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Abstract

In this thesis, the problematics of non-
destructive testing of metal objects with
eddy current is discussed. It also points
on design, including the production of
the wireless device with a standard micro-
controller and with graphical data repre-
sentation with the ability to set critical
parameters. There is a socket to connect
probes with various parameters. The de-
velopment of several probes is discussed
in details within the thesis. In the last,
the possibility of wireless communication
with a superior device is presented.

Keywords: Non-destructive testing,
Eddy current, Flaw detection,
Microcontroller
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Abstrakt

V této praci je diskutovana problematika
nedestruktivniho testovani kovovych pred-
métt pomoci vitivych proudi. Prace po-
drobnéji popisuje celkovy navrh i s vyro-
bou bezdratového zarizeni s béznym mik-
rokontrolérem a s grafickym zobrazovanim
dat s moznosti nastaveni dilezitych para-
metri. K pfipojeni sondy se na zafizeni na-
chazi patice, kterd umoznuje jednoduchou
vyménu sondy. V rdmci prace bylo sesta-
veno nékolik kompatibilnich sond, které
jsou v praci probrany detailnéji. V po-
sledni c¢asti prace je probrana moznost
bezdratové komunikace mériciho zatizeni
s nadfazenym systémem.

Klicova slova: Nedestruktivni
testovani, Virivé proudy, Detekce vad,
Mikrokontrolér

P¥eklad nazvu: Detektor vad pomoci

vitivych proudt
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Chapter 1

Introduction

The field of non-destructive testing (NDT) is a very broad, interdisciplinary
field that plays a critical role in assuring that structural components and
systems perform their function reliably and cost-effectively. NDT technicians
and engineers define and implement tests that locate and characterise material
conditions and flaws. These flaws can lead to a critical collapse of the
construction, and in many cases, the property can be damaged or, the people’s
lives can be in danger. The tests are performed in a manner that does not
affect the future usefulness of the object or material. In other words, NDT
allows parts and material to be inspected and measured without damaging
them. Because it allows inspection without interfering with a product’s
final use, NDT provides an excellent balance between quality control and
cost-effectiveness [5].

The NDT is divided into separate species according to the physical phe-
nomenon and methods it uses. Many people are already familiar with some
of the technologies that are used in NDT from their uses in the medical
industry. Most people have also had an X-ray taken, and many mothers have
had ultrasound used by doctors to give their baby a checkup while still in
the womb. X-rays and ultrasound are only a few of the technologies used in
the field of NDT [5].

The significant improvement in NDT was made in terms of digital signal
processing (DSP), in comparison from the past. This growth in DSP means
more flexibility and options in words of mathematical principles which are
implemented in a code of microprocessor. It allows designing electronic
structures of the devices using a small number of discrete elements.
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1. Introduction

As we take a look at the measuring systems for NDT, especially eddy
current testing, their constructions are basically the same. Most of the
systems consist of a desktop unit with a connected probe. The unit has all
of the electronics required to measure, compute and represent data. There
are a display and interacting elements which offer a set of the parameters
of the measurement via the generated user interface. It also provides data
representation in the form of a graph. The second part of the measurement
system is the probe, which is connected to the central unit using connectors
and some sort of cable. With the probe, the equipment operator is moving on
the surface of the measured construction. By its signal, the device represents
the computed data on display. The signal corresponds to a condition of the
measured material.

ctuthesis t1606152353 2



Chapter 2

Aims

This thesis aims to design and develop an eddy current flaw detector using
the lock-in detection realised computationally in the microcontroller. The
detector will be consisting of a handheld, wireless and battery-powered device
and desktop stationary visualisation unit. The wireless communication will
be used to transfer data between the stationary and portable unit. Within
the thesis, the design of eddy current detecting probes and evaluation of their
performance will be tested on artificial flaws.

This thesis describes the process of a development measurement system
for non-destructive testing using eddy current. The system can be divided
into three essential parts, and their interconnection makes the working so-
lution. One part is focused on designing and making measurement probes
for the system. These probes are differential type consisting of three coupled
coils. Another part is the electronic hardware which deals with electronics
components for the system, designing the electric schematic and printed
circuit board (PCB) of the device. In this part is included plastic mechanical
construction designed in a 3D system and printed on the 3D printer. The
last part describes the software in programmable components of the system.
The microcontroller has to be able to provide requested functions from the
computation view, but also from the hardware equipment.

3 ctuthesis t1606152353



2. Aims

. 2.1 Device

The fully operating system has to show an impedance plane diagram where
the path of imaginary and real component of the received signal is displaying.
So the device will have a graphical display. Another requirement on the
device is that it must be wireless, and it has to be handheld. The device
must have a possibility to send data to remotely to a superior device. To
solve these requirements, the battery, battery management and some wireless
module must be there. For the measurement itself, there must be components,
which will drive the transmitting coil and which will convert and normalise
the signal from the receiving coil. There will be a connector to attach the
probes. Every component has to be controlled, and for this task, there will
be a microcontroller (MCU). It has to generate a signal for the transmitting
coil. Meanwhile, it has to capture a signal from receiver coils. After that
capturing, the MCU will compute real and imaginary component from it,
and draw the path on display how the components are changing, or send
the result via wireless communication. These assignments are controlled by
software in the MCU. There will be implemented lock-in amplifier in the
MCU to compute the result.

. 2.2 Probes

As was mentioned earlier, the device works with a differential coil. The
analysis of various designs and their evaluation is made within the thesis. The
aim is on making coil itself, which can be separated in steps. The differential
coil consists of two receiving coils and one transmitting coil. These receiving
coils are wound on the ferrite cores and placed next to each other with a
thin air gap between them. On this construction is wound transmitting coil.
Between the receiving coils and the transmitting coil can be placed grounded
shielding. The parameters of the coils are critical for sensitivity and working
frequency.

ctuthesis t1606152353 4



Chapter 3

Non-destructive testing

The basic idea of non-destructive testing (NDT) is following. To determine
the quality or integrity of an item nondestructively, simply find a physical
phenomenon (the interrogating parameter) that will interact with and be
influenced by your test specimen (the interrogated parameter) without altering
the specimen’s function.[I8] Various technologies and methods are used to
fulfil this requirement. The term Non-destructive testing (NDT) is linked
with some technical terms. Let’s introduce them first:|[18)]

® Non-destructive Testing (NDT) generally refers to the actual test only.

® Nondestructive Evaluation (NDE) implies not only the test but also its
role in the process. This is the most general definition among all the
terms.

® Nondestructive Examination (NDE) is typically used in areas other than
process control.

® Nondestructive Inspection (NDI) is, like non-destructive examination,
typically used in areas other than process control.

® Nondestructive Characterization (NDC) refers to the specific characteri-
sation of material properties. NDC, of all the references, probably has

the most restricted use.

