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1. ABSTRACT

The Bluetooth enabled power supply product created was designed to provide both the user with
an efficient power supply, but add the enhancement of Bluetooth technology. The device itself
would contain all the capabilities of power supplies on the current market. However, since the
device would be interfaced through software package available on a pc or a smart phone it would
allow the user to utilize the device in a remote area. This would be a good capability if the
circuitry being tested would be in a hazardous area.
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6. BLUETOOTH-ENABLED SWITCHED-MODE POWER SUPPLY

6.1. Project Description
The project created was an enclosed variable DC switch mode bench power supply with backlit
LCD. This device is controlled via a Bluetooth connection between the device and the user
interface on either a pc or a smart phone. The power supply has the capabilities of outputting a 0
to 30 volt output with up to 1 ampere of current. It can also display the actual voltage output as
well as the current drawn both on the user interface and on the LCD display.

6.2. Product Market Description

The market where the Bluetooth enabled power supply would be utilized would be primarily the
educational and technician markets. The device is designed to be used as a testing voltage
supply for students and technicians. This device would also be available in the consumer market
for at home power supplies for hobbyist. The remote capabilities of the device allows for it to
not only be utilized on a bench, but also be used where a remote voltage supply is needed. This
could be a location that may be mechanically or electrically hazardous to the user.

6.3. Product Performance Requirements

The requirements outlined for the power supply range from efficiency requirements to electrical
requirements. The supply was created to be designed towards a 70% overall electrical
efficiency. This efficiency would be a lot greater than the general efficiency of other products on
the market. The range of the voltage output would be 0 to 30 volts with a maximum current of 1
ampere. The resolution of the supply would be down to 1 mV.

6.4. Product Standard Reqguirements

The standard requirements for the variable Bluetooth enabled power supply range from both
environmental factors and electrical factors. The standard requirement for temperature range
would be 0 — 40 degrees Celsius. The power supply is designed to be utilized indoors where
anything outside this range would be unlikely. The humidity range of the device would be
between 0 — 90 percent humidity. On the electrical side the total power consumption was
designed to be less than 70 watts.



6.5. System Design and Architecture

There are five general blocks in the Bluetooth enabled power supply ranging from the
communications, microcontroller, sensory and display, DC-DC conversion, and AC-DC
conversion. These blocks and their integration is shown in figure 7.5. The AC-DC conversion
block takes in the 120 VAC 60 Hz outlet power and converts it to 35 VDC. The DC-DC block
takes in a reference voltage from the microcontroller and outputs the related 0 — 30 volt output
for the user. The sensory and display block obtains both the voltage output and current output of
the device and communicates them to the microcontroller and displays them on the LCD display.
The microcontroller is the central link between the user interface and the device. It creates the
control voltage for the DC-DC conversion. The communications block includes the user
interface and the Bluetooth communication to the microcontroller.
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Figure 1 - Product Block Diagram



7. BLOCK 1—BLUETOOTH COMMUNICATION

7.1. Introduction/Description

The purpose of the communication bloc k is to relay commands and information between the
user interface and the microcontroller. Two technologies (Bluetooth and USB 2.0) are used for
communication for increased compatibility with interface systems.

Wireless systems are becoming more common in today’s market. In order to stay competitive
with other bench power supplies, Bluetooth communication was implemented which no other
power supply currently on the market possesses. This allows the interface to control the power
supply from up to 100 meters away. This could be beneficial in test scenarios where there is
limited access to the power supply (i.e. test chamber, near or inside running mechanical system,
etc.).

USB 2.0 was also implemented for compatibility with systems that are not Bluetooth enabled.
USB would also be more ideal in test situations that require little to no electromagnetic
interference (EMI). In this case, the onboard Bluetooth can be disabled.

The software interface will be used to set voltage and current limits on the power supply output.
The interface will also show the current voltage and current readings and also a graphical plot of
the readings over a time period. The user also has the ability to log these readings in a comma-
separated values (CSV) file. The CSV file is compatible with many 3rd party spreadsheet and
graphing software for user convenience.

Figure 2 - RN-41 Bluetooth Module



7.2. Requirements

Standard Requirements
The communications block will take up approximately 10 cm2 of PCB real estate. The nominal
input voltage to the circuit will be 3.3VDC. The max current draw of the block was estimated to
be 100mA.

The communications block will be included in the main enclosure with all other components in
the design and is intended for indoor use only. The operational ambient temperature for the block
is 0°C to 40°C. The actual max temperature of the components selected is 0°C to 85°C. The
functional humidity range of the converter is 0% to 90%.

The estimated block component cost was set to $40. Blow is a chart that summarizes the
standard requirements.

Ambient Temperature 0°C to 40°C Bluetooth IC operates within -40°C to 85°C
Relative Humidity 0-90% 3.0-3.6VDC
Input Voltage 3.3vDC 3.0-3.6VDC
PCB Allocation 10cm? Surface mount, 2-layer
Max Power Allocation 100mA
Cost Allocation $40.00
Standards See next slide
Connectors SR UL R?(/.T A
USB miniuUSB

Table 1 - Block 1 Standard Requirements

Performance Requirements
The performance requirements were decided by comparing the communication requirements of
other wireless and wired technologies. It was common to see that the communication
technologies were backwards compatible with older versions (i.e. USB 2.0 and USB1.1). Below
is the table depicting all the performance requirements:

Bluetooth Compatibility 2.1/2.0/1.2/1.1
USB Compatibility 2.0/1.1
Baud Rate 115.2kBd

Sustained SPP data rates 300Kbps




Power Output Class 1

Over air data rate 721kbps to 2.0Mbps
UART Data rates 3Mbps

Table 2 - Block 1 Performance Requirements

The power output of the Bluetooth was required to work up to 100 meters away In order to
satisfy this, a class 1 Bluetooth module was selected. The baud rate was also selected to be
115.2kBd which needed to match the microcontroller baud rate.

7.3. Implementation

Block Diagram

2.4 GHz RF I/O
33VDC o) |[ j

l

S R—
RX

USB 1/O

Figure 3 - Block 1 Block Diagram

The communication block diagram shows both communication technologies (Bluetooth and USB
2.0) and the communication to the microcontroller (Block 3). Both ICs use UART for RS-232
data transfer to the microcontroller.

The schematic for the microcontroller block is shown in Figure 3. The capacitors are used to
decouple the IC from the power source which eliminates unwanted noise on the voltage inputs
and reference pins.
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A ferrite bead is connected in series with the USB power supply to reduce EMI noise from the
FT232R and associated circuitry being radiated down the USB cable to the USB host. The
capacitors used were recommended on the datasheet of the TF232R IC.
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Figure 5 - Block 1 Detailed Block Diagram

Below is the PCB layout of the USB plug and circuit which connects to the serial port on the

microcontroller.
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The operation of the block is fairly simple. The Bluetooth and USB interface circuits connect to
the serial ports of the microcontroller. The interface circuit communicates to a 3" part device
such as a computer or smart phone. The interface software on the 3 party device graphs and
records all measurements as well as sets the voltage level and current limit.

7.4, Prototyping and Verification Testing

No hardware design verification was needed since the Bluetooth module and USB IC required
only decoupling capacitors to work. The circuit worked the first time when it was connected
which was expected for ICs of this nature and the simplicity of the circuit.

Significant testing and verification was needed on the software interface side. In order to view
the communication between the interface and the power supply, a COM viewer was
implemented in the interface that can be enabled at runtime. This is useful for seeing the all 1/O.
Below are screenshots of the interface software as well as the interface software running and
receiving input from the microcontroller. Appendix | contains the code for the main program
interface.
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Figure 8 - Dashboard Power On Test



7.5.

The table below lists the prototype parts which are the same as the production parts both utilizing
surface mount components. All components are surface mount which make mass production cost
effective and reduces the overall needed area for the components below the 10cm? required PCB

Manufacturability

area.

Generic Part
Name QTY Function Nominal Value Unit Tol% Attributes
RN-41 1 | Other
10 uf Capacitor 2 | Capacitor 10 | uF 20% | Fixed Ceramic
0.1 uf Capacitor 3 | Capacitor 0.1 | uF 20% | Fixed Ceramic
FT232RL 1 | Other IC
Ferrite EMI Chip
EMI Bead 1 | Beads 05| W
Thermistor 1 | Thermistor 0.5 | Amps
USB - B 1 | Connector
PROTYTPE PRODUCTION
Generic Part PCB Packag PCB # of Packag Placement-
Name Attach # of Pins e Attach Pins e Solder

RN-41 SMT 35 SMT 35 Fully Automatic
10 uf Capacitor SMT 2 | 0402 SMT 2 | 0402 Fully Automatic
0.1 uf Capacitor SMT 2 | 0402 SMT 2 | 0402 Fully Automatic
FT232RL SMT 28 | SSoP SMT 28 | SSoOP Fully Automatic
EMI Bead SMT 2 | 0805 SMT 2 | 0805 Fully Automatic
Thermistor SMT 2 | 0805 SMT 2 | 0805 Fully Automatic
USB - B TH 4 TH 4 Fully Automatic

Table 3 - Block 1 Parts List

Below is the bill of materials for the block. The total cost for block 1 was $27.08. This could be
reduced by buying the RN-41 Bluetooth module in bulk. It was difficult to find a volume pricing
for the module but a large decrease in price would be expected.

PRODUCTION

Generic Part Area mm”® $Cost $Cost

Name Mfg 1 Mfg 1 Part # Mfg 2 Mfg 2 Part # PCB Each Total
RN-41 Roving Networks RN-41 340 $2363 $2363
10 uf Capacitor vageo CC0805ZKY5V6BB1 EB:; ion C2012Y5V010 55 $0.02 $0.04
0.1 uf Capacitor Murata Electronics North America SFDMESRGIMOAKA Qg:;oration 4C}1005X5R1A10 0.5 $0.00 $0.01
FT232RL Inematonal g Frasr 80 $2.65 $2.65
EMI Bead Laird-Signal Integrity Products MI0805K400R-10 Eggoralion :\3/|M22012Y300 25 $004 $004

] MF-PSMFO50X-
Thermistor Bel Fuse Inc 0ZCE0050FF2E Bourns Inc. 2 3 $0.12 $0.12
897-43-004-90-

USB - B Mill-Max Manufacturing Corp. 000000 Molex Inc 67068-9000 192 $0.59 $0.59
TOTAL 620.5 27.08

Table 4 - Block 1 Production BOM




7.6. Reliability

The table below shows the reliability of the communication block.

Max Max
Rated Oper Max Max
Base | Temp | Temp Rated Oper
Component A c’ c° Voltage | Voltage
Description Qty | FITs (Tr) (Ta) (Vr) (Va) T v nE nQ Total A
RN-41 1 31 125 40 3.6 3 | 1.201 | 20.086 | 1.000 | 1.250 | 934.7056916
Capacitor 10 uF 2 1.2 85 40 10 3.3 [ 2.032 0.221 | 1.000 | 1.250 | 1.350371159
Capacitor .1 uF 3 1.2 85 40 10 3.3 [ 2.032 0.221 | 1.000 | 1.250 | 2.025556738
FT232RL 1 13.3 150 40 6 5 | 1.039 | 20.086 | 1.000 | 1.250 | 346.7950835
Ferrite Bead .5 Watt 1 2.6 150 40 60 5 [ 1.039 0.148 | 1.000 | 1.250 | 0.500268947
Thermistor .5 Amps 1 2.6 200 40 6 5 [ 0.884 | 20.086 | 1.000 | 1.250 | 57.70740673
USB-B Connector 1 35 260 40 30 5 | 0.799 0.165 | 1.000 | 1.250 | 5.781093803
Total 10 1348.865473

Table 5 - Block 1 Reliability Chart

From the reliability chart, you can see the total FIT’s for the power supply block is 1349. This
calculated to a MTBF of 84.57 years. In one warranty time, we can expect 1.2% failures from
the communications block. Even though the tool used shows poor reliability, this tool is not
exact and the actual reliability is far better than what is depicted. The software could be made

more reliable with the use of checksums in the communication packets.

7.7. Sustainability

Obsolescence Analysis

The following table shows the obsolescence analysis for the components of the communications

block. Note that there is no immediate concern for any of the components in this block.

Part y o p+250-p | p+3.50-p

RN-41 Device Type Interface 2007 8.1 17.25 25.35
Technology CMOS 2010 | 12.5 31.25 43.75
Pakcage Style | MCM 1999 5.6 3 8.6
Voltage 3.3V 1999 4.5 0.25 4.75

Part

FT232RL Device Type Interface 2001 8.1 11.25 19.35
Technology CMOS 2010 | 12.5 31.25 43.75
Pakcage Style | SSOP 1995 6.5 1.25 7.75
Voltage 3.3V 1999 4.5 0.25 4.75

Part

0.1 uF Capacitor Device Type Ceramic Capacitor | 1985 14 10 24

Part

0.1 uF Capacitor Device Type Ceramic Capacitor | 1985 14 10 24

Part

500mA Thermistor | Device Type Ceramic Resistor 1985 10 0 10

Table 6 - Block 1 Obsolescence Analysis




7.8. Safety, Legal, Environmental, Societal and Ethical Aspects

RoHS Compliance
All components chosen for the prototype and production bill of material are RoHS compliant.

EMC and safety
The Bluetooth module complies with FCC CFR47 Part 15 subclass B. The FT232R is fully
compliant with the USB 2.0 specification and has been given the USB-IF Test-ID (TID)
40680004.

Hazardous Materials
No hazardous materials are incorporated in the design.

Most common Failure Modes for Circuit resulting in Hazards
The only foreseeable failure would be due to over voltage by the 3rd party USB device. This
failure is highly unlikely as long as the 3rd party device is functioning within the required limits.
A 500mA thermistor is used to prevent over-current.

Special Warning Labels
No warnings need be added for any operation of this block.



8. BLOCK 2 —DISPLAY AND SENSORS

8.1. Intro/Description

The sensors and display block provides monitoring of the power supply’s voltage and current
output. Monitoring the output is performed by voltage and current sensors, while visual
feedback to the user is fulfilled by displaying the measured voltage and current on a liquid
crystal display (LCD). The conversion of the analog values measured by the sensors to digital
signals read by the LCD is carried out by the microcontroller.

8.2. Requirements

Standard Requirements

The voltage and current sensors take up about 9 cm? of PCB surface area. The LCD is mounted
on the face of the enclosure and only the power and data leads will take up space on the PCB.
The nominal input voltage to the LCD is 3.3VDC. The current sensor will have and input of 0-
30VDC to measure and a supply voltage of 5VDC. The voltage sensor will be powered by the 0-
30VvDC output of the power supply.

