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1 Abstract

The goal of the Energy Harvesting from Exercise Machines (EHFEM) project seeks to harness the
energy generated by people using exercise machines and deliver this energy to the electric grid [1]. The
implementation consists of a protection system, DC-DC converter, and an inverter. This project involves
redesigning the existing DC-DC input protection circuit and current limiter for the EHFEM project [2]. The
DC-DC converter takes in the power from the exercise machines and converts it to a manageable voltage
level for the inverter. Due to a problem where the inverter may overload the converter, a current limiter
sets to limit the current between the two circuits [4]. The inverter demanding more current at a lower
voltage than the DC-DC converter can provide causes this overload.

The input protection circuit for the DC-DC converter presents another major component of the
protection system. The DC-DC converter must operate within set input voltage and current parameters.
Concurrent with this project, students Byung Yoo and Sheldon Chu have developed a new DC-DC
converter design with an operational range of 6 V to 51 V [7]. This paper proposes a design for an
overvoltage protection circuit to limit the input of Yoo’s and Chu’s DC-DC converter to within its
operational range. The input protection circuit regulates the incoming voltage from the elliptical
machine and filters out any high frequency transient responses with capacitive filtering to generate a
smooth DC signal. The circuit also functions to divert excess voltage and current that accumulates during
the Enphase Micro-inverter’s startup period where an open load appears across the DC-DC converter
leading to an overvoltage level [3]. A current sense circuit ensures the output from the DC-DC converter
to the inverter delivers only as much power as the inverter can convert [4]. The device maintains a
minimal component count number and lacks any excessively large components permitting easy
assembly and installation. The device operates with a minimal loss of energy and minimizes fabrication
costs allowing for recuperation of initial production costs over 10 years of normal use.
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2 Introduction

The Energy Harvesting from Exercise Machines (EHFEM) project seeks to acquire excess energy
from exercise machines such as an elliptical machine and transfer that energy to the local grid [1].
Headed by Dr. Braun at Cal Poly, the overall project encompasses smaller individual projects which
implement the necessary functionality. These ongoing projects include various designs for a DC-DC
converter, an inverter, and an input protection system [1]. For this project, efforts improve upon the
existing DC-DC converter input protection circuit design Ryan Turner and Zack Weiler completed for
their senior project [2]. The scope of this project's protection system design extends to include a current
limiter circuit, which Dr. Braun worked on previously [4].

Concurrent with this project, students Byung Yoo and Sheldon Chu have developed a new DC-DC
converter design with an operational range of 6 V to 51 V [7]. This paper proposes a design for an
overvoltage protection circuit to limit the input of Byung’s and Sheldon’s DC-DC converter to within its
operational range. The design for the current limiter improves on an earlier design favoring an Atmel
SAMA4SD32 microcontroller, which contains the required four ADCs and two DACs to drive the current
limiter circuit [4]. Implementation of the current limiter focuses on transferring the existing code to a
faster microcontroller for improved performance. The microcontroller utilizes a modified code for
optimization and compatibility with different microcontroller architecture. To protect the circuitry, the
microcontroller must run at a high enough performance frequency.

The input protection circuit regulates the incoming voltage from the elliptical machine and
filters out any high frequency transient responses with capacitive filtering and decoupling to generate a
smooth DC signal [2]. The circuit also functions to divert excess voltage and current that accumulates
during the Enphase Micro-invert’s startup period where an open load appears across the DC-DC
converter leading to an overvoltage level [3]. The device maintains a minimal component count number
and lacks any excessively large components permitting easy assembly and installation. The device
operates with minimal fabrication costs allowing for recuperation of initial production costs over 10
years of normal use.

This project provides the necessary protection for the DC-DC converter while still allowing for
maximum power draw from the elliptical to the converter. In order for the EHFEM project to become a
viable system in the future, the benefits must outweigh the costs and this protection system project
seeks to move the EHFEM project one step further.

6|Page



3 Requirements and Specifications

The requirements and specifications discussed in this section align with pre-existing systems

implemented in the EHFEM project (i.e. DC-DC converter and inverter). Table 3-1 includes the marketing

requirements and subsequent engineering specifications to meet these requirements. Each of the

engineering specifications includes a justification for its occurrence. Table 3-2 lists important dates and

milestones the authors of this paper had to prepare for over the course of this project’s development.

Table 3-1 Protection System Requirements and Specifications

Marketing Engineering .
. e Justification
Requirements Specifications
1,2 The input protection system must Prior testing of the elliptical machine
provide an overvoltage protection up to | yields voltage spikes exceeding 140 V.
175 V.
1,2 Must limit the input voltage to the DC- Another group currently working on a

DC converter to a maximum of 51 V.

new converter uses a Four-switch Buck-
Boost technology with operational limits
at 5V and 51 V. Voltages exceeding 51V
can damage the converter.

1,2 Must limit the input current to the DC-
DC converter to a maximum of 5.1 A.

Current Four-switch Buck-Boost
technology for the converter supports a
maximum DC input current of 5.1 Aat 51
Vinput.

1,2 Must limit the output voltage of the DC- | The inverter runs most efficiently with an
DC converter to a maximum of 36 V. input voltage of around 36 V DC.

1,2 Must limit the output current to the DC- | The inverter supports a maximum current
DC converter to a maximum of 6.4 A. level of 8.0 A.

1,6 Reaction time of protection system to To prevent damage from quick
transient overvoltages must not exceed overvoltage transient responses, the
100 ps. delay of the protection circuit should not

impede the system reaction time.
2 The design must have an input The elliptical machine has a component in

impedance of 10 Q when interfacing
with the DC-DC converter.

the braking system of a 10 Q resistor coil.
The input impedance of the input
protection must maintain that ~10 Q at
the elliptical output.

3 The protection circuit must maintain a
power efficiency of at least 90% for
voltages within the operating range of

The overall project requires a power
efficiency of ~75% for voltages within the
operating range of 5V —51V. The input

5vV-51V. protection circuitry must have a minimal
efficiency loss to adhere to the overall
efficiency.
4 All system costs and components per The input protection used in a previous
unit (including labor) must not exceed project has a cost of ~$20. A 25% increase
$25. would allow for improvements on the

system while maintaining the minimal
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total project cost.

6 Must have an operational lifespan of at The total system must operate for a
least 35,000 hours without need for minimum of 10 years for the project to
replacement or repair. reach a zero lifecycle cost. 10 years

equates to about 35,000 hours.

5 Circuit components must maintain RoHS | Considering long-term environmental

standards for environmentally safe
disposal.

impacts maintains the overall sustainable
focus of the EHFEM project.

Marketing Requirements

1. The circuit must provide overvoltage and overcurrent protection for the DC-DC converter

2. Compatible with existing hardware
3. Must maintain high power efficiency
4. Cost-effective

5. Sustainable

6. Reliable

Table 3-2 Deliverables

Delivery Date

Deliverable Description

02/20/14 EE 460 report

02/20/14 Design Review
03/10/14 EE 463 demonstration
06/12/14 EE 464 demonstration
06/13/14 EE 464 report

06/13/14 ABET Sr. Project Analysis

4 Functional Decomposition

4.1 Level 0 Block Diagram

The system design consists of two levels starting with the highest level depicted by the level 0

block diagram shown below in Figure 4-1. The level 0 diagram shows the signal generated by the

exercise machine and the DC-DC converter as inputs to the protection system. The outputs include the
signal to the DC-DC converter with limits of 51 V and 5.1 A. The figure also depicts the output to the
micro-inverter with a voltage of 36 V + 5% and a current limited to 6.4 A. Table 4-1 describes the inputs,
outputs, and functionality that correspond to the level 0 block diagram in Figure 4-1.
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Input: Output:

From Elliptical Machine To DC-DC Converter
oV - 150V ov - 51V
0A - 15A 0A-51A
—_— s
DC-DC Convgrter Output:
|I"1DU'E Protection To Micro-inverter
System 36V +5%
0A - 6.4A
—_— —
Input:
From DC-DC converter
36V £ 5%
0A- 6.4A

Figure 4-1: Protection System Level 0 Block Diagram

Table 4-1 DC-DC Converter Input Protection Circuit Inputs/Outputs/Functionality

Module DC-DC Converter Input Protection Circuit

Inputs - Input signal generated from elliptical exercise machine:0—-150V,0—-15A
-Input signal from DC-DC converter: 36 V+5%,0-6.4 A

Outputs - Output signal to DC-DC converter:0-51V,0-5.1 A
- Output signal to Micro-inverter: 36 V+5%,0-6.4 A

Functionality - The protection circuit must take in an input voltage up to 150V and current up to 15 A
and output no more than 51 V and 5.1 A to the DC-DC converter.
- A feedback signal controls the input protection circuit.

4.2 Level 1 Block Diagram

Figure 4-2 shows the level 1 block diagram for the protection system. This level includes the
following elements: capacitive filter/decouple, startup protection, current diverter, current limiter,
current sense amplifier, and microcontroller. The capacitive filter and the startup protection make up
one independent circuit as the input protection system for the DC-DC converter. Their function limits
the voltage generated by the elliptical machine and filters high frequency transient responses into a
smooth DC signal. The rest of the components make up another independent circuit as the current
limiting interface between the DC-DC converter and the inverter. These ensure the inverter receives a
current that does not exceed 6.4 A. Tables 4-2 through 4-7 describe the individual elements' inputs,
outputs, and functionality.
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Input; Input: @.
. Current
From OQutput: From DC- ; —CE]
Elliptical ITo DC-DC DC Diverter
Machine Converter Converter| | :>—
OV - 150V OV - 51V 36V £ 5% ’7 .
0A - 15A » 0A-5.1A DA - 6.4A M
e Protecon DC-DC Converer L@ Bl K
Current —< :l Current
Limiter Sense ~<2J
Qutput:
To Inverter
36V + 5%
0A - B.4A
Inverter
Figure 4-2: Protection System Level 1 Block Diagram
Table 4-2 Capacitive Filter Inputs/Outputs/Functionality
Module Capacitive Filter
Inputs - Input signal generated from elliptical exercise machine:0—-150V,0-15A
Outputs - Output signal to startup protection circuit: 0-51V,0-5.1 A

Functionality

- This element must filter out and limit the input from the elliptical machine to a
maximum 51 V and 5.1 A.

Table 4-3 Startup Protection Inputs/Outputs/Functionality

Module Startup Protection
Inputs - Input signal from capacitive filter
- Feedback control
Outputs - Output signal to DC-DC converter: 0-51V,0-5.1 A

Functionality

- This element must divert extra power when an open load appears across the DC-DC
converter. The feedback signal senses when this open load occurs.

Table 4-4 Current Diverter Inputs/Outputs/Functionality

Module Current Diverter
Inputs - Input signal from DC-DC converter: 0-36 V, 0-6.4 A
- (E) Microcontroller output signal
Outputs - (B) Output signal to microcontroller

Functionality

- This element must divert extra current to maintain a inverter input current of 6.4 A.
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Table 4-5 Current Limiter Inputs/Outputs/Functionality

Module Current Limiter
Inputs - Input signal from DC-DC converter: 0-36 V, 0-5 A
- (F) Microcontroller output signal

Outputs - (C) Output signal to microcontroller

- Output to inverter and current sense: 0-36 V, 0—6.4 A

Functionality

- This element must limit the current to maintain an inverter input current of 6.4 A.

Table 4-6 Current Sense Inputs/Outputs/Functionality

Module Current Sense
Inputs - Input signal from current limiter
Outputs - (D) Output signal to microcontroller

Functionality

- This element must read the current at the input of the inverter and output a feedback
signal to the microcontroller.

Table 4-7 Microcontroller Inputs/Outputs/Functionality

Module Microcontroller
Inputs - Four input signals: (A) DC-DC converter output, (B) current diverter output, (C)
current limiter output, and (D) current sense output
Outputs - (E) Output signal to drive the current diverter

- (F) Output signal to drive the current limiter

Functionality

- This element must drive both the current diverter and current limiter using given
input signals.

5 Project Planning

5.1 Initial Project Planning

The Gantt chart seen in Figure 5-1 illustrates initial project planning. Initial plans included two

separate research, design, build, and testing phases with the intention of completing two designs to

determine if one outperforms the other. The Gantt chart also makes note of important project and

expected completion dates.
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Task Mame

Initial Design and Research 120113 01MT7HM4 48 Initial Design|and Research

Froject Plan 120113 MM 7M 45 ; Rroject Flan
Input Protection Development 01/06/14 | 06/01/14 147 F % Input Protection Development
Research Topologies 01 0EM 4 o194 14 Research Topologies
Collect Data frorn Elliptical Machine 0172044 01/26M4 7 Collect Data from Elliptical Machine
Design and Simulate 0102714 02MEM 4 21 esign and Simulate
Shop for and Order Parts 02031 4 020231 4 21 Shop for and Order Parts
Inteqgrate and Test 022444 0309414 14 _llntegrate and Test
Bdjustments and Test 0zM0M 4 032214 14 Adjustments and Test
Research Other Topologies 032444 0353044 7 | Research Other Topologies
Design and Simulate 032444 04214 21 ; Design and Simulate
Shop for and Order Parts PERENE] 050441 4 21 Shop for and Order Parts
Integrate and Test 05054 4 05M8M4 14 Integrate and Test
Bdjustments and Test 051944 0801 M4 14 Bdjustments and Test
Report and Presentation 011314 | 06fD6M 4 145 L, " Report and Fresentation
Daocurnentation 011344 OEMDEM 4 145 Docyrnentation
EE Departrment Wide Design Rewiew 02/03M 4 0zs20M4 18 EE DepartrnentWide Design Review
EE 481 Demo and Report 0ZM7M4 02M 214 24 EE|4E81 Demo and Report
EE 462 Demo and Report 050514 053001 4 26 EE 482 Dermg and Report
Sr. Project Expo Demo and Poster 052214 0BM05M 4 15 Sr. Project Expo Demo and Poster
ABET Sr. Project Analysis Q50144 05054 4 5 AEET Sr. Project Analysis

Figure 5-1: Projected Project Plan Gantt Chart

5.2 Initial Cost Estimates

Initial project costs considers the projected cost of building two different prototypes combined
with an expected 200 total hours of labor spent in designing the overvoltage protection and current
sense systems. Summarized in Table 5-1, each hour labor values to $15 per partner and prototype costs
estimate to $20 per project. Prototype costs represent fixed costs determined by set prices while labor
costs represent variable costs since the necessary time needed to build each prototype can vary. All
factors considered, the project estimates to cost a total of $3,040.

