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ABSTRACT

SAMI LAINE: The hardware design of a low-cost multi-channel power
measurement system

Tampere University

May 2021

Master’s Degree Program in Electrical Engineering

Examiners: Professor Karri Palovuori & Professor Jukka Vanhala

Because of the importance of power-efficiency and lower power consumption, developers
of new products will need even better tools to be able to consider these aspects. There are
tools available at both ends of the spectrum. Digital multimeter can cover the most basic
needs, but lacks any logging capability, has poor sampling rates and depending on cost,
may have relatively poor accuracy. High-end of the spectrum has high-sampling devices
that are huge in size and require lab environment to use. They may cost thousands, even
100 000€, while lacking any mobility and being quite difficult to setup for quick tests and
trials.

This project was trying to create a development and debugging tool that is easy to use and
setup, mobile and affordable while still covering most of the usual use-cases coming up
in different stages of product development. Idea was to create a tool for own use with
enough flexibility that it might gather interest from others as well.

In the scope of this project was designed the architecture of the device, schematic and
layout design of the final device as well as building and testing the prototype hardware.
Firmware needed for measurement use as well as host PC control software will be created
as part of another student’s thesis. Those were not fully finished in time for this thesis,
but initial versions were available so we could verify the validity of the hardware design.
Thesis is focusing more on the process of hardware development, even though the most
visible part is the device itself. Thesis is providing information on how and why different
phases of product design are executed, starting from defining system and end-user
requirements. These requirements are then further divided into functional and non-
functional requirements.

The final device has been working as well as expected, with measurement resolution of
1,25 mV. The final product will need to be calibrated to get rid of the offset and gain
errors according to datasheet for INA226 chip. The cost of the bill of materials for the
device was higher than originally estimated at over 90€ per unit, including factory-
manufactured PCB’s and all the components. Half of the cost went to the PCB, and its
cost could be reduced to half by ordering larger amounts at a time. Discounts could be
had for the components as well when ordering larger amounts. For the purpose of this
thesis, three PCB’s were ordered and components for four devices in order to have
replacements if something went wrong in the assembly. While the component and PCB
cost could be brought down, bringing this product to mass production would mean that
the assembly would have to be automated, causing additional costs that were not visible
here.

Keywords: hardware design, electronics, power measurement, product
development
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Matala energiankulutus ja energiatehokkuus ovat yha tdrkedmpid ominaisuuksia uusissa
tuotteissa, joten ndiden tuotteiden kehittijit tarvitsevat kayttoonsi entistd parempia
tyokaluja huomioidakseen ndmai tekijat. Kaupallisia tuotteita on saatavilla moniin eri
tarkoituksiin. Yleismittarilla nimensd mukaisesti on yleistydkalu joka sopii moneen
perustehtdvddn, mutta silli ei ole datan tallennusmahdollisuutta, silld on heikko
ndytteenottotaajuus ja hinnasta riippuen tarkkuuskin voi olla riittdimiton. Vaativampiin
mittaustarkoituksiin on olemassa laitteita, jotka ovat valtavan kokoisia ja vaativat
kiytdnnossd laboratorio-olosuhteet mittausten toteuttamiseen. Nami laitteet voivat
maksaa tuhansia euroja, jopa 100 000€, ollen silti staattisesti sijoitettuja sekd tyolditd
valmistella nopeita testeji tai kokeiluja varten.

Tamén projektin tarkoituksena oli luoda tuotekehitys- & vianmaédritystarkoituksiin
soveltuva tyokalu, jota on helppo kiyttdd ja muokata, ollen silti kannettava sekd halpa.
Tdmédn tyokalun pitdisi myds pystyd mahdollisimman monipuolisesti tukemaan
tuotekehitystd prototyyppauksesta ominaisuuksien verifiointiin ja ongelmien etsimiseen
ja ratkomiseen. Ajatus oli tehdi tydkalu omaan kdyttoon, mutta tehdi siitd niin joustava
ettd muutkin saattaisivat kiinnostua sen kéytosta.

Tadmaén tyon puitteissa toteutettiin laitteen arkkitehtuurin, piiri- ja layout-suunnittelu sekd
laitteen rakentaminen ja prototyypin testaus. Mikrokontrollerilla ajossa oleva ohjelmisto
sekd tietokoneelle tehtdvd ohjausohjelmisto toteutetaan toisen oppilaan diplomitydn
osana. Nuo osuudet eivit olleet tdysin valmiina timéan tyon valmistuessa, mutta laitteen
testausta varten saatiin kuitenkin perusominaisuudet sisdltdvat ohjelmat. Tyo keskittyy
piirisuunnittelun prosessin eri vaiheisiin, vaikka nikyvin osa ty6td on laite itsessdin. Tyo
tarjoaa tietoa suunnittelun eri vaiheista, selityksid tdmén laitteen tuotekehityksessd
tehtyihin valintoihin, alkaen jdrjestelmédn korkean tason vaatimuksista. N&méi
vaatimukset jaetaan funktionaalisiin ja ei-funktionaalisiin vaatimuksiin, joihin perustuen
laitteen toteutuksessa tehtavit paitokset nojaavat.

Toteutettu laite on toiminut odotetulla tavalla, ja sen mittausresoluutio on 1,25 mV.
Lopputuote pitdisi kalibroida offset- ja gain-virheiden poistamiseksi INA226
mittauskomponentin datalehden mukaisesti. Laitteen osien yhteishinnaksi muodostui yli
90€, joka oli korkeampi kuin ennen tyon tekoa arvioitiin. Tdhén hintaan sisdltyi tehtaalta
tilatut piirilevyt seké kaikki sen komponentit. Piirilevy on tdssé tapauksessa noin puolet
kokonaiskustannuksesta, ja se kustannus voitaisiin puolittaa tilaamalla isompia mééaria
kerralla. Komponenteistakin saisi alennuksia médrid kasvattamalla. Tétd tyota varten
tilattiin kolme piirilevyd ja komponentit neljddn jotta valmistusvirheiden varalta on
varaosia saatavilla. Vaikka osakuluja saataisiinkin isommissa médrissd pienemmaksi,
massatuotanto tarkoittaisi myds kokoonpanon automatisointia, joka taas lisdisi
kustannuksia tdssé esitettyyn.

Avainsanat: Piirisuunnittelu, elektroniikka, tehonmittaus, tuotekehitys
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LIST OF SYMBOLS AND ABBREVIATIONS
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Research and Development
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1. INTRODUCTION

The buzzword IoT or Internet-of-Things has been thrown around a lot when discussing
future technology and the development of our society. Key point in those discussions is
that the world will become even more connected than it is today. A study by Gartner
estimates that the number of connected devices will rise from 8.4 billion devices in 2017
to 20.4 billion by 2020[1]. It is less than the wildest early estimates of 50 billion by 2020[2],
but nonetheless the increase is significant. These devices and sensors will surround us,

and of course this creates a huge market for the companies developing these products.

Another development in our society is the increasing demand for energy. A study by EIA
suggests that the total energy consumption in the world will rise 28% from 2017 to 2040
[3]. Both developments are driving market demand for more energy-efficient, low-power
devices and applications. In addition, many of these devices rely on low capacity

batteries due to technical limitations in storing electricity.

What this means is that energy-efficient and low power consumption are key competitive
advantages in the market. Companies and developers need to have proper tools at their
disposal to be able to turn these issues into their products’ strength. In my personal
experience, measurement tools and equipment commercially available for this task are

inadequate.

