,
1 697
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1698)}
logo
1700 vold StartupLotg(old)l
1701
1702 

oNt 1;1703
1704 I/Make sum1 both aren't man8-ply controlled
1705 MANUAL..1r, I/Make s.r. ManuaON A i1 1ff
1706 MANUALb_cIr; I/Make sum ManualON B 1. off
1707

7108 /Enable manual control
1709 ENABLEbIso 5
1710 ENABLE 1 8s8t 1171 

11712

1713 MANUALblsat //fu on B - approximately nothing17 4 MANUAL. L-st Irrurn -nA -_ this opens . path thro
1715 I/Should -I t -nto urr"I de.ly poItI5 suffIcien1716 //Th., Turn off -Iua, let "ZVS" signal rosst
1747 //rn.., LurT Aff "nTb. /1718 f8ir(l1s7 16,, ++)WNp0O; } Was 6 before 10- 13-181719
1720 MANUALbl71_,I //Ramove Manuel B
1721 MANUA 1 c7 ; //em87 Manuel A1 7221 723 //Nopo;

1725 ENABLEb1_cIr, //u5ckly disable Bbefore me1et1aco
172 ENABLEal cr //Quickly disable A before rmset acti
1727 //Fbr some mason, disabling A first was too fast and s
1728
1729
173
1731
1732

1733 1///ERASE ALL THIS BEFORE OPERATION1734
1735
1736
1737 }
1738
1739 osd Wr-toM.nu(vd)
1740
1741 Wr4Scon("\nn\n\r"Modied Boost Menu-7)1742 Wkit.Scren("\nkra:lnc~imit%\tz:D Undmt%");1743 WdeScr-an("\rs:IncV -&A\tx:DecVMyA");
1744
1745 \WiteScrea(w\nirg:cntrolon\tl.ToggloCin');

176WriteScrenC"\nUrd:Writ\Obut\t:Writen"):1747 Wdecen("\rv:Wdt6Vh~tf:WrItoVn");
1748 WrIWScmmm(*VVtpncP~ttb:DacP");
1749 WriteScemn("r:IncI2\tAtn:Doci2");
1750 WtSmren(" \n\rnsyncRe te:Bridge");
1751 WriteScrmn(-\n\ry:Shtdnlt\te:Menu");

1753 WiteScmam("\muV");
1741
17551756)
1757
1758 Vold WrieScreen(char s[501)
1 7591760 

ch12 
ep;1761 p.. s

1762 while (-p)5{
1763 wbile ((U4STAbiw.TRMT)) I1764 11765 U4TXREG - *p++017M6
1767
1768 1
1769
1770 void WrltSPa 1(unsigned Int / dacinpu , char select){
177 

11772 Int 1;
:773 Int mods:1774 unsigned int tomp;17751776 stch (-]lect) 41777 cse '.'

1778 .o - ObOO000D0D001 10001; //Control word to1779 break-1760 ae':178 1 mode - 0b0000000000110"00; /"Control word Wo1782 brvak:
1783 default:1 784;1785 }l7o"
1787
1789 CS&Icir //Chip -I-ec A acLI- Iow17901791 //Tramemilt 8-bit mode word
1792
17D3 SP14BUF -. mode: whIla(SPI4STAnbits.SPrTBE ==0){1794
1795
1796 tarmp :- deconput;
1797 Wrap -ternp >:
1791 799 //Tratemit 8-bit dame word

1 801 SP14BUF - Wrap, whIle(SPI4STAnfts.SPrTBE Oil0)
1 802
1 604 temp - (Macinput) & ozool 1;
1 8051 We I/ra-- -It 8-bit data word

1 We SP14BUF - tamp, whIIQ(SPI4STA~bit,.SPITBE -- O){1809 (br (1-1: <10: I++) {NopO:} //Nocassary delay for LI
1810
1811 CS.1st;

