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Abstract

In this thesis, different challenges f@rious applications of a wireless PD detection instrument

are discussed and relevant solutions are proposed. The main purpose is to assess the
applicability of such technology both in current HV and MV power systems as well as in future
applications for mart grids. The main challenges these types of diagnostic systeane the

following:

A voltage synchronization of Phase Resolved Pitepa

A PD recognitbn under nossinusoidal voltage waveforms

A PD recognition undesinusoidal voltageuperimposed harmes;

A PD recognition in laboratory and in real world situations under noise and other source

of disturbance.

Thanks to the collaboration with Terna, it was possible to carry out several analysis and
experimental measurements on HV transmission tmas®ss the problems that may be arise
when PD measurements is carried out without access to the local voltage signal. In this case,
the voltage signal can be taken from a remote location where access to voltage measurement is

possible and the voltage phasd#t caused by the operating transmission line must be assessed.

In the second part of the study, the problems arising from PD measurements performed in non
sinusoidal regiméo recreate the stresses that may be present in future networks following the
presence of AC/DC conversion systems. This topic was addressed thanks to the collaboration
with Chalmers University of technology in Gothenburg, SE.

A Further investigation onuperimposed harmonic voltage effectsID measurements has

been discussed. Thenaiof this research was to understand and evaluate the impact of
harmonics on partial discharge behaviour, in particular on the PD measurements by means the
Pry-Cam portable instrument, and on the PD Pattern acquisition prddessesuis showed

that varous harmonic, '8, 5", 9" and 11" superimposed on the fundamental sinusoidal
waveform have a significant impact on Rbiplitude and PD pattern shapes. The presence of
harmonics components can significantly influence the acquisition of the PD patteatsand

may arise synchronism problems during the measurements.

In order to assess the capability of the portable instruments of detecting the precise location of
the PDs, different comparative tests have been carried out performing measures both with
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standad fixed PD measurement system as well as with the portable one. Depth investigation of
peculiar experimental cases carried out at the High Voltage Laboratory of Prysmian S.p.a. in
Milan (ltaly) on a MV and an HV cable are described. To complete thisgpartie description

of several exemplary measurements carried out with a portable instrume@&fRyyn several

sites is here given. Measures were carried out in Medium and High voltage networks. In detail,
it was possible to analyze various noise phesmermand the methodologies, used for correctly

assessing the phenonognunder study, are described.

Thanks to Prysmian Electronics, it was possible to perform PD measurements in several
European and ExtrBuropean countries during HV testing for commissignof new cable
interconnections at different voltage levels. In addition, the study was also extended to the
analysis of PD phenomena in MV distribution networks present in the Sicilian territory. The
study gave the opportunity to investigate the maibleras encountered in cable lines and MV
accessories. In this case, it was also possible to conduct a study on the correlation of ozone

levels and the PD sources in MV cabins.
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1. Partial Dischargesheory and classification

1.1. Introduction

The partial discharge (PD) is an electrical discharge thigt affects a part of the dielectric
existing between two conductorat different voltage The phenomenon is introduced at
microscopic levelnd affecss only a part of the dielectric existing betwelare parts Such
discharges injure the dielectric magtiand are responsible for the aging of the matdtatial
discharges are in general a consequence of local electrical stress concentrations in the insulation
or on the surface of the insulation. Generally, such discharges appear as pulses hawviog a dura
of much | ¢l$s than 1 e¢s

PDsare a consequence of local breakdown either as a result of:

A an electric fieldncreasewithin or on the surface of the insulation:

A aregion of low breakdowelectricfield.

PDs appear as individual events of very short duration and are always accompanied by
emissions of light, sound and heat, as well as electromagnetic pulses and often result in
chemicalreactiong2].
Defects typically consist gfointed ends of live parts, sharp metal tips or edges, various types
of micro-cavity that are generated during the production process (vacuoles in a solid insulation
or in gas bubbles in the insulating liquids); such defects may beube ocblocal conagrations
of electric field resulting in exceeding the limit field value and consetjuergating P[3.
Generally, partial discharge develops with a mechanism such that it does not adversely affect
the componenh a normal high voltage test procedure haliigh it onlyinvolvessmall amounts
of energy, it results in a slow and progressive deterioration of the dielectric, which can lead to
the final breakdown of the component at rated operating volfdgrefore, the degradation
phenomena that occur in déelrics due to the presence of partial discharges cause a lifetime
reduction of ay component. This lifetime reduction is dependamt

A the nature of the insulating materials;

A the procedures of workmanship;

A the type of electrical stress;
A the environmentatondition;
A

other operating conditions.
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The partial discharge measurement provides a valid means of checking the health status of the
electrical components and detects defects that would otherwise lead to a dieleakdoven

in the futuretime. Partial dscharge measures are common practice for type and acceptance tests
and the operating measures are normally provided for determining weaknesses of the
components before irreversible damage can otisually the partial dischargeneasurements

are performd both on operating systems as well as during the production process of electric
appliances and components1 MV and HV operatingsystens, on finished products such as
cabks, terminals and cable jointasulators, insulating materials in the form of gpgensas

well as on electrical machine like transformers and generators.
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1.2 Partial dischargeshysic

In order to understand the process of partial disckdogaation, reference will be made to the
most significant case of discharges into a cavitye ga&eous inclusions idielectricmaterials
are the main venue of the partial discharge phenomenahesfbre constitute the main cause
of deterioration of high voltage electrical components.

A partial discharge canccurif two conditionsare satisfied:

A The presence of free electrons inside the cavity;
A The electric field within the cavity must exceed the inception field (the minimum

breakdown value)

A simple description of the phenomenon can be made by considering a diedpetimen
containing oneavity to which voltageEextis appliedthrough twoelectrodegFigure1-1).

ANODE

W
E,. CATODE

Figure 1-1. Electric field distribution in a dielectric material with cavity

Due to the difference betweemet dielectric constanidand LOJ) respectivelyof the insulating
material andf the gas contained in the cavity, the average electric Eeld the vacuum is
greater than the electric fieEextin the surrounding dielectric and proportional ttaetor U
dependent on the geometry of the sys(EssUAext). The presence dhe fieldC causes the
separation between opposite charges inside the c@igyresulting internal fiel® is equal to
thesumbetween the field applied to the cavidy and the local field due to charges separation
O . Increasing the applied voltage, Ei can overcome the dielstteicgthof the gas and can
give rise toa partial discharge.

Referring to the first halperiod, in correspondence of each disckaO increases very

quickly, C decreasebelow the value oéxtinctionfield and the discharge extinguishes. After
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adischargethe local fielddecreases because of the recombination phenomenon of positive and
negative accumulated charges, oedo drifting on the cavity surface.C increases ovehe

inception field and a free electron is available, another pdrtie@hargecan occu Figurel-2).

Inception field

Einc -

'Einc

I Discharges I N }/ /

Figure 1-2. PD Inception under sinusoidal voltage.

The minimum breakdown voltagelue(or ignition voltage) depends on the size oftheity,

gas trapped, temperature and pressure inside the cavity.

The phenomenon implies the transfer of charge between the callgyaleag the direction of

the applied field, their redistribution inside and the emergencen afpposite field to the
external one, Eq.

If the characteristicef the cavity are such that thegn give rise t@ PD, when an electron is
accelerated by thelectric field due to collisions within the cavityanexponential growth of

the electronic populatiomay appearin a few nanoseconds, a discharge channel is formed
within the cavity and at the same time there is a reduofitire electric field.

The phenomenon stops when the internal field Ei = EO+Eq reaches a value under which no
electronic avalanche can be generated, so the discharge extinguishes.

When the electric field goes below a limit value, the channel disappears, leaving a large amount
of postive and negativehargemoving into the cavityandtowards thenternal surfac®f the

cavity for drift motion induced by the field still present.
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The partial discharge phenomenon in cavities evolves according to the duration of the discharge
activity; in particular, three successive stages can be iden#fjed

1 Streamer dischargehis is the stage at the beginning of the discharge activity and is
characterizedy discharge with a steep front and short duratidre Streaner-like
discharge is very fast and ituration is hundreds of picoseconds up to a few
nanosecond@-igurel-3). The discharges ignite in groups with a very short time period
between consecutive dischargeanoseconds or evenradtion of a nanosecond)he
magnitude of a single discharge is approximately constant for a given void height.

In the cavity, the discharges are distribdtspatially on the surface angnitein rapid

successionEach single dischaegconsists of a naw channel namely streamer.