The sensors will be included in the main enclosure with the LCD exposed on the face of the
enclosure and is intended for indoor use only. The operational ambient temperature for the
sensors and display is 0°C to 40°C. The functional humidity range of the block is 0% to 90%.
Cost for the sensors and display will be approximately $17 with price breaks for 2000 units.

Performance Requirements

The sensors and display are operational when power is supplied from AC-DC conversion and the
DC-DC conversion blocks. The LCD receives its 3.3VDC + 0.2VDC power from the DC-DC
conversion block, its command signals from the microcontroller, and contrast adjustment from a
user operated rotary dial potentiometer. The LCD screen has room to display 2 rows of 16
characters.

The voltage sensor takes the power supply output voltage of 0-30VDC and scales it to an input
of 0-2VDC for the analog to digital converter (ADC) in the microcontroller. The measured step
quantity for the voltage sensor input to the ADC is 7.8mV.

The current sensor takes the power supply output current of 0-1A and converts it to an input of 0-
2VDC for the analog to digital converter (ADC) in the microcontroller. The measured step
quantity for the current sensor input to the ADC is 0.4mA.



8.3. Implementation

Block Diagram

Figure 9.1 shows a detailed block diagram of the sensors and display. It shows the inputs and
outputs of each block component in detail.

8 Parallel
Digital
Data Lines

Microcontroller

Scaled Analog
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Voltage Current
Sensor Sensor

Analog 0-32V Analog 0-1.5A

Figure 9 - Block 2 Block Diagram

Schematic

Figure 9.2 and Figure 9.4 show the schematic layout for the sensors and display. Figure 9.3
shows the functional interior design of the current sensor IC implemented in the sensors

schematic.
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Figure 10 - Voltage and Current Sensor Schematic
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Theory of Operation
Voltage Sensor

The implementation of the voltage sensor is accomplished by a simple voltage divider. A
voltage divider is placed at the output of the power supply and linearly scales the output voltage
so that it is within the range of the microcontroller 0-2V input (Figure 9.5). The sum value of the
resistors in the voltage divider is chosen to be large (~97kQ) so that they will not leach much
power from the output.
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Figure 13 - Simulation of Voltage Sensor

Current Sensor

The implementation of the current sensor is achieved by a high-side current-sense amplifier. The
Maxim 4172 is chosen because of its ability to operate independently of supply voltage and
because of its use of an exterior sense resistor. The exterior sense resistor is chosen to be small
enough (0.20€2) that it will not drop much voltage. Also, by choosing the output resistor (750 Q)

the output current of the IC can be converted to the 0-2V (Figure 9.6) input for the
microcontroller.
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Figure 14 - Simulation of Current Sensor

Display
The implementation of the LCD is attained by the ADM1602K-NSW-FBS-3.3V. This LCD has
a built in controller and driver and requires power, control signals, and an 8bit data bus from the

microcontroller. The microcontroller will output the voltage and current readings from the
sensors to the LCD for display to the user.

Design Equations

For the MAX4172 current sense 1C the following resistor values were chosen and calculated for
the desired input and output range. RSENSE was chosen to be 0.2Q to reduce voltage loss at
output. Rout = (Vout )/ (ILoap X Rsense X Gm) = 750Q.

The voltage sensor’s voltage divider total resistance was chosen to large (~97kQ) enough so that
it would not load the output. To achive the appropriate voltage scaling the following values were
chosen: Vivider = (32V)*(6k)/(90.9k+6k)=1.98V.

8.4. Prototyping and Verification Testing

Figure 9.7 shows the initial prototype assembled. The current sense IC failed to function as
desired with two separate chips. Both of the failures were most likely a result of poor assembly
techniques. The first malfunction occurred when the output pin was soldered to an open
collector output. The second failure occurred when the adapter smoked and caused all the pins
on the chip to have continuity with each other.



The voltage sensor scaled voltage properly, but it was unable to interface with the
microcontroller because of its high resistance. A solution for this problem would be to
incorporate a buffer circuit to supply the necessary current to the microcontroller.
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Figure 9.7 — Sensor Prototype

8.5. Manufacturability

Table 9.1 shows the production bill of materials (BOM) for the Sensors and Display Block. One
possible difference from this BOM is that a more commercially available LCD could be chosen.
Also many of the resistors can be replaced with surface mount components to streamline the
manufacturing process. This BOM for block 2 totals $17.07 per unit and comes in $7.93 under

the allotted $25.00.

I PRODUCTION Ti _PRODUCTION _ ) =
Generic Part Functio Nominal Uni TolAttriby PCB #of Packa Placement- Areamme $Cost $Cost
Name QTY n Value t % tes |Attach Pins Solder Mfg 1 Mfg 1 Part# PCB Each Total
LCD Volt Non Man Insert - Man
LCD 1Display 33s 6%IC PCB 16 Solder LCD-09052 $11.96 $11.96
Current Sense 1Sensor IC SMT 8S0P Fully Automatic Maxim MAX4172 8.12 8198 $1.98
Wirewd Man Insert - Huntington ALSR-1-.20-
Resistor 1Resistor 020 1%wund [TH 2Axial Auto Solder Electricnc. 1% 27.384 $S0.83 $0.83
Metal Man Insert - CMF554KS350
Resistor 1Resistor 6KQ 1%Fim [TH 2Axial Auto Solder Vishay/Dale  OFHEB 13.969 $0.10 $0.10
Metal Man Insert - CMFS5SS0KS0
Resistor 2Resistor 90.9KQ 1%Fim |TH 2Axial Auto Sclder Vishay/Dale  OFHEB 13.969 $0.10 $0.20
10Variabl Man Insert - PTRS01-
Potentiometer 1Resistor 20K %e TH 5 Auto Solder Bourns 1015F-B203 127.3 $1.89 $1.89
Metal Man Insert - CMF55750R0
TH

Resistor 1Resistor 75000  1%Film 2Axial Auto Solder Vishay/Dale  OFHEB 13.969  S0.10 S0.10
I! otals Totals Totals 204711 1 7.07|

Figure 15 - Block 2 BOM




8.6. Reliability

Figure 9.8 shows the reliability calculations for the sensors and display block. The total amount
of FITs calculated for this block is 309.53 FITs. The overall warranty for the product is figured
to be 3 months.

Component Description| oy B;Fre: T:n:: mn o= c{.:;vpr;aremp vn{:tpsmﬁ‘:} vﬂﬁ;pﬁfa;
LCD 1 206 70 40 7l
CurrentSenselC 1 50 85 40 36

Resistor 0.20 1 0.2 125 40 22

Fesistor 750 1 0.2 125 40 19.4

Fesisto 10.0k 1 0.2 125 40 70

Fesistor 90.9k 2] 0.2 125 40 213
Potentiometer 20K 1 125 40

Figure 16 - Block 2 Reliability Analysis

8.7. Sustainability

Figure 9.9 shows the obsolescence analysis for the individual components of the sensors and
display block. None of the components have reached a period of obsolescence. This is a
good outlook for current production, but some of the components could benefit from an
update.

ADM1602K-NSW-FBS|Device Type  |LCD 2012 6 17 23
Part
MAX4172 Device Type Sensor 2001 6 6 12
Part
0.2 Ohm Resistor Device Type Other RL.C's 1985 10 0 10
Part
750 Ohm Resistor Device Type Metal Film Resistor 1990 12 10 22
Part
6 kOhm Resistor Device Type Metal Film Resistor 1990 12 10 22
Part
90.9 kOhm Resistor  [Device Type Metal Film Resistor 1990 12 10 22
Part
20 kOhm Potentiometer[Device Type Other R L.C's 1985 10 0 10

Figure 17 - Block 2 Obsolescence Analysis



8.8. Safety, Legal, Environmental, Societal and Ethical Aspects

Hazardous Material

All components utilized in the design are RoHS compliant and therefore contain no more than
the maximum allowable amount of hazardous material. The solder used in the prototype design
however, may contain small amounts of lead.



9. BLOCK3—-MICROCONTROLLER

9.1. Introduction/Description
The microcontroller block is the high level logic within the power supply device. The
communication and control of the device is derived within the microcontroller. The main
component of this block is the microcontroller itself, a dsPIC33FJ128MC804 model from
Microchip. Decoupling capacitors and pull-up resistors provide the peripheral components
around the microcontroller. The overall block diagram with the microcontroller block
highlighted is shown in Figure 18.
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Figure 18 - Overall Block Diagram

In addition to the microcontroller there is an amplification circuit that is used to provide the
needed voltage control signal to the variable voltage circuitry. This additional circuit was
needed to optimize the full capabilities of the analog output range of the microcontroller as will
be discussed further in this report.

The functions of the microcontroller block range from: a universal asynchronous receiver
transmitter, UART, serial interface from the Bluetooth system, an analog to digital converter,
ADC, for analog feedback, a parallel master port, PMP, for digital display, and a digital to
analog converter, DAC for analog control. Each of these components provide the
interconnections to the workings of the device.



9.2. Requirements

A list of standard requirements for the microcontroller block is produced in order to ensure the
parts used would meet the functions required by the block. In going through the communication
and links between the blocks of the power supply, as well as, the individual parts within the
microcontroller block the standard requirements were obtained and listed in the Table 7.

When deriving the standard requirements for the block a few types of characteristics need to be
considered. These characteristics range from natural parameters, such as temperature, to
electrical parameters, such as input voltage. The cost allocation, safety, connection and power
are also specified in the standard requirements.

Parameter Value Additional Information

Ambient Temperature 0°C to 60°C Storaae limitations of -80°C to 125°C

Relative Humidity 0-90% Intended for indoor use

Input Voltaae 3.0-3.6 VDC Nominal 3.3 V

Input Current 250 mA Max Total input current consumption max

PCB Allocation B 5.0cm Lona x 5.0cm Wide; 2-laver

Max Power Allocation 1w 3.3V, 250 mA continuous > 1W

Cost Allocation $10.17 Programmer and programming circuitrv not included
Safety Internal Software limitations of output current

Connectors PCB/Wire PCB with aeneral communication as well as wired to LCD

Table 7 - Block 3 Standard Requirements

More in the line of the function of the microcontroller block in relation to its integration with
other blocks would be the performance requirements. The performance requirements act as a
way to specify the needed output, inputs, and performance of the device. These requirements
can help in the selection of the devices that are needed, the tolerances that should be used, and
the overall design of the block.

In the case of the microcontroller block the performance requirements that were determined to be
had were fairly versatile. Communication requirements, such as the baud rate capabilities of the
device were determined. Analog requirements for the accuracy of the voltages both sent out to
the control circuitry and read into the device were also determined. Speed, range, and
capabilities were all factors in the determination of the performance requirements.



Parameter Value ‘ Additional Information

ADC Accuracy +/- 14 mV Over a 30 V ranae scaled down for measurement
DAC Accuracy +/- 14 mV Over a 30 V ranae scaled down for measurement
Serial 115200 pps Desianed performance determination

Parallel 11 DO lines Displavs voltage and current measurements to an LCD
Analoa Response Speed | 10 sps Ontimal data acauisition speed needed

Table 8 - Block 3 Performance Requirements

9.3. Implementation

The microcontroller block is the central unit in the power supply device. It contains the logic
and communication for implementation. Serial communication, analog inputs, analog outputs,
and parallel digital outputs make up the signals surrounding the microcontroller. A block
diagram of the microcontroller block is shown in Figure 19.
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Figure 19 - Block 3 Block Diagram

The overall logic implementation within the microcontroller is shown in Figure 20. It contains
high priority and low priority loops within the main program. The communication loop has the
highest priority. This is due to the fact that it has the most safety implications regarding the
output voltage applied at the device. If the analog input loop were to fail it would be safer than if
the communication loop failed.
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Figure 20 - Microcontroller Logic

The program first has to set up the pins utilized and the software specifications within the
communication, analog inputs, analog outputs, digital inputs, and digital outputs. The
communication was set to have a baud rate of 115200 pulses per second. Additionally, the
mapping of the appropriate pins is done to start the program. These aspects can be seen in the
code within the appendices.

The communication loop works by first looking within the input buffer in order to determine
whether a communication transaction has taken place. If there is data within the input buffer the
program then looks to see whether the data represents the start byte. If in fact the data in the
buffer fits the data packet format expected, the rest of the bytes are decoded and the appropriate
values are updated. The reference voltage and maximum current values are updated and
executed. A sample of the data packet transmitted and received is shown below:

&&,Set,S1,15.123,1.123,**
&&,Cal,S1,V,15.456,**
%%,51,15.123,1.123,**

The first two lines of code shown show the set voltage data packet and the calibration data
packet. The set voltage data packet is broken down into the start bytes ‘&&’, the set command
‘Set’, the device number ‘S1°, the set voltage *15.123°, the maximum set current ‘1.123’, and the
end bytes “**’. All the information is separated by a ‘,”. The calibration data packet is broken



down into a similar fashion but where the “V’ indicates a calibration on the voltage and the
’15.456” represents the actual voltage read. The program then needs to compare the actual
voltage read and the voltage commanded and create an offset.

After there has been a successful reception of data into the microcontroller from the user
interface, the program then executes the command. If there was an update to the output voltage
needed, the microcontroller will update the voltage. If there was a change in the calibration of
the microcontroller voltage data, the program will save the calibration changes.

The analog input voltages that represent both the voltage at the output of the device and the
current provided at the output of the device is read in a lower priority loop than the
communication sequence. When the analog voltages are read their variables are updated for
transmission. Transmission occurs at a rate of 2 hertz. All the code can be found in the
appendices.

The schematic for the microcontroller block is shown in Figure 21. It shows the microcontroller
is the main part within the block. Decoupling capacitors and a pull-up resistor make up the other
components of the block. The decoupling capacitors are used to eliminate unwanted noise on the
voltage inputs and reference pins. The analog signals and digital signals both read and written to
the microcontroller are shown as well. The output analog control signal from the microcontroller
is amplified to the 0 — 3 voltage reference needed by the control circuit.
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Figure 21 - Microcontroller Schematic



The signals interfaced to the microcontroller range from power, analog, and digital.
signals can be seen in Table 9.

These

Each signal falls within the required range of both the

microcontroller inputs and outputs, as well as, the range of inputs and outputs of the
corresponding components within the power supply device.

Digital 1 — Bluetooth

Serial Bus (9 Bytes)

1 Digital Bidir Bluetooth 3.3V
Communication
Digital 2 - LCD Display 2 Digital | Output Wire 33V
(Bit7 — Bit0)
Digital 4 — Universal 1 Digital | Bidir USB 33V

Reference Voltage

Analoa 1 — Input Voltaage 5.2 Analog Input PCB Trace Direct 20V
Analoa 2 — Input Current 5.2 Analoa Input PCB Trace Direct 20V
Analog 3 - Output 5 Analog | Output Wire Direct 3.0V

9.4.

