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Abstract

Aim of this thesis was to design and re-
alize unique highly precise fluxgate mag-
netometer with digital output and other
optional functions, development of which
is motivated by demanding requirements
of potential users.

Summary of current competition’s prod-
ucts and comparison of specifications may
be found in this thesis.

There can also be seen design details
(electrical circuit, printed circuit board
and firmware) of our product including
a comparison of theoretical results with
the real ones that are an outcome of the
realization, progress of which is described
in this thesis.

Keywords: magnetometer, fluxgate,
STM
Supervisor: Ing. Vojtéch Petrucha,
Ph.D.
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Abstrakt

Zamérem této prace bylo navrzeni a reali-
zace unikatniho vysoce presného fluxgate
magnetometru s digitdlnim vystupem a
dalsimi volitelnymi funkcemi, jehoz vy-
voj je motivovan naroénymi pozadavky
potencialnich uzivateld.

V této praci lze nalézt prehled soucas-
nych konkuren¢nich vyrobku a porovnani
specifikaci.

Jsou zde uvedeny ndavrhové detaily
(elektricky obvod, deska tisténych spojiu a
firmware) naseho produktu véetné porov-
nani oc¢ekavanych vysledku se skute¢nymi,
které jsou vystupem realizace, jejiz postup
je také soucasti této prace.

Klicova slova: magnetometr, fluxgate,
STM

Pteklad nazvu: Modulovy fluxgate
magnetometr s digitalnim vystupem
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Chapter 1

Introduction and motivation

Fluxgate magnetometers are very interesting and delicate sensors. They are
rather sensitive and have a high resolution meaning they find use in many
practical branches including e.g. aviation, mapping Earth’s magnetic field [6]
or interestingly space physics [T, p. 217-225].

As of today, current market does not ultimately satisfy all needs for a
fluxgate magnetometer with many optional features. This thesis aims to
fill this gap by developing a fluxgate magnetometer with many attributes
including a preferred choice of digital data output, whether it’s saving, live
transmitting or displaying.

Our product also includes such features as low noise signal processing,
robustness, wide-range power supply voltage input, both stationary or mobile
magnetic field monitoring, USB connection, MicroSD card output, RS232
communication, a GPS module, basic human-machine interface with OLED
display and other.

Specifically, the goal was to construct such modular device with many extra
features that are not usually seen on the market. Comparison of our product
and commercially available products is also a part of this thesis.

Interestingly, we have been contacted with a request for a lightweight
magnetometer capable of precisely measuring very small values of the magnetic
field. This device would map anomalies in the magnetic field over Berringer
Crater, Arizona. Although we are not developing exactly such a device, a
very similar design would be viable for said purpose. This fact therefore
makes up another part of overall motivation.

Figure 1.1: Berringer Crater, Arizona [I]






Chapter 2

Theoretical analysis

Before we address the development of our specific device, let us first make a
small introduction to fluxgate magnetometers and magnetometers in general.
As a part of this analysis, a comparison of our product with commercially
available ones is included.

B2 Magnetometers

As Ripka states, magnetometer is a device that has two possible definitions.
One of them measures the magnetic field and the second one the magnetic
moment [2], p. xvii]. Fluxgate magnetometer is a part of the first group and
anytime a magnetometer is mentioned in this thesis, the first definition is the
desired one.

We may recognize magnetometers functionally based on various principles.
Those would be, apart from fluxgate magnetometer, e.g. induction sensors,
Hall-Effect magnetic sensors, Magnetoresistors, Superconducting Quantum
Interference Devices (SQUIDs) [2, p. vi-xi] etc. There is also one critical
specification and that is whether the magnetometer is scalar or vector.

The field of application varies based on magnetometer type. This may
include space physics [8, p. 250][7, p. 217-225], geophysics [9], unexploded
ordnance [10] or archaeology [11].

. ) Fluxgate magnetometer

Fluxgate magnetometers are used broadly as of today. They are utilized
in, among other fields, space [8, p. 250][7, p. 217-225], aircraft and vehicle
navigation [2, p. 75] and monitoring Earth’s magnetic field [6].

Fluxgate magnetometer uses a ferromagnetic core with two windings. One
is the excitation winding that by alternating current periodically saturates
the core in both directions. As a result, the value of permeability drops and
the flux is "gated". The other winding is a sense coil that picks up induced
voltage. When external magnetic field in direction of measurement is present,
the core gets more easily saturated in one direction and less in the other.
This change is then proportional to external magnetic field [2, p. 75-77].

3



2. Theoretical analysis

We use the fluxgate magnetometer with second harmonic detection, which
is despite many tried modifications still one of the most widespread principles
[2, p. 90].
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Figure 2.1: Block diagram of a second harmonic fluxgate magnetometer [2, p. 91]

We can see in figure [2.1] that the generator excites the sensor through an
amplification and a capacitor that filters the DC component. As the sensor
is excited, we receive signal on measuring coil. The second harmonic signal
is preamplified and filtered in preferably RC bandpass. It is then processed
through Phase Sensitive Detector (PSD) that ideally outputs a DC signal,
which is then filtered through a low-pass filter. An integrator is added at
the end for an amplification as the output is led to the measuring coil as a
feedback signal through voltage-current converter. This converter may be
as simple as a resistor. Current may then be measured on another precise
sensing resistor as its voltage drop can be converted to digital data by an
ADC [2, p. 90-93].

. 2.3 State of the art

If we look for commercial fluxgate magnetometers, we have to specify our
demands first. Some of these basic requirements would be digital output,
device mobility, furthermore measuring range, resolution, input voltage range,
noise levels etc.

Knowing our device’s specifications, we may arrive at a conclusion choosing
the following three products available as of April 2018:

® DFM28G, by Billingsley Aerospace & Defense
= LEMI-029, by LEMI LLC.
B Mag658, by Bartington Instruments

If we refer to product data sheets [12][13][14], we may construct the following
tables [2.1] comparing the basic features and specifications.

On a closer inspection we may see that our device offers one of the best
resolutions, which is affected by the ADC choice. Measuring range we offer

4



2.3. State of the art

LEMI-029 DFM28G
ADC resolution [bit] | 32 28
Noise 6 pT/\/Hz @1Hz 3 pT/\/HZ @ 1 Hz
Measuring range [pT] | £78 +65
Supply voltage [VDC] | £5, +3.3 16 ... 34
Output forms RS-232, SPI RS-232, RS-485
Sampling rate [Hz] 1, 10 55, 125

Mag658 Our device
ADC resolution [bit] | 24 32
Noise 10 nT RMS 30 pT/,/Hz @ 1 Hz
Measuring range [puT] | £524 +100
Supply voltage [VDC] | 10 ... 20 6... 25
Output forms RS-422 RS-232, USB, MicroSD
Sampling rate [Hz] 50, 100 500, 250, 62.5

Table 2.1: Comparison with competition

is above-average. While the measuring range of our product is greater than
that of other devices, quantization noise is kept low as well since the above-
standard 32 bits ADC provides a high resolution. Also DFM28G has only a
one ADC which means channels have to be scanned sequentially and there
is necessarily some time delay between these samples. Overall noise values
are negatively affected by the fact that we do not internally process data as
we have aimed to reach a higher sampling rate. Our device indeed performs
much higher in the aspect of the sampling ratio than other commercially
available products.

The power supply voltage range of our device is also above-standard as it
was one of the main aims of this project. Forms of output we have designed
are more modern than commercial products’ and are suitable for the need of
mobility. Apart from standard RS-232 output, more possibilities are included.
Mobility is preserved by the usage of a MicroSD card and a more practical
and modern access is ensured by USB.






Chapter 3

Device conception

In this chapter we address the hardware related matters, i.e. the electrical
circuit design and the PCB layout. Basic concept of the signal processing is
based on that of a general fluxgate magnetometer as closer described in
We used open source EDA (Electronic design automation) software called
KiCad for creating both electrical circuit design and PCB layout.