® Non-destructive Sensing (NDS) generically refers to the use of sensors to
derive information nondestructively. Here there is no specific implication

5 ctuthesis t1606152353



3. Non-destructive testing

Some of these terms are interchangeable in practice. In this thesis, the term
NDT is used to imply the problematics. The NDT uses various measuring
methods to enlarge a set of measurable materials and their defects. These
methods can be sorted into six categories. They are:[§]

Visual and Optical Testing (VT)

Penetrant Testing (PT)

Magnetic Particle Testing (MT)

Electromagnetic Testing (ET) or Eddy Current Testing (ECT)

Radiography (RT)

Ultrasonic Testing (UT)

VT is based on looking for a defect by a human’s eyes. The tools used
in this type of testing are microscopes, magnifying glasses, mirrors etc. At
basically the PT is the same base as the VT. In compare, it uses special
fluorescent dye. The material is coated with a dye, once it dries the dye is
removed, and remaining dye is trapped in imperfections of the material. The
objects are then controlled by ultraviolet (UV) light and operator’s sight.
MT is based on imperfection distortion of the magnetic field of ferromagnetic
material around the defects. Ferromagnetic dust is used as a testing medium.
The medium is cumulated around the defects of the material, and it makes
visual identification of the defect. ECT uses eddy currents, which are induced
in testing material. These eddy currents are excited by alternating current
in a coil. The non-homogeneities affect the direction and amplitude of eddy
currents. The eddy currents are sensed by receiving coils and processed by
instrumentation. RT techniques are used to show the penetration of the
X-rays through the subject. The result is a shadowgraph of a part. It is
commonly known in hospitals to show broken bones, for example. UT works
with the propagation of the ultrasonic wave in the material. The defects in
the material make echos, which are sensed by a receiver. A particular sort of
UT is acoustic emission testing. It measures the acoustic emissivity of the
stressing structure.[§]

This thesis works only with ECT, which is discussed in more detail.
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3.1. Eddy current testing

B 3.1 Eddy current testing

The basic idea of ECT is in the measurement of the eddy current induced
in the material by an alternating magnetic field. With this principle, the
inspection of multiple parameters can be done, for example, cracks and non-
homogeneities of the material can be found, the thickness of the top layer of
paint can be estimated, the conductivity of the material can be measured.
There are more techniques of how to measure with ECT described below.

B 3.1.1 Basic principle

The alternating magnetic field is generated by a coil, which is exited by
alternating current. In the inspected metal are induced eddy currents. These
currents interact with the opposite force to the excitation energy. Thus,
the parameters of magnetic circuit changes and parameters of excitation
coil changes. This phenomenon is named mutual inductance. When a
defect appears on the affected area of eddy currents, the parameters change
in comparison of non-defected area. These differences are captured. The
interaction between the measuring coil and measuring material is represented
in Fig. |3.1| (adapted from [7]).

I Coil's
Coil ma'gn/etic field
Eddy Eddy current's
currents magnetic field

S /\\ 2

Conductive Material

Figure 3.1: Mutual inductance of coil and material

This principle is used in more forms of ECT. Specific measurements differ
by excitation waveforms, frequency, type of probe and with signal processing.

With the ECT is linked term depth of penetration. It defines how the

7 ctuthesis t1606152353



3. Non-destructive testing

current density in the inspected material is spread. Eddy current density
decreases exponentially with depth. This phenomenon is known as the skin
effect. The depth that eddy currents penetrate into a material is affected
by the frequency of the excitation current and the electrical conductivity
and magnetic permeability of the specimen.[6] The ECT defines multiple
depths of penetration. Where the current density decreases to 37% (%),
the standard depth is defined. The second standard depth of penetration is
defined in 13.5% of the current density, and the third is defined in 5% of the
current density. The standard depth of penetration can be computed from

the following formula:[6]

1
b= e (3.1)

where 0 is standard depth of penetration [mm], f is frequency [Hz], p is
magnetic a permeability [%] and o is electrical conductivity [%IACS)].[6]

The representation of the depth of penetration is in Fig. 3.2 (adapted from

[6])-

Eddy Current Depth of Penetration
AC AC

€ Test Coils €
———— S

Standard Depth

"__—_-__:"_H_,,..a-r-“"d of Penetration ™ |-
£ - {skin depth) Tl o
N T @
Wi = = =
i 1/e or 37% of -
4 surface density I
g

Eddy Current Density Eddy Current Density
High Frequency Low Frequency
High Conductivity Low Conductivity
High Permeability Low Permeability

Figure 3.2: Representation of depth of penetration

The received signal changes compared to the reference excitation signal.
If the excitation signal is harmonical, a phase-shift and an amplitude-shift
are taken to an account. Lock-in amplifier process these types of signals. If
the excitation signal was not harmonical (usually square signal or pulses) the
difference is in the shape of the received signal. It can be processed with
likelihood algorithms or artificial intelligence.
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3.1. Eddy current testing

B 3.1.2 ECT Probes

Sensing the above mentioned phenomenal can be done with various probes.
Between basic types of probes belongs absolute probes and differential probes.
The details of these probes are described below. These types can have many
possible constructions. Their coils can be wounded on ferromagnetic cores,
and they can be shielded, they can differ in sizes etc.

Bl Absolute

This type of probe consists of one wounded coil. The coil serves as an
excitation coil. The signal from a generator is connected to the probe, so
the probe has voltage and through it flow current. These two quantities
are sensed and processed. As the probe is passing different environments,
its parameters are changing. This causes the change of voltage and flowing
current. An absolute probe is shown in Fig. (adapted from [10]).

~

] \ [
>
Eddy currents flow

Figure 3.3: Construction of the absolute probe

I Differential

Differential probes are more sophisticated than the absolute probes. They
consist of two receiving coils and one transmitting (excitation) coil. The
receiving coils have ideally the same parameters, and they are placed next
to each other. The excitation coil is wounded around the receiving coils.
While the coil passes through the material with flaws, the induced voltages
of receiving coils differ. The receiving coils are connected anti-serial, so the
induced voltages are subtracted. Because of that, the sensitivity of these coils

9 ctuthesis t1606152353



3. Non-destructive testing

is better than the sensitivity of absolute coils. This thesis is aimed to design
and manufacture this type of coil. There exist probes, only with two coils,
which acts as excitation coils. The signal evaluation is done the same way as
a signal from absolute probes. Construction of the differential probe is shown

in Fig. (adapted from [10]).

Eddy Currents Flow

! !

Figure 3.4: Construction of the differential probe

B 3.1.3 Lock-in amplifier

When the excitation signal is harmonical, the evaluation of the signal is done
by the lock-in amplifier (LIA). In general, LIA’s task is to filter the desired
signal from the surrounding noise. In many cases, the amplitude of the noise
is more significant than the amplitude of the required signal.[I] Block diagram
of the lock-in amplifier is in Fig. (adapted from [12]).

Mixer

Input Signal V(1)

=

v

B
P

Oscillator

O Reference
~y
Signal V (1)

90° t ©

Jg )
Pl
| =

=
>
®
s

v

=

LPF

V(1)

r

Figure 3.5: Block diagram of lock-in amplifier
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3.1. Eddy current testing

As can be seen, the reference signal is used for excitation, and it is used
for the processing of the received signal. In the processing part, the reference
is divided into two signals. One is in phase with the reference, and the
other is phase-shifted of ninety degrees. The received signal is multiplied by
these two references. This step creates two signals with the various mean
value obtained by two low-pass filtres which follows by the multipliers. The
filtering creates an in-phase (I) and quadrature (Q) components (or real and
imaginary) of the signal in relation to the reference. In ECT, the I and Q
signal are displayed into the impedance plane diagram. The mathematics
which defines this process is described below (adapted from [4]). The input
signal can be desribed as equation (3.2).

Uin = Usignal Cos(wreft + ®signal) (32)

where Uy, is received signal, Ug;gnq is amplitude of the signal, w,. is radian
frequency of received signal, ¢ is time and ©4;gnq; is phase of received signal.

Two reference signals are defined by equasion (3.3)) and (3.4).
Urefsin = Uref Sin(wreft) (33)
Urefcos = Uref Cos(wreft) (34)

Now, the Usignar (3.2) is multiplied with Urefsin (3-3) and Urefeos (3.4).
Obtained equations (3.5) and (3.6)).

U= UinUrefcos =
1 1
= iUsignalUref COS(@signal) + iUsignal Uref COS(ZWreft + @signal) (35)
UQ = UinUrefsin =
1

. 1 .
= iUsignalUref Sln(2wreft + @signal) - iUsignal Uref Sln(@signal) (36)

When these signals are passes thought the low-pass filter, the in-phase and
quadrature signal is obtained. Equations (3.7)) and (3.8]) represents this step.