Table 9 - Microcontroller Inputs/Outputs

Prototyping and Verification Testing

The prototyping techniques available for the microcontroller block could have varied a lot.
However, the process that was chosen was based around an initial breakout board created
specifically for the dsPIC microcontroller. This breakout board allowed for easy access to all the
pins available on the microcontroller. A general circuit board was used to solder additional
components in place. Connections could easily then be made between separate components with

wires. If there was something that needed to be adjusted it could have been easily.

The reason we decided to prototype the microcontroller this was derived from two major factors.
Reliability of the connections, when there starts to become a lot, was a big factor in deciding to
have a soldered type connection available for the microcontroller block. Another aspect of the
reliability was to minimize the added impedance that would have been involved with a
breadboard. Additionally, since the microcontroller is very versatile, it was needed to have a




prototyping capability to make changes to the connections used in order to evolve the design as
new components arose.

There were a few basic factors that needed to be tested and verified that can be seen in Table 10.
These factors included the accuracy of the analog input and output drivers, the communication
validation from the Bluetooth serial communication, and the overall response time of these
actions. These types of tests allowed for the verification of the block requirements.

Parameter Value Verification Plan
ADC Accuracy +/- 14 mV Verify converted value against a voltmeter reading
DAC Accuracy +/- 14 mV Verify Implemented value against a voltmeter reading
Serial 115200 pps Test communication with a Com. Port Program at given baud rate
Analog Response Speed 10 sps Verify voltage change through communication

Table 10 - Block 3 Verification Plan

Besides block requirements, other testing needed to be done. There were three separate tests that
were performed in order to ensure the block was functioning properly. Tests on the
communication, analog output, and analog input were done in increments in order to meet the
functionality and protocol used by the device.

The first testing that was done was on the communication link. This testing included a pc com
port link to the microcontroller to communicate serially. A readily available com port testing
software package was utilized to test this communication (ComTest B&B Electronics).

The specific test that was done regarding the communication was first installing a loopback
program on the microcontroller. The basis of this program was to send the microcontroller some
data and have the microcontroller send the same data back. This would prove that the baud rate,
connections, and protocol were matching between the pc and the microcontroller. The results of
the test can be seen in Figure 22.




W COM4 115200, None, 8, 1 (=][c3

ransmitted Chars: acrifjrTy
comtestpacket
Received Chars: acTIiffiTy
comtestpacket
- = = = =
DTR | RTS DSR |NCTS [IDCD

Figure 22 - Communication Test 1

After the connection between the microcontroller and the pc was proven to be working it was
needed to have the microcontroller perform some logic upon the request of the pc. Here a data
packet was sent serially to the microcontroller and the microcontroller was able to analyze the
packet and send a verification packet back or a packet showing failure seen in Figure 23. This
showed the microcontroller's capabilities to effectively not only communicate, but differ the
components within the data packet.

N COM4 115200, None, 8, 1 (=13
ransmitted Chars: acTiffiTy
dataldatal
Received Chars: actifjiTy
datal,l0data2, 20
(]  m— [ {— {—
DIR | RIS DSR |cTs [ipcD

Figure 23 - Communication Test 2

After this capability was established the microcontroller was then tested to perform the
communication encoding and decoding of the actual packets for the product. The
communication testing and results are shown in Figure 24. These results show that the
microcontroller was successfully able to communicate to the pc through a previously established
com port software package (ComTest, B&B Electronics).
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Figure 24 - Communication Test 3

After the proper communication was established the analog output voltage was needed to be
tested. This analog output voltage, as described before, is utilized as a reference and control for
the DC variable supply. The signal needed to be provided ranges from 0 — 3V. Testing of the
output voltage simply contained driving zero volts, the max voltage, and a few ranges in
between. After the voltage was outputted a voltmeter was used to measure the range in order to
prove its capabilities. These measurements are shown in Figure 24 where the actual
measurement was 1.52 volts corresponding to the 1.500 volts commanded.

Additionally, the microcontroller needed to provide the capabilities of reading in a voltage. This
voltage would then be digitized by the analog to digital converter and transmitted back to the pc.
The digital reading sent back to the pc was calculated with its corresponding input voltage and
referenced against the input voltage originally supplied by a variable voltage supply. The results
of this test can also be seen in Figure 24.

9.5. Manufacturability

The actual designed products manufacturing would be done on a printed circuit board. This
printed circuit board would be specifically designed for the parts and size utilized in the
microcontroller block. All components utilized in the microcontroller block are surface mount
components. This would allow ease of placement on a two sided printed circuit board and
automatic soldering. All components would be placed on one side of the board to ease the
soldering process.

Upon the manufacturing of the printed circuit board and the installation of the components a few
additional tests would be done in order to verify the reliability of the process used in



manufacturing. These tests would include x-ray inspection of the solder joints, in circuit test of
the connections, and function tests of the various capabilities of the microcontroller block and
the entire power supply.

9.6. Reliability

The reliability of the block is a major contributor to the overall reliability of the product. If the
block has a low reliability, the product would not be able to be used or warranted for a
reasonable length, both for the consumer and the manufacturer. Reliability estimates with the
microcontroller block were done, similar to the reliability estimates within the other blocks. The
reliability numbers can be seen in Table 11.

Max Max Max Max
Base| Rated | Oper | Rated | Oper
FITs [Temp C |Temp C | Voltage | Voltage
(Tr) (Ta) (Vr) (Va)

Component Description |Qty T Vv nE | ©Q | TotalA

dsPIC33FJ128MC804

Microcontroller 1 31 85 40 3.6 3] 2.032/20.086| 1.000| 1.250[1581.866
AD623 Op Amp 1 31 85 40 12 3.3]2.032] 0.198| 1.000| 1.250/15.57506
0.1 uF Capacitor 5 1.2 85 40 10 3.3 2.032] 0.221 1.000] 1.250|3.375928
5.7 Ohm Resistor 1 0.2 125 40 15 3.3] 1.201] 0.179 1.000] 1.250/0.053872

20 Ohm Resistor 1 0.2 85 40 10 3.3/ 2.032] 0.221 1.000] 1.250]0.112531

Total 9 1601
Table 11 - Microcontroller Reliability

After analyzing the data from the reliability calculations it was determined that the
microcontroller block itself would only have one percent failures after nine months of operation.
This result is significantly lower than the overall failure rate of the power supply device. Having
the microcontroller block as a more reliable part of the device allows for other blocks containing
parts with greater chances of failure to be used while still maximizing the reliability of the power

supply.

9.7. Sustainability

Not only does the parts used within the block need to be available for the initial build, they must
also be available in the future as more products are produced and additional parts get replaced.
In order to determine the sustainability of the product some educated estimates of individual part
sustainability can be utilized. These results are listed in Table 12.



dsPIC33FJ128MC804 Device Type |16/32 Bit Microprocessor 1994.5 7 2 9
Technology |CMOS 2010 12.5 31.25 43.75
Pakcage Style |QFP 1998.5 4.2 -1 3.2
\Voltage 3.3V 1999 4.5 0.25 4.75

|Part

5.1 Kohm Resistor Device Type [Carbon Resistor 1985 8.5 -3.75 4.75

|Part

0.1 uF Capacitor Device Type |Ceramic Capacitor 1985 14 10 24

|Part

20 Kohm Resistor Device Type |Carbon Resistor 1985 8.5 -3.75 4.75

|Part

IAD623 Device Type |Amplifier 2004.5 8.3 15.25 23.55
Technology |BiPolar 1975 12.5 -3.75 8.75
Package Style |[SOP 1995 6.5 1.25 7.75

Table 12 - Microcontroller Sustainability Analysis

With the numbers shown in Table 12 it shows that many of the components will be around for
years to come. The only part that may have difficulties is the package style of the
microcontroller. However, this is a new microcontroller on the market from a company that has
been providing microcontrollers for years. With this being said, it is also possible to obtain the
same microcontroller in a different package. Also, though the package type may change, the
functionality of the microcontroller has the newest features and well suites the need.

9.8. Safety, Leqgal, Environmental, Societal and Ethical Aspects

The main safety functionality of the power supply comes from the microcontroller block. The
microcontroller is able to cut off the voltage supply if the output reaches a maximum current
rating. This current rating can be programmed by the user to not only protect themselves from
the device, but to protect their tested circuitry as well. This feature also allows for the user to
turn off the power supply if a problem occurs from the remote distance of their computer.



10. BrLock4—-AC-DC CONVERSION

10.1. Intro/Description

The AC-DC conversion block serves as the main power supply for the design. The AC-DC
conversion is to supply a regulated +35 VDC output to the DC-DC conversion block. This will
receive power from a 120 VAC wall outlet. When plugged in the AC signal will first pass
through a common EMI Filter to eliminate electromagnetic impulses sometimes found on power
lines and given off by switching regulators. Next, the 120VAC signal will be stepped down
through use of a transformer, and then rectified by a full bridge rectifier. Lastly the circuit will be
regulated through the use of a switching regulator set up in a buck converter configuration.

10.2. Requirements

Standard Requirements
The AC-DC conversion block will take up approximately 180 cm? of PCB real estate. The
nominal input voltage to the circuit will be 120VAC at a frequency of 60Hz. The output voltage
will be regulated at 35VDC with an output current limited to 2.5 A

The AC-DC conversion block will be included in the main enclosure with all other components
in the design and is intended for indoor use only. The operational ambient temperature for the
AC-DC converter is 0°C to 60°C. The Storage temperature for the AC-DC converter is -20°C to
80°C. The functional humidity range of the converter is 0% to 90%.

The total cost of the AC-DC converter will be approximately $60. This cost could likely be
reduced with a much larger order than 2000 units.

Performance Requirements

The operation of the AC-DC converter is a user controlled on/off switch at the front of the unit.
The nominal input AC voltage is 120 Vrms With a tolerance of +10%/-15% (102V-132V). The
nominal input frequency is 60Hz with a tolerance of +5Hz. The output of the AC-DC converter
is +35 VDC with a tolerance of £5% (33.25-36.75 VDC). Safety features implemented in the
AC-DC conversion block include fuse protection on the primary side of the transformer at a 1A
max current. On the secondary side of the transformer, the voltage regulator implements an
externally set, internally controlled current limiter that cuts power over 2.5A. The AC-DC
converter will be controlled via an on/off switch wired immediately following the power cord
into the enclosure.



10.3. Implementation

Block Diagram
The figure below is the block diagram for the AC-DC conversion. On the primary side of the
design is the 120 VAC input, the fuse protection, and the electromagnetic impulse filtering. On
the secondary side of the circuit is the AC to DC rectification and the Buck converter which also

filters the rectified voltage so the input ripple to the voltage regulator is small. The output of
35VDC comes directly after the buck converter.

102-132
\"t\C N o s
[———3
35
VDC
0.012-2.5
ADC
Figure 25 - Block 4 Block Diagram
Schematic
The figure below shows the production AC-DC conversion design.
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Figure 26 - Block 4 Detailed Block Diagram

Theory of Operation
The AC-DC conversion block will receive a nominal input voltage of 120 VAC from a typical
wall outlet. On the Primary side of the Transformer is a simple EMI filter. Electromagnetic
impulses (EMI) are high frequency signals that can occur on input power lines and are also given
off by switching components in a system. The EMI filter is an important part of the design



especially in areas where power is not well regulated. The filter rids the circuit of unwanted
noise leaving the user with a solid 120 VAC signal. Directly at the input there are three
components, a 160kQ resistor, a 0.82uF capacitor, and a common-mode choke. The resistor at
the input is to help drain the capacitors when the circuit is shut off. The reason for such a large
resistor is because when the circuit is on, the resistor is basically “invisible” to the system as it
draws less than 1mA of current. The capacitor at the input is a “box-type” film capacitor; it is
specifically designed for EMI suppression. The common mode choke has a 5.8 mH inductance; it
is another device that is specifically designed for EMI suppression. Common mode chokes allow
differential current to pass through while blocking common mode currents. After the common
mode choke are two 0.0022pF capacitors, which are similar versions of the 0.82 uF capacitor
described earlier. One of these capacitors is attached from the line voltage to earth ground, the
other is attached from neutral to earth ground. These capacitors filter the differential mode signal
that occurs on the individual lines. After the differential mode filtering capacitors is another 0.82
MF capacitor along with a large inductor for the final stage of high frequency filtering.

After the EMI filtering is a simple step down transformer. This transformer takes in the filtered
120 VAC at 60Hz and steps it down to 40 VAC also at a frequency of 60 Hz. The 40 VAC signal
is then rectified through a full bridge rectifier making it an unregulated 40 VDC signal. In the
schematic above, the rectifier is shown as a set of 4 standard diodes with 2 in series, in parallel
with the other 2 in series. This output gives the waveform shown below.

Vireatitind

Figure 27 - Rectifier Simulation



After the voltage is rectified it comes into contact with a 5000 pF reservoir capacitor. This
capacitor is used to steady the DC voltage to have a more linear waveform. This capacitor
removes a large portion of the ripple voltage in a rectified system, it will also maintain the
desired voltage level when there are voltage dips in the power line. The waveform will be similar
to the figure shown below.

Figure 28 - Switching Regulator Input Voltage Simulation

The last stage of the AC-DC conversion block is the buck converter. At the heart of the buck
regulator is the LT1074HV step-down switching regulator. Using this regulator in conjunction
with the application note a complete buck converter was made. The regulator is capable of input
voltages up to +60 VDC and output of up to +50 VDC. An LT1074HV operates at a frequency
up to 100 kHz and is capable of both continuous and discontinuous modes. The particular
configuration used in this system runs in continuous mode, meaning the regulator is constantly
switching. The output voltage is controlled with a voltage divider at the output consisting of a
32.8 kQ resistor and a 2.2 kQ resistor, which is then connected to the feedback pin of the
regulator. The output current of the converter is limited at the I ;m pin using another voltage
divider and a diode, the calculations for which are in the design equations section. At the output
of the buck converter are an inductor and a capacitor, these devices are used to control the output
voltage ripple and current. The application note for LT1074HV provided recommended values
for both components, the equivalent series resistance of the capacitor was calculated though.
Finally, the diode shown before the inductor on the output which is also connected to ground is a
MBR745 Schottky power diode. The function of this diode is to provide a current path for the



inductor when the LT1074 switch is turned off. At the output of this buck converter will be a
regulated +35VDC as shown in the figure below.