2 mA/div

2 ns/div

Figure 1-3. Typical Streamer discharges waveform

Streamer discharge features:
A Low rise time and decay time (fast discharge)
A Most energetic and fast eveltéssily detectable omeld)
A High frequency content

A High amplitude
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1 Townsenddischargeis the stage of aging that is already advan@dter 10 to 60
minutesfrom streamer dischargwoces}in which thecurrent pulseare characterized
by a longer time duratioand proportioal to the thickness of the cavifijhe discharge
mechanism changes. The formation of the discharge is now a slow process and the
dischargessr e c al | el i KThapulseshave Bngrise timeas severders
of nanoseconds and may have a "landiog'thefalling edgewith a duration that can
reach the order ofen microseconds(Figure 1-4). Contrary to the streamdke
discharges, the magnitude of the sing@vnsendike discharges is widely scattered.
During this stagedue to the oxidation processesystals of oxalic acid are formed.
These crystals tend to grow with the ongoing discharge activity and they lead to the

pitting discharge.

0.5 mA/div

Y, i e N

20 ns/div
Figure 1-4. Typical Townsend dscharges waveform

Townsend discharge features:

A High rise time and decay time (slalischarge)
Less energetic and detectgble
Sometimsit can have pronounced peaks

Low frequency content

o o o T»

Low amplitude
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T

Pitting discharges: is the final stage of partd&@charge activity, which is initially
established at the same time as the Townsend discharges. This stage is characterized by
intense degradation of the dielectric leading to the formation of craters (pits). Pitting
discharges are characterized Isnzallpulse amplitude andtagh repetitiorrate, up to

several discharges per microsecqrtjure 1-5). The rise time of this discharges is
comparable with the streamer pulses, but the decay time is considerably longer, typically
10 o 15 ns.

5 pA/div

AT

10 ns/div

Figure 1-5. Typical Pitting discharges waveform

Pitting discharge features:

A

o o o T»

A

Multiple Streamer types

Rise time comparable with ttgtreamer pulses and high decay time
The amplitude is relativelynsall;

Low frequency content

High repetiion rate: in order of severadris per microsecond,;

Less energetic and detectghbablyoccurring inthe final stage of degradation

Since this type of dischargghenomenomccurs downstream of a process of yaing and

degradation of the dielectric material, the amplitude ofRfBepulseis so small thatt is not

uncommon for a system to appear PD free before the breakdown
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1.3 Phase Resolved Partial Discharge Pattern

To evaluatehe presencand criticallyof partial discharge @ity in MV and HV components,
the analysis of the Phase Resolved PD Pattern (PRPD) igghstéip in what follows, the
PRPD will be r ef elntmedd pattegtheaamplitude Df thpcguired puls@so
is graphedn the vertical axis of the plpwhile an the horizontal axjgthe phase angle at which
the PD pulse occurs is represent@d.reported inFigure 1-6, each dot in aPD patternthus
represents a PD pulse and atscurrence phase ameglTo obtain a correcPD pattern,it is
necessary thahe measurement system is correctly synchronized with the freqoérbg

electric system (50 or 60 Hz).

kV

1280y
Gbdax: 1250 m

IR

Figure 1-6. Phase Resolved PD Pattern

Basd on the type of partiatlischargesdifferent types of PD patterns can be generated.
Basically, he analysis of thehape oPD patternthroughthe PD amplitude and phase angle,
allows distinguishing thedifferenttypes ofdefecs that can be presentihe componestunder
test.However, to understarttie complete PD phenomendins necessaryo analysdifferent
parametersuch as the waveform arftequency contenof the PD pulse as well as the

repdition rate
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1.4 Partial dischargedassification

Depending on the type of the insulatiand the trigger modeartial discharge calne divided
in four classes

A Corona discharges in gases surrounding metallic;parts
A Surface dischargenathe insulation surface

A Internal disbarges in the voids or cavities
A

Floating mass discharges

The main defects that favour the presence of partial discharges are

- Voidswithin solid insulation

- Contamination by particles

- lrregularities(e.g. sharp points)
- Gas bubbles liquid insulation

- Floating particlesn gas insulaon;

- Mechanical defect atamagen insulation materials

Figure 1-7. Defects on cables

The presence of cavities in solid dielectric materials is the oaaiseof partial dischargeand
constitues the main cause of deterioration of kvid MV electrical components.
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1.4.1 Corona discharge

TheCoronaeffect is a partial electric dischargearconductors, insulating elements, due to an
air ionization process caused by a high electric field.
This procss is the cause of:

- Materials corrosion generationzone production

- Light emitted mainly in the UV spectrum (not visible to the human eye);

- Radio interference;

- Audio Noise;

- It produces only small amounts of heat.

Coronaeffect can be a problem because:

- Degradation of Polymer Insulators

- Creates corrugated surfaces in metal or concrete shells of ceramic insulators
- Indicates a possible break;

- Indicates an incorrect installation;

- Indicates the need for washing;

- Indicates the possibility of training eleictl arches.

Figure 1-8. Corona discharges effects

The corona discharges occur at points and genénadlyongly divergent fields. e Coronain

air generates ozone which interacting with the polymesadlation produces nitrogen, which

in turn combined with the water vapour can corrode the metal surfaces of the conductors, thus
forming a conductive deposit that leads to full dischdPgeticularlycritical is thepresencef

Corona discharges in SRBsulation in which the products of decomposition of SF6 after a
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discharge can corrode the dielectric surfaces of the systeihe in oil the same phenomenon
of Corona dischargdsads to adecreasef the dielectric strength.
Corona dscharges are alsbé most important source of disturbances during partial discharge
tests, so it is always advisable to avoid the presence of sharp elements in the measuring area
and it is always advisable to always overcome every possible edge or protrusion.
Features of taCorona discharges:

A PDs occur in correspondence of the maximum value of the applied voltage;

A Discharges generally cluster in an amplitude range over the trigger level;

A Frequency spectrum lower than 40 MHz;

A Middle-fast discharges.

In Figurel-9 the PD Pattern, pulse waveform and frequency content of the Corona discharge
on 220 kV outdoor terminatias reported.

2450 i
Otae 1505 m!

Peak: 1331 m Delay: 320.0ns Peal: 5,47 MHz 100,00 kMHz

/- i o e s 0 s R e A e e am A

43,00 i /iy 0128 us/div Jibd

Phase offset: 1807

Figure 1-9. Corona dischargeson 220kV outdoor termination
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1.4.2 Surface discharge

Surface discharges can occur along the interfaces between different dietatérialsjf there

is a high component of the field parallel to the surfaarece the discharge is produced, the
variation in the electric fieldistribution leads to the extension of the discharge to areas other
than the initial oneThe phenomenon of surface dischargas thus cause deterioration and

electrical tree®f the dielectric surface and lead to full discharge.

Figure 1-10. Surfacedischarges effects

This phenomenon damages the surface of the dielectric by thermal effect and the formation of
chemical compounds such as nitric acid and ozone which can lead to erosion of thecdielectri
surface Depending on the trigger mode the surface discharge can be classified in low frequency

(LF) and high frequency (HF) discharges.

Thelow frequency Surface dischargenerally occur on the external surface of the electrical
componentsThis type ddischarge is characterized by slow pslaed low frequency content.
Mainly, this type of PD phenomenon is caused hblye presence of humidity or by the

accumulation of dust or dirt on outdoor composent

Feature®of low frequency surface discharges
A PDsmainly occur in correspondence of zemssings of the applied voltage;
A Frequency spectrum lower than-20 MHz
A Slow pulses and high decay time.

In Figurel-11the PD Pattern, pulse waveform and frequency coofethe lowfrequency

Surface dischargesx@0kV cablke termination is reported.
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4770w
Obdaw 4357 m

Peak: 2854 i Delay: 240 0ns Peak: 5.47 MHz 100,00 MHz

| 2zs

95,40 r /e 0,128 us/div |“

Fhase oifset: 07

Figure 1-11 Low frequency surface discharges o20kV cabletermination

The high frequency Surface dischargan occuron the inner surface of the components
between a conductor material and the adjacent dielectric orceemiuctive layer. This type of
discharge, often similar to an interndischarge is characterized by fast pulse and high
frequency content. This typd discharge generally is caused by mechanical defects due to

installation errors or defects in production of the electrical components.

Features of high frequency surface discharges:
A PDs mainly occur in correspondence of zerossings of the applied votfe;
A Frequency spectrum lower than-80 MHz;
A Fast pulses and low decay time.

In Figurel-12the PD Pattern, pulse waveform and frequency content dighdrequency

Surface discharges1\@0 kV cable terminatioris reported.

BE7.0 my
Qb 626,y

Peak: 3671 my Delay; 32000 ng Peak: 16,41 MHz 100,00 MHz

Figure 1-12. High frequency Surface dischargesm20KkV cable termination

58,73 mi

1334 mivddie 0,128 usddiv

Phase offsat: 0
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1.4.3 Internal discharge

Internaldischargs constitute in most cases the main cause of life reduction of a component.
Their origin is tobe found in the presence sinall cavities in the insulation materi@loid).

Such gaseous inclusion may be formed during the manufacturing processes or develop as a
result of mechanical stress, electrical stress or thermal cycles.

Inside the vacuoles, air or gases are characterizeddislectric constanb that islowerthan

the dielectric constanof the solid insulation: the electric field B the cavity is thus greater

than kin the surrounding dielectric; it can overcome théediteic strengthof the gas and give

rise to a discharge that neutralizes some of the sucfargen the opposite surfaces of the
vacuum.

