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1. Executive Summary

The COVID19 pandemic in 202fesulted in a large push to work from hofhg
Unfortunately for anyone with engineering taskshatnd they would now need to search for
affordabletestbench equipment to aid in theffor exampletestlench equipment such as power
supplieswere nownecessary fostudentsn powering their projecisomething which was
already attractive fanobbyists Examiningthe current market, we comparadmall sample of
multiple channelow-costpower supplies sicas theKoradKA3305P ($235), siglent
SPD330% ($299, GW Instek GPE2323 (806) [2, 3, 4], In the end we arrivedtthe
assumption o& tendencyor pricesto be over $00, especially for added functionalities such as
programmability or multipl®utput channel€ur design seeks to fill that voly providing an
inexpensive lab power supply that wouldt only supply DCvoltage bufprovide highend
functionaliiesat alow $106 cost
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3. Requirements

1. Mission Requirements
1 The device will operate two independenntrollable voltage channels

2. Operational Requirements

Input/Output Requirements
1 The output voltage and current limit per channel shall be adjustable using a keypad and a
knob (rotary encoder)
1 Voltage, current, and current limit input/output per chashell be displayed on a simple
LCD
Output voltage shall be adjustable betweetOV
Power supply will have the ability to set current limits per channel.
Power supply will be controllable through USB using SCPI
Power supply will offer two channels

= =4 4 A

Exernal Interface Requirements
1 Power supply shall receive power from Mains power

Functional Requirements
1 Maximum Current per Channel shall be 500mA
1 If the current limit is reached, the output will switch off

1 Digital readouts for voltage, current, andm@nt limit per channel shall be shown if the
current limit was reached

Technology and Systemide Requirements
1 Custom enclosure will be designed to hold all circuitry
1 All components will be set in custom PCB
1 Materials cost should be in the range of $8@0
1 A 0.5A fast act fuse shall be used for user and circuit protection
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4. Approach

1. Motivation
The COVID19 pandemic in 2020 significantly increased the number of online classes,

including those in the electrical and computer engineering field. As many of these classes
contained a lab component, students were required to purchase lab power supplies that could be
powered and used at home to run experiments for these labs. These lab power supplies would be
used in both AC and DC situations, although most labs requirgd>@loltages/currents to be
used.Most power supplies that offer high outputs with high functionality are very expensive
often starting at $30@heaper gpplies often do not have high end functionality and are quite
noisy. Our design seeks to fithis void and provide an inexpensive lab power supplyiratid
offer high end functionalityletting students pay less for the same functionality (for the purposes
of their lab).

2. ldentification of Need
To design gprogrammable twahannel power supply and meet our project goals and
requirements, we must achieve the following:
1 The device must be computer controlled
Output voltage at each channel to be adjustable betw&6k O
Developed solution must be lesost ($56$100)
A custom front panel to display voltage and current information to the user
Device must be controllable from a computer (via USB) and using a keypad and a
knob
1 Measurements and outputs displayed with high accuracy
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3. Market/Application Review

We took asmall sample from the current market as given by Tables 1 and 2 and
compared price with specifications and functionalities. We foharktis currentlyraincreasing
gap in the market for an inexpensive two channel DC power supply, so we aimed todiithat
Our designvould needo be inexpensive to create but also competitive by addingdmridh
functions, e.g., programmability, multiple output channels,iafuitive external peripherals.
With thesegoals inmind, we assumed the product wouldrhere favorable especially for
students and hobbyists, who may not have the necessary resouthesaficgrage power supply.
Our systemwould allow the user to input a voltage between 0 and 10V and a current limit
between 0 and 500mA for each of the twarhels independently. The power supply would then
output said voltage at a current below the limit and display both the user input voltage/current
values as well as the actual output voltage/current values for each channel. The power supply
would also be @nnected to Mains voltage as a power source.
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Table 1: Dual Channel Programmable DC Power Supplies Comparison

Dual Channel DC Power Supplies
Cost (USD)

Model,
Programmability
E36233A,
programmable p]
Series 22260-1.
Programmable ¢]

SPS5044X,
programmable B]
DP821A, programmable
[7]

GPD2303S,
programmable #]
GPE2323, non
programmable #]

3059

1320

2269

731

545

306

30

30

40

60

30

32
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Table 2: Triple Channel Programmable DC Power Supg@leaparison
Triple Channel DC Power Supplies

Model, Programmability Cost (USD)  Vmax Vmin

EDU36311A, programmabl&] 898 30 0
Series 2236B0-1, programmable §] 1480 30 0
SPD3303X, programmabla][ 549 32 0
SPD3303X, programmabled] 399 32 0
SPD3303C, programmablg][ 299 32 0
DP831, programmable7] 473 30 0
SPDB3606, norprogrammable {] 759 30 0
KD3305P, programmable] 250 30 0
KA3305P, programmable] 235 30 0

4. Approach based on Conceptual Design

The conceptual design for this project began with the requirement specifications of a 2
channel lab power supply that could be controfigternallyvia aknob andor keypad in
addition to USB. With the requirements of a keypad and USB access, we imiyddiate that
the system would need to be controlled by a microcontroller. Another requirement was that the
two channels would need to be electrically independent, so controlling both channels with only a
single microcontrollewould not be possible. With liis requirement, we knew early on that we
would need at least two microcontrollers to control each channel separately and that they would
need to be able to speak to each other in an electrically isolated way, such as with an
optocoupler. Since everythivgould be ontrolled with microcontrollers, every input needs to be
digital, so the knobs will be rotary encoders rather than analog potentiomadteds would also
give us more accurate measuremgnrtsthermorehaving to use Mains as the power source
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would require more safety precautions for the usecpsoponents would have to be chosen
meticulously.The rest of the design was based on other lab power supply front panels as well as
a sample front panel design given to us by Dr. Kaps.

5. Alternative Appioaches

One alternative design was to use a single MCU as a centralized controller, allowing us to
use analog sensors along with a corresponding ADC on each channel for communication. The
ADC and MCU would communicate through a fdliplex communication ptocol such as SPI,
but the two would be on separate circuits. The central MCU would be on its own isolated and
regulated voltage rail designed to meet the specifications of the MCU for optimal safety and
reliability while the sensors and their ADCs woukddlaced on each voltage channel to measure
the voltage and current for that channel. To control the output of the channel, a digital
potentiometer, PWM signal, or a DAC would be used to interface with the voltage regulation
circuit of that channel, depeing) on the design of the circuit. These components would similarly
communicate through the same {dliplex protocol as the other sensors on its channel.
However, since the channel and MCU are electronically separated, an alternative means of
communications needed. This would be accomplished through the optocouplers, as it is in the
selected design. This design was not chosen as getting the individual sensors, ADCs, and DACs
would end up costing more than a single MCU that has all these features built int
Furthermore, the central MCU would need higher capabilities and performance since it would
have to control all channels simultaneously. Using a single MCU per channel instead would
reduce the load on the central MCU, thus allowing for a broadeibdistn of resources.

An alternative design choice for specifically the voltage regulation circuit in each channel
was to use a power electronics microchip instead of assembling individual components to build a
regulating circuit. A suitable microchip thean both control and drive the outputs for the voltage
channels could not be found.

An alternative design choice for input power was to use a power supply that was
designed for use in a desktop personal computer. This choice would eliminate anyisk fro
dealing with Mains voltage as we would not need to open the supply to access the 3.3V, 5V,
12V, and ground pins and it could be treated as a black box. This choice would simplify the
circuit slightly by removing the need to rectify AC power, but it coatean increased cost, as a
PC power supply costing around $50 or more while a suitable transformer can be found for under
$20.

Several approaches to regulating the supply voltage were considered. The first approach
considered was to use a bdaiost conerter to achieve a user desired output voltage and the
current limit would have to be dealt with by external circuitry. A bbokst converter is a
switching regulator, so the output has a lot of ripples, which is undesirable in the context of lab
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experimats. To achieve a stable output voltage, we decided that the regulator circuit should at
least include a linear regulator at the €Hde first approach was further modified as we did not

see a need for a boost converter if the transformer can supplgdbssary DC voltage after
rectification.For this reason, we specifically look for parts with low voltage drops like Schottky
diodes and LDO regulators. If the transformer is unable to supply an adequate voltage after
rectification, it may be necessaryuse a buclboost or simply a boost converter, but for now, a
more specialized buck converter switching regulator with an adjustable current limit seems to be
the better choice.

6. Individual Contributions

Most of the project was divided as planned in EAZ2, but losing a member caused a
few alterationsDuring prototyping,Tarun assisted everyone, Carlos and Dean hatiuddithear
regulatorcircuit, andJuan andCarlosundertookthe switching regulator circuil.he front panel
PCB was mostly handled by Juan and Carlos, while the schematic was done by Tarun and
Carlos.Thefront panekeypadand spacewas designed and printed by TarAnfront panel
cutoutdesignwas designed by Deafihemain power supply schematic was handdgdrarun
and Carlos, with Carlos designing the PGBIdering the final PCB components wasnarily
handled by Carlos but all members contributedquizck assemblyThe frontpanel assembly was
also primaily done byCarlos,but all members contributed to its assemBisogramming the
USB was handled by Carlos, while LCD and rotary encedge done byluan and Tarun
respectively. With those fundeentals in place, user interactions and their effectdhe system
(PID controland state machineg)erehandled by Carloand Tarunwhile Dean handled SCPI
programmabilityas well as the design of the front panel laminate in GIMBEmembers
contributed to presentations and document submissions.
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5. System Design

Request
voltage/current
limit adjustments

Individual power
up request

>Step down and split mains
power
>Accept adjustment requests
>Regulate voltage according to
Mains Power —  » user input
>Measure actual outputs and
shut down

upon reaching current limit
>Control display - 0-12V Channel

» 0-12V Channel

Display limits and
outputs

Figure 1:Level O Functional Decomposition

Figure 1shows thenputs and outputs as well as the-tepel functions that comprise our
system. The inputs and outputs are simple, the sysieammains power and outpatwo
independent {12V channels controllable by the user and display the user set limits and actua
outputs.
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Figure2: Level 1 Functional Decomposition

Figure 2showsa more detaileflinctional decomposition, each function is listed along
with how each function interacts with other functiofise first function is responsible for taking
mains power and converting it into something manageable by stepping it dovan with
transformer, splitting the single lane input to two independent outputs, and rectifylihg it.

second function is responsible for taking input from the user and interacting with the rest of the

system to output a user desired voltage on each channeisphaly said user inputhe third

function is responsible for taking the unregulated but rectified AC voltage from the transformer
and regulate it down to a user specified voltade fourth function is responsible for measuring
the actual voltage andioent outputs of each channel to display to the user and to shut off the

switch if the output current is past the user defined liftie fifth function is responsible for
taking the user inputs and the measured outputs and displaying them on a simple LCD.
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Channel 1

5 3.3V
110v/120V ~ switching— linear —» MCU -
regulator | regulator
Charge| Minimum
Pu‘mp *current DAG Control
Ld T
Full-wave Switching Linear Sense
' |" bridge rectifier| | regulator " regulator " module '
Transformer - Optocoupler| | Front
Full-wave Switching | Linear Sense " panel
" bridge rectifier| |” regulator " regulator " module i
' i & .
Charge| Minimum DAC Control Display
Pump |~ current | and front
5V 3.3V panel
~ switching — linear ./ MCcuU «contral
regulator  regulator !

Display voltage e

Channel 2

Figure3: Level 2 System Architecture

Figure 3 shows detailed block diagram of the individual modulesur systen and
how they interact with each other. We take mains power and step itwitlwa transformer that
has two secondarigene for each channdlhe secondaries gnto a full wave bridge rectifieio
supply our system with O voltage a well asa charge pump to supply us with a negative
voltagethat we can use to bias dDpAmps and sink the minimum current required by our linear
regulatorsFrom the bridge rectifier we preregulate @ottage using a switching regulator for
efficiency. From the switching regulator we further drop the voltage to a user specified voltage
using a linear regulator for a stable outgdiir MCU is powered by its own 3.3fatic linear
regulator which is preregulated with a 5V switching regulator thalssused to power our
display. The MCU reads the output voltage and current using ADC pins and controls the
reguators with DAC pins. EacMCU communicates witlthe othetthrough a pair of
optocoylersso that the channelsmain isolated. Our main MCU on channel 2 is also
responsible for reading inputs fraime front panednd USB asvell as controlling the front panel

display.
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Init

|
Done

Datie——>1 Ready =0 \ User Request“\

/ / \User \\ \

Request

Display Measure Adjust DAC
Channel <"User RSk voltage and —Error—— output to
Outputs current Regulators

Enable or
— I Disable e Curent_~

Regulator

Figure4: Overall System State Machine

After our system iniglizes itself,it will automatically begin measuring the output
voltage and current ardisplay these results on th€D. By default,the system will be in
shutdown and no current limit will be set so the device Ishdigplayeverything as 0Once a
user requests voltage or current limit the display will be updated with these settings and the
MCU will begin to adjust the DAC to output the specified voltage. The system will continue to
readthe output voltage and will further adjust the DAC to maintain the user spealiage. If
the useenters a current limit and this current iagked the system will automaticaéinter
shutdown.
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6. Technical Section
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Figure5: Final MCU Configuration

The brains of the power supply unie developed@re the microcontrollers, which are
responsible for handling user inputs, processing themc¢amidollingthe output voltage/currents
based on said input§he secondarMCU is set up exactly the same except it does not need to
be responsible for USB, 12C, or the front panel. The secondary MCU is also shigiatlier,
being only 48 pins and having less flash and ram but it only neeésetioe information from
the primaryMCU, send information back, and regulate its channel.
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Figure6: Dual Secondary Transformer

To transform Mains voltage into a voltage that can be safely used by our system, a step
down transformer asused A stepdowntransformelis a component used to convert high
voltage at a low current into low voltage at a high current, where the secondary voltage is
directly proportional to the turns on the secondary coil and the primary voltage, all divided by

the number of turns on the prary coil(w, ;).
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Figure7: Full Wave Bridge Rectifier
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A full-wave rectifier, which is a circuit that converts alternating current voltage into
direct current voltage, asused to convert the steppddwn voltage into DC voltage. Thell-
wave rectifier has a voltage drop equivalent t¢ 2Where \4 is the voltage drop across one of
the diodes in the rectifier. There is an additional drop that we need to account for when flattening
a sinusoidal wave, the average output of a bridgefréece r 1 s 2Vp/ m1 and we get
12/0.7071=16.97072V with an RMS voltage of 12. Plugging this peak voltage back into the first
equation we get an average voltage output of 10.80389V. This assumes a full load however and
wedid not plan to operatée transformer at max load; however, the bigger and larger display
we chose drew 0.1A to 0.2A on its own and in addition to our 0.5A output cdresmtwe saw a
big drop on the 0.8A transformer we used in the beginfihig. drop in voltage caused our
opamp circuit to oscillate until we added a massive capacitance to the bridge rectifier to keep the
voltage above 12\WVe have since replacdide 0.8A transformewith a larger 1.5A transformer
and consequently we have increased our power limits fronrigiiead 10V 0.5A to 12V 0.8A.

