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Tomasz Nowak

Zastosowanie zautomatyzowanych badan ultradzwiekowych
w testowaniu elementdow izolacyjnych WN wykonanych z

kompozytow wzmacnianych wioknami
2025-01-22 © 2025 Hitachi Energy. All rights reserved. @ H itaCh i E nergy



Zakres prezentacji

Zastosowanie
zautomatyzowanych

badan ultradzwiekowych w
testowaniu elementow izolacyjny

ch WN

wykonanych z kompozytow
wzmachnianych wtéknami

Internal
2 © 2025 Hitachi Energy. All rights reserved.
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Agenda HITACHI

Inspire the Next

U lzolacja stata WN
Q aplikacje, charakterystyka (zalety / wady)

O Kompozyty widkniste

O witasnosci, aplikacje, produkcja, wady, metody badawcze NDT

U Technika ultradzwiekowa

O zasada dziatania, podstawowe techniki, skany

0 Beamforming
0 metody formowania wigzki (PA / TFM), przyktady

O Aplikacja praktyczna

O produkt, stanowisko, automatyka, software,

QO Wyniki

O poréwniania, wnioski, co dalej

Internal - .
3 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy
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1. Izolacja stata

Int I - .
(tgg(r)g% Hitachi Energy. All rights reserved. @HltaChl Energy



Dlaczego izolacja stata? HITACHI

Inspire the Next

= zapewnia bezpieczenstwo obstugi
= chroni urzgdzenie

= jest ,stata” wiec ,nie ucieka” (jak olej, czy gazy)
— nie wymaga serwisu

» jest,sucha” — bezpieczna dla uzytkownika / Srodowiska
» oferuje duzg stabilno$¢ wtasnosci w okresie uzytkowania

» pelni funkcje strukturalng — przenosi sity mechaniczne
i czesto stanowi sztywng obudowe

* pozwala na stosowanie materiatéw gradientowych

Internal

5 © 2025 Hitachi Energy. All rights reserved. @HitaChi Energy



Izolacja stata - przyktady HITACHI

Inspire the Next

Internal
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Materiaty kompozytowe w izolacji WN HITACHI

Inspire the Next

GIS instalations

Int I - .
ccggég% Hitachi Energy. All rights reserved. @HltaChl Energy



|zolatory wsporcze

Internal
8 © 2025 Hitachi Energy. All rights reserved.
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0w NP

Kotnierz aluminiowy
Rura kompozytowa (GFRE)
Liner polimerowy

Ptaszcz z gumy silikonowej

@ Hitachi Energy



Inny przyktad uzycia kompozytow w sektorze Energii (struktura nosna) ],!'S'Jl‘ot;,?]!,'!,!f

Internal

9 © 2025 Hitachi Energy. All rights reserved. @HitaChi Energy



HITACHI

Inspire the Next

2. Kompozyty widkniste

Internal - .
10 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Materiaty kompozytowe

11

HITACHI

Inspire the Next

KOMPOZYT

- System skfadajgcy sie z dwdch lub wiecej fizycznie odrebnych komponentéw (faz),
ktdrych potgczenie powoduje powstanie wtasciwosci materiatowych réznigeych sie (lepszych) od wiasciwosci sktadnikow.

1. Osnowa (np. polimer, Zywica epoksydowa, ...)
— zapewnia stabilnos¢ i ochrone faz przed dziataniem srodowika, transferuje naprezenia mechaniczne, spowalnia proces starzenia

2. Faza wzmacniajgca (np. wtokno szklane / weglowe / aramidowe (kevlar) / bazaltowe, a takze czgsteczki kwarcu, krzemionki, szkta, ...)
- Znacznie poprawia wymagang ceche materiatowg, np. wytrzymatos¢

Rodzaje kompozytow
= zbrojone wtoknem (witdkna dtugie / krotkie)

* umacniane czgsteczkami (domieszkowawne / dyspersyjne)