Once the discharge ended the field in the cavity is the result of the applied outer field and

the field orienéd in the opposite direction due to the surface charge, so the field distortion due

to the presence of the remaining surface charge can cause the subsequent discharge to occur ir
a different position and for a diffarevalue of the supply voltage.

For exanple, when the supply voltage is reversed, d@issociated external getse same
direction and, when summing up the Ei field dudo the presence of the remaining surface
chargethe resulting fieldnay cause a discharge at a voltdga islower than heinitial one.

The treeing phenomenon (very important in cable technology with extruded polyethylene
insulation)is also an internal discharge phenomenondawlops due to the local elevation of

the electric field at metal protrusiorige. most cases, ¢hprocess is destructive and leads to full
adischarge over a much shorter period than the one before its occurrence.

Orreeing are ramifications that develop from conducting particles or cavities into a solid
insulator; the phenomenon leads to the foromatof a main cable trunk and numerous
ramifications.

The time needed to generate a branched discharge channel depends on the value of the appliec
voltage and may take hours, weeks or even years. The property of gases and liquids to penetrate
solid insulathg materials indicates that they are equipped with a "canal" microstructure.
Normally, these channels and cavities contain gases with a dielsicangth that ifower than

that of the material, when the discharge begins, the channels and vaotemnma surface

become conductive causing a reduction in the voltage drop along the channel.

During the discharge process, a certain amount of residual charge is deposited on the micro

cavity walls.
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With low values of the applied voltage theradischarge radting in the formation of a spatial
charge with a perpendiculdirection to the electric field. Athe applied voltage increase¢so

the spatial chargmcreases and the lattérat tends to spread into the channels branching into
the material. When th crater has reached a certdiepth,it is possible to have a partial
discharge phenomenon even near its extreme tip that in a short time leads to material

breakdown.

Figure 1-13. Internal dischargeseffects

Features of the internal discharge:
A SymmetricPD patternt y pi cal frabbit earso shape;
A PDs mainly occur before zemsossings of the applied voltage;
A Very fast pulses and the pulse has a very low decay time;
A Frequency spectrum lower than 80 MHz.

In Figurel-14the PD Pattern, pulse waveform and frequency content tritdreal discharges

on 20kV cable termination is reported.

1750 my
[Maw: 107 5
Amplitude: 122.8 my

Peak: 1047 mt Delay: 3200 ns Feak: 2266 MHz 100,00 MHz

13.78 my/

3500 v 0,128 us/div

Figure 1-14. Internal discharges @ 20kV cable termination

Ab¥phasze: 38°
| phase: 817
hase offset: 1207
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1.4.4 Floating mass

This kind of dischargetake place in correspondence of metallic protrusions or objects not
connected to a voltage source and isolated from ground. The electrical potential of a floating
mass depends aglectric field distribution in space. Under the action of this field a charge
distribution may appear on the object surface; inception is favoured when voltage grafdient

is maximum and discharges occurs in correspondence of zero crossings, whehvajtple
changes her polarity. This phenomenon occurs similarly to corona discharges and is not critical
but can disturb measurement activities.

Feature®f the floating mass effect
A Middle-fast discharges;
A Harmonic spectrurtike corona discharges;

A PDs ae clustered, similarly to corona discharges, in a Hifekpattern, but occur in a

phase range around the zero crossings.

Figure 1-15. Metallic protrusion inside 380 kV cable termination

In Figure 1-16 the PD Pattern, pulse waveform and frequency content of the Floating mass
effect on 380 kV cable termination is reported.

46,00 v Ovwerridden by filter 1

Peak; 22,00 miv Delay: 2400ns | | Peak B33 MHz 100,00 MHz

1136 my

8200 wiik vrom | |

Figure 1-16. Floating mass effect on 380 kV cable terimation

34



1.5 WirelessPD instrument: PryCam Portable

PyyCamE Portable is a wireless device for de
such as cables. This portalmstrument allowgerfornming on-line measurements on powered
components, without the eé of a galvanic connection, and can be conveniently adopted to
locate the PD sources efficiently at a distance from the source. The sensor has a directional
behaviour so during PD measurements the instrunsduld be directed towards the test
object. Tke maximum directivity of the instrument is towards the sensor principal axis. The
antenna probe detects the electromagnetic field produced by each pulse of partial discharge
with a bandwidth of 0-1L00 MHz. All pulse signals are acquired, stored, processeédent to

the computer by a Field Programmable Gate Array (FPGA). Samples are acquired with a
resolution of 8 bit and a rate of 200 MS/s. In such a way, the PD sensor falls in theitkdtra

band (UWB) system$4], [5]. The PD acquisition allows to obtain a set of pulses each
characterized by apecific waveform, a phase angle and other additional parameters. The
processing operation consists in the separation and classification of the pulsgimgtcdheir
common features. The acquisition and processing software running dif iatkt- called

i i FOraymallows to:

A separate pulses featuring similar waveforms that are generated by the same PD source

A rejecting incoherent pulses or rinpulsive signals that can be considered as noise.

Figurel-17 shows the PrCam Portable and iPf§am acquisition and processing software

displayed on iPdd' tablet.

Figure 1-17. Pry-Ca mE i n s t r u me-@am,acquaisitioh and Procgssing software
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1.6  Monitoring PD instrument: PryCamGrids

The Prysmian PrCam Grids is a measuring system which allows performing online constant
PD monitoringoy means of PRCam Wings sensor&igurel-18) for electric components such

as cables, joints, terminations, GIS and transformidre instrument autonomously performs
periodic measures on all the three channels and securely uploads the measurements to the
dedicate srver by means of the 3G mobile netwdrke PD monitoring system has the purpose

of continuously monitoring the PD activity along the entire route of the underground HV circuit.
The continuous monitoring of PD activity will provide informationtleé state of the line and
related accessories and alarms on its wear, aging and potential daRygeam Wings
sensorsare active electromagnetic sensors capable of sensing the PD pulses without the need
of a direct connetn to the component under teShe PryCam Wings sensor apge-installed

on the HV cablexlose tothe accessoriegnder test The sensors are not integrated in or
galvanic connected to the HV cable system. In Way, the wings sensors are closest to the
objects under test (accestes) and will have the best sensitivity for d@soriginating from

the accessories.

Figure 1-18. Pry-CamE Grids instrument and Wings sensor
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1.7 How to perform an analysis of the acquired PD pattern

In order toperform the analysis dhe acquiredPD pattern it is necessary to carry out a series
of fundamental steps to understandPiD phenomenaan be considered critical or not,
especially when measurements are carried out on high voltage compdreperform a
correct analysis of the discharge phenomérsi,it is necessary tacquire a goo®D pattern.
Indeed, he presence of external disturbamcenigh coronadischargecan cover smallePD
phenomena thaiould be criticalDepending on the type abise preserdnsite, it is advisable

to carry out several measurements with various levels of gain and trigger séttiRggire
1-19two examples of acquired PD patterns at different levegmiof and trigger are reported.
In the detail,in the PD pattern with high gain level it can be noted how the main PD
phenomenon characterized by low amplitude, highlighted in red sqoanebe clearly
visualized and the corona discharge due to the uiggeamplitude is located on tHell scale

of the PD pattern. Conversely, the PD pattern with low gain level show the Corona

discharge, characterized by high amplitude cetrex main PD phenomenon.

High Gain Level

Full scale 90 mV

Trigger 11.34 mV

scne 9000w guesr 90.00mv erase 0.0

Gan _B—

TRIGGER ==

Low Gain Level
Full scale667 mv /! ' \ R .

Trigger36.76mV

-

sone 667.00m quuss 525.20m muse -120.0ces msosn 36.76m | roromes

ouses 16,075 os 557 [RESIZCI00N <. svvan

Figure 1-19. Acquired PD pattern at different levels of gain and trigger setting
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In order to investigate an insulation degradation process and eventually recognize the presenc

of a defect on an electric component, is very important to distinguish between different

discharge phenomenaghis investigation can be carried out through the analysis of:

A

o o o o I»

A

PD pattern shape;

PD pulses shape amdequency spectrum (FFT);
PD amplitude

Rerpetition Rate.

Component type

System configuration

Environmental condition

PD signals waveform and patterns shape can be different for the same phenomenon type,

depending on defect type, and could change during time due to aging processes induced by the

discharges, i.e., physical/chemical/geometrical modifications of the discharge site.