Table 5-1: Initial Project Cost Estimates

Type Amount Estimated Cost Reason

Prototype Costs $20 / project $40 Projecting two different prototypes
Labor 200 hours $3000 Estimated labor cost of $15 per hour
Total $3040

5.3 Project Planning, Adjusted Time Estimates

Over the course of developing the input protection system, a second development phase of
research, design, build, and testing never occurred as described in the Gantt chart of figure 5-1. Instead,
a development cycle dedicated to the current sense portion of the project broke out during the testing
phase of the overvoltage protection circuit. Rather than develop two different prototypes, the project
plan shifted to dedicating time to the two main subsystem of the overall project. Figure 5-2 below
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illustrates this change with the timeline for the current limiter and overvoltage protection falling under
input protection development.

Task Name

art Date

Initial Design and Research 12/0113 DIATH4 48 Initial Design and Research
Project Plan 12001 M3 D1M7H g 45 ; Froject Plan
Input Protection Development 01/06/M4 ODG/O6M4 152 F “ Input Protection Development
Overvoltage Protection 010614 | OBMDEAS 152 [P S S overvoltage Protection
Research Tapalogies 0100EM 4 [N 14 Research Topolpgies
Design and Sirmulate o1sz20M4 Qzman4 21 sign and Sirmulate
Shop for and Order Parts 020314 0242314 21 Shop far and Order Pars
Integrate and Low-Current Testing 0zeiz4M4 030314 14 Inteqrate and Low-Curent Testing
High Current Testing ozMoM g OE0EM 4 a3 —t ; High Current Testing
Adjustrments and Test azMomM4 OBMEM 4 89 : Adjustrents and Test
Current Limiter O3M03A4 | DSOEH a5 * Curfent Limjter
Research Topologies 030344 03094 4 7 Re#earch Topologies
Design o3M0M 4 034301 4 21 :_lDesign
Shop for and Order Parts ozz1M4 044201 4 21 : _lShop for and Order Parts
Intagrate and Test 0452114 OBMEM 4 47 | Integrate and Test
Report and Presentation 01M32M4 DEHOTHM4 146 Ly ; “ Repprt and Presentation
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Figure 5-2: Actual Project Gantt Chart

5.4 Adjusted Cost Estimates

Total costs spent on this project differ drastically from initial projections. After adding up all the
fixed costs for component purchases with the variable cost of labor, the project incurred a total cost of
$3,195.18. This difference of about $155 compared to initial costs stems from the fixed costs of the
system. Initial projections did not appropriately consider the cost of a microcontroller, which cost more
than the total initial fixed costs at about $51 after tax and shipping. During the testing phase on the
current sense, the microcontroller stopped working after a poor connection possibly caused the
microcontroller to receive too high of a voltage potential or current and damage the microcontroller.
Replacement ended up costing another $51. Shipping charges represent another factor contributing to
the higher total cost. Each purchase of components from an online source entails an extra charge
ranging from five to nine dollars. in total, the shipping charges alone add to a sum of roughly $62.
Ideally, a single purchase should include all required and necessary components in one order. However,
few online stores carry some specific components like the FGA180N33ATDTU N-FET IGBT (Insulated-gate
bipolar transistor). Table 5-2 tabulates the costs towards the EHFEM’s protection system. The cost table
excludes the 10Q 300W resistor, Ohmite heatsinks, and the 20V zener diode used in the current sense
circuit because Dr. Braun lent out these items adding no extra cost to the project workers. Although the
costs table lists a 2.2mF capacitor, this capacitor proved insufficient as it has too low of maximum DC
voltage. Conveniently, Dr. Prodanov had a box of 2.5mF capacitors once donated to him, and he
graciously donated a few to the EHFEM projects.
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Table 5-2: Adjusted Cost Estimates

Project . Unit Price | Amount A
Type e Quantity ($USD) ($USD) Justification
3 2.075 6.22 FGA180N33ATDTU N-FET IGBT
- - 8.49 Tax and Shipping
1 0.11 0.11 1000pF capacitor
1 2.77 2.77 2.2mF Electrolytic Capacitor
1 0.85 0.85 2.2uF Film Capacitor
1 0.07 0.07 470pF Ceramic Capacitor
Overvoltage 1 0.08 0.08 220pF Ceramic Capacitor
. 1 0.06 0.06 1kQ Resistor
protection -
1 0.06 0.06 10kQ Resistor
1 0.10 0.10 160kQ
Shipping charge (Order includes Current Sense
- - 4.99 .
Resistor below)
- - 0.37 Sales tax (not included on invoice)
1 0.25 0.25 0.1pF Ceramic Capacitor from IEEE
1 0.10 0.10 330kQ Resistor from IEEE
1 0.47 0.47 0.01Q 1.5W Current Sense Resistor
4 0.29 1.16 9.53kQ Resistors
4 0.29 1.16 499Q) Resistors
2 0.10 0.20 1kQ Resistors
2 0.29 0.58 11kQ Resistors
Fixed Costs 6 0.36 2.16 0.1uF Ceramic Capacitors
2 0.48 0.96 2.2uF Ceramic Capacitors
4 0.34 1.36 56pF Ceramic Capacitors
2 0.10 0.20 10Q 0.5 Watt Resistors
4 0.90 3.60 MAX4322ESA IC Opamps
2 5.98 11.96 MAX9632ASA IC Opamps
- - 7.34 Tax and Shipping
Current 1 42,65 42,65 ATSAMA4S-XPRO-ND am.:l SAM4S Xplained Pro
Sense Evaluation Kit
- - 8.88 Tax and Shipping
10 0.222 2.22 2.2uF Ceramic Capacitors
3 0.49 1.47 0.47uF Ceramic Capacitors
1 8.98 8.98 Breadboard
- - 6.87 Tax and Shipping
2 2.60 5.20 Proto Board Adapter for MSOP-8
- - 5.89 Tax and Shipping
1 5.39 5.39 1.27mm pitch SOIC to DIP Adapters
- - 0.43 Tax
1 42,65 42,65 (Replacement). ATSAM4S-XPRQ—ND .and SAMA4S
Xplained Pro Evaluation Kit
- - 8.88 Tax and Shipping
1 6.10 6.10 IXTH96P0O85T-ND MOSFET P-CH 85V 96A
- - 5.98 Tax and Shipping
Variable Costs Labor i i 3000 Estimate 200 hours of labor costs at about $15.00 per
hour.
Total Costs - - - 3195.18 Sum of Labor and Component costs.
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6 DC-DC Converter Input Protection Circuit

6.1 Input Protection Circuit Design

The input protection circuit must ensure the DC-DC converter’s protection when under normal
user operation of the elliptical and during the startup period for the Enphase Micro-inverter [3]. If a user
exercises with the elliptical for either continuous running or quick sprints, that person generates voltage
transients to the DC-DC convert that exceed its maximum input of 51 V [2]. The startup period for the
Enphase Micro-inverter causes an open load condition for the DC-DC converter, allowing no current to
pass [2]. This requires a means for dissipating excess power as the voltage can build up to unsafe levels.

The initial design of the input protection circuit consisted of a comparator with a zener diode
and IGBT to dissipate excess power (see Appendix B). The zener diode had the purpose of setting the
reference voltage of the comparator by bridging ground with the negative input of the comparator while
the output of the comparator connected to the gate of an IGBT. An IGBT has the benefit of requiring a
low voltage threshold to activate while able to operate under high voltage and current conditions [14],
unlike most common BJTs or MOSFETSs. The design had the intent to have the comparator turn on when
the output of the elliptical machine produced a voltage greater than the reference voltage induced by
the zener diode. This would cause the comparator to produce a high output voltage, which would act as
a switch by turning on the IGBT and divert excess power from the DC-DC converter through a matched
10 Q resistor. Ultimately, this had a severe flaw, because the zener would not operate in reverse
breakdown in the proposed design, thus the initial design would not function as intended.

N
L .
VRef | VSrc . ~RT .~ Rload
S &
-/ &/ a g 1o <0
3.3 12 =3
<<
g 8o
< R9 1 IGBT
Comparator 1k ® wio
Elliptical Ra ~, ' Gate <
(N Vvin ] L ‘ AL " | £
i VA “'LT1017 R2 J
Y ics ic4 ics |c2 im 1608k g3 AN,
—ﬁ.rf—pﬁuouﬁ_ﬁmﬁﬁzoﬁﬁ.sm l 10k 321.5k

7
.tran01 0 100m S

Figure 6-1: Overvoltage Protection Circuit with Capacitive Filtering
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The newer design seen in Figure 6-1 modifies the initial design by forgoing the zener diode and
establishing a 3.3 V reference voltage from a port of the microcontroller used for the current limiter. A
voltage divider scales down the output voltage generate from the elliptical machine so that the
comparator can output high when the positive input terminal exceeds 3.3 V. The comparator utilizes a
feedback resistor for hysteresis and a pull-up/pull-down resistor that bridges the output of the
comparator to the elliptical's on-board 12 V battery. The output of the comparator still connects to the
gate of the IGBT. The hysteresis allows the comparator to activate the IGBT at a voltage level just below
the maximum input of 60 V and divert excess power until it reaches a lower voltage level to turn off the
comparator and IGBT.

The IGBT selected has a high collector to emitter voltage, collector current, and power
dissipation ratings as well as a low saturation voltage [14]. These allow the IGBT to withstand power
dissipating up to 156 W at 100°C, more than enough when used in application with the elliptical
machine.

This design also utilizes the capacitive filtering designed by Ryan Turner and Zack Weiler from
their DC-DC Converter Input Protection System design [2]. The capacitive filtering combines filtering and
decoupling capacitors to filter out high frequency transient responses induced by the elliptical when in
use. The 2.5 mF filter capacitor flattens large fluctuations in the waveform down to an average value of
the signal [2] while the other decoupling capacitors filter out high frequency transients that exceed
limitations of the DC-DC converter at the input. Figure 6-2 and 6-3 depict simulations of the designed
input protection system.

6OV ¥(gate)

54y~ !
48V
42V
36V~
30v+
24y

18+

AL

I T T
0.0s 0.1s 0.2s 0.3s 0.4s 0.5s 0.6s 0.7s 0.8s 0.9s
Figure 6-2: Vin & Vgate simulation
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Figure 6-3: Power Dissipation of the 10 Q diverting resistor (R7) (Blue) and IGBT (Green)

The simulation shown in Figure 6-2 illustrates the comparator's operation in conjunction with
the IGBT. When the input voltage reaches 58 V, the comparator pulls high to 12 V, thus turning on the
IGBT to divert excess current through a 10 Q resistor. Again, the feedback resistor provides hysteresis.
as the IGBT diverts excess power, the voltage at V,, declines over an interval less than 3 ms, until it
reaches a voltage level of 52 V. Once the voltage drops below that level, the comparator’s output pulls
low and this in turn turns off the IGBT. Figure 6-3 details the power dissipation of the overvoltage
protection design. When the IGBT turns on and diverts the excess power going into the DC-DC
converter, the diverting resistor R; and load resister Rj,,q €xperience a summed maximum power
dissipation of 330 W. This emphasizes the need for a diverting resistor capable of handling such a large
dissipation of power.

Meanwhile, the power dissipated through the gate and collector sum to a maximum power
dissipation of about 85 W as the IGBT turns on before quickly leveling to 5 W. The IGBT selected for the
overvoltage protection design has a maximum power dissipation of 390 W at room temperature [14].

6.2 Testing the Input Protection Circuit

Preliminary testing seeks to prove whether the designed prototype would operate in
accordance to the simulations. Before testing with the elliptical machine, the input protection circuit
must prove capable of voltages above the specified limits via DC source. The circuit must undergo low
power testing before testing with high power. to accomplish this, 51 kQ resistors take the place of the
10 Q resistors to limit the current and power dissipated through the circuit. Preliminary testing utilizes
the schematic in Figure 5-1. Figure 6-5 below shows a Fritzing diagram of the breadboard layout and
labels for wire connections.
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Testing Specifications

The over voltage protection circuit must divert power through the IGBT when the voltage at

node V,, rises to 58 V.
The IGBT should turn off when the voltage at V;, drops below 52 V.

Test Equipment

e Prototype of overvoltage protection circuit constructed on a breadboard
e DCvoltage source capable of supplying up to 150 V
e DCvoltage supply of 12 V
e Kiethley source meter
e 51 kQ resistors in place of 10 Q resistors
e Oscilloscope
e 2 Scope probes
e banana-to-grabber cables
VRef — VSrc L RT Rload
C) C) a 51k 51k
33 12 £ 3
» ﬁ S
% RY = IGBT
o Compafator 1k g wo
EI)I/II‘J’"\?I Vin /\"/‘!\/ =~ _Gate é
e T ' ' ~TLT1017
\“5’/ lcs Lc:i ics ez Lm 160.8k R3 R
Tﬂ.d?ﬂﬁ DUUpTd?U[THD[TZSm 10k 330k
v

stran 0 1 0 100m

Figure 6-4: Low Current Test Circuit
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Figure 6-5: Breadboard Diagram of Overprotection Circuit Layout for Low Power Testing

Preliminary testing of the circuit does not require all components of the final design. When
testing with a DC source, the capacitive filtering excludes the 2.5 mF capacitor. Testing with the
capacitor now could prove more hazardous than beneficial as a charged 2.5 mF capacitor can harm a
tester. Once testing with the elliptical machine occurs, then testing requires the capacitor as it helps
smooth any high frequency transient responses to an average DC value when using the elliptical. Also, a
voltage divider from the 12 V DC source has to compensate for the lack of a 3.3 V source from the
absent microcontroller.