= strukturalne (laminaty / ,plastry miodu”) \\\\\\\\\\\\\ _
% A SES

Wady
*=  Anizotropia wtasnosci

» Woytwarzania jest czasochtonne, czesto reczne i kosztowe

Int I - .
(tgg(r)g% Hitachi Energy. All rights reserved. @HltaChl Energy



Najbardziej ztozony materiat kompozytowy, jaki znamy HITACHI

Inspire the Next

Blood Endomysium

Fascicle
(wrapped by vessel
perimysium)

cross section of a bundle
of nerve fibers

Internal - .
12 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Sprzet sportowy HITACHI

Inspire the Next

Przekrdj narty

Aluminum monocoque

Glass fibers / Epoxy

Graphite base

Carbon topsheet

©aBB Group INtErNal
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Zbiorniki, struktury ci$nieniowe, transport lotniczy HITACHI

Inspire the Next
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584 FIN 2020/02

Int I - .
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. , HITACHI
Wzmocnienia elementow strukturalnych Inspire the Next

Internal
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Proces produkcyjny - schemat HITACHI

Inspire the Next

Resin

Fiber
Reinforcement

Mandrel
(liner)

Carbon
fiber

Impregnation

Internal

16 © 2025 Hitachi Energy. All rights reserved. @HitaChi Energy



Ocena jakosci procesu produkcyjnego lrtlgl%\?lll-!)!i

« Microscopic Analysis (destructive testing) + Keyence VHX-7000 series (samples cut and polished / 2500 grit)
* Nikon XT H 225 ST

« Computerized Tomography
* Olympus OmniScan X3/ 5L64 transducer / immersed TFM

« Ultrasonic Testing

2000um

internal ®Hitachi Energy
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Mozliwe wady w procesie produkcji: pustki powietrzne — zrodto PDs HITACHI

Inspire the Next

Internal - -
18 © 2025 Hitachi Energy. All rights reserved. - @HltaChl Energy



Schemat formowania pustek powietrznych (1) HITACHI

Inspire the Next

(a) high macroscopic resin velocity low macroscopic resin velocity
uV >y cos6 UV KLy cosf
longitudinal
flow
) e
*
micro-void fiber tow meso-void

transverse
fl

o

Przeptyw wiskotyczny vs. kapilarny ] ]
© 2025 Hitachi Energy. All rights reserved. @HltaChl Energy
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Schemat formowania pustek powietrznych (I1) HITACHI

Inspire the Next

flow direction
(c) Void motion (b) Void compression (2) Void formation

Internal Impregnacja zywicy — 3 fazy tworzenia pustek _ _
© 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Typowa wielkosc pustki <200 um (dla konkretnej grupy produktowej) lﬂgl%?]t!,!f
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dy
®Hitachi Energy
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Wada niewykrywalna przez CT
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Sciowo wyro

© 2025 Hitachi Energy. All rights reserved.

Internal

Nawet bardzo dobre jako




Nieniszczgce metody inspekcyjne *

Internal

Visual Irg:;ﬁir;:sion Shearography ::r:soa- Velocity :-rz‘:uency Radiography :;?::igf‘ Thermography
Flaw sought
Fibre type .
Porosity ™ o v (]
Fibre-matrix bond ™ ]
Matrix properties » ]
Fibre misalignment ] L L]
Volume fraction . ey ] ] L
Stacking sequence
Ply-end discontinuity L
Foreign inclusions . . + 4 o
Trans-laminar cracks ] v . . o .
Fibre breakage w
Delamination o o o o v . e o
Moisture ingress [ ]
Impact damage e o v

® Application limited

+" Method has proved ability to detect given flaw

© 2025 Hitachi Energy. All rights reserved.