17 of 114



------------------

3.3 VoltsD- T
Replaces Inverter

RE_LVR1 On/0ffD—

R13_LVR1

|
Q4_LYR1 | 10k
| Paazhoy | LR

el
o
uy

o~

Set ValtageDn

R3_LVRL
1k

Ré_LVR1L

Lineari_1
LT3083x00

q 8
Linear Input >—E IN out
i out
ouTt
YCONTROL aut

5
ﬁ SET
< T>Charge

- iC'l{L\le L C3_LVR1 J_ctmvm
Tu = 10u T 20p

Figure8: LT3083 Linear Regulator

o fou po [

WCCD-

GNDE-

The regulator circuit that outmitthe voltage sourced by the rest of our system will be
composed of three types of regulators: linear, switching, and static. Linear regulators are
regultors that utilize a linear component, such as a potentiometer, to regulate input voltage.

These types of regulators are relatively simple to design and do not output much noise, but they

have a low power capacity and are not as efficient as other raguldimhad a lot of problems
with the LT3080 latching up or down during operation and we attempted to fix this through
advice we received from EEVBIlog and while it did solvel#teh upproblems it caused further
problems when trying to operate the devitehutdown8]. Because of this, we needed to
switch to using the more expensive LT3083.
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ACD { I < : : A
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22u 1N4001 22u T 22u T im BEE

GNDD- o a

Figure9: Charge Pump

The linear regulator we chosequiresa minimum current draw of 1mA tegulate near
0V but this minimum current must be returned to a negative voltage sdunegative voltage
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source was alspecessaryo bias outOpAmpcircuit to operate at or near OX.negative voltage
source from a switching regulator wasdfly considered before breg dropped in favor of a
much cheaper charge pump.
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Figure10: OpAmp Circuit
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The linear regulator we chose outputs whatever voltage it sees on its set pin so to control
it using a DAC requires us to multiply our DAC by a gain of 4 using aimagrting Opamp.
Both the Opmp and the DAC have a minimum output voltage which would have caused us to
have a minimum output voltage of nearly half a volt. In order to removefthet, we divide a
3.3V voltage referencand buffer it with a voltage follower which is finally subtracted from our
norrinverting amplifier using a differential amplifier with a gain of 1. This does mean that we
can now output a slightly negativeltage,but we can carefully control the shutdownprevent
this from eveioccurring

will imporve accuracy and efficiency. LM324
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Figurell: Output Sense Circuit
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We measure the output current using a current sense resistor and a current sense amplifier
with an ADC probe on it. We measure the output voltage by resistively dividing it with @1 AD
probe on it. The placement of our resistive divider matsreconsidered after adding a flyback
diode and a fuse to prevent reverse polarity and it should have been placed before the current
sense or at least buffered with an OpAMfe chose a flyback dde and fuse instead of just a
diode for reverse polarity because we previously could not afford a large voltage drop on the
0.8A transformer but our new 1.5A transformer could easily support a diode in series as well as a
MOSFET for everse current protaon.
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Figurel2: L6902 Switching Regulator

Switching regulators use switching components, such as MOSFETSs, and work by taking
small chunks of energy from the input voltageirce andransferring them to the output. These
kinds of regulators are moréieient and can handlexcessive amounts power but are also
more complicated to design and hangsy output signalsTo control the output of this
switching regulator we introdude third resistor R3 to the node between the first two connected
to the feedback pin aratovethis new resistor with a voltage from a DAC. Applying KVL at the
feedback pin of a switching regulator gives us the following equation:

Vb — R3R2Vout + R1R2Vdac
"~ R3R2 + R1R3 + R1R2

This equation can thdme used to make a system of equations based on the minimum and
maximum output of the regulator as well as the DAC to find the required resistance of any two
resistors given any choice of a third resistdns regulator worked well during prototyping and
under a passive load using some EB#&istorsput we later determined that the inductor we chose
was the wrong frequency and this causecomajoblems when regulating down to low voltages
while operating at a high current draw. Due to this, we disabladotanf thisregulatorand we
mustdrop voltage using the linear regulator.
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Figure1l3: AP63205WU and LP2950 Static Regulators

Static regulatorare normal switching or linear regulators thatput a constant voltage

t hat can

val ue

t be

changed,

whi ch makes

constant voltage, such as a microcontroller, but not for powering something that requires a
variety of voltage values, such as thepotitthannels for our PSWe get a static 5V switching
regulated voltage out of the AP63205WU to power the LCD andggeate the static 3.3V
linear regulated voltage out of the LP2950 which powers the MCU.
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Figure X4: Optocoupler Circuit

Forour MCUs to talk to each other without shargrgundwe needed to usmisolated
medium such as optocouplers. We have two opfaeosi for our board so that the MCUs can
speak UART with each other and communicate relevant information.
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7. EXperimentathn

The first experiment we ran was to step our power supply fra@\las well as @.8A
and compare the voltage and current we read out with the voltage and current from a known
accurate sourc&Ve used the Rigol 3021 load tester that gave us the cloeghtve wanted to
get the accurate voltage and curremidirgs. Since both our supply and the Rigol load tester
both accept SCPI commands this process was autothatedh PyVISAso we were able to
collect a lot of data. We collected voltage data irsi#®s and current data in 20 steps for
channel 2 of our supply which isgimain microcontroller because it would be the busiest and
offer the worst results. We took data from channel 1 with lower resolution with voltage being in
12 steps and current in $6eps.

Table3: Raw data from channel 2 at 0.7&#%&rementing load

Voltage | Voltage Voltage Current | Current Current
Requeste| Displayed (Our| Displayed Requeste Displayed (Our | Displayed
d supply) (Rigol load) d supply) (Rigol load)
0.25 0.24 0.23528 0.76 0.768 0.758612
0.5 0.5 0.487542 0.76 0.789 0.7587
0.75 0.7 0.733813 0.76 0.761 0.758684
1 0.95 0.984754 0.76 0.761 0.758684
1.25 1.25 1.234762 0.76 0.767 0.758684
15 1.49 1.483925 0.76 0.761 0.758708
1.75 1.75 1.738351 0.76 0.764 0.758732
2 2 1.984414 0.76 0.768 0.7587
2.25 2.25 2.232465 0.76 0.765 0.758764
2.5 2.49 2.483495 0.76 0.754 0.758748
2.75 2.75 2.73248 0.76 0.758 0.758716
3 3 2.985557 0.76 0.769 0.758644
3.25 3.24 3.235743 0.76 0.768 0.758572
3.5 3.5 3.482814 0.76 0.767 0.7587
3.75 3.75 3.734037 0.76 0.764 0.75878
4 4 3.982681 0.76 0.768 0.758724
4.25 4.25 4.234275 0.76 0.769 0.758612
4.5 4.5 4.483127 0.76 0.759 0.7587
4.75 4.75 4.733475 0.76 0.755 0.758652
5 5.01 4.98369 0.76 0.755 0.75866
5.25 5.24 5.229931 0.76 0.758 0.7587
5.5 5.5 5.482475 0.76 0.768 0.758652
5.75 5.75 5.73091 0.76 0.77 0.75862
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Table 3continued Raw data from channel 2 at 0.76A incrementing load

Voltage | Voltage Voltage Current | Current Current
Requeste| Displayed (Our | Displayed Requeste Displayed (Our | Displayed
d supply) (Rigol load) d supply) (Rigol load)
6 6 5.981245 0.76 0.765 0.7587
6.25 6.25 6.233654 0.76 0.762 0.758676
6.5 6.51 6.478887 0.76 0.766 0.758644
6.75 6.76 6.729903 0.76 0.763 0.758628
7 7.01 6.980638 0.76 0.751 0.758628
7.25 7.26 7.228362 0.76 0.76 0.758652
7.5 7.5 7.480949 0.76 0.757 0.758684
7.75 7.73 7.728881 0.76 0.762 0.758684
8 8 7.980415 0.76 0.764 0.758716
8.25 8.25 8.229934 0.76 0.754 0.758732
8.5 8.5 8.47708 0.76 0.768 0.758708
8.75 8.75 8.726731 0.76 0.765 0.758764
9 9.02 8.977258 0.76 0.762 0.75874
9.25 9.24 9.227296 0.76 0.764 0.758724
9.5 9.51 9.477852 0.76 0.762 0.758612
9.75 9.77 9.727341 0.76 0.764 0.758732
10 9.98 9.977096 0.76 0.766 0.758644
10.25 10.23 10.224657 0.76 0.763 0.758652
10.5 10.49 10.477007 0.76 0.759 0.75862
10.75 10.72 10.726792 0.76 0.76 0.758692
11 11 10.974887 0.76 0.759 0.758748
11.25 11.24 11.225384 0.76 0.768 0.758668
11.5 11.51 11.474784 0.76 0.756 0.7587
11.75 11.75 11.723442 0.76 0.768 0.758772
12 12.01 11.975363 0.76 0.756 0.758748

We initially took our data going from-02V and 60.8A in increasing order, this resulted
in oursystem building up a lot of helay the time it came for the larger loads due to the failure
of our switching pre regulator. This heat then affected our MCU either diaathyough the
jumper wire we used to move the voltage divider on the output bebincurrent sense resistor
and we saw about 30mV drift at the high eAtl0.8A load our switching regulator failed even
harder dropping to around 9V without us atp¢img to regulate it due to the improper inductor
but we include this data in processherausét does not significantly impact our average error.
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Table4: Raw data from channel 1 at 0.72A incrementoay

Voltage | Voltage Voltage Current | Current Current
Requeste Displayed (Our | Displayed Requeste Displayed (Our | Displayed
d supply) (Rigol load) d supply) (Rigol load)
1 1.01 0.988699 0.72 0.729 0.719231
2 2 1.988255 0.72 0.727 0.719207
3 3 2.992229 0.72 0.725 0.719279
4 4 3.991089 0.72 0.722 0.719319
5 5 4.994826 0.72 0.73 0.719319
6 5.99 5.994264 0.72 0.732 0.719263
7 7 6.995274 0.72 0.724 0.719247
8 8 7.997053 0.72 0.722 0.719319
9 9 8.999694 0.72 0.723 0.719279
10 10 10.000332 0.72 0.717 0.719167
11 11.01 11.001386 0.72 0.73 0.719271
12 12 12.005613 0.72 0.721 0.719175

Since our testing on channel 1 was donmuth fewer steps it went by much quicker
and the system did not have time to build up a significant amount of heat to disturb our results.
We still encountered the same issue as we did with channel 2 where the switching regulator
failed at 0.8A but the vtdgedropon channel 1 was significantly higher. We still chose to
include this data in processing

Table5: Raw data from channel 2 at 0.76A decrementing load

Voltage Voltage Voltage Current Current Current
Requeste| Displayed (Our| Displayed Requeste| Displayed (Our| Displayed
d supply) (Rigol load) d supply) (Rigol load)
0.25 0.25 0.246876 0.76 0.761 0.758732
0.5 0.5 0.497818 0.76 0.76 0.758772
0.75 0.75 0.746906 0.76 0.759 0.758748
1 1 0.996662 0.76 0.762 0.758716

1.25 1.25 1.247559 0.76 0.766 0.75878
1.5 1.5 1.497685 0.76 0.753 0.758668
1.75 1.76 1.748523 0.76 0.761 0.758732

2 2 1.998605 0.76 0.766 0.75874
2.25 2.25 2.246567 0.76 0.761 0.758636
2.5 2.5 2.496248 0.76 0.767 0.758668
2.75 2.75 2.746626 0.76 0.758 0.758676
3 3 2.998828 0.76 0.761 0.758764
3.25 3.26 3.247205 0.76 0.772 0.758804
3.5 3.5 3.496946 0.76 0.768 0.758788
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Table5 continued Raw data from channel 2 at 0.76A decrementing load

Voltage Voltage Voltage Current Current Current
Requeste| Displayed (Our Displayed Requestel Displayed (Our| Displayed
d supply) (Rigol load) d supply) (Rigol load)
3.75 3.75 3.747813 0.76 0.77 0.758748
4 4.01 3.996546 0.76 0.759 0.758788
4.25 4.25 4.248214 0.76 0.759 0.758764
4.5 4.48 4.498993 0.76 0.749 0.758764
4.75 4.75 4.746005 0.76 0.767 0.7587
5 5 4.999156 0.76 0.771 0.758788
5.25 5.25 5.245412 0.76 0.758 0.758708
5.5 5.49 5.497659 0.76 0.755 0.758716
5.75 5.76 5.746851 0.76 0.768 0.758684
6 5.99 5.993952 0.76 0.756 0.758676
6.25 6.24 6.247919 0.76 0.751 0.758612
6.5 6.5 6.494368 0.76 0.755 0.758668
6.75 6.75 6.745251 0.76 0.762 0.758644
7 7.01 6.995792 0.76 0.754 0.758748
7.25 7.24 7.245592 0.76 0.758 0.758724
7.5 7.49 7.498343 0.76 0.767 0.758684
7.75 7.75 7.743219 0.76 0.76 0.758692
8 8.01 7.996609 0.76 0.772 0.758724
8.25 8.25 8.245667 0.76 0.758 0.758708
8.5 8.49 8.493184 0.76 0.761 0.7587
8.75 8.75 8.748262 0.76 0.763 0.758652
9 9 8.993673 0.76 0.761 0.758628
9.25 9.26 9.244407 0.76 0.764 0.758652
9.5 9.49 9.496254 0.76 0.768 0.7587
9.75 9.75 9.743786 0.76 0.774 0.758684
10 9.99 9.99744 0.76 0.756 0.758684
10.25 10.26 10.244201 0.76 0.766 0.758724
10.5 10.49 10.49707 0.76 0.757 0.758724
10.75 10.75 10.747063 0.76 0.76 0.758732
11 11.01 10.994328 0.76 0.765 0.758812
11.25 11.24 11.245477 0.76 0.756 0.75874
11.5 11.49 11.493453 0.76 0.754 0.7587
11.75 11.76 11.744365 0.76 0.753 0.758692
12 12 11.996997 0.76 0.766 0.758652

We repeated our first experiment on channel 2 but this time we ran the experiment with
the current beginning at 0.8A and dropping to OA so that the system would start out with the
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highest loadvhen the device was cool, and the load would only decreasetissm This

resulted in us not seeing a significant voltage drift on our ADC, but we still had the issue with

the switching regulator at 0.8A.