A couple issues arose, which hindered testing. The comparator could not activate the IGBT when
the input had a high enough voltage, because the positive input of the comparator bridged to ground
instead of the 12 V rail. Another issue that hindered progress was the ground terminal of the Kiethley
source meter probing the positive rail of the breadboard instead of the ground rail on the board.

Ultimately, testing the prototype of the overvoltage protection circuit proved successful but not
quite as expected. The voltage divider used in testing scaled down the 12 V supply to 3.8 V instead of
the desired 3.3 V. This caused the comparator output to go high and activate the IGBT when the input
reached 70 V instead of the desired 60 V. Likewise, the IGBT turned off when the input voltage dropped
down to a level of 60 V. While the circuit did not test in accordance to the above simulations, this
preliminary testing still provides a successful operation of the circuit.
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6.3 High Power Testing

In order to test the overvoltage protection circuit under high power conditions, the circuit below
utilizes a high power source and an electronic load. for this test session, the IGBT should divert excess
power when the input at V;, in Figure 6-5 charges to 51 V. An input voltage of 51 V allows the positive
terminal of the comparator to exceed its negative terminal and output a high voltage of 12 V to node
“Gate” thus turning on the IGBT. The comparator with hysteresis resistor allows for the comparator’s
positive terminal to maintain a voltage greater than the negative terminal allowing until the voltage
level of V;, lowers to 45 V. without the hysteresis, the comparator and IGBT turn off when V;, falls below
51V, which would cause continuous switching due to a constant fluctuating voltage level. After diverting
power, the comparator turns off the IGBT once the input voltage lowers to 45 V.

Test Equipment

Agilent E3630A Triple Output DC Power Supply (12 V)

BK Precision 9153 60V/9A 540W Programmable DC High Power Supply

Agilent MSO-X 2012A mixed Signal Oscilloscope

Agilent U3606A Multimeter

Agilent E33220A Function Generator (if not using 3.3 V source from microprocessor)
BK Precision 8514 1200W Programmable DC Electronic Load (if not using two 10 Q resistors)
Two 10 Q resistors rated for 300 Watts

Atmel SAMA4S Xplained Pro Microprocessor

Overvoltage protection circuit

Heatsink for IGBT

1 BNC-grabber

6 Banana-Grabber

6 Banana-Banana

4 spade-banana cables

10 alligator clips
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Figure 6-6: LT Spice Protection Circuit Schematic

Figure 6-6 depicts the LT Spice schematic used for the simulated results seen in Figure 6-6. The
Schematic uses different resistor values for the voltage divider and hysteresis. Since testing the
overvoltage protection circuit under lower power conditions, Byung Yoo and Sheldon Chu, changed
their required input voltage value to their DC-DC converter. This requires the overvoltage protection
circuit to divert excess power through a matched 10 Q at a voltage level lower than the previously
defined specification of 60 V to 51 V. Figure 6-7 below shows the updated simulation and figure 6-8
depicts an accurate breadboard representation of the testing protection circuit with labels for testing
equipment.
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Figure 6-7: Vin and Vgate for Updated 51 Volt Specifications

Including the 2.5 mF Capacitor remains only necessary when testing with the elliptical machine
since it filters out high frequency transient responses from the elliptical [2]. as with low power testing,
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testing with the capacitor now could prove more hazardous than beneficial as a charged 2.5 mF
capacitor can harm a tester. All capacitors used in this circuit must have a high maximum voltage rating
so that they do not burn out when undergoing high power testing [2].
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Figure 6-8: Breadboard Layout of Overvoltage Protection Circuit

Note: Depicted 10 Q resistor in Figure 6-8 cannot dissipate the required 360 W.

Test Case:

Starting at 40 V, increase the voltage of the high power supply to 53 V and fill out the data table
in Table 6-1 below. Make note of the voltage that activates the comparator and IGBT. Following that,
decrease the input voltage to 45 V, and continue to fill out the data table. Again, note the voltage when
the comparator deactivates and turns off the IGBT.

Expected Result:

Comparator should output high (12V) once V;, reaches 51 volts. Comparator should output low
(~0V) once V;, goes back down to 45.5V.
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Table 6-1: Tabulated Data for High Power Testing

Startup - Input voltage increases; |IGBT starts OFF

Viate V. of R7 Rioad Vsupply lsuppty | Dissipated lRIoad
Vin | V' (V) (V) IGBT (V) | (Q) (Q) | measured (V) (A) Power (W) | Iz7 (A) (A)
40 | 2.560 | 0.01 394 |10.2| 10 39.999 3.956 | 158.236 0 3.955
50 | 3.250 | 0.12 49.2 10.2 | 10 49.997 4945 | 247.2352 0 4.944
50.5 | 3.283 | 0.11 50.1 |10.2| 10 50.497 4994 | 252.182 0 4.993
50.7 | 3.2965 | 0.12 50.3 |[10.2| 10 50.696 5.014 | 254.1897 0 5.013
51 | 3370 | 11.95 | 0.77 |10.2| 10 46.843 9.097 | 426.1308 | 4,548 | 4.548
52 |3.3725| 1195 | 0.793 |10.2 | 10 46.820 9.097 | 425.9215 | 4,548 | 4.548
53 [3.3695 | 11.95 | 0.793 | 10.2 | 10 46.793 9.097 | 425.6759 | 4,548 | 4.548

Decrease input voltage; IGBT starts ON

53 | 3.370 | 1195 | 0.77 |10.2| 10 46.76 9.097 | 4253757 | 4.548 | 4.548
52 | 3.378 | 11.95 | 0.781 |10.2 | 10 46.79 9.097 | 425.6486 | 4,548 | 4.548
51 | 3.380 | 11.95 | 0.773 |10.2 | 10 46.83 9.097 | 426.0125 | 4,548 | 4.548
50 | 3.385 | 11.95 | 0.770 | 10.2 | 10 46.89 9.097 | 426.5583 | 4,548 | 4.548
49 | 3.391 | 11.95| 0.771 |10.2| 10 46.96 9.097 | 427.1951 | 4,548 | 4.548
48.5| 3.392 | 1195 | 0.769 |10.2 | 10 46.98 9.097 | 4273771 | 4,548 | 4.548
48 | 3.394 | 11.95 | 0.767 |10.2 | 10 46.99 9.097 | 427.468 | 4548 | 4.548
47 | 3.394 | 1195 | 0.765 |10.2 | 10 46.99 9.073 | 426.3403 | 4.546 | 4.546
465 | 3.361 | 11.95 | 0.764 | 10.2 | 10 46.49 8.975 | 417.2478 | 4397 | 4.397
46 | 3.329 | 1195 | 0.763 |10.2 | 10 45.99 8.876 | 408.2072 | 4.437 | 4.437
455 | 3,295 | 7.71* | 10.21 |10.2 | 10 44.49 8.776 | 390.4442 | 4443 | 4.443
45 | 2925 | 0.11 | 4460 |10.2| 10 44.49 4.449 | 197.936 0 4.448

*The voltage level of the gate slowly but continued to decline from the initial reading of 7.71 volts.

IGBT switched on when V;, = 50.75 V and switched OFF when V;, =45 V.

Initial testing used the 3.3 V source from the Atmel microcontroller. When used, power diverted
through the IGBT when V;, reached 50.3 V because the voltage source from the microcontroller
measured 3.26 V with a multimeter. This allows for power to divert from the DC-DC converter at a lower
voltage level than expected and further prevents the DC-DC converter from damage. When further
testing took place, an Agilent function generator took the place of the absent Atmel for the 3.3 V source.
Consequently, power diverted through the IGBT when V;, reached a slightly higher level of 50.75 V.
Initial testing also included a BK Precision electronic load set to 10 Q. Testing discovered that the
electronic load has a maximum voltage limit of 38 V, which lead to testing difficulties and inaccurate
data measurements so a 10 Q load took its place. Table 6-1 above reflects data taken when testing with
the Agilent outputting a 3.3 V DC source and a 10 Q load in place of the electronic load.

When lowering the voltage from 53 V, power dissipates through the IGBT and matched 10 Q
resistor until V;, lowers to 45 V. Table 6-1 shows that when V;, lowers to 45.5 V, the hysteresis causes
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the voltage level of V+ to equal 3.2957 V, a voltage lower than the source supplied by the function
generator. This shows a transition period from the IGBT switching from an on to OFF state as evident of
the Vgae lowering to 7.7 V and declining. Meanwhile the current supplied by the BK Precision high power
supply still outputs a current double than it would normally with a deactivated IGBT of 8.776 A.

Note that when V+ surpasses the 3.3 V source at the negative comparator terminal and the
comparator outputs a high voltage to the gate of the IGBT, the BK Precision power supply reaches its
output current limit of 9.1 A. The voltage supplied by the DC high power supply drops to 46.78 V so that
the power source does not surpass its current limit. Before power dissipates through the IGBT and a
matched 10 Q resistor, the power source supplies a current close to 5 A. This total current would have
jumped to about 10 A had the DC high power supply not have a limit. Should the DC high power supply
have the capability to output 10 A at 51 V, the circuit would dissipate a total of about 510 W. Since the
current splits between the two 10 Q resistors, each resistor would dissipate a maximum of about 255 W,
well below the maximum power dissipation for the resistors.

Testing shows that the IGBT activates and diverts excess power at an input voltage 0.25 V lower
than the expected 51 V and deactivates 0.5 V lower than the anticipated 45.5 V. Through high power
testing, the overvoltage protection circuit proves it can handle high current conditions and function as
expected.

7 Current Limiter/Diverter Circuit

7.1 Current Limiter/Diverter Design

The design for the current limiter/diverter circuit uses the design from Dr. Braun's Sabbatical
Report [4]. Figure 7-1 shows the schematic with the current diverter and current limiter labeled. The
circuit has the objective of limiting the current between the DC-DC converter and the inverter to 6.4 A
[4]. This occurs through the use of two transistors: an IGBT to divert extra power and a PMOS to limit
the current. The PMOS requires the use of a zener diode with a reverse breakdown voltage of 20 V
because it has a maximum Vgs of 25 V [15]. The figure excludes the microcontroller that drives the gates
of both transistors through the use of two DAC channels. The microcontroller takes in ADC inputs from
four nodes in the circuit (Vin, Van, Vap, and Vouei0s) to calculate what voltages to output from the DACs.
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Figure 7-1: Current Limiter/Diverter Circuit [4]

The operation of this circuit depends on the selection of the microcontroller due to speed
requirements. Dr. Braun's past design used the ATxmega256A3BU microcontroller, which proved too
slow. Thus, this project seeks to improve upon Dr. Braun's design by selecting a faster microcontroller.
Table 7-1 shows a comparison between possible microcontrollers/SoCs and also an external ADC and
DAC. Each microcontroller in question has the necessary four ADC channels and two DAC channels. After
computing the price to CPU clock ratio for each chip, the Atmel ATSAM4S8BA was selected. If the system
requires more speed from the microcontroller, the system may utilize external ADCs/DACs.

Testing on the microcontroller requires an evaluation kit. Atmel only has two choices for the
SAMA4S microcontroller series, the SAMA4S Xplained and SAM4S Xplained Pro. Both contain the
ATSAMA4SD32C microcontroller, which has more memory than the ATSAMA4S8BA. The fact that only the
SAMA4S Xplained Pro has available pin outs for the ADC and DAC channels made the decision for which
evaluation kit to use simple [13]. in conclusion, the SAMA4S Xplained Pro which contains the
ATSAM4SD32C microcontroller stands as the selected evaluation kit for this project.

Table 7-1 Comparison between possible microcontrollers/SoCs [12]

Cost CPU Speed Number of ’ ADC Sampling Rate (ksps) ‘
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(MHz) Integrated

ADCs | DACs
Atmel 32-bit A3 Series 18.37 84 8|2 384
Atmel 32-bit C Series 16.02 66 16| 4 2000
Atmel 32-bit AO Series 15.48 66 8|2 384
Atmel xMega A3 Series 7.46 32 412 2000

Xilinx XC72020-

1CLGA00C 108.20 667 NA NA
Atmel ATSAM3S2BA 5.24 64 102 1000
Atmel ATSAM3U2CA 6.10 96 4|4 1000
Atmel ATSAM4S8BA 7.70 120 11]2 1000
Atmel ATSAM3AACA 9.02 84 16 | 2 1000
Atmel ATSAM3X4CA 10.17 84 16| 2 1000
Atmel ATSAMA4ESCA 9.42 120 16 | 2 1000
MAX11060GUU 6.48 NA 4|10 3000
MCP4922T-E/SLTR 1.99 NA 0|2 NA

Figure 7-2 depicts the Xplained Pro evaluation board with important features labeled. Features

important to this project include: ADC pin outs (pins 3:4 on extension header 1 and pins 3:4 on

extension header 2), DAC pin outs (pins 10:11 on spare signals), 3.3 V voltage source (pin 3 on Power
Header), AREF measurement, and AREF adjustment. The AREF provides the reference voltage for the

ADC and the DAC adjusted to 3.3 V.
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Figure 7-2: SAMA4S Xplained Pro Evaluation Kit (ATSAM4SD32C Microcontroller) [13]

The current limiter circuit in Figure 7-1 requires operational amplifiers to bridge the connections
between the circuit itself and the microcontroller pins. Figure 7-3 depicts the non-inverting op-amps
that amplify the voltage output from the two DAC channels on the microcontroller [4]. Both have a gain
of 12 in order to drive the transistor gates at full range.
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Figure 7-3: Non-Inverting Amplifiers for DAC Outputs (Gain = 12) [4]

Figure 7-4 depicts a voltage follower along with a voltage divider for each ADC connection. The voltage

divider cuts the voltage down to 5% of the respective node voltage in order to drop within the range of
the ADC (0 to 3.3 V).
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7.2 Testing the Current Limiter

Testing began with ensuring each of the individual components functioned properly. Printing
out ADC values from the four channels using a terminal program called Tera Term allowed for testing
the ADC. A multimeter then compared a voltage reading with the ADC values at the respective circuit
nodes. Similarly, DAC values compared with voltage readings at the gates of each transistor. Transistor
testing entailed ensuring the transistors switched on and off at acceptable voltages according to their
datasheets. The current sense amplifier, the last component tested, ideally functioned by outputting a
voltage directly related to the current flowing through a connected sense resistor [4]. However, after
numerous attempts to obtain acceptable output voltages from the current sense amplifier, it became
clear that the amplifier had become inoperable and thus could not provide accurate current readings.
Failure to operate may have resulted from electrostatic discharge due to poor handling or through
overheating during the soldering process. The node between the drain of the PMOS and a 10.3 Q
resistive load became the new node for the current sense ADC reading as a temporary fix in order to
continue testing.