* Non-destructive testing of composite materials, by National Composite Network

HITACHI

Inspire the Next
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3. Technika ultradzwiekowa

Internal - .
25 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Przyktady podstawowych interakcji fali dzwiekowej

g & m/

\ 4

A4

(a) transmission

(b) reflection (90°)

\/

\

/

(c) reflection (30°)

(d) reflection (45°)

/

YN

4

(e) refraction

Internal

© 2025 Hitachi Energy. All rights reserved.

* Non-destructive evaluation of composite aircraft elements based on ultrasonic testing and image analysis, by Katunin

(f) diffraction

!

'z

l

(g) scattering

(h) attenuation

HITACHI

Inspire the Next
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Zasada dziatania: A-skan HITACHI

Inspire the Next

A-scan:

display of the ultrasonic signals in which
the one axis represents time and

the second axis represents amplitude

_74___

* The time delay between the initial pulse
and the defect indication defines the
/. v relative position of the flaw.

7

The depth of the defect is determined by
the ratio D/T

|

+ The amplitude (strength) of the signal

) represents the intensity of the reflection.
“size” of defect

It can be calibrated to the "size" of the
defect, using reference holes (with known
diameters)

Initial pulse Back wall echo Defect Back wall echo reduced

. by presence of defect

posiﬁon of defect
across the thickness
Internal

27 © 2025 Hitachi Energy. All rights reserved. @HitaChi Energy



Zasada dziatania: B-skan HITACHI

Inspire the Next

@ -
)
£
X direction Qo
e
4 E/
’ N /] / :
2 — — ] = = = = Distance
0% along X
2
= v v
Pos.1 Pos.2 Pos.3 Pos.4 Pos.5 B-scan:
display of the ultrasonic signals in which

amplitude

« The time delay between the initial pulse and the
defect indication defines the position of the flaw.

;/
T

one axis represents time and
the other axis represents distance, and
the amplitude of signals is represented by color
time
0 1 [ |

* The amplitude (strength) of the signal which
represents the intensity of the reflection, is coded
as color.

Simplified, color-coded A-scans are plotted along
the distance

Internal - .
28 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Zasada dziatania: C-skan

£ 4 &

X direction‘

Thickness

Thickness

29

[79)
0
(O]
C
A X
Q
Ny
|_ .
8 mm| Distance_
6 mm along X
2 mmf- .
| Distance
along X
Infernal 9

© 2025 Hitachi Energy. All rights reserved.

HITACHI

Inspire the Next

>

(@]

c

o

©

[¢]

[&]

C

©

X4

a .
Distance
along X

C-scan:

display of the ultrasonic signals in which

both axes represent distances on the scanning
surface, where the amplitude of the signals within
a defined time window is represented by color

+ The amplitude (strength) of the signal which
represents the intensity of the reflection, is coded

as color.

* Adefined time window limits the analyzed
thickness of the object (e.g. from 2 to 6 mm).

» Colored B-scans are plotted along the second
axis.

®Hitachi Energy



HITACHI

Klasyczna technika ultradzwiekowa — ograniczenia przemystowe Inspire the Next
q Badanie izolacji elektrycznej wymaga wysokiej czutosci metody (< 0.7x0.7mm)
‘\"‘\ Duze ttumienie sygnatu w materiale kompozytowym =» ograniczona gtebokos¢ badania
a Automatyzacja procesu skanowania / kompensowanie nierdwnosci powierzchni probki
'lllhll'll" Procesowanie olbrzymiej ilosci (zaszumionych) sygnatéw / automatyzacja przeptywu danych
yr
: ; Lokalizacja wad / wymiarownie / klasyfikowanie = “Go / No Go”
")) Koniecznos¢ stosowania medium sprzegajgcego

Internal
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4. Beamforming

Internal - .
31 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Phased Array method (physical beamforming) ht',ollpﬁ,?m!f

« multi-element probe

« phase shift

* physical beam-forming

DELAY

» one focal point TRANSDUCER ARRAY

7

%é FOCAL POINT

FOCAL POINT

Internal - .
32 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



Ksztattowanie wigzki sygnatu — zmiana fazy HITACHI

Inspire the Next

Internal - .
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https://pl.wikipedia.org/wiki/Kszta%C5%82towanie_wi%C4%85zki