One of the main requirements for our device was mobility meaning that
the PCB board with all the components would have to fit in a PCB enclosure,
dimensions of which are suitable for portability. Other demands such as
high resolution, low noise and extra features of course also highly influence
components choice and overall design.

B 3.1 Electrical circuit design

Let us first describe arrangement of functional blocks using the figure 3.1

Communication

Temperature
EEPROM sensor A

N uSB

Power

Voltage source | power supply
g

MCU
H
Excitation l

Digitization

GPS

MicroSD card

<

Display

E’ ) ADCs Rotational

Signal processing LEDs

Figure 3.1: Block scheme of our fluxgate magnetometer



3. Device conception

Looking at this block scheme, it may be seen that our device is digitally
driven by MCU (microcontroller unit). While large portion of our design
is digital (meaning data transfer is digitally encoded), analog parts are to
be found here as well. This influences our conception since we use different
ground planes that are however ultimately connected. More information on
this matter is to be found in subsection Each logical block will be further
described in the following subsections.

B 3.1.1 mMcCuU

Logical block of the microcontroller unit is one of the most critical ones in
our design as every single module depends on it. The MCU we have chosen
for our device is STM32L452VE, produced by STMicroelectronics.

This MCU runs on ARM®) Cortex®-M4 32-bit RISC core implementing
many above-standard features among which can be found: floating point unit,
512kB Flash memory, 160kB SRAM, 14-channel DMA controllers, Adaptive
real-time memory accelerator, Memory protection unit [15] etc.

Among this MCU’s other features we use are such as internal 12-bit ADCs,
Real time clock (RTC), timers with PWM modes, multiple clock sources with
phase locked loops (PLLs), General purpose input/output pins. There are
also many communication interfaces prepared for our use: USB, USART, SPI
and SDMMC [I5].

Complete schematic of the electrical circuit can be found in the appendix
MCU has multiple voltage inputs of 3.3 V, each of which is treated by
blocking capacitors. We also use 3.3 V with filtered high-frequency noise
using an inductor and a ferrite bead for the external analog power supply
and positive reference voltage. Digital ground flag (GNDD) is utilized for
the MCU’s ground power supply (VSS), negative reference voltage and its
peripherals.

BTL |+ c129'I |—§ PE3 O
Battery_Cell_2032 ADC_DR_xD—— —J PE4
100n | 439 ADC_DR_yD——— = Pt5
5
ADC_DR_zD———— ] PE6
6 JvBar
5p L 3 GPS_PPSD——— 4 pc13
! 8 Rpc14-0SC32_IN
GNDD | o= S {0 ¥ pC15-05C32_0UT
R120 151 10 fyss
15p 4 Y1 } GND?' 11 ¥vpp
]Z_U_ 15p 100n 13:3Vd) —12 ¥ pHo-0sC_IN
<NoD ,% PHO-0SC_OUT
6.384MHz NRSTD—H NRST
{6BOD—| V_IN_TO_MCUD———=—¢ PCO
R118 NTC1_OUTD———12] Pct

Figure 3.2: Circuitry of crystal oscillator and battery cell

We are using two external clock sources - crystal oscillators. We have chosen
the frequency of 16.384 MHz for our high-speed external crystal (HSE) and we
use 32.768 kHz for low-speed external (LSE) input. Using HSE is important
as we need precise clock source for PWM timers as will be explained further
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3.1. Electrical circuit design

and clock choice rationale is e.g. that dividing the frequency will provide
ADC with a sampling rate that results in the output of a whole number of
samples per second. That is beneficial for further averaging and processing.
Connecting LSE is suitable for our usage of real-time clock (RTC).

In order to use RTC independently of power source, we have included a
connection to a battery cell that ensures functionality. Resistors of 120 €2 value
serve as elements that suppress signal reflection and reduce electromagnetic
emissions by smoothing out edges. There is also a basic circuit for bootloader
on pins 93 and 94. This is to be used in case of DFU (device firmware update)
over USB. Using a general purpose output pin we may charge a capacitor,
then if the device is restarted from firmware, the MCU will sense voltage on
respective pin 94 (BOOTO) and will start in DFU mode.

Pins SWCLK, SWDIO and NRST connected to a jumper are used for
programming MCU using the serial wire debugging (SWD) interface. Con-
nection of programming pins is addressed in figure 3.3, which is added for
completeness as it is excluded from any other functional blocks.

R90
3.3Vd
R
SYS_JTCK—SWCLK G N al
R w—l 3L
SYS_JTMS-SWDIO — 22 |- GNDD 4 |
NRSTL {22}
GNDD Conn_01x06

Figure 3.3: Connection of programming pins

Rest of pinout will be addressed further in respective subsections.

B 3.1.2 Power

This crucial block ensures that all components of our device have their required
respective voltage available. We shall divide this block into two sub-blocks,
i.e. the power supply itself and regulators that adjust supply voltage for
circuits.

Complete schematic of this block can be found in [A.3|

B Power supply

The heart of this circuit is a DC/DC converter LTC3115-1. We supply this
component with voltage range from 6 to 25 V. Once the device is running,
it is possible for the input voltage to fall as low as 5.5 V. There are two
possibilities of input. First is connecting directly onto jumpers with two wires
between which is specified voltage. Second option is plugging in a DC power
jack connector that is typical for 12 V adapters.

This circuit provides plenty of protection against harmful elements origi-
nated from power grid. In case of overvoltage we use both varistor and transil

9



3. Device conception

in combination with 1 A fuse. These components will essentially short the
circuit as current flows through them destroying the fuse but not damaging
other parts.

J10

2
5 LCHOKEL  F1 a1
A . . . .
Conn01x03| | LOUH-6RE Fuse/TiA z |, > dIpNIE “Zié
C54 T " SLAN
S @ZS> co8 / > +|C61
)1 10n/100v ° “ye T 5 g
1 s Szg 100 wrrssier -y Y%
2 [} (=]
219
Conn_01x02

Figure 3.4: Protection on input of power supply

The design of the input also includes capacitors and inductors against
spikes and sudden changes in the voltage level. There is also a circuit with a
P-channel MOSFET that serves as a protection against reverse polarity. Then
there is a bulk input and a bypass capacitor, as also suggested by application
information of LTC3115-1 data sheet [16].

LTC3115-1 itself is connected mostly according to data sheet’s typical
applications section.

Output of this DC/DC converter is determined by a voltage divider, specif-
ically given by the following formula [16]. We have set it to 6 V.

R
Vour =1 <1 + 70) \% (3.1)
Rn

A
= h
4 -
'ouT ® ® 6V_zdro
= - (6V_zdroj]
R67 o
vC [01Kk] o
82pF
FB (:723 00
D p
22p
vee (2 C70
vee 2 s C76 +|c77
Lu7
—_— 22u 22u 100u
® ®

Figure 3.5: Output of LTC3115
Since the top resistor of the voltage divider determines quiescent current,

choosing its value as 1 M is acceptable [16]. That leaves the value of 200
k(2 for bottom resistor.
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We

3.1. Electrical circuit design

Regulators

utilize five linear regulators in this section for our device. All of their

inputs are connected to 6 V from main power supply as described in the
previous section.

3V3 regulator is very important as it provides voltage for a large portion
of digital part of our design. This voltage is required by MCU, EEPROM,
MicroSD card, GPS module etc. This integrated circuit (IC) needs no
setting of output value as it is manufactured to provide 3.3 V.

2V5a regulator outputs necessary supply voltage for AD converters. This
IC also doesn’t need any output adjusting.

5Vba regulator is used for supplying circuitry concerning AD converters,
specifically operational amplifiers and precision reference of 5 V, LTC6655.
We set the output by choosing the resistor Rs3 by the following formula
3.2 [17].

VOUT = R53 -1 mA (32)

5Va regulator is the main voltage source for the analog part of our design
as it supplies operational amplifiers and triple SPDT switch. Output is
set in the same manner as 5Vba case.