A written test program required the use of Dr. Braun's prior test program as a foundation [4].
The program, located in Appendix B, utilizes the Atmel Software Framework (ASF) to provide necessary
functionality for key components such as the ADC and DAC. Running the program relies on access to a
serial terminal such as Tera Term. on startup, the user may enter a command to run a specific operation.

User Commands
e 'p' Print out the 4 ADC values and 2 DAC values
e 'w' Increase n_FET_gate DAC value by 1
o 'W'Increase n_FET_gate DAC value by 10
e 's' Decrease n_FET gate DAC value by 1
e 'S' Decrease n_FET_gate DAC value by 10
e 'e' Increase p_FET gate DAC value by 1
e 'E' Increase p_FET_gate DAC value by 10
e 'd' Decrease p_FET_gate DAC value by 1
e 'D' Decrease p_FET_gate DAC value by 10
e '1' Testp FET gate
e '2' Testn_FET_gate

Run the current limiting test program

The current limiting test program works by reading in the voltage from the current sense
amplifier and changing the p_FET_gate and n_FET_gate voltages based off the read in voltage. for

example, if the read in voltage has a higher voltage than the goal voltage, the p_FET_gate voltage may
increase to turn off the PMOS. The n_FET_gate voltage may also increase to turn on the IGBT.

Test Equipment
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Figure 7-5: Breadboard Layout of Current Limiter Circuit (Not to Scale)

Figure 7-6 shows the ADC values for the circuit with and without the current sense amplifier. V,,
Ven, Vap, and Vou/Vousios represent the four ADC values. with ADC values close to 20 symbolizing 0 V, it
remains clear that the current sense amplifier outputs close to 0 V even with 20 V at the input. The rest
of the testing excludes the current sense amplifier. The MAX4322 and MAX9632 chips lay on 1.27mm
pitch SOIC to DIP Adapters allowing for testing with a breadboard. These adapters cover more of the breadboard
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vertically than depicted in Figure 7-6 appearing that the decoupling capacitors lay too far from the chip. The non-
ground pins of decoupling capacitors must lie within one-tenth of an inch of the pin on interest to reliably filter out
voltage spikes that may damage the integrated circuit.

NOTE: The following tests had V;,set to 20 V.

ADC values shown in Figure 7-7 demonstrate the gate voltage values required to change each of
the transistor's state. in particular, the IGBT turns on at voltages above 6.85 V and the PMOS turns off at
voltages above 18.4 V provided that V;, s set to 20 V. These values match well the expected values from
the transistor datasheets [14-15]. in Figure 7-7 the first DAC value corresponds with the IGBT gate and
the second corresponds with the PMOS gate.
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Table 7-2 shows each of the test runs performed with different V,, values set for each test case
ranging from numerical 600 to 1200. The voltage at V. fluctuated due to the microprocessor program
trying to control the gate voltages. Each case proves successful in that the output at V,, limits to a value
closely to the set V,, value in the program. Due to testing equipment limitations (i.e. lack of two 36 V
power supplies) higher current testing could not occur. This prevented testing of the target current
value from the supply of 6.1 A.

Table 7-2 Current Limiting Data

Vin Veoal Vour Min | Vou: Max | Vout Avg lout AVE Power

(V) Isupply (A) (ADC) Vgoal (V) (V) (V) (V) (A) DiSSipated (W)
20 2.804 600 9.73 8.6 8.8 8.7 0.84 56.08

20 3 700 11.35 9.6 11.1 10.35 1.00 60

20 3.3 800 12.97 13.6 14.3 13.95 1.35 66

20 3.42 900 14.59 14.6 15.8 15.2 1.48 68.4

20 3.6 1000 16.21 15.9 17 16.45 1.60 72

20 3.56 1100 17.84 14.4 16.4 154 1.50 71.2

20 1.955 1200 19.46 19.4 19.5 19.45 1.89 39.1

7.3 Current Limiter Timing

In order for the current limiter to succeed, the microcontroller controlling the transistor gate
voltages must have enough speed to keep up with the changing current flowing from the input to the
output of the circuit. The first measurement of speed capabilities came from the real time timer (RTT) in
the microcontroller. on average, it takes about 4.2 us (238 kHz) to read four ADC channels and output to
two DAC channels.

For timing considerations during actual testing, one problem came up that the authors of this
report could not fix. In order for the current limiting while() loop to function correctly, the program
requires a printf() statement inserted into the loop. Without the printf() statement, nothing writes from
the DACs even though the program still runs. However, having the printf() there slows down the
program considerably.

To measure the speed, PIN5 on EXT1 toggled high and low each iteration through the while()
loop. Figure 7-9 shows the waveform from PIN5 along with the frequency of 122.83 kHz. This frequency
value must double to obtain the true frequency of the loop since it takes two iterations to complete a
cycle in the waveform thus providing a frequency of 245.66 kHz.
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8 Thermal Considerations

The overvoltage protection circuit uses an FGA180N33ATDTU N-FET IGBT [14] to divert excess
power when activated. The IGBT draws a maximum of 5.1 A of current with a V of about 1.1 V resulting
in 5.61 W of heat dissipation from the IGBT. Additionally, the current limiter and diverter utilize an IGBT
and an IXTH96P085T-ND PMOQOS [15] to ensure the current between the DC-DC converter and inverter
stays under 8 A. If assumed that a maximum of 8 A passes through either the IGBT or PMOS, then a
maximum of 8.8 W dissipates through the IGBT with a V¢ of about 1.1V [14], and 1.6 W dissipates
through the PMOS with a Vps of 0.2 V at Vs of -5 V [15]. These transistors must have a capable heatsink
to safely dissipate the heat; otherwise the heat could cause the components to burn out. Calculating
the thermal resistance for an appropriate heatsink uses the following equation (8.1) to substitute in
known variables and solve for Rgy4 as shown in equation (8.2) [3].

Timax —Ta
Rgjc — Rocs — Rona (8.1)

Pyax =

Pyax = Maximum component power dissipation [W]

Timax = Maximum junction operating temperature [°C]

T, = Ambient air temperature [°C]

Rgjc = Junction to case thermal resistance [°C/W]

Rgcs = Case to heatsink thermal resistance [°C/W]

Roua = Heatsink to ambiant (air) thermal resistance [°C/W]
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Tiax —Ta

Ropa= _RE_.TE_REEE

Prax (8.2)

Looking at the datasheet for the IGBT, the maximum junction operating temperature, Ty 4x,
equals 100°C, and the junction to case thermal resistance, Ry, equals 0.32°C/W [20]. Meanwhile the
maximum component power dissipation, Py 4x, equals 5.61 W for one IGBT and 8.8 W for the other. The
datasheet for the PMOS reveals that it's Tjy4x equals 125°C/W, its Ry equals 0.42°C/W [20] and
dissipates an estimate power of 1.6 W. for both, assume an ambient air temperature of 25°C, and
assume a case to heatsink thermal resistance, Rgs, of 0.15°C/W [3].

100°C — 25°C i o <
Rgnaiseiw) = —egw 0.32°C/W — 0.15°C/W = 12.9°C/W 53)
100°C — 25°C . - x
Ropacsawy = 88w 0.32°C/W — 0.15°C/W = 8.05°C/W 8.4
oC— °oC
Ronacuow) = o — 0.42°C/W — 0.15°C/W = 61.93°C/W (8.5)

The calculations given by (8.3), (8.4), and (8.5) yields the maximum allowed heatsink to ambient thermal
resistance as 8.05°C/W. While the two IGBTs and PMOS may utilize separate brands of heatsinks, for
simplicity the three used in this project use the same kind of heatsink. to comply, this heatsink must
have a thermal resistance less than 8.05°C/W. Shown in Figure 9 below, the MA-302-55E heatsink
suffices excellently for heat dissipation with a thermal resistance of 3°C/W in still air [3], less than half
that of the calculated maximum value.

Figure 8-1: MA-302-55E Heatsink [20]
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9 Conclusion and Future Projects

The previously designed input protection system developed by Zack Weiler and Ryan Turner
proved successful [2] in protecting Martin Kou’s DC-DC Converter for maximum specifications of 65 V
and 6.5 A [3]. The current sense circuit Zack and Ryan designed functioned to divert current to ground
when the inverter enter a start-up phase and allow current flow back to the inverter when a current
sense resistor detects current flow [2]. While this design succeeded in protecting under all modes of
operation, the circuit demonstrated poor efficiency due the circuit dissipating all generated power while
diverting current from the inverter. This project aimed to develop a new input protection system with an
improved overall efficiency while adhering to the specifications of a DC-DC converter concurrently
developed by students Byung Yoo and Sheldon Chu [7].

Chapters 6 and 7 detail the final design of the two-part system developed by the two authors of
this paper. This first part consists of an overvoltage protection circuit to limit the input to the DC-DC
converter to a maximum of 51V and 5.1 A [7]. This circuit utilizes the same high efficiency capacitive
filtering/decoupling developed by Zack and Ryan in their design to average the high frequency transient
responses from the elliptical machine into a smooth DC value [2]. The overvoltage protection design in
this paper includes a voltage divider and comparator to activate an IGBT to divert excess power. The
resistors in the voltage divider can easily change should the DC-DC converter require an increase or
decrease in its maximum input voltage. Because of this, the overvoltage protection circuit can adapt to
almost any DC-DC converter and not require the modification of a DC-DC converter’s characteristics. The
implementation of the comparator allows the input protection circuit to divert excess power even
during the Enphase Micro-inverter’s five minute start-up period [2]. So long as the IGBT diverts excess
power through a matched 10 Q load, an input voltage cannot build up to dangerous levels due to the
elliptical. Unfortunately, the prototype resides on a breadboard at the time of this report. Should future
projects attempt to improve upon the design proposed in this paper, the overvoltage protection circuit
should transfer to a PCB for elliptical testing. Including banana plugs on the PCB design allow for easy
compatibility with testing equipment.

The second part of the DC-DC converter protection circuit limits the current between the DC-DC
converter and the inverter to 6.4 A [7]. The proposed design utilizes a current sense resistor of 0.010 Q
with a high current sense amplifier and PMOS to limit the current between the DC-DC converter and
inverter. An N-FET IGBT and 10 Q resistor bridge the output of the DC-DC convert and ground to divert
any excess current. While the inverter can handle a maximum current of 8 A, the design in this paper
limits the current to only deliver as much power as the inverter can convert [4]. A microcontroller
regulates the switching of the IGBT and PMOS by reading the voltage values at important nodes in the
circuit (Vin, Van, Vap, and Vo105 @s described in Chapter 7.1). The microcontroller takes in ADC inputs
from four nodes to calculate what voltages to output from the DACs, which connect to the gates of the
IGBT and PMOS via a non-inverting amplifier. Unfortunately, the high current sense amplifier failed to
work during testing phases of the current sense circuit. Electrostatic discharge from poor handling or
overheating while soldering may have cause the amplifier to fail. While testing continued with a
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temporary fix, future projects would greatly improve the design by having a fully-operational high
current sense amplifier. as with the overvoltage protection circuit, the circuit for the current sense exists
on a breadboard, and should eventually adapt to a PCB layout.

As previously, stated the authors of this report recommend converting the designs for the
existing or improved upon prototypes to a printed circuit board. The prototype for the current sense
lacks a functioning high current sense amplifier and implementing one that functions ideally would make
for a great improvement. Zack and Ryan allude to designing an inverter specifically for the EHFEM
project as another possible improvement in their report [2]. A customized inverter for the EHFEM
project could improve the overall efficiency of the project while having a reduced start-up period
compared to the Enphase Micro-inverter.

Even though the current sense circuit experienced setbacks, the circuit still functions as a means

of regulating current. that aside, the overvoltage protection designed in this paper proposes an effective
method at regulating the input voltage and diverting excess power to the DC-DC converter.
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Appendix A — Project Analysis

Project Title: Protection System for Energy Harvesting from Exercise Machines
Student Names: Eric Funsten and Cameron Kiddoo
Advisor’s Name: David Braun

Summary of Functional Requirements

The DC-DC converter must operate within set input voltage and current parameters. Concurrent
with this project, students Byung Yoo and Sheldon Chu have developed a new DC-DC converter design
with an operational range of 6 V to 51 V [7]. This paper proposes a design for an overvoltage protection
circuit to limit the input of Yoo’s and Chu’s DC-DC converter to within its operational range. The input
protection circuit regulates the incoming voltage from the elliptical machine and filters out any high
frequency transient responses with capacitive filtering to generate a smooth DC signal. The circuit also
functions to divert excess voltage and current that accumulates during the Enphase Micro-invert’s
startup period where an open load appears across the DC-DC converter leading to an overvoltage level
[3]. The report lists the complete specifications for this project in Chapter 3.

Primary Constraints

The input protection must regulate the incoming voltage from the elliptical machine and filter
out any high frequency transient responses with capacitive filtering to generate a smooth DC signal. The
circuit must also divert excess voltage and current that accumulates during the Enphase Micro-inverter’s
startup period where an open load appears across the DC-DC converter [3]. The inverter has a limit to
how much power it can convert from a given current output from the DC-DC converter. Because the
inverter may overload the DC-Dc converter, a current limiter must regulate the current between the two
circuits [4]. This project must provide the necessary protection for the DC-DC converter while still
allowing for maximum power draw efficiency. in order for the EHFEM project to become a viable system
in the future, the benefits must outweigh the costs and this protection system project seeks to move the
EHFEM project one step further.