Aplikacje: radar, sonar, medycyna, audio, MIMO Wi-Fi, 5G, satelity HITACHI

Inspire the Next

gh ang!
search//track Fd track

Internal

34 © 2025 Hitachi Energy. All rights reserved. @ HitaChi Enel‘gy



Total Focusing Method (digital beamforming) HITACHI

Inspire the Next

SUM

(o T [ o T T g |

~ Receiving elements
Receiving element

TX NININININININEE
VA (XTI ZT)\\,\ !(XR’ZR)
I

. Ik 1[h o]
e o
[resjrn|re
Jxe =22 + 22 +/(x, — x)? + 22
s = [Fon (T

~
A

Transmit element

Internal
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Phased Array vs. Total Focusing Method HITACHI
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PAUT - Linear Scan

— —

Internal . -
36 © 2025 Hitachi Energy. All rights reserved. The Future of Phased Array Ultrasonic Testing: FMC / TEM H|taCh| Enel‘gy



https://www.youtube.com/watch?v=qqCiHBj0RnQ

HITACHI

Inspire the Next

5. Aplikacja praktyczna

Internal - .
37 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy



. . . . HITACHI
Koncepcja rozwigzania technicznego Inspire the Next

1. Rozwigzanie hardwarowe — szybkie skanowanie badanego obiektu (water-immersed TFM)
2. Rozwigzanie programistyczne — automatyczny procesing sygnatow ultradzwiekowych

3. Klasyfikacja produktu na podstawie liczby i wielkosci zidentyfikowanych wad.

[70,1108063

Internal

38 © 2025 Hitachi Energy. All rights reserved. @HitaChi Energy



Rozwigzanie hardwarowe HITACHI

Inspire the Next

Flaw detector
Transducer
Tested loop
Bridge
Spacers

Drive belt
Stepper motor
Encoder

© 00 N O OB~ WDN P

End position sensors
Water tank
Automation controller

=
N P O

Direction selector

[y
w

Data storage disk

PC with analysis software
Monitor (optional)

Keyboard & mouse (optional)

T
o U1 b~

Internal - .
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Proces skanowania ...

Internal
40 © 2025 Hitachi Energy. All rights reserved.
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Czesc¢ programistyczna (Aleksandra Ziaja-Sujdak)

41

T datasets
/ AONR ge=] group
~ =
%{1 "?ﬂau metadata
\ ~— i
i — dataset ﬁ
_gd 11
% %{ metadata
Data storage Data synthesis « detection
+ localization
* sizing
NOrmaILsE((:;)
ampitude (-
p : : entrance echo
o w b ’
i g’ 1.0
g .
defect g . g %
E‘”' : 055 2
S > | i
= 510 - E
g = backwall echo
= 51 I T : ; | 00
. 30 100 150 200
Scanning distance [x] (mm)

Internal
© 2025 Hitachi Energy. All rights reserved.

Width [y] (mm)

i

List of defects

HITACHI

Inspire the Next

“Go”

Length, mm

<0,7
<14
14+

Diam., mm

-

A | O L4
Wwar
Wwyr

<20 <100 100 +

Classification

Decision

-5 -
(as]
=

_6FD
E

_';I'E
g

k-

-0

Defect
id

1

2

3

rv.J] 1 rrr1r 1

50 100

150

Scanning distance [x] (mm)

Location Location Location Length x Length
X [mm] y [mm] z [mm] [mm] y [mm]
80 3.8 3.7 69 0.6
156 6.0 7.2 16 0.7
156.5 32 39 30 0.4

®Hitachi Energy
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6. Wyniki

Internal

42 © 2025 Hitachi Energy. All rights reserved. @HitaChi Energy



Walidacja metody: Analiza mikroskopowa vs. UT (P5343) HITACHI

Inspire the Next

Internal ' : 0 i : : - .
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Validation Procedure — CT vs. Microscopic analysis HITACHI