Figure 1-20 shows what should be considered during B measurementnalysisusing a

wireless portable deviandpossible results
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PD Measurement
Analysis

Symmetric
PD Pattern

PD Pattern shape
Analysis Pulse waveform

A-Symmetric
PD Pattern

PD Pulse
Analysis

Amplitude

Outdoor
component Repetion Rate

Underground Component type
component under test

HV Electrical
Machine
High Voltage test

system
configuration Normal operation

Weather condition

condition

Presence of Environmental
Overhead line condition

Noise sources

Possible Results of PD analysis

e Internal PD

e High frequency surface PD
e Corona discharge

* Low frequency surface PD
e External noise

e Background noise (no PD)
* Floating mass effect

* Crosstalk effect

Figure 1-20. PD measurements analysiand possible results
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PD pattern shapanalysis

The analysis of PD pattern shape is the first step to understand which kind of PD phenomena

has been acquired. In particuldrcan be acquired the following main PD Pattern shape:

A SymmetricPD Pattern
The symmetrical shape of tlRD pattern is an indication of the presence of a well
defined discharge phenomenon. Typigathe presence of the symmetguld indicate
the presece of a potentially critical discharge phenomenon such as high frequency
internal or surface dischargi other cases, it is possible to obtain a symmetric PD
pattern in presence of corona discharge or of external disturbances.
However, it is always nessary to perform the P[pulse analysido classify the

phenomenon as critical or not.

B0 Overidden by s 1 B venidden by bhe | i -
M 9,10 my” g

VFigure 1-21 Examples of symmetric PD Patterns

A A-symmetric PD Pattern
Typically, the presence of an asymmetrieBIpattern indicates the presence of a corona
dischargeor an external disturbance $uthat it can be classified asn-critical PD
phenomenon. In soneasesit is possible to obtain an asymmetAD pattern in the
presence of a phenomenon of critical desge located in &éarawaypoint, in this case

the phenomenon is acquired partially giving origin to an asymmetrical pattern.

400 Overmidden by bbes 1

“Figure 1-22. Examples ofa-symmetric PD Patterns
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PD pulsesnalysis

1 Pulsewaveformandfrequency spectrum (FFT)
The analysis othe wavefam and frequency contemf the acquired PD pulses allow to

understand the critical nature of thB phenomenon.

A Steepwaveform and high frequency content

The presence of stepplseswith a Hgh frequencycontentshowsthe presence afitical

PD phenomena like internal or high frequency surface dischafggscally, the
presence of high frequency components above 30 MHz is to be considered critical.
however, sometimes it is possible to acguast pulses due to the presence of external
disturbances, in these cases the analysis of the shape of the pattern can indicate the

presence of a fixed disturbance that does not present symmetries or critical positions.

Delay, 3200 ns || Peak 15,83 MHz 100,00 MHz Peak: TB.77 i Delay 3200 ns | Pesk: 17,13 HHz 100,00 MHz

MWWW

Peak: 62,51 mi

1200
mm‘\h\‘”‘m”\"Hh\m\||u||\m\‘l\‘\lw‘llmh‘l\hl“ 26,00 b e 0,128 us/dv

12.80 miv/div 0.128 us/div

Figure 1-23. Examples of steevaveforms and high frequency conteng

A Low waveform and low frequency content

The presence of slow pulses with low frequency content genstailysthe presence
of external noises or disturbances. Howevemay indicate the presence of low
frequency surface discharges typical of higlitageterminationsor a PD activity far

from the measurement point.

Peak: 8357 mv Delay: 2400 s | | Feak: 1.56 MHz 100,00 MHz Feak: 1285 mh Delay: 320.0ns || Peak: 2.34 MHz 100,00 MHz

e S

R gAY ‘

25,00 e fdive 0,128 us/div

Figure 1-24. Examples ofslow waveforms and lowfrequency contents

35,00 v div 0,128 usidiv
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1 PD amplitude

The PD amplitude makes it possible to understand the magnitude of the acdpired
phenomenonHowever,it must be emphasizeétat noncritical PDsphenomena with higRD
amplitude such as corona discharge or external maisebe acquired such as to cover any
smallerPDs activities.n these cases, it is necessary to carry out a series of nmeassreith
different gainand trigger settingso acquire even the smalleBDs activities. By itself, the
analysis of thePD amplitude does not provide sufficient information to classifyfP@
phenomenonit is always necessary to perform the analysithefpulses to obtain a correct
analysis of the PD phenomendi#owever the analysis of th®D amplitude is essential when
severalmeasuremerst havebeenperformed on a circuit in which there are maynponents.
Throughthe analysis of th€D amplitude at different points of the system under examination

it is possible to understand where B2 activity is localized.

1 Repetition Rate

Another parameter that helpsunderstand the magnitude of PDs phenomena is the repetiti
rate, ie. the number of acquirgoulsesper second. This parameter is important whenRbs
phenomena must be compared with similar characteristics (in terms bfualepvaveform

and frequency content of the acquipadses) that may be present on components close to each
other. In this case, the analysis of the tjpm rate allows to understand whidPD
phenomenon has the highest number of discharges anditbdsagnosing theresence of a

PD phenomenon on an integral component affected only by an inductive or capacitive coupling

phenomenolfcrosstalk effect)

Component type

The analysis of thBD measurment can be conditioned lilyetype of componestundertest.
Indeed,depending on the type of component, different tygdd3Ds phenomenar disturbance

can occur, such as:

A Low frequency surface discharge on Outdoor termination;
A Corona effect on GIfGas Insulated Btem);

A External noise on ground connectioiithe HV machine;

A

External noise on ground connection of the Joint.
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System configuration

It is necessary toonsidelif the PD measurement was carried out during a high voltage test for
commissioning of a new line or if the measurement was carriedidngdhe normabperation
condition ofaline. During a high voltage te€®,D patters couldshowalow frequency surface
dischargeand severatoronaeffects due to the connection tfe AC resonant system.

Environmental condition

The weather conditionsiust be taken into consideration espbgiwhen measurements are
carriedout on HV outdoor components, as outdoor termination or transformer termination. The
presence of humidity or dirt could cause the presence of several PDs phenomena on the external
suface of the component under teBurthermore, when measurements are performed in
substations, # presence of overhead line or other HV component in air (insulator and bus bar)
close tothe measuring point generates high corona phenomena which camgeflinePD
measurement on the component under tdsteover, the presence of disturbed phenomena
conducted or irradiated by noise sources such as communication devices, antennas or power
electronic omponents can not be excludadthis case it is necemy to analyze thevaveform

and frequency content of the acquired puasd classifithese external noiséefore making

the measurement on the componamder test

To perform a correct analysis of tR®sphenomena it is necessary to take into considerat
all theissueghat have beeabove listedlt is notindeedpossible to carry out the analybased

on a single characteristidloreover, snce every PDbhenomenon has different characteristics
and takes place in a different conditians not postble to analyze a phenomenon from another
similar one. The experience and the exerutiflarge number of measuremeat® the basis

for a correct analysis of tieDsphenomena.
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The next chapters will discuss the applimas of the wireless measuringchniquen current

MV/HV power systems and future smart grids

Indeed, lhanks to the ability to carry oD measurements quigkbnd easily, without needing

cable connections and bulky devices, the portable instrument can be used in all power systems
without any limitation In order to improve the performance of the instrument, various interest

iIssues on the wireless acquisition PD system havethesanalyzed.

Initially, the problem of voltage phase angle synchronization was analyzed for the apfalysis
acquired PD phenomena at remote pointk1 fact, whenmeasurementgarried outon
accessories such as terminatmmnjoints in places where it is not known with precision the
phase angle of the voltage, the pulses are acquired witbasideringthe phaseshift of the
voltage present at the measuring pointthis case, the acquired pulses are placed iPIhe
pattern with a phase error ttrtuldindicate a codition of incorrect criticalityTo evaluate the
voltageanglephaseshift introduced by aansmission line, several simulations weegformed
considering different configurations and lengths. Moreover, thanks to the support and
development of an electronic device by Prysmian Electronics staff, vapioaseshift

measurments have beeperformedonthreemainHV lines in Sicily.

Subsequently, an investigation was carried out on-swamsoidal partial discharge
measurements. The purpose of this research was to evaluateDthHeehaviour with
unconventional waveforms such as square wave at 5613%@ different rise timesVarious
measurements have been carried out on a series of spetimetreate the types &D, such

as Corona surface andnternal dischargeThis work investigates the influence of repetitive

steep pulses on different typektest objects exposed to square wave voltages applying two
measurement systems each based on different detection principles, the first one based on a
resonant PD decoupler and the second one on an antenna sensor with a flat frequency response
and the chilenges involved. Results reveal an influence of the rise time was observed with both
systems however different information were available dependent on the principle used and the

PD characteristic versus noise and remnants of the applied voltage.

44



After, the analysis ofgperimposed harmonic voltage effectsRID measurements has been
discussed. The aim of this research was to understand and evaluate the impact of harmonics on
partial discharge behaviour, in particular on the PD measurements by meang-@emP
portable instrument, and on the PD Pattern acquisition process. To visualize the influence of
harmonic on PD, several measurements were carried out for a sinusoidal voltage waveform
with magnitude 5,8 kV, containing harmongmsnponents at 5%, 10% @& 20%. Moreover ot
visualize the influence of harmonic phase angle on tA®,measurements were performed
considering for each harmonic component a phase angle of 0°, 90° and 180°.