Economics
Economic Impact:

e Human Capital — The final implementation of the system required skilled laborers for installing
the input protection system onto an elliptical. The system may require additional technicians to
maintain the electronic components throughout the system's lifespan.

e Financial Capital — Components purchased from available vendors and the skilled laborers
involved with the final production require compensation through financial capital. The final
implementation of the EHFEM project aims to have the benefits from generated electricity to
outweigh the costs of the project.
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e Manufactured or Real Capital — The protection system contains several electrical components
including a microcontroller, resistors, capacitors, amplifiers, transistors, a zener diode, and a
comparator.

e Natural Capital — Individual components use up natural resources which include: copper, silicon,
and ceramic material. The EHFEM project enables the generation of renewable energy for the
Recreational Center.

Accumulation of Costs and Benefits:

e Most of the costs stem entirely up front in the production of the system. Additional costs may
accumulate due to the need to maintain the system for several years. The generated electricity
provides the benefits to the system which must outweigh the costs in less than the given time
frame of 10 years in order for to consider this a viable project.

Project Costs:

e Costs associated with this project stem from components purchased for designing and testing
purposes and used in the final design. Table A-1 breaks down the initial costs estimates for these
components as well as estimated labor costs. Table A-2 contains the actual costs that went into
building the prototype.

Table A-1: Initial Project Costs Estimates

‘ Type Amount Estimated Cost Reason
Component Costs $20 / project $60 Projecting three different prototypes
Labor 200 hours $3000 Estimated labor cost of $15 per hour
Total $3060
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Table A-2: Total Project Costs for Prototype

Project . Unit Price | Amount A
Type e Quantity ($USD) ($USD) Justification
3 2.075 6.22 FGA180N33ATDTU N-FET IGBT
- - 8.49 Tax and Shipping
1 0.11 0.11 1000pF capacitor
1 2.77 2.77 2.2mF Electrolytic Capacitor
1 0.85 0.85 2.2uF Film Capacitor
1 0.07 0.07 470pF Ceramic Capacitor
Overvoltage 1 0.08 0.08 220pF Ceramic Capacitor
. 1 0.06 0.06 1kQ Resistor
protection -
1 0.06 0.06 10kQ Resistor
1 0.10 0.10 160kQ
Shipping charge (Order includes Current Sense
- - 4.99 .
Resistor below)
- - 0.37 Sales tax (not included on invoice)
1 0.25 0.25 0.1uF Ceramic Capacitor from IEEE
1 0.10 0.10 330kQ Resistor from IEEE
1 0.47 0.47 0.01Q 1.5W Current Sense Resistor
4 0.29 1.16 9.53kQ Resistors
4 0.29 1.16 499Q) Resistors
2 0.10 0.20 1kQ Resistors
2 0.29 0.58 11kQ Resistors
Fixed Costs 6 0.36 2.16 0.1uF Ceramic Capacitors
2 0.48 0.96 2.2pF Ceramic Capacitors
4 0.34 1.36 56pF Ceramic Capacitors
2 0.10 0.20 10Q 0.5 Watt Resistors
4 0.90 3.60 MAX4322ESA IC Opamps
2 5.98 11.96 MAX9632ASA IC Opamps
- - 7.34 Tax and Shipping
Current 1 4265 4265 ATSAMA4S-XPRO-ND am':l SAM4S Xplained Pro
Sense Evaluation Kit
- - 8.88 Tax and Shipping
10 0.222 2.22 2.2uF Ceramic Capacitors
3 0.49 1.47 0.47uF Ceramic Capacitors
1 8.98 8.98 Breadboard
- - 6.87 Tax and Shipping
2 2.60 5.20 Proto Board Adapter for MSOP-8
- - 5.89 Tax and Shipping
1 5.39 5.39 1.27mm pitch SOIC to DIP Adapters
- - 0.43 Tax
1 42,65 42,65 (Replacement)' ATSAM4S-XPRQ-ND famd SAMA4S
Xplained Pro Evaluation Kit
- - 8.88 Tax and Shipping
1 6.10 6.10 IXTH96P0O85T-ND MOSFET P-CH 85V 96A
- - 5.98 Tax and Shipping
Variable Costs Labor i i 3000 Estimate 200 hours of IaEgL:osts at about $15.00 per
Total Costs - - - 3195.18 Sum of Labor and Component costs.
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e The Cal Poly University covers the costs associated with this and other EHFEM projects. in doing

so, the university hopes to cut energy spending by utilizing the finished projects to harvest

energy from exercise equipment and send generated power to a power grid. The Electrical

Engineering department provides all necessary equipment for designing and testing at no

additional cost.

Project Earnings:

e The EHFEM project has a long-term goal of profitability after reaching a net cost of zero after ten

years. After reaching the net zero cost, Cal Poly profits from the reduction in energy costs

provided by the project.

Timing:

e Components used in the final product must sustain proper operation for a full life cycle of 10

years without the need of maintenance or replacement.

e The EHFEM project enters final production once all the individual components of the project

have a final design.

e Figure A-1 depicts initial development time estimates while Figure A-2 illustrates adjusted

project time estimates.
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e Assuming a cost per unit of $25, each system could sell to a recreational facility for $40, netting

a $15 profit per unit sold. Should a facility have an average of 20 machine to utilize the final

project, then profit made becomes $300. This exemplifies just one of many facilities and does

not include any installation fees.

e The way the input protection system operates, it should see no maintenance or repair costs for

the first 10 years. as the components wear out past their life expectancy, facilities can purchase
replacement parts at 20% cost of the original purchase for $10.

Environmental

e The project incorporates a person’s physical exercise on an exercise machine to generate

renewable energy and leave a positive impact on the environment.

e The project reduces the amount of power needed to run the recreational center, thus leading to

a reduction in the amount of generating non-renewable energy.

e This project uses components requires the mining of natural resources such as silicon, copper,
and ceramic material. These resources require energy for manufacturing and transportation to
suppliers and then customers.

e The project considers the impact of disposing electronics after use had on the environment and

so all components have RoHS compliancy.
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Manufacturability

Manufacturing involves soldering surface mount ICs onto PCBs which requires great care to
avoid damaging components.

Builders must follow resting procedures closely to guarantee a working protection circuit with
no potential malfunctions.

Sustainability

The EHFEM project generates renewable energy and should not require maintenance for the
first 10 years after installation.

The products extensive lifecycle of 35,000 hours should not require replacement components
during its lifecycle allowing the product to have a minimal impact on the natural resources
comprising it.

Upgrading the design for this project may require a complete overhaul of the entire system as
compatibility problems arise.

Ethical

The use of an exercise machine to harvest energy poses a few ethical questions. The project
calls for a human user to directly interact with the project, so the authors must consider the first
statement of the IEEE code of ethics where every decision made must have the “safety, health,
and welfare of the public” in mind. Some users of Cal Poly’s university recreation center may
oppose the idea of their use of an exercise machine benefitting other people without their
consent. Many people view a renewable energy source as a good thing, but facilities that utilize
such a machine should still identify if a machine harvests energy from exercise.

The use of cheaper components would allow for a lower production cost of the input protection
system. This may involve components comprised of toxic and environmentally harmful
materials. However, this project only makes use of RoHS compliant components thus
maintaining the long term sustainability of the EHFEM project.

This project looks to promote the greatest amount of good for the greatest number of people.
from this Utilitarian point of view, the energy harvested from the exercise machines would
promote eco-friendliness and help stimulate a future with cleaner renewable energy.

Health and Safety

Some health and safety concerns include human involvement in the production of electrical
power and labor when soldering components to a PCB.

Precautions must occur so that an operator of an exercise machine does not succumb to an
unexpected shock from the equipment and go as far as preventing such an accident from a
spilled beverage.

Soldering circuit components and solder tools pose health risks by the way of high
temperatures and toxic fumes that can harm the user.

Circuit components should also require safe manners of heat dissipation to reduce the risk of
harming the user from an accidental electrical fire.
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Social and Political

By becoming a future source of renewable energy, this project directly impacts Cal Poly with the
hopes of allowing the school to cut spending on electricity and allocate monetary resources to
other necessities. Once implemented in the recreation center at Cal Poly, the university can
project a positive “green” image to the community by offsetting energy requirements.

By reducing the energy costs of the university and promoting an environmentally friendly means
of renewable energy, the project contains no inequities as all stakeholders benefit. A push
towards generation of renewable energy would also boost the public opinion of Cal Poly.

Development

This project required research into various protection schemes such as applications of transient
suppression through capacitive filtering/decoupling, high current sensing, and foldback current
limiting.

Using the Atmel SAMA4S microcontroller required learning how to implement the Atmel
Software Framework.
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Appendix B — Microcontroller Code

/**

* Project: Current Limiter

* Description: This program utilizes four ADC channels (EXT1:Pins 3 and 4, EXT2:Pins 3 and 4)
* which are connected to voltage buffers, and two DAC channels (SPAREl:Pins 10 and 11) which
* are connected to x12 gain non-inverting op-amps. The goal of this program is to drive two
* transistors (IGBT and PMOS) in order to limit the current from the output of a DC-DC

* converter to an inverter. It was tested on a ATSAM4SD32C microcontroller using the SAM4S

* Xplained Pro Evaluation Kit.

* Modifications made to Dr. Braun's source code included.

* Last Updated: 6/7/14

*/

/*

* Include header files for all drivers that have been imported from
* Atmel Software Framework (ASF).
*/

#include <asf.h>

#define ADC_CLOCK 22000000
#define n FET gate max 200

int counter;

uintlé _t n FET gate = 0;

uintlé t p FET gate = 0;

uint32_t v_in;

uint32_t v_dn;

uint32 t v_dp;

uint32 t v_sense;

static volatile uintl6_t seek v = 1000; // Voltage goal for setpoint

static volatile uintlé t v _sense goal = 1000; // ADCAO setting when I_SENSE equals the goal
//// (i goal) "12" bit

static volatile uintl6 _t v_sense i min = 500; // ADCAQ setting when I SENSE equals the minimum
//// current where the nFET turns off "12" bit

static volatile uintl6_t v_sense i max = 1300; // ADCAO setting when I SENSE equals the minimum
current

//// where the nFET turns on fully (4095) "12" bit

static volatile uintl6_t v_in dacl; // DACl bits corresponding to maximum Vin

static volatile uintl6_t v_in 20V_adc; // ADC bits corresponding to 20V on Vin

static volatile uintl6_t v_in_ 20V_dac = 2060; // DACl bits corresponding to 20V on Vin

static volatile uintl6é_t v_in dac_delta; // temporary variable

/**

* RTT configuration function.
*
* Configure the RTT to generate a one second tick, which triggers the RTTINC
* interrupt.
*/
static void configure rtt(void)
{

uint32 t ul previous_time;

/* Configure RTT for a 1 second tick interrupt */
rtt init (RTT, 1);
ul previous_ time = rtt read timer value(RTT);

while (ul previous time == rtt read timer value(RTT));
}
/**
* Configure UART console.
*/
static void configure console(void)
{
const usart _serial options_ t uart serial options = {

.baudrate = CONF_ UART BAUDRATE,
.paritytype = CONF UART PARITY
}i
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/* Configure console UART. */
sysclk enable peripheral clock(CONSOLE UART ID);
pio_configure pin_ group (CONF_UART PIO, CONF_PINS UART, CONF_PINS UART FLAGS) ;
stdio serial init (CONF UART, &uart serial options);

}

/**
* ADC Interrupt Handler
* Reads in from 4 ADC channels and outputs to two DAC channels
*/
void ADC Handler (void)
{
uint32 t status;
uint8 t done = 0;
uint32 t dac val = 0;

// Check the ADC conversion status
if ((adc_get status(ADC) & ADC IER EOC5) == ADC IER EOCS5)
{
// Get latest digital data value from ADC and can be used by application
v_in = adc_get channel value(ADC, ADC CHANNEL 0);
v_dn = adc_get channel value(ADC, ADC CHANNEL 1);
v_dp = adc_get channel value(ADC, ADC_CHANNEL 4);
v_sense = adc_get channel value(ADC, ADC_CHANNEL 5);
adc_start (ADC) ;

// Write DAC values to both DAC channels (Channel 0: n FET gate, Channel 1: p FET gate)
done = 0;
while(!done) {

status = dacc_get interrupt status(DACC) ;

/* If ready for new data */

if ((status & DACC_ISR TXRDY) == DACC ISR TXRDY) {
dac_val = (0OxFFE & n FET gate) | 1 << 28 | (OxFFE & p FET gate) << 167
dacc_write conversion data(DACC, dac_val);
done = 1;

}

}
//Uncomment for RTT timing
//printf ("Output: %$x\n\r", dac val);

/*if (++counter == 10000) {
printf ("Time: %$ul\n\r", (unsigned int)rtt read timer value (RTT));
counter = 0;
configure rtt();
px/
}
}
/**
* Configure ADC
*/
static void adc_setup(void)
{

sysclk enable peripheral clock(ID ADC) ;

adc_init (ADC, sysclk get cpu hz(), ADC CLOCK, 6);
adc_configure timing(ADC, 0, ADC SETTLING TIME 3, 1);
adc_set resolution(ADC, ADC MR LOWRES BITS 12);
adc_enable channel (ADC, ADC CHANNEL 0);

adc_enable channel (ADC, ADC CHANNEL 1) ;

adc_enable channel (ADC, ADC CHANNEL 4);

adc_enable channel (ADC, ADC CHANNEL 5);

NVIC_EnableIRQ(ADC_IRQn) ;
adc_enable interrupt (ADC, ADC_ IER EOC5) ;

48 |Page



adc_configure trigger(ADC, ADC_TRIG_SW, 0);
//adc configure trigger (ADC, ADC TRIG SW, ADC MR FREERUN ON) ;