Inspire the Next

CT

Smaller defects
not identified

Two biggest
— defects detected

Fiber roving
recognized well

Internal - -
44 © 2025 Hitachi Energy. All rights reserved. Report: 8DAB003951 Microscopic analysis of composite loops @HltaChl Energy



MAvs. CT: Fiber roving identified, but wrong defect detection HITACHI

Inspire the Next

Fiber roving
detected

A non-existent
defect found

Real defects
not identified

Internal
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. HITACHI
Podsumowanie Inspire the Next

Whnioski koncowe:
« Drobne wady materiatowe sg nieuchronnym elementem procesu produkcyjnego.

« Zaproponowa metoda zautomatyzowanego skanowania ultradzwickowego (water-
immersed TFM) pozwala skutecznie monitorowac jakos¢ produkcji kompozytowych
elementow izolacyjnych WN.

» Skutecznosc¢ zaproponowanej technologii ultradzwiekowej jest porywnywalna do
tomografii komputerowej, przy koszcie stanowigcym 10% kosztu referencyjnego.

* Analiza mikroskopowa (niszczgca) ujawnita, ze rzeczywista jakos¢ komponentéw
izolacyjnych jest znacznie lepsza niz zaktadane limity jakosciowe.

Uwagi ogolne:

» Te same pomysty (np. beamforming) sg wykorzystywane w bardzo réznych
segmentach przemystu. Warto sie rozglgda¢ (zaczynac od aplikacji militarnych).

* Rozwigzanie programistyczna (np. digital beamforming) pozwala znacznie poprawic
rozwigzanie sprzetowe (physical beamforming). Warto uzupetniac i tgczyc.

Szczegodly techniczne prezentowanego rozwigzania:

» Ultrasonic testing of glass fiber-reinforced polymer composites used in high voltage insulating components, by Ziaja-Sujdak, Nowak, Ho, and Bobrowski
IEEE Transactions on Dielectrics and Electrical Insulation; 2024, 10.1109/TDEI.2024.3478132

internal ®Hitachi Energy
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https://doi.org/10.1109/TDEI.2024.3478132

Co dalej? HITACHI

Inspire the Next

= Kamera akustyczna CRY2624 / CRY8124
= Kamera montowana do drona CRY2626G 2V

" CRY2620
Basic version
64 MEMS

CRY2623
Superior version
128 MEMS

CRY2624
Superior ATEX version
128 MEMS

Surface Discharge 100%

Internal - .
a7 © 2025 Hitachi Energy. All rights reserved. @HltaChl Energy
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Szczegoty techniczne rozwigzania

HITACHI

Inspire the Next
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IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION

Ultrasonic testing of glass fiber-reinforced
polymer composites used in high voltage
insulating components.

Aleksandra Ziaja-Sujdak, Tomasz Nowak, Chau Hon Ho and Pawel Bobrowski

Abstract — Due to their high strength-to-weight ratio and
good dielectric properties fiber-reinforced polymers have
gained significant interest in different industrial fields
including the automotive, aerospace, and energy sectors.
Despite this attention, the evaluation of the properties of
polymer-based composite components, both as part of a
post manufacturing quality assurance checks as well as for
remaining service life estimation, remains challenging. In
this paper, Ultrasonic Testing is investigated as a
nondestructive approach for quality evaluation of High
Voltage composite insulators. Classical Phase Array
Ultrasonic Testing is compared with the Total Focusing
Method. The results are validated using Computer
Tomography and a destructive testing approach, which
revealed microcracks and small voids.

index Terms — ultrasonic testing, fiber-reinforced
composites, high voltage insulating components.