Vinhna)

Figure 29 - Production Output Voltage

Design Equations
In designing the EMI filter there wasn’t much calculation, this is a very typical configuration.
The basic layout of the EMI filter was taken from one of the application sheets from the common
mode choke. The values of capacitors and inductor were chosen using software from a website
called poweresim. The Resistor mentioned in the “Theory of Operation™ section draws a very
small current when the circuit is on as shown below.

1%
Iy = = 0.00075 A
R+ ™ 160k0

After getting the components for the EMI filter chosen the first important calculation was in
determining the transformer turns ratio to get the proper secondary voltage. This came out to be a
3 to 1 ratio for a 40 VAC output.

%

99T — 0.334 Turns

Vin

To keep the output of +35VDC +5% the input ripple voltage for the regulator must also
conform to these standards, this allows for a peak to peak ripple of 3.5 volts. In order to keep this

ripple under control a calculation must be done to ensure a large enough capacitor is chosen.

NSecondary = NPrimary
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T @ frC)

It is clear that the chosen 5000 pF capacitor meets and exceeds the voltage ripple requirements.

AV = ZVP—P

The rest of the calculations for the AC-DC converter involve many variables, instead of
displaying the exact value for every equation they can be referenced in the table below.

Variable Value Unit
V AC nam 120 VAC
VA(‘, min 102 VAC
VA(‘, max 132 VAC
FI nom 60 Hz
F' min 57 Hz
I:I max. 63 HZ
VIN nom 40 VDC
Vour 35 VDC
POlJT nom 70 W
POlJT min O W
POlJT max 90 W
f'iwin‘.hinn 100 kHZ
lour 2 A
R, 2210 Q
R3 2700 Q
G 0.01 uF
Catch Diode (MBR745)
Vs 0.5 VDC
L 0.1 uS
LT1074HV
Vsw 2 VDC
Vi’ 38 VDC
VOlJT’ 355 VDC
Cs\/\/ 80 DF
Iy 5.5 A
tsw 56 nS
Vree 2.21 VDC
I v 25 A
Rer 5000 Q
Input Capacitor C,
Cs 5000 uF
ESR 0.01 Q
Output Capacitor C,
C 500 uF
ESR 0.01 Q
Output Inductor
L [ 5 [ uH

Table 13 - Block 4 Component List

Since this AC-DC converter is utilizing a switching style, it is important to know what the duty
cycle of the chip will be. The duty cycle tells us in a percentage of time how often the switch in
the circuit is on.



_ Vour + Vr)
Viv = Vsw)

It is also imperative that the critical output current is calculated, this current determines when the
regulator switches from continuous to discontinuous mode.

Vour * Vin — Vour)
2+ Viy* f*L

DC = 93.42%

= 0.234 4

Io UT(CRIT) —

The next important current calculation is the maximum possible output current in continuous
mode, which is the mode this system runs in. This calculation is not valid once the current limit
is set in later equations.

Vour * (Vin — Vour)
Tour(max)y = Im — Y = 5.0625 4

Another very important factor to consider is the amount of power that will be dissipated within
the regulator.

Pirio74nv = Vin[7mA x 5mA « DC + 2loyr * tey * f1]
+ DC[IOUT(1'8V) + 0.1 (IOUT)Z] == 5.1 W

Using the MBR745 diode it is important to find what the power dissipated through this diode
will be when the regulator is in the off state.

Vin =V,
PDl :IOUT*( INV OUT)*Vf =0125W

IN

Although the voltage ripple of the input capacitor was already calculated earlier in this section,
this is not the only factor that affects the regulator. The capacitor must be large enough to avoid
overheating created by its ESR and the AC RMS value of converter input current.

Vour Vin — Vour)
IAC,RMS = lour = 0.66 A

Vin)?

Pes = (Iacrms)® * (ESR) = 0.0044 W

The output capacitor is another important component; it filters out the switching signal so that
the output voltage is a constant signal. At a value of 500 uF recommended via the LT1074HV
application note this capacitor provides plenty of filtering. The allowable voltage ripple which is
controlled by the ESR of the capacitor, limits the “smoothness” of the output signal. The current



ripple controlled by the output inductor and the frequency of the regulator must not exceed the
maximum ripple current allowed by the output capacitor, found on the datasheet to be 1.92 A.

(ESR) (Vour)(1 = 00T/, )

= = 0. 7
Voo G 0.00875 V
%
0.29(Vour)(1 = "UT/y )
IRMS,ripple = L1xf = 0.254 A

The output voltage, as explained earlier, is controlled via a voltage divider with the division
connected to the I pin of the regulator. Resistor R, has been predetermined per the LT1074HV
datasheet to be 2.21kQ. Resistor R; is set via the following equation.

— RZ(VOUT - VREF)

R1
VREFR

=328k

It is important that the output current of the production converter have a set current limit. This is
imperative to keep the regulator from providing current higher than 2.5 A. This current is set
similar to the output voltage; Reg is predetermined per the LT1074HV datasheet to be 5 kQ. The
current limit resistance is calculated as follows.

RLIM = ILIM(Zk ) + 1k == 6 k

All of these calculations and values lead up to one question. How efficient is this topology?
Although the answer is very surprising, switch mode power supplies are very power efficient;
this is the biggest advantage over linear power regulation.

I %
E= out * Your

= = 89.38%
Loyt * Vour + 2P,

Key Component Selection
The key components in the AC-DC conversion block include EMI filter capacitors, the step
down transformer, and the voltage regulator. In choosing the correct capacitors for the EMI filter
there are a few considerations. First consideration is that the capacitor is specifically made for
EMI suppression; it will likely have a small capacitance. Another consideration is if the capacitor
is able to handle the AC voltage that will be applied to it

In choosing the transformer the factors to take into consideration were the voltage output, the
size, EMI, and efficiency. After choosing the switching regulator, the voltage at the output of the
transformer could be chosen. The input of the regulator can handle a maximum of 60 VDC, this
is not to be exceeded. Since the topology is a buck converter with a 35 VDC output, the choice



of input voltage needs to be higher than the output. This leaves the obvious choice of a perfect 3
to 1 ratio of primary to secondary windings with output of 40VAC. The chosen transformer also
has a low profile to fit in a flat enclosure, low EMI emission to keep out noise, and high
efficiency to keep heat losses to a minimum.

The final key component is the voltage regulator. The regulator chosen is an LT1074HV, it is a
switching regulator useful for high voltage applications. The regulator can take an input voltage
of up to 60VDC and provide an output of up to 50VDC at 5.5A continuously. This regulator also
included an application note to aid in the calculation and layout of the buck converter. Aside
from performance specifications, this is also a part from linear technology which makes it much
easier to get an accurate simulation, thus making design much simpler.

Interconnection Elements
In production the components of the AC-DC converter will be connected via traces on a printed
circuit board. The only components wired directly to the circuit board would be the wires from
the on/off switch, as well as the individual wires from the plug.

DFM
A worst case analysis or DFM analysis is an important consideration when designing a system.
In the case of the AC-DC converter there are only a few things to consider. The first would be
the current limit of the output; the second would be the output voltage. If the limiting resistor
Riim in the current limit circuit is at its highest value at 6kQ +5% (6.3k€2) then the current limit
will be higher than the required 2.5 A which can be a major cause for concern and can cause
other circuits in the design to fail.

Rpm—1k .

ILIM == % == 265 A llmlt
If the resistor controlling the output voltage of the circuit R; is at its lowest value 32.8kQ -5%
(31.16kQ) then the output voltage will be lower than the required 35 VDC. This can also cause
problems within the system, it may not allow other blocks in the system to function, and a low

voltage will not ruin any other components though.

R1 * V) + (R2 %V,
Vour = ( REF)R 2( ReF) _ 3337 Volts

Safety — EMC Standards
The main test needed for the AC-DC conversion block is an electrostatic discharge (ESD)
immunity test. The reason for this is because a consumer could potentially open the enclosure of
the unit and touch the components. The consumer needs to be assured that they won’t get a shock



from the AC-DC converter or be informed that they may receive an electrical shock if the
enclosure is opened.

10.4. Prototyping and Verification Testing

The prototype of the AC-DC converter is built on a proto board as a means of mounting. The
interconnections between components are a mix of soldered wires and solder traces depending
on the length of the run. The AC-DC conversion block will be mounted in an aluminum
enclosure along with another proto board consisting of the rest of the blocks in the design. The
figure below is a picture of the bottom of the prototype block.
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This following figure is a picture of the top of the prototype AC-DC converter.
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Figure 30 - Block 5 Prototype

The prototype bill of material for the AC-DC converter is as follows:
Fuse: Qty. =1x 1A
Step down Transformer: Qty. 1
Full Bridge Rectifier: Qty. 1
Common Mode Choke: Qty. 1
Heat Sink: Qty. 1
Voltage Regulator: Qty. 1
Schottky Diode: Qty. 1
Capacitors: Qty. 7

o 2x0.82puF

e 2x0.0022 pF
e 1x3300 puF

e 1x0.01pF

e 1x470pF



Inductors: Qty. 2

e 1x60uH
e 1x50pH

Resistors: Qty. 4

o 1x160kQ
o 1x27kQ
o 1x22kQ
e 1x32.8kQ

Simulation Results
The following simulations were conducted in LTSPICE using the following schematic.
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Figure 31 - Block 4 Prototype Detailed Schematic

The first simulated figure shows the AC voltage directly after the step down transformer. The
peak AC voltage is 40 VAC as expected.




Figure 32 - Transformed AC Voltage

The simulated figure below shows the voltage and voltage ripple at the input of the voltage
regulator. The peak of the voltage ripple is at about 38 volts and the ripple is approximately 1
volt peak to peak.
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Figure 33 - Switching Regulator Input Voltage

The final simulated figure shows the voltage output after regulation and filtering. The output
voltage seen is closer to 36 VDC than 35 but the ripple is very small and well regulated.



Visaeay

Figure 34 - Prototype Output Voltage

Prototype and Bench Test Results
Due to unforeseen issues we were not able to produce a final output voltage. The LT1074HV

regulator used, shorted across the switching pin and the V¢ pin during a final test causing it to
open circuit within. Before the short in the circuit occurred the output was giving a solid 36
volts. Unfortunately before the failure happened a reading was not obtained as it failed shortly
after being powered by a 40 VDC power supply. Getting a new regulator in time for presentation
was, unfortunately, not feasible. There is one reading we were able to get for proof that it
partially worked. After the signal has been rectified the following signal was obtained.

& 00s 5000/ Ao § @ 384V

g 200w g
Avgi2 |No signal . | Avg(l ) 42 30V | Pk-Pkil ) 71 8V ]
Source «2) Select: Measure Clear Thresholds
1 Pk-Pk Pk-Px Meas ~

Figure 35 - Verified Rectified Voltage



Another problem became apparent when taking this reading. The issue here is that although
this average of 42.9 volts is close to what we were looking for the peak to peak of 71.9 volts
is a big issue. This was an oversight in design, when calculating the transformer needed, the
RMS voltage was the only voltage taken into consideration. In reality the peak value should
have been used for calculations, the reason being that the reservoir capacitors will charge to
the maximum value and not the RMS value.

For presentation the transformer was re-wired so that only one of the set of output pins was
wired to the output. The original configuration called for the four secondary pins to be wired
in series to give the 40 VDCrms. The demonstration configuration gives an unregulated 20
VDCrms With a peak voltage of 33.9 volts. With this output, the 5 VDC regulator is able to
be powered which also provides power to the 3.3 VDC regulator. With these two regulators
powered the lower voltage blocks in this project are able to be demonstrated. The following
figure is the output voltage for presentation.

i s5.00v/ l - 00s 2008/ Auto § [ 180V
Avgi2 :No signal | Avgi{l i 20578V , | Pk-PK(1): 33.9V |
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Figure 36 - Presentation AC-DC Output Voltage



10.5. Manufacturability

In the table below is the production bill of material. All of the components in the production
BOM are the same in the prototype bill of material with a few exceptions. The first is that instead
of a 4700 pF input capacitor there is a 3400 pF capacitor as this was a last minute change with
minimal time to obtain this size capacitor. The other exceptions are the fact that the prototype
materials are all through hole and they have all been hand placed and soldered. The final
difference between the production and prototype bills is that the prototype AC-DC converter
does not include the current limit resistors and diode. The reason for this is that the prototype
regulator is only a 5 pin version of the LT1074HV which does not include the current limit pin.
Other than these few differences the values are all the same. The total price for the production
bill of material comes to $52.88 USD which is under the allotted $60 limit.
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Table 14- Block 4 Bill of Materials



10.6. Reliability

The table below shows the calculated reliability of the AC-DC converter

Do b Mas Nated Maz Oper Mar ared M Oper ’

Component Description | Gw | Fits [ Tewe € (1) | Fowg C [Tl | Vohage (V1) | Yubtage (Va) | U1 v e o | Ted
Resistor 1 ¥l 155 a0 @J T3 2.500]_1.250
Resistor 1 2 15 40 200 37 2500] 1250
'Resistor 1 2 1 40 200 37 2500] 1250
Registor 1 21 155 40 400 5 500 1.250
'Reaistor 1 ii 155 40 zgu_} 5 2500|1260
Resistor 2 14»31 40 0 5 2500 1250
Capaciot 120:; 1 q 49 35 2500] 1250
|Capacitor 12 110 40 5 500 1.250
Cap 1 1207 125 40) 45 500| 1250
[Capaciot 1 12 125 40 132 2.500]  1.250
Cag 1 5.2 125 40 132 2 500  1.250)
[Capacitol 1 1 85 40 132 2500 1250
Capacior 1 L] 125 40 132 2500 1250
Capactol 1 12 25 40 132 2500|1250
Inductor 1 5 30 4 132 2.500]  1.250]
Inductor 1 5] gs_i 40 37 2500 1250
144148 [Diode) 24 25 4 50 2500 1250
MBR745 (Diode) 2.4 125/ 40 7 23500 1250
Cotrten-Mode Choke ] 125 40 132) 2500 1.250
PN C 1 N 150) 40 45 2500|1250
Transformes 1 5 125 40 120 2500]  1.250
Cord 1 0 125 40 132 2500] 1250
Ractifier 1 2.4 125 40 132 2500 1.250
PCE Boaed 1 0 125 40 132 25000  1.250
Switch 1 20 125 40 132 2 500]  1.250
Total 25

Table 15 - Block 4 Reliability Analysis

From the reliability chart, it can be seen that the total FIT’s comes to 819.73 for the AC-DC
conversion block. This calculates out to an MTBF of 139.2 years. The warranty for the complete
product is at listed to be 3 months. In one warranty period it is expected that 0.17% of failures
occur due to the AC-DC converter. The warranty period for this individual block could be set to
approximately 16 months. This individual warranty is very good by most standards and exceeds
the total design warranty by a great margin.