Table6: Raw data from channel 1 at 0.72A decrementing load

Voltage | Voltage Voltage Current | Current Current
Requeste Displayed (Our | Displayed Requeste| Displayed (Our| Displayed
d supply) (Rigol load) d supply) (Rigol load)
1 1 0.98778 0.72 0.718 0.719303
2 2.01 1.988581 0.72 0.72 0.719247
3 3 2.992081 0.72 0.721 0.719343
4 4.03 3.992097 0.72 0.73 0.719239
5 10.1 4.995523 0.72 0.732 0.719271
6 6.02 5.99542 0.72 0.725 0.719263
7 6.99 6.996533 0.72 0.728 0.719271
8 8 7.997943 0.72 0.723 0.719335
9 9 9.001621 0.72 0.727 0.719207
10 10.01 10.002334 0.72 0.724 0.719271
11 10.99 11.002735 0.72 0.728 0.719223
12 12.01 12.006443 0.72 0.726 0.719231

We repeated this experiment with channel 1 with decrementing load even though we did

not expect it to be any different due to how much faster we were tdssnthannel.

The next experiment we ran was a qualitative experinvéhttrial and erroto improve
the PID response of our PID control of the regulator. The first experiment was done with enough
delays that the system reached steady state before measurements were taken and steady state
oscillations were similar. Specifically, we ran the first expemt using the same 0.1 coefficient
for all PID gains. For this experiment we used an Agilent loscibpe to trigger on voltage steps
so we could see our PID response and get an overshoot and rise time measurement.
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Agilent Technologies THU DEC 01 06:56:56 2022
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DC 1M Ohm ] _ _ ~

Figure B: PID Response of 12V stey 0.75A

We started out by seeing how our system responded to a 12V stepoaakgleut we
could not improve anything significantly. Increasing the P gain much past 0.2 resulted in very
visible steady state oscillations. Inaseng the | gain much pa3f2 also introduced a small
amount of oscillation in steady statet lalso increased the overshoot. The D gain did nothing to
help us but going past 0.5 caused an increase in the overshoot.
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Figure B: PID Response of 1V step at 0A

We also decided to run this experiment with a 1V step under nadcd how our
system would respond without being stressed. Our default 0.1 gain on every term resulted in a
large overshoot but not much steady state issues. Removing the D gain esreahed a good
portion of the overshoot aneédeasing both the P and the | gains to 0.01 dropped the overshoot
to under what our overshoot at full load was as well as decreased the undershoot.
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Figure I7: Shutdown Response

We also wanted to look at how our system respondsbubdowroperationsAt 12V to
0V steps we saw a nearly perfect transitbhoim at a 1V to OV step we were able to effectively
zoom in and we saw a little bit of noise just before and aftetdownopeat i on. We ar en
entirely sure if this was due to the bamhxial cable that we were using picking up noise or if this
was due to the shutdown transistors themselves.

The final experiment we ran was more of a qualitative measurement as we wanted to
measue the output noise of our system. This experiment was done withidesrsetup since
we only had access to a 1@robe,and we had to hold the probe to our output by hand.
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Figure B: Noise levels at 0.75A

We didn’t see a sweanihe foiselevelstwhet rufiningauresystere b e t
under load or ndbut the noise levels we recorded were much higher than we would expect for
our linear regulator.
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8. Experiment Validation Using Evaluation Criteria

Our raw data from the first experiment vaa was processed using the matplotlib library
in python to create a 3d plot showing how the erate wasaffected by the power used by the
system.The mean, median, and standard deviation was also calculated for each set of data we
took using the samlérary. The absolute value of the error rate was not taken so that the plots
would make sense visually so the average error rates discussed below would effectively be

doubled since negative errors would carmelpositive errors.

Voltage Error

Voltage Error (mv)

Figure B: Voltage error with incrementing load on channel 2

Figurel1l9 shows anearlyflat error surface due to tlwitlierscaused by the failure of the
switching regulatoat higher loadsand the heat built up in the system over the course of this run
Even with heseoutliersthe average error rate wealculatedo be 556mV with amedian error
rate 0of3.158nV anda standard deviation @4.57V. These numbers are acceptable given that
the resolution of the voltage we display is 10amd we remained within arourd10mV

accuracy.
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Current Error

urrent Error (mA)

Figure20: Current error with incrementing load on channel 2

Figure20 also looksnearlyflat justlike Figure 15 since theirie a strange outliehe

average error rate was calculated t@8mA with a median error rate of8lmA and a
standard deviation &.82nA. These numbers are less acceptable given that the resolution of the
current we display is ImAnd we only remained within abottSmA accuracy.
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Voltage Error

Figure21: Voltage error with decrementing load on channel 2

Figure21looks nearly flat much like Figure 15 due to a strange outlier not caused by the
failure of the switching regulatofhe failure of the switching regulator can db# seen in
Figure21, but this plot is much flatter since the system did not have a chance to build up a
significant amount of heat. The average erabe was calculated to bel@mV with a median of
-147mV and a standard deviation ®.2MV. These nurbers are much better than those of
Figure 15, showing that so long as the system does not heat up too much our accuracy is very
good. We believe that this gincewe moved the voltage divider behind the current sessistor
using a jumper wire that doseto the linear regulator and this wire heating up may change its
resistance enough to affect our results.
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Current Error
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Figure22: Current error with decrementing load on channel 2

Figure22 does not look as flat &3gure 16since there is no strange outliarthe data
and therefore error per division is much lowEne average error rate was calculated to be
2.15mA with a median of B4mA and a standard deviation of 4MA. These numbers are not
significantly better than those from Figurefbé us to believehat heat played a role in the error

rate for reading current.
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Figure23: Voltage error with incrementing load on channel 1

Figure23looks perfectly flat except for one very bad outlier. We thought we had given
the script enough delays to account for the delays isymiemput we found one data point
where weread 0V out on our supply instead of 10Ve are not completelyuse what the cause
of thiswas,but we believe it to be an intermittent failure in the communication between the two
MCUs. With this outlier inplace,we have an average error rate-82.39mV with a median of
7.65mV and a standard deviation of 871.92M)th this outlier removed we calculated an

average error ratef -6.63mV with a median 6f7.65mV and a standard deviation of 17.76mV.
These numbers aren’t too different from those

negative direction ratherdh the positive direction for some reason.
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Current Error

Current Error (mA)

Figure 2: Current error with incrementing load on channel 1
Figure 21 looks much like the previous current error plots with no outliers. The average

error rate was calculated to be 2.64mA with a median &nh2Aland a standard deviation of
4.49mA.These numbers are in line with the numbers we got from channel 2.
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Voltage Error
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Figure 5: Voltage error with decrementing load on channel 1

Figure 5 looks much like Figur@3 with a strange outlier where the voltage was
displayed as 10V instead of the 5V it wasVdith this outlier we calculated an average error rate
of 37.69mV with a median 6f3.10mV and a standard deviation of 444.80m\ithvthis outlier
removed we calculated an average error rat®&mV with a median 6f3.10mV and a
standard deviation of 19.55m¥gain, these numbers dike those from channel 2 but trended

in the negatives.
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Current Error

Current Error (mA)

Figure &: Current error with decreméing load on channel 1

Figure & looks just like every previous current plot with no outliers. The average error
rate was calculated to be 2.26mA with a median of 1.54mA and a standard deviation of 4.51mA.

These numbers remain in line with those from cleh2.

The noise levels wmeasued on our supply were done with a 10x probhd.0:1setting
with theoscilloscopebut our noise levels were quite high, if we can assume we did something
wrong and can divide our results by 10 we end up with a very acceptable 9.3mi\é-peak
ripple. A peakto-peak ripple of 93mV would be something we expect out of a switching
regulaor not a linear regulatolf we did things correctly and the oscilloscope was providing
accuratenformation,then a possible explanation for the noise levels may be the inductor for the
switching regulator since it operating outsitddfrequency rangeas audible to udt is also
possible that we simply weren’t measuring the

noise in the area.

The success of our project is evident from the exceeding of our mission requirements.
Initially, our requirementgcluded: the operation of two independent voltage channels, output
voltage per channel fromD0V, maximum current per channel of 500mA, budget of $30,
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custom front panel to display voltage and current settings to the user, control of the device via
USB, keypad, and/or knob, and measurements and outputs displayed with high accuracy.

20/ - \o Ve

Figure Z: Volfége Chaining fbr 24V

Our final Output voltagevas raised to-A2V which should allow mor#exibility to the
user insetting a desired voltagAdditionally, because of channel separation the chaining of the
voltage channels would now allow for12V to the max or miphigher than our previous 10V,
seen in image.1Similarly, we extended the range of our max current from 500mA to 800mA per
channel, thend goal of this was to allow the user more flexibility by allowing slightly higher
max settings.

Budgeting was restricted to a $%00 range, of course because of the semiconductor
shortage thékelihood of following those constraintsould change at any momdfi. We
observed this from the rise of price in our linear regulators, for example, the LT3083 which rose
from ~$8 to ~$12 near the beginningf the $ring 2022 andhe end otheFall 2022semesters
respectivelyThis is part 6the reason we createdd design plans for our final desigran A
included the LT3080 with adddatch up protectiomndplan B would only utilize th&€ T3083
In the end, we calculated the total price of each husldg the price for a thousand urfids each
componentPlan Aresulted in $98.88 and plan B $106.9Vhile plan B haa slightly larger
difference to the max $100, we believe it is in respectable range for the requirements, as it did
not account for price increasegth time and the requim@ents were exceeded.
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Figure B: Front Panel Display

Our front panelFigure 24 was designed to display all inputs and outpetgiired.
Initially, we used a smaller enclosutat could barely houssutputs and keypad with a tiny
LCD andthen moved on to a largenclosure that was more than twice the sikteough this
transfer we were able to utilizelarger LCD witha backlight,distribute the space between
voltage outputs correctlgisplay thechannel outpustatus viaLEDs, and fe&ure a rotary
encoder and keypad inp@ustom keypads and a spacer wagsigned t@asily integrate them
onto the metal plate and maintain functionality. A white lamimgte also used to give a clean
and easily readable interface for the user. All thlesiwere drilled theamoothedn the MiX.
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Figure B: SCPI Change Output Voltage Prior
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Figure30: SCPI Change Output Voltage Subsequent

Programmability via USB wasplemented using SCPI commands with a slight twist on
the setting commands #lwat the channels would be carited separately. This was not exactly
standardbut we saw that many manufacturers also have their own twist onc8@Riandsand
we figured it was okayAll the code ér accepting SCPI commands is done via string
comparisons so modifying them would be simple.
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9. Additional Issues

The purpose of our project was to creatareexpensive DC power suppiyat had the
input functionality and programmability of other power supplies currently on the market, but at a
more affordable price than said power supplidss would primarily benefit studenksy
providing a power supply they can use for electronics labs, but it would also benefit hobbyists by
giving them ameans to power their custom circuits or systeérhe. inpact of our success to
create an inexpensiv@o channel DC power supp{gven though we went over budget by a few
dollars)would impact students and hobbyistssaying them money that could be spent on more
expensive supplies with similar functionality

Since our finished product works, it could be used by students or hobbyists effectively.
As for the next gps we would take, warere planning to make our project open solnge
ma ki ng o uGitHub repogit@ycpublicallowing anyone to access oschematic/code
and therefore build their own version of our power supplys would benefit students by giving
them a blueprint of a working power supply they could asseatlddow cost for their
schoolwork while also giving hobbyists the same blue@swell as the means to modify it for
their own desired circuit specificatiorisince we would be making o@itHub repository public,
anyone could access our project’s details fro
access, giving our project a global range of potential users.

The cost of oufinished product was $106.07, but the overall amount of fepdat
duringthis project (for parts we used, parts dve notuse,andPCB/Front Pandbutton
fabricatior) was approximately $1,087.2Bhe most expensive components bought for the
project were the regulators, as the total cost of all the regulatorsugbtheas abou$397.09.
As for the cost of labordf this projectassumingveryone was paid $20 per hour for working on
the projectthe btal amount is 867 * 20 = $17,340. Overall, the cost of the project would be
$18,427.28

There were several problemwith our implementation of this device that could and
should be fixed in a second revisidfost of the mistakes could be fixed on our first revision
board using jumper wires, for example we had severalyputesistors that weigcidentallyset
up aspull-downresistors and we had to jumper those pads to some unused 3.3V pins on the top
using a wire with a resistor in iThere were also some mistakes with the pinout of some of the
headers having pins reversed causing some confusion when wiringdippiag.Including
silkscreen labels on each pin would not be a bad idea €linere were also a couple mistakes
with the value of resistors on our OpAmp circuits which were easily fixable by replacing said
resistors.

Additionally, we made a large mig&with the inductor selection for ou6902D
switching regulator and that should be replaced with an appropriate inductor at the minimum.
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This mistake caused tisgvitching regulator to fail when operating at low voltages and high
currents, so we ended npeding to disable control of the switching regulator and have it simply
pass the 16V to the linear regulator which now must do all the wavkuld also be a good idea

to simply replace our L6902D switching pre regulator entisglge we upgraded our

transformer to one that supports up to 1.5A. The L6992Pa current limit of 1A that cannot

quite be reached on the output due to other current draws. A switching regulator that supports at
least 1.5A output with a programmable current limit should bearhan its place, this would

allow us to output up to 1.2A comfortably with additional changes to resistors and fuses as
necessary.

We also placed the resistive divider to read the output voltage after the current sense
resistor but did not move it aftadding a fuse to the end of the output for reverse polarity
protection wih a flyback diode, this causes the math that needs to be done to measure the outputs
to be needlessly complicated. This divider should either be moved behind the current sense
resigor or buffered with an OpAmg transistor could also be added in series with the fuse to
provide reverse current protection now that we have a more powerful transformer and therefore
more voltage to work with.

If the PCB we designed could be shrunk down to fit in a smaller and cheaper enclosure
with the large transformer still off to the side to further save on cost amdléer and cheaper
TFT LCD waschosenthen we could be well under our $100 budgkilevmaintaining our
higher outputs.

Since the upgrade to our transformer wiasap it may be possible to find a transformer
with an even higher voltage and current limit for not much more mdreyLT3083 is a
somewhat expensive device with a voltage liofijfust over 20V and a current limit of 3A which
wouldn’t quite be reached duebutitsavwyrreladent dr aw
and easy device to usé@/ith another LT3083 parallel you could output 20V 5ha suitable
transformer was $ected along with other cost saving measures mentioned above to counteract
the price of another regulator per channel and a more powerful transformer.

The maintainability of our project from a hardware perspective is great, as anyone can
simplyunscrewte si des of our p o warcircsitanmpeplagcé aypartss e t o
that may need maintenaneehetherit is a button on the front panel, a regulator, or even the
transformerAdditionally, if the internal PCBs or wiring was damagéug project s s chemat i c
could be accessed from our GitHub repository, allowing replacement PCBs to easlliede
andmanufactureds neededViaintainability from a software perspective is also great, as our
channelPCB contains pins that allow anyone to use asLiBK to programb ot h channel s’
microcontrolles independentlyo perform anydesiredupdatesSi mi | ar Iy, i f ei t her
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microcontroller breaks andustbe replaced, the code for each channel can be found in the Git,
S0 reprogramming a replacement ramntroller would not & difficult.