The resus showed that various harmonitd, 3", 9" and 11"superimpsed on the fundamental
sinusoidal waveform have a significant impact on &tplitude and PD pattern shapes. The
presence of harmonics components can significantly influence the acquisition of the PD pattern

andmay arise synchronism problems during thexsugements.

An accuratePD location method relying on a novel portable PD detection system based on
wireless technologlgas been discussetie problem of PDs localization on MV and HV cables

via PryCam Portable was performed on three different cdeethe MV cable, conventional

PD measurements were performed in the laboratory by means of a standard acquisition system;
PD activity was detected, but the system allowed the operator to localize the PDs only on a
length of 70 m. Aiming at a more accurate-pointing of the defect, more measurements were
carried out using the novel wireless PD detection system, whereby the source of PD activity
was located and identified as a batch of internal defects on the inner semicon. For the EHV
cable, PD measurementgre performed after the installation on site by means of the novel
wireless PD detection system at different points along the HV cable. As a result, PD activity
was located on cable accessoriesthe last case, the measurements were performed on two
short MV cables in HV lalio testing the PD localization method by means®ayn Portable.

In this case, the measurements have been performed on two cable circuits in which and each
one is composed by a short MV cable with two cable termination and onénjtiet middle.

This proves how PD detection portable instruments are able, in cases like this, to locate the PD

source and provide indications for its correct classification.

45



Finally, severalssuesduring the HV test on field performed by means-Eamportable are
discussed. The aim of this study is to understand and classified different PD phenomena and
external noise/disturbance that occurred during the HV test, at different voltage levels, on new
submarine and underground cables.

Moreover, further nvestigation has been performed on MV distribution network through
several PD measurements performed on the MV line and their accessories. In this case, the
survey highlights howPD monitoring within distribution networks increases the degree of
reliability and safety of the power grid. The use of technologies capable of performing partial
discharge measurements combined with ozone measurem&is secondary cabins is one

of the possible applications duture smart grids.
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2. The problem of synchronizing gaal discharge pulses

2.1 Introduction

The asset management evaluation for transmission and distribution systems is a complex and
nonstandardized exercise various parts of the worl]. In addition, based on the available
agestatistics of the power system components, it appears that the pace of their replacement is
essentially linked to their useful life (often several decades). This makes it particularly
important to have corrective or programmed maintenance usinmvasie survey tools. One

of these is certainly the wireless measuneinoé partial dischargeld][8]. The use of portable
devices for the partial discharge also appears indispensable where the thlighditional
instruments is impossible. This often happens in hardly accessible sites and on cable lines and
power components that are not feasible to disarm. Diagnosis through partial relief is an essential
procedure for assessing the health statudeafrecal components and is one of the critical
parameters that can be evaluated during components (cables, terminations, joints), but also
during their installation and operation. Traditional testing for partial discharge tests requires
disconnection ofhe electrical system, requiring the installation of special sensors on the
equipment and then the execution of measurements. Therefore, tested circuits must necessarily
remain discharged during partial discharge measurements (usually several hourgnaltlditi

as the length of the cable in the cable or mix increases, the signal deterioration increases and
therefore the acquisition of partial discharge from one or both ends become even less accurate.
In fact, a signal traveling along a cable or line attgas in the path that connects the source of

the pulse and the sensor, until it is confused with the noise. The wireless-ipadal
measurement devices, available on the market for some[9¢aositweigh the already stated
limitations of traditional sensors, thus also allowing a more accurate localization of the partial
discharge phenomenon, exploiting the directional capacity of the sef@swrsof the most
relevant parameters for diagnostics is based on the Phase Rd3attiablDischarge (PRPD)
pattern analysis, in which the partial discharge pulse amplitude is schematized along with the
50 Hz voltage wave as a functiohphase[10]. The partial discharges generated by different
sources gemate several PRPDs, for which the discharge trigger phase angle is a discriminating

element to locate the source of the partial discharge impulse.
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2.2 Synchronizatin issue in the wireless acquisitiof partial

discharges

The measurement system portabilitables performing measurements in different test sites of
the MV or HV circuit, allowing the localization of the PD source by exploiting the sensitivity
and directionality of the sens@ne of the most peculiar parameters for identifying the different
PD activities relies on the analysis of the phase resolved PD (PRPD) pattern, where the
amplitude of the PD pulses is plotted versus the phase angle of the supplying line voltage [4].
PDs generated by different sources generate different PD patterns, wh@tete angle is
crucial for discriminating the source of the PD phenomenon. idlgsis of PD measurements

relies on parameters such[as]:

A amplitude of the partial discharge-gieak value of the single gl discharge pulse;

A trigger voltage Vi instantaneous voltage value applied when partial discharge occurs;

A Phase aPRhaseie dedrees on a supply voltage cycle at the location where the
PRPD is acquired

The presence of PDs is characterized bygsoofpulseshaving similarshapeand amplitude;
therefore, the phase angle G is the first
identifying the presence of internal, surface or corona discharges. For instance, PD patterns of
corona effects aresually featured as a group of dots across the maximum of the positive and
negative voltage curve. An error of 30° in the PD acquisition could lead to an erroneous
interpretation of critical surface PDBigure2-1) i indicating a serious defect on the MV/HV
accessory as corona effectHjgure 2-2) which can be usually classified as a not dangerous

phenomenon.
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Figure 2-1. PD Pattern compatible with Figure 2-2. PD Pattern compatible with
surface discharge corona discharge

An accurate phase angle measurement is thus extremely important for PD detection and
classification. Theuse of wireless PD diagnosis tools requires reliable ways for synchronizing
the instrument with the AC power supply voltage of the equipment undefTtestuse of
portable systems for the PD identification have led to a breakthrough in the field asfiegn

[12]. The system on which the measurement is performed should not be disconnected and the
measurement can be carried out in rapidly and safely. Howéweobtain a precise
measurement of the PD activity, it is necessanow the phase angle of the partial discharge
phenomenotto correctly identify the type of discharge affecting the system or the line under
examination. The frequency/phase reference is usually acquired by means of sensors integrated
in the wireless PDnstrument or by using external sources, such as current clamp, rogowski
coil, Current Transformeor even light source.

A quite significant problem is avoiding aphaseshift between the PD measuring system and

the voltage supplying the test point whéne measurement is taken. For instance, when PD
measurements are performed on a termination without any load on the line, the capacitive
current flowing on the line leads to a €0e g r ghasssliift if a current clamp is used as
synchronization source. dther common example is when the atrtificial light is used as
frequency source, especially inside substations; in this cagghéseshift depends by many
factors and it is not always easy to calculate the proper phase offset.

Thereforeto be able to evaate for each impulse the phase value with respect to the sinusoidal
voltage must be correctly synchronized with the measuring instrument. Based on the above
mentioned problem, the activity carried out under this study aims to evaluate and quantify the
adual phaseout of voltage, introduced by a transmission and / or distribution line, in order to

improve accuracy and the performance of a portable device for the relief of partial discharges.
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In this work, reference is made to the rlgmTM[13] instrument, which allows the detection

of partial discharges (PD) on HV and MV electrical components such as cables, joints,
terminals, transformers, GIS and rotating machines. The instrument allows PD measurements
on powered componentsing an electromagnetic sengdf without the need for a galvanic
connection, and to transfer them in real time to a tablet usiFig Wbtocol. The measurements

are then loaded onto a remote server to be stored and fantigzed laterRigure2-3).

" .\

~— Upload to Server

i !

Voltage Phase
acquisition

PD measurement processing
and analysis

HV station HV Transmission Line PD measurement Point

Figure 2-3. Remote synchronization oPD measurements carried out with a portable device

In the proposed method, a dedicated unit can be installéewirsubstations of the grid,
acquiring the phase angle together with a precise time reference (i.e. derived from Global
Position System). Where a &vor Measurement Unit (PMU)4][15] is already asilable at

the substation, its GPS time reference can be used, instead of using a separate GPS receiver anc
antenna. Phase angle and the precise timestamp can be made accessible on a centralizec
synchronization server; in this way, PD measurements performvéhout proper
synchronization can be corrected by correlating the timestamp of the PD pulses with the
synchronization server. Tlphaseshift angleshouldbe calculated and may be compensated by

the knowledge of the line length and load current.
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Theaim of this work is:

A to describe the problem of synchronization phase voltage for wireless PD diagnosis;
A to describe a possible solution to the problem through a customized low cost electronic

device.

At first, different simulations in modelledealworld test cases, showing various loading
conditions and distances, are compared to actual measurements taken on the transmission
network. To understand how the transmission line determines a vodtagke phaseshift,

various simulations in PSCAD with differeaverhead transmission lines operating in Sicily,

Italy, have been carried out. In fact, it can be easily proved thahtmeeshift produced by a
transmission or distribution line may cause 4migrpretation of the PD diagnostic results. If
instead sucldisplacement can be estimated, it is possible to obtain a correct PD measurement
without phaseshift offset introduced by the transmission line.