This thesis will focus on the hardware development of a low-cost multi-channel power
measurement system. Low-cost will enable it to be available to every individual
developer whenever they need it, instead of an expensive one that even bigger
companies only have 1 or 2 of. Multiple channels are to be measured at the same time,
to be able to see the full effect of changes happening in the system. These and other
system requirements will be discussed in detail in chapter 2. Third chapter will explain
the architectural choices, followed by schematic and layout design of the system in
chapter 4. Fifth chapter will focus on the functional tests and validation of the built power
measurement system, and chapter 6 will present some measurement results done with
a dummy load device. Chapter 7 will consist of the conclusions, discussing the hardships
and successes during the development and some future development or improvement
needs. The firmware for the microcontroller unit (MCU) as well as the PC control software

will be used in the measurements, but their development is out of the scope of this thesis.



2. PROJECT PLAN

This chapter will present the project plan. It will introduce the market this device is aimed

towards, as well as the system requirements along with the schedule of the full project.

2.1 Background

Because of the importance of power-efficiency and lower energy consumption,
developers of new products will need even better tools to be able to consider these
aspects. Commercially available products are often trying to be as generic as possible
in order to allow broader usage and therefore hit a bigger part of the market. What this
project is trying to do is create a device geared more towards the loT-segment of the
market with a device that would remain as cheap as possible. This would enable
everyday testing to be part of the development cycle for, in optimal case, every developer

working on the project.

Traditionally when developing new devices, companies are interested in characterizing
the behavior of the device. This means analyzing every single current spike and its
amplitude in amperes, no matter how quick these spikes are. While this is of course an
important aspect of said development, these current spikes despite high amplitudes
contain such a small amount of energy, that their effect on the battery life and total power
consumption of the device is negligible. Measurement devices designed for this task
have high sampling rate to be able to keep up with the quick pulses. This means in
practice that they are expensive, require lab environment due to sheer size, and often

are difficult to use or setup even with an engineering background.

On the other end of the spectrum, we have the common digital multimeters (DMM). They
are mobile, cheap, easy and safe to use in an office space. However, their measurement
capability is often not enough due to being limited to single measurement channel. Even
a simple device-under-test (DUT) usually has multiple power rails and reducing
consumption from one power rail may give false information about the total power
consumption of the device. Deploying several DMM'’s is often also not practical, and time-
stamping their results to be comparable between different tests would be impossible due

to lack of control software.

The product designed as part of this thesis aims to help developers answer the simple,

yet difficult questions the end-users of commercial products often have like: “How long



can | use this without charging it?” This is an example of a feature that some consumers

consider as the most important feature when choosing a smartphone (Dormehl, 2019).

2.2 System requirements

The power measurement system to be designed as part of this thesis needs to be
technically viable, satisfy a market segment that is currently not well catered to, and do
it for an affordable price. If these requirements are not met, the product will not find its

customers, since there are other compromises already out there.

From these high-level demands, we formed the system requirements presented in figure
1.

"As a user of this device, | want to: "

- Measure power consumption of multiple power rails on the DUT simultaneously on
my own work desktop

- Measure temperature from several locations on DUT while performing power
measurements

- Choose to control the measurement unit with buttons, PC software or DUT via GPIO-
pins

- Control the DUT during measurement to trigger different scenarios or circumstances

- Log the measurement data for later analysis

- View the measurement data on PC as a live-view and analysing a log file from earlier
measurements

- Update the device firmware in case of bug fixes, patches to existing features or
completely new features

- Pay less than 100€ for the device

Figure 1: System requirements for the power measurement system

The system requirements are still quite high-level requirements, and from them alone we
can not make many design decisions on architecture or implementation level. Therefore,
hardware and software requirements were devised based on the system requirements
in Figure 1. The software requirements are out of the scope of this thesis. Hardware

requirements are shown in Figure 2.



FUNCTIONAL REQUIREMENTS

System can be powered from USB-port

Support multiple simultaneous measurements of voltage/current/temperature
Capability to store logs from measurements

Capability to transfer measurement data to PC

Capability to control DUT via GPIO pins

Capability to be controlled via buttons, control software or DUT

Capability to update device firmware

NON-FUNCTIONAL REQUIREMENTS

Measurement accuracy of +/- 10 pV

Measurement data sampling rate of at least 100 Hz

Easy to use and setup without engineering background

Maximum area of PCB 15cm x 15cm

Bill of materials including PCB and components less than 100€ for one device

Figure 2: Hardware requirements of the power measurement system

2.2.1 Functional hardware requirements

The hardware requirements can be divided to functional and non-functional
requirements. In the functional requirements, we have considered aspects like how to
provide power to the measurement system. Since our system requirements need this

device to be usable on developer’s desk, the power sources for this device are limited.

If the system were to be powered from a wall socket, it would severely limit the mobility
of the device. Although not necessarily likely, sometimes developers have so many
devices on their tables already, that there are no free sockets available, so setting up

this system might become problematic, though of course not impossible.

Other power sources available on a regular developer’s desk include a laptop or a
desktop PC, as well as the product prototype under development. Using the product itself
to power the measurement device is not a good idea, since we would then be loading
the device with our own system, and the results would not be representative of the real

use-case for the developed product.

That leaves us with the laptop or PC. Without any extra negotiations with the USB port,
the port can deliver at least 5V & 500mA to a device connected to it, according to USB

host specification. [X] This 2,5W should be more than enough power for our



measurement system and should be easily available on any desk. It also makes the
measurement system usable in many environments since we need the laptop anyway
for reading out the measurement data. Adding a display to the measurement device itself
would force us to violate many of the other system requirements, for example size &

cost.

Another aspect we considered is that you need to be able to measure multiple power
rails simultaneously, while also measuring temperature from multiple locations. This
simplifies the measurement setup for example when having to debug an issue. Consider
a scenario where developer finds a bug in the middle of a reliability test. Having
immediately the data from all power rails and finding glitches in those is a quite common
occurrence, and if you did not have data from all power rails already at your disposal,
you would spend a whole lot of time reproducing the issue multiple times. Being able to
measure temperature is also very handy in many debugging situations. For example, in
the scenario above it might be a faulty component causing overcurrent in one power rail,

which would then overheat and break a sensitive component.

It would be practically impossible for any individual to follow eight power rails
measurement data as well as several temperature measurements in real time, so there
will need to be a way to store the measurement data for later analysis. For the device to
be useful as an everyday debugging device, the logs need to be available for the user in
an easy-to-use format. Therefore, from hardware requirement point of view, there needs
to be capability to store measurement data onto the device itself, as well as a mechanism
to transfer this data to PC. For more intensive usage, data transfer will need to happen
in real-time, so that we do not have to reserve extraordinary amounts of memory on-

device just for logging purposes.

Next, we considered different measurement scenarios. For example, developer might
want to trigger something on the DUT during measurement, to see the effect it has on
the system. Consider a case of running 1080p video with framerate of 30 frames-per-
second on a smartphone. You would be interested in the idle power the DUT consumes
while not running the video, the exact moment DUT starts running the video, as well as
the total consumption during the clip. If the DUT supports it, this could be triggered via a
GPIO that the measurement system provides. The example is just one case, and
scenarios will vary greatly on different DUT’s, but the capability to trigger events on the
DUT while monitoring its power consumption and temperature is a very handy one. That
is why we have a requirement stating the measurement system needs to support this

kind of feature.



The measurement system’s key element is its usability, and therefore it needs to be
easily controllable. For many use cases, triggering measurements and configuring the
system will happen through the PC software, and since we will have to transfer data
between PC and measurement system anyway, it makes sense to provide controls
through the same channel. However, for some cases, it might be preferable to use simple
buttons for quick measurements. Alternatively, there might be scenarios where the PC
software is not available, and you need to store the data on device. Therefore, button
controls will need to be available as well. In addition to these intuitive controls, we
considered scenarios where it may be useful for the DUT itself to be able to trigger
measurements. For example, a reliability test, where the device might be running for
weeks non-stop. If the measurement is running the whole time alongside it, storing,
analyzing, and using the measurement data would become quite complex. Now if we
can control the measurement system from the DUT, we might set an error flag from a
GPIO on DUT to trigger the measurement. In case there is an error on the reliability test,
we would get instant test data from that specific situation, and analyzing the data

becomes much simpler.