1

I= iUsignalUref COS(Gsignal) (37)
1 .

Q - iUSignalUref Sln(Gsignal) (38)

The I is in-phase component and the () is quadrature component of the
received signal.

Lock-in amplifier can be realised from discrete components, or it can be
implemented in software. Let’s focus on realising it by software. Assume
that we have the hardware, which is generating a reference signal to the
device under test (DUT) and sampling the received signal. The sampling rate

11 ctuthesis t1606152353



3. Non-destructive testing

of the input signal must be the same as the sampling rate of the reference.
For the multiplying, we need reference signal in-phase and ninety degrees
phase-shifted signal. It can be done by shifting array which stores the data
for the reference signal. The corresponding samples are multiplied. Then,
the mean values through whole arrays are computed, to get the I and Q
components from the multiplied arrays. A block diagram of digital lock-in is
in Fig. 3.6/ (adapted from [11]).

...................................

.......................... DSP
i : Oscillator
2 DAC )& <& sin || cos
External |
Low Pass P X
System Filter —>>->

o]

LOVY Pass _>> > Y
Filter ;

Figure 3.6: Block diagram of digital lock-in amplifier
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Chapter 4

Hardware

The physical part of the measuring device can be divided into a mechanic and
electronic part. This chapter describes the elements of these two parts in a
detailed plane. The mechanical part of the device is built onto a double-sided
printed circuit board (PCB). There is placed rotary encoder, which acts as
an interacting element of the device. On the opposite side is soldered a pin
header, which is used as a connector for the probes. There is also mounted a
3D printed plastic construction with the battery holder. The electronics part
is made of surface mounted devices (SMD) which are soldered on the PCB,
that electrically connect the components.

. 4.1 Microcontroller

The central component of the measuring device is a microcontroller (MCU).
In general, an MCU consists of a processor core, random-access memory
(RAM), read-only memory (ROM), data buses and many peripheral circuits
in one package. It stands for every data processing, or data transfer, and
it can interact with the surrounding parts thanks to its peripherals. In this
work, the MCU is used to generate a signal to the transmitting coil, convert
and process the waveform from the receiving coils and represent the results
on display, eventually, send it via Bluetooth. The device is primarily battery-
powered, and because of that reality, the low-power MCU was chosen. The
MCU with the right peripherals and parameters was needed to accomplish
these specific requirements. The picked MCU is made by STMicroelectronics,
from their low-power family, it is ST32L475RGT6.

13 ctuthesis t1606152353



4. Hardware

B 4.1.1 Overall description

The microcontroller mentioned above is based on ARM®) Cortex®-M4 32-bit
central processing unit (CPU) core with a floating-point unit (FPU), adaptive
real-time accelerator (ART Accelerator™) and digital signal processing (DSP)
instructions[22]. Flash memory of the MCU is 1MB large, and the operational
memory (RAM) has 128kB. It has ultra-low-power features, which enable to
reduce the MCU power consumption to 30nA.[22] The MCU is in an LQFP-64
package. An overview look at what the MCU includes is shown in a simplified
block diagram at Fig. (adapted from [21]).

STM32L475

Connectivity
USB 0TG

1x SD/SDIO/MMC,
3x SPI,

Timers

ARM® Cortex®-M4 CPU
80 MHz
FPU
MPU
ETM

17 timers including:
2 x 16-bit advanced
motor control timers

3x I2C,
1x CAN, 1x Quad SP|,
5x USART + 1 x ULP UART,
1 x SWP

2 x ULP timers
7 x 16-bit-timers
2 x 32-bit timers

e DMA
e o Analog
2x SA ARTEccelersint 3 16-bit ADC, 2 x DAC,
DFSDM (8 chénnels] Up to 2 ;zogip::tors,
1-Mbyte Flash p amps
with ECC 1 x Temperature sensor
Dual Bank
128-Kbyte Parallel Interface
1/0s RAM FSMC 8-/16-bit

(TFT-LCD, SRAM,

NOR, NAND)

Up to 114 1/0s
Touch-sensing controller

Figure 4.1: STM32L475RG components diagram

B 4.1.2 Peripherals

The MCU has a lot of peripherals and features. There are mentioned only the
crucial parts for the application such as digital to analog converter (DAC) for
signal generating, analog to digital converter (ADC) for signal sampling, direct
memory access (DMA) for autonomous data transfer between peripherals
and memory, timers for various usages, serial peripheral interface (SPI) to
communicate with the display, universal synchronous/asynchronous receiver-
transmitter (USART) to react with Bluetooth module and extended interrupts
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4.1. Microcontroller

and events controller (EXTI) to capture interaction from the rotary encoder.

Bl DAC

There are two 12-bits voltage output DAC. Block schematic of DAC peripheral
is shown in Fig. (adapted from [23]). In the thesis is used only one DAC as
a generator of waveforms for the excitation coil. The DAC is configured with
DMA transfer data RAM, where are loaded waveform points, with conversion

on the external trigger from the timer, which generates the sample rate. The
basic DAC features are listed below:[22][23]

8-bit or 12-bit output mode

Buffer offset calibration (factory and user trimming)

Noise-wave generation

Triangular-wave generation

DMA capability for each channel

External triggers for conversion

S, |- ; S— VODA
i Offset calibration
3 Control registers Sample & Hold Registers \@
‘ & logic Channell TSAMPLEL .
|
| | TSEL1[2:0]
] —
e .
3 TIMZ_TRI DAC L=
WERCT | s | oac_pom v> s 2
|| TiM4_TRIG — 12-bit converter 1 | Q
I [EXTI9_TRI | g
SW_TRI !
MODE1 bits : P \
LSl clock dac_out1
DAC channel 1
APB1 Bus 'On-chip
Peripherals
VSSA MSv36023V4

Figure 4.2: Block diagram of DAC peripheral
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4. Hardware

B ADC

The device has three embedded successive approximation ADCs. Every ADC
has 12-bit resolution. Simplified block diagram of the converter is in Fig.
(adapted from [23]). The thesis uses two ADCs. One is used for sampling
the signal from the receiver coil. It is configured to simultaneously sample
data with DAC. That means that is used the same timer to trigger ADC.
After the sampling is done, the data are transferred via DMA to RAM. The
essential features of ADCs are the following:[22][23]

12, 10, 8 or 6-bit configurable resolution

Self-calibration

5.33 Msps maximum conversion rate with full resolution

Up to 16 external channels

Oversampling ratio adjustable from 2 to 256

Start-of-conversion can be initiated by hardware or software

3 analog watchdogs per ADC

Vrers
1.62t0 3.6V
e

Cortex
M4 with)
FPU

* rRQ

AREADY-
EQSMP-]

EOC ADC Interrupt

EOS+
OVR
JEOS

JQOVF4 @
AWDx-]

[ roRmiTo >

AUTDLY
auto delayed!