5Vbexc regulator’s sole purpose is providing the power for excitation
of the fluxgate sensor. As large currents may flow through concerned
circuitry, it was suitable to place an extra regulator into our design. It
is also the preferred solution so as not to cause any interference in our
sensitive analog part. We have set resistors as proposed in figure 3.6 to
meet our needs [3]. Excitation voltage is also properly treated against
sudden consumption changes by a large 470 uF' capacitor.

Vout

1

— V|n
< Vour =1.22v( 1+ B2

- our =1. [ +“ﬁ?)‘FUADJXR2)
Vapy =1.22V
Iany = 30nA AT 25°C
— - OUTPUT RANGE = 1.22V TO 20V

Figure 3.6: Adjustable regulator LT1763 [3]

3.1.3 Excitation

In order to excite the fluxgate sensor, we incorporated a driver unit with
an H-bridge that consists of two double power MOSFETSs (each with a one
P-Channel and a one N-channel) and respective MOSFET drivers.

11



3. Device conception

U35
L PNc NC F8—x  R136 /4: -
EXCconIN1D 2 INA /OUTA -—70] ) IRF73001PBF
3 1GND VoD 8 109
EXCconIN2D> 4 fiNg ouTB 32
MCP1405 8 EXCoutl
103 c105L ozl 2 an
T 8
. IRF73091PBF
GNDPWR
+|c154
— U36
470uF /10V 1 PNc NC 8%  Rs9 Q3B
2 1 \NA /OUTA FL— 70} v IRF73091PBF
3 {6ND voD |8 JBL c110
GNDPWR 4 fiNng ouTB 3

R100

L7k}
R96

MCP1405
L 2104 CiOGLiOB &o !
Q3A EXCout2
1000} 4n | 10u Y IRF73001PBF
R

R65

GNDPWR

Figure 3.7: Excitation circuit

Supply voltage of drivers is properly stabilized by three capacitors. MOS-
FETs are connected to their respective drivers in accordance with data sheet
[25]. Also input signals are normally tied to ground by pull-down resistors.

Gate of every single MOSFET has a resistor on input. This reduces current
spikes and suppresses possible oscillations. Resistor and capacitor on the
output of Q2 MOSFET set the amplitude and shape of the current excitation
and filter the DC component as described in section Their values were
determined empirically. This procedure is described further in the chapter

B 3.1.4 Digitization

After obtaining the signal from the sensor head, it needs to be processed
suitably for consequent digital output that is further used by MCU. This part
is once again in general done mostly in accordance with section [2.2]

B Signal processing

There are three output signals from sensor head, each signifying one com-
ponent of a three-dimensional vector. Signal processing therefore comprises
of three channels, each of which is identical to another. We will therefore
address and describe a single channel only. Its complete schematic may be
found in appendix

Input signal’s reference level is set to 2.5 V (2V5ref). Signal first flows
through a common mode choke, eliminating noise. DC mode is filtered by an
input capacitor and then the signal with reference level of 2.5 V is amplified by
a non-inverting preamplifier. Double diode serves as protection that clamps

12



3.1. Electrical circuit design

too high or too low voltage.

L1

Y
CHOKE_Wurth_744 045 471
FLINTT (SIG_0UT1+
< T1 o
SAANS
(Y YY) SIG_OUT1—
- o~

FLLIN1-)

Wurth_744229

Figure 3.8: Input circuitry of signal processing

Gain of the operational amplifier U;4 can be calculated using the following
formula.

A (1 + RE’) =993 (3.3)
Rs

The output signal is then inverted with the use of an inverting operational
amplifier U;p and a pair of precise resistors (two 10 k2). Since the equation
of the output signal is as follows, we should get nearly precisely inverted
signal of input (R; is input and Ry is feedback resistor of inverting operational

amplifier).
Ry 10kQ2
A_(R,)_(mm)_l (34

Both inverted signal and its former version are then connected to a triple
Single Pole Double Throw (SPDT) switch controlled by MCU which in com-
bination with inverting amplifier replaces a PSD. Output of this component
is then determined by the MCU’s PWM signal with double the frequency of
excitation’s PWM voltage. Setting the phase of this signal essentially sets
the phase of the sensor head’s output. This task shall be described further in
the chapter [5.

Output of the switch is then filtered using an inductor and a ferrite bead.
Capacitor in series is currently shorted and reserved for future experimental
use. Signal is then connected to the input of an integrator. A small resistor
may be found at the output of the integrator, its purpose is to slightly lower
the voltage as a precaution if the used operational amplifiers weren’t with rail-
to-rail operation and the measuring range of our device would consequently
be reduced.

The voltage is then converted to a current on an extremely precise reference
resistor, pins of which are indirectly connected to the ADC. Said current
then, after being filtered by a choke, goes all the way back to a common
mode choke on the output of the sensor head to close the loop so the sensor
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3. Device conception

operates as a zero indicator. Also the temperature drift of gain is reduced by
increasing the ratio of resistors in feedback line to the resistance of measuring
coil. Choosing a reference resistor with a low temperature drift is therefore
vital.

22n
== GNDA

R26

DADC_INL+

2V5_REFx

3
X2Y_Capacitor_100n X2Y_Capacitor_100n -
100n

o N GNDA
X2Y_Capacitor_100n

ch2 3

Figure 3.9: Unity gain buffer suitable for capacitive loads

Pins of reference resistor are then connected through resistors-current
limiters to operational amplifiers that are essentially unity gain buffers (figure
suitable for capacitive loads as they suppress instability. Various kinds of
capacitors are then presented in the design but their placement on the actual
PCB is a matter of possible future testing.

B ADCs and reference voltage

In order to get good results from ADC, it is necessary to have a good reference
voltage. We aim to achieve this by using LTC6655 IC, which is a highly
accurate precision reference voltage source. Its output is 5 V and we use a
simple voltage divider with ratio 1:1 to also obtain reference 2.5 V. Both input
voltage and output voltage of the IC is stabilized by capacitors. Complete
schematic of this block (single channel only) may be found in appendix

Vref1 LTC6655 R43
. [Tk7] _SV,REF
SHDN GND 3 GNDA 141
53| c125 VLN V_OuTS .
GND Voouts &1 - 10uF
GND GND |3 =
10u | 100u/10v GNDA

N4 GNDA
GNDA GNDA C126 c127
N
=+
@

GNDA

N [

=

10u| 100n

GNDA GNDA

Figure 3.10: Reference voltage circuitry
Reference 5 V also pass through an RC integrator that has a function of
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3.1. Electrical circuit design

low band pass as such circuitry has positive impact on noise. This voltage is
also buffered by a unity gain buffer for capacitive loads individually for each
measuring channel. Reference 2.5 V level is treated similarly.

Used ADCs have 32-bit resolution, dynamic range of at least 131 dB and
a low integral non-linearity £0.5 ppm. We also take advantage of their
configurable integrated digital filter [26].

Connection is in a trivial manner. Power supply of 2.5 V, digital logic
voltage of 3.3 V and reference voltage of 5 V are all connected with blocking
capacitors tied to ground. Communication lines have resistors in series to
eliminate the signal reflection. Master clock determines working frequency of
ADCs, while Serial clock drives the pace of communication with MCU. On
falling edge of DRL signal, data are ready to be retrieved through SDOA pin.

Pins SELO and SEL1 control the frequency of sampling and are adjustable
on the run. SYNC pin serves for synchronization of simultaneous run of
multiple ADCs, which we make good use of. RDLA pin has in practice a
function of Chip Select that enables Serial Data Output A (SDOA) which
provides filtered data. RDLB is pulled permanently to 3.3 V which disables
SDOB that outputs 22-bit no latency code [26].

B 3.1.5 Communication

The following section covers parts of our design that require communication
with an externally connected device that may be used for data output, control
or information retrieval (GPS).

RS-232 and USB serve both as means of controlling device and also as
forms of measured data output. USB also has an extra feature of DFU as we
will elaborate on later in this thesis in section 4.1l

Measured data may also be written to a MicroSD card, which is a feature
ensuring mobility of our product.