Later, thanks to a custom electronic device, henceforth Phase Check, the aoifiegphase

shift has been nasured, at the two ends of the considered HV overhead transmission lines. The
measures on HV networks have been conducte
Terna Rete Italia Spa (Italian Transmission System Operator) that has made available its
facilities for validating the results obtained from the PSCAD simulationsdané A Phase CI
acquisitions.

It is expected that the voltagegle phaseshift in cable lines is greater than on overhead
transmission lines. However, for this work, measums@ave been performed on overhead

lines only, due to the simpler authorization request process for accessing the substations.
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2.3 Evaluation ofthevoltageanglephaseshiftin HV lines

In order to evaluate, first theoretically and then empirically, wbléage angle phaseshift
between two ends of a line, simulations were carried out, bpsradaan equivalent line model

and relative line constants, and subsequently measurewengtgarried out on three main HV
transmission linepresent in the Siciliaretritory. The first objectivés to assess whether the
voltageanglephaseshift introduced under standard operating conditions can be significant for
the diagnosis and acquisition of partial discharges. The second goal is to provide, after
validation withothermeasurement systems, a look up tableorrect the available measures.

The analysis of the synchronization problem was therefore first simulataddsilingan HV
overhead transmission system at 150 kV, 220 kV and 380 kV, and an HV cable at A4 kV
simulations aim to quantify theoltage angle phasshift introduced by each transmission
system, considering different configurations of the power transmitted according to the
maximum carrying capacity. Subsequently, thanks to the collaboratidiigsta with Terna

Rete ltalia, measurements were made on three of the \aipower lines (two 220 kV
electrodes and 380 kV electrodes) in Sicily to validate some of the data obtained from the
simulations. During the measurements, thanks to the OMICROIC GBbb/256 measuring
instrument, the real active and reactive power transits were acquired on the lines under
examination. The acquired data allowed a further simulation study to verify the reliability of
the line model employed in the first phase of thuelgtand validate the measurements detected

by the PhaseCheck device. In this second study, the simulations were conducted by considering,
initially, the equivalent line model and relative positive and zero constants and then using the

configurations and @racteristics of the tower and conductors of the lines in question.

52



2.4 Simulation analysis of thgoltage angle phasghift introduced

by the HV lines

To evaluate the phasmut of the voltage introduced by a transmission line, the simulations were

conductedconsidering the electrical and dimensional parameters of three aerial lines with a
nominal voltage of 150 kV, 220 kV and 380 kV, and a cable line with rated voltage of 245 kV.

The simulations were carried out using PSCAD software, considering at fiestedif load

configurations, depending on the maximum carrying capacity of the individual lines. To

evaluate the propagation of the voltage wave, the simulations were carried out considering the

following conditions:

1. line lengthof 100 km

2. power transmittedependent on line capacity

380
220
150
245

k V
k V
k V
k V

Y - 206 W -MEUO MW

Y - 1600MWM280 MW

Y- 75 AW -G MW

Y - 1600MWM2B0 MW (cable line)

3. evaluation of the voltageaves propagation every 10 km and at the end of the line.

Subsequently, in paragra@lb, the simulations were reworkbdsed orthe current active and

reactive power transitions, in line with the results obthineexperimental measurements.
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The simulated overhead line consists of an ACSR conductor with diameter 31.5 mm (sections

of duminium 519.5 mrhand steel 65.80 mM[16], whose characteristics are showTable
2-1.

Table 2-1. ACSR transmission line data

Primary Parameters

Postive sequence Zero sequence

r = 0.05487 ro = 0.3089
| = 1 [mmMA1LO 0 = o [ekg3A
¢ = 9. [Ek@A1LO0 CO = 5 [Fe AT

Secondary Parameters
Surge Impendence Zc = 374.637
Wavelength > = 5840.6
Velocity of Propagation v = 292030 [km/s]
Complex propagation constant|f o = 0. 0001+ |

The cable used in the simulatiorthsee single phase aluminium conducteith Cross Linked
Polyethylene (XLPE), cross section of 1000 mm2 and designed ta®pégrated voltage of
245 kV. The main features and data of the cable line are sholiable2-2 andTable2-3.

Table 2-2. Cable material properties

Table 2-3. Cable line data
Cross section of Conductor Al - 1000 [mnd] Inductance 323.2 [uH/km]
Insulation XLPE - 19.1 [mm] Capacitance 154.4 [nF/km]
Relative Permittivity XLPE 2.3 Surge Impendence Zc= 47.525
Metallic sheath Al - 1.2 [mm] Wavelength > = 2781.6
Plastic sheath HDPE- 4 [mm] Velocity of Propagation v = 139080 [km/s]
Maximum working voltage 245 [kV] Complex propagation constal 2= 0.0004 + 0.0023 [rad/km
DC resistance of conductor 0.0291f/ k m]
AC resistance of conductor 0.0405f / k m]
Inductance 0.382 mH/km]
Capacitance 0.204E F/ k m]
Positive sequence resistance 0.04053§ / k m]
Positive sequence reactance 0.119/ k m]
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The simulation results ashow inTable2-4 andTable2-5, for the overhead and the cable line.
They show, as it can be expected, the increase ofalkege angle phasshift for increasing

supplied power values, with differenbitage rating for equal line length.

Table 2-4. Overhead transmission line simulation results

250 MW 500 MW 1000 MW

Overhead - - - - - -
line a [| o [ o [ 4 [| & [ a

100km | 10km | 100km | 10km | 100km | 10km

380 kv 2.72 0.27 5.35 0.53 | 1047 1.06

50 MW 100 MW 200 MW

Overhead = — = = = =
line o [ 4 [ a [{o [ 4 [| 4 [
100km | 10km | 100km | 10km | 100km | 10km
220 kv 2.42 0.23 4.74 0.47 9.25 0.94

50 MW 75 MW 100 MW

Overhead = — = = = =
line a [ o [{ & [|o [ 4 [| o[

100km | 10km | 100km | 10km | 100km | 10km

150 kv 5.09 0.51 7.53 0.76 9.91 1.01

Table 2-5. Cable line simulation results

50 MW 100 MW 200 MW
Cableline | o [| a [| o [| o [| & [| 4 [
100km | 10km | 100km | 10km | 100km | 10km
220 kv 3.66 0.27 6.08 0.49 10.73 0.94

A comparisorbetweenthe 220 kV overhead and cable Imsimulationshows thatper equal

length and power suppliethe voltage angle phashift is comparabl&vith a deviation about

1.5°. In fact,the higher reactive power engaged in cable line allows to partly compensate the
voltageanglephaseshift.

From the simulation results it can be noted that the maxinaltage angle phasshift on a

HV line is around 10°. If PD measurements are acquired and phase sync corrected with such
phase reference, an error up to 15° does not usually lead to misleading interpretation in the
analysis of the PD pattern. Even if it is possible to correcpti@seshift by the knowledge of

the line length and the load current, in most of the cases this will not be necessary.
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Based on the simulation results reported above, three main HV overhead lines have been
identified in the Sicilian territory on which toeasure phase voltage measurements and to
evaluate the actuabltage angle phasshiftintroduced by the overhead lines.

The HV overhead lines in the study are:

A Line 11 BellolampoCaracoli at 220 kV in double-ghase length: 50 km;
A Line 2i BellolampoPartinico at 220 kV in double-Bhase- length: 26 Km;
A Line 31 Chiaramonte GulfPriolo at 380 kV in single-phase length: 60 Km.

The first aim of the simulains is to see whether the pha$ét introduced by standard
operating conditions can be meagful for PD diagnosis. The second aim is to provide, after
validation with other measurement systems, a look up table to assess thshih@aseorrect

other available measures. To evaluate the voltaggle phaseshift introduced by a
transmission lie, the simulations were conducted on three overhead transmission lines with a
rating voltage of 220 kV and 380 kV. The overhead transmission lines considered for the
simulations consist in an ACSR conductor with diameter 31.5 alnm{niumsection 519,5
mn? / steel section 65,80 nfy[16].

Figure 2-4 shows the overhead transmission lines at 220 kV, in particular the lines from
Bellolampo to Caracoli stations (BECAR) and from Bellolampdo Partinico stations (BLL

PRT). The overhead transmission line at 380 (red line) kV from Chiaramonte Gulfi to Priolo
stations (CHIPRI) is shown irFigure2-5.

PRIOLO GARGALLD
ANAPOD

BELLOLAMPO ISAB ENERGY

TERMINI

IMERESE LIMERI EUROPA

RAGUSA

CIMINNA

Figure 2-4. Overhead transmission lines at 220 kV Figure 2-5. Overhead transmission lines at 380 kV

The lines mentioned above have been first studied through extensive simulations. Then the
results of the er have been compared with the experimental measurements. The simulations
were performed considering the actual line length and the power level transmitted detected on

site during measurements.
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Therefore, simulations are performed considering the lirenpeters, calculatesincethe data
provided by Terna Rete Italia. The overhead transmission lines characteristics are shown in
Table2-6. Lines specifications were provided by the Italian TS@bfe 2-7).