ADSTP
stop conv

sampling time

start

o
a
JAUTO ma:ag Q%Upp_lgy S(Y;DD ) 5 JDATAI[ 11 aster
i to 3. >
ADC_JSQRx ° 2 DMA
2 AHB
L—I_\ interface DMA request
-------- 1 w
Bias & Ref L __18 _ (1) -
DMACFG
self calibration Oversamplor DMAEN
y Input
ADC_INP[18:1] selection & v. SARADC DFSDMCFG
ADC_INN[16:1] . & I — ROVSM
analog input 0T CONVERTED
channels SMPx[2:0] = DATA

overrun mode

ALIGN
leftiright

Figure 4.3: Simplified block diagram of ADC peripheral

H DmA

TROVS
OVSS[3:0]
OVSR[2:0]

JOVSE

ROVSE

As was mentioned above, ADC and DAC peripherals use DMA. DMA is
connected on bus matrix and peripherals and can control the flow of the data
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4.1. Microcontroller

between peripheral and memory or between memory and memory indepen-
dently on the activity of the CPU, so the CPU is free for other operations.[22]
The MCU has two DMAs. Block diagram of the interconnection of the DMA
in the MCU is in Fig. 4.4 (adapted from [23]). Main features of the DMA
controller are listed below:[22][23]

® 14 independently configurable channels (requests)
® Each channel is connected to dedicated hardware DMA requests

® Support of transfers from/to peripherals to/from memory with circular
buffer management

® Programmable priorities between requests from channels of one DMA (4
levels)

® Transfer size of source and destination are independent (byte, half-word,
word)

® Generation of an interrupt request per channel
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Flash interface

SRAM1

SRAM2

FMC and QuadSPI

AHB2 peripherals
with DMA capability:
ADC1, ADC2, ADC3, AES?,
HASH™, pcMmI™

CRC |

TsC |

Reset and clock control (RCC) |

APB2 peripherals
with DMA capability:
DFSDM1, SAI1, SAI2, TIM1,
TIM8, TIM15, TIM16, TIM17,
USART1, SPI1, SDMMC

K Thus — I-Code
Cortex®-M4 with FPU K Dbus _ > D-Code
"5
- S-bus > <
X
1%
E
a L
DMAT @
Ch7 -—
ARBA
DMAZ2
ChA
<‘,:DMA
Ch7 ]
— Bridge APED
— 2
_B”fge APB1
DMA requests

(1) only available on STM32L49x/L4Ax devices
(2) only available on STM32L48x/L4Ax devices

APB1 peripherals
with DMA capability:
SWPMI1, LPUART1,
DAC_CH1, DAC_CH2, 12C1,
12C2, 12C3, 12C4', USART2,
USART3, UART4, UARTS,
SPI2, SPI3, TIM2, TIM3, TIM4,
TIMS, TIM6, TIM7

MSv49706V2

Figure 4.4: Block diagram of DMA peripheral

B Timers

Three timers are enabled in the device. Two of these timers are used for
ADC-DAC chain. One is generating pulses for DAC to trigger the DMA
memory read, and the second is triggering sampling of ADC. The last timer is
used for managing events of the rotary encoder. In this article, only the basic
timers are discussed. The particular cases of timers usage are described in the
software section. The MCU has 16 timers with various features. The block
diagram of basic timers is visible in the Fig. (adapted from [23]). When
the timer is enabled and clocked over programmable prescaler, it counts the
pulse in CNT counter up to a value saved in the auto-reload register (ARR).
Once the value of the CNT reaches the value of ARR, the event is generated.

The features of basic timer are:[22][23]

B 16-bit auto-reload upcounter

ctuthesis t1606152353
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4.1. Microcontroller

® 16-bit programmable prescaler used to divide by any factor between 1

and 65535

® Synchronization circuit to trigger the DAC

® Interrupt/DMA generation on the update event: counter overflow

TIMxCLK from RCC

Trigger |_TRGO |
Internal clock (CK_INT) controller to DAC

Reset, enable, Count
Control |

Auto-reload register

U ul

e
Stop, clearorup | —————
U A
CK_PSC PSC | CK.CNT [, i
— prescaler ——————> counter |
Figure 4.5: Block diagram of basic timer
Hl spP

Serial peripheral interface embedded in the MCU supports communication
via SPI protocol. Block diagram of SPI of the MCU is shown in the Fig. |4.6
(adapted from [23]). The only component, which communicates via SPI with
MCU is the display. In this case, a uni-directional mode is used. The LCD
is a slave and MCU is configured as master and controls the data flow and
generates a clock ticks. In the MCU there are three SPI peripherals. Its main
features are following:[22][23]

Master or slave operation

Full-duplex, half-duplex or simplex synchronous transfers

4 to 16-bit data size selection

Communication up to 40 Mbits/s in master and up to 24 Mbits/s slave

Multimaster mode capability
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® Programmable clock polarity and phase

B Programmable data order with MSB-first or LSB-first shifting

® Hardware CRC feature

Address and data bus >

< 1/ \.- Read
— Rx
[ FIFO—]
CRC controller
MOSI I: =
MISO Shift register -
RXONLY
CRCEN
CPOL CRCNEXT
CPHA CROL
—— Tx — DS[0:3]
[ FIFO ]
Write Communication
BIDIOE controller
Baud rate BRI2:0] 1
SCK Y | generator Internal NSS
\ A
L NSS
NSS T logic
MS30117V1

Figure 4.6: Block diagram of SPI peripheral

B USART

Used Bluetooth module is communicating with the system via asynchronous
serial communication named universal synchronous/asynchronous receiver-
transmitter (UART). In this case, only receiver (RX) and transmitter (TX)
signals are used. The Bluetooth module emulates console, and its configuring
is done using commands coded in American standard code for information
interchange (ASCII). The peripheral block diagram of the built-in peripheral is
shown in the Fig. 4.7 (adapted from [23]). USART’s basic features are:[22] [23]

® Full-duplex asynchronous communications

® Configurable oversampling method

® A common programmable transmit and receive baud rate of up to 10
Mbit /s

® Auto baud rate detection
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Swappable Tx/Rx pin configuration

4.1. Microcontroller

Programmable data word length (7, 8 or 9 bits)

Synchronous mode and clock output for synchronous communications

® Parity control
® Fourteen interrupt sources with flags
PRDATA PWDATA
Read Write r[ DR (data register)
(cPuorbma) [ (CPUGrDMA) ™ /7
|Transmit shift register | Receive shift register |
IrDA SN
SIR g m— - v -
TX 3+ Transmit data register Receive data register
ENDEC
RX[ 1> (TDR) (RDR)
block
4 [
J USART_GTFR register |
4 GT CK control CK
I N
| USART CR3 register | [ USART_GR2 register |
| USART_CR2 register |
[ USART_CR1 register |
h 4 \ [
RTS/ Hardware
DE | flow
CTS controller ¥ y Receiver
Transmit Wakeup Receiver clock
control unit control
T t 1
| USART_CR1 register ‘ | USART_ISR register
L
USART
interrupt
control  [¥
USART_BRR register
TE —» Transmitter
v rate controller
/USARTDIV or 2/USARTDIV ’7
Transmitter (dependnjg on the BRR[15:0]
clock oversampling mode)
(Note 1)
Receiver rate
RE—»  controller
fex
(Note 2) Conventional baud rate generator
MS19821V7
Figure 4.7: Block diagram of USART peripheral
B EXTI

There is a rotary encoder to control the device which is connected directly
on the MCU. These pins have configured pull-up resistors. The controlling

21
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4. Hardware

events, as rotate left, rotate right and push, are asynchronous. The MCU
has peripheral named Extended interrupts and events controller (EXTI),
which can catch these asynchronous signals and make an interrupt in the
MCU. In comparison with the cyclical testing of pins states, this solution
with interrupts saves CPU time. The diagram of EXTT is shown in Fig.
(adapted from [23]). Its main features are following:[22][23]

® Generation of up to 40 event/interrupt requests

B 26 configurable lines

® Independent mask on each event/interrupt line

® Configurable rising or falling edge (configurable lines only)
® Dedicated status bit (configurable lines only)

® Emulation of event/interrupt requests (configurable lines only)

[ APB bus |
PCLK —>| Peripheral interface |
Falling Rising Software :
trigger trigger interrupt EVET '"te"“km Pe"d'"?
selection selection event mgs ma_!st reqye:s
register register register register register register

v Interrupts
Configurable Edge detect D g
events circuit r;D 1 .
‘ Events

Stop mode Rising ’—1 )