GPS is used for the time synchronization and also possibly localization.

Bl RS-232

We use one of the most widespread forms of sensor data outputs for our
design - RS-232. Even though RS-232 goes a long way in the history of data
transceiving and is no more a standard of newest electronic devices, it still
finds use today because of its simplicity and functionality. Schematic of our
entire RS-232 block may be found in appendix |A.5.

RS232 circuitry requires ground and a power supply isolated from that of
device. We have selected a centre-tapped power transformer with SN6505
transformer driver in order to achieve this task. SN6505 is connected ac-
cordingly to its data sheet [20] and its pin for enable signal is pulled-down
when not activated by MCU. We have added an extra ferrite bead to fil-
ter high-frequency noise and extra capacitor that overall improves isolated
voltage behaviour. Grounds on PCB are separated physically, as will be
explained further in chapter [3.2. Capacitor Cy17 protects against possible
voltage spikes between two separated circuits. This is vital to prevent the
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3. Device conception

ground loops in case of different ground potentials of the host and our device.
Also (even indirect) lightning strikes could cause a voltage induction resulting
in a possibly dangerous current.
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Figure 3.11: Galvanic isolation circuit for RS-232

Principle of work of the galvanic isolation circuit in figure is that
SN6505 serves as push-pull converter with open-drain pins. This means that
always a one end of primary coil is tied to the ground while the second is
disconnected. As the centre of the coil is attached to 3.3 V, this creates an
alternating voltage, which is effectively transferred onto the second winding
of transformer. This coil is then connected to diodes in a way to create
a centre-tapped full-wave rectifier. The voltage is then smoothed out via
capacitors.

Data signals are isolated by ADUM226N, a dual channel digital isolator.
Signals are connected with resistors eliminating signal reflection. Power
supply voltage inputs are treated by blocking capacitors. Voltage levels alone
are converted to be RS-232 compatible by a well-known IC MAX3227E (+25V
input, £5.4V output). Circuitry around this IC is connected in accordance
with its data sheet, where external doubler-charge pump capacitors and
inverting charge-pump capacitors are necessary [21].

Too high voltage on receive or transmit line is suppressed by Transient
Voltage Suppression (TVS) diodes tied to the ground that protect against
electrostatic discharge (ESD), electrical fast transient (EFT) and lightning
[22]. Common mode noise is filtered by a common mode choke and 47 2
resistors are used as current limiters if TVS diodes are activated.
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3.1. Electrical circuit design

B MicroSD

In order to keep our device mobile, we have decided to include a respective
form of data output. Therefore it is possible only to plug in a MicroSD card,
enable data logging for it and have the measured values saved there.

Circuit is once again straightforward - supply voltage is treated by blocking
capacitors and all communication lines are connected to pull-up resistors.
There are also resistors in series, mentioned in |3.1.1

aw IV o eppp
> S << <t
O LU OoOooo
10u a & d444 J6 Micro_SD_Card
R130 S 9 SO ? o
:b—@ ETE ® % DAT2 -
n 10k} DAT3/CD | mm
{10k} 31cmp ™
GNDD 4 {vbp ™
o—{Tor} 3| cik -
R132 6 1yss =
! 10k 71 paTo ™
[Tok} 8 { paT1 -
R135
Ghes SHIELD QA-L
GNDD
Figure 3.12: MicroSD card circuit
B usB

Since USB is lately a very popular choice for communication with every sort
of digital device, we have included it in our design for control, data output
and DFU. We have chosen mini USB connector for our purpose. Respective
circuitry is not complex but some protection measures are applied, i.e. a fuse
in combination with a TVS diode protect against ESD, EFT and lightning

[23].
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Figure 3.13: USB circuit
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3. Device conception

Signal LED lights up on USB connection just to inform that the USB has
been plugged in. Common mode choke filters common mode noise in order to
improve signal quality on D+ a D- data lines. Resistors in series on D+ and
D- in our design were originally meant to match the characteristic impedance
and possibly limit the current flowing into the TVS diode array although as
we have learned on ST on-line forum, our MCU already has internal resistors
to do the former. Shield of mini USB connector is tied to ground through
RC filter in order to lower EMI.

Bl GPS
o
=
~
24
Q4
GPS_VDD_END BSS315P
Fuse/200mA
—

GPS_ON_OFFD—

GPS_RX3——
GPS_PPS
GPS_TXD

GPS_RSTD

Figure 3.14: GPS circuit

GPS is used for precise time synchronization and also localization using
either GPS or GLONASS satellites. The external circuitry of ORG1518-R02
module designed by the supervisor of this thesis, Ing. Vojtéch Petrucha, Ph.D,
is connected as a very simple USART interface with some controlling signals
and a Pulse-Per-Second (PPS) signal.

We use resistors in series as current limiters and double diodes as a pro-
tection that clamps too high or too low voltage. In case the GPS receiver
consumes too much power we use a P-Channel MOSFET as a switch for
voltage. A Zener diode and a fuse are incorporated for a protection against
high voltage or current.

B 3.1.6 EEPROM

We have decided to use EEPROM (M95128, produced by STMicroelectronics)
in our design as various user configuration may have to be saved throughout
the lifespan of the device.
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3.1. Electrical circuit design

Although it would be possible to use MCU’s internal Flash memory as an
emulation of EEPROM, this solution is not suitable from the long-term point
of view as the Flash memory may get corrupted much faster. It has been
stated by ST that Flash memory of our MCU has a guaranteed minimum
of 10 000 cycles endurance [18]. On the other hand, M95128 EEPROM has
more than 4 million cycles and also a much greater data retention - more
than 200 years as opposed to 7-30 years under various conditions [19].
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Figure 3.15: EEPROM circuitry

(@)

Circuitry as seen in figure [3.15] is rather straightforward as we use pull-up
resistors for Write-Protect and Chip Select lines that are in a traditional
manner active on low voltage level. Voltage input is treated by a blocking
capacitor.

Our EEPROM’s mode of work is SPI (Serial Peripheral Interface) which is
in general faster than commonly used I?C (Inter-Integrated Circuit).

B 3.1.7 Temperature sensors

Two different temperature sensors are connected in our design. One of them
is used for approximate monitoring of PCB temperature and the second one
for measuring the temperature inside the external fluxgate sensor head.
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Figure 3.16: Temperature measurement block of PCB and sensor head
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3. Device conception

B PCB temperature

We obtain the temperature from MCU’s internal ADC single-ended channel
with connection to a very basic measuring circuit, which comprises of essen-
tially a voltage divider where a 10 kQ NTC (Negative temperature coefficient)
thermistor is utilized. Capacitor serves as a measure against EMI. There is
also a protection against high voltage in form of a Zener diode.

Although such measuring circuit as seen in figure [3.16| is imprecise, it is
viable for our kind of application, i.e. if user of this device spots too high
temperature, it may advise him to take proper steps.

B Sensor head temperature

This measuring circuit in figure |3.16|is in almost every manner identical to
the formerly described one. There are two differences however - first of all,
used sensor is PT1000 which offers rather good linearity and greater precision.
Its choice is also affected by the inability to obtain a non-magnetic NTC.
Second of all, a resistor serving as a current limiter is placed on the input of
internal ADC single-ended channel which we use for determining our desired
value of temperature. This is a safety measure as the MCU’s pin would be
connected directly to a jumper pin, which in case of an incorrect connection
may cause some damage.

B 3.1.8 HMI

We set up some basic Human-Machine interface in order for user to be able
to control our device directly without the need of connecting to peripheral
communication interface. This is very useful feature in case one wants to do
a measurement e.g. solely using a MicroSD card as a storage device or just
to view current values on display.

Three main elements are made use of - an OLED display, a rotational
encoder with a button included and general purpose LEDs. These components
enable the user to read measured values, basic diagnostic data and configure
the device.

B LEDs

In order for the user to be informed of the device operation, a few LEDs have
been included. This is a simple and effective way to untimely communicate
with the user.