10.7. Sustainability

Obsolescence Analysis
The following table shows the obsolescence analysis for the individual components of the AC-
DC converter. As can be seen, none of the components show signs of becoming obsolete in the
near future, except the voltage regulator. Though the regulator package is supposed to be
obsolete in 4.3 years, this package type in reality is showing no sign of becoming obsolete in the
next 5 years. This is very good for a production design as the manufacturer does not want to re-
design a product that has just recently been designed.



Voltage Regulator
LT1074RV Device Type |Buck Voltage Regulator 2004 6.5 10.25 16.75
Technology |CMOS 2010 12.5 31.25 43.75
Pakcage StyleSOF 1987 7.8 -3.5 4.3
Resistors
160 kQ Device Type [Fixed Film 1990 12 10 22
32.8 kQ Device Type [Fixed Film 1990 12 10 22
22k0 Device Type [Fixed Film 1990 12 10 22
27 kO Device Type [Fixed Film 1990 12 10 22
s kO Device Type [Fixed Film 1990 12 10 22
6 kQ Device Type |Fixed Film 1990 12 10 22
Capacitors
500 pF Device Type |Electrolytic 1985 10 0 10
0.01 yF Device Type |[Ceramic 1985 14 10 24
5000 puF Device Type |Electrolytic 1985 10 0 10
0.82 pF Device Type |Ceramic 1985 14 10 24
0.82 uyF Device Type |[Ceramic 1985 14 10 24
0.0022 pF Device Type |Ceramic 1985 14 10 24
0.0022 pF Device Type |Ceramic 1985 14 10 24
Inductors
50 pH Device Type |Toroidial Inductor 1985 10 0 10
60 pH Device Type |Toroidial Inductor 1985 10 0 10
Transformer
48WVA Transformer Device Type [Transformer 2014 b 19 25

Table 16 - Block 4 Sustainability Analysis

10.8. Safety, Leqal, Environmental, Societal and Ethical Aspects

Hazardous Material
All components used in this AC-DC converter are RoHS compliant and therefore contain no
more than the maximum allowable amount of hazardous material. The solder used in the
prototype design however, may contain small amounts of lead. For this reason, it is
recommended that if any component in this block comes in contact with the user they should
wash their hands before handling any other materials

Safety Labels
The figure below is the safety label that is to be included on the enclosure of every Bluetooth
Controlled Bench Power Supply.
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Figure 37 - Shock Safety Label

Failure Modes
There are very few possible failures within the AC-DC conversion block. The first would be if a
large voltage spike from the input power were to occur this could potentially cause a high output
voltage. With the feedback circuit implemented the switch of the regulator would simply switch
off until the voltage returns to a normal level. The other possible failure mode is if the circuit
begins to draw more current than it should. To protect this from happening though, there is the
current limiting circuit which cuts power when current reaches a 2.5 A maximum at the output.



11. BrLock5-DC-DC CONVERSION

11.1. Introduction/Description

While the AC-DC Conversion block provides the power in a useable state, the DC-DC
Conversion block is the distributor of power. It converts a regulated 35VDC power bus to a
regulated, variable DC output ranging from 0.5-30VDC via switch-mode control. The output
voltage is controlled by a reference input voltage from the microcontroller.

The DC-DC block not only offers a useable output voltage to the user, but also provides power to
the rest of the blocks within the project. To fulfill this requirement, another switching-mode
power supply is utilized to step down the voltage to 5V. From there, a linear 3.3V regulator was
chosen to provide a precise, quiet output voltage to the integrated circuits.

11.2. Requirements

Standard Requirements
The DC-DC converter will consume a mere 50cm? of PCB space and cost just under $20 for all
parts within the production volume of 2000 units. Surface mount components will be utilized
short of the electrolytic input and output smoothing capacitors.

Though the overall ambient temperature specification of the product is only 0-40°C, all
components within the DC-DC converter can withstand temperatures within the range of -10-
85°C, limited by the capacitors. The DC-DC converter can also withstand the full relative
humidity range of the product, specified as 0-90%.

International standards which must be taken into account for this design include:

SC77A/WG 8: Electromagnetic interference related to network frequency
IEEE 519: Harmonic control in Electrical Power Systems

EN 61000-6-2: General industrial equipment immunity standard

4. EN50081-2: General industrial equipment emissions standard

w N e

All standards will be formally tested to ensure proper, safe operation of the overall device.

Electrical standards for the DC-DC converter are as follows. While inputting 35VDC, the
useable output to the user shall consist of 0.6-30VDC while operating at a continuous 2.0ADC
for a maximum overall power consumption of 60W. At the voltage reference input, 0-3.6VDC
shall be provided as the output voltage is scaled by 10:1. The 5V switching regulator shall
provide 5VDC and up to 2.6ADC of current whereas the linear 3.3V regulator shall provide
3.3VDC and up to 1.5ADC of current regulating at 0.1%



Performance Requirements
Power is provided from the AC-DC converter, but not utilized until two requirements are met:
1. The microcontroller activates a double-throw relay which will switch the On/Off pin
from a grounded position to a voltage divider from the AC-DC converter
2. The input voltage from the AC-DC converter exceeds and remains above 30VDC

The 30V turn on voltage is a safety check to ensure that the AC input is clean and pure as well as
ensuring the PWM controller is not over-stressing itself by increasing the duty ratio by running
in an open-loop fashion due to insufficient power being provided to satisfy the output
requirement. The input capacitor was calculated to be able to provide adequate regulation if the
AC-DC converter spans a maximum of £3% (x1V), 34-36VDC. The output voltage shall be
classified by +2%, limited by the 0.6V lower end. It will also be load regulated to 20mV
maximum for the duration of 10useconds in which is the time required for the PWM controller
to compensate for the load variation. Line regulation is controlled by a bulk input smoothing
capacitor and an internal comparator adjusting the saw tooth ramp voltage amplitude internal to
the IC to a mere 0.1%. Output voltage accuracy will be within 14mV, a parameter controlled by
the digital-to-analog converter within the microcontroller, while limiting the output ripple to
20mV, providing a clean, quiet output voltage for the user. The output DC-DC converter will
operate within the ranges of 15uA (no load condition) to 2.0ADC of continuous current, yet
providing over current protection if the load is demanding in excess of 3.5A for four consecutive
clock cycles. The output DC-DC converter must protect against an electrostatic discharge (ESD)
requirement of 1000V, set by output capacitors.

The 5V switching regulator output voltage spans 4.85-5.15VDC, line regulated at 0.005%/V
while providing up to 2.6ADC. The 3.3V linear regulator output voltage ranges from 3.267-
3.333VDC, line regulated at 0.015% and load regulated at 0.1%. This voltage range clearly
satisfies the 3.0-3.6V range desired by each of the ICs. The output voltage will provide up to
1.5A, clearly suitable for a maximum of 500mA consumed by all ICs.

11.3. Implementation

Block Diagram
A simplified block diagram of the DC-DC converter is as follows:
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Figure 38 - Block 5 Block Diagram

As previously mentioned, the AC-DC converter provides a fairly regulated 35VDC. In order to
activate the IC, the input voltage must rise above 7.5V to power internal components, the current
must be below the 3.5A threshold and the die temperature must be below 160°C. Various
parameters are checked and safety features enabled and stability factors taken into account en
route to supplying a clean output voltage to the user (details are explained in ‘Theory of
Operation’ below).

Schematic
A more detailed schematic of the DC-DC converter is as follows:
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Figure 39 - Block 5 Detailed Block Diagram



Essential individual pieces of the schematic are boxed in and labeled for convenience. The Type
I11 compensation circuit is as follows:

1 Zero
4 \
A 15t Pol
\ o~ . 0l1€
N Ui
\ oA \ 21d Pole
_/ a b N
Figure 40 - Compensation Components
Theory of Operation

The user output voltage DC-DC converter is characterized by a buck converter, controlled by
pulse-width modulation (PWM), clocked at 300kHz. The buck converter topology consists of
limiting the output voltage below the input voltage, in this case 35VDC. Though the input
output voltage will only reach 30V, the pulse-width of the PWM controller can only reach 95%,
resulting in a useable voltage of 33.25V while accounting for 10% inefficiency at maximum
voltage output. Inefficiencies include effective series resistance (ESR) of the input and output
capacitors, DCR of the inductor and voltage drops and equivalent resistances of the schottky
diode within the return path.

The PWM signal drives an internal MOSFET within the MAX15020 to provide power to the
output at altering pulse widths. The power is then routed through a low-pass LC filter. Voltage
is then feedback to the PWM controller where the output voltage is compared to a reference.
The voltage differential is then amplified and compared to a saw tooth wave. When the error
voltage is greater than the saw tooth wave, the MOSFET is closed, allowing current to flow to
the output. A boost circuit consisting of a capacitor and diode provide an immediate high side
supply for the MOSFET source.

Output Voltage Rate of Change



The output voltage slew rate can be controlled in two different ways. The first consists of the
start-up rate which is controlled by the soft-start capacitor C8. If the system is under damped
and ringing could occur, the soft-start functionality allows for a smooth voltage output transition.
If the system is over damped, the soft-start will likely be neglected. See Figure 41 for damping
specifications. The second way in which to control the voltage output change is by setting the
actual slew rate which is dependent on the feedback resistors R7 and R8 as well as the soft-start
capacitor, C8.

Closed-loop Compensation

A synchronous buck converter has three basic portions which contribute to the closed-loop
system consisting of the modulator, output filter and compensation network (Figure 42) which
closes the loop and ultimately stabilizes the system. Type Il compensation introduces two
zeroes to give a phase boost of 180°, counteracting the effects of an under damped resonance of
the output filter double pole. See Design Equations/Component Selection below for additional
calculations and detail concerning the compensation and where to place poles and zeroes in order
to stabilize the closed-loop system.

Internal IC Protection

The MAX15020 has built in current and thermal protection in which the IC will simply turn off
under certain circumstances. The MAX15020 operates in what is typically called hiccup mode
in which current will continuously flow under a short circuit. Under normal operation, the
MOSFET current is measured each cycle. When the current limit of 3.5A is exceeded for four
consecutive clock cycles, the soft-start capacitor is discharged and the device shuts down for 512
clock periods before restarting with a soft-start. Each time the MOSFET turns on and the current
limit is not exceeded, the internal counter is reset. The MAX15020 also provides thermal
protection in order to bypass thermal destruction. The maximum operating junction temperature
should stay below 150°C. If the die reaches 160°C, the IC will shut down until the temperature
falls by 20°C in which case a soft-start will resume.

Design Equations/Component Selection
The MAX15020 made the decision easier to utilize the buck converter. Design equations were
given, though some were altered in order to achieve a more efficient output. Designing the DC-
DC converter began with the power electronics portion including the LC filter, shottky diode,
and MOSFET. Since the MOSFET is integrated, this requirement was alleviated. The inductor
was first on the list. The peak-to-peak inductor current (AlL), is a key requirement. Balancing
Al to 0.8*I_max to provide a balance between transient response and efficiency at the output:

L _ Vi ~VourNour _ (35—17.5)3 "5 g6 5.1
Vi fsudl, 35*300€° *0.8



Inductors in this range were 33 or 39uH. A 39uH toroidal inductor was chosen to provide
additional efficiency as the compensation network was altered to provide the transient response.

The next component calculated was the input and output capacitors. In selecting capacitors, the
effective series resistance (ESR) is just as essential as the actual capacitance value as additional
resistance will cause additional power dissipation and hence decrease efficiency.

_ lout,MaxD(—D) _2*0.5(0.5)
AVg fsw 794e7® *300€*

0.25*Al *Towiren  0.25*0.8
VeppLE 300e’ *10e™3

Cn takes such a large value due to the requirement of the AC-DC converter providing the range
of 2Vpp.

Schottky diodes were chosen due to their application in fast switching applications as well as a
minimum turn-on voltage of 300mV.

Proceeding to the MAX15020 calculations, the first includes the turn-on voltage requirement.
As described above, the threshold is set to 30V. Given R2 as 4kQ, R1 can be calculated as
follows while achieving the 1.225V turn-on of the IC:

VIN

VON/OFF

Rl= RZ{ —l} =94kQ

The soft-start timing was chosen as 20ms to provide a nicely damped output voltage:

The following figures compare the damping of a soft-start at 20ms versus slamming the output to
30V in 1ms:



Figure 41 - Block 5 Damping Analysis

Type 1l compensation components were calculated to obtain the best transient response by
utilizing optimum locations for the best transient response. Contributing components to the
poles and zeroes can be seen in Figure 40. Type Il compensation was chosen in order to
maintain a relative closed-loop phase margin due to the double pole of the output filter. The zero

introduced by the capacitor ESR is as follows:
1

frcp=——— = 255kHz
ESR™ 27 *C*ESR

The two zeroes introduced by the type Il compensator were chosen to be located at 2 of the LC
filter cutoff frequency, 368Hz. C11 can now be calculated:

Clli= ;1 =0.0586 uF
ZSt*R7*—

JLc

Tentatively setting the cutoff frequency at %2 the switching frequency, R9 could then be

calculated:
_(2Afc)?*L*C+1

27fc *Cl1

R9 =17.9kQ

With R9 calculated, the second zero can be established by solving for C12 in the following

equation: 1
Cl2=——————=0.033F
zsf*RO* ———

JLC

Setting the first pole to the output capacitor frequency and inducing a +90° phase shift into the

transfer function sets C13:

Cl3=— = _30pF



The second pole is set as 1/3 the switching frequency. Solving for R6:

3

6=— =270
27*CL1* fgy,

Now that a fully functioning DC-DC converter should be available, efficiency can be considered.
The MOSFET dissipates power due to charging and discharging the gate as well as power
dissipation due to the resistance seen when the switch is turned on:

Peer con= | rws” * RON=377mW

Vi *1 tete) f
PFET,SW: IN OUT4F R F) SW =52nW

Power dissipation losses due to the inductor consist of the copper resistance of the coil:
P. = (I Loap)* * ESR=56mW

Input and output capacitors dissipate power due to their ESR as mentioned above. Calculations

are as follows: 2
Pein = (I gppLe)© * ESR=32mW

Peout= (| rppLe)” * ESR= 68mW

Though the schottky diodes are used for high switching frequencies, losses are still present due
to charging and discharging the silicon:

Without physically measuring efficiency, a round-about figure can be calculated taking into
account the power output and maximum power dissipation within the system:

Efficiency= _Four 9539
out + Ploss

Note that this is peak efficiency at full output power. The datasheet specifies peak efficiency at
approximately 1.8A. Since we are only utilizing 1A per the product specifications, efficiency
would typically be characterized at ~80%. In a typical laboratory environment where only
100mA is consumed, the efficiency could dip as low as 70%, still nearly double the efficiency of
a typical linear regulator.