Direct events 4D—|£ L/

detect
e

Wakeup

MS33393V1

Figure 4.8: Block diagram of EXTI peripheral

B a2 Signal amplifiers

There are needs on parameters of output and input signals. The operational
amplifiers (op-amp) are used to norm the signals. For the excitation of
the transmitting (TX) part of a probe, the impedance matching is needed,
because the output buffer of the DAC converter is weak. On the receiving
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4.2. Signal amplifiers

(RX) side, the signal has a variable amplitude and mismatching the design
of input norming amplifier could mean lousy resolution of the measurement.
The electronic schematic of signal amplifiers for TX and RX signals are shown
in Fig. [4.9

U&4A

DAC_OUT R2 3 AD8656 R3 c8
10k Ch4 1 -
2 150R  pouF
20pF

GND

Amplifiers

Figure 4.9: Schematic of TX and RX amplifiers

B 4.2.1 Transmitting

Because of the weak DAC output buffer on the MCU, the external buffer is
needed. It is done using an operational amplifier with these requirements:
low-voltage powered, rail-to-rail output, the possibility for the single polarity
powering and enough current output. The chosen op-amp is AD8656 by
Analog Devices. Basic features of this component are the following:[2]

® 2.7V to 5.5 V operation
® Rail-to-rail input/output

® Bandwidth: 28 MHz

The op-amp is connected as a voltage follower. Input has an RC low-pass
filter, to filter the higher harmonics from the DAC convertor. The cutoff
frequency was examined from the highest sampling frequency of DAC to
500k H z. The output buffer of the DAC has 5k resistance. The computation
is in equation (4.1).

1 1

= = = 531kH 41
2rRC 2 - (10000 + 5000) - 20 - 1012 2 (41)

fe

On the output of it is connected resistor to limit the output current and
electrolytic capacitor to filter the DC component of the signal.
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B 4.2.2 Receiving

The significant variance of the amplitude of the RX signal is the biggest deal
of the RX amplifier part. It consists of two stages. The first stage is made
by current-to-voltage converter realised by the standard op-amp. Choose
op-amp is AD8656. The second stage is used to amplify the output signal
of the converter. Because of variable amplitude, the op-amp with a digitally
selectable gain was needed. The chosen is LTC6910-10 made by Analog
Devices. Its basic features are listed below:[3]

Single or Dual Supply: 2.7V to 10.5V Total

Rail-to-rail input/output

Bandwidth: 11 MHz

3-Bit Digital Gain Control in Three Gain-Code Options

Selectable gains of 0, 1, 2, 5, 10, 20, 50 and 100V /V

B 23 Power management

The thesis aims at the design of a portable, battery-powered measuring device.
Its power circuit must contain elements to charge the battery correctly and
regulate the voltage from the battery in every condition. There is also a
requirement for the reduction of power consumption. This section describes
elements of the device’s power management and its interconnection. The
whole schematic of power management of the device is in Fig.

45V MCP73831-2-0T U3 +3.3V +3.3V
- VBUS 5

1
USB_B_Micro o +BATT NCP551 w
; IN ouT ? o o
EN
< oD-1 = 5 BT1 Y c3 o o ce Cc1a, C15. c16. uuc use
] 8650 ]
53 R
EEl 100n | 220F 101k J T 220F | 1000, J 22uF | 1000 | 100n | 100n
GND

S vear [3
:
a 1
PROGY STAT J:
2 pd , ADB656 | LTC6910
Power management

c17

|
T

S S

CH_STAT

11
GND GND

us
NCP551 433V

I

IN our

1
3v3EN 3y

o

Figure 4.10: Schematic of power management
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B 4.3.1 Battery

There are a lot of available types of batteries nowadays. The device works
with 3.3V, so the good choice is to get a battery with operational voltage
above this value. The chosen battery is li-ion with a nominal voltage of 3.6V
in 18650 type package made by Panasonic. The specifications of the battery
are below:[17]

Type: Lithium-ion rechargeable battery

Nominal Voltage: 3.6V

Nominal capacity: Typ. 3350 mAh

Length: 65.3 mm

Diameter: 18.5 mm

B Charging

Li-ion battery needs a specific charging process. In this case, the process
is done by MCP73831 circuit. The charging process is shown in Fig. [4.11
(adapted from [I3]). The circuit is powered by 5V from the micro USB con-
nector attached on the PCB. Features of the MCP73831 are listed below:[13]

Linear Charge Management Controller

Programmable Charge Current: 15mA to 500mA

Charge Status Output

Automatic Power-Down

Thermal Regulation

Package: 5-Lead, SOT-23
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Figure 4.11: Complete Charge Cycle (1000 mAh Li-Ton Battery)

B 4.3.2 Regulators

As was said before, the whole device works on 3.3V. This voltage is generated
by low-drop linear regulator NCP551. The basic features are listed:[15]

Output voltage: 3.3V

Output current: 150mA

® Low quiescent current of 4.0uA typical

High accuracy output voltage of 2.0%

Built-in enable pin

Package: 5-Lead, SOT-23

While the device is low-power, the voltage regulator with the low quiescent
current was required. There are two LDO to reduce power consumption when
the power is in the power-off state. One LDO is powering the MCU itself and
the second is powering the rest of the device. The LDO has an enable pin,
which controls the output voltage. While the device is in power-off mode, the
MCU disables the second LDO. That means that everything except the MCU
is not powering. When the MCU is waked up from the low-power mode, the
MCU enables the LDO for the rest components.
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B 24 LcD

Visualising data of eddy current NDT is usually done by drawing the path of
point in an impedance plane diagram diagram (in IQ plane). The position
of the point is determined by the imaginary and real part of the RX signal
relative to the excitation signal of the TX coil. The second purpose of the
display is to set up the device. On display is generated a simple GUI which
provides basic settings of the measuring parameters, display parameters and
BLE parameters. There is an alternative of the integrated display in the form
of Raspberry Pi and its python script.

The driver of the LCD is ST7789VW. The ST7789VW is a single-chip
controller/driver for 262K-color, graphic type TFT-LCD. This chip is capable
of connecting directly to an external microprocessor. Display data can be
stored in the on-chip display data RAM of 240x320x18 bits.[20] List of the
basic features of the driver is below:[20]

® Display resolution: 240*RGB (H) *320(V)
8 Frame memory size: 240 x 320 x 18-bit = 1,382,400 bit
8 LCD driver output circuits

® Interfaces: Parallel 8080-series MCU Interface (8-bit, 9-bit, 16-bit, 18-
bit), 6/16/18 RGB Interface, SPI Interface, VSYNC Interface

® Full color: 262K, RGB=(666) max.

#® On-chip power system

Displaying unit of the device is a 1.3 inches graphic colour LCD with a
resolution of 240x240 pixels. It has 12 pins which provide communication via
SPI. It has an integrated LED backlight. The LCD is attached by double-
sided tape, its flex connector goes through the PCB and is soldered on the
other side of the PCB.

B 4.5 Bluetooth module

Wireless communication of the measuring device with a master device is
mediated by Bluetooth Low Energy (BLE) standard. It uses radio frequency
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band internationally reserved for industrial, scientific and medical (ISM) use
(2.4 GHz radio frequency band). It is the same band as a classic Bluetooth
standard. Similar to classic Bluetooth (BT), BLE uses adaptive frequency
hopping spread spectrum to access the shared channel. However, the number
of hops is 43 and the channel width is 2MHz as opposed to 79 hops and 1MHz
channel width in classic BT. BLE uses a star topology network. Devices
using BLE are divided into slave and master. Slave devices are sending
advertising packets on dedicated channels, and master devices are looking for
them. Once the connection is established, both devices wake synchronously
to exchange frames. Both devices are in low power mode rest of the time.[19]
The communication is based on sending data via services and characteristics.
The topology profile of device’s communication is described in the generic
access profile (GAP). Data structure are defined in the generic attribute
profile (GATT). GATT contains services, and services contain characteristics.
Both of these expressions has its own universally unique identifiers (UUID),
and they have defined attributes.[16]

Used BLE module is RN4871, and it is made by Microchip. The RN4870/71
BLE module integrates Bluetooth 5.0 baseband controller, on-board Bluetooth
stack, digital and analog 1/O, and RF power amplifier into one solution. [14]
The module’s integrated controller is based on 8051 MCU core. Except for
these features, the module provides peripheral modules such as SPI interface,
ADC converter and much other. The full block diagram of the module is

shown in Fig. (adapted from [14]).