There may be a need to update the MCU firmware, so a requirement was added for that
feature. This is related to the easy-to-use system requirement, as bug fixes or new
features can be easily brought into the system. In practice, this means that the MCU’s
programming interface always needs to have a standard connector available and
assembled on the board. Often these are removed from production version devices, as
manufacturers do not want to enable users to introduce their own source codes into the

system, but some R&D tools have it for the same reason it was chosen in this project.

2.2.2 Non-functional requirements

Non-functional requirements can be thought of as the quality attributes of the system.
While they provide no new features to the system, they often are the most demanding
aspects of system design, and often drive architectural decisions. For example,
performance-related requirements fall under non-functional requirements, as well as

usability and security considerations.

Perhaps the most critical aspect of a power measurement system is its measuring
accuracy. Often trade-offs need to be made, and the specific use-case needs to be able
to determine the real requirement instead of “nice to have” -features. In the case of
measuring accuracy, the best available measuring accuracy would obviously be

preferred. This requirement is of course a bit subjective but considering a common shunt



resistor of 5 mQ capable of measuring a current with 2 mA resolution, we arrive at the
10 pV voltage measuring accuracy. In this project, this was enough for meeting the target
application’s demands. If smaller shunt resistor values were used, also the current
measurement resolution would increase. Shunt resistor values are often calculated to
provide a 50, 75 or 100mV drop with full current rating [4], so using a 1 mQ shunt resistor
would imply measuring currents up to at least 50A, and that is already a bit beyond the
scope of this project. Currents this high would never be measured at a developer’s desk,
so there would need to be other measuring equipment to handle those measurements.
A more likely scenario would be using a 100 mQ shunt resistor to measure currents up

to 1A with a resolution of 100 pA.

Another key aspect of the measurement system is its data rate. Essentially it means how
quick changes it can react to and measure correctly and reliably. This is an aspect that
a regular DMM is quite bad at, but then again it is beyond its purpose and designed
usage. At the other end of the spectrum are some heavy-duty equipment that can sample
voltages in the MHz-range. However, those commercial systems come with a price tag
that is out of the scope of this project and are not even relevant to the designed use-
cases of this measurement system. This system is not trying to compete with measuring
systems meant for characterizing integrated circuits (IC) behavior. This system is trying
to measure the consumption of power, or be a helpful everyday debugging tool, and for

that purpose, microsecond-long voltage or current spikes are not relevant.

The project is designed around the fact that measurement systems available in the
market are often costly, and difficult to use due to size or required steps to set up. That
is going to be a key selling point for this device, so non-functional requirements need to
stress this feature. The PCB area requirement is again a bit subjective, but 15x15 cm?
was a consensus among some of the developers this was discussed with for a device
size that would be usable, but not too big to occupy too much space on an office desk.
In addition, it was stressed that the system needs to be easy and intuitive to setup. The
ideal solution would have three steps: connect power, connect DUT, press button to start
measurement and press another button to stop measurement. Real implementation
likely will not be that simple, since the device needs for example the resolution and shunt
resistor value to be configured before measurement to get accurate results. Some of this
intuitive setup requirement will need to be handled in the control software on PC, but it
was written to hardware requirements as well, so that such capability can be built to the

final system.



For the final measurement system to be a successful product, it will need to hit a low
enough price point, or potential customers will likely move to more established vendors
or higher performance devices. Because in the end, from functional requirements point
of view, there is nothing unique about this system. The combination of these functional
and non-functional requirements along with the estimated production costs is what
makes it an appealing product to developers and the companies behind them. From
National Instruments catalog, an 8-channel simultaneous power measurement device
costs 1 590% + software and licensing options [6]. It also requires a desktop computer,
as itis an I/O card to be inserted into a PCI-E slot, so it is not a standalone device. But
on the other hand, it promises a sampling rate of 250 000 samples per second, which is

way beyond what this project is aiming at.

2.3 Schedule

Before the project starts, it needs requirements. Since in this scenario, the designer is
the customer as well, the requirements could evolve a bit more than usually is possible
in bigger projects and designs. Requirements were formed from real-life needs noticed
while working on R&D projects on big companies. After the requirements were realized,
this project was planned. Planning started with estimating a realistic, achievable

schedule. The schedule for the project is presented in figure 3.

Sep Oct Nov  Dec Jan Feb Mar Apr Jun Jul Aug Sep Oct Nov Dec
2018 2018 2018 2018 2019 2019 2019 2019 2019 2019 2019 2019 2019 2019 2019

Architecture
Schematic design

Layout design

Sourcing

Building prototype

Testing
Finishing

Figure 3: Project schedule

Project was started in September of 2018 with architecture design. This phase started

with analyzing the requirements of the project. With requirements the project receives



the goals as well as limitations that device needs to fulfill. This often includes for example
budget considerations, technical and size limitations, customer usability and market

scalability.

By design, architecture and schematic design were bit overlapping in schedule.
This is quite often the case in bigger projects as well, as when the implementation work
is started, flaws in architecture decisions can be noticed and therefore adjusted. This is
the first test for the device architecture. Architectural considerations are discussed in

more detail in Chapter 3.1

For similar reason, the schematic design and layout design were overlapping in
schedule. This means that when schematic design is almost completed, layout work is
started. Soon after the component placement is completed according to the system
requirements, the layout designer may notice several improvement ideas or issues that
need to be solved. Sometimes these require changing the circuit or replacing a
component in schematic design. Therefore, these phases proceed simultaneously for a
while, before the schematic can be “frozen”, which is a term referring that it should not

be changed before releasing the product.

After both schematic and layout design are completed, starts the sourcing of
components. This phase could be started earlier, but in this cost-controlled project, this
was avoided to not make any unnecessary purchases. Sourcing consists of preparing
and ordering the PCBs as well as all the required components. The soldering iron and
required environment for building the prototypes was already established and did not
require any extra purchases for this project’'s needs. Depending on the components
used, many handy tools are available for manufacturing. These are expensive tools, and
therefore this fact was considered when designing the schematic and layout of the
device. For example, no component in this project will be in a BGA package, because

hand soldering those would be either too expensive or the result would be too unreliable.

Building the prototype by hand is very cost-effective, but even on this relatively
small project, it requires a lot of time and effort. Components were kept quite small due
to size limitations in requirements, but bigger than usual commercial products to help
manufacturability. Because manufacturing was done by manually, testing was also
started while still building the device, to quickly re-iterate and debug issues caused by

wrong component, poor placement or solder bridges.

Finishing phase was focused on refining test setup and optimizing components

for the minimum viable product level. Not all components were soldered, for example,
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TVS diodes were left out. This choice was done for two reasons. First, the sheer number
of TVS components saves a lot of time and effort in soldering, as well as minimizes the
possibility for careless errors. The other aspect is saving those components for possible
devices being sent to customers, who might treat them more carelessly in respect to
ESD concerns.
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3. PROJECT EXECUTION

This chapter details the different phases of the hardware design of the power
measurement system. It starts from system architecture, where the key components are
chosen based on the hardware requirements on chapter 2. Not every single component
will be analyzed in this manner, for example, resistors and capacitors are mostly chosen
just based on availability from selected vendor. Vendor selection will be based on key

components’ delivery times and costs.