18112,4}181 '1016 void WrItuSPI%2(unsigned Int* docinput, char select){
let 8 lot 1;
is8 9 lnt mode
1820 uns1g.ed Int tamp,182 '
1822 switch (select){1823 a ':1:24 mode - 01,0000000000110001; /lControl word Wo
1 25 breek;
1826 cs Y!u1 627 mode - Ob,00000000001 I OOM; //Contrml word to
1 828 break,
1 829 def.ult:
1030;
183 1}
1832
18331 834
1 835 CS.2 chr //Chip select A actlv low
1:37 Ilfrasmit B-bit mode word1 8381 839 SP13SUF - mode; while(SP13STATbIts.SPITBE -- 0){
1 840
1 841

182tmp : -dacinput:1843 tamp -t.mP -> 8:
1844
1845 0/rannnalt 8-bit det word
18B461847 SP13BUF - tamp; whII.(SPI3STATbIts.SPITBE -- 0){1 8481 8491 850 temp - (-dacinput) & 0:0011;1 851
1852 I/ransmit 8-bit data word
,8531854 SP13BUF - tap: wh11.(SP13STATbIts.SPIT5E - )
less lbor- (1- |10; I++) {NopO;} fiNecessary dOIy fr LT

1857 CSa2_sel:
less1 1591 860)}1 861
I862 void WribsSPIb1 (unalgned Int- daciput, chat select){
1 864186 :nt 1;1865 Int mode;1 866 unsigned Int tWmp:,
1 067
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18M8 lwob (.alc) {01869 =as 'c':,
1870 mode - 0b000000000110081: 8Control word to Select right DAC orV98 trfl1 87' brek;1872 cosY i
1873 mod. - 81,0000000000110000, / 0Contr8s word to wlet right DAC fbor\.B
1874 break,
1875 def .l4
1876 -:1677
18781879
1881 CSb18r /PChip - lect 5 active -ow

1 B53 //fransmit 8-bit mod@ word
1884
1885 SP11BUF - mode; whil11STAT.SP.9TBE - 0)8)

158 019mp11888

1889 W7p- Wellp 8,
18901891 /Urrmnsmlt &-bit data word
1893 SP188U 7 temp: wh8la(SPI STATbItW.SPrl18E WO 19)0}1 094
1 8951 896 ell, - (Nacinput) & MOO 1;:
18971 898 //mranmit &-bit data word
1899
1900 SP0BUF - tamp, while(SPI STATbI8.SPT -- 0)1901 for (1-1; 1 10; i++) {NoP(G:) /iNecessary delay fer LTC2rO2 timing
1 902

1 903 CSblsat;1904
1 906 )

1 907
1 WS8 void WrItaSPIb,2(uneigned Int- docinput, char sal-0)l R09
1 910 let 1:

Ill I It mode;
1912 unalgrad Int temp,,
1 914 switch (selct) I
195 la2 5-d!

889S mode - Ob900000000110001: //Contr8l w 8rd to salect tght DAC for VntrB1 91 7 brealn
182 ca e Y:
891 98 od - Ob889880)2T10000. 8 ntrol word to select right DAC for V--8B1 920 brak:1 92' default:
1922 

11923 }1 9241 9251 9261 927 CSb2_oir: MiCdip select 8 active Iow1928
I=2 H/Trosmit 8-bit mode word10301 931 SP12BUF - mods; wbhII(SPI2STA MtM.SPrTBE Off){

,932
19331 934 temp :- dacluput;,1 935 taep -P1 9361937 I/rnsmIt &-bit data word
1938
1939 SP12BUF - t..p;. while(SPI2STATbits.SPrrT9E WO0){1 040
1 941
1942 9 )mp - ( 3dacinput) & 9 x88 1( 1;1 943
1944 fl8ramit 8-bit data word19451946 SP12BUF - Wrop: whlIWSPI2STAnbIb.SPrTrB- O){}

8947 for (1-1; b<y, 2++) I N 8o: 8N8sry delay br C12602 timing1989481949 CSb2-.e1050
19511 952 

}

188 . 580101 28988)

1954 vold Writ.Vht(vold) {
1 9551 956

1 957 unsignld it ADC%%I H/int Is 32 bit In XC32 compiler bhort's are 16 bit
158 Real ADC1;