8 Green LEDI1 lights up on present power supply of the whole device.

® Blue LED (D12), as seen in [3.13| signifies a connected USB with an
available voltage.

® Red LED2 shows that a write operation to a MicroSD card is currently
in progress.
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3.1. Electrical circuit design

® Orange LED4 becomes active on UART /USB communication.
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Figure 3.17: LEDs circuit

B Display

The display used for our application is Newhaven Display’s yellow OLED
type, 128x64 resolution with built-in SSD1325 controller [24].
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Display
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\DISPLAY_RESETD
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Figure 3.18: Display circuit

Since this display is already mounted to a small PCB, its interconnection
with our design is rather simple - through jumper pins header.

Because our preferred choice of communication with the display is the
serial interface (specifically Transmit only SPI), all that is needed are control,
data signals and connected power supply. Tying BS1 and BS2 pins to ground
specifies serial communication. This results in the connection of pins with
accordance to data sheet where unused ones are tied to the ground [24].
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3. Device conception

B Rotational encoder

Direct control of the device can be assumed by using a rotational encoder
with an included button.

Rotary_Encoder_Switch

100n

GNDD

Figure 3.19: Rotational encoder circuit

Signals of rotational encoder are defined by the state of the encoder and
pull-up resistors to 3.3 V. The output is treated by RC circuit where the
capacitors debounce the signal and the resistors limit the current that would
be caused by fast changes in voltage. Same circuitry is included for button.

B 3.2 PCB design

Since our device aims to be on state-of-the-art level, we have chosen a printed
circuit board with four layers. Although they are more difficult to produce
and much more expensive, they have a positive impact on reducing noise
levels, EMI and the size of the board [27), p. 54]. As our device aims to be
mobile, it has to fit into a hand-held sized enclosure that has milled openings
for peripherals connectors. In order for the PCB to fit into our enclosure,
dimensions of 162x98 mm have been chosen for the board.

Preferred choice of components was mostly Surface Mount Devices (SMD)
although Through-Hole Technology (THT) was also utilized in special cases.
This largely reduces the required size of the PCB. As our device is not
primarily aimed for a serial mass production and we therefore solder all parts
by hand, we did not follow the trend of downsizing [28][29] as we incorporate
0603 and 0805 chip types instead of smaller 0402 and 0201. Some parts of
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3.2. PCB design

Figure 3.20: Used PCB enclosure (145511601 Hammond Manufacturing)[4]

our design also have power pads which aggravates hand-soldering as shall be
described further in chapter |5

Purpose of top layer of the PCB is primarily to connect individual parts
through conductive tracks. In case a path for a track is difficult to find, it is
possible to search for it in the bottom layer, which is the secondary layer for
connecting components. Second layer then contains ground planes. Third
layer from the top has multiple various voltage planes. Having two layers
devoted only to power supply results in planes that benefit efficiency and
stability [27, p. 54]. These areas effectively form a low impedance capacitor
that reduces noise.

B 3.2.1 General methodology

We have tried following principles described in [27] while designing PCB.
Blocking capacitors are always placed as close to respective pin as possible.
Power supply tracks are made very thick in case of expecting large currents
in order to avoid power losses. Fast changing signals are on the other hand
conducted through thinner tracks. Length of conductors, current loops and
distance of crystal oscillator from MCU are overall minimized. We often
connect a component to ground in more than one point.

b

Figure 3.21: Detail of via stitching

We also use a technique called "via stitching", which vastly reduces EMI
and can be seen in figure [3.21l It means that throughout the PCB’s edges
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3. Device conception

many vias are added as they often sink emitted signals resulting in a better
Electromagnetic compatibility (EMC) performance.

Parallel data signals are ordered by the expected pace of change (e.g.
MicroSD data lines) as suggested by Zahlava [27, p. 52]. The total number
of vias and tracks on bottom layer is decreased to as least as possible. On
the other hand the placement of pull-up and pull-down resistors, imprecise
voltage dividers etc. is often sidelined to make space available for more critical
components.

B 3.2.2 Top layer

All components are mounted on the top layer and most of the tracks are
located there too. Arrangement into functional blocks as seen in the figure
3.1]is mostly kept. Placement of the blocks can be seen in the following figure
3.22.

Rotational h
encoder
Display wew Rs232
MicroSD

USB Excitation
G

GPS
)
Sensor Stabilizers
unit Signal processing ADCs
(oL Power supply
N J - J J

Figure 3.22: Block diagram of the PCB modules arrangement

Such placement is a careful configuration based on many factors. Block
of sensor unit input, signal processing and ADCs are closely tied together
in order to minimize picked up noise. Once the signal is digitized, readings
become much more stable and we can allow the tracks to be longer as they
lead towards MCU.

MCU itself is located roughly in the centre of design in order to be able to
reach out to every block.

Power supply, GPS, RS232, Rotational encoder, MicroSD, USB and Sensor
unit input block must all be located on the edge of PCB by nature in order to
be accessible by user when the PCB is in the enclosure. Their specific location
is then given by more factors - ergonomics, specific MCU pins accessibility.
Stabilizers are placed close to the power supply as it is the first directly
connected block.

Section of excitation (all the way from its respective voltage regulator) has
its own reserved space as high currents are expected to flow, which could
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3.2. PCB design

Figure 3.23: Visualization of produced PCB top layer

possibly interfere with other design parts, especially analogue one.

EEPROM is in the view of placement one of the less critical components
and has been put close to its respective MCU pins. Display is positioned
using a similar logic.

Rest of top layer is filled with the main ground plane with similar distri-
bution to that of the second layer. It shall therefore be addressed in the
following section.

B 3.2.3 Ground planes layer

The second layer consists only of ground planes. Three grounds that are not
interconnected may be seen but we could define up to five ground planes,
three of which are however conductively joined. RS-232 and the power supply
ground planes are isolated from the main one, which comprises of analog,
digital and excitation ground.

RS-232 ground’s isolation is necessary as described formerly in the subsec-
tion [3.1.5L Reference ground of external voltage supply is also isolated before
it’s filtered by a common mode choke.

Main ground plane has two non-conductive sections. Those were designed
to separate analog ground. Its purpose is to hinder possibly large excitation
current from interfering with sensitive analogue part of our design. Expected
path of excitation current is indicated in figure Digital ground would
then be the rest of the main ground plane. Since the interference is not such
a vast issue here, it is not separated from the excitation ground plane in any
way.
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Figure 3.24: Second layer of our PCB with ground planes and indicated direction
of the excitation current

B 3.2.4 Voltage planes layer

Because an entire PCB layer is dedicated to voltage planes, we tried to take
advantage of it and fit as many various kinds of voltage in there as was viable.
This is not entirely achievable because of various crossings in paths from pins
to the respective voltage levels but we were successful to some extent. Planes
are best to be viewed in figure [3.25|
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Figure 3.25: Third layer of our PCB with titled voltage planes

B 3.2.5 Bottom layer

Bottom layer is, as mentioned before, filled with tracks that we were unable to
acceptably fit into the top layer. It is also filled with main reference ground.
Complete drawing may be seen in Appendix [A.7]

26



Chapter 4

Firmware

In order to drive our device as desired, a solid firmware for MCU written
in C programming language is required. It is necessary for this program to
effectively interpret all sorts of user input - a rotational encoder, USB and
RS-232. It also must be able to output data on any of these media - RS-232,
USB and MicroSD card. All of these features must function independently
as we wish to preserve the mobility and the universality. We have also
included a feature of DFU when user unfamiliar with programming of ST
microcontrollers may in few simple steps update the device. Our firmware
has been in continuous development since July 2017.

B 4.1 Basic concept

Our idea was to create a device that is capable of two kinds of operation
modes. One is a single measurement when on command a single sample of
values of three axes is made. The other one is a continuous measurement
when data is being acquired without a break. User also has to be able to
access some configuration of the device, specifically the data output options,
date and time settings and the frequency of sampling. Other options like
setting the phase of switching signal or configuring calibration constants are
prohibited, as these are rather delicate matters that we had to perform with
specific equipment and specialized methods. We have concluded that such
settings therefore shall not be set from user-accessible menu.