When our product reaches the end of itsfitey the components will have to be dealt
with in separate ways. The metal case can be taken to a metal recyclingvdaiétyhe
transformemill have to be disassemblé¢al allow the copper wiring to be recycled, with the rest
of thetransformeibeing thrown out afterward$he 3D printed buttons will have to be thrown
outas will the individual components on the PCBs, but the RB&wnselvegan be melted
down for copper that can be recycléd for the documentation required to create a new instance
of our power supply, all that is needed is the PCB footprint and the code, which can be accessed
from either the MCUs on the old PCB, or tBgHub repository dedicated to our project.
Additionally, a 3D printer and a drill press will be required to create the buttofstaaysl| for
the front panel, and the holes required for the front and ackls
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10. AdministrativePart

While we had dew delays affecting this project, namely finding a proper way to
interface with the MCUfabricating our prototype channel circuityd designing the PCB taking
longer than initially expectedye were able to successfully complete not only a workingitjrc
but a proper prototype within an enclosure that fulfills most of our requirenvéataiere able
to completaall our requirements except for the cost requirement (finalstwatldbe between
$50 and $100), as our final cost vki06.07.

We had to change the design several timegtount for part failures or parts running
out of stock. We changed the regulator we used from the LT3080 to the LT3083 due to the
LT3080 latching on either its minimum voltage or its maximum voltalgen theras more than
a300mVdifference between the set pin and dleepin, which caused issues with our regulation
circuit. We also had to change the specific diodes used fahdrge pump, as the original
diodes we planned to useent out of stock before wedered them for our PCB, but the only
difference between the new and old ones was that the new ones had a slightlydiigger
drop which had negligible impact on the performance of our ciréé&.had planned for most of
our components to go out obsk and make sure to order plenty of our MCUs and regulators in
advancebut we never expected diodes to go out of stock.

We also had to change the schedule ofppaject several times due to the delays
mentioned beforal/hile we originally planned to att on the code within the first couple weeks
of the project since that would be the backbone of our regulation circuit, we were unable to make
substantial progress coding uripril as wecould notgetthe program STMecommended for
programming our miarcontroller to work properlywhenever we tried to program something
with STM32CubelDE on our MCUs they would work momentarily, crash, and réatart.
solved this problem by using another IDE, Keil, insté&all worked great for us until we ran
into the 2KB flash limitation but luckily at that point STM had released an updated version of
STM32CubelDE and a new flash update for theL81k which worked for our MCUsWe also
planned to finish prototyping before the Spring 2022 semester ended so wdasmricbur
PCBover the summer, but we endeddgsigning the PCB in September and October instead
due to the creain and testing of our single channel prototype takigentire summer as well
as the first couple weeks of the semester to finish.
Themossi gni fi cant “unexpected” activity we
modular protoboard to test our prototypéeinitial protoboard we made broke immediately and
we could not figure out which regulator or connection was the issue, so we hadke tem
whole circuit from scratch with new components in a modulgiiitan to isolate the problem,
which turned out to be connection issues with the switching and linear regulators. Additionally,
when we originally tried tdlrill holes for our case at the MiX, the staff there told us we needed a
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cutoutof the hole positionto put on the case tbelp us aim the drill press properither than
thedrawnon holes we madenthe cae, which took about two hours to design arapprly

space ouaind ended up being slightly off anyways due to the inaccurate datasheet provided for
the enclosure.

The overall price obur finished product was $106.07, and the funds spent on the project
overall can be observed in tf@lowing table Thesefunds include the purchase of parts that
were used on the finished product, PCB fabrication costs, and the purchase of parts that ended up
not being used in the final desigviore funds were spent than originally expected on this
project

Table 5 Funds spent
Membe| Funds

r Spent
Carlos | 625.50
Dean 98.75
Juan 131.31

Tarun | 231.72

Total manhours spent on the projexdn be observed in the following table. Maours
were calculated both from time spent in meetings as well as timevspeitg on components
on our own time.

Table 6 Man-hours

Membe| Man
r Hours
Carlos | 254
Dean | 215
Juan 204
Tarun | 194
Total 867
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11. Lessond_earned

The primary knowledge we needed to learn to make our project work was how to
properly interface wittsTM microcontrollers, since the only microcontrollers most of we ha
worked with previously wathe MSP430 in ECE47, which uses both different syntax in the
code andlifferentprograms to interface with the us@dditional knowledge was learned about
PCB design, PCB population, and how to interface with a system serially using PyVISA, which
was required to fulfill the SCPI requiremeAdditional skills learned during this project were
time management and persiste.While time management was important for structuring when
we would work orcomponent®f the project and who would work on said components,
persistencevas a constant skithat was usethroughout all elements of our projestichas
when wediligently searcledfor replacement diodes for our PCB when the ones we originally
chose went out of stock athen we tried to find a reliable way of programming our
microcontroller when the program that STM recommen&dM32CubelDE kept crashing on
us.We also lad several problems with the HAL library provided by STM, for example, when
you want to use the ADC with the DMA to scan multiple channelsiioneblockingway, the
HAL library will initialize the ADC and then the DMA but since the ADC relies on the DMA i
will not work, and you must manually dgitialize both peripherals and then initialize them in
the correct order9.

Furthermore, there was an ample amount of experience gained from reading datasheets
and using them correctly. Forample, our linearegulatordatasheet laid out what must be done
to allow for truezero output voltage, which we then usedilter out possible solutionsl|
arriving at our finacharge pumgircuit. Similarly, necessary track widths were detailed on each
regulator dataheetwhich we tuned for our applicatipand our STM32L1 family datasheet
showcasedhe correct implementation of our’lGpins like capacitance valuesdditionally, The
problem we hadavith ourinductor can also be attributed to our datasheet reading, as the
inductance valuéalthough being the correct 22uttpuld be different depending on thettes
frequency, and since our switching regulator operated at a fixed 250kHz frequernegiuctor
value would be erroneous as the value was measured at a tesh¢senfl?MHz.

The teaming experienaeas bumpy at first, as we had to produce appropriate meeting
ti mes that worked around ethamembenwhodidnstshHow d ul e
upto our meetings or contribute to our project in anyway, but after a couple of meetings and the
member who did not contribute dropping out of our project, teaming went very smoothly. Some
membergid notcome into their niches until the latter half of ffteject, such as Dean not
working on a front panel design halfway through the second semester due to the final case not
being selected yet as well as the front panel PCB not being designeldwet/er, every team
member had a part of the project they sgexed in and could communicate with other team
members to synergize their respective components of the project for the final product.
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13. Appendix A:Proposal

Executive Summary

Since the Covidl9 pandemic, there has been a sharp increase in the price of
semiconductor chips and related technology [1]. This has even been experienced in the ECE
depariment at George Mason University where the Analog Discovery 2 (AD2), which became
required equipment, saw an increase in price. Another example is the increase in price of high
end power supply units (PSU), which have grown significantly more out of ribecpower of
these equipment stems from their ease of use, programmability, number of channels, and
resolution. To replicate such equipment at a low cost would require some sacrifice in
specifications, especially in channels and resolution, although ithrervain a competitive
product, should it offer similar functionality at a much lower cost. This proposal seeks funding
for a fiveemember group, to create an affordable dual channel switioglg power supply
which can be controlled physically or via &tiard Commands for Programmable Instruments
(SCPI), effectively providing similar functionality of an average kegid PSU.

Proposed Solution

This PSU will be built for affordability while maintaining the features of kegld PSU.
Therefore, thiglesign will be powered through line voltage, with each channel outputting
voltage and current in ranges 60V and 6500mA respectively. The PSU will be controlled
via dual ST microcontrollers {3132L152RC/B and feature keypad and/or rotary encoder
input. Overcurrent protection (OCP) will be adjustable alongside the voltage through the
previously mentioned inputs, within one millivolt/milliamp range. All these settings will be
displayed on the front panel either through LED markers or LCD and be d&ddabhannels
one and two. Additionally, the power supply unit will feature dual polarity, allowing the ability
to supply positive and negative voltage simultaneously. Finally, the PSU will also feature control
through SCPI by serial input and all ofghiill be created within a $58100 budget in mind.
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Problem Statement

Motivation

The COVID19 pandemic in 2020 significantly increased the number of online classes,
including those in the electrical and computer engineering field. As many of these classes
contained a lab component, students were required to purchase lab power supplies that could be
powered and used at home to run experiments for these labs. These lab power supplies would be
used in both AC and DC situations, although most labs requirgd@loltages/currents to be
used. The power supply model primarily used by GMU, the Digilent Analog Discovery 2, sells
for around $400. However, while the lab power supplies on the market were suitable for students
working with DC and AC circuits, studenonly working with DC voltages had no option for a
power supply that would output DC at levels suitable for their labs that had a low cost, instead
having to purchase more expensive power supplies such as the AD2 that contain functionalities
t hey wmeedfadthat lab. Our design seeks to fill that void and provide an inexpensive lab
power supply that would only supply DC voltage, letting students pay less for the same
functionality (for the purposes of their lab).

Identification of Need
To design gprogrammable twahannel power supply and meet our project goals and
requirements, we must achieve the following:
1 The device must be computer controlled
Output voltage at each channel to be adjustable betw&6k O
Developed solution must be legost ($56$100)
A custom front panel to display voltage and current information to the user
Device must be controllable from a computer (via USB) and using a keypad and a
knob
1 Measurements and outputs displayed with high accuracy

= =4 =4 A

Market/Application Review

PSU offering SCPI capability, twohannels, and millivolt/milliamp resolution are
commonly found at upwards of $200, e.g., the Sigh#B5044XSPD3303X (3channels)
Rigol DP821A are priced currently at $2,269, $539, $731 [2], 3espectively. It must be
mentioned that while all feature SCPI, multiple channels, and millivolt/milliamp resolution, each
device’'s respective channel out put, wattage,
to the budget (58100), it ecomes reasonable to consider the proposed solution, which
maintains similar features although at less power. Additionally, it must be mentioned that here at
George Mason University, most undergraduate Electrical Engineering labs will not exceed 5
wattsofpower , this is because they were recently
mind, i.e., 0.5 to 5V;0.5 to-5V output voltage, 2.1W maximum power, and 700mA maximum
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current per channel [5]. Therefore, our PSU can be a viable complementary dewmketds,
especially with both channels outputting simultaneously.
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Approach
Problem Analysis
There is currently a gap in the market for an inexpensive two channel DC power supply, so we
aimed to fill that gap. We wanted to create a system that would e user to input a voltage
between 0 and 10V and a current limit between 0 and 500mA for each of the two channels
independently. The power supply would then output said voltage at a current below the limit and
display both the user input voltage/currealues as well as the actual output voltage/current
values for each channel. The power supply would also be connected to Mains voltage as a power
source.

External System Diagram

Voltage/Current Inputs .
Users Slj):)vpel; Unregulated Voltage— Mains Voltage
«—\/oltage/Current Outputs—

Approach based on Conceptual Design

The conceptual design for this project began with the requirement specifications of a 2
channel lab power supply that could be controlled via both a knob and a keypad in addition to
USB. With the requirements of a keypad and USB access, we immediatelyhaiee system
would need to be controlled by a microcontroller. Another requirement was that the two channels
would need to be electrically independent, so controlling both channels with only a single
microcontroller is not possible. With this requiretheve knew early on that we would need at
least two microcontrollers to control each channel separately and that they would need to be able
to speak to each other in an electrically isolated way, such as with an optocoupler. Since
everything is controlleavith microcontrollers, every input needs to be digital, so the knobs will
be rotary encoders rather than analog potentiometers. The rest of the design was based on other
lab power supply front panels as well as a sample front panel design given to ukap®

Alternative Approaches

One alternative design was to use a single MCU as a centralized controller, allowing us to use
analog sensors along with a corresponding ADC on each channel for communication. The ADC
and MCU would communicate through dl fduplex communication protocol such as SPI, but

the two would be on separate circuits. The central MCU would be on its own isolated and
regulated voltage rail designed to meet the specifications of the MCU for optimal safety and
reliability while the sesors and their ADCs would be placed on each voltage channel to measure
the voltage and current for that channel. To control the output of the channel, a digital
potentiometer, PWM signal, or a DAC would be used to interface with the voltage regulation
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circuit of that channel, depending on the design of the circuit. These components would similarly
communicate through the same fdliplex protocol as the other sensors on its channel.

However, since the channel and MCU are electronically separated, antatenmaans of
communication is needed. This would be accomplished through the optocouplers, as it is in the
selected design. This design was not chosen as getting the individual sensors, ADCs, and DACs
would end up costing more than a single MCU that Hdkese features built into it.

Furthermore, the central MCU would need higher capabilities and performance since it would
have to control all channels simultaneously. Using a single MCU per channel instead would
reduce the load on the central MCU, thlieveing for a broader distribution of resources.

An alternative design choice for specifically the voltage regulation circuit in each channel was to
use a power electronics microchip instead of assembling individual components to build a
regulating circui. A suitable microchip that can both control and drive the outputs for the voltage
channels could not be found.

An alternative design choice for input power was to use a power supply that was
designed for use in a desktop personal computer. This choide eliminate any risk from
dealing with Mains voltage as we would not need to open the supply to access the 3.3V, 5V,
12V, and ground pins and it could be treated as a black box. This choice would simplify the
circuit slightly by removing the need to tiég AC power, but it comes at an increased cost, as a
PC power supply costing around $50 or more while a suitable transformer can be found for under
$20.

Several approaches to regulating the supply voltage were considered. The first approach
considered &s to use a bueBoost converter to achieve a user desired output voltage and the
current limit would have to be dealt with by external circuitry. A bbokst converter is a
switching regulator, so the output has a lot of ripples, which is undesirahle @ontext of lab
experiments. To achieve a stable output voltage, we decided that the regulator circuit should at
least include a linear regulator at the end. The first approach was further modified as we did not
see a need for a boost converter if tla@sformer is able to supply the necessary DC voltage
after rectification. For this reason, we specifically look for parts with low voltage drops like
Schottky diodes and LDO regulators. If the transformer is unable to supply an adequate voltage
after recification, it may be necessary to use a bbokst or simply a boost converter, but for
now, a more specialized buck converter switching regulator with an adjustable current limit
seems to be the better choice.

Introduction to Background Knowledge and Phemenology

The brains of the power supply unit we are developing are the microcontrollers, which are
responsible for handling user inputs, processing them, and delivering the output voltage/currents
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based on said inputs. Microcontrollers are computerategrated circuits designed for use in
embedded systems, which are systems that perform a specific function.

To transform Mains voltage into a voltage that can be safely used by our system, a step
down transformer will be used, which i€@mponent used to convert high voltage at a low
current into low voltage at a high current. A rectifier, which is a circuit that converts alternating
current voltage into direct current voltage, will be used to convert the steppadvoltage into
DC voltage which will be led into the regulator circuit. The regulator circuit will be used to
create a fixed voltage that the microcontrollers and the output channels will draw voltage from.