}

/**

* Configure DAC

*/

static void dacc_setup(void)

{
sysclk enable peripheral clock(ID DACC) ;
dacc_reset (DACC) ;
dacc_set transfer mode (DACC,
dacc_set power save(DACC, O,
dacc_set timing(DACC, 0x08, 0, 0x10);
dacc _enable flexible selection(DACC) ;
dacc_enable channel (DACC, 0);
dacc_enable channel (DACC, 1);

}

VAR AR EEEEEEEEEEE LR EEEEEEEEE LR R EEEEE Rt

scale DMM to ADC -- given a DAC value, provides the 12 bit ADC

* value that should measure the same

*

* Parameters

* DMM val DMM reading

* adc gain gain on ADC input (likely < 1.0)

*

* Returns

* adc val 12 bit adc reading corresponding to the dac value

*********************************************************************/
intl6_t scale DMM to ADC(float DMM val, float adc_gain)
{
intlé t adc val;
float adc:val_float;

>
O
7

adc_val float = DMM val * adc gain / 3.3 * 4095;
adc_val = (intl6_t) adc val float;
return adc val;

}

int main (void)

{
sysclk init();
board init();

/* Disable watchdog. */
WDT->WDT MR = WDT_MR WDDIS;

// Insert application code here, after the board has been initialized.
configure console();

adc_setup() ;

dacc_setup() ;

/* Output example information. */
puts("Hello World!\r");
printf("Clock: zu", sysclk get cpu hz());
counter = 0;
adc_start (ADC) ;
char input;
int delta read;
uint8 t done;
while (1) {
done = 0;
input = getchar();
switch(input) {
//Test Serial Connection
case 'a':
printf("%c", input);
ioport toggle pin level (LED O PIN);
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break;

//Print out the 4 ADC values and 2 DAC values

case 'p':

printf ("ADC Values: %u %u %u %u DAC Values: %u
n_FET gate, p FET gate);

break;

//Increase n_FET gate by 1 (DAC value)

case 'w':
n_FET gate = n FET gate < 4095 ? n FET gate+l
break;

//Increase n_FET gate by 10 (DAC value)

case 'W':
n_FET gate = n FET gate <= 4085 ? n FET gate+10
printf("%u\r\n", n FET gate);
break;

//Decrease n FET gate by 1 (DAC value)

case 's':
n_FET gate = n FET gate > 0 ? n FET gate-I ;
break;

//Decrease n FET gate by 10 (DAC value)

case 'S':
n_FET gate = n FET gate >= 10 ? n FET gate-10
break;

//Increase p FET gate by 1 (DAC value)

case 'e':
p_FET gate = p FET gate < 4C ? p_FET gate+]
break;

//Increase p FET gate by 10 (DAC value)

case 'E':
p_FET gate = p FET gate <= 4085 ? p FET gate+l0
break;

//Decrease p FET gate by 1 (DAC value)

case 'd':
p_FET gate = p FET gate > 0 ? p FET gate-! ;
break;

//Decrease p FET gate by 10 (DAC value)

case 'D':
p_FET gate = p FET gate >= 10 ? p FET gate-10
break;

//p_FET gate test

case 'l':

n FET gate =

if (delta read > 2048

p FET gate = 0;
while(!done) {

if (v_sense > p FET gate) {
delta read = v_sense - p FET gate;

p _FET gate += 1024

} else if (delta_read > 1024) {
p_FET gate += 512;

} else if (delta read > 512) {
p_FET gate += 256;

} else if (delta read > 256) {
p_FET gate += 128;

} else if (delta read > 128) {
p_FET gate += 064;

} else if (delta_read > 64) {
p_FET gate += 32;

} else if (delta read > 32) {
p _FET gate += 16;

} else if (delta read > 16) {
p_FET gate += &;

} else if (delta read > 8) {
p FET gate += 2;

} else {
p_FET gate++;

}

if (p FET gate > 4
p_FET gate = 4095;

}

} else if (v _sense == p FET gate) {

su\n\r",

v_in, v_dn, v_dp, v_sense,
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// We've reached the Vout 6105 voltage representing the goal
// output current
printf ("Goal Reached\r\n");
done = 1;

} else if (v_sense < p FET gate) {
delta read = p FET gate - v_sense;
if (delta read > 2048) {

}
}

}
}

p_FET gate -= 1024;
else if (delta read
p_FET gate -= 512;
else if (delta read
p FET gate -= 256;
else if (delta read
p_FET gate -= 128;
else if (delta read
p_FET gate -= 064;
else if (delta read
p_FET gate -= 32;
else if (delta read
p FET gate -= 16;
else if (delta read
p_FET gate -= §;
else if (delta_read
p_FET gate -= 2;
else {

p_FET gate--;

if (p_FET gate < 0) {

}
}
}

break;

//For debugging

case 'R':

p_FET gate = 0;

n_FET gate = n FET gate max;
p FET gate = 1900;//4095

break;

//Runs the test

1.

case 'r

> 1024y {
> 512) {
> {
> 128) {
> 64y |
> 50) |
> 16) {

purposes: set n FET gate and p FET gate to specified values

program to limit the current

//n_FET gate = n FET gate max;
//p_FET gate = 1900;//4095

while(!'done) {
v_in dacl = v_in > 409 ?

if (v_sense

2%y in + v in/2 - 1023

> v_sense goal) {

// having too much current takes priority, so check it first
delta read = v_sense - v_sense_goal;
if (delta_read > 2048)

}
}

}
}

p FET gate +=
else if (delta
p_FET gate += °©
else if (delta_
p_FET gate += 256;
else if (delta read
p_FET gate += 128;
else if (delta read
p_FET gate += 64;
else if (delta read
p_FET gate += 32;
else if (delta read
p FET gate += 16;
else if (delta read
p_FET gate += &;
else if (delta read
p _FET gate += 2;

else {
p_FET gate++;

{
1024y {

512) |

if (p_FET gate > v_in dacl) {
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p_FET gate = v_in dacl;
}
if (p_FET gate >
p_FET gate =

095) |

o

}

} else if (v_sense == v_sense goal) {
//done = 1;
printf ("Done limiting\r\n");
//ioport toggle pin level (LED_ O PIN);
//ioport toggle pin level (EXT1 PIN 5);
//printf ("P G %u\n\r", p FET gate);
//printf ("N _G %u\n\r", n FET gate);

} else if (v_sense < v_sense goal) {
delta read = v_sense _goal - v_sense;
if (delta read > 2048) {

p_FET gate -= 1024;
} else if (delta read > 1024) {
p_FET gate -= 512;
} else if (delta read > 512) {
p FET gate -= 256;
} else if (delta read > 2
p_FET gate -= 128;
} else if (delta read > 12¢
p_FET gate -= 064;
} else if (delta read >
p_FET gate -= 32;
} else if (delta read >
p_FET gate -= 16;
} else if (delta read >
p_FET gate -= §;
} else if (delta read > 8) {
p_FET gate -= 2;
} else {
p_FET gate--;
}
if (p_FET gate > / {
p_FET gate C
}
v_in dac delta = (v_in dacl - v_in 20V _dac);

if (v_in dac delta < 4095) {
// (v_in dac delta > 4095) means negative delta and
// implies v_in dacl < v_in 20V dac
if (p _FET gate < v_in dac delta) {
p_FET gate = v_in dac_delta;
}
}
} // Adjust p FET gate value
ioport toggle pin level (LED O PIN);
ioport toggle pin_level (EXT1_PIN 5);

// Adjust DACO, if necessary to adjust n_ FET gate
// If the floating point arithmetic proves too slow, use integer
// arithmetic or a LUT (look up table)
if (v_sense > v_sense i max) {
n FET gate = n FET gate max;
} else if (v_sense > v_sense goal) {
//n_FET gate = (uintl6 t) ((float) n FET gate max.0 * ((float)
(adc_pin a0 reading - visenseigoal))/((float) (v_sense i max - v_sense goal)));
n FET gate = (uintlé t) ((uint32 t) (n FET gate max * ((uint32 t) ((v_sense -
v_sense goal))))/(v_sense i max - v_sense goal));
} else if (v_sense > (v_sense i min)) {
n_FET gate = 0;

} else {
// BADCAQO reads between 0 V (200) and v_sense i min (+200), since we calculated
v sense 1 min ignoring the OV offset
//n_FET gate = (uintl6 t) ((float) n FET gate max.0 * ((float) (v _sense i min +
200 - adcipiniaoireading))/((float) v_sense 1 min));

n FET gate = (uintlé6_t) ((uint32_t) (n_FET gate max * ((uint32 t)
((v_sense i min - v _sense))))/(v_sense i min));
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// The 200 offset accounts for the ADC reaching 200 (approximately), when it's

input = 0V.
}
}
break;
//n FET gate test
case '2':
n_FET gate = v_in;
while ('done) {
if(v_in == seek v) {
done = 1;
printf ("Done Seeking\r\n");
}
else {
if(v_in < seek v) {
n_FET gate = n_FET gate < 4095 ? n FET gate+l : 4095;
}
else {
n_FET gate = n_FET gate > 0 ? n_FET gate-1 : 0;
}
}
}
break;
default:
ioport set pin level (LED 0 PIN, !'LED 0 ACTIVE);
}

// 1s button pressed?
/*if (ioport_get pin level (BUTTON_O_PIN) == BUTTON_ 0 ACTIVE) {
// Yes, so turn LED on.
ioport set pin level (LED_0 PIN, LED O ACTIVE);
} else {
// No, so turn LED off.
ioport set pin level (LED 0 PIN, !LED O ACTIVE);
}*/
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Appendix C - Component Purchase Invoices

— - o swvw. digikey:com Invoice # 44816674
' ’. e Orders 1-800-344-4539 US. S
Fax 218-681-3380
CORPORATION
701 Brooks Ave. South, P.O. Box 677, Thief River Falls, MN 56701-0677 USA
(" CUSTOMER 7268672 Terms Invoice Date Page )
AR Mastercard 6FEB20M4 | 1 | £
% ARCADIA CA S5100&-0000 saes Parchane Sales Order ;
% 38824903 | 5
> Z S Back Orders Account
| 28 22014 2 9
R Accepts to 28-MAR-2014 2186382
.| 158 CANYON CIRCLE Extered By / Date Shipped Via Ship Date
5 | S i sk ot e AUTO26.FEB-2014 | PM | 26FEB-2014
S
Easy to Remember:
; 1-800-DIGI-KEY
N, ¥ | A /
1 e Obice Reveived VAT/Tas ID Billing Pack List N Printing Date Curvesecy Type: MSCE )
(Ve Oy INTERNET BILL SHIP 1 7-JUN-2014 US.§ o
G 2 o Back | UmitPrice |  Amomwmt )
Idc | Box | Ordered | Cancelled | Shipped Item Number/Description frocel = e
1 1 4 0 4|PPC9 . 53KXCT-ND .29000 1.16T
RES 9.53K OHM 1/2W 1% AXIAL
HTSUS: 8533.21.00%0 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OOMP REACH: REACH| UNAFFECTED JUN-2011
COUNTRY/ORIGIN: INDIA
CAGE: 56£%59
2 1 4 0 4|PPC499XCT-ND .29000 1.16T
RES 459 OHM 1/2W 1% AXIAL
HTSUS: 8533.21.0050 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS COOMP RERACH: REACH| UNAFFECTED JUN-2011
COUNTRY/ORIGIN: SOUTH KOREA
CAGE: 56659
3 1 2 0 2|1.00XXBK-KD .10000 20T
RES 1X OHM 1/4W 1% AXIAL
HTSUS: B8533.21.0050 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS COMP REACH: REACH| UNAFFECTED SEP-2011
COUNTRY/ORIGIN: TAIWAN
CAGE: 57283
4 1 2 0 2|PPC11.0KXCT-ND .29000 58T
RES 11K OHM 1/2W 1% AXIAL
HTSUS: 8533.21.0090 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OCOMP REACH: REACH| UNAFFECTED JUN-2011
COUNTRY/ORIGIN: INDIA
CAGE: 56&%59
5 1 [ 0 €EBC1101CT-ND .36000 2:16 T
CAP CER 0.1UF 50V 10% RADIAL
HTSUS: 8532.24.0060 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OCMP REACH: REACH| UNAFFECTED JUN-2011
COUNTRY/ORIGIN: CHINA
CAGE: 56€59
& 1 2 0 2]445-8323-ND .48000 .96 T
CAP CER 2.2UF 50V RADIAL
HTSUS: 8532.24.0060 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OOMP
COUNTRY/ORIGIN: CHINA
CAGE: 1ZFM7
7 1 4 0 4]BC1035CT-ND .34000 1.36T
CAP CER 56PF 50V 5% RADIAL
HTSUS: 8532.24.0060 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OOMP RERCH: REACH| UNAFFECTED JUN-2011
COUNTRY/ORIGIN: CHINA
o CAGE: 5E839 J

Clamms for pricing errors, shortages, and defective product must be reported within 30 days of invoice date.

Contact Customer Service af 1-800-858-3616

All transactions with Digi-Key Corporation, including its
subsidiaries and/or affiliates, are subject to Digi-Key's Terms of Use and
Conditions of Order, available at www.digikey.com.

DUNS No: 05 760 2120 FEI No: 41-1234968 Any applicable sales tax not collected on this invoice is the responsibility of the customer.