The whole concept of our program is a state machine when actions are
taken dependently on user input and previous state. We also have to take into
account matters that happen "uncontrollably" such as DMA data transfers
or interrupts services calling. There may be different ways of the program
flow controlling but a state machine has shown to be very reliable. As
time of development is limited and as the time factor has to be taken into
consideration, way of the state machine proves to be a preferred one. Using
available Real Time Operating System (RTOS) appears to be an overkill and
unnecessary feature for our use.

Our code includes libraries provided by ST - specifically HAL and LL and
external USB and FatFs libraries. Development has also been eased by the
use of STM32CubeMX software. Copyright issues are dealt with directly in
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4. Firmware

code. Although usage of these modules critically facilitates programming,
proper precautions have to be taken. As (especially HAL) libraries offer a
great level of abstraction, resulting code is often less efficient and in extreme
cases shows undesired behaviour as we will mention in the chapter [5|

B a2 Start-up

Upon plugging in power to the device, few simple routines are executed. This
is best to be viewed in the following flowchart 4.1

HW Reset

Bootloader

) Firmware update

Libraries and
clock
initialization

R—

Peripherals
initialization

—

Welcome screen

R——

Main
program

Figure 4.1: Flowchart of device’s start-up

On the moment the device is turning on, if the MCU senses voltage on
BOOTO pin, bootloader stored in internal ROM starts up and the DFU
mode is entered. If no voltage is present on BOOTO pin, firmware from
Flash memory is entered and our program starts to run. User may use dFuse
application in order to load the new firmware to the device.

In such case, instruction, data cache and Flash memory prefetching are
enabled firstly. Time base source is set to SysTick, inner timer of the processor
core.

Clock settings are then initialized - clocks HSE, LSE, High-Speed Internal
48 MHz (HSI-48) are vital for the operation of firmware as rest of necessary
clocks are derived from these by the means of prescalers. Implementing
Phase-Locked Loops (PLLs) is indifferent for our design but they are set up
from HAL libraries by default. Clock sources for peripherals are also set at
this point.

After that, the GPIO groups are enabled and proper pins are initialized with
the necessary configuration (output/input, inner pull-ups or pull-downs etc.).
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4.2. Start-up

This of course includes setting up pins with enabled interrupts - specifically
two input pins for rotational encoder output and button input. Pins’ default
state is reset, which is beneficial because various IC are therefore not yet
enabled and we can turn them on sequentially.

Since we have implemented the use of DMA, its controllers are initialized
too along with the enabling of their interrupts. DMA critically improves
the microcontroller performance as vast amounts of data do not have to be
sent in blocking mode which saves a great lot of computing time. DMA has
its downsides too as special precautions have to be taken - e.g. checking
whether the data has been completely sent. Problems with DMA will further
be addressed in chapter 5.

RTC is configured with desired settings like time format, no pin output
etc. RT'C should retain its values of time and date even after device reset as
it is powered independently by battery cell.

Three SPI interfaces are introduced, one in "Transmit only master" mode,
second in "Receive only master' mode. The former is used for sending data
and instructions to the display and is configured for DMA as large data may
be sent. The latter’s purpose is obtaining the data from external ADCs.
Third SPI, in "Transmit and receive full-duplex master" mode is needed for
the communication with EEPROM.

)

SPH [ €«— ADC

mcu  SPI2 EEPROM

SPI3——> Display

Y

A

~
Figure 4.2: SPI interfaces diagram

USB peripheral is configured too, specifically in Communication Device
Class (CDC) mode. This allows, provided that the user has the ST Virtual
COM Port driver installed, to fully control our device over USB and receive
data over it. USB is by default set to have interrupts enabled and send and
receive data in non-blocking mode. USB has HSI-48 as its input clock.

Inner ADC is initialized as we utilize it for reading the PCB and the sensor
temperatures and the input voltage. We need three channels for a single ADC
meaning we find use in the Scan Conversion mode that allows us to read
these three channels sequentially. We take advantage of built-in oversampling
(16 times) feature [I5] that gives us more precise [30] and stable readings.
Since speed of conversion is not critical for us, sampling takes 640.5 ADC
clock cycles. ADC is also configured to run in DMA mode in combination
with an interrupt, which once again means a large upside as the program flow
is not blocked.

Two UARTS are set up, one for GPS and the other for RS-232 communica-
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tion (UART1). Baud rate for RS-232 is 115200 Bd/s and this UART is also
configured in DMA mode. This is because sending measured data in blocking
could severely affect the speed of samples reading. That would rapidly reduce
the quality of our device.

We also initialize a timer that works on two channels with three outputs
in total. First channel is set to Output compare mode with added negated
signal and is used for H-bridge drivers signals with dead-time included. The
second channel is in the PWM mode and is utilized for the triple SPDT switch
(respectively PSD). Prescaler (PRE) of timer is set to 7, counter period (CP)
to 79 timer ticks, and pulse (PLS) on channel 2 to 40 ticks. Since the channel
1 is set to toggle on a match with a value, it means that it outputs as same
signal as on channel 2 but with half the frequency.

Expected frequency of the signal on the channel 2 can be calculated from
HSE clock with 16.384 MHz frequency (respectively equivalent PCLK1) the
following way:

PCLK1

f:(PRE+1).(CP+1):25.6kHz (4.1)

Duty cycle (d) is set to 50 % using this formula:

_ PLS
- CP+1

One more timer is initialized to provide the master clock for the external
ADC. Its frequency is set to 1.024 MHz using analogous calculations.

After this, DMA, input and UART1 interrupts are enabled.

In our non-generated section of the code we enable regulators of voltages,
external ADCs and galvanic isolator driver for RS-232. Current state of one
of the rotational encoders output is read in order for interrupt mechanisms
of rotational encoder to work properly (described further in section 4.3.2)).
A quick common synchronization pulse for external ADCs is generated and
then the timers are started. Receiving through DMA of UART1 is prepared,
EEPROM is configured and data from it are loaded and applied to internal
runtime variables. Then the device is ready to start functioning.

Using own functions to control the display, a logo of CTU is loaded and
then a welcome message with date and time is displayed. Then display’s
content is erased and main program is entered.

= 50% (4.2)

B 43 Main program
After start-up, the core of our firmware is being executed.

B 4.3.1 Front-end

User interface constitutes of the main menu with three choices - Single,
Continuous and Configuration. The same interface may be controlled by
three means - a rotational encoder, USB or RS-232, always with the same
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4.3. Main program

possible actions and the same result, except for the DFU request that is
available via USB and RS-232 only. Providing such unified environment
benefits not only a better user orientation in the device but also a cleaner
and smaller code. In general the cursor on the display is moved in case of he
encoder turning and an option is selected by pressing the button. Complete
list of possible actions via RS-232 or USB may be found in the table B.1].

® Upon entering the Single mode, one measurement is made and displayed.
User then has an option to either return to the main menu or to repeat
the measurement.

When the Continuous mode is selected, measuring is done without a
break and values are refreshed on the display with a frequency of 10 Hz.
User may either turn off display to lower the consumption and get faster
data output rate or he may exit to the main menu.

Last option to choose is the Configuration. This opens up another menu
when one may change some basic settings. This includes toggling forms
of data output - RS-232, USB and MicroSD card. Other options are
changing the date and time and setting the ADC sampling rate, which
directly influences data output rate.

The described interface is the best to be viewed in the following flowchart

4.9.

v

Main menu
routine

@ Config

Single
%ntinuous l
Acquire Acquire gz:;:geuiai:o:t
measured data measured data ; P!
retrieval
Data output & Data output & Exit

Set time

Refresh menu

repeat request stop request RS232 output Desired
input input USB output ~_choice? Set ADC rate
¢SD write
Toggle RS-232| | Toggle USB Toggle Set ADC
output output MiciosD sampling rate
utpl ey card output pling

Set rate based
on user input

it

|

Set date & time

|

Set date &
time based
on user input

|

Save settings

Figure 4.3: Flowchart of device’s main program

31



4. Firmware

B 4.3.2 Back-end

Main part of our firmware is a state machine. Its states correspond with the
list of user accessible modes and actions. We have therefore six states - Main
menu, Single, Continuous, Configuration, Set time and Set rate.