3.1 System architecture

The system architecture will need to consider all the functional and non-functional
requirements. This was started by selecting the sensor for the actual measurement of
voltage and current and therefore enabling the calculation of power consumption. Texas
Instruments provides an excellent fit in INA226, described as “Bi-Directional Current and
Power Monitor with 12C Compatible Interface”. It provides a 10 yV maximum offset for
voltage measurements with 0.1 % gain error. The functional block diagram is shown in
Figure 4. [5]

|'"{ Power

——‘-| Bus Yaltage

;G}

. Current
Shunt Voltags
Charnel

I B

ADC e
Bus Violage 'O=—0
Charnel -
[ Calbragan™ j

‘-—"{ Shunt Voltage'

Drata Aegisters
(1) Read-only
(2) Readhwrie

Figure 4: Functional block diagram of INA226

INA226 can measure one power rail’s voltage (bus voltage) and current over a shunt
resistor, and calculating the resulting power drawn from that rail. For communicating the
measurement results, it uses a standard 12C interface and can be configured for 16
different slave addresses, meaning 16 chips can exist and communicate through the

same bus. This means that we can easily cover the requirements for measuring
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accuracy, as well as multiple simultaneous measurement channels. To save space on
the PCB as well as keep costs down, it was decided that eight INA226 would be used in
this design. Each chip can average the measurement results as well as configure the
analog.to-digital (ADC) conversion time to reduce noise with the cost of sampling rate. If
the 12C master supports high-speed mode on the 12C bus, the limiting factor for the
performance will be the ADC conversion time, and not the amount of slave devices

reserving the shared 12C bus. [5]

A logical step would then be to consider the possible master device for the required 12C
bus. An MCU will fit the requirement as they are very low-cost, and their performance
should be enough for the sampling rate that will be used. They are also power-efficient,
so the system can be designed to be powered from an USB port as written in the
hardware requirements. Since most use cases use an USB cable connecting the
measurement system and a PC, it makes sense to transfer the measurement data
through the same connection, to minimize the complexity of the system. STM32F446 is
a 32-bit microcontroller from ST Microelectronics that has one specifically appealing
feature for this project: USB 2.0 high-speed device/host/OTG controller with dedicated
DMA, on-chip full-speed PHY and ULPI. This means we get on the same chip the full
stack required to form a USB connection between the measurement system and the PC
having some control software, while simultaneously powering the board from the same
USB port. STM32F446 is available in a LQFP64 package, which is easily hand-
solderable reducing the production costs. It has a maximum CPU frequency of 180 MHz,
which means it will not be limiting the data rate of the final device. For connecting other
peripherals, it has up to 50 GPIO’s, which will be enough even though some pins will be
used for 12C and SPI buses as well as ADC’s for temperature measurements. This
means that we will not have to compromise on other features and should be able to meet
all the hardware and system requirements with this duo of INA226 and STM32F446

being at the center of the architecture.

3.2 Schematic design

This section will go through the schematic design of several key areas of this power
measurement system. First section will focus on the heart of the functionality, which is
the STM32F446 microcontroller. Next section will explain the power net design, which
is crucial for reliable operation. Third is the actual measurement sensors and the design
around them. Final section will explain the supporting features like UART and external
pin headers.



13

3.2.1 MCU design

Schematic design was started from the key components’ datasheets. Datasheets
provide recommendations from the manufacturer on how the component is supposed to
be implemented as part of a system. They often provide schematic and layout
recommendations, and it makes sense to follow these, as otherwise there are no

guarantees that the component will behave according to its specifications.

In case of the STM32F446, the datasheet provides info that needs to be checked from
the datasheet and cannot be known otherwise. For example, the VCAP-pin on the
STM32F446 is used for stabilizing its main regulator. If designer fails to provide a correct
capacitor to this or fails to consider the layout recommendations for placing it, it is likely
the STM32F446 will never be able to boot and execute the code flashed into it, making

it useless.

Following the system requirements described in Chapter 2, the package of the
component to be used needs to be decided. Since the device will be assembled manually
due to cost-efficiency, the package needs to be solderable using a regular soldering iron.
The LQFP package provides pins that can be hand soldered. The LQFP can be used as
100-pin or 64-pin variant. Since the 64-pin variant will provide all the needed functionality,
namely two USB interfaces and enough GPIOs while being a smaller chip, that variant

was chosen.

Figure 5 shows the VCAP capacitor. It is directly connected to the VCAP1 pin on the
MCU and tied to reference GND.
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Figure 5: VCAP capacitor connection to MCU

The purpose of this capacitor is to stabilize the internal regulator, so for example if the

output voltage of the internal regulator drops temporarily, VCAP capacitor could help
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mitigate the drop. For this purpose, VCAP capacitor needs to be considerably higher
value than decoupling capacitors for example. Result is less noise in the internal digital
power rail, which powers the core, memories and digital peripherals of the MCU. The

exact value of this capacitor is based on the STM32F4 datasheet recommendation. [6]

VCAP capacitor is used to stabilize the MCU’s internal voltage regulator, but there are
also decoupling capacitors used for filtering the Vdd power rail that is supplying power
to the MCU. Purpose of a decoupling capacitor is to shunt high frequencies and transient
currents to the reference GND, while passing direct current (DC) in to the MCU power
supply pins. In this design, analog and digital power supplies are divided, so there is 3.3V
and 3.3VA power rails supplying power to the MCU. The decoupling capacitor

connections are displayed in Figure 6.

+ 3TV
s A
#»
=i =T T
oAy 0.1y
1'3 FI.J
GMD GHD
L3
!ﬂ.iu
NEE END
88883
e e e Q

Figure 6: MCU power supply decoupling capacitors
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Besides the VCAP and decoupling capacitors for the Vdd and Vdda power rails, there
are few other features in the MCU schematic page. Figure 7 describes the connection of
SW_RESET button on NRST pin on the MCU.
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Figure 7: SW_RESET button connection to MCU

This button’s purpose is to short-circuit NRST to GND when the SW_RESET button is
pressed, causing a reset signal for the MCU. NRST has an internal pull-up resistor to
Vdd, so we do not need to provide an external pull-up [7]. We do however want to
mitigate the switch debouncing, which might cause multiple reset signals with single

button press. Switch debouncing phenomena is described in Figure 8.
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Figure 8: Switch debouncing on a single button press [8]
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Simplest way to fight debouncing in hardware design is to treat it as high frequency noise
and try to filter it out. In this design, a simple capacitor is added to make for an RC low-
pass filter, where the copper trace will provide the resistance and the added capacitor
the capacitance. A simple software mitigation would be to delay the response to a press
of the button, and check that signal stays in the same voltage level. For example at high-
low transition, first wait for 50 ms and check that signal level is still low before issuing
reset. Or alternatively stop listening to transitions for a limited time after the first high-low
or low-high transition. Both of these approaches have their pros and cons, and used

method should be based on the real use-case scenarios.

The MCU page also has the crystals and required capacitors for those. The 32.768 kHz
is commonly used for counting seconds, because 32768 Hz is equal to 2'°, meaning that
we can get a precise 1-second timing by increasing a 15-bit register once with every
clock cycle. Each time an overflow occurs, a second has passed using this frequency.
An 8 MHz external crystal was added to enable the use of USB with full speed. Both
crystals require load capacitors to enable them to oscillate at their nominal frequency.
The load capacitors’ value is taken from the crystals’ datasheet [9] [10]. Related
connections from the MCU schematic page are shown in Figure 9.
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Figure 9: Crystals and their load capacitor connections to MCU

Finally, the MCU page provides the voltage divider for the VBUS_SENSE as well as few
external pull-up resistors for the 12C buses. Industry standard of 10 kQ pull-up was used
for the 12C, since the designed board is small with few components in a bus, meaning
that the bus is not too heavily loaded. Heavier load on the 12C bus might need smaller
values for the pull-up resistors, which would decrease the transition time between high

and low voltages while increasing leakage current.