The regulator circuit that will output the voltage sourced by theofemir system will be
composed of three types of regulators: linear, switching, and static. Linear regulators are
regulators that utilize a linear component, such as a potentiometer, to regulate input voltage.
These types of regulators are relatively dartp design and do not output much noise, but they
have a low power capacity and are not as efficient as other regulators. Switching regulators use
switching components, such as MOSFETS, to regulate input voltage. These kinds of regulators
are efficient ad can handle high amounts of power but are also more complicated to design and
have relatively noisy output signals. Static
be changed, which makes them ideal for powering a device that needs & spesifant
voltage, such as a microcontroller, but not for powering something that requires a variety of
voltage values, such as the output channels for our PSU.

Project Requirements Specifications

Mission Requirements
1 The device will operate two indepient controllable voltage channels

Operational Requirements

Input/Output Requirements

1 The output voltage and current limit per channel shall be adjustable using a keypad and a
knob (rotary encoder)

1 Voltage, current, and current limit input/output pearchel shall be displayed on a simple
LCD

Output voltage shall be adjustable betweetrOV

Power supply will have the ability to set current limits per channel.

Power supply will be controllable through USB using SCPI

Power supply will offer two chanrel

= =4 =4 A
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External Interface Requirements
1 Power supply shall receive power from Mains power

Functional Requirements
1 Maximum Current per Channel shall be 500mA
1 If the current limit is reached, the output will switch off
1 Digital readouts for voltage, current, and current limit per channel shall be shown if the
current limit was reached

Technology and Systemide Requirements
1 Custom enclosure will be designedhiald all circuitry
1 All components will be set in custom PCB
1 Materials cost should be in the range of $8@0
1 A 0.5A fast act fuse shall be used for user and circuit protection
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System Design

Functional Decomposition

The following figure shows thimputs and outputs as well as the-tepel functions that
comprise our system. The inputs and outputs are simple, the system will take mains power and
output two independent DOV channels controllable by the user and display the user set limits
and actuboutputs.
Request

voltage/current
limit adjustments

Individual power
up reguest

>Step down and split mains » 0-10V Channel
power

>Accept adjustment requests
>Regulate voltage according to
Mains Power —  » user input
>Measure actual outputs and

shut down
upon reaching current limit

>Control display » 0-10V Channel

Display limits and
outputs

The following figure shows the first level of functional decomposition, each function is
listed along with how each function interacts with other functions.
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Voltage/current
limit adjustment -
requests

Power up request

Step down )
; and split Adjustable Switch off power
Mains power ~ ————— oo voltages upon current limit
power Accept user v ,’
requests _| Regulate Feedback
/ voltage
Unregulated DC according to Measure
-

Operation

Switch

Current limit values

\_User limits

Voltage/Current
OQutputs

user input actual outputs i
and shutdown
L

.| upon reaching
current limit

Control Display limits and

display outputs

» 0-10V Channel

0-10V Channel

The following figures show the second level of functional decomposition for edlcla of
functions listed in the previous figures. The first function is responsible for taking mains power
and converting it into something manageable by stepping it down with a transformer, splitting

the single lane input to two independent outputs, andyiect it.

Function: Step down and split mains power

Mains power —»

Transform
mains to
two 12V
channels

Rectify AC

"  toDC

L » Unregulated DC

The second function is responsible for taking input from the user and interacting with the
rest of the system to output a user desired voltage on each channel and display said user input.
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Function: Accept user requests

Calculate the

reference voltages Adjustable
required to reach |——»

the desired voltage voltages
Power up request —» Read digital from the regulators
inputs from >
Voltage/current rotary
limit adjusttment -7 engﬁﬂi;'find > Current limit values
requests

_ Power up request
- signal

N Write user limits to
display

The third function is responsible for taking the ulated but rectified AC voltage from
the transformer and regulate it down to a user specified voltage.

Function: Regulate voltage according to user input

Reference
voltages
Power up request
signal v v
Regulate DC| .10V Channel
voltage down
Unregulated DC —»| Swiich »| basedon

reference

voltage [ * 0-10V Channel

Switch off power
upon current limit

Feedback

The fourth function is responsible for measuring the actual voltage and current outputs of
each channel to display to the user and to shut off thtelsWithe output current is past the user
defined limit. The measurements taken from an ADC would introduce an amount of lag that may
be too great to control the regulator switch with so the function of shutting off power past a
certain current will be dwe in hardware.
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Function: Measure actual outputs and shutdown upon
reaching current limit

Current limit values

)

Y

Compare output
0-10V Channel ——» Measure current to current
limit and send Shut off power upon

[————

voltage atnd shutoff signal to current limit
0-10V Channel — | cUen switch if limit

exceeded

Write voltage and
» current outputs to
display

The fifth function is responsible for taking the user inputs and the measured outputs and
displaying them on a simple LCD.

Function: Control display

User limits —
Screen Display limits and
-

Measured voltage )
presentation outputs

and current -
outputs

System Architecture
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Power Supply

1

¢

'

Interface Module

Processing Module

'

¥

- Voltage/Current
control
= Keypad
Control
knobs
- usB

Individual power
up control

Push
buttons

uUsB

Regulating Module

Display Module

Hardware

Software

Power switch

Power Converter

Rectifier

Voltage step
down

Parallel LCD
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Paralle| Character

Display

V1 xxx

V1 xxx

Al x.xx

Al x.xx

V20 X.xx

V2: x.xx

A2 XXX

A2: XXX

Processing Module

MCuU2

=

A

Optocoupler

Programming usB

Parallel communication
(4/8 bit modes)

interface Interface ‘

o
hi=3
D
T Regulator Regulator | |5
I v v Circuit 0-10V Circuit 2
St MCUL T [ Channels J A
T : o i 5
Keypad & pins ‘ on/Off Oon/off
\ Operate switch) | L n )
switch [ ™ switech [
1 2 3 V1 Power rail 3.3/5V Static 3.3/5V Static | power rail )
regulator regulator
4 5 6 | A1 Channel knobs i T
and power buttons
Rectifier Rectifier
7 8 9 A\
3 [}
0 < A2 J
Individual 12V
channels |
4x4 Matrix Keypad v
+ - + - GND
Transformer and
@ @ O.. physical switch
Channel OQutputs T
Mains power

Regulator voltage control

N\
L

A

For the two output voltage channels to be independent and retain the aloifiiriaghem
together for a single-20V channel there cannot be any electrical interference between them. For
regul ator ci
will communicate with each other using an optocouyidiéh a full duplex communication
protocol like SPI. Each MCU must be responsible for turning on or off its own channel,
measuring its own channels' outputs, and adjusting the voltage output of its own channel. The
responsibility of reading and displayinge r i n
simplicity and would allow for a lower cost lower functionality secondary MCU. The inputs
the rotary encoder
amount of informatiothat the main MCU needs to communicate with the secondary MCU, but
the single keypad, single LCD, and USB input can only be operated by one MCU.

t his

from

reason

each channel

S

put s

and

can be

power

rc

ui

dedi cat ed

button
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Preliminary Experimentation Plan

Preliminary experimentation will consist of testing and experimentatiordofictual
components. This will be done for all components, from passive components such as resistors
and diodes, and for active components like rotary encoders and the character LCD displays.
Doing so will ensure correct operation of the components, findé@fective components before
they are implemented into the circuit. Also doing so will teach us how to use and control these
components, making the implementation of these devices go more smoothly. Simultaneously, we
will be modeling and simulating ourrcuit in PSPICE to ensure that all of components will be
operating within their specified voltage and current range. This simulation will also be used to
optimize our circuit for output accuracy, stability, and efficacy.

Once the individual components aR8PICE experimentation is complete, then an initial
version of the channel circuit will be built into a breadboard forwesld testing.
Experimenting with different components and layouts will allow us to iteratively improve the
circuit design until iis ready to be transferred to perfboard for a sgenmanent solution as the
front-plate is made and tested as well as creating the internal mounting within the enclosure.
Once that is finished, a custom PCB will be created and built into with our imadanent
choices for validation testing.

Additionally, we will perform experiments to determine that our Microcontrollers can
perform in the way we want. This will be achieved by creating test scenarios where we interface
with elements of our overall dgsi such as the character display and the rotary encoders using
the MCU and make sure we get the desired interactions. By running input and output tests first,
we will have confidence that we can command our microcontrollers adequately before we
attempt usig them in tandem with the regulator circuit to control voltage/current output to each
channel.

Experiments To Be Conducted:

1 Create a functional regulator circuit simulation in PSPICE that outputs enough voltage to
fuel the microcontrollers as well as tmeaximum possible output voltages for both
channels (10V)

1 Create a system using the rotary encoder, keypad, character display, and a microcontroller
where values are entered using a combination of the rotary encoder and the keypad and are
shown properly otthe character display

1 Create a rudimentary version of one of the output channel circuits on a breadboard that
works properly on the defined voltage and current rang&®Y¥Q 0-500mA)
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Preliminary Project Plan

Short List of Tasks for ECE 498Based orSystem Architecture and Functional Decomposition)

Using the skills learned during early prototyping and modifications that came with it, The
PCB design team will create each final PCB, then the components gathered for each module will
be soldered onto threiespective PCBs. Next, testing will be done on every module (interface,
processing, regulating, and display), if the outputs correspond with the preliminary
experi mentation, then it will be placed into
will be inserted into the enclosure and all necessary connections to the front panel will be made.

Afterwards, software will be written to implement our PSU onto the hardware, this
includes software drivers, software modules, and system integration. Testing the PSU will be
done by simple to more rigorous tests, e.g., comparing voltage output per chisimiael
multimeter, current draw, as well as the dual polarity functionality. Furthermore, LEDs, motors,
etc. will be tested and monitored with the PSU as they draw power. Similarly, every front panel
display element will be tested to ensure the interfapeoperly integrated into the system. To
test the SCPI functionality, the command prompt window will be used to send SCPI commands
to first confirm the SCPI library is working, then the input will be measured and/or observed to
check correct output. Ldgt a python script will be used to create various tests allowed through
SCPI which will then be measured/observed the same as the previous no script test.

Allocation of Responsibilities

Front panel design will be handled by Tarun, PCB design and soldering by Tarun and
Carlos, power electronics will be divided between all members, this involves module simulation
and physical testing, of the switching regulator (Zach and Carlos), therggedator (Carlos
and Dean), the 3.3v static regulator (Juan and Dean) and the 5v static regulator (Dean and Juan)
portions. Furthermore, programming the MCU will be split between members, this encloses
SCPI commands (Juan and Zach), switching algorittext{ and Juan), the LCD and LED
markers interface (Tarun and Dean), and the rotary encoder and keypad inputs (Dean and
Carlos). These roles are split to ensure a member is never without work. Therefore, every group
member can contribute evenly to the grop a result, roles also will determine who tests
which components after finishing the prototype, as these members will have the most practice.
Finally, anytime a member finishes a role, they will assist in whichever way they can with any
ongoing work.

Front PCB & Switching Linear 3.3V 5V Static  SCPI Switching LED/LCD Rotary
Panel Soldering Regulator Regulator Static Regulator Controls  Algorithm Interface Encoder
Regulator & Keypad
Inputs
Tarun Carlos Zach Carlos Juan Dean Juan Zach Tarun Dean
Zach Tarun Carlos Dean Dean Juan Zach Juan Dean Carlos

Tentative Project Schedule
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MName
Hardware Development
Linear Regulator
Switching Regulator
Static Regulators
PCB Design
PCEB Assembly
Software Development
Keypad/Rotary Encoder Inputs
Character Display Output
USB/SCPI Communication
Enclosure Development
Sketching
CAD
Construction
Assembly
Integration
Regulator Measurement with ADC
Regulator Control with DAC
Testing
Experiment #1
Experiment #2
Experiment #3
Feporting
Progress Report
In-Progress Report
Final Report
FPoster
Demo
Demo #1
Demo #2
Demo #3

Begin date End date

31282022
31282022
41472022
4/11/2022
4/18/2022
8/22/2022
32112022
32112022
32112022
3/28/2022
41472022
41472022
4/11/2022
9/8/2022
9/19/2022
8/22/2022
8/22/2022
8/29/2022
9/19/2022
9/19/2022
10/10/2022
10/24/2022
9/26/2022
9/26/2022
10/M17/2022
11/14/2022
11/14/2022
9/30/2022
9/30/2022
10/28/2022
11112022

9M19/2022
4M11/2022
4M18/2022
4/25/2022
hi2/2022
9M13/2022
4M11/2022
3f28/2022
3f28/2022
4M11/2022
10/3/2022
4M12/2022
4/25/2022
9M19/2022
10/3/2022
9212022
9/6/2022
9212022
10/31/2022
9/26/2022
10M17/2022
10/31/2022
11/29/2022
10/3/2022
10/24/2022
11/29/2022
11/29/2022
1111/2022
9/30/2022
10/28/2022
1111/2022

Diuration

126
11
11
11
11
21
16
6
6
11
131
7
11
11
11
16
11
11
31
6
6
6
47
B
B
12
12
31
1

1

1
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Potential Problems
Knowledge and Skills to be learned

Power analysis

Optimization of heat dissipation (Heat sink design)
Power electronics for PSU

PCB design

3D printing

SCPI programming and usage

Comparing input/output nee

STM programming and debugging

SPI, 12C, USB, USART protocols for PSU

=4 =4 4 -4 -4 8 5 -9 -2

Brief Project Risk Analysis

Working with Mains power brings risk not only to our componentsbut also to our
group members. To circumvent harm to the group, the transformer witepared alongside a
fastact 1.5A fuse, a power switch, and a container to hold all these components by our faculty
advisor. To ensure components are not damaged it will be necessary to know and understand
forward voltages, minimum load currents, etccemponents can run stable, noise be filtered,
and temperatures kept within operating range. Before physical prototyping is attempted, the
circuit will be simulated in PSpice, to further mitigate any chance of component damage.
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14. Appendix B: Desigribocument

Problem Statement

The COVID19 pandemic in 2020 caused a massive transition to online classes, including
those in the electrical and computer engineering field. Furthermore, it heightened the already
growing semiconductor shage causing massive price increases in any chip related product [1].
Here at George Mason University (GMU), many of these classes contained a lab component, as a
result, students were required to purchase the Digilent Analog Discovery 2 (AD2)
(ADALM2000 bdng an alternative) which combines multiple lab instruments, therefore,
satisfying the typical electrical engineering undergraduate curricthuime only caveat being
these labs would be handicapped. This is because the instrument could be used as a limite
power supply source (5V maximum output), although this is just one of its many functions
(oscilloscope, logic analyzer, spectrum analyzer, function generator and network analyzer).
Unfortunately, as the semiconductor shortage increased prices, botmgtegaents and lab
bench power supplies (PSU) have greatly risen in cost (e.g., the AD2 price grew to $400 [2]).
Tables 1 and 2 Compare Commercial DC lab power supplies with 2 channels or more, with the
lowest cost being greater than $200 (KA3305P ab$fd. Programmable power supplies start
at the same price, as shown by the KA3305P. Their capabilities, voltage range and current range,
are much above what is required for the ECE undergraduate labs and cover more than just low
power applications. Thefi@e, our group is proposing a lesost programmable dual channel
power supply that can be used by students and hobbyists, as a standalone or complementary
instrument for lowpower applications.