RN4870/RN4871
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Host SP1
[i:;“:g:;l [ Matching
: | S I 8051(16MHz) z | BTRF
J | Blu
BLE
e 32KB ROM Baseband S
= PWM | | g — CRYSTAL
Peripheral 24KB SRAM —Iv—
Device [
___________ | ADC-12b I Flash 256K8 |
Event
DMA D
Counter W PMU/MM
Peripherals
MCU
Temp.
Sensor LDOs
KHz
(o ] [ |
Ret-RAM ROSC our —— -
| RIC ” GPI3~PORT “ DO Detect Converter
* 11 Always On (AON)

A v * : GPIO pad on module

Figure 4.12: Block diagram of the RN4871
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The STM32L MCU is communicating with the module via the UART
interface. The RN4871 module generates an ASCII command interface, and
configuration commands are specified in the module’s datasheet. In default
mode, the module is using transparent UART service. This service is used
in the measuring system. The measuring device is defined as a slave. This
module is also used in a supervised device. It is used the same way as in
the handheld device, but it is defined as a master. So the desktop device is
connecting to the handheld device.

B 4.6 Overall design

These components are interconnected to create a functional unit. The designed
electronics schematic is shown in Fig. [4.13] On the schematic is based the
design of the PCB.
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Figure 4.13: Schematic of the device

. 4.7 Printed circuit board

The main part of the physical construction of the device is based on a
double-sided PCB. The PCB is made of a flat substrate from an insulating
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material on which are laminated copper foils. The insulating board provides
mechanical stability of a device, and the foils provide electrical connection
between electronics components. The copper foils are etched by various
technologies, such as chemical or mechanical, to make traces and designed
shapes on which are the components soldered.

Designing of the PCB was made in a free Electronic design automation
(EDA) software KiCAD. It is based on designing PCB according to the
schematic design. The schematic must be done before the PCB design starts.
The complete schematic can be found in the Appendix section in Fig.
The dimensions of the PCB are determined by dimensions of the biggest
parts of the device. The length is derived from the dimensions of the 18650
battery which has 65 millimetres on length. The battery is placed in the
holder, which is approximately 77 millimetres long. The width of the PCB is
derived by the LCD, which is 26.2 millimetres wide. The final dimensions are
80 x 26.2 millimetres without rotary encoder and connector for probes. On
the shorter sides are soldered rotary encoder and connector for the probe, so
the working device is longer. The final design of the PCB of the device is in

Fig. and Fig.

....

Figure 4.15: Bottom layer of PCB of the device

The photographic method was used to make the PCB. This method begins
with applying photoresistive paint to one of the copper layers of the PCB.
After the paint is dried, the design is printed on the transparent foil and
corrected any visible misprints. The positive picture is then placed on the
photosensitive side of the PCB and using the ultraviolet (UV) light the paint is
irradiated for about 20 minutes. Meanwhile, the solution of sodium hydroxide
(NaOH) and water are mixed in a concentration of 7%. The PCB is placed
in this solution where the irradiated paint vanishes a uncovers the copper
layer. To get off the residue NaOH solution, the PCB is washed under the
water. Now, the PCB is ready to etch the copper layer. The iron(III) chloride
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(FeCls) is used as an etchant. It takes about another 30 minutes, and the
PCB is ready for water wash and for drilling the holes. The same process
makes the second side. An acetone dissolvent removes the unwashed paint
and as the protective and soldering layer is used rosin dissolved in acetone.
When the rosin dries, the PCB is ready for soldering the components.

. 4.8 Probes

Multiple iterations of probes were made within the thesis. Every iteration
has a different design of an arrangement of coils. The aim of making probes
for the eddy current testing (ECT) device was to find the best solution in
term of sensitivity on tiny cracks in metal. Every probe shares the same
general construction that the receiving (RX) coils are wounded on ferrite
cores and placed next to each other in anti-serial connection. The TX coil is
surrounding the RX coils. The final results are derived from experimental
measurements. By the mechanical look, the coils hold together by plastic
construction which was designed and produced on a 3D printer.

B 4.8.1 Versionl

The first probe that was made is with two cylindrical ferrite cores with
dimensions of 15 millimetres on the length and 1 millimetre in diameter. The
RX coils are wounded on 3D printed frames which have a hole into which is
inserted ferrite core. These coils have 300 turns each made by 0.15-millimetre
in diameter copper wire. TX coil is also wounded on a plastic frame. Its
parameters are: 100 turns with 0.3-millimetre copper wire. The RX coils are
inserted into the plastic frame of the TX coil. Between the RX coils and TX
coil is aluminium shielding. This set of coils is mechanically fixed by shrink
tube. This solution avoids replacing any component of the probe or repair
the position of the coils. This coil has a significant error in induced voltage
between the two RX coils. Due to this, the resulting signal can not be much
amplified and has inadequate sensitivity on small cracks. The made probe is
in Fig. 4.16|
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Figure 4.16: Probe version 1

B 4.8.2 Version 2

The limitations of the first version were improved with the second version.
Because of lousy manipulation with small parts from the 3D printer, the
first modification was on the dimensions of the probe. In the second version
was used ferrite cores with dimensions of 15 millimetres on the length and 4
millimetres in the diameter. Construction is the same as in the first version.
RX coils are wounded with 0.2-millimetre copper wire with 200 turns, and
the TX coil is wounded with 0.4-millimetre copper wire with 80 turns, they
are in Fig. Shielding was made from a transformer sheet metal, and it
can be seen in Fig. This modification led to better results. Parameters
of RX coils were nearly the same. The only lack was in the way of the more
significant dimensions. The probe can be seen in Fig. 4.18

/'/
5 g
P r
:
£ 1
£ :
(a) : Wounded RX coils (b) : RX coils with shielding

Figure 4.17: Making of the probe version 2
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Figure 4.18: Probe version 2

B 4.8.3 Version 3

The last version of the probes combines both advantages of the previous
versions. It uses the same ferrite cores as version one. Compared to this
version, the RX coils are directly wounded on these cores. After the winding,
the coils were measured by L-meter and eventually adjusted to the same
value of inductance. Fixing RX coils was made by cyanoacrylate based glue.
The only 3D printed part is a frame for the TX coil. The multiple TX coils
were made and compared to get the best sensitivity. The manufacturing of
coil is never ideal, and parameters differ. The aim of the making of multiple
versions of coils is in to find the best compromise. The making process of
these coils is shown in Figs. [4.19al, 4.19b| 4.20a), [4.20b. The final assembled
coil with connector is in Fig.

wi ]

(b) : 3D printed frame of TX coil

(a) : Various RX coil of version 3

Figure 4.19: Making of the probes version 3
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(a) : Wounded TX coil on a 3D printed (b) : Probe with RX coils in TX frame
frame

Figure 4.20: Making of the probes version 3

Figure 4.21: Probe version 3 attached on the connector

B 4.9 Piastic parts

Another component in the mechanical stage of the thesis is plastic parts.
These parts were designed in Computer-aided design (CAD) software named
FreeCAD. When the parametric objects were designed, the stereolithography
(STL) files were generated which stands as an input format for the 3D
printer slicer software Simplify3D. This software generates instructions in
4-dimensional space (three dimensions for moving and one dimension for the
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amount of material) for the 3D printer in G-code language.