The LT1076-5 and the LT1086-3.3 provided recommended component values for typical
applications. Since this was not the dominant portion of Block 5, the given values were used as
they have been proven to work by Linear Technologies.

A transfer function was calculated for the closed-loop system based on the following diagram:
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Figure 42 - Block 5 Transfer Function Components

where the green portion of the circuit is entails the LC output filter, the blue circuit consists of
the modulator gain and the red portion which consists of the feedback and compensation
components. The overall system is characterized by the following figure:
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Figure 43 - Block 5 Transfer Function Plot



The red curve symbolizes the closed-loop system, characterized by a 6.08MHz crossover
frequency and an 88.9° phase margin. As seen in the following figure, the gain margin was
calculated as infinite. Keep in mind that internal op amps were considered ideal and that there
are circuit imperfections which need to be accounted for before publishing this information.

Viwad Napan

Figure 44 - Block 5 Nyquist Plot

Unconditional stability has been proved by the curve not crossing the negative imaginary axis at
all. To obtain a gain margin, it curve must cross before the unit circle.

IC Component Selection

Selecting the DC-DC converter IC to utilize at the product output was by far the most difficult
choice of the entire project. There are numerous ICs out on the market in which the output
voltage can easily be set, but not always variably. Typical ICs use the lower feedback resistor to
set the output voltage to a predefined level. The MAX15020, though, was the only IC found
which could be variably controlled without changing the feedback resistor. There are
possibilities to changing this particular resistance in order to variably change the output to the
user’s specification such as utilizing a potentiometer which could either be mechanically driven
or digitally driven by a microcontroller. The group had decided that a top-of-the-line power
supply was to be constructed so the potentiometer had its fair share of negatives. A
mechanically-controlled pot would have additional complexity whereas a digital pot only has so
many steps to choose from, thus limiting the output voltage level sets. When using a pot in
general though, the designer is risking power supply stability. The MAX15020 is capable of
driving a 2A load continuously at up to 35VDC, with an external reference voltage, a perfect fit.



The plan all along was to use a step-down converter, but the topology was up in the air. Because
a maximum of 60W is produced at the output and this is the group’s first attempt at constructing
a switched-mode power supply, a buck converter made the most sense, especially since the buck
converter consists of the recommended layout for the MAX15020. Switched-mode was utilized
over linear because of the immense efficiency difference. Though switched-mode supplies are
typically noisy, it was the group’s goal to make roughly the equivalent to a linear supply without
designing the entire circuit from scratch via the microcontroller.

5V Regulator
The LT1076-5 5V regulator was chosen due to its switching mode topology and excellent
regulation characteristics. A switched-mode IC was chosen due to the excessive voltage drop
that would be required across a linear supply, inhibiting efficiency and providing a vast amount
of heat within the enclosure. The theory of operation is very similar to the output voltage
regulator described above in that the output is a buck controlled output. Internal circuitry is quite
different, but the end result is similar.

3.3V Regulator
The LT1086-3.3 3.3V linear regulator was chosen to provide a smooth, clean output voltage to
each of the other ICs within the product. If any of those ICs are affected, the consequence will
ripple through to the output and provide an undesired result to the user.

Interconnection Elements
Production components of the DC-DC converter will be connected primarily via PCB traces.
Since the microcontroller will and voltage and current sensor ICs will be on the same PCB, all
routing can be done with traces. Wires will need to be connected to the banana jacks at the
output with 18AWG stranded wire, to provide the Bluetooth IC with power via typical 22AWG
solid breadboard wire and 18AWG stranded wire running as the 35VDC bus connecting to the
AC-DC converter.

DFM
An extensive failure mode analysis was not completed such as capacitors shorting out or noise
being applied to the output PCB pad. A few worst-case calculations were calculated including
the cutoff frequency of the LC filter, the IC turn-on voltage and the output accuracy due to the
microprocessor DAC. The inductor consists of a 10% tolerance and the output capacitor holds a
20% tolerance, giving a worst-case cutoff frequency of:

flc= _ 1 =613.1-919.6Hz

27y LC

Due to the magnitude of R2 in reference to R1, the turn-on threshold voltage is virtually
unaffected utilizing 1% resistors:

RL



Due to the amplifier circuit after the microcontroller, a 1% resistor could potentially affect the
reference voltage up to 30mV. Multiplying this value by the 10:1 amplification of the DC-DC
converter, a maximum fluctuation of 300mV could result at the output.

11.4. Prototyping and Verification Testing

Simulation Results
A clean simulation of the entire block was not feasible as there was not a SPICE model for the
MAX15020 or a model for EESim, a Maxim-specific simulation tool. Therefore, certain
portions of the circuit were simulated as seen in Section 12.3.

Prototype Bench Test Results

Due to the integrated QFN PWM controller, trouble-shooting the circuit was very difficult.
Referencing the internal MAX15020 components, the internal linear voltage output,
compensation output and soft-start voltages was measured to no avail. The QFN package was
soldered with a thermocouple present as to ensure that thermal shock would not affect operation
of internal components. A close QFN temperature profile was endured to ensure as close to
manufacturability placement as possible. The board layout was also used from the MAXIM
recommendation, short of using through-hole components. Leads were also places as close to
the breakout board as possible, but clearly not enough. Therefore, a functioning DC-DC
converter prototype was not available to test.

The 5V and 3.3V regulators were self-explanatory — a simple plug-and-chug design was
incorporated and verified with an oscilloscope and varying loads.

11.5. Manufacturability

Though an in-depth knowledge of manufacturing process is not available, all components would
be machine placed and soldered except the 35V bus wires, the heat sink to the LT1086-3.3 and
of course, performing the test verification.

Surface mount solder joints would be x-rayed and inspected for such imperfections as gull wings
and J-leads. A machine vision program would suffice in automating this process.

11.6. Reliability

The following table was utilized to calculate the reliability of the DC-DC converter:



o Base Max Rateod Max Opeor Max Rated Max Oper
Component Description Qty AEITs Temp C Temp C Voltage Voltage T 3% nE ©Q Total A
(Tr) (Ta) (vr) (Va)
PWM Controller 1 Bill 125 40 45 35
5V Regulator 1 13.3 85 40 60 &5
3.3V Regulator 1 50 125 40 20 5
Capacitor (E) - 2200uF (PWM Out) 1 120 85 40 100 30
Capacitor (E) - 2700uF (PWM In) 1 120 85 40 100 35
Capacitor (E) - 500uF (5V Out) 1 120 85 40 100 5
Capacitor (E) - 200uF (5V In) 1 120 85 40 100 85}
Capacitor (T) - 10uF (3.3V) 2 1.2 85 40 10 5
Capacitor (C) - LuF (PWM) 4 1.2 125 40 25 8
Capacitor (C) - 1uF (PWM, In/Out) 3 12 125 40 100 35
Capacitor (C) - 0.1uF (PWM) 8 1.2 85 40 25 8
Capacitor (C) - 0.1uF (PWM, In) 1 1.2 85 40 100 35
Capacitor (C) - 0.033uF (5V) 1 1.2 125 40 16 5
Capacitor (C) - 0.027uF (PWM) 1 12 125 40 16 3
Capacitor (C) - 330pF (PWM) 1 1.2 125 40 16 8
Inductor - 100uH (5V) 1 5 75 40 25 15
Inductor - 39uH (PWM) 1 5 105 40 6.8 2
Diode - Schottkey, 100V (PWM) 1 24 125 40 100 30
Diode - Schottkey, 50V (PWM) 1 2.4 125 40 50 30
Diode - Schottkey, 40V (5V) 1 2.4 150 40 40 5
Resistor - 100kQ 1 0.2 155 40 100 35
Resistor-15. 8k Y 1 0.2 155 40 150 3
Resistor-1 0 k Y 3 0.2 155 40 100 30
Resistor-4 . 02 k Y 1 0.2 155 40 50 2
Resistor-1. 5kY (5V) 1 0.2 155 40 150 3
Resistor-3 4 0 Y 1 0.2 155 40 100 3
Resistor -1 0 Y 1 0.2 155 40 150 5

Total

w
J

Figure 45 - Block 5 Reliability Analysis

The total failure per 10° hours (FITs) for the DC-DC converter is ~515. This tabulation implies a
mean time between failures (MTB) of ~221years. Since the warranty period for the entire
product is listed as 3 months, the DC-DC converter clearly holds its own in the warranty
department, exceeding design specifications.

11.7.  Sustainability

Obsolescence Analysis
A product sustainability analysis shows that the MAX15020 IC is the only part which is of
concern due to the BICMOS architecture. Analysts predicted that BICMOS would have phased
out by the year 2008, but this technology is clearly still present within the market. It seems
difficult to phase out BJTs within an IC as they can be utilized in a vast amount of topologies,
specifically current amplification. The analysis is as follows:



WM Controller Device Type [Voltsge Regulator 2004 6.5 10.25 16.75
ITechrmIngy BiCMOS 1897 4 -3 1
b\ Switching Regulator ice Type [Voltage Regulator 2004 6.5 10.25 16.75
[Technology [CMOS 2010 12.5 31.25 43.75
[ 2V LinearRegulator _ |Device Type [Voltage Regulator 2004 6.5 10.25 16.75
[Technology [CMOS 2010 12.5 31.25 43.75
Fesistor- 100kn |Device Type [Metal Film Resistar 1590 12 10 22
Fesistor- 15.8k0 |Devi|::e Type |Metal Film Resistor 1590 12 10 22
Fesistor- 10k0 |Device Type |Metal Film Resistar 1530 12 10 22
Fesistor- 4.02k0 |Devi|::e Type |Metal Film Resistor 1590 12 10 22
Fesistor- 1.5k0 bevir.eType IMetal Film Resistor 1590 12 10 22
Fesistor- 3400 Device T Metal Film Resistor 1590 12 10 22
Fesistor- 100 ice Type [Metal Film Resistor 1590 12 10 22
[Capacitor- 2700pF |Devit:e Type |OtherC 1985 10 0 10
[Copacitor-2200pF ice Type |[OtherC 1885 10 1] 10
[Capacitor-500pF |Device Type [OtherC 1985 10 0 10
[Capacitor- 200pF h)eviueType |Other G 1885 10 L] 10
[Capacitor-10pF |Devi{:eType |Ceramic Capacitor 1985 14 10 24
[Capacitor- 1uF |Device Type [Ceramic Capacitor 1985 14 10 24
[Capacitor-0.1pF |Device Type [Ceramic Capacitor 1985 14 10 24
nductor- 100pH |Device Type [Otherl 1885 10 0 10
nductor-35uH [Device Type [Otharl 1985 10 0 10

Table 17 - Block 5 Sustainability Analysis

11.8. Environmental Aspects

International Standards
International standards which will need to be adhered to include:

SC77A/WG 8: Electromagnetic Interference Related to Network Frequency
IEEE 519: Harmonic control in Electrical Power Systems

EN 61000-6-2: General Industrial Equipment Immunity Standard

EN 50081-2: General Industrial Equipment Emissions Standard

Though many more exist in a world-wide market, these standards consist of the exposure of
Capstone Design. In-depth testing would occur within a lab setting to ensure that there is not an
excessive amount of radiation being protruded into the environment as well as being susceptible
to random radiation throughout the environment.



12. REFERENCES

Sparkfun.com
PowerESim.com
dsPIC33FJ128MC804
o http://www.microchip.com/wwwproducts/Devices.aspx?dDocName=en532303
ADG623
o http://www.analog.com/static/imported-files/data_sheets/AD623.pdf
MAX15020 Datasheet
0 http://datasheets.maxim-ic.com/en/ds/MAX15020.pdf
LT1076-5 Datasheet
O http://cds.linear.com/docs/Datasheet/10765fc.pdf
LT1086-3.3 Datasheet
0 http://cds.linear.com/docs/Datasheet/1086ffs.pdf
Type 111 Compensation Reference
0 http://www.intersil.com/data/tb/tb417.pdf
LT1074HV Datasheet
0 http://www.linear.com/pc/productDetail.jsp?navlid=H0,C1,C1003,C1042,C1033,P1006
MAX4172 Datasheet
0 http://www.maxim-ic.com/datasheet/index.mvp/id/1654
LCD-09052
o http://www.sparkfun.com/products/9052



http://www.microchip.com/wwwproducts/Devices.aspx?dDocName=en532303
http://www.analog.com/static/imported-files/data_sheets/AD623.pdf
http://datasheets.maxim-ic.com/en/ds/MAX15020.pdf
http://cds.linear.com/docs/Datasheet/10765fc.pdf
http://cds.linear.com/docs/Datasheet/1086ffs.pdf
http://www.intersil.com/data/tb/tb417.pdf
http://www.linear.com/pc/productDetail.jsp?navId=H0,C1,C1003,C1042,C1033,P1006
http://www.maxim-ic.com/datasheet/index.mvp/id/1654
http://www.sparkfun.com/products/9052

13. TECHNICAL APPENDICES

6.1. Appendix |

Option Strict On

Imports ~ System.|O

Imports  System.Threading
Imports  System.Windows.Forms
Imports  ZedGraph

Public  Class frmDashboard
Dim myPane As GraphPane
Dim myPane2 As GraphPane
Dim myCurve As Lineltem
Dim myCurve2 As Lineltem
Dim list As New PointPairList
Dim list2 As New PointPairList
Dim maxVoltage As Double =30
Dim maxCurrent As Double =2
Dim minVoltage As Double =0
Dim minCurrent  As Double =0
Dim power As Boolean = False

Dim graphCount As Integer =0
Dim graphCount2 As Integer =0
Dim outputUpdate  As String =
Dim testMode As Boolean = False

Private  Sub Forml_Load( ByVal sender As System. Object , ByVal e As System. EventArgs ) Handles

MyBase.Load

MeBackColor = Color .Gainsboro
myPane = zgVoltage.GraphPane
myPane2 = zgCurrent.GraphPane

myCurve = myPane.AddCurve( ™, list, Color .Blue,  SymbolType .None)
myCurve2 = myPane2.AddCurve( " list2, Color .Crimson,  SymbolType .None)
NewGraphs()
IbIPSVoltage.ForeColor = Color .Crimson
IbIPSCurrent.ForeColor = Color .Blue
txtVoltage.ForeColor = Color .Crimson
txtCurrent.ForeColor = Color .Blue
SettingsRefresh()
End Sub