VBUS_SENSE voltage division resistors were designed so that the voltage on the MCU

pin will not exceed Vdd (in accordance with MCU datasheet) while using high enough
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values that meaningful current will not be consumed in sensing the VBUS. Purpose of
VBUS_SENSE is that MCU will know if VBUS voltage is present or not. VBUS connection

and resistor values are depicted in Figure 10.
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Figure 10: USB VBUS sensing connection on the MCU

3.2.2 Board powering schematics

Next step after MCU is chosen and connected is to think how to provide it the power it
needs. Since it was decided that this shall be a USB powered device, a USB connector
must be added. Since many similar devices use a type-B USB connector, the same was
decided to be used in this design as well. It is robust enough that it will not detach from
PCB even if the user of the device will hang the device from the USB cable, as opposed
to another popular type, micro-B USB. Figure 11 shows the type-B USB connector

schematic.



18

TYPE-B USB & POWERING

VBUS_SENSE

Ferrite_Bead

L5
Fi c
= ¢
Jg e
USB_B i D51

Ui3

-'ELIS-J—L‘_ g
.—%.- 1 Voo 1 Ve 2 g ]

il

D443 241021 1022 -2—(USH_OTG_HS_DP
D-=2 2 11011 1012 ——USB_DTG_HS_DN

=
W
= % GND GND
0
iy <+ STM-USB6B1
GND GND
GHD

Figure 11: Type-B USB connector schematic

There are many details in this schematic. Many of the considerations in this section come
from safety precautions. First, the USB signals are taken to an IC specialized in
protecting USB 2.0 bus from ESD. The U13 component USB6B1 is essentially a TVS
diode from each of the rails to the ground, integrated into one component. This lets us
protect the device in case of an ESD discharge from the user plugging in the USB cable.
Data lines are connected directly to the MCU after passing through this USB6B1

component.

VBUS is the power supply rail. After the ESD protection circuit it is connected to a
polyfuse of 750 mA, for protecting both this device as well as the device powering the
VBUS in case of overcurrent or short-circuit in our power rails. USB specification allows
us to take 500 mA from the type-B USB, so this fuse is only there in case something
unexpected happens. Polyfuse is essentially a fuse that can recover after opening the

circuit in an overcurrent situation, once the overcurrent situation has subsided.

Ferrite bead is there to provide some input power filtering in the form of RL low-pass
filter. The diode’s purpose is to make sure that we do not feed power towards the type-
B USB connector in any case. For example, if the type-B connector was connected to a
shutdown laptop, but for some reason this device has power on the VBUS rail, it could

be leaked to the laptop causing trouble there.

At the cathode of the diode there should be a safe-to-use 5V power rail for powering this

device. This is taken as an input voltage to a 3.3V low-dropout regulator (LDO) MCP1725
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[11] that creates the MCU’s required 3.3V power rail from the 5V input voltage. Figure
12 describes the MCP1725 input side schematic in detail.
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Figure 12: MCP1725 input side schematic

In this Figure 12, 5V power rail is at the top. Capacitors C42 and C43 are input filter
capacitors. Simply put the 10uF capacitor supports the input power rail in case of
temporary voltage drops and the 100nF capacitor shunts high frequency and transient
currents to the reference GND. This filtered power rail is connected to inputs VIN1 and
VIN2.

Switch SW5 is the ON/OFF switch for the device. When SW5 pins 1 and 2 are connected,
inverted input signal SHUTDOWN is at logical low, and the LDO output voltage is
disabled. The same happens if SW5 pins 2 and 3 are connected, but there’s no 5V
voltage difference between VIN1 and GND. This would mean that type-B USB is not
connected to another device capable of supplying the 5V VBUS. Normal operation is
achieved, when SW5 pins 2 and 3 are physically connected, and there is a logical high
on SHUTDOWN pin of the LDO. This would enable the output voltage with a minor delay
set with the C51 on C_delay pin. [11]

During normal operation, this LDO provides the 3.3V and 3.3VA power rails to the whole

device. Figure 13 shows the connections on the MCP1725 output side.
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Figure 13: MCP1725 output side schematic

The three capacitors C57, C59 and C62 are chosen based on recommendation at
MCP1725 datasheet [11]. Their purpose is to help further filter and regulate the output
voltage for more reliable operation of the peripherals depending on this power rail. An
LED was added to PWRGD to have visual indication that MCP1725 has successfully
regulated a 3.3V power rail. The R57 is required to pull up the PWRGD signal, as
MCP1725 will only pull that signal down in case of errors. Therefore PWRGD will be up
when there is 3.3V present at VOUT and no errors reported by the LDO. This signal is
then used at the gate of Q11, so that LED will only emit light when PWRGD signal is at
a logical high. R59 is used to reduce current through LED and Q11, to reduce brightness

and keep current within component operating ranges.

The type-A USB is on the board for the mass memory storage option. We don’t want to
take power from there, so we have an IC current limit switch TPDS014 [12] to do all the
same things that we placed on discrete components for the type-B side: ESD protection,
current limiting and leakage protection. This component also allows us to enable the
VBUS on type-A connector using a GPIO pin. This way, we can make sure that VBUS
on type-A connector is never enabled, unless MCU has sensed that there is VBUS on
type-B side to provide it. This saves us from multiple scenarios that might cause

problems in real life use.

3.2.3 Measurement schematics

Now that the MCU is up and running, the focus shifts towards the main functionality of

the board, which was to act as a flexible power measurement device.
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The schematic design for INA226 components starts from the component datasheet [5].
Powering is quite straight-forward, a 0.1 uF bypass capacitor is recommended along with
operating supply between 2.7 V and 5.5 V in order to combat high-frequency noise on
the power supply of the unit. These will use the 3.3 V power rail designed for digital power
supply. An analogue power supply of 3.3 V is separated for the ADC operations in the
STM32F446 to reduce crosstalk between different functions. Figure 14 shows the

schematic design for one INA226 component.
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Figure 14: INA226 component schematic design

Pin 6 seen in Figure 14 is the support voltage pin, which is connected to the +3V3 power
rail with a 0.1 yF bypass capacitor to mitigate high-frequency noise on the power rail.
This trace would in optimal case always stay level at exactly 3.3V or 0V depending on if
device is powered on or not. All noise coming in from here will affect the internal operation

of the component.

Sensing pins of the INA226 are connected to the board-to-board connector, which will
be connected to the DUT. This will be a limitation for the measurement system, since
this means that DUT must provide the shunt resistor’s both ends into a fitting board-to-
board connector on the DUT as well in order to provide the measurement points to the
measurement system. On the other hand, this is a consideration for every DUT, since
how to measure needs to be designed into the DUT anyway. Nonetheless, existing
designs and devices cannot be guaranteed to be able to take this device into use without
extra measures. These measurement traces are pins 9 and 10 on Figure 14. Since we
won’t be measuring VBUS independently, pin 8 is connected to positive trace on pin 10

as per documentation[5]
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With these connections, INA226 will be able to operate and measure the bus and shunt
voltages. Next consideration is how to get the data from the INA226 as well as calibrate
the INA226 according to the measurement being performed. This will be done via the
[2C interface. All eight INA226 components will be using the same 12C bus, and therefore
will need a different slave address for the MCU to be able to differentiate between
components. STM32F446 will operate as the master of this bus. INA226 has 16 possible
slave addresses, and what each individual INA226 uses is decided based on A0 and A1
pins’ status. Since only eight components are used in this design, there will be no
conflicting slave addresses. Table describing the connections and resulting slave
addresses can be found from the INA226 datasheet [5]. Alert pin was chosen not to be
used in this design, since it would require one GPIO each on the STM32F446 and
increase the complexity of the system while providing little functionality. Datasheet says
that if not used, alert pin can be left floating without affecting the functionality of the
device. Example connection here shows the A1 and A0 pins being connected to ground
plane GND, which results in slave address 0b1000000 according to documentation. This
is also typed into the schematic to help the firmware designer so that they don’t have to
cross-check each slave address individually from the datasheet, and can focus on

developing the functionality.