FreeCAD is a multi-platform, free and open-source, parametric 3D CAD
modeller. It provides a wide range of purposes of usage. In the thesis,
FreeCAD was used to model solids for the mechanical part of the device,
concretely to design the 18650 battery holder, the covering of the device and
frames for the coils. When the pieces are designed, the FreeCAD provides
a plugin to generate STL files (Mesh Designer). The design of the battery
holder is shown in Fig.

Figure 4.22: Design of battery holder

Next step belongs to slicer software Simplify3D. The exported STL files
from the FreeCAD can be loaded in Simplify3D and, by the printer-specific
setting, it generates instructions for the 3D printer. They are written in
G-code language and consists of linear paths with accelerations and speeds in
3-dimensional space and extruder information about the amount of supplied
material along this path. Sliced design of coil’s frame is in Fig. (this
case uses vase mode). The final print of the battery holder is in Fig.

To make from the designed and exported data a physical parts the 3D
printer was used. It is made from the mainframe with a movable axis which
provides 3 degrees of freedom. The plastic material is derived in the form
of a string, also filament, which is wounded on a spool. It goes through an
extruder, a system, which melts the filament and through a nozzle is material
derived into the place. The extruder has its stepper motor to control the flow
of the material. The 3D printed battery holder is in Fig.
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Figure 4.23: Coil frame prepared to print by slicing

Figure 4.24: 3D printed battery holder

B 210 Raspberry Pi

As a superior system for the measuring system is used. It is a single-board
computer running on Raspbian, the free operating system based on Debian.
The Raspberry Pi3 B+ is used in the thesis. Its main features are the
following:[9]

Broadcom BCM2837B0, Cortex-A53 (ARMvS8) 64-bit SoC @ 1.4GHz
1GB LPDDR2 SDRAM

2.4GHz and 5GHz IEEE 802.11.b/g/n/ac wireless LAN, Bluetooth 4.2,
BLE

Extended 40-pin GPIO header

4 USB 2.0 ports
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® DSI display port for connecting a Raspberry Pi touchscreen display

® Micro SD port for loading your operating system and storing data

It is used an LCD display with touchscreen for the Raspberry Pi used in the
thesis. The display has 800 x 480 pixels resolution, and it has 7 inches in
diagonal. The LCD has a mechanism to attach the Raspberry, so the single
unit computer was created. The Raspberry Pi provides a BLE interface, but
there was a problem with the compatibility of the BLE module. Because of
this, the reduction for RN4871 was made to connect to the Raspberry’s pin
header. Raspberry Pi has RN4871 module connected on pins GPI014 (TX),
GPIO15 (RX) and GPIO2 (RST). For the mechanical stability, a PCB was
made to Raspberry’s pin header. The design of the PCB is shown in Fig.

The whole setup is shown in Fig.

Figure 4.25: Raspbery Pi external BLE module

Figure 4.26: Raspbery Pi with LCD and BLE module
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Chapter 5

Software

Intangible section of the thesis is its software. In this chapter, the software
(SW) written for the thesis is described. It can be divided into two elementary
parts, SW for the handheld device (MCU) and SW for the desktop device
(Raspberry Pi).

B 51 mcu

Integrated development environment (IDE) named Eclipse was used to write
the program for the MCU. This IDE has installed expanding platform for
developing apps for the STM32 type microcontrollers named STM32CubelDE.
Project for the STM32L475 is written in C programming language. There
were not used external libraries for controlling peripherals by the third party.
All of the libraries were written primarily for the thesis.

The task of the MCU’s software is to control, compute and represent
captured data. It begins on generating waveforms for the TX coil and
simultaneously to this job save the converted signal from the RX coils. Then,
the implementation of the lock-in amplifier is computing this data to get
imaginary and real components of the signal. The last step of this measuring
chain is to represent or send data. Representing data is done on display in
the form of drawing the path of the computed data from lock-in. Except for
this task, the MCU is generating and serving graphical user interface (GUI),
which provides settings of the measurements parameter and device setting
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such as displaying parameters and BLE settings.

B 5.1.1 Sampling

The flow of the code determined to control the data sampling is represented
in Fig. [5.1. In this text, the description is provided for this flowchart. First
operations what the code does is concerned with DAC and ADC peripheral
initialisation. This process is related to the setup of the basic timer TIM6 and
DMA peripheral. DAC peripheral is configured to be triggered on the TIM6
event and to be fetched via DMA peripheral. The similar process is done on
ADC. To acquire simultaneously sampled data, the source of the trigger is the
same as the DAC (timer TIM6). Saving data from this peripheral to memory
is done using DMA. The DMA peripheral is transferring data for DAC and
ADC. In the case of DAC, the dedicated DMA channel sends data to the
peripheral from allocated memory. To accomplish continuous data fetching
and generating continuous waveforms, the DMA is configured in circular mode.
For the ADC peripheral is a dedicated channel configured for transferring data
from peripheral to memory. The single conversion has a length of one period
of the waveform, so the DMA is configured as a non-circular. Configuration
of TIM6 is done by enabling trigger output (TRGO). The prescaler (PSC)
and auto-reload register (ARR) defines the sampling rate of the DAC. Values
of both registers differ by the set frequency. After these peripheral are ready,
the computation of waveform samples and saved in specified memory space is
done. In this case, the device can generate sinusoidal waveforms. The number
of points and values depends on the frequency and amplitude parameters.
In this point, the DAC can be turned on, and the sampling can start. Once
the request to start sampling is given, the interrupt from the DMA channel,
dedicated for DAC, on the transfer done event is enabled, to get the beginning
of the period. In this interrupt is enabled sampling of the ADC peripheral,
and the interrupt from DMA ADC channel is enabled. Once all of the ADC
conversions are done, the sampled data are added to a global variable designed
for future averaging. This process repeats until all periods are sampled. At
this point, the sampling is done, and average values can be computed. Now,
the data are valid.
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DMA IRQ

DAC, ADC Init DMA ch DAC IRQ |

!

| Disable DMA ch DAC IRQ |

!

| Enable DMA ch ADC IRQ |

!

| Start ADC sampling |

Compute waveform

DMA, TIM6 Init

| Wait until DAC stabilised |
I

DMA IRQ

Conversion fetched? | DMA ch ADC IRQ |

!

| Start ADC sampling |

!

| Disable DMA ch ADC IRQ |

!

| Save data to averager Array |

Enable TIM7 IRQ

TIM7 IRQ

| Enable DMA ch DAC IRQ |

All periods captured?

| Compute average |

Figure 5.1: Sampling program flow

B 5.1.2 Data processing

A digital lock-in amplifier is implemented to get representable data from
sampled ones. Flowchart of implementation is in Fig. The first operation,
as can be seen in the flowchart, is to compute the mean value from the
samples data. The program flow then goes to the cycle, where the computed
mean value subtracts all the samples. These values are then multiplied with
corresponding points of sinusoidal and cosinusoidal functions. The results are
saved in two arrays. From these arrays are computed mean values, after the
cycle. This procedure implements a low-pass filter. These two mean values
correspond to a real and an imaginary component of the signal. The values
are saved into the arrays and can be represented.
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Lockln Init Lockin compute