At the end of every state machine iteration, the next state is assigned and
if there are any requests from peripherals for a change of state then this
request is acknowledged. Also by means of time-out mechanism, inner ADC
is started for a conversion every half a second.

Bl States

Every state has a similar service routine. There are actions taken based on
reaching the state, the first entry of it, rotational encoder movement and
the button pressing. Respective functions from separate modules are called
during these routines.

On the first entry of a state, the screen is refreshed as new kind of graphical
interface has to be shown. Respective strings of text and cursor signifying
current choice are displayed.

Reaching the state in general causes only values that didn’t retain their last
state to change. This reduces the payload of unnecessary data transmitting
with every refresh of screen. In case of continuous mode this means that we
poll for new data from external ADCs and then once the data are available,
we send them via the output peripherals or save them to a MicroSD card. If
the user is located in the Main menu, the meta values of the temperatures
and the input voltage are refreshed.

If movement of rotational encoder or press of a button are registered,
display and miscellaneous functions are called in order to change the screen
and the flow of the program.

B Interrupts

We find use in a few interrupts. Most of them are the DMA callbacks that
tell us a transfer is complete. This is used for both receiving and transmitting.
Inner ADC, USB, RS-232, display and rotational encoder all make use of
using interrupts. When data is received over RS-232 or USB, it is immediately
copied into a global cyclical buffer. The rotational encoder and the button
both have enabled interrupt on input pins. Respective routine then takes care
of firmware debouncing and the signal interpreting. The ADC interrupt is
called on complete conversion and we save the read values to our own buffer.
Display’s transfer complete callback is vital because we have to differentiate

between sending the instructions and the data by setting the output pin
DIPSLAY_DC.
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4.3. Main program

B Modules

While many external libraries for our peripherals (e.g. display) already
exist, we have decided to write some of the drivers ourselves as such method
provides more control and ultimately better code efficiency. Let us now
describe functions of these modules.

' _[usb_device.h ‘ usbd_cdc_if.h ‘

stm32l4xx.h  usbd_def.h  usbd_cdc.h
/ gps.h]|

[big_font.h | [small_font.h| [bsp_driver_sd.h |
stm32l4xx_hal.h

sd_diskio.h

ff.h  ff_gen_drv.h

Figure 4.4: Basic modules dependency graph generated by Graphviz

® Main module contains miscellaneous system functions. That means some
interrupt callbacks, output, calender functions (like protection against
inputting a bad date and time), higher layer menu and configuration
functions are implemented here.

® Display module encapsulates service of display’s SSD1325 driver. In
cooperation with other modules, strings of text or even graphics may be
sent. This module relies on DMA interrupt of transfer complete callback
as previously mentioned. Functions providing the initialization and the
refreshing of the display based on specific states are located here too.

# ADC module comprises of both lower and higher layer functions servic-
ing external ADC. This includes retrieving read data and e.g. values
calibration.

8 Module of encoder includes functions that influence the control of the
program flow. They are routines called when an action by user is
registered.

® SD card module only provides a higher layer over included external FatFs
libraries suitable for our firmware. We should note that below the layer
of FatFs lies ST’s BSP_SD module that we had to rewrite as there seems
to be an issue of cooperation with DMA. More information on this issue
can be found in chapter [5.

®8 EEPROM module is a set of functions that communicate with EEPROM
and load configuration directly into the runtime variables. Mapping
of EEPROM as of now can be seen in table |4.1. Please note that
the communication byte is an 8-bit number serving as a bit-map of
enabled/disabled communication forms of output (RS-232, USB and
MicroSD card).
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4. Firmware

Data type ‘ Address (hex) ‘ Data size (bytes)
ADC sampling rate | 0x0000 1
Communication byte | 0x0002 1

Table 4.1: EEPROM mapping

® Module of GPS provides the communication with the externally con-
nected GPS receiver. We obtain a National Marine Electronics Associ-
ation (NMEA) string that is further parsed. The specific data we are
interested in are date and time, altitude, coordinates and number of
satellites. Furthermore the PPS signal is also set up to increase the
precision of RTC.

® The big font, small_font and graphics modules are referenced by the
display module. They are essentially only look-up tables of data to be
sent to display using their proper respective functions. Tables of big_ font
and small font are downloaded from an external source and are further
referenced in the source code.
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Chapter 5

Realization

The development of our fluxgate magnetometer has started in July 2017
when the supervisor of this thesis Ing. Vojtéch Petrucha, Ph.D prepared a
development kit with a similar processor (respectively a Nucleo board) and
some expected peripherals - a display, an SD card and an EEPROM. We
have therefore been writing firmware modules for almost a year. Hardware
development has been under way since September 2017 and was a much more
problematic process as we have experienced some major setbacks.

=3

Figure 5.1: USB testing on our development kit

. 5.1 Firmware

We’ve had only a few drawbacks during the production of firmware. One of
them was inappropriate setting of USB’s clock. Formerly used MSI with PLL
caused some instability during the enumeration phase of connecting to a USB
host. Fortunately this issue was resolved by changing the clock to HSI48 as
suggested on-line on ST forums.

The second major issue was the functionality of the MicroSD card writing
and reading. ST’s libraries have come out as insufficient in terms of function-
ality and DMA compatibility. This had to be resolved by rewriting parts of
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5. Realization

libraries as one of DMA channels malfunctions. Solution to this problem was
suggested on ST forums by ST staff.

. 5.2 Hardware

Matters were more problematic in case of hardware. Drawings of circuitry
and the PCB might have been time consuming but the real issues appeared
when the assembly and the testing of functional blocks started. During the
soldering of components with power pads a heat gun had to be used and
when one of the stabilizers was being mounted, we physically broke it. This
resulted in a time setback as the same component had to be ordered again
and further development was temporarily hindered.

We have soldered and tested out blocks individually which greatly helped
to put the device to operation. However in order for better limitation of
current, we have been running the device with 6 V connected directly to the
output of DC/DC converter. Unfortunately as we have apparently used an
inappropriate laboratory source of voltage, two regulators were destroyed -
one in such a way that caused a short which damaged an operational amplifier
on the Z channel. Even though a lot of time was lost once again, the shorted
circuit fortunately hasn’t affected other parts of the PCB.

Figure 5.2: Finished and working device

Our device can be seen operating in figure Continuous mode is set.
There are also a fluxgate sensor head and a GPS receiver in the bottom part
and both of these components were made by Ing. Vojtéch Petrucha, Ph.D.
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B 53 Tuning

There were some parameters that we had to fine-tune after assembling the
device. First was setting the resistor and the capacitor on the output of
the excitation. Those were set to provide desired current and signal shape.
Values we have empirically chosen as final are 11 §2 for resistor Rg7 and 200
nF for capacitor Cigg.

Measure
{tMeasure No.

[ D ]

Source

CHZ

Heasure Item

Peak-Peak

44 Peak-Peak 1. 00V 1. 01V (Hax) 1. 00¥(Hin)

D & Freauency 13.02kHz  13.91kHz(Max)  11.59kHz(Min}

C: Mean 37 1m¥ 41. bm¥ (Max) 27. BV (Min) ———

D: Peak-Peak . 3. B4V (Max) 3. 59V (Min) Hin/Max
at=156ps 1/41=6. 39kHz L 1] DC 108m¥ | ———

DGIHR G C off
ofs 0. 00Viofs 0. 00Y|
aCron

1G5 200k points RTC:2018/03/14 13:43:53

Figure 5.3: Tuning of the second harmonic on the sensor output (purple) and
excitation current (yellow)

We’ve also had to set the phase of signal by setting the Capture Compare
Register 1 of the timer. Since two sensors are in series, the third sensor is
expected to have its output voltage a little shifted in time. Closer inspection
however revealed that the best compromise is setting no phase as the desirable
voltage curves are reached as closely as possible.