Private  Sub btnUpdate_Click( ByVal sender As System. Object , ByVal e As System. EventArgs )

Handles btnUpdate.Click

outputUpdate = "&&,Set,S1," & FormatVoltage(txtVoltage.Text) & &
FormatCurrent(txtCurrent. Text) & R
End Sub
Public  Function FormatVoltage( ByVal voltage As String ) As String
If  IsNumeric(voltage) AndAlso CDbl (voltage) <= maxVoltage AndAlso CDbl (voltage) >=
nmnVoltage Then
voltage = CDbl (voltage). ToString( "#,##00.000" )

'txtVoltage.Text = voltage
Return voltage

End If

txtVoltage.Text = "00.000"

MessageBox .Show( “Voltage is NOT valid. Volage range is " & minVoltage & " - " & maxVoltage
& "." , "Input Error" , MessageBoxButtons .OK, MessageBoxlcon .Warning)

Return  "00.000"
End Function

Public  Function  FormatCurrent( ByVal current As String ) As String
If  IsNumeric(current) AndAlso CDbl (c urrent) <= maxCurrent AndAlso CDbl (current) >=
minCurrent  Then
current = CDbl (current). ToString( "#,##0.000" )



‘txtCurrent.Text = current
Return current

End If

txtCurrent. Text = "0.000"

MessageBox .Show( "Current is NOT valid. Current range is " & minCurrent &
maxCurrent & " , “Input Error" , MessageBoxButtons .OK, MessageBoxlcon .Warning)

Return  "0.000"
End Function

Private  Sub NewGraphs()
Dim strline As String ="
'Dim key As String
Dim logstack As New Stack
Dim querystack  As New Stack
'Dim stackentries As Integer
Dim count As Integer =0
Dim entries  As String ()= Nothing

graphCount =0
graphCount2 = 0

' Set the titles and axis labels
myPane.Title.Text = "Voltage"
myPane.XAxis.Title. Text = "Time"
myPane.YAXxis.Title. Text = "Volts"

myPane2.Title.Text = "Current"
myPane2.XAxis.Title.Text = "Time"
myPane2.YAxis.Title. Text = "Amps"

' Make the Y axis scale red
myPane.YAXxis.Scale.FontSpec.FontColor = Color .Blue
myPane.YAXxis.Title.FontSpec.FontColor = Color .Blue
" turn off the opposite tics so the Y tics don't show up on t he Y2 axis
myPane.YAxis.MajorTic.IsOpposite = False
myPane.YAxis.MinorTic.IsOpposite = False

' Don't display the Y zero line

myPane.YAxis.MajorGrid.lsZeroLine = False

" Align the Y axis labels so they are flush to the axis
myPane.YAXxis.Scale.Align = AlignP .Inside
myPane.YAxis.Scale.Min =0

myPane.YAXxis.Scale.Max = 30

myPane.XAxis.Scale.Min = 0

myPane.XAxis.Scale.Max = 220

"Enab le the Y2 axis display

myPane2.YAxis.Scale.FontSpec.FontColor = Color .Crimson
myPane2.YAXxis.Title.FontSpec.FontColor = Color .Crimson
" turn off the opposite tics so the Y tics don't show up on the Y2 axis
myPane2.YAxis.MajorTic.IsOpposite = False
myPane2.YAxis.MinorTic.IsOpposite = False

' Don't display the Y zero line

myPane2.YAxis.MajorGrid.IsZeroLine = False

" Align the Y axis labels so they are flush to the axis
myPane2.YAxis.Scale.Align = AlignP .Inside

myPane2.YAxis.Scale.Min =0
myPane2.YAxis.Scale.Max = 2
myPane2.XAxis.Scale.Min = 0
myPane2.XAxis.Scale.Max = 220

' Make the symbols opaque by filling them with white

myCurve.Symbol.Fill = New Fill  ( Color .White)

myCurve2.Symbol.Fill = New Fill  ( Color .White)

' Fill the axis background with a color gradient

myPane.Chart.Fill = New Fill (Color .White,  Color .LightGoldenrodYellow, 45.0F)
myPane2.Chart.Fill = New Fill  (Color .White,  Color .LightGoldenrodYellow, 45.0F)
' Fill the pane background with a color gradient

myPane.Fill = New Fill ( Color .White,  Color .FromArgb(220, 220, 255), 45.0F)
myPane2.Fill = New Fil | (Color .White,  Color .FromArgb(220, 220, 255), 45.0F)
zgVoltage.AxisChange()

zgCurrent.AxisChange()

zgVoltage.Refresh()



zgCurrent.Refresh()

End Sub

Private  Sub tsmiTerminal_Click( ByVal sender As System. Object , ByVal e As System. EventArgs )
Handles tsmiTerminal.Click
frmTerminal  .Show()

End Sub
Private  Sub SerialPortl_DataReceived( ByVal sender As System. Object , ByVal e As
System.lO.Ports. SerialDataReceivedEventArgs ) Handles SerialPortl.DataReceived

Dim str As String = SerialPortl.ReadLine()
SerialReceive(str)
End Sub

Private  Sub tsmiConnect_Click( ByVal sender As System. Object , ByVal e As System. EventArgs )
Handles tsmiConnect.Click
If frmSettings  .Visible Then
MessageBox .Show( "Close Settings before connecting.” , "Connection Error" ,
MessageBoxButtons .OK, MessageBoxlcon .Error)
Elself  frmTerminal .Visible Then

MessageBox .Show( "Close Terminal before connecting.” , "Connection Error" ,
MessageBoxButtons  .OK, MessageBoxlcon .Error)
Else
CommSwitch()
End If
End Sub
Private  Sub CommSwitch()
If tsmiConnect.Text = "Connect”  Then
CommConnection( True)
Else

CommConnection( False )

End If
End Sub

Private  Function =~ CommConnection( ByVal OnOff As Boolean ) As Boolean

If OnOff= True AndAlso tsmiConnect.Text= "Connect”  Then
Try
SettingsRefresh()
If testMode = False Then
SerialPort1.0pen()

End If
tsmiConnect.Text = "Disconnect"
tlpDashboard.Enabled = True
tsmiConfigure.Enabled = False
tsmiCalibration.Enabled = True
tsmiTerminal.Enabled = False
tsmiAU.Enabled = True
MeBackColor = Color .White
pbPower.Visible = True
Try
SerialWrite( "&&,Set,S1,00.000,0.000,**" )
power = False
pbPower.Backgroundimage = My.Resources.Button_Turn_On_icon
IbIStatus.Text = "OFF"
IblStatus.ForeColor = Color .Green
btnUpdate.Enabled = False
Catch ex As Exception
MessageBox .Show( "Could not set the voltage and current.” , ex.Message,
MessageBoxButtons .OK, MessageBoxlcon .Error)
End Try
Catch ex As Exception
MessageBox .Show ( "Comm port connection failed.” , "Comm Error" ,
MessageBoxButtons .OK, MessageBoxlcon .Error)
End Try
Else
MeBackColor = Color .Gainsboro
pbPower.Visible = False

If SerialPortl.IsOpen = True Then



Try
SerialWrite(
Catch ex As Exception

"&&,Set,S1,00.000,0.000,**" )

MessageBox .Show( "Could not disable power supply output.”

MessageBoxButtons .OK, MessageBoxlcon .Error)
End Try
End If
tmrGraph.Enabled = False
power = False
pbPower.Backgroundimage = My.Resources.Button_Turn_On_icon
IblStatus.Text = "OFF"
IblStatus.ForeColor = Color .Green
btnUpdate.Enabled = False
SerialPort1.Close()
tipDashboard.Enabled = False
tsmiConnect.Text = "Connect”
tsmiConfigure.Enabled = True
tsmiCalibration.Enabled = False
tsmiTer minal.Enabled = True
tsmiAU.Enabled = False
End If
Return  True
End Function
Private  Sub tsmiCalibration_Click( ByVal sender As System. Object , ByVal
Handles tsmiCalibration.Click
frmCalibrat  ion .Show()
End Sub
Private  Sub tsmiViewCOM_Click( ByVal sender As System. Object , ByVal
Handles tsmiViewCOM.Click
If  SplitContainerl.Panel2Collapsed = True Then
If  MeWidth > 300 Then
SplitContainerl.SplitterDistance = MeWidth - 300
End If
SplitContainerl.Panel2Collapsed = False
tsmiViewCOM.Text = "Hide COM"
Else
SplitContainerl.Panel2Collapsed = True
t smiViewCOM.Text=  "View COM"
End If
End Sub
Public  Sub SerialWrite( Byval str As String )
Try
IOLog( "Sent: " + str)
If testMode Then
SerialReceive(str)
Else
Serial Portl.WriteLine(str)
End If
Catch
Throw New ArgumentException  ( "Serial communication error"
End Try
End Sub
Private  Sub pbPower_Click( ByVal sender As System. Object , ByVal
pbPower.Click
If power= False Then
Try
SerialWrite( "&&,Set,S1," & FormatVoltage(txtVoltage.Text) &
FormatCurrent(txtCurrent. Text) & B |
power = True
pbPower.Backgroundimage = My. Resources.Button_Turn_Off_icon
IblStatus.Text = "ON"
IblStatus.ForeColor = Color .Red
If  tsmiAUEnable.Enabled Then
btnUpdate.Enabled = True
End If
list.Clear 0
list2.Clear()
NewGraphs()
tmrGraph.Enabled = True

, ex.Message,

e As System. EventArgs )

e As System. EventArgs )

e As System. EventArgs ) Handles



Catch ex As Exception
MessageBox .Show( "Could not set the voltage and current.” , ex.Message,
MessageBoxButtons .OK, MessageBoxicon .Error)
End Try
Else
Try
SerialWrite( "&&,Set,S1,00.000,0.000,**" )
tmrGraph.Enabled = False
power = False
pbPower.Backgroundimage = My.Resources.Bu tton_Turn_On_icon
IblStatus.Text = "OFF"
IblStatus.ForeColor = Color .Green
btnUpdate.Enabled = False
Catch ex As Exception
MessageBox .Show( "Could not set the voltage and current.” , ex.Message,
MessageBoxButtons .OK, MessageBoxlcon .Error)
End Try
End If
End Sub

Private  Sub frmDashboard_Resize( ByVal sender As Object , ByVal e As System. EventArgs ) Handles
MeResize

If  SplitContainerl.Panel2Collapsed = False AndAlso MeWidth > 320 Then
SplitContainerl.SplitterDistance = MeWidth - SplitContainerl.Panel2.Width
End If
End Sub

Private  Sub tbVoltage_Scroll( ByVal sender As System. Object , ByVal e As System. EventArgs )
Handles tbVoltage.Scroll

txtVoltage.Text = FormatVoltage( CStr (tbVoltage.Value / 1000))
AutoUpdate()
End Sub
Private  Sub tbCurrent_Scroll( ByVal sender As System. Object , ByVal e As System. EventArgs )
Handles tbCur rent.Scroll
txtCurrent. Text = FormatCurrent( CStr (tbCurrent.Value / 1000))
AutoUpdate()
End Sub

Private  Sub txtVoltage_KeyUp( ByVal sender As Object , ByVal e As
System.Windows.Forms.  KeyEventArgs ) Handles txtVoltage.KeyUp

If e.KeyCode= Keys.Enter AndAlso IsNumeric(txtVoltage.Text) Then
txtVoltage.Text = FormatVoltage(txtVoltage. Text)
tbVoltage.Value = Cint (txtVoltage.Text) * 1000
AutoUpdate()
End If
End Sub
Private  Sub txtVoltage_LostFocus( ByVal sender As Object , ByVal e As System. EventArgs ) Handles

txtVoltage.LostFocus
txtVoltage.Text = FormatVoltage(txtVoltage. Text)
tbVoltage.Value = Cint (txtVoltage.Text) * 1000
AutoUpdate()
End Sub

Pri vate Sub txtCurrent_KeyUp( ByVal sender As Object , ByVal e As
System.Windows.Forms.  KeyEventArgs ) Handles txtCurrent.KeyUp

If e.KeyCode = Keys.Enter AndAlso IsNumeric(txtCurrent.Text) Then
txtCurrent.Text = FormatCurrent(txtCurrent.Text)
tbCurrent.Value = Cint (txtCurrent.Text) * 1000
AutoUpdate()
End If
End Sub
Private  Sub txtCurrent_LostFocus( ByVal sender As Object , ByVal e As System. EventArgs ) Handles
txtCurrent.LostFocus
txtCurrent.Text = FormatCurrent(txtCurrent. Text)
tbCurrent.Value = Cint (txtCurrent.Text) * 1000
AutoUpdate()
End Sub

Private  Sub tsmiAUEnable_Click( ByVal sender As System. Object , ByVal e As System. EventArgs )
Handles tsmiAUEnable.Click
btnUp date.Enabled = False
tsmiAUEnable.Enabled = False
tsmiAUDisable.Enabled = True



End Sub

Private  Sub tsmiAUDisable_Click( ByVal sender As System. Object , ByVal e As System. EventArgs )
Handles tsmiAUDisable.Click
If  power Then

btnUpdate.Enabled = True
End If
tsmiAUEnable.Enabled = True
tsmiAUDisable.Enabled = False
End Sub
Private  Sub tsmiConfigure_Click( ByVval sender As System. Object , ByVal e As System. EventArgs )

Handles tsmiConfigure  .Click
frmSettings  .Show()
End Sub

Private  Sub AutoUpdate()
If power AndAlso tsmiAUDisable.Enabled Then
outputUpdate = "&&,Set,S1," & FormatVoltage(txtVoltage. Text) & &
FormatCurrent(txtCurrent. Text) & e
End If
End Sub

Private  Sub tsmiExit_Click( ByVal sender As System. Object , ByVal e As System. EventArgs ) Handles
tsmiExit.Click

CommConnection( False )

MeClose()
End Sub

Private  Sub SerialReceive( Byval str As String )

I0Log( "Received: " + str)

Dim strarray() As String = Split(str, ")

'MsgBox(strarray(0) & strarray(strarray.Length - 1)

If strarray(0) = "%%" AndAlso strarray(strarray.Length - 1)= " Then
If strarray(1) = "S1" Then

IbIPSVoltage.Text = strarray(2)
IbIPSCurrent.Text = strarray(3)

End If
Elself  strarray(0) = "&&" AndAlso strarray(strarray.Length - 1)= " Then
If strarray(2) = “S1"  Then

IbIPSVoltage.Text = strarray(3)
IbIPSCurrent.Text = strarray(4)

End If
Else
tmrGraph.Enabled = False
I0Log( "Error: Received packet is invalid." )
End If
End Sub