Compute sin and cos arrays Compute mean value

with corresponding samples from sampled data

4

Substract mean value from sample Compute mean value from | array

v v

Multiplying sample with sin sample

Compute mean value from Q array

v

lSave | and Q values to result array‘

Save this element to | array

l Multiplying sample with cos sample ‘

Save this element to Q array

Figure 5.2: Data processing program flow

B 5.1.3 User interface

The mission of the user interface is to generate and serve a human-machine
interface (HMI). It represents measured data and enables to change parameters
of the device. The interacting element of HMI is a rotary encoder, which is
placed on the handheld device. The user interfaces define four types of events
from the rotary encoder. They are rotate left, rotate right, short press and
long press. The input pins are configured on interrupts via EXTI peripheral,
to catch these events. The interrupts are generated when a change on pins
come. Logic statements in interrupts then decide what type of event it is.
There is an attached timer (TIM4) with three capture compare channels
enabled, to prevent generating false-positive events. The interrupts of these
channels are preventing to take unwanted bouncing of the contact of the rotary
encoder. The corresponding events are stored in the status register. The main
thread of the program is cyclically checking the state of this status register.
When an event comes, the program reaction is based on the actual page and
marked line. On the end of this event is called the UI updating service. A
particular element of the Ul is a continuous measuring and representing data
on display.
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B 52 Raspberry Pi

As a desktop device for data representing is used Raspberry Pi. The software
which draws the path of the measured data is written in Python 3.7 language.
To get work with the Bluetooth module (RN4871) is used internal UART
communication. Its pins are on embedded pin header. For communication
with the module, the library named pyserial is used. Received data from the
Bluetooth module must be modified and stored in lists. For the modification
of data, the library named numpy is used. And finally, for the plotting graph,
the library named matplotlib is used. Program flow of the data getting and
data representation is shown in Fig. |5.3|

First of all, the program initialises serial communication for the module.
Then the module resets via its hardware reset pin. Optionally, the factory
resets can be done. The module is then configured with the required parame-
ters. The configuration includes software resets to update variables. After
that, the module tries to connect to the handheld device. The output of the
module is testing for the string “%USTREAM__OPEN%”, which means that
the Raspberry Pi can communicate with the handheld device. Now, the plot
is being ready to draw the data from lists. The handheld device immediately
sends measured data in raw 4-byte float format. The code reads it and saves
it into the list. The plot is then updated with new data.

Init uart, gpio

| Hardware reset of module

Prepare plot

| Configure module |

Stream opened?

Wait for 10 Bytes End
Compute raw data
| Software reset of module Ii Refresh plot

Figure 5.3: Flowchart of Raspberry Pi program
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Chapter 6

Results

Within this thesis was created a measuring system for eddy current testing
techniques. The solution consists of the battery-powered handheld device
with replacement probes, several types of probes and desktop visualisation
system. This chapter describes these parts from their functionality and how
they were made. The aluminium sheet with artificial flaws was made for the
evaluation of detectability of the device.

. 6.1 The device

On the beginning of the evaluation was created a prototype device to test a
various design of components. The prototype was built on universal PCB.
The developing of the device took place step by step. First The DAC with
excitation amplifiers were designed, then the ADC part was designed. When
the data were sampled, the development of LTA and GUI was made. The final
design of the device is based on the gained knowledge from the prototype
device. The prototype device with all of the components is shown in the

Appendix section in Fig.

When the prototype’s design was debugged, the designing of the final
version started. Schematic design of the final device can be found in the
Appendix section in Fig. From the schematic, the PCB was designed
and made. The photos of the manufacturing of the device can be found in
the Appendix section in Figs. [A.2] [A.3] [A.3| [A.5] [A.6. Then the PCB was
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mounted with components and MCU programmed. At final, the device got a
battery holder, and the case was attached. The complete handheld device is
shown in Fig. [6.1.

| MAIN PAGE Ty

§l start Measuring
1 Measure Settings
7| Display Settings
7l BLE settings

E Power OFF

Figure 6.1: Final handheld device

The device’s functionality provides to an operator set the parameters
critical for ECT. The setting is made by GUI on its display. Among the
settable parameters belong frequency and amplitude of excitation signal, the
number of averaging periods, gain of receiving op-amp. These parameters
setup the measurement variables. Parameters, which are settable and serves
for display settings are enabling/disabling drawing received waveform, 1Q
plane, the scale of IQQ plane, shading feature enable/disable and the number of
points of shading feature. The last settable parameter belongs to turn on/off
BLE peripheral. Several screens of the GUI do the setting, and parameters
changing is done by rotary encoder. All of the available screens of the device
are shown in Fig. 6.2,

MAIN PAGE MEASURE SE

start Measuring Frequency: 1 kHz
Measure Settings >AmpTitude: 100 %
Display Settings Averaging: 10 per
BLE Settings Gain: 10x

Power OFF

EDDY
CURRENT
FLAW
DETECTOR

ondrej Fidra v. 1.0

DISPLAY SE

IQ Plane: SHOW
waveform: SHOW
scale: 1
Shading: ON
Points: 50

BLE SETTIN

>Power: OFF
State: Disconnected

Figure 6.2: Screens of the device’s GUI

The handheld device cooperates with a desktop station based on Raspberry
Pi. It provides data representation on a 7 inches LCD. The example of
data representation on Raspberry Pi is shown in Fig. 6.3, where is detected
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artificial flaw type hole. Eventually, there is a possibility to export measured
data via a Python script. The whole composition is in Fig.

2000

1500

1000

500

0

—500

—1000

—1500

—2000
—2000 -1500 -1000 -—500 0 500 1000 1500 2000

Figure 6.3: The detail of a graph generated on Raspberry Pi

Figure 6.4: The ECT measurement system

. 6.2 Probes

An inseparable part of the ECT measurement device is a probe. Within
this thesis was created 3 versions of differential probes. Its construction is
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described above in section The resulting sensitivities of the coils were
determined by detecting artificial flaws. The testing subject can be seen
in Fig. 6.5l It is a sheet of duralumin sheet with drilled holes as artificial
flaws. It consists of one hole of diameter 4 millimetres, two smaller holes with
diameter 2 millimetres and 3 holes with diameters of 1, 0.8, 0.6 millimetres.
The coil version 1 has poor balanced RX coils, so the high gain can not be
used. Thus it is not able to detect smaller holes than 2 millimetres. Probe
version 2 is well balanced, but its disadvantage is in its dimensions. The high
gain could be used. Nevertheless, it could not be able to detect smaller holes
than 2 millimetres. Version 3 probes combined small dimensions and well
balanced RX coils. It could visualise all of the available types of flaws created
on the sheet. The response of the measuring device on different types of holes

can be seen in Fig.

Figure 6.5: Testing sheet of metal with artificial flaws

Figure 6.6: Result of the measurement of more flaws
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Chapter 7

Conclusion

This thesis provides a description of designing and making the measurement
system for eddy current testing. The wireless, battery-powered handheld
device was designed and manufactured, and stationary visualisation unit
communicating wirelessly with the handheld device was made. The handheld
device features a probe changing mechanism, to use various types of probes for
various types of detectable flaws. The several types of probes with different
parameters were made.

The handheld device is based on STM32L475RG microcontroller. It does
the requiring signal generating, the computation of software lock-in amplifier
and signal processing. The device is designed to generate excitation signal
and to sample received signal from the probe. For this purpose, the circuits
with operational amplifiers are in the device. It contains the LCD display
to represent the results of the measurement. Thus, the device can be used
with or without the visualisation unit. For wireless data transferring with
visualisation stationary unit, the Bluetooth low energy communication is
used. The device has a rotary encoder for setting purposes.

Within the thesis, several types of probes were made. For the testing of
the device and probes, the metal sheet with artificial flaws was made. It is
made from duralumin sheet with drilled holes. The response of the device
on the flaws is the same as known responses from the literature. The probes
are differential type consisting of receiver coils that are based on ferrite cores
and excitation coil that is wounded around the RX coils.

The visualisation unit is based on a Raspberry Pi computer with LCD
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display module. It runs a Python script to communicate with the device and
to visualise measured data in a plot.

. 7.1 Future work

In the future, the device will offer a user-defined excitation waveform. There
will be a possibility to choose where the data would be computed. And the
possibility of raw data exporting will be implemented to perform various
algorithms based on artificial intelligence or likelihood computation.
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AN
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Figure A.6: Back side of the soldered PCB
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