Figure C-1: Digikey Invoice 1
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@ www.digikey.com Invoice # 44816674
' Orders 1-800-344-4539 US. S
Fax 218-681-3380
701 Brooks Ave. South, P.O. Box 677, Thief River Falls, MN 56701-0677 USA
s o R s Ter Taveace Date Page
CUSTOMER 7268672 2 2 2
B ERIC FUNSTEN s - Mastercard 26-FEB-2014 2 t
& 920 S THIRD AVE Customser Purchase Order Shipped Via o
=| ARCADIA CA $1006-0000 PM =
2 =N
W =1
Easy to Remember: -
} 1-800-DIGI-KEY
. R \ /
f —1 . Back Uit Price Amount )
dx | B dered Cancelled d Ttem Number
| I ax Or “ancel Shippe. 2 /Description Order Uss Us s
) 1 2 0 2[10m-ND .10000 20T
RES 10 OHM 1/2W 5% AXIAL
HTSUS: B8533.10.0085 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS COMP REACH: REACH| UNAFFECTED SEP-2011
COUNTRY/ORIGIN: TAIWAN
CAGE: S7293
g 1 4 0 4|MAX4322ESAs-ND .90000 3.60T
IC OPAMP GP 5MHZ RRO 8SOIC
HTSUS: 8542.33.0000 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS COMP REACH: REACH| UNAFFECTED JUN-2012
COUNTRY/ORIGIN: MALAYSIA
CAGE: 1ES66
10 1 2 0 2{MAX9632A5A+-ND 5.98000 11.96T
IC OPAMP GP 55MHZ RRO BSOIC
HTSUS: 8542.33.0000 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS COMP REACH: REACH| UNAFFECTED JUN-2012
COUNTRY/ORIGIN: THAILAND
CAGE: 0ZW31
BOX 1 SHIPPED PM WEIGHT O LBS & OfS (0.17 Xf
BOX ID 9205590106460310610361
TOTAL INVOICED 23.34
SHIPPING CHARGES APELIED 5.47
*++ CHARGES SUBTOTAL *+* 28.81
SALES TAX 1.87
(T INDICATES TAXABLE AMOUNTS)
TOTAL CHARGED TO CREDIT CARD 30.68
Uu.s. §5
YOUR CREDIT CARD HAS BEEN CHARGED THE ABPVE INDICA{TED AMOUNT
THE ORDER IS COMPLETE
Ship To: ERIC FUNSTEN
158 CANYON CIRCLE
SAN LUIS OBISPO CA 93410-0000
lship From:|DIGI-XKEY CORBORATION
701 BROOKS AVE. SOUTH
P.O. BOX €77
THIEF RIVER FALLS MN 56701-0677
General -|WEB ORDER ID: 51041846
, S (S ST [P v S— S W,

Contact Customer Service af 1-800-858-3616

All transactions with Digi-Key Corporation, including its
subsidiaries and/or affiliates, are subject to Digi-Key's Terms of Use and
Conditions of Order, available at www.digikey.com.

Figure C-2: Digikey Invoice 1 Continued
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www.digikey.com Invoice # 44816674
Orders 1-300 3444539 US. S
Fax 218-681-3380
00!!’0‘“"0'
701 Brooks Ave. South, P.O. Box 677, Thief River Falls, MN 56701-0677 USA
7 N 'd Terss Tevosce Daie Page
R — CUSTOMER 7268672 Mastercard 26-FEB-2014 £
e 920 S THIRD AVE Custonser Purchase Order Shipped Va o0
= | ARCADIA CA 51006-0000 PM i~
s c 2
w -
Easy to Remember: =
{ / 1-800-DIGI-KEY
- - N 4
(1ax | Bax | Ordered | Cancelled | Shipped Ttem Number/Descriprion ors ""gs*";'“ Agg‘;'"
Trese commodites, tachnology of sofware were exporied from the Urjted States in accgrdance with the Export|Adminizration regulations.
Diversion contrary to U_S. jaw pronibited.
$ERTIFICATE Of COMPLIANCE: The DlgH(ey components included in the above shipment are gen and ere by the to
Dig-Key. Tastraports (Chemical, prysical, alectricy), sic | togetmar with resuss of any tefts parformead by e mdrufacturar) are on e (eithad
MEW h WD‘U!M"‘\Q manufacturer) and wil be made availabie -Dlm request. Thez4 components have beeh handed In accordance with
the requirements . This 15 vjid only to the original customer and Iz ncg ransferable. Contact

Claims for pricing errors, shortages, and defective product must be reported within 30 days of invoice date.

quality
Customer S at 800-558-3616 If you have any questions.
,J:;zi:w NonShd,

Kim Glipert, Customer Service Manager Scott Fricke, Ofector Coparate fuaity

Contact Customer Service af 1-800-858-3616

All transactions with Digi-Key Corporation, including its

subsidiaries and/or affiliates, are subject to Digi-Key's Terms of Use and
Conditions of Order, available at www.digikey.com.

DUNS No: 05760 2120 FEI No: 41-1234968 Any applicsble sales tax not collected on this invoice is the responsibility of the ¢

Figure C-3: Digikey Invoice 1 Continued

56 | Page



© www.digikey.com Invoice # 44943166
. Orders 1-800-344-4539 US. S
Fax 218-681-3380
CORPORATION
701 Brooks Ave. South, P.O. Box §77, Thief River Falls, MN 56701-0677 USA
-~ e ia—s
(- CUSTOMER 7268672 3 Terms Invoice Date Page
ERIC FUNSTER =
F 920 S THIRD AVE Mastercard 10-MAR-2014 1 ‘»5
=| ARCADI 1006-0000
g] APEREER Customer Purchase Order Sales Order | &
“ 38936607 §
> Z 3 Back Orders Account
‘ | 7-APR-2 2 2
T Accepts to R-2014 18638
| CAL poLY Entered By / Date Shipped Via Ship Date
£{ 920 S THIRD AVE TO/ ! .
z ARCADIA CA 91006-0000 AUTO/ 8-MAR-2014 PM 10-MAR-2014
Easy to Remember:
‘ ‘ 1-800-DIGI-KEY
| = , J
{ Foe Offce Received VAT/Tas ID Billing Pack List No. Printing Date Currescy Type: MSCE )
| Vse Oaly INTERNET BILL SHIP 1 7-JUN-2014 US.S 0 J
6% | = g Back Unit Price Amount )
Idx | Box Ordered Cancelled Shipped Ttem Number/Description Order 58 5 s
‘ 1 1 1 ] 1|ATSAM4S - XPRO-ND 2.65000 42.65T
SAM4S XPLAINED PRO EVAL KIT
HTSUS: B473.30.1180 ECCN: 3A991A2
LEAD: LEAD FREE ROHS: ROHS COMP REACH: REACH| UNAPFECTED JUN-2013
COUNTRY/ORIGIN: MALAYSIA
BOX 1 SHIPPED PM WEIGHT O LBS 7 OfS (0.20 KE)
BOX 1D 9205590106460310685062
TOTAL INVOICED 42.65
SHIPPING CHARGES APPLIED 5.47
** CHARGES SUBTOTAL *+ 48.12
SALES TAX 3.41
(T INDICATES TAXABLE AMOUNTS)
TOTAL CHARGED TO CREDIT CARD 51.53
U.s. §§
YOUR CREDIT CARD HAS BEEN CHARGED THE ABQVE INDICAIED AMCUNT
THE ORDER IS COMPLETE
Ship To:ERIC FUNSTEN
158 CANYON CIRCLE
SAN LUIS OBISPC CA 93410-0000
jship From:[DIGI-XEY CORPORATION
701 BROOKS AVE. SOUTH
P.O. BOX 677
THIEF RIVER FALLS MN 56701-0677
General -|WEZB ORDER ID: 103089220
*NOTE: ONE OR MORE ITEMS ON THIS ORDER ARE CONTROLLED FOR EXFOR[.
N /

Figure C-4: Digikey Invoice 2

Claims for pricing erors, shortages, and defective product must be reported within 30 days of invoice date.

57| Page




|} || - < =
® www.digikey.com Invoice # 45408608
’ '. g Orders 1-800-344-4539 US. S
Fax 218-681-3380
CORPORATION
701 Brooks Ave. South, P.O. Box 677, Thief River Falls, MN 56701-0677 USA
( CUSTOMER 7268672 4 Terms Invoice Date Page )
ERIC FUNSTEN —_
é‘ gé&g_xgéﬁgngl\ggs — Mastercard 18-APR-2014 1 "J-!
3 z % S Customer Purchase Order Sales Order | 3
% 39350451 §
‘> / % Back Orders Account
‘ Accepts to 18-MAY-2014 2186382
ERIC G FUNSTEN o
5| 920 S THIRD AVE Entersd By / Date Shipped Via Ship Date
B AEHRIA R 9060000 AUTO/18-APR-2014 | PM | 18-APR-2014
-
Easy fo Remember:
‘ 1-800-DIGI-KEY
N 74 N\ v
{ Yor OtBee Reccived VAT/Tas ID Billing Pack List No. Printing Dste Currescy Type: MSCE¥ )
| Use Ouly INTERNET BILL SHIP 1 7-TUN-2014 US.S o
e cy -y “FT s T g \
(1t | Bax | Ordered | Canceliod | Sipped Item Number/Descripaon e - S
| 4 3 1 10 0 101445-8407-ND .22200 2.22T
CAP CER 2.2UF 16V 10% RADIAL
HTSUS: 8532.24.0060 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS QOMP
COUNTRY/ORIGIN: JAPAN
CAGE: 1ZFM7
2 1 3 0 3359-4374-ND .49000 1.47T
CAP CER 0.47UF 50V 20% RADIAL
HTSUS: 8532.24.0060 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS CCMP REACH: REACH| UNAFFECTED JUN-2012
COUNTRY/ORIGIN: MEXICO
CAGE: 31433
3 1 1] 0 1J438-1045-ND 8.58000 B.98T
BREADEOARD 2.13x6.496 SLDLESS
HTSUS: 8537.10.9050 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OQOMP REACH: REACH| UNAFFECTED DEC-2011
COUNTRY/ORIGIN: CHINA
CAGE: 3ZKL7
BOX 1 SHIPPED PM WEIGHT 0 LBS 11 OFS (0.31 Kp)
BOX ID 5205550106460310948570
TOTAL INVOICED 12.67
SHIPPING CHARGES APPLIED 5.86
** CHARGES SUBTOTAL *v i8.53
SALES TAX 1.01
(T INDICATES TAXABLE AMOUNTS)
TOTAL CHARGED TO CREDIT CARD 18.54
U.S. §5
YOUR CREDIT CARD HAS BEEN CHARGED THE ABPVE INDICAI'ED AMOUNT
THE ORDER IS COMPLETE
Ship To:ERIC FUNSTEN
158 CANYON CIRCLE
SAN LUIS OBISPO CA 93410-0000
& v/

Claims for pricing errors, shortages. and defective product must be reported within 30 days of nvoice date.

Figure C-5: Digikey Invoice 3
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| . sy v -
© www.digikey.com Invoice # 45618630
. Orders 1-800-344-4339 US. S
Fax 218-681-3380
CORPORATION
701 Brooks Ave. South, P.O. Box 677, Thigf River Falls, MN 56701-0677 USA
( CUSTOMER 7268672 41 (" Terms Invoice Date Page 7
ERIC FUNSTEN -
;.: gﬁ&giﬁéﬁng?‘ggg o Mastercard 9-MAY-2014 1 g:
3 2 T Customer Purchase Order Sales Order e
o 39535310 §
> ) 3 Back Orders Account
Accepts to 7-JUN-2014 2186382
ERIC G FUNSTEN P
.| 920 s THIRD AVE Enterad By / Date Shipped Via Ship Date
e
B SRR Ch 060000 AOFX/8-MAY-2014 | PM | 9-MAY-2014
Z
Easy fo Remember:
‘ 1-800-DIGI-KEY
L 7 L J
Reveived VAT/Tas ID Billing Pack List N Printing Date Currescy Type: MSCE )
| e Oaly INTERNET BILL SHIP 1 7-TUN-2014 US.$ o
((1&c | Bax | oriered | Camcelied | shipped Item Number/Description k. ‘"g";“ “;‘,;“‘"’
| 13 1 2 ] 2|33108CA-ND 2.60000 5.20T
PROTO-BOARD ADAPTER FOR MSOP-8
HTSUS: 8534.00.0040 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS OOMP REACH: REACH| UNAFFECTED OCT-2011
COUNTRY/ORIGIN: USA
BOX 1 SHIPPED PM WEIGHT 0 LBS 4 OFS (0.11 KB)
BOX ID 5205550106460311070452
TOTAL INVOICED 5.20
SHIPPING CHARGES APPFLIED 5.47
** (CHARGES SUBTOTAL *v 10.67
SALES TAX 42
(T INDICATES TAXABLE AMOUNTS)
TOTAL CHARGED TO CREDIT CARD 11.09
U.S. §§
YOUR CREDIT CARD HAS BEEN CHARGED THE ABPVE INDICA[TED AMOUNT
THE ORDER IS COOMPLETE
Ship To:|ERIC FUNSTEN
158 CANYON CIRCLE
SAN LUIS OBISPO CA 93410-1710
IShip From:|DIGI-XKEY CORPORATION
701 BROOKS AVE. SOUTH
P.O. BOX 677
THIEF RIVER FALLS MN 56701-0€677
General -|WEB ORDER ID: 104423601
_ J