For other measurement needs besides the power measurement, also another major
measurement capability was designed for this device. It takes advantage of the
properties of operational amplifiers (op-amp), to filter the noisy signals being measured.
Operational amplifier is configured as a voltage follower, which means it is an active filter
with gain of one. This is achieved by connecting op-amp’s output directly to its non-

inverting input. Figure 15 shows the full schematic around one of these op-amps.
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Figure 15: Operational amplifier configured as a voltage follower
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If a passive filter were to be used, it would always mean that the theoretical maximum
gain would be one, and in practice it would be even less than that. Therefore, by using
an active filter, the signal being measured is not actively filtered. There is also no need
to amplify the measured signal, since it would only saturate measured signals towards

the Vcc of the device.

An LC low-pass filter was designed for the inverting input of the operational amplifier.
This is implemented with components L1, C13 and C15 in Figure 15. This filter will
increase the signal-to-noise ratio (SNR) of the measurement, with the cost of losing
ability to measure high frequency signals. Since high frequency measurements were off
the scope of the device being designed, this is a tradeoff worth taking. Another low pass
filter was designed for the op-amp output, this time implemented as a simple RC filter
with components R42 and C19. As low pass filter, it has a similar purpose: to improve
signal-to-noise ratio from operational amplifier to the MCU. The layout implementation
will introduce many noise sources, from nearby components and signal traces as well as

EMC with nearby electronic devices. These filters will try to combat that noise.

The measurement setup for this seemingly complex circuit is very simple. It acts as a
voltage divider from 3V3_THR to GND through a series connection of the 100kQ
resistor(R39) as well as the resistance being measured. Signal from between the 100kQ
resistor and resistance being measured is directly connected to inverting input of the op-
amp, which functions as a voltage follower and provides the measured voltage to the
MCU input pin. For example, a thermistor's resistance varies depending on the
temperature. This means that by simply connecting a thermistor between these two pins
ADC2_IN15 and GND, temperature can be measured. Both of these signals will be
routed to external pin headers, so using this feature is very easy for the end-user.
Similarly, a thermistor with longer leads connected between these two pins could function
as a “thermal probe”, to inspect temperatures around different parts of a DUT. A 100kQ
resistor was chosen so that even if pins were to be short-circuited accidentally, the
current would be 0.033 mA which is not enough to do any damage to device or the

operator of the device.

The logic to provide these measurements needs to be configured into the MCU firmware,
which is not part of this thesis. The idea behind this thesis is to provide the capability to
do these functions. Firmware developer may then choose to rely on the capabilities
provided in the hardware or implement additional software filters against debouncing or

other phenomena, if they so choose. The goal is to provide as much flexibility as possible,
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so that functionality of this platform could evolve along with whatever project it is used
with.

3.2.4 Supporting features’ design

Even though the device’s main purpose is to be able to measure and provide the data to

user, there are still many supporting features to be implemented.

Appendix A has the full device schematics. This chapter is discussing the details on
Figure 17. Starting from the top-left corner, schematics describe the circuit for two
identical push-button switches. These are supposed to be one way for users to control
the device, for example starting and stopping a measurement. They have a pull-up
resistor to 3V3 power rail when button is not pressed, as well as a 4.7 uF capacitor to
mitigate the effects of switch de-bouncing. There is also a TVS diode to protect the device
against ESD from the user of the device. TVS diodes are put to all features, which will
be touched by a user during normal operation. This means especially all buttons and

connectors.

Additionally, there is a DIP switch package, which provides three switches in one
package. They are supposed to be used for more permanent configurations, for example
booting MCU to different operation modes, or different measurement modes. There is no
strictly defined use for these switches, but they are provided for the firmware
development to use freely depending on their implementation. They do not have
capacitors for mitigating switch de-bouncing, so if they are to be used during normal
operation, these measures have to be implemented into the MCU firmware. TVS diodes
are still placed here, since user might access them for using these different

configurations.

On the middle of the page there is a combined EEPROM and temperature sensor IC
package AT30TSE752. The designed purpose for this component is to measure device’s
own operating temperature, as well as provide a memory for keeping calibration values
for the different measuring components. Figure 16 shows the simple schematic design

around this EEPROM component.
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Figure 16: EEPROM schematic design
AT30TSE752 is accessible via an I12C bus, which is connected to the MCU. This 12C bus

is also provided to a pin header, which allows it to be programmed from an external
source, for example a calibration device. Depending on the scenario, this 12C bus can
also be used for introducing additional sensors to the MCU. This way an even bigger
measurement setup can be built using this device as a base platform. Perhaps the most
interesting detail about this schematic is that it uses two different slave addresses for the
two different functionalities it provides. Both are provided on the schematic page to save
some trouble from the firmware developer who would have to switch between various

documents while developing features for the final device implementation.

On the top right corner this schematic page has three LEDs controlled with GP10s. These
are meant to provide information to the user from the firmware running on the MCU.

Schematic design is displayed in Figure 17.
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Figure 17: GPIO driven LED schematic design

Schematic is designed this way to prevent overcurrent to other components in case of
one component short-circuiting. Providing logical high to pin 2 of FET turns the LED on,
as current starts flowing through it. Often MCU pins are left at logical low by default, so
this LED would then default to off status. Different use cases for these LED’s could be
turning one on when measurement is ongoing, blinking during an error, or turned off
while no measurement is active. Options and final implementation are left for the MCU

firmware implementation.

In addition to the LEDs, user control is provided through some GPIO functionality. Figure
18 describes the two FET driven GPIOs.
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Figure 18: FET driven GPIO schematic design
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One of them is designed to be driven from the MCU to provide triggers for the DUT or
external devices. The other one is designed to be driven by the DUT or external device
to provide triggers for the MCU firmware. Using these two GPIO’s user can create
different measurement scenarios, providing input and output from the measurement
device. FETs were used to improve current sourcing and sinking capabilities,
respectively. MCU is not able to source or sink a lot of current, so to not be limited by
that, these simple FET circuits were designed external to the MCU. This functionality
may prove useful in many other scenarios too, which further improves on the notion that

the designed device is a flexible tool to be used in project development.

3.3 Layout design

Like schematic design, it also makes sense to start the layout design from the
components’ datasheets. The manufacturers’ recommendations make sure that the
electromagnetic compatibility (EMC) issues are considered. This means that the
component will be better protected against external noise sources, as well as minimize
the noise caused by the component to the rest of the system. This helps make the system
function more reliably, since components might work unreliably if these

recommendations are not considered during development.

STM32F446 datasheet provides the dimensions for the LQFP64 package’s
recommended footprint on the layout [8, p.177]. A matching footprint was created and
used in this project to ensure the manufacturability and electromechanical reliability.
Since this device was going to be assembled and soldered by hand, there were some
special needs towards the layout. One thing that was decided to ease the manufacturing
process, was to use only 0603 and bigger SMT components. Same resistance or
capacitance would have been available in even smaller sizes like 0402, 0201 or even
01005, but those would be very difficult to solder close together without unintentional
short-circuits or similar human errors. If the components need to be placed further away
from each other, there is nothing else to gain from choosing smaller components. On a
smaller component the risk for solder bridges and other human errors increases, as the
components and soldering connections would be too small for human eye to analyze.
Therefore, it was decided that the gain does not outweigh the risks in using smaller

components.

While the component size was already helping the manufacturing process, it was also
decided that footprints would have wider pads than the component required. This means,

that once the component is fitted to its footprint on the board, the pads are still visible on
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the sides of the component. This allows the solder iron to heat the pad directly, instead
of trying to apply the heat through the SMT component. For proper bonding of component
to the board, the pad must heat enough, or the result will be an unreliable electrical

connection.