187 ADC ADCDATA4;
8988 99059?- 8(double) (ADCDATA4>16)

1961 9 8ADC-I -ADCWI/1.127;
88M2 ADCWIF ADCWP(3.3 134.3165536):1 963 /#ADC Abluea ars saved as

894 I dddd dddd dddd DODO 0000 0000 0000 00001 965 U/S. divide by 2^ 32 to gat fraction of In II voltage which Is 3.3

1 967

8988 8printbut. '98 ADC Wf);
1970 Wi28Scren(2"\ I "1 971 Writascreanobin;1 9721 973 }1 9741 975 void Write~knt(vcdd) I

1975
1977 unsigned Int ADC ; In Is 32 bit in XC32 compiler shor's are 1 bit
t978 filla ADCWeF;
1889 9 ?ADC-6 ) ADCDATA:19W0 ADCWfIF (double) (ADCDATA3-16): /#Cnrm 32 bit W III bit

181 7ADC P- 0ADCI / 21.127;

1 982 A8DC .P - ADC188(3.3 134.3 / 65536);1.5

287 88980

t985 M/ADCeIF;-3.3*-ADCWaIP (0.100000000);
2986 charbull I11957 sPrintfbuE. o%f, ADCMPh
1988 W8I88 .8 \8W2 ut) ;

1 989 Wkillscreebuf);

2922

14990
1992
I 993 void W~riteWuy.Id) I

1 995199 M Un1,gned lot ADCW; U/Int le 32 bit In XC32 crumpli-r: bmtr'.a 16 bit
1997 fill ADCW 2
I9go UADCWI : A DCDATA4;

I99M ADCWhPF (domb"e)(ADCDATAI>-16);
2000 H/ADC1WFP - ADCV"P / 1.127;
2001 ADC%1IF . ADC "IP*(33 * 134.3 / 65536):
2002 U/ADC Valus -r saved as
2003 it dddd dddd dddd 0000 ODDO OOOD 0000 0000
2004 ff O divide by 2^32 t0 got fraction of FURl voltage which Is 3.3
2005
2006
2007 char buf[ 161:
2008 sprintl(bld, "%W". ADCMOP)
2009 Writescrma(niei .' "h
2010 Wite8r8 8(b8)0 -
20 1
2012 )
201 3
20, 4 vold WriteW(vokd){
20, 5
20 6
2017 luakpged let ADC~h /int Is 32 bit In XC32 compiler short's ame 16 bit
2018 fill ADCWhIP
201,1 fADCWh1 erADC DATA4:
2020 ADCWIF-(double)CADCDATA2>-16);
2021 IIADCtf'- AD)C\IF/ 1.127;
2()22 ADCWkdF w ADCV61PF(3.3 * 134.3 / 65536);
2023 /UADC Wille ars saved as
2024 It dddd dddd dddd 0000 0D00 0000 OOOD 0000

2025 HSO divide by 2^ 32 to got fraction of full voltage which is 3.3
2026
2027
2028 char bull Ift
2029 'prIntfbuc. "W".ACWh
2030 WrItaScrmen("\n\rn- )
2031 WriteScreanmbuf),
2032
2033 }
2034
2035
2036 double Co52putelIdouble \An, double /u1 double VPM d.ble R. double L, double Cres, double cap~sig, double C.In. double wIne, double 12. double fimitpervent, double M double 15) 12037
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2038 double x V i/Vout;-
2039 double D (3.1415 % pU(L4i2)) *qVrt(L*Cres/2): //U..d to have Cres/2
2040
2041 double Un (-1 eIR) ( + ldtpr o.3'13+5*5)IV)ms -Vir4e- I+ - I' I
2042 dobO 0004- lb 0 cap slgn2oC.' q rt02*Vrs*Vr0 -Vin0 );
2043 double I - Iov + qr(1 o,+12-12t - 2*conv120x +2Iov-i2* ()
2044