Dual Channel DC Power Supplies

Model, Cost (USD) Vmax Vmin
Programmability

E36233A, 3059 30 20
programmable [3]

Series 222€30-1. 1320 30 15

Programmable [4]

SPS5044X, 2269 40 30
programmable [5]

DP821A, programmable 731 60 1
[6]

GPD2303S, 545 30 3
programmable [7]

GPE2323,non- 306 32 3

programmable [7]

Table 1: Dual Channel Programmable DC Power Supplies Comparison
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Triple Channel DC Power Supplies
Model, Programmability

EDU36311A, programmable [3]

Series 2230-1, programmable [4]

SPD3303X, programmable [5]
SPD3303X, programmable [5]

SPD3303C, programmable [5]
DP831, programmable [6]

SPDB3606, norprogrammable [7]

KD3305P, programmable [8]

KA3305P, programmable [8]

Cost (USD)

898

1480

549
399

299
473

759

250

235

Vmax

30

30

32

32

32
30

30

30

30

Vmin

3.2

3.2

Table 2: Triple Channel Programmable DC Power Supplies Comparison
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Market/Application Review

PSU offering SCPI capability, twohannels, and millivolt/milliamp resolution are
commonly found at upwards of $200, e.g., the Siglent SPS5044X, GW GBe#R303S,and
Rigol DP821A are priced currently at $2,269, $545, $731 [5, 7, 6], respectivelystibeu
mentioned that each device’' s respective chann
the lowest price (GPLR2303S, $545) to our proposed budget$300), it becomes reasonable to
consider the proposed solution, which maintains similar fegtwvith greater accuracy although
at less power. Additionally, triple channel PSU with programmability and 10mV/10mA accuracy
or greater are represented by the KA3305P, KD3305P, SPD3303, SPDBB2313235, $250,
$299, $399 respectively [8, 5]. Comparihgse shows our proposal remains more accurate and
less costly than all three products, although offering less power and channels. It must be
mentioned that here at George Mason University (GMU), most undergraduate Electrical
Engineering labs will not exed 5 watts of power, this is because they were recently
handi capped with the AD2' s @6iwéYoutpunvplagdey i n  mi
2.1W maximum power, and 700mA maximum current per channel [2]. With that in mind, our
PSU will be a budgdriendly complementary or standalone instrument for students and
hobbyists, with the only constraint limiting it to low power applications.
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Requirements Specifications

Mission Requirements

T

The device will operate two independenntrollable voltage channels

Operational Requirements

Input/Output Requirements

T

= =4 4 2

The output voltage and current limit per channel shall be adjustable using a keypad and a
knob (rotary encoder)

Voltage, current, and current limit input/output per chashell be displayed on a simple
LCD

Output voltage shall be adjustable betweetrOV

Power supply will have the ability to set current limits per channel.

Power supply will be controllable through USB using SCPI

Power supply will offer two channels

External Interface Requirements

T

Power supply shall receive power from Mains power

Functional Requirements

1
il
il

Maximum Current per Channel shall be 500mA
If the current limit is reached, the output will switch off

Digital readouts for voltage, current, and current limit per channel as well as an indication
of if the current limit has been reached shall be shown

Technology and Systemide Requirements

T

= =4 4 A

Cusbm enclosure will be designed to hold all circuitry

Custom front panel will be designed with clear, readable labels
All components will be set in custom PCB

Materials cost should be in the range of $800

A 1A fast act fuse shall be used for user ainclit protection
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Current Part List

We began our part selection with the knowledge that we would need to be controlling at
least one linear regulator with a possible addition of another linear or switching regulator and
that the overall system wouldegkto be controllable through USB. We would need an ADC on
the MCU to measure voltage and a DAC or PWM module would be preferable to control
regulator ICs. Our search for MCUs began with the Arduino uno because of the simple dip
package but we quickly reatd that it was quite underpowered and did not have the peripherals
we were looking for. We then began to look at MSP MCUs from Tl and came across a
development board that had USB, an ADC, and a DAC; however, the MCU chips themselves
were out of stock swe decided to keep looking. We then began looking into STM32
development boards and we came across the STM32L1BR&0 board which has USB 2.0, a
12-bit ADC, and a 1bit DAC with a fast clock and plenty of ram for our usage. The specific
chip on this bard was also out of stock but the STM32L152RB was still in stock and was the
same chip with slightly less ram. We then began to look for a slightly less powerful MCU that
was still in the L1 family and USB was not a requirement. The only other chip wefooin
stock was the STM32L100C6 which still had USB but was overall less powerful and was a bit
cheaper. At this point even these chips we selected are now out of stock, but we purchased a
suitable amount of them and do not expect to need to seleatigsy

The transformer was picked out for us by our faculty supervisor, Dr. Kaps, but we
originally considered using a computer power supply for our main power in. This was quickly
discarded in favor of a split transformer since it was far cheaper arshtgsd no electrical
interference. To rectify the sine wave from the transformer we originally wanted to use Schottky
diodes because of their low voltage drop but eventually decided to use a regular bridge rectifier
IC since it was cheaper and should lde jpb assuming we have enough voltage at the source
when running at full load.

For the linear regulator we were looking for an IC that could be easily controlled by a
DAC and we came across the LT3080ET which was also shown to us by our faculty advisor, D
Kaps. This chip has given us some problems with its minimum load requirements, making it not
as easy to use as originally thought, but it still fits our requirements. We chose the LT1991 IC
op-amp since it was recommended by LT as a voltage multiplieontrol another chip with a
DAC. We may need to switch to the LT3083ET which is slightly more expensive but allows a
higher current, specifically a higher current into the SET pin which we believe to be the cause of
us breaking two LT3080s to date.

We dhose the L6902 as our switching regulator since it was relatively cheap and offered
the lowest voltage drop amongst the switching regulators we were looking at. This chip was not
as easy to control with a DAC since it could not be directly driven, angdéoldo a little bit of
math described below to interface the DAC with the feedback resistor divider node.

The current part list only contains the major components of the power supply, and we are
currently leaving out various capacitors, resistors, iratscas well as LEDs and buttons since
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they are quite cheap, and we do not have a definitive amount needed yet. The price of the

enclosure may not be accurate since Jameco is currently down and we may wish to procure a

larger enclosure.

Part # of parts | Individual Price Per Total per Total 67.784
Price 1000 1000 Price:

STM32L152RBT{ 1 7.66 5.74 5.74

A

STM32L100C6U{ 1 5.39 4.84 4.84

A

FS24300-C2 1 16.5 9.82 9.82

RS207M 2 0.45 0.199 0.398

LT3080ET 2 6.46 3.79 7.58

LM2672 2 5.6 3.06 6.12

L6902 2 3.44 2.92 5.84

LT1991CMS 2 4.27 2.27 4.54

6N137 4 0.8 0.269 1.076

EA DOGS164AN |1 16.87 9.15 9.15

EC11 Rotary 2 3.63 2.34 4.68

Encoder

Enclosure 1 8 8 8

Table 3: Major part list
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Background Knowledge and Phenomenology

1. Microcontrollers
The brains of the power supply unit we are developing are the microcontrollers, which
are responsible for handling user inputs, processing them, and delivering the output
voltage/currents based on said inptdgrocontrollers are computers on integrated circuits
designed for use in embedded systems, which are systems that perform a specific function.

COM3 [GHDS172T_COM3]
SEGS [GHOB172T_SEGS]
SEG23 [GHO2172T_SEG23

LD3 [Green Led]

v SEG13 [GHOS17ZT_SEG13
SWCLK

. SEG4 [GHO2172T_SEG4]
» SEG3 [GHOB1T2T_SEG3)

, SEG22 [GHO2172T_SEG22
v SEG12 [GHOS172T_SEG12

. 104 [Blue Led]

IDD_CNT_EN
PC140SC32_IN SWDIO

PC15-05C32_0UT

COM2 [GHOS172T_COM2]

COM1 [GHOB172T_COMA]
SEG14 [GHOS172T_SEG14] COMD [GHOS172T_COMO]
SEG1S [GHDS172T_SEG1S] SEG21 [GHDS172T_SEG21]
SEG16 [GHDS172T_SEG16] SEG20 [GHDS172T_SEG20]

SEG17 [GHOB172T_SEG1T] SEG19 [GHOB172T_SEG 18]

STM32L152RCTK ' CE SEG18 [GHOE172T_SEG18]
LQFPM 5 SEG11 [GHOE1T2T_SEG11]

B1 [Blue PushButton] SEG10 [GHDS172T_SEG10]

SEGO [GHOB172T_SEGO) SEGO [GHOB172T_SEGH)

SEG1 [GHDB172T_SEG1] SEGE [GHOB172T_SEGE]

Touch_Slider_1

Touch_Slider_1

Touch_Slider_2
Touch_Slider_2
Touch_Slider_3
Touch_Slider_3

IDD_Measurement |25

SEGZ2 [GHOB1T2T_SEG2] =
SEGE [GHDB172T_SEGE] |E=hl
SEGT [GHOB172T_SEGT] |4l

_Sampling
2_Ground

_Sampling
'9_Ground
_Sampling
'3_Ground

Figure 1: Default MCU configuration

2. Transformers
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To transform Mains voltage into a voltage that can beysatsd by our system, a step
down transformer will be used, which is a component used to convert high voltage at a low
current into low voltage at a high current, where the secondary voltage is directly proportional to
the turns on the secondary coil ahd primary voltage, all divided by the number of turns on the
primary coil (Vs=(Vp* Ns)/ Np).

_VpxNs

V
S Np

05

12V @ 0.8A
20O O 6

10

3¢ ® ) ©7
12V @ 0.8A
40 O 8

Figure 2: Dual secondary transformer

3. AC-DC Rectification
A full-wave rectifier, which is a circuit that converts alternating current voltage into

direct current voltage, will be used to convert the steppman voltage into DC voltage. The
full-wave rectifier has a voltage drop equivalent t@, 2vhere \4 is the voltage drop across one
of the diodes in the rectifier. There is an additional drop thatege to account for when
flattening a sinusoidal wave, the average out
voltage of 12/0.7071=16.97072V with an RMS voltage of 12. Plugging this peak voltage back
into the first equation we get an averagéage output of 10.80389V. This assumes a full load

760f 114



however and we will be limiting our current draw to half an amp, or about 60% load, so we will
likely get a higher dc voltage out.

2Vp

Vavg = —
avg -
%

Vrms = _p

V2

> ’ >

DI_SBR30U30CT DI_SBR3QU30CT

VAl
VOFF =0
VAMPL = 12

. 2 d L3 -
FREQ =60 0 - 2 \
AC=12 > & > <

DI_SBR30U30CT DI_SBR30U30CT R1 = C1
10k m

Figure 3: Full wave bridge rectifier

4. Linear Regulators
The regulatocircuit that will output the voltage sourced by the rest of our system will be
composed of three types of regulators: linear, switching, and static. Linear regulators are
regulators that utilize a linear component, such as a potentiometer, to requiateoitage.
These types of regulators are relatively simple to design and do not output much noise, but they
have a low power capacity and are not as efficient as other regulators.

Vout = Vset + 0.3V
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Variable Output Voltage 1.1A Supply
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VeontroL ‘

1pfF o
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3 Regr
<& Vour = Rser » 10pA
3080 M

Figure 4: LT3080 Linear regulator

5. Switching Regulators

Switching reglators use switching components, such as MOSFETSs, and work by taking
small chunks of energy from the input voltage source and transferring them to the output. These
kinds of regulators are more efficient and can handle high amounts of power but areralso m
complicated to design and have relatively noisy output signals. In order to control the output of
this switching regulator we need to introduce a third resistor R3 to the node between the first two
connected to the feedback pin and drive this newtogsisth a voltage from a DAC. Applying
KVL at the feedback pin of a switching regulator gives us the following equation:

Vb — R3R2Vout + R1R2Vdac
" R3R2 + RIR3 + RIR2

This equation can then be used to make a system of equations based on the minimum and
maximum output of the regulator as welltas DAC to find the required resistance of any two
resistors given any choice of a third resistor.
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Vi =BV o 36V ouT  L122pH  Raeuse Vg =3.3V
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STPS3400U A1
56K
cd
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25y 7 10V
CERAMIC 22on R3 P Rz POSCAR
51K GND I 33K
DCIHNTIIEA - - —

Figure 5: L6902 Switching regulator

Static regulators output a constant voltag
ideal forpowering a device that needs a specific constant voltage, such as a microcontroller, but
not for powering something that requires a variety of voltage values, such as the output channels
for our PSU. Switching regulators have more ripple than linear tegsiland this may be an
issue for certain components like microcontrollers unless filtered properly.

uz

LM2672M—5.0
Fp |+ CBOv
10nF
~nlll I I
CB
= +5Y
VSW 8 38uH
l_ Coutby
K 9 #T™ 68uF
L Z D5v
! D_Schattky
anp <
S D3v3
© D_Schottky ~ 2= Cout3vd ,3v3
sw|B CB3v3 YL + 68uF /I\
‘ 10nF L3v3
CB 1 38uH
FBI

LM2672M-3.3

Figure 6: LM2672 Switching regulator
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System Design

I.  Functional Decomposition
The following figure shows the inputs and outputs as well as thievepfunctions that
comprise our system. The inputs and outputs are simple, the system will take mains power and
output two independent DOV channels controllable by the user and display the user set limits
and actual outputs.
Request

voltage/current
limit adjustments

Individual power
up reguest

>Step down and split mains
power
>Accept adjustment requests
>Regulate voltage according to
Mains Power —  » user input
>Measure actual outputs and
shut down

upon reaching current limit
>Control display - 0-10V Channel

»= 0-10V Channel

Display limits and
outputs

Figure 7: Level 0 decompdadisin

The following figure shows the first level of functional decomposition, each function is
listed along with how each function interacts with other functions.
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Voltage/current
limit adjustment - N
requests

Power up request

Step down )
; and split Adjustable Switch off power
Mains power mains voltages upon current limit
power Accept user ) ', Voltage/Current

OQutputs

requests Feedback
° . Regulate N
/ voltage
Unregulated DC according fo Measure
> user input actual outputs
and shutdown //

Current limit values .| upon reaching 4
current limit Control Display limits and
T | E—
Switch || ser fimits display outputs
Operation

» 0-10V Channel

0-10V Channel

Figure 8: Level 1 decomposition

The following figures show the second level of functiatedomposition for each of the
functions listed in the previous figures. The first function is responsible for taking mains power
and converting it into something manageable by stepping it down with a transformer, splitting
the single lane input to two iegendent outputs, and rectifying it.