After these design decisions were made, next phase was the component placement.
Like stated earlier, this was started from the component datasheets. First step was to
create multiple small layout designs around the crucial components like the SMT32F446,
the INA226 integrated circuits and the board powering scheme using application notes
and manufacturer recommendations. At this step, no traces were connected. Once the
smaller designs seemed to be placed well enough to minimize the need for long copper

traces and vias, they were placed into closer proximity of each other.

Tracing the different nets was started from the power nets, because they form the
backbone of the device. Power nets should have as little resistance as possible, to avoid
unnecessary losses or voltage drops during operation of the device. Therefore, best
method would be to provide full planes or layers of power on a board, but often this is
blocked by space or layer restrictions. For example, in this device, we are limited to a
four-layer PCB, meaning that there is no way to reserve a full layer for each power net.
The next best thing here was to reserve one layer on the board to all the power nets
combined, excluding ground net. For signal integrity purposes, the ground plane is left
whole, meaning that signal plane on top of it has a solid reference below it. This decision
then leaves two layers for signal tracing, top and bottom. Following Figure 19 visualizes

the board layer stackup.

Top Layer
Prepreg
Internal Ground Plane

Internal Power Plane

Prepreg

Bottom Layer

Figure 19: Four layer PCB stackup with internal ground and power planes
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Using the power plane and thru-hole vias, the power nets were routed throughout the
design. At this step it was also possible to draw the board outline according to the system
requirements. The board could have been designed into an even smaller area that
requirements demanded, but keeping it bigger helps the manufacturability, as well as
may help the usability of the ready-made device. A bigger device is more stable when

buttons are pressed or when trying to connect it to the DUT.

After power nets were done, the focus shifted towards high-speed interconnects and
measurement traces. Since the point of the device is to measure, the data being
measured should be traced so that it is best protected against unnecessary losses and
noise sources. This means that where possible, traces should be as short as possible,
and always have a solid reference around the whole trace. This is where the ground
layer if the board stackup proves its worth, as below the signal layer there is a ground

layer protecting the signal integrity.

The data to be measured travels on the board from the board-to-board connector to the
INA226 chip. There INA226 measures the signal and writes the measurement result into
its internal register. From there, it is written to the 12C bus, which has eight INA226 chips
as slaves, and the microcontroller STM32F446 as master. Through this 12C interface,
STM32F446 polls measurement results from each of the eight INA226 chips. From the
MCU, data is sent through the USB interface into the host PC, or a USB mass memory,
depending on the firmware implementation. So, to summarize, data will always travel
through measurement trace, 12C bus and USB interface. Of these, USB has the highest
clock speeds, making it cause most noise to the surrounding system. On the flip side, it
is also most susceptible to noise from the system. Overall, the MCU layout is critical for
the layout as it dictates many of the details that follow. Figure 20 shows the final tracing

of pins near the MCU, which highlights its complexity.
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Figure 20: STM32F446 layout footprint and fanout

In practice, only USB interfaces and crystals were routed directly on the top plane from
the MCU. Rest of the signals were routed to a via, and then traces continue on other

planes. All white dots in Figure 20 represent thruhole vias covered in copper.

Even though only USB 2.0 is used in this design, it still makes sense to trace the USB
interface as a differential pair. This means, that both data lines are traced right next to
each other. This effectively means that both data lines are impacted by external noises
and losses in a very similar way, and so they can be filtered at the receiving end. To
make sure the noise affects both data lines in the same way, a solid reference ground
must surround both data lines with no exceptions. Figure 21 shows the top layout picture

of USB data traces in this design.
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Figure 21: USB tracing on top layout plane
The top differential pair in Figure 21 is for the high-speed USB interface for

communicating with host PC. The data lines are traced to USB6B1 component that
handles ESD protection for this USB interface. Secondary USB interface is for the

optional USB mass memory functionality, using full speed USB.

In even higher speed applications like USB 3.0, these data lines would also be length-
matched, meaning that trace is drawn so that both data lines have the exact same length.
This is often implemented as seemingly unnecessary “wiggle” on either end of the trace.
It was deemed unnecessary in this design however, since the data lines were short
because of a small board. Short data lines mean that their absolute length difference will

not be great either.
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The measurement traces were kept as short as possible by placing the INA226 chips

directly next to the board-to-board connectors. Figure 22 shows the component

placement of board-to-board connectors in respect to the INA226 components.

Figure 22: Board-to-board connector and INA226 placement on top layer

All noise affecting these traces will be interpreted by the INA226 as a measurement
result. Similarly to the USB, this is also implemented as a differential pair, so all noise
affecting both traces can be filtered out by INA226. This is the only way INA226 can
differentiate between noise and the actual measurement data at this point. The delta
between the negative and positive trace should remain equal since both traces receive

relatively equal amounts of noise.

I2C has quite a bit lower clock speed than the USB interface, and therefore it is more
robust towards noise sources. Still to minimize noise effects on measurement results,

this bus was kept as short as possible.
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3.4 Printed circuit board ordering and assembly

After the schematic and layout designs were complete, the boards were ordered from a
printed circuit board (PCB) vendor. The vendor requires gerber files to be able to produce
the board designed. Gerber files can be created to multiple different formats, depending
on the layout design tool used. There may be compatibility issues with certain vendors
and format used for the gerber files, and the resulting files should always be reviewed in
the vendor’s system. The vendor used in this project provides a browser interface for
doing it, and so the resulting board could be reviewed before ordering. This vendor
provided three PCBs for 137.5% including shipping. The cost is directly proportional to

the designed PCB’s total area and is also related to the number of layers.

In addition to the PCB, the components in the design need to be acquired. To help the
task, design tools offer a netlist, which lists all the different components and their
amounts in the design. With this netlist printed out, | ordered the components online from
a major electronics component vendor. Sourcing the components is a critical part of any
project, as some components might have surprisingly long lead times with no obvious
replacements available. This project had already accounted for that, and this aspect was
already considered in the schematic and layout design phases. For example, all the
passive components in this design have values that are very commonly available, and
do not require overly precise tolerances. But even here, the INA226 is something we
could not have replaced with anything else without affecting the schematic. There is no
pin-compatible replacement for it, and even the measurement accuracy is not easily
available in similar sized and priced components. Vendors happened to have enough in
storage for this project’s need, but this is something that needs to be considered and is

often overlooked in development.

When the ordered components arrived, the assembly itself was straightforward. On the
PCB silkscreen is visible the reference ID, which can be associated with the correct
component from the bill of materials. Therefore, whoever assembles the device does not
have to have any knowledge of the electrical design and functionality of the device. In
case of integrated circuits, pin number one is often marked on top of the package to
identify how the package should be fitted to the footprint on the PCB. Consequently, the
pin number one is marked on the silk screen with a white arrow. Other components have
similar markings when it is critical that they are placed onto the PCB in the correct
alignment. For example, resistors and capacitors function the same on both placements,
but diodes, transistors or LEDs will not have designed functionality if placed incorrectly
to the PCB.
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The equipment used in the assembling phase included heat-adjustable soldering iron,
tin, soldering flux and some extra wires for possible design modifications. All components
in this project were soldered by hand, including the 64-pin LQFP package of the
STM32F446. Hand soldering was used to reduce costs, as commercial assembly line
would skyrocket the manufacturing costs on a prototype build of this scale, and cost-

effectiveness was one of the key components to the project requirements.
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4. PCB VALIDATION

4.1 Design modifications

Due to trouble in sourcing the correct components, few modifications were made to the
original design. First, it was decided that an ON/OFF switch would be unnecessary in
our use case since we want the device always to be powered on as long as it has power

from the type B USB connector. Therefore, a modification was added on the board that

would short-circuit the intended ON/OFF switch. This modification is shown below in
Figure ?3.