2050 }o0.o40o02051

2045 r00004400000I345.040071I041020;0

2047
204
2049 d.uble Coputelbuck(d.uble W., doubl. V u.,d..ble V-, double K0doubl. L, double Cres, double cap sIgn, double Clin. double w line. double i2, doubt, ilmrllpercent, double 13. double 15)
2070
205'
2052
2053 double VD-10/Vut;
2054
205' //double D - (3.1415%ulow(L*12)) * sqrt(L-CrM/2) /sdt aeCe/
2056 double v0- - ./srt(Crs'-L);
2057
2 58 double 10.. rs uwmssrx*2);
2059 double tO - (/4-rs)*( 3.141512 + 4-1) + (X-)*(x I- h 1+ 1 // - Irm r1 - '1"x, h
2060
2061 double 0in - (Vi/R) ' + 01io ooent*(3"'13+515)'rm - limi .romt04*132015151ini-0.5/7nno + 0 1mi2ra2t01i 0 50i0%in7V1,'ViS/4oWm oos'+o n 1u
2.62
2063 /if(p - 1) o 1 0 2 - Vin - 10;}
2064 2f

0
i

4
s t' a ,orr-tion for lat - me 0u 0Lr 42nts and ite0p0 421

2065 /Compute large n frm large Vin, then copUts longer ,msith m r\1n

2066
2 67
2068 doubt, i,:.nv =ibn + -ap mig ' n- lne-sqrt(2 rmsnn--ill'\inl]
2 69
2070 doulb l Ico + q,-,0,;..,,3nl-- -. jiovi u-il + 2-Icovo-omi/

2 71
2 72 reu )ui
20731}
2074
2075
2076 doubt. Comnputtbuktdouble, k - doubie o doubie Vrm. doubi R, daht. :14,e :r, -1h, 1, "i 'oIe : i . iU 'I; Fr,, 3nn 1 ,llk 1M ro 1b -1 c 1, A
2077
2078 double x - Vin/Vout:
2079 //doubts D - (3.1415- utl(L_12)) - eqrt(L-C r1s2): //Used to howe CrMs/2
2080 double w rms - V/cqrt(Cres*L.)
2081
2 82 double 10 -. -Cr-sut~w rsmsqrt(x*(2-x))h
2063 doubt. tO - (wrs)(3.3415/2 + (.-I) + ( IlN-)(x1/ / good appr-xhmti-n to Ir sln d ut i
2084
2085 doubl: i. - (Vn/R) -( I + Hmitperc.t*(3-13+5*15)*Vrm . limrtpJ" et*4-13+20-15)'\w /ns + irao1W -nT n njnrann e
2086 doubte icov l + cp~sg-~nwln~gt2rsrsVnW
2087
20aS double 11 - Iicm + sqrticonv~Icnvtx - 2-iconv*10 + io*io + 2*conv~m-tlx-w)l
2089
2090 double tbuck - (OI-OM)*L/(W-ut);.2091
2092 return(tbuck);
2093}
2094
2095 double Computatbtran(double 'A, double \but. doubt. V-m, doubt. P, double L. double Cres, double map_jIg double C in, double w line. double 12, double linlitparceit, doubt. 13, doubt. 15. doubt. ta) {
2096
2097 drub]. x " Vn/Vout;
2098 double D (3.1415-%utA(L-12)) * sqrt(LCrm&/2): I/Used Wo have Cres/2
2099 doubie trea - 3.l4l5%qrt(L*Cres/2);
2 00
2 01 double Hin - (Vio/R) I + lIitp-rnt* (3*13+5*15)*Vrnml - Uii"prnt*(4*13+20*15)*Vln' n*0,5/Vrmns + mtprn*(61) "*V*V/4Vr*rs*m)
2, 02 double I-ov - In. + .ap sig.*Cin _Heqr2Vr*rm- W)
2 03 //doube it -* lconv + sqtiovIov+ 12*12*x - 2"cn'2 + 2-iconv-i2-D-.*(1-x)):
2 04 double truan - (We - iconv*L/Wut) - sqrtl l,,onv-iconv*L*1(Wut-Xut) + ta a-4cneaVu - 2-imnve[.etras/Wt )
2105
21 D6
2 107 renlrn(tbtral,)
2 108)
2 109
2 110 /lAfter h-cking lii fil-Uronllity, rimplrent S-rupryol. and S.ar-pBk,-t
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