Private  Sub tmrGraph_Tick( ByVal sender As System. Object , ByVal e As System. EventArgs ) Handles
tmrGraph.Tick

If outputUpdate <> " Then
Try
SerialWrite(outputUpdate)
Catch ex As Exception

I0Log ( "Error: Could not set the voltage and current.” )
End Try
outputUpdate =
End If
list. Add(graphCount, CDbl (IbIPSVoltage.Text))
list2.Add(graphCount, CDbl (IbIPSCurrent.Text))

graphCount += 1
graphCount2 += 1
While list.Count > 200
list. RemoveAt(0)
list2.RemoveAt(0)
End While

If graphCount2 =10 Then
graphCount2 = 0



End

If graphCount > 200
myPane.XAxis.S cale.Min += 10
myPane.XAxis.Scale.Max += 10
myPane2.XAxis.Scale.Min += 10
myPane2.XAxis.Scale.Max += 10

End If
If

zgVoltage.AxisChange()

zgC

urrent.AxisChange()

zgVoltage.Refresh()

zgC
End Sub

Public
Seri
Seri

urrent.Refresh()

Sub SettingsRefresh()
alPortl.PortName =
alPortl.BaudRate =

tmrGraph.Interval =

Then

My.Settings.ComPort
My.Settings.BaudRate

My.Settings.RefreshRate

testMode =  My.Settings.TestMode
End Sub
Private  Sub 10Log( ByVval str

As String )

IbSeriallO.ltems.Add(Format(Now,

"MM/dd/yyy hh:mm:ss.fff "

If IbSeriallO.ltems.Count > 200 Then
IbSeriallO.ltems.RemoveAt( 0)
End If
IbSeriallO.SelectedIndex = IbSeriallO.ltems.Count
End Sub
End Class

6.2. Appendix I1: Microcontroller Code

#include "p33FJ128MC804.h"

#include "dsp.h"
#tinclude "DAC.h"
#include "UART.h"
#include "p33fxxxx.h"
#tinclude "dsp.h"
#include "stdlib.h"
#include "stdio.h"

#ifndef __ADCDRVI_H__
#define __ ADCDRV1_H__

// Sampling Control

#define Fosc 79227500
#define Fcy (Fosc/2)
#define Fs

#define NUMSAMP

#endif

int bufdata;

int bufdata2;

int setpoint;

char Datapacket[8];
char Datapacket2[8];

103160 //8038 //44211 //25000 // //Hz
#define SAMPPRD  (Fcy/Fs)-1

256

) & str)



// Internal FRC Oscillator
_FOSCSEL(FNOSC_FRC); // FRC Oscillator
_FOSC(FCKSM_CSECMD & OSCIOFNC_ON & POSCMD_NONE);

// Clock Switching is enabled and Fail Safe Clock Monitor

isdisabled
// OSC2 Pin Function: OSC2 is Clock Output
// Primary Oscillator Mode: Disabled
_FWDT(FWDTEN_OFF); // Watchdog Timer Enabled/disabled by user software

// (LPRC can be disabled by clearing SWDTEN bit in RCON register

int main(void)

{

T 7T111111771177777/UART Initialization
AD1PCFGL = 0x0100;

setpoint = 0x0000;

__builtin_write_OSCCONL(OSCCON & 0xbf); // clear bit 6
RPOR9bits.RP19R =3;  // UART1 TX RP19
RPINR18bits.U1RXR = 0b10010; //UART1 RX RP18

PWM1CON1 = 0x0000; // Turn off PWM
PWM2CON1 = 0x0000;

__builtin_write_OSCCONH(0x01); // Initiate Clock Switch to
// FRC with PLL (NOSC=0b001)
__builtin_write_OSCCONL(0x01); // Start clock switching

__builtin_write_OSCCONL(OSCCON | 0x40); // Lock PPS registers
__delay32(1000000);  //kill some time here- make sure PPS is set up 1000000

TRISCbits.TRISC2 =1; // UART1 RX
TRISCbits.TRISC3=0; // UART1 TX

PLLFBD=38; // M=40

CLKDIVbits.PLLPOST=0; // N1=2
CLKDIVbits.PLLPRE=0; // N2=2

OSCTUN=0; // Tune FRC oscillator, if FRC is used
RCONDbits.SWDTEN=0; // Disable Watch Dog Timer

U1MODEbits.UARTEN = 0; // Disable UART

U1MODEDbits.STSEL = 0; // 1-stop bit

U1MODEDbits.PDSEL = 0; // No Parity, 8-data bits

U1MODEbits.ABAUD = 0; // Auto-Baud Disabled

U1MODEDbits.BRGH = 1; // Low Speed mode 0

U1BRG = 80; // BAUD Rate Setting for 9600 24, 115200 1 or 80 or 79
U1STADbits.URXISEL = 0; // Interrupt after one RX character is received;
U1STAbits.URXISEL = 0;

U1STADbits.UTXISELO = 0; // Interrupt after one Tx character is transmitted
U1STADbits.UTXISEL1 = O;

U1MODEbits.UARTEN = 1; // Enable UART
U1STADbits.UTXEN = 1; // Enable UART Tx
__delay32(5000);



PORTB = 0;
T T T T

010 11111717111111117/DAC Initialization
DAC1STATbits.ROEN = 1; /* Right Channel DAC Output Enabled */

DAC1DFLT = 0x0000; /* Default value set to Midpoint when FORM =0 */
DAC1CONbits.DACFDIV = 5; /* Divide Clock by 1 (Assumes Clock is 25.6MHz) */
DAC1CONbits.FORM = 0; /* Data Format is Unsigned O - unsigned 1 - signed*/
DAC1CONbits.AMPON = 0; /* Amplifier Enabled During Sleep and Idle Modes i had 1 */
DAC1CONbits.DACEN = 1; /* DAC1 Module Enabled */
T

T 7ADC
TRISBbits.TRISB6=1;

TRISAbits.TRISAO=1;

TRISAbits.TRISA1=1;

TRISBbits.TRISB2=1;

TRISBbits.TRISB3=1;

TRISCbits.TRISCO=1;

TRISCbits.TRISC1=1;

AD1PCFGLbits.PCFG0=0;

AD1PCFGLbits.PCFG1=0; //Set AN1 as the port pin for analog 0
AD1PCFGLbits.PCFG4=0;

AD1PCFGLbits.PCFG5=0;

AD1PCFGLbits.PCFG6=0; //Set AN6 as the port pin for analog 0
AD1CON2bits.VCFG=0; //Set VREF+ and VREF- as the reference 3 was 0
AD1CON1bits.FORM=0; //integer O

AD1CON1bits.FORM1=0; // 0

AD1CSSLbits.CSS6=1; //Select Channel AN6 1

AD1CHSO0 = 0x0006; // 0x0006

AD1CON2bits.SMPI=0; // 0

AD1CON2bits.CSCNA=0; // 0

AD1CON1bits.AD12B=1; // 1

AD1CON2bits.CHPS=1; //0

AD1CHSObits.CHOSA=6; //Set AN6 6

AD1CHSObits.CHONA=1; //Set VREF- 0, 1 AN1 0
AD1CON3bits.ADRC=0; //internal chip RC clock 0
AD1CON1bits.SSRC=0; //Manual Acquisiton mode 0
AD1CON1bits.ASAM=0; //Manual Conversion 0
AD1CON3bits.ADCS=3; // 3

AD1CON1bits.ADON = 1; //ADC module Enabled 1

T T T

int receivedcount;
int ReceiveComplete;
char ReceivedChar;
char command(3];
char devicenum[2];
char setvoltage[6];
char calvoltage[6];
char calcurrent([6];
char setcurrent([6];
char setcommand;
inti;

float setpointf;



float voltageread;
float currentread;
int datacheck;
double counter;
double timeoutcom;

counter = 0;
timeoutcom = 0;
datacheck = 0;
voltageread = 0.0;
currentread = 0.0;
setpointf = 0.0;
i=0;

setpoint = 30250;
setvoltage[0] = 0;
setvoltage[1] = 0;
setvoltage[2] = 0;
setvoltage[3] = 0;
setvoltage[4] = 0;
setvoltage[5] = 0;
setcurrent[0] = 0;
setcurrent[1] = 0;
setcurrent[2] = 0;
setcurrent[3] = 0;
setcurrent[4] = 0;
setcurrent[5] = 0;
receivedcount = 0;
ReceiveComplete = 0;

111111171111/ Main Loop
while(1)
{
counter = counter + 1;
if(timeoutcom > 30)
{
timeoutcom = 0;
receivedcount = 0;
}
/* get the data */
if(U1STAbits.URXDA == 1)
{
timeoutcom = timeoutcom + 1;
ReceivedChar = U1RXREG;
if(receivedcount == 0)

{
if(ReceivedChar =="'&')
{
receivedcount = 1;
ReceivedChar = 0;
}
}
else if(receivedcount == 1)
{

if(ReceivedChar =="'&)

{
receivedcount = 2;
ReceivedChar = 0;



}

else if(receivedcount == 2)

{

}

if(ReceivedChar ==")")

{
receivedcount = 3;
ReceivedChar = 0;

else if(receivedcount == 3)

{

}

if(ReceivedChar !=",")

{
command[i] = ReceivedChar;
i=i+1;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 4;
ReceivedChar = 0;
}

if(command[0] =='S')

{

if(receivedcount == 4)

{
if(ReceivedChar !=",")
{
devicenum[i] = ReceivedChar;
i=i+1;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 5;
ReceivedChar = 0;
}
}
else if(receivedcount == 5)
{
if(ReceivedChar !=")")
{
setvoltage[i] = ReceivedChar;
i=i+1;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 6;
ReceivedChar = 0;
}



else if(receivedcount == 6)

{
if(ReceivedChar !=",")
{
setcurrent[i] = ReceivedChar;
i=i+l1;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 7;
ReceivedChar = 0;
}
}
else if((receivedcount == 7) | | (receivedcount == 8))
{
if(ReceivedChar =="*')
{
ReceivedChar = 0;
if(receivedcount == 7)
{
receivedcount = 8;
}
else
{
receivedcount = 0;
ReceiveComplete = 1;
}
}
else
{
ReceiveComplete = 0;
ReceivedChar = 0;
receivedcount = 0;
}
}
}
else if(command[0] =='C')
{
if(receivedcount == 4)
{
if(ReceivedChar !=",")
{
devicenum[i] = ReceivedChar;
i=i+l;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 5;
ReceivedChar = 0;
}
}

else if(receivedcount == 5)

{



setcommand = ReceivedChar;
receivedcount = 6;
ReceivedChar = 0;

}
else if(receivedcount == 6)
{
if(setcommand =="'V')
{
if(ReceivedChar !=")")
{
calvoltageli] = ReceivedChar;
i=i+l;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 7;
ReceivedChar = 0;
}
}
else if(setcommand =="'C')
{
if(ReceivedChar !=")")
{
calcurrentl[i] = ReceivedChar;
i=i+l;
ReceivedChar = 0;
}
else
{
i=0;
receivedcount = 7;
ReceivedChar = 0;
}
}
else
{
receivedcount = 0;
ReceivedChar = 0;
}
}

else if((receivedcount == 7) | | (receivedcount == 8))
{
if(ReceivedChar =="*')
{
ReceivedChar = 0;
if(receivedcount == 7)

{
receivedcount = §;
}
else
{
receivedcount = 0;
ReceiveComplete = 1;
}



else

{
ReceiveComplete = 0;
ReceivedChar = 0;
receivedcount = 0;

}

I 1111111111111 /Sample Analog
if(counter > 100000)
{
int count;
float voltagereadprevious;
AD1CON1bits.SAMP=1; // Samp bit is manually turned on to start acquisition
while(count < 30000)
{count = count + 1;}
count =0;
while(count < 30000)
{count = count + 1;}
count =0;
AD1CON1bits.SAMP=0; // Acquisiton is complete and conversion is started
while(count < 30000)
{count = count + 1;}
count =0;
while(count < 30000)
{count = count + 1;}
count =0;
bufdata=ADC1BUFO;

voltageread = ((bufdata/72.816) - 18);
currentread = bufdata2/2048.0;
sprintf(Datapacket,"%06f",voltageread);
sprintf(Datapacket2,"%06f",currentread);

U1TXREG ='%";
__delay32(5000);
ULTXREG = '%";
__delay32(5000);
ULITXREG =,
__delay32(5000);
U1TXREG ='S';
__delay32(5000);
U1TXREG ="'1";
__delay32(5000);
UITXREG =",";
__delay32(5000);
U1TXREG = Datapacket[0];
__delay32(5000);
U1TXREG = Datapacket[1];
__delay32(5000);
U1TXREG = Datapacket[2];
__delay32(5000);
U1TXREG = Datapacket[3];
__delay32(5000);
U1TXREG = Datapacket[4];
__delay32(5000);



U1TXREG = Datapacket[5];
__delay32(5000);

ULTXREG = ,';

__delay32(5000);

U1TXREG = Datapacket2[0];
__delay32(5000);

U1TXREG = Datapacket2[1];
__delay32(5000);

U1TXREG = Datapacket2[2];
__delay32(5000);

U1TXREG = Datapacket2[3];
__delay32(5000);

U1TXREG = Datapacket2[4];
__delay32(5000);

U1TXREG = Datapacket2[5];

__delay32(5000);

U1TXREG =",";

__delay32(5000);

UITXREG ="*";

__delay32(5000);

U1TXREG ="*';

__delay32(5000);

U1TXREG = OxA;

__delay32(5000);

counter =0;

}
T

T 111111111711111111111111111]/Command Received
if(ReceiveComplete == 1)
{

int count;
timeoutcom = 0;
U1TXREG = '%';
__delay32(5000);
U1TXREG ='%";
__delay32(5000);
ULTXREG =,;
__delay32(5000);
U1TXREG ='0";
__delay32(5000);
U1TXREG = 'K';
__delay32(5000);
ULTXREG =,;
__delay32(5000);
U1TXREG ="*";
__delay32(5000);
UITXREG = '*';
__delay32(5000);
ULTXREG = 0xA;

//  setpoint = atoi(setvoltage);
setpointf = atof(setvoltage);
setpoint = setpointf*100 + 40;
setpoint = ((setpoint*10.92267 + 30250)*0.974); //30582 32767
DAC1DFLT = setpoint;
ReceiveComplete = 0;



setvoltage[0] = 0;
setvoltage[1] = 0;
setvoltage[2] = 0;
setvoltage[3] = 0;
setvoltage[4] = 0;
setvoltage[5] = 0;

}
}
}

T TT11177717End main loop