Flgure 23 ON/OFF swztch bypass modlf ication

Another modification was made due to long lead-time for the ordered diode. The diode
was supposed to prevent leakage from the board towards the type B USB connector,
therefore protecting the supplying device or laptop. This modification thus meant

lowering the interoperability with other devices and required extra cautionary steps to be



36

taken in later testing phases. The diode in question is highlighted from schematic in
Figure 24.
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Figure 24: Missing diode in schematic

Missing diode was replaced with a wire, allowing current to flow in both directions. This

would allow the device still to be used but provides no protection for currents towards

the supplying device or laptop. The modification is shown on the prototype in Figure 25.

Figure 25: Missing diode replaced with a wire
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After few ftrials, it was noticed that the MCU'’s internal pull-up for the NRST-pin was not
working. This meant that MCU would never start running the program in its memory, but
would always stay in reset, even if powered on correctly. Therefore, an external pull-up
was added as backup, to make sure NRST-pin would not be left floating. This was done
with a 10 kQ resistor and a wire from 3.3 V pin in the UART connector to the NRST pin

in the MCU. This modification is shown below in Figure 26.

Figure 26: NRST pin external 10k pull-up resistor modification

A major issue in the design was a falsely designed footprint for a general field-effect
transistor (FET). The source, drain and gate pins in the footprint did not match the
industry standards, even though it was taken from KiCad’s own component library, and
is a common component. As this device was built by hand soldering the components,
this problem could be solved by forcibly soldering the transistors in a misaligned position,
to connect the source, drain and gate pins to the designed pads on the PCB. This

modification is shown below in Figure 27.
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Figure 27: Misaligned transistors hand soldered to pads to match the design

Many components were left unpopulated from the board in addition to these
modifications. For example, the TVS diodes were left out, because they were designed
to be part of the final product, not first prototype. Hand soldering dozens of TVS diodes
would have increased the possibility of human errors, for example, solder bridges short-
circuiting crucial signals. This obviously means that more care needs to be taken when

handling the prototype, since it would be more vulnerable to static electricity.

Even though the board’s main target is to function as a flexible measurement device, it
was decided to only populate four INA226 chips and one board-to-board (B2B)
connector. This was done because these two component types are a high share of the
total cost of one device, and still the functionality could be tested without all of them. If
the test proved to be successful, the rest could be easily populated later to provide the

full capacity of the device.
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4.2 Functional testing

After the prototype was successfully built, it was time to try to use it. First, we needed to
make sure that the power rails were not short-circuited to ground, as that would have
potentially destroyed some of the crucial components with currents exceeding their
maximum ratings. This measurement was done with a simple DMM, using the setting to
measure connectivity. Connectivity was measured from all accessible power rails to
nearby ground points. If resistance was low enough, the DMM would give out a beeping

noise, indicating a short-circuit.

After that simple test was done, it was time to try first time powering the board. An old
mobile phone charger with USB port was used together with a type-A to type-B USB
cable to power the board. This was done as a safety measure, since more sensitive
electronics like laptops could break if the device were malfunctioning and creating
voltage spikes or backwards current. When powering the device for the first time, there
would be no program for the STM32 to run. Therefore, expectation was to see one LED
(D54) light up that would indicate the 3.3V power rail “PWRGD” signal is up. This would

mean that STM32 should be properly powered and able to be connected to.

Since STM32 was presumably powered on, next step was to try programming it with ST-
LINK, a debugging and programming tool designed to be used with STM’s
microcontrollers. Connection was successful, and ST-LINK reported it was able to
program a simple firmware to our STM32F446 on the board. However, after removing
the debugger, device did not seem to start running the LED-blinker firmware that
supposedly was programmed into it. After a few measurements with a DMM, it was
noticed that NRST signal was never released, causing the MCU to not come out of its
reset state. Therefore, a hardware modification was done, depicted earlier in Figure 9.
After the modification, MCU seemed to recover and was able to run the LED-blinking

software.

Next test included another test firmware. This firmware configures the four INA226 chips
for voltage measurement and averages the results over eight consecutive
measurements. This means we lose some sensitivity but gain robustness against
measurement errors. Even with this configuration the device would meet its
requirements, and it makes sense to average the results as close to the measurement
source as possible. STM32F446 would be perfectly capable of doing this averaging as

well, but then the inputs being averaged would already include some extra noise. Once
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INA226’s is configured, STM32F446 would start polling each INA226 separately, gather
the results and send them to the UART interface. This was done because no software
was available for interpreting the results on host PC, if data was sent to it via USB
interface. Now we could read the results from the serial terminal. Software for controlling
and monitoring this device on host PC as well as the final firmware implementation for
the STM32F446 is out of the scope of this thesis.

Test results indicated that three out of the four INA226 chips worked as expected, and
results were printed to UART. At this stage, the results are raw numbers from the INA226
register, and needed to be calculated manually to see the result in human readable
format. DUT being measured in this test was a common lab power source, so that the

voltage being measured is accurately known and the result can be easily verified.

Unfortunately, it seemed that one INA226 was broken or not soldered properly. The chip
was de-soldered, visually checked and soldered back again, but results did not improve.
De-soldering the component second time loosened the pads on the board, so it did not
make sense to try and place a new INA226 chip to see if it would work. Therefore, only

three measurement chips remained in this unit.

Test firmware was improved to print measurement results in voltages to UART. This
meant that STM32F446 was doing the calculations for translating the INA226 register
output to an actual measurement result. This calculation requires knowing the configured
values inside INA226 configuration register. Following picture shows the UART output

when running this firmware.
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Figure 28: UART output when measuring different voltages

During testing different output voltages from the voltage source was tried, and
measurement results accurately followed the changes, verifying that voltage
measurement worked as expected. Our voltage source was only connected to one
measurement chip at a time during this stage, to verify that each function properly
separately. This test was repeated for other INA226 chips as well, and only the first one

that shows 33mV reading all the time was showing false results.
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5. CONCLUSIONS

The purpose of this thesis was to describe and explain the hardware design of a low-
cost multi-channel power measurement system. Its goal is to provide a handy and cost-
effective debugging and measurement tool for the hardware and software development
of other devices. All aspects of the hardware development of the device starting from
defining system requirements all the way to functional testing of the built device were
executed as part of this thesis. The result of this thesis was a functioning device that can

be used as a tool in other R&D projects.

Although the project proved to be much more demanding and time-consuming than
expected at the start, | am very happy at the result. Schedules were overly optimistic,
and they were missed terribly. Several obstacles were overcome during different phases

of the development and proving that the device worked was an exciting achievement.

All the system requirements defined for the hardware at the beginning of the project were
met, but final product is still not ready as software and firmware development for the
device are still ongoing. As this device was in many ways a compromise around the cost
and manufacturing restrictions, it leaves many features that could be improved upon. For
example, the number of INA226 measurement chips is not at its technical limit. INA226
recognizes 16 different slave addresses, so technically 16 units could be polled using
one 12C bus. If the temperature sensor EEPROM chip was removed and its functionality
replaced with a device using for example SPI bus, another 12C could also be used,

increasing the total for INA226 chips to 32 per measurement device.

As the device was designed to be flexible, additional sensors can be introduced to the
existing measurement device. For example, a light-sensing sensor could be connected
to the STM32F446 using a pin header for the free 12C bus or an SPI interface. The MCU
firmware is freely updateable, so handling different sensor inputs can be covered on this
device. This means that adapting to different needs and measurement scenarios is not
limited to what is already available on the board. The board may also function as a
development board for STM32F446 firmware in other projects, since a lot of its

functionality is used in this board and thus available for testing and experimenting.
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APPENDIX B: COMPONENT PLACEMENT

A Al

Figure 36: Component placement, top side
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BUILT PROTOTYPE
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Figure 38: Built prototype, top view
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