20ps 0. 0000s

Coup | ing

Bandwidth

Full
Probe
1021

Invert

AP Freauency 48. 10kHz
D 4 Freauency 12. B0kHz n

C: Frequency 25. B0kHz —
D:ED Freauency 6. 88kHz Next

= 500mV 3: 200mV 4z

1
DC1HO DC1MQ DC1HO DC1HQ as2)
ofs 460nVjofs —140mV|Emp ty ofs —2.98Y

Croy i

G5 200k points RTC:2018/03/28 13:35:31

Figure 5.4: Setting the phase between excitation control voltage (yellow) and
switching voltage (purple) by assessing the PSD output (green)
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B 54 Parameters measuring

In order to get some specifications of our device, we have decided to obtain
power spectral density as a measure of noise. Aim of this thesis was also to
calibrate our device in order to get meaningful readings, i.e. convert the read
digital number from ADC to an actual value of magnetic field (in nT).

B 5.4.1 Noise

Noise parameter was calculated by leaving the sensor head in magnetically
shielded environment and taking samples for around five minutes. Using
MATLAB we were then able to calculate Power Spectral Density. Please note
that data were not averaged or filtered in software. The used script has been
provided by Ing. Vojtéch Petrucha, Ph.D.

102 T T T T T T T T T T

10t F 3

= =
<) ) o
N - °
T T T
1 1 1
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-
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w
T
1

10—4 L 4

107 e — e
1072 10t 10° 10t 10
Frequency (Hz)

Figure 5.5: Noise spectral density of data sampled on Y channel with 62.5 sps
sampling

B 5.4.2 Calibration

Device has undergone two kinds of calibration - vector calibration using 3-axis
Helmholtz coil system and scalar calibration with a proton magnetometer.
We consider our device a linear instrument, the function of which may be
described in the following way as proposed and closer elaborated on in [5].

F=S-P-B+b (5.1)

F is the magnetometer output, S the matrix of sensitivities (also referred
to as "gain"), b the offset vector and P the matrix that transforms from the
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orthogonal system to our imperfect non-orthogonal system.

Fl Bl bl Sl 0 0
F=|F| ,B=|By|.b=|b|,S=]0 S o0 (5.2)
F3 B3 b3 0 0 53
1 0 0
P = |—sin(u1) cos(uy) 0 (5.3)

sin(ug)  sin(ug) /(1 — sinuy — sinZug)

Apart from matrix P, all matrices comprise of relevant components of
respective axes. Angles u1,us,us are best defined in the following figure |5.6.

.
7

Y

x=x’

Figure 5.6: Angles defining non-orthogonality [5]

B Calibration using Helmholtz coil

This calibration was the first one to be executed as its results were then to be
made more precise by the means of scalar calibration. Also this method was
relevant for us only in terms of determining the gain and offset of conversion
functions. We have used MAGLAB group’s equipment for this task.

Controlling system for Helmholtz coils provides the option of setting the
magnitude and orientation of generated magnetic field via RS-232 interface.
We have made three measurements activating always one axis only. This
provides some independence and easier calculations.

We have measured for every channel from -100 pT to 100 pT with the
step of 10 pT. This has also turned out to be approximately the range of
our sensor. Let us now present one of the measured channel with a linear
approximation of conversion function in figure [5.7.

Overall these functions seemed to be highly linear and with a low offset,

7

which fluxgate magnetometers should have [2].

I Scalar calibration

Scalar calibration requires a precise (proton precession) magnetometer in
order to get the reference values of magnitudes of magnetic field. Based on
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x10° ADC conversion function

80

Output data of ADC
Non-linerity in ppm of full-scale

-1 . - . -100
-100 -50 0 50 100

Magnetic field [uT]

Figure 5.7: ADC conversion function for Y channel

the knowledge of our sensor head’s rotation and the magnitude of magnetic
field vector in more angle configurations, we are able to calculate individual
components of the vector. This method, further described in [31], puts the
linear least square method to use when iteratively estimating the calibration
results.

Figure 5.8: Scalar calibration process in Priihonice

We have set out to Prithonice where less magnetic interference is expected
to make these measurements. We have attached our sensor head to a turntable
as also suggested in [31]. With every measurement, we have changed the
configuration of angles on the turntable accordingly to a predefined set of 55
angles settings. Then we have always taken averaged samples from our device
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and the reference proton magnetometer at the same time. The MATLAB
script provided by Ing. Vojtéch Petrucha, Ph.D is then able to calculate the
calibration constants based on the methods described in [31].

x10% Vector Magnitude
T

—— Measured data| |
—<— Corrected data

49 &g b Lod ) .

4.88 - i

4.86
0 10 20 30 40 50 60

Sample index

Residuals
5 T T

[nT]

0 10 20 30 40 50 60
Sample index

Figure 5.9: Scalar calibration plots of vector magnitude and residuals

Plot in the figure shows correction of data, residuals (difference of
measured scalar magnitude and the corrected computed vector magnitude).
Figure pictures plotted residuals in accordance with angles configuration
during Prihonice measuring.
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Figure 5.10: Plotted residuals
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Offsets -7.33 -9.86 -4.94
Scale values 1.003293 1.009500 1.015426
Non-orthogon. [deg] | -1.13378 1.00993  -0.15103

Table 5.1: Scalar calibration output for X, Y, Z channels respectively

Results of these calculation are deemed satisfactory as gain values are very
close to 1, meaning former vector calibration was successful. Offsets are also
very low, which is a desired state. Some non-orthogonality is present but it is
of no critical value. Calibration data as as an output of provided script may
be seen in the table 5.1k
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Chapter 6

Conclusion

The aim of this thesis and the related project was constructing a universal
digital fluxgate magnetometer capable of competing with today’s state-of-the-
art commercially available products in terms of not only the measurement
quality but also the user interaction with the device including variable forms
of data output. As concluded from 2.3 we have achieved better performance
on many sides and it is therefore agreeable that our device proves to be viable
for various kinds of measurements, e.g. mapping Earth’s magnetic field. User
has the option to operate the device in a stationary way or to keep the device
mobile since the aim was to make a universal product. This means that there
are more operational modes - one may only observe live measuring via display
or output the data using a communication interface. This includes either
connecting with a computer (via USB, RS-232) or just saving the measured
values to MicroSD card. After some minor and major difficulties with both
hardware and firmware, a successful outcome has been reached. The goal of
this thesis was also to calibrate this device and compare it to commercially
available products. We have performed this task successfully too.

Overall development of this magnetometer took almost a year and all the
goals of this thesis were fulfilled but there are still ways to further deepen
the development, e.g. creating a software with a graphical user interface that
would let the user configure the device with ease. Perhaps further processing
the measured data and incorporating them into a map by parsing the GPS
module output would find its use with potential users. Also in order to create
a more comfortable solution for some people, it would be possible to further
filter and average the data. This of course effectively lowers the sampling
rate of our device but ultimately improves noise performance. Some of these
matters may be subject to change in the future as further testing should
reveal needs for change.
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Appendix A

Schematics drawings

Figure A.1: Schematic of reference voltages circuitry and ADC (single channel
only)
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A. Schematics drawings

Figure A.2: Schematic of MCU electrical circuit
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A. Schematics drawings

Figure A.4: Schematic of signal processing (single channel only)
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A. Schematics drawings

Figure A.6: Top layer of our PCB
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Appendix B

Control commands for terminal over
RS-232 or USB

Main menu

S Single measure
c Continuous measure
T Set configuration

! Restart device in DFU mode

Single measure

S Repeat measurement
X Exit to Main menu
Continuous measure

d Toggle display

X Exit to Main menu

Configuration menu

Togle RS-232 outputg

Toggle USB output

Mount or unmout MicroSD card

Set ADC sampling rate

Set date and time

Tl || o=

Exit

Table B.1: Control commands set
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