Table 2-6. Characteristics of overhead transmission lines

Line Characterist'ics of overhead transmission lines
Voltage rating [kV] Length [km]
BLL - CAR 220 50.9
BLL - PRT 220 26
CHI - PRI 380 60.9
Table 2-7. Line parameters
Constants Overhead transmission lines
Line BLL - CAR | BLL - PRT CHI - PRI
r [ a/ kn 0.5494 0.549¢e4 0.182e4
XL [ q/ k| 0.400e3 0.401e3 0.270e3
XC [ MqlLk 347.961 347.876 233.843
ro[ g/ k m]| 0.191e3 0.3170e3 0.251e3
XLo[ g/ k m| 0.100e2 0.132e2 0.110e2
XCo[ Mq L kn 452.859 540.443 440.414

In Table 2-7, the symbols r, XL and XC represent the service constants, while the sysbols r
XLo and XG are indicative of the zero constants of the overhead lines.

The simulations were conducted using the Bergeron Model that is based on a distributed LC
paraneter travelling wave line model, with lumped resistaiégure 2-6). It represents the L

and C elements of a Pl Section in a distributed manner (i.e. it does not use lumped parameters).
It is roughly equivalent to using an inifi@ number of Pl Sections, except that the resistance is
lumped (1/2 in the middle of the line, 1/4 at each end).

Y%L YL
O AA N "N Y AAA O
4R %2R YaR

Figure 2-6. Line equivalent model
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At this stage, simulations weecarried out immediately after gaining real power transits on the
lines in questionTable2-8), taken on site during the measurements.

Table 2-8. Simulation results. line parametersmanual data entry

Simulation Results
Line \I/?oaltglgge Length Trapn(')svr\fi}trte d R§§v32¥e Phasoeshift
[kv] [km] [MW] [MVAR] ]
BLL - CAR 220 50.9 48 - 7,07 1.17°
BLL - PRT 220 26 45 -45 0.70°
CHI - PRI 380 60.9 690 -10,84 4.48°

As it is shown inTable 2-8 the line CHIPRI with a higher transmitted power determines a
greater voltage phashift.

In a transmission system with greater lines lengths and significant amounts of transported
power, the phase error maydoene quite significant. For example, the simulations show that a
transmission line with the same characteristics and the same transmitted poweiRR ICidt

with a length of 200 km, the voltagegle phasshift introduced by the line is approximately
13.72°. This phase error magnitude could lead to a wrong assessment of the PD patterns. The
PDs are characterized by groups of pulses having similar shape and amplitude; therefore, the
phase angle (G Iis a very | mpor tpesehce gf eateraame t e r

surface or corona discharges.

A further simulation has been performed with the real geometric layout of the conductors in
order to obtain more accurate results. In this way, the simulator computes using the Bergeron
Model the constarvalues from the geometric layout. The transmission line geometric layout,
at voltage rating of 380 kV, is composed of three conductors per phase in deltaRigwes (

2-7). In this configuration, each phase aary 1500 A with @ahreephasenominal power of

1000 MVA. The configuration layout for transmission lines at the rating voltage of 220 kV is
double three phasmnductorsn a vertical tower as shown Figure2-8. In this configuration,

each phase can carry 500 A wittheeephasenominal power of 200 MVA.
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Figure 2-7. Transmission line with three conductors Figure 2-8. Double three phase
per phase in delta tower at 380kV conductorsin vertical tower at 220kV.

A greater power transport determines a high current flow which results in a greater voltage
anglephaseshift. Table2-9 showstransmitted power and relevaptiaseshift for comparable
line lengths. The simulations were performed considering the actual active and reactive power

transits measured on site. The large reactive power transit in the case of the HR&Blas
due to goarticular operating condition of the electrical system.

Table 2-9. Simulation results: line parameters geometric layout
Simulation Results
) Rating Power Readive ;
Line Voltage Lﬁ<rrlr?]th Transmitted Power pha?::i\shn‘t
[kV] IMW] [MVAR]

BLL - CAR 220 50.9 48 - 7,07 1.05°
BLL - PRT 220 26 45 -45 0.68°
CHI - PRI 380 60.9 690 -10,84 4.11°

In the next section, the data obtained from PhaseCheck measurements will be presented
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2.5 Experimental measure of theltageanglephaseshift

In Figure29t he overall architecture of

t he

Checko and the |l ook up table is shown.

wir el
The

angle at the ends de line and an absolute time reference by GPS; this data is then sent to the

Look Up Table Server.

Voltage Phase shift

. =
PD measurement with PD measurement with
Phase Error Corrected Phase

. Wireless PD /
. " \ 5 " g
£ by e " Instrument 4

&7/ ;- <7
/) / y
J

Figure 2-9. Voltage angle phaseshift compensation in PD measurement through Phase check and Look up tab.

On the server, the detailed information of tine length is loaded, the phaskift is calculated

and then the worst condition corrected voltaggle phasshift is deduced. If the operating

conditions are available, the server could also perfosimalation of the line and output the

precisephaseshift. In this way, the PD measurementlifferent sites can be corrected to obtain

a PD pattern with an accurate phase angle.

The experimental activity described above was preceded by a system tatiegahevoltage

angle phasshift detected at the two ends of the line. The systatted 'PhaseCheck’, consists

of a pair of identical instruments, one of which is depictedrigure 2-10, and usefulfor

assesing the phaseut angle of power in power networks. The voltage offset angle produced

by the line was then measured by installing the two devices, designed and developed by

Prysmian ElectronicfL7], in their respective starand end stations.
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Figure 2-10.PhaseCheck device Figure 2-11. Simplified block diagram of the device

The circuit design is made by an analog frontendithabnnected to the voltage transformer
(TV) output in the substatiorFigure2-11); this signal (in the range of 100 V) is converted to

a square wave. Voltage transformers (TV) have a precision class of 0.2rord)ddion to the

type of measuring assembly. The limits of the voltage (or ratio) and amglemust comply

with the requirements of the reference standard for voltage transformers ENZB[®}4In

relation to the presion class 0.2 and 0.5, the phase angle error introduced by a TV is equal to
+ 0.3 and % 0.6 centiradians, which in degrees is + 0.171 ° in the first case and = 0.343 ° in the
secondcase.In order to obtain a perfectly synchronized measurement, and edngidhat

there are two devices, one for each substation, it is necessary to provide a GPS antenna with the
corresponding receiver to obtain the exact reference-refieeence between the two
instrumentsA GPS receiver and its amplified antenna maketithe-reference circuit; when

the GPS receiver acquires the minimum number of satellitessexdnd pulse (PPS) is
generated and acquired as interrupt by-ait &icrocontroller (MCU). In the interrupt routine,

the MCU calculates by means of an intermalcnt er (l1es of resol uti
between the received PPS and the next reoige of the square wave generated from the AC
voltage. For the sake of clarity, the same principle can be performed by usingaartl

oscilloscope like ifFigure2-12.

Figure 2-12.0scilloscope example of the measurement performed by the PhaseCheck.
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It can be noted in blue the square wave obtained from the TV output, while the PPS denerate
by the GPS receiver of the PhaseCheck i s de
the risingedge of the PPS and the next risgdpe of the square wave can be easily obtained.
Thetimest amp and the value of reloallystoadandsenthby r ep
a serial link to the PC. The frequency of the square wave is also calculated and transmitted to
the PC. In order to calculate thhaseshift between two points in a transmission line, two twin
PhaseCheck units were used, galelted at one end of the line and connected to the respective

TV on the same HV phase. The resulting files were saved on the two laptop computers
connected to the PhaseCheck units at the two sites and then compared at the end of the
measurement sessiororRhe same timstamp value, the difference of the counters in the two

files was obtained, hence the resulfpigaseshift. Thevoltageangle phasshiftintroduced by

the overheadine, was calculated starting from tlsamethe timestampvalue, which wa

acquired by the two devicdsy performing the raltive difference of the measured time values.

For better understanding, an example of the voltagge phasshift computation has been

reported inFigure2-13.

Time:103155 - Dt:12191 - Period:20005 - Bat:8.1lev Time:103155 - DT:12427 - Period:20008 - Bat:§.20Vv
Time:103156 - Dr:12544 - Period:20009 - Bat:8.16V Time:103156 - Dt:12785 - Period:20007 - Bat:8.20v
Time:103157 - Dt:12932 - Period:20008 - Bat:8.16V Time:103157 - Dt:13171 - Period:20007 - Bat:8.20v
Time:103158 - Dr:13349 - period:20011 - Bat:8.16V Time:103158 - Dt:13589 - Period:20009 - Bat:§.20v
Time:103159 - Dr:13763 - Period:20006 - Bat:8.16V Time:103159 - Dr:14002 - Period:20007 - Bat:8&.20v
Time:103200 - Dr:14128 - Period:20011 - Batr:8.16V Time:103200 - Dt:14369 - Period:20008 - Bat:§.20V
Time:103201 — DL:i14536 - period:20006 — gat:8 16V Time:103201 - Dt:14775 - Period:20007 - Bat:8.20V
= . = g - :B. - — DL: = 5 — t8.