L. INTRODUCTION

ue to the complexity of the production process of
Dcompos1te msulating materials, and in particular
elements made of glass fiber-reinforced polymer
composites, the formation of voids seems inevitable.
Since these types of material defects can cause partial
discharges (PD) and thus, in the longer run, affect the service
Iife of high-voltage electrical equipment, 1t 1s important to
monitor insulating elements for their material quality and
proactively prevent potential PD problems, early in the

Internal
© 2025 Hitachi Energy. All rights reserved.

according to their scale into micro-voids (formed in-between
the fibers), meso-voids (in-between the tows), and macro-voids
(larger zones, observable with the naked eye, not impregnated
by macroscopic resin flow). Despite systematic analysis of voud
formation which began approximately 40 years ago (in 1980s),
the details of the formation processes and all physical
mechanisms are not yet fully understood. However, it can be
shortly summarized that during the formation of micro- and
meso-voids the resin viscous flow between the tows is driven
by hydrodynamic forces, while between the fibers the capillary
pressure (surface tension) becomes a dominant factor to drive
the resin flow. Both effects can be quantified by a capillary
number [2]. In addition, fiber volume fraction, macroscopic and
tow permeabilities (as a function of saturation), flow direction,
and geometrical anisotropy have been found to be important in
void formation processes [2]. After voids are generated, they
may be compressed by or dissolved (diffused) into the resin.
Some initial voids disappear, others shrink or expand —
depending on whether the resin is undersaturated or
supersaturated with gas. Some voids, especially those between
tows (meso-voids) can move easily with the resin flow, while
micro-voids are more difficult to remove and often remain
where they were formed. It must be therefore pointed out, that
producing a fully defect-free composite element 15 problematic,
highly (often too) expensive, and practically often not even
necessary. A more pragmatic approach assumes that voids and
other manufacturing defects can exist in the material, if thev are

IEEE Trans. Dielectrics and Electrical Insulation, February 2025, Vol. 25 No. 1, pages: 92-101

IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION

methods.

B. Expenmental setup
To compare the capabilities of ultrasonic testing with physical
and synthetic beamforming on a fiberglass reinforced
composite material, the pulse-echo inspection configuration
depicted in Fig. 3 was used to obtain PAUT and TFM images.

Fig. 3. Schematics of inspection configuration used for
water immersion ultrasonic testing

A beamlike structure with rectangular cross-section was
inspected using commercial Olympus QmniScan X3 Phase
Array and TFM Flaw Detector. A standard commercial 2.25
MHz and 5 MHz Olympus Linear Phased Array Probe with 64
elements (38.4 x 10 mm Total Active Aperture, 0.60 mm Pitch)
were used for PA and TFM respectively. The scanning process
was fully automated, as schematically shown in Fig. 4. The
measurement setup consisted of 1 — flaw detector, 2 —
transducer, 3 — tested object, 4 — supporting elements, 5 -
moving platform, 6 — shiders, 7 — drive belt, 8 — stepper motor
with encoder, 9 — water tank. The scanning process was realized
with a resolution in the x-direction of 0.5 mm.

material was estimated to be 3500 m/s. Signal excitation and
data acquisition was implemented mn the OmmScan flaw
detector. Additionally, the Time-Corrected Gain (TCG) flaw
detector built-in function was used to reduce the effect of
material damping on the detected signature. For TCG, three
artificial defects (flat-bottom holes) with diameters of 1.2 mm
were introduced by drilling (Fig. 5). The ultrasonic data, in the
form of a three-dimensional matrix with 4-scan envelopes from
all focal points, were further post-processed using the Python
programming language to obtamn ultrasonic images and perform
automatic quality assessment.

TFM ultrasonic scan view

Entrance echo

Calibration holes

Fig. 5 TCG calibration with introduced flat-bottom
holes $1.2 mm as artificial defects. Colors in the
ultrasonic view correspond to signal amplitude.

C. Ultrasonic images
Different ultrasonic images can be defined to help structural
integrity assessment, with the most important ones being C-
scan, B-scan, and D-scan. Following the nomenclature

T4 . BN
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