Function: Step down and split mains power

Transform
: mains to Rectify AC
Mains power —» WO 12V ~ wopCc [ Unregulated DC
channels

Figure 9: Level 2 decomposition level 1

The second function is responsible for taking input from the user and interacting with the
rest of the system to output a user desired voltage on each chandelpdawgl said user input.
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Function: Accept user requests

Calculate the

reference voltages Adjustable
required to reach |——»

the desired voltage voltages
Power up request —» Read digital from the regulators
inputs from >
Voltage/current rotary
limit adjusttment -7 engﬁﬂi;'find > Current limit values
requests

_ Power up request
- signal

N Write user limits to
display

Figure 10: Level 2 decomposition level 2

The third function is responsible for taking the unregulated but rectified AC voltage from
the transformer and regulate it down to a user specified voltage.

Function: Regulate voltage according to user input

Reference
voltages
Power up request
signal Y Y
RegulaeDC| .10V Channel
voltage down
Unregulated DC —»| Switch »| based on

reference
voltage [~ 0-10V Channel

Switch off power )

upon current limit

Feedback

Figure 11: Level 2 decompdisin level 3
The fourth function is responsible for measuring the actual voltage and current outputs of

each channel to display to the user and to shut off the switch if the output current is past the user
defined limit. The measurements taken from an Aftild introduce an amount of lag that may
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be too great to control the regulator switch with so the function of shutting off power past a
certain current will be done in hardware.

Function: Measure actual outputs and shutdown upon
reaching current limit

Current limit values

Y
Compare output
0-10V Channel ——» Measure current to current
voltage and limit and send Shut off power upon
¢ shutoff signal to current limit
0-10V Channel .| curren switch if limit
exceeded

Write voltage and
» current outputs to
display

Figure 12: Level 2 decomposition level 4

The fifth function is responsiblfor taking the user inputs and the measured outputs and
displaying them on a simple LCD.

Function: Control display

User limits — =
Screen Display limits and
e

Measured voltage .
presentation outputs

and current — =
outputs

Figure 13: Level 2 decomposition level 5

Il. System Architecture
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Power Supply

1

¢

Y

Interface Module

Processing Module

Y

¥

Voltage/Current

Individual power
up control

Push
buttons

o usB

Regulating Module

Display Module

control —» Hardware
e Software
—»{ Keypad
Control
knobs
- UsB

—»| Power switch

—»| Power Converter

—| Rectifier

Voltage step
L
down

Figure 14: Physical architecture

. Parallel LCD

The following figure shows the various tégvel components of owsystem and how they
are connected. For the two output voltage channels to be independent and retain the ability to
chain them together for a single20V channel there cannot be any electrical interference
t hgulator cireuid veilldoa contrelladdoyits owma n n e |
MCU and the MCUs will communicate with each other using an optocoupler with a full duplex
communication protocol like SPI. Each MCU must be responsible for turning on or off its own
channel, measuring its owhannels' outputs, and adjusting the voltage output of its own
responsibility of
MCU for simplicity and would allow for a lower cost lower functionality secondary MCU. The
encoder and

bet ween

channel

inputsf r o m

reduce the amount of information that the main MCU needs to communicate with the secondary

t hem. For

The

t he

rotary

readi

power

ng and

button

MCU, but the single keypad, single LCD, and USB input can only be operated MGihe
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Regulator voltage control
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Power rail

Regulator Regulator
Circuit 0-10V Circuit
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Switch Switch
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V2 X.xx V21 XXX
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GND
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physical switch
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Figure 15: System architecture
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Detailed Design

The following figure is a state machine depicting each possible state of our power supply.

Init

|
Done

Done— = Ready ——qq, Request

N
\~
1 \\

( / \

Display ‘
Voltage and  User Request Agmsh?gc

Current ~ Erro—— p
Limits Regulators

‘ / /

\ g

/
Done Measure Done
————— voltage and «——
current

Figure 16: State machine

The following figure depicts the flow of data in the lab posgoply, cataloguing inputs
from the use as well as internal data flow between components such as the LCD and the MCUSs.
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MCU1

Voltage Controlled i
Regulator Adjustment DAC
Regulator I
Circuit
Channel Output—————» ADC
+——SCPI Commands——+——— USB
User

, 4

Voltage/Current [
Requests GFIO I

i

'

> SP| e—

Voltage/Current Limits

Optocoupler

LCD

MCuU2
Voltage Controlled
DAC Regulator Adjustment "
i Regulator

Circuit

ADC ‘«———+——Channel Output

GPIO

G I~ T

Figure 17: Data flow diagram

The following figure is a flowchart depicting the operations carried out by the MCU

when the PSU is tuad on.
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PSU Powered On

Initialize
voltage/current values

l

Initialize both channels'
outputs as off

Await User Input

Figure 18: Init flow chart

The following figure is a flowchart depicting the operations that occur when the user
inputs voltage/current values using the rotary encoder.
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PSU Initialized

4

Y

Wait for user input

Y

User inputs
voltage/current values
in a file with rotary
encoder using a knob

Change output Did the knob turn left? Leave values
voltage/current limits unchanged
v—YES NO——y
Decrease the Increase the
highlighted digit of the highlighted digit of the
current/voltage current/voltage
YES NO

Are the requested values valid?

Figure 19: Rotary encoder flow chart

The following figure is a flowchadepicting the operations that occur when the user
inputs voltage/current values using the keypad.

PSU Initialized

Wait for user input

Y

A

Y

User inputs
voltage/current values
in a file using keypad

Leave values
unchanged

Change output
voltage/current limits

Are the requested values valid?

Figure 20: Keypad flow chart
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The following figure is a flowchart depicting the software operations carried out when
the user inputs SCPI commandghe system using the command line.

PSU Initialized

Wait for user input

v

User inputs
voltage/current values
using the command
line

Output error
O—» message, leave
values unchanged

Is the command properly
formatted?

Y
YES
Y

Parse command for
ivoltage/current values

Are the requested values valid?

YES
Y

Change output
voltage/current limits

Figure 21: USB flow chart
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Prototyping Progress Report

Our power supply needs out output up to 10V using a 12V RMS transformer as the input,
so we do not have a lot of room to work with voltage drops. For a bmédgjéer we get an
average voltage out afip“. Our transformer guarantees us 12V rms so we can calculate Vp
from that and we get20.7071=16.97072. Therefore, our average voltage out from a rectifier
should be 10.80389V. This is extremely close to B dutput we want after regulation but
depending on the load this value may be higBarce we are going to have a current limit of
half an amp, the transformer will have a maximum load of around 60% so we should be able to
get sufficient voltageWe hadbegun testing out a full bridge rectifier using Schottky diodes
instead of more traditional diodes like the 1N4001 for example because of their comparatively
low forward voltage drop since we must account for a voltage drop across two diodes and at least
one regulator. We ran into several issues with testing the full wave rectifier because we were
using a function generator and an oscilloscope connected to the same power line which gave us a
half wave rectification no matter what. Testing the bridge rectifith the transformer given to
us went well since the transformer was properly isolated.

I. LT3080 Prototyping

The LT3080 gave us very few problems, the regulator performs as expected until we try
to set a voltage less than ~0.8V becausedtalator requires a 1ma current to be drawn and as
we lower the voltage the resistor dummy load needs to become smaller to maintain regulation. A
dummy load resistor of 50 ohms gave us output voltages as low as 14mV but we should produce
a better methodfesinking the minimum load current. We were previously considering using the
LTC3631 to output a negative voltage to sink 4ma of current, but we have shifted our focus to a
cheaper alternative. We have had some success in using a charge pump to geeavoldgge
supply to return our minimum load to. A charge pump is much cheaper than another regulator
circuit, but the current draw through the load resistor will be slightly higher since it will swing up
and down and our minimum load must be at least Higaire 6 shows the output of the
regulator in green and the current through the load resistor in blue. The charge pump does
require up to 20ms to charge before it begins working for the minimum load and there would be
a small amount of voltage generatihthe regulator is enabled at the same time. The output
voltage of this regulator follows the voltage at the set pin and should be within .3V, this means
that for us to control it with a DAC we will need to use a multiplier with a gain of around 4. We
are considering the LT1991 op amp for this.
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Figure 22: LT3080 demo setup using 3.3V set
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=7 linear regulator.raw = e '

V(n003)

3.3019v

3.3005V
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Figure 23: LT3080 demo setup output simulation
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Figure 24: Breadboarded LT3080 demo using 1V set
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Figure 26: LT3080 charge pumprde

.....

Figure 27: LT3080 charge pump simulation output
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LT3080 charge pump breadboard demo

Figure 28
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.....

| F‘iguAre.’29. LT308 charge pump breadk;oard demo output

Il. L6902 Prototyping
The L6902 did not give us too much trouble once we figured out how to drive the

feedback pin. We initially tried to drive it with a voltage directly and when we set a voltage
below the internal reference voltage, we got out the max voltage and couldtrot tavell.
We determined that the L6902 could not regulate without feedback voltage from its output pin,
so we were left with the resistor divider shown in figure 6 to set the voltage. To control this
regulator with a DAC, we would need to add a thesistor called R3 to the node between the
resistors going to the feedback pin and drive the DAC voltage though it. Applying KVL at this
nodegetsus £4A 2c02¢ 61 O0n 1 2p2c¢ 6 AAdmpiigyandidspgringthe 2 p 2 ¢
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internal reference voltage gets@/ OO0 p8c¢ouvp 2p2¢ 2Wean then detesnding A
the required resistor values by choosing R1 to be any value we want and solving a system of
eqguations with two different sets of constraints for Vout and Vdac. Since our DAC goes from 0
3.3V those wil be the two constraints for Vdac. When the DAC outputs 0V the regulator should
be outputting its maximum voltage, we picked 11. When the DAC outputs 3.3V the regulator
should be outputting its minimum voltage, we picked 1.5 to give us some room witlbettmei
reference. With this we g&2=815140984R1 and R3=3395R1. In our demo we chose R1 to be
100k and thus R2 was approximately 20k and R3 was approximately 34k. We saw a voltage
range of ~1.48V to ~10.8V which confirms that our math adds up. In thevernday wish to

drop this regulator in favor of a heatsink on the LT3080 to save on the price at the cost of
efficiency.

a
Rsense L1 162

VD 108m 2730H Leaazn +12v
T :—T—rﬂ‘ﬁ L our yoo B )
fout 2 5y GND 2
3 lcs- YREF 82—
» 4 {eoMp -
— cx X Dl —de €3 J_ cz — 1
— 100uF D =T Z20pF 22nF — 10uf
R
- R3 Ri 5K
34737 100K
/T\ 1
RZ
19868

GND

Figure 30: L6902 demo setup using a DAC to control Vout
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Figure 32: Breadboarded 862 demo
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Figure 33: Breadboard demo output ~6.6Vout \)viih 2.0Vfb

lll. Static Regulator Prototyping
The LM2672M buck converters (Figure 34) we chose were a bit more sensitive to using
the proper capacitors but once we got the parts it worked flawlessly (F&5ré8). We are
planning to use these stdpwn converters to power the LCD as well as the MCUs. We have not
yet tested the ripple of these regulators and if we find that the ripple exceeds the input ripple
specifications of the MCUs we will need to switio using a linear regulator for the 5V ralils,
either another LT regulator or a more common LM317.
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Figure 34: Demo setup for the 3.3V/5V static regulators
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Figure 35: Breadboarded 5V regulator setup
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IV. MCU Programming

As for prototyping the MCU, we have been using the STM32L1B28CO board and
we immediately ran into problems with it. We spent a few weeks using STM32CubelDE, but we
could never get the debugger to work properly, it would die after #irfew of code are
executed in the main function. We also had issues where inputs from things like the rotary
encoder were not consistent. When we set the MCU to turn on an LED it would constantly flash
instead of being a solid light, we believe that theWMas constantly resetting itself when using
this IDE. We recently dropped STM32CubelDE and went with Keil uVision5 which works
flawlessly with the default HAL drivers provided by STM. The debugger works properly, and we
get consistent results from inpuss, we believe that something was repeatedly shutting down the
MCU when using the other IDE. We have run into an issue with this IDE though where when we
use STM32CubeMX to generate the USB drivers, it does not generate the USB_DEVICE driver
set, and we amot compile without it. As it turns out, STM32CubeMX generates another Kell
project file further into the project directory which contains all the libraries properly imported
saving us the need to manually import the libraries. The final issue we ravamtelated to
USB. When we enabled USB and set the clocks up for it the MCU would halt on setting up the
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clocks but when USB was disabled, and the clocks were unchanged it could proceed. The
problem was that STM32CubeMX was not generating the codedaxtiernal crystal oscillator

when USB was disabled even when we set it up in the clock configurator so we could not figure
out what the problem was until we noticed this. We had mistaken the crystal oscillator on the
board for the external oscillator four MCU, but it was in fact only for the SJink debugger

port, so our code was halting because we had no oscillator for the clocks. A quick fix for our
demo boards was to solder the pins from the oscillator for the debugger to the pins on our MCU
with sone wires for its oscillator and just piggyback on the signal. We have since been able to do
some simple USB communication as can be seen in figure 16, including the ability to toggle an
LED by sending a “1” to the MCU.

£5% Hercules SETUP utility by HW-group.com — O >

UDP Setup  Serial | TCP Ciient | TCP Server | UDP | Test Mode | about |
Received/Sent data

- Senal

Serial port COMS opened

Hello World from USE

Hello World from USE |EDM5 J

Hello World from USB

Hello World from USE |-|-|52|:||:| J

Hello World from USE .
Data zize
E |
|n|:|ne J
|OFF |
|Free J

X Close
todem lines
@co @R @ODSR @CTs [ DTR [ RTS
Send

[ ™ HEX  Send ngmup

| [ HE¥ Send wvru . HU-group.com

Hercules SETUP atility
| [ HEx  Send Yerzion 3.2.8

Figure 37: Hercules virtual commuaition port on MCU

The main front panel display will feature a 16x4 liquid crystal display (LCD), for Figure
38 a 20x4 LCD was used as the part had not arrived. The display here is controlled via a
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PCF8574T 12C module and will be used to showcase to the user the chose¢watage and

current limit— as input from the rotary encoder, keypad, or SGRis well as the actual output
voltage and current limit as read by the MCU. This will be shown for both channels and will
have an accuracy in the millivolt/milliamp range. Gequently, nomumerical values, e.g.,

CH1, representing chanrehe and its voltage and current limit settings, will have to be labelled
outside of the LCD particularly for the 16x4 to accommodate space. Furthermore, depending on
the LCD type used- eithea an LM2672M3.3 and/or an LM2672M will have to be used to

provide power for the specific VCC.