Figure C-6: Digikey Invoice 4

Claims for pricing emors, shortages. and defective product must be reported within 30 days of invoice date.
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| | - e y ——
@ www.digikey.com Invoice # 45758251
[ | Orders 1-800-344-4539 US. S
Fax 218-681-3380
CORPORATION
701 Brooks Ave. South, P.O. Box 677, Thief River Falls, MN 56701-0677 US4
- % - = oS
{ CUSTOMER 7268672 Terms Invoice Date Page
ERIC FUNSTEN '
&| 920 s THIRD AvE Mastercard 22-MAY-2014 1 %
ARCADIA CA 91006-0000
3 Customer Purchase Order Sales Order 2
A b
@ 39659368 | ta
> /‘ 2 Back Orders Account
1
Accepts to 20-JUN-2014 2186382
ERIC G FUNSTEN P
= 920 S THIRD AVE Entered By / Date Shipped Via Ship Date
=] ARCADIA ER- 330060000 AUTON1-MAY-2014| PM [ 22-MAY-2014
-}
Easy fo Remember:
‘ 1-800-DIGI-KEY
\ J 8 J
;] Reveived VATTas 1D [ Billing Pack List New Printing Date Currescy Type: MsCE )
1\“@ Only INTERNET BILL SHIP 1 7-JUN-2014 US.S 0 J
= - T T oy = Back Unit Price Amonnt )
Idx | Box Ordered Cancelled Shipped Ttem Number/Description Order 1% s %S
1 1 0 1|ATSAM&S-XPRO-KD 42.65000 42.65T
SAM4S XPLAINED PRO EVAL KIT
HTSUS: 8473.20.1180 ECCN: 3A951A2
LEAD: LEAD FREE ROHS: ROHS COMP  REACH: REACH| UNAPFECTED JUN-2013
COUNTRY/ORIGIN: MALAYSIA
BOX 1 SHIPPED PM WEIGHT 0 L85 8 OfS (0.23 Xf)
BOX ID 9205590117055511557797
TOTAL INVOICED 42.65
SHIPPING CHARGES APPLIED 5.47
** CHARGES SUBTOTAL *+* 48.12
SALES TAX 3.4
(T INDICATES TAXASLE AMOUNTS)
TOTAL CHARGED TO CREDIT CARD 51.53
u.s. $8
YOUR CREDIT CARD HAS BEEN CHARGED THE ABDVE INDICA['ED AMOUNT
THE ORDER IS COMPLETE
Ship To:[ERIC FUNSTEN
492 FELTON WAY
SN LUIS OBISP CA $3405-0000
lship From:|DIGI-XEY CORPORATION
4206 33RD STREET NORTH
FARGO ND 58102-0000
General -|WEB ORDER ID: 104960146
22-MAY-2014 PER EMAIL RESPONSE FROM ERICE HELLO, I|WAS WONDERINE IF IT WOULD
BE POSSIBLE TO CHANGE THE SHIPPING ADDREES TO THE POLLOWING: 4Sp FELTON WAY,
SAN LUIS OBISPO, CA 93405....MADE CHANGEf TO THE ADDRESS AND RELEASED ORDER.
A25T/1967
*ROTE: ONE OR MORE ITEMS ON THIS ORDER ARE CONTROLLED FOR EXPOR[.
.

Figure C-7: Digikey Invoice 5

Claims for pricing erors, shortages, and defective product must be reported within 30 days of invoice date.
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www.digikey.com Invoice# 45788600
Orders 1-800-344-4539 US. S
Fax 218-681-3380
Gﬂﬂfﬂﬂﬂﬂﬂl
701 Brooks Ave. South, P.O. Box 677, Thief River Falls, MN 56701-0677 USA
( CUSTOMER 7678397 ) Terms Invoice Date Page
CAMERON XID! = =
F cauE Fggm gf » ; Visa 26-MAY-2014| 1
% SN LUIS OBISP C 3405-0000 Customer Parchase Order
“ 39685774
> 2z N Back Orders Account
| Accepts to 23-JUN-2014 2327424
CAMERON KIDDOO 3
..| 5636 GLEN ORKS DR. Entered By / Date Shipped Via Ship Date
=
Bl ROCERINER-AnTes-0000 AOFX/24-MAY-2014 [ PM | 26-MAY-2014
Z
Easy to Remember:
1-800-DIGI-KEY
Nz > AN =
| Fae OMice Rexeived VAT/Tas ID Billing Pack List No. Printing Date Curvescy Type: MSCE )
| se Oaly INTERNET BILL SHIP 26-MAY-2014 US.$ o )
(1t | Box | Ordered | cancelted | snivpea Item Number/Description . ""lg';“ A?';“s”
| 1 1 1 0 Y IXTHSE6POBST-ND 6.10000 6.10T
MOSFET P-CH 85V 8&A TO-247
HTSUS: B8541.25.0085 ECCN: EARSS
LEAD: LEAD FREE ROHS: ROHS CCMP REACH: REACH| UNAFFECTED DEC-2013
COUNTRY/ORIGIN: SOUTH KOREA
CAGE: D17%4
BOX 1 SHIPPED PM WEIGHT LBE 7 OFS (0.20 Kp)
BOX ID ©S205550117055511567413
TOTAL INVOICED £.10
SHIPPING CHARGES APPLIED 5.47
** CHARGES SUBTOTAL *v 11.57
SALES TAX 49
(T INDICATES TAXABLE AMCUNTS)
TOTAL CHARGED TO CREDIT CARD 12.
U.s. §5
YOUR CREDIT CARD HAS BEEN CHARGED THE ABPVE INDICA['ED AMCUNRT
THE ORDER IS COMPLETE
Ship To:|CAMERON KIDDOO
452 FELTON WAY
SAN LUIS OBISPO CA 93405-0000
IShip From:|DIGI-XKEY CORPORATICN
420€ 33RD STREET NORTH
FARGO ND 58102-0000
General -|WEB ORDER ID: 105063931
K. J

Figure C-8: Digikey Invoice 6
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Sales Order #. 230639281
Web Order# 7240843
Order Date: 4i19/2014
Order Slalus.  COMPLETE

Billing Address Shipping Address
KIDDOO, CAMERON CAMERON KIDDOO
5635 GLEN OAKS DR 492 FELTON WAY
ROCKLIN, CA 95765 SAN LULIS DBISPD, CA 93405
Unfled States Unttea States
Payment Methed Shipping Method
Visa ‘Shipping Method: Economy Shipping

PO Number: 7220842

Product Detail Customer Part Order Price EXL
#

Qty. (usoy (USD)

Mouser# 660-MF1/40C1333F 1 50.06

M. # MF1/4DC1333F
Desc.: Metal Film Resistors - Through Hol2 133K 1%
100PPM

Mouser ¥ 660-MF1/4DCT52R1373F . “ | $0.05

MIT. ¥ MF1/4DCTS2R1373F

Desc.: Matal Fllm Resistors - Through Hole 1/4W 137K
ohm 1%

Mouser # 594.S102M33Z5URGIKTR 1 0.1

Mfr.# S102M33Z5URGIKTR
Desc.: Ceramic Disc Capacitors.JLS 1000PF 3KV 20%
Mouser#: 667-ECQ-E2225KF 2 50.36

Mfr.#: ECQ-E2225KF
Desc.: Film Capacitors250DC 2.2uF 10% LIS =7.5mm
Mouser# 594.5471K25Y5PNETUSR 1 £0.07

Mfr. # S4T1K25Y5PNGTISR
Desc.: Cgramlc Disc Capacitors.2L S 470PF 1KV 10% [
Mouser# 594.5221K25Y5PNETHSR 1 §0.08

MIT. #: S221K25Y5PNGTKSR
Desc.: Cenfnmu: Disc Capacitors.2L S 220PF 1KVDC 10%

Mousar# 660-MF14DCTS2A1001F i1 50.06

M. #: MF114DCTS52A1001F
Desc.: Metal Film Resistors - Through Hole1/4 WATT 1K
OHM 1%

Mouser ¥ 660-MF1/4DCT52A1002F 1 $0.06

Mir. # MF1/4DCT52A1002F

Desc. Metal Film Resistors - Through Hole 14 WATT
10K OHM 1%

Mouser # 588.615HR010E 1 $0.47
Mfr. #: 615HRO10E

Desc.: Current Sensea Resistors - Through
Hole1.5watt .010hm 3%

THIS CRDER IS SUBJECT TO ALL TERMS AND CONDITIONS DISPLAYED
AT. www.mouser.com/saleterms/

Figure C-9: Mouser Invoice 1

$0.06

30.06

$0.11

$1.72

$0.07,

$0.08!

$0.06!

$0.47

Status

1 Shipped

1 Shipped

1Shipped

2 Shipped

1 Shipped

| 1 Shipoed

1 Shipped

1Shipped

1 Shipged

CloSeWindow

Date Invoice
4212014 |34035456
42112014 34035456
42712014 34935456
412112014 34035456
412112014 34035456
412112014 34035456
412172014 34035456
42112014 34035456
41212014 |24035456

MERCHANDISE TOTAL: $2.69
TORDER TOTAL: $§7.68
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Sales Order#. 2302634095
WebOrder# 7022301
Order Date: 21252014
Order Slalus,  COMPLETE

1 1

Billing Address Shipping Address
KIDDOO, CAMERON CAMERON KIDDOD
5635 GLEN OAKS DR 492 FELTON WAY
ROCKLIN, CA 95765 SAN LUIS DBISPD, CA 93405
Untted States Unftea States
Payment Method Shipping Method
Visa Shipping Method: Economy Shipping

PO Number: 7023307

Product Detail CustomerPart  Order  Price Ext Statys Date Invoice &
# Qaty. (USD) (UsD)

Mouser# 594.5102M33Z5UR63KTR | 1 [ $0.11 30.11 1 Shipoed 202512014 34500380

Mir.# S102M33Z5URE3KTR
Desc.: Ceramic Disc Capacitors.3L S 1000PF 3KV 20% |
Mouser# 598-SLPX222M0B0C3P3 1 $2.77 3277 1Shipped 20252014 34509380

T W SLPX222M080C3P3
Desc.: Aluminum Electrolytic Capacitors - Snap In2200uf
80V 20% 85C

Mouser #: 667-ECQ-E2225KF 1 30.85 $0.85 1 Shipped 2252014 34509280

M. #: ECQ-E2225KF
Desc. Film Capacitors250DC 2.2uF 10% LIS =7.5mm
Mouser #: 594-S471K25Y5PNETJSR 1 30.07 $0.07 1 Shipped | 22512014 34509380

Mir. # S471K25Y5PNGTISR
Desc. Ceramic Disc Capacitors.2L S 470PF 1KV 10%
Mouser #. 594-S221K25Y5PNETKSR 1 $0.08 $0.08/ 1ZShipped 2252014 34509280

Mfr. # S221K25Y5PNG6TKSR
Desc. Coramic Disc Capacitors.2LS 220PF 1KVDC 10%
Mouser # 660-MF1/4DCT52A1001F 1 30.06 $006 1Snhipped 212512014 34509380

Mir. #: MF1/4DCTS2A1001F

Desc. Metal Film Resistors - Through Hole 1/d WATT 1K
OHM 1%

Mouser #: 660-MF1/4DCT52A1002F [ 1 | 30.08 $0.08/ 1 Shipged 212512014 34509380

MIr.# NE14DCTS2A1002F
Desc.: Metal Film Resistors - Through Hole 14 WATT 10K
OHM 1%

Mouser # 299 160K.RC 1 $0.10 $0.10. 1Shipped 2/25)2014 34509280

Mfr. # 299.160K-RC

Desc.: Carbon Film Resistors - Through Hole160Kohms
0.05

Mouser# 588-515HRO10E 1 §0.47 $0.47 1Shipeed 22512014 34500380

MIr.#  615HRD10E
Desc.: Current Sense Resistors - Through
Hole1.5watt .010hm 3%

THIS ORDER IS SUBJECT TO ALL TERMS AND CONDITIONS DISPLAYED MERCHANDISE TOTAL: $4.57
AT wrww. comisaleterms/ {ORDER TOTAL: $9.56

Figure C-10: Mouser Invoice 2

63| Page



==AVNET

=== electronics marketing

Avnet

H035/DZ0

ADDRESS SERVICE REQUESTED

BUYER

CREDIT CARD DEPARTMENT
WEB CREDIT CARD SALES
8700 S. PRICE ROAD
TEMPE AZ 85284

5400 Prairie Stone Parkway
Hoffman Estates, IL 60192

CUSTOMER # INVOICE DATE
HO35 - 9470 - 099 02/24/2014
CREDIT TELE # INVOICE #
480-794-8778 72249334

TERMS
PAID BY CREDIT CARD

SELLER:

AVNET ELECTRONICS MKTG.
1382 BLUE OAKS BLVD STE #209
ROSEVILLE CA 95678

SHIP TO:

CAMERON KIDDOO

492 FELTON WAY

SAN LUIS OBISP CA 93405

IMPORTANT INFORMATION

Did you know you can receive invoices by email? Call the Credit Tele# located above to sign up.

Avnet, Inc. Avnet Logistics Bell Microproducts Electro Air

Avnet Integrated Material Services Avnet Design Services Hamilton Hallmark

CUSTOMER PO # ORDER DATE BUYER SALES CONTROL # RELEASE #

WEB5009455 02/24/2014 CAMERON K H035-2182397

FREIGHT |VIA FOB IS # OIS # PACKING SLIP # WAYBILL

ADD. FXG OUR PLANT 9EC 000 H0507847185 085041581439200

| CUST LL | LL . QTY SHIP. | DESCRIPTION OF PRODUCTS | MFG | UNIT PRICE ] AMOUNT |
1 1 3 FGA180N33ATDTU FSC $2.075 $6.22

| SUBTOTAL | SHIPPING CHARGES | STATETAX | LOCALTAX | TOTALTAX | CURRENCY | INVOICE TOTAL |

[ $6.22 $8.00 $0.40 | $0.09 [ $0.49 USD $14.71 |

3999J29
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PLEASE REMIT TO- CUSTOMER'S ORDERS AND PURCHASES OF PRODUCTS AND SERVICES

AVNET ELECTRONICS MARKETING
BOX 70390
CHICAGO IL 60673 0390

FROM AVNET WILL BE GOVERNED BY AVNET'S TERMS AND CONDITIONS,
WHICH APPEAR ON AVNET'S QUOTATIONS, PACKING SLIPS, INVOICES

AND AT THE FOLLOWING WEB SITE: WWW.AVNET.COM.

IF AMOUNT PAID DIFFERS FROM INVOICE AMOUNT, PLEASE ATTACH DEBIT MEMO & REASON FOR DEDUCTION.

RETURN OF PRODUCT WILL NOT BE ACCEPTED UNLESS RETURN MATERIAL AUTHORIZATION # IS IDENTIFIED ON THE RETURNED PACKAGE.
Figure C-11: AVNET Invoice 1
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Appendix D - Early Design Ideas
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Figure D-1: Circuit Diagram for the Early Design of the Overvoltage Protection Circuit
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