Mello biorlol
This is EfE-dmn

Thiz iz Prodect

=
ot 12

ECREEST

Figure 38: LCD2004 12C Demo

We have also successfully interfaced a keypad with our MCU as a prototype for
accepting keypad inputs to adjust output currents/voltages on our finished power supply. This
was relatively simple to do conceptually as we previously had to decode a keypdalfon a
previous class, though the actual implementation was more difficult than expected. This was
primarily due to the struggle to generate a project file using Keil instead of STM32CubelDE as
well as the interrupts working in a different way compareMCUs we have used before. GPIO
interrupts in the STM32 MCU share a common interrupt value for all pins of the same number
(i.e., A0 and BO both correlate to the same interrupt). This means we only have 16 interrupts to
wor k with ( our mbd€drlsy, theughrsiace aur igput davices are limited to a
keypad, two rotary encoders, and a few extra
as we proceed with designing the power supply. Once the interrupts were properly established,
the program ran as expected, although the keypad has not been properly debounced yet. The
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output of this can be observed in the figure above, where the specific key is designated by a
n e wn u m5 correspoddintp tvhick buttoa was e

var.i

abl

e called *

pressed on the keypad.

Registers 2 [ Disassembly L3 =]
Regiter Value 0x080013E8 F10020E0 ADD 0, r0, ¥0XxE000E000 "
= 0x080013EC F2801D14 SIRB 1, [z0, #0xD14]
0x080013F0 4770 BX ir
0x080013F2 0000 MOVS 0,0
81: HAL Init():
8 /* USER CODE BEGIN Init */
85: /* USER CODE END Init */
a7 « 1 *
“Re 00000000 0 GE;;iaFleﬂE;?If;;guI:LEEE Eyagergs;ég:‘ga ;mL Init
400000000 = : = i
88:  SystemClock Config():
00000000 s /* USER CODE BEGIN SvsInit */ v
020000058 < N
020006088
(x08000TAF ] mainc | ] startup_stm32H52xcs - X
0<08D013F4 o ”
i 2
= Q21000000 76 /* USER CODE END 1 */
B Banked
B System 7
78 /% MCU Configuration
B Intemal
79
Wode Thread . . -
Priege Pivieged 80 /* Reset of all peripherals, Initializes the Flash interface and the Systick. */
Stack Msp > o
States 12555
» US B it »
P 000125550 g: /* USER CODE BEGIN Init */
85 /* USER CODE END Init */
86
87 /* Configure the system clock */
88 SystemClock_Config():
89
a0 /* USER CODE BEGIN SysInit */
a1
92 /* USER CODE END SysInit */
93
fa JE Teso R 1Y e FE e i L 2 v
[E Froject | = Registers < >
Command 2 B waten1 = A
Running with Code Size Limit: 32K Name Value Frpe

Load "keypaddecoderfinall\\keypaddecoderfinal.axf”
WS 1, “newnum

# newnum

<Enter expression>

Figure 39: Debugging Output of Keypad Decoder after B Button is Pushed
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Testing Plan

All our prototyping efforts so far have been done using resistors as dummy loads and this
is not a good indication of hoawur circuits will behave under load. Dr. Kaps has told us that he
has procured a load tester that will sink any amount of current that we could use for testing
purposes. We will have to ensure that our regulator circuit can maintain regulation at tipesvolta
required under heavier loads up to half an amp.

For the linear regulator testing we first need to test the operation ofamppased
multiplier with a gain of 4 so we can use the DAC to adjust the output of the LT3080. This
testing would involve a¢impting to get out voltages betweed @V with ~4mv steps since our
DAC has a resolution of ~1mv. Once we have achieved this, we would then test the regulator
circuit driven by the DAC and attempt to get output voltages from at |3V 0f not G-12V.

The key here would be OV operation, or more specifically near OV operation since for true OV
operation we would turn off the circuit. We have had problems with the regulator achieving 0V
or near OV because of the load issue and this is the most criticgahsect

For the switching regulator testing we first need to determine what kind of resolution we
have on the output voltage using the resistor divider network and we could do this with the AD2
if we do not exceed 5V since waveforms would make it quite eaggttthis data. We then need
to successfully integrate the L6902 with the LT3080 and make the same tests as with the
LT3080. In the end though, we may choose to drop this switching regulator in favor of a heatsink
after the integration problems we ranoint

For testing the I/O we will have the MCU output to a serial terminal using USB to test
that the keypad, buttons, and rotary encoders are working and are debounced. We then will test
having them work with the LCD to set voltage and amperage and weesdl to test that they
do not allow invalid inputs. Once this is done, we will move on to integrating the MCU with the
regulator circuit and performing the same tests as with the LT3080 but using the MCU to drive
the set pin.

Finally, to fully test the syem we will attach a 0.5A DC load to channel 1 and set the
output voltage from -0V using the keypad, verifying that both the output and the readouts are
accurate. We will then test that the channel power button works as expected and provides 0V.
We will then repeat this test on channel 2. This test will then be repeated using the rotary
encoder instead of the keypad, and then using USB instead of the rotary encoder. Finally, we will
repeat this test using both channels interconnected to test f2dvi @ verify that each channel
is electrically isolated.
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Tasks for ECE493

-ﬂ-: Zoom In | Zoom Qut Today ~ | — Past | Future —  Show critical path | Baselines...
S o< =
Gﬁn}];:?l;“!_ -'-..a 2022 \Parts C?rdered\ |IDE Prablem Slo\vecﬂ_B Clock issues Resolw‘acﬂ m
Name = Begin date End date Al May June July

v Hardware Development 3/24/22 9/19/22 —
Parts Ordered 3124722 3124722 &
PCB Design Completed 6/24/22 6/24/22 <*
Linear Regulator 3/28/22 5/6/22  ——S
Switching Regulator 4/4/22 4/21/22 e ——
Static Regulators 4/11/22 4/28/22 —
PCB Design 41822 6/24/22 OO
PCB Assembly 8122122 9/19/22

v Software Development 3/21/22 516122 ]
IDE Problem Solved 4/14/22 4/14/22 L
USB Clock issues Resolved  5/3/22 5/3/22 &
Keypad/Rotary Encoder ... 3/21/22 4/28/22 e ——|
Character Display Output 3/21/22 4/14/22 | —————— |
USB/SCPI Communication ~ 3/28/22  5/6/22 e

v Enclosure Development P
Sketching 4/4/22 4112122 =
CAD 2z 642 e
Construction 9/5/22 9/19/22
Assembly 919722 1013122

w Integration 8122122 9/22/22

Regulator Control with DAC ~ 8/22/22 9/5/22

Regulator Measurement ... 8/29/22 9/12/22
Final Software integration 9/5/22 9/22/22
« Testing 919722 10/31/22
Experiment #1 9/19/22 9/26/22
Experiment #2 101022 10117722
Experiment #3 10/24/22  10/31/22
~ Reporting 9/26/22 11/29/22
Progress Report 9/26/22 10/3/22
In-Progress Report 10/17/22 10/24/22
Final Report 1114722 1172922
Poster 1114722 11/29/22
v Demo 930722 11711722
Demo #1 9/30/22 9/30/22
Demo #2 10/28/22  10/28/22
Demo #3 1122 1122

Figure 40: Gantt chart of tasks from 492
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ANTET:
project

MName

v Hardware Development
Parts Ordered
PCB Design Completed
Linear Regulator
Switching Regulator
Static Regulators
PCB Design
PCB Assembly

v Software Development
IDE Problem Solved
USB Clock issues Resolved
Keypad/Rotary Encoder |...
Character Display Output

USB/SCPI Communication

Begin date
3/24/22

3/24/22
6124122
3/28/22
4/4/22

4/11/22
4/18/22
8/22/22
3/21/22
4/14/22
5/3/22

3/21/22
3/21/22

3/28/22

& §
) T T
':'..a 2022
— .

End date

9/19/22

3/24/22

6124122

5/6/22

4121122

4/28/22

6/24/22

9/19/22

5/6/22

4/14/22

5/3/22

4128122

4/14/22

5/6/22

Zoom In | Zoom Qut

Today ~ | — Past | Future —

Show critical path

T
September

I

I
October

I
Movember

v Enclosure Development

Sketching
CAD
Construction
Assembly
w Integration
Regulator Control with DAC
Regulator Measurement ...
Final Software integration
~ Testing
Experiment #1
Experiment #2
Experiment #3
v Reporting
Progress Report
In-Progress Report
Final Report
Foster
v Demo
Demo #1
Demo #2

Demo #3

4/4/22

4/11/22

9/5/22

9/19/22

8/22/22

8/22/22

8/29/22

9/5/22

9/19/22

9/19/22

10/10/22

10/24/22

9/26/22

9/26/22

10/17/22

11/14/22

11/14/22

9/30/22

9/30/22

10/28/22

11/11/22

4/12/22

6/24/22

9/19/22

10/3/22

9/22/22

9/5/22

912122

912222

10/31/22

9/26/22

10/17/22

10/31/22

11/29/22

10/3/22

10/24/22

11/29/22

11/29/22

1111722

9/30/22

10/28/22

11/11/22

PE——
I
I
T
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Figure 41: Gantt chart of tasks to do in 493
Begin date End date

Name
Hardware Dewelopment
Parts Ordered
PCB Design Completed
Linear Regulator
Switching Regulator
Static Regulators
PCB Design
PCB Assembly
Software Development
IDE Problem Solved
USB Clock issues Resolved
Keypad/Rotary Encoder Inputs
Character Display Output
USB/SCPI Communication
Enclosure Development
Sketching
CAD
Construction
Assembly
Integration
Regulator Control with DAC
Regulator Measurement with ADC
Final Software integration
Testing
Expenment #1
Expenment #2
Expenment #3
Reporting
Progress Report
In-Progress Report
Final Report
Poster
Demo
Demo #1
Demo #2
Demo #3

3/24/2022
3/24/2022
6/24/2022
3/28/2022
4/4/2022
4/11/2022
4/18/2022
8/22/2022
3/21/2022
4/14/2022
2/3/2022
3/21/2022
3/21/2022
3/28/2022
4/4/2022
4/4/2022
4/11/2022
9/5/2022
9/19/2022
8/22/2022
6/22/2022
6/29/2022
9/5/2022
9/19/2022
9/19/2022
10/10/2022
10/24/2022
9/26/2022
9/26/2022
10/17/2022
11/14/2022
11/14/2022
9/30/2022
9/30/2022
10/28/2022
11/11/2022

9/19/2022
3/24/2022
6/24/2022
2/6/2022
4/21/2022
4/28/2022
6/24/2022
9/19/2022
2/6/2022
4/14/2022
2/3/2022
4/28/2022
4/14/2022
2/6/2022
10/3/2022
4/12/2022
6/24/2022
9/19/2022
10/3/2022
9/22/2022
9/5/2022
9/12/2022
9/22/2022
10/31/2022
9/26/2022
10/17/2022
10/31/2022
11/29/2022
10/3/2022
10/24/2022
11/29/2022
11/29/2022
11/11/2022
9/30/2022
10/28/2022
11/11/2022
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Figure 42: Gantt chart task table
eositions

Front PCB & Switching Linear 3.3V 5V Static  SCPI Switching LED/LCD Rotary
Panel Soldering Regulator Regulator Static Regulator Controls  Algorithm Interface Encoder
Regulator & Keypad
Inputs
Tarun Carlos Zach Carlos Juan Dean Juan Zach Tarun Dean
Zach Tarun Carlos Dean Dean Juan Zach Juan Dean Carlos

Figure 43: General allocation of responsibilities

Aside from the tasks we initially scheduled to do in 493, we are currently behind on PCB
design and MCU programming, mostly USB. We will be continuing to work on this project over
the summer to not only catch up but get ahead since we expect to encountespesifnumps
next semester. Tarun and Zach are primarily responsible for the front panel design and PCB.
Carlos and Tarun are primarily responsible for the regulator circuit PCB design and soldering.
Juan and Zach are primarily responsible for implement@gl®ommands as well as the
functions to control the output of the switching regulator. Most of the work needed for the
regulators and physical inputs is done but we need to begin integrating them.
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Schedule and Milestones

Over the summer, we plan to fahi integrating our individual pieces into a regulator
circuit and design a PCB for it, as well as make more progress with integrating the regulator
circuit with our MCU, such as by controlling
If we manageo get ahead during the summer and procure PCBs, we will have more time to test
them and more time to fix any problems that may arise.

During week 0 of next semester, we will aim to have our PCB fully designed if not
constructed and will spend successiveels in the semester focusing on integrating our PCB
with the enclosure, we were given by Dr. Kaps, continuing to run tests on our integrated system
and provide deliverables to Dr. Kaps as requested, such as Demos and quantitative results from
experiments.

1130f 114



References
Literature References
[1]
J. Voas, N . Kshetri, and J. F. DeFranco, “Sca
S h o r tIBRyddessionalvol. 23, no. 5, pp. A8B2, Sep. 2021, doi:
10.1109/MITP.2021.3105248

[2]

“Anal og D-Ds aggd v eernyt [ERps:f/deieet.nomeeference/teshd
measurement/analediscovery?/start(accessed Mar. 03, 2022).

[3]
Keysight , ppCiKeysighthttps:Bwww.keysight.com/us/en/productsfaower
supplies.htm(accessed May 10, 2022).

[4]
“DC Power Suppwegr |SWwWmpliiadbd e|] PTektroni x. 7
https://www.tek.com/en/products/keithley/dowersupplies(accessed May 10, 2022).

[3]
“DC Power SupOBSBOgXEl DT gPloewetr Sigatp pl i es, ”
https://siglentna.com/powssiupplies{accessed May 10, 2022).

[6]
“DC Power & Loads DC Power SupRlIGOL& "El ectroni
https://www.rigolna.com/products/gmowerloads/(accessed May 10, 2022).

[7]
D.byA.S.| () | www.akacia.com.tyw “ DC Pow&wi 8spelki és
https://www.gwinstek.com/eblS/products/layer/DC_Power_Supaccessed May 10, 2022).

[8]
“Mul tiple Channel Power Supplies_ Products _ SHE
L T D https://www.koradtechnology.com/product(@8tcessed May 10, 2022).

[9]
“Hi gh Performance Portable DC Bench Power Sup
Estate by Buil di ng Y btps/wdwmanalod.cold/andelchmigal Devi ces .
articles/highperformanceportabledc-benchpowersupply.html(accessed May 02022).

People Contacted
Dr. JensPeter Kapsjkaps@agmu.edu

1140f 114


https://doi.org/10.1109/MITP.2021.3105248
https://digilent.com/reference/test-and-measurement/analog-discovery-2/start
https://digilent.com/reference/test-and-measurement/analog-discovery-2/start
https://www.keysight.com/us/en/products/dc-power-supplies.html
https://www.keysight.com/us/en/products/dc-power-supplies.html
https://www.tek.com/en/products/keithley/dc-power-supplies
https://siglentna.com/power-supplies/
https://www.rigolna.com/products/dc-power-loads/
http://www.akacia.com.tw/
https://www.gwinstek.com/en-US/products/layer/DC_Power_Supply
https://www.koradtechnology.com/product/8/
https://www.analog.com/en/technical-articles/high-performance-portable-dc-bench-power-supply.html
https://www.analog.com/en/technical-articles/high-performance-portable-dc-bench-power-supply.html
mailto:jkaps@gmu.edu