Time:103203 - Dr:15262 - Period:20005 - Bat:B.1lav . _ . _ . I .

Time:103204 - Dt:15594 - period:20007 - Bat:8.16V Time:103203 - DL:13301 - Per10q:20007 - Bat:&.20v

Had : Mgl : Time:103204 Dr:15835 Period:20007 Bat:8.20v
Time:103205 - Dt:15923 - Period:20006 - Bat:8.16v P _ . _ o - 7 _ .

Hpa : Hger : Time:103205 Dr:16162 Period:20007 Bat:8.20v
Time:103206 - Dr:16264 - Period:20005 - Bat:8.16V Time:102206 - Dt:16503 - Period:20006 — Bat:8. 20V
Time:103207 - Dt:16567 - Period:20006 - Bat:8.16v Mt ps : Mg e o

e . _ . 7 _ s ad - _ . Time:103207 - DT:16805 - Period:20007 - Bat:8.20V
Time:103208 DL :16887 Period:20006 Bat:8.16V Pt s Mg s .
Time:103209 - Dr:17197 - Period:20007 - Bat:8. 16V Time:103208 - DT:17126 - Period:20007 - Bat:§.20V

. _ 17576 _ s ol - 7 _ e Time:103209 - Dt:17437 - Period:20007 - Bat:8.20v
Time:103210 Dt:17576 - Period:20007 Bat:8.1lev H Lat .

Time:103211 - Dt:18000 - Period:20008 - Bat:8.16V Time:103210 - Dt:17817 - Period:20009 - Bat:§.20v
Time:103212 - Dr:18391 - Period:20008 - Bat:8.16V Time:103211 - pt:18240 - Period:20008 - Bat:8.20v
Time:103213 - Dt:18811 - Period:20010 - Bat:8.16V Time:103212 - Dt:18630 - Period:20009 - Bat:8.20V
Time:103214 - Dr:19213 - Period:20007 - Bat:8.16v Time:103213 - Dr:19052 - Period:20009 - Bat:8.20v
Time:103215 - Dt:19541 - Period:20006 - Bat:8.16V Time:103214 - Dr:19452 - Period:20008 - Bat:8.20V
Time:103216 - Dr:19945 - Period:20011 - Bat:8.16V Time:103215 - Dr:19782 - Period:20007 - Bat:8.20V

Starting Substton - PhaseCheck 1 Arrival Substation PhaseCheck 2
Figure 2-13. Data Acquired by Two PhaseCheck on Line 3 at 380 kV

Considering the timstamp value of 103208Rjghlighted in bluen Figure2-13, the phaseshift
value is obtained bgerforming the difference between the time of the arrival station and the

time of the starting station by returning the tislgift value in degrees:
g Dt) = 151521 14913 = 239 * 360/20000 = 4.30°

Where 20000 represents the period of s.quare
In this example, theoltageangle phasshiftintroduced by theverheadine is 4.30 °.
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The voltageangle phasshift measuremestwere conducted simultaneously with the help of

the Omicron CMC356 / 256 measurement system and Siemens Sigra analysis and processing
software, made available by Terna Rete Italia, for a further comparison term with the data
recordedThemeasurements carried out, thanks to the support of Terna Rete Italia, allowed to
validate the results obtained from the simulations and to test the accuracy and reliability of the

device.

The first measurement wapsrformed on the Line 4BellolampaeCaraoli at 220 kV in double
3-phase Both measuring systems were connected to the central phaseowétheadine, so

the voltage and current values for a phase were acquired. At the time of measurement, the power
transmitted was about 16 MW per phaseaftwtal tansmitted power of about 48 M\8everal
measurements were takerthvdifferent acquisition timest the end of the measurement was
found aphaseshift of 1.03 °.During thesimulation,a deviationof phaseangle of about 1.17 °

was found. The miulated data has an error respect to the measured data of 1C&¥ilering

the precision ofthe TV, installed in both substatioand imagining that phase errors are
suppressed bthe phaseshift due tothe voltagepropagation, both measures can beeiad.

In the worst case, considering that the TV precision class is 0.5, the angle error introduced by
the twoTV is £ 0.686 °. In this case, the error introduced by the TV is comparable with the
result of thesimulation (1.17 °). Therefore, in the cageslort lines with modest active power
transmitted the phase angle is very small (order of 1 °) and therefore the correctness of the
simulations cannot be verified using the measurements niadere-synchronizing the
instrument, however, remembering tlatly a phase error greater than 15 ° could lead to
incorrect interpretation of theD pattern aphaseshift of the order of 1 °d not significant and

does notead to an erroneous interpretation of Bigpattern
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The second measement was carried oon the Line 21 BellolampaePartinico at 220 kV in

double 3phaseDuring themeasurement, the power transmitted was about 15 MW per phase,
for a total transmitted power of about 45 MW. Compared to the previous case, the layout of the
power grid was suchsao record a high level of reactive power. Due to the reduced length of
the line, 26 km, and the operating conditions, a phase offset of 0.74 ° average was measured.
The simulation confirms the measured data, since the calcplassashift was 0.70 °, wth a

negative error of5.71%.

The third measurement was donelame 37 Chiaramonte GulfPriolo at 380 kV in single-3
phaseln this case, the overhead lihas a configuration witthreeconductorper phasand a
significantly higher transfer powefrhe choice of this type afverhead lindhas been made to
ensure better quality of the detected data. A higher transmitted power causes, ihifdy a

voltagephaseshift.

During the acquisitionthe transmitted power was about 230 MW per phase, wittah of

about 690 MW othe threephasetransmission power. Under these operating conditions, the
phaseshift angle was on average 4.24 °. During the simulatio@phaseshift was 4.48 °In

this case, the committed error is 5.35%. Unlike previouss¢éise phase error introduced by

the two TVs of = 0.686, in the case of precision class 0.5, allows to correct the measurements
made in the two substations and provide a much more accurate and reliable indication of the
actualphaseshiftintroduced by thé&ransmission line. In the specific case, the measuinade

shiftwill be 4.24 ° + 0.686. The simulated value, in this case, deviates from the value measured
by a positive error of 9.95% to a negative errot2ef.66%.

Table 2-10 shows the results of the simulations carried out in PSCAD, considering the line
constants of the thredV overheadlines, and the experimental results obtained from the
measurements made with the PhaseCheck device on thevereeadines undetest

Table 2-10. Comparison of the results betweehaseChecland simulations(line parameters manual data entry

Rating Lenath Power Reactive PhaseCheck PSCAD
Line Voltage 9 Transmitted Power phaseshift phaseshift | Error %
ki | M uw [MVAR] ] ]
BLL - CAR 220 50 48 -7,07 1.03 1.17 11.96%
BLL - PRT 220 26 45 -45 0.74 0.70 -5.87%
CHI - PRI 380 60 690 -10,84 4.24 4.48 5.35%
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A further simulation with the configurations and characteristics of the Tower amlictors

has allowedto obtaineven more accurate results. Unlike the previous case, in which the
simulations were conducted by inserting the fundamental constants of the lines, in this case, the
actual distances and arrangement of the conductors wemduned for each tower
configuration(seeFigure2-7 andFigure2-8).

From the results obtainedj aerrorreductionwasoccurred. In detailthe error forthe Line 17
BLL-CAR is equal t02.83% compared with 11.96% of the previous casmethelLine 2BLL-

PRTthe error, already negative in the previous case, is furtheceddt8.82%:;for the Line

31 CHI-PRIthe error undergoes a reversal of the sig8.82%. As summazed inTable2-11.

Table 2-11. Comparison of the results betweefPhaseChecland simulations(line parameters geometric layouy

Rating Lenath Power Reactive | PhaseCheck PSCAD
Line Voltage [kn?] Transmitted Power phaseshift phaseshift Error %
[kV] [MW] [MVAR] [°] [°]
BLL - CAR 220 50 48 -7,07 1.03 1.06 2.83%
BLL - PRT 220 26 45 -45 0.74 0.68 -8.82%
CHI - PRI 380 60 690 -10,84 4.24 4.08 3.92%

Even in this case, the phase error intiet by the TV should always be considered, which in
the case of small phasaift do not allow to fully appreciate the result obtained in simulation.
However, considering the appreciabtdtage anglghaseshift, as in the case of therle 37
CHI-PRI with a phaseshift of 4.24 + 0.686, the simulatiorerformed with the geometric

layout of the conductors have determiregbositive error of 17.17% and a negative error of
14.8%.
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Therefore, the measures taken have allowed validation of the resultedliigithe simulations
and the accuracy and reliability of the PhaseCheck sy3tainhe2-12 shows the results of the

simulations and the results of the measurements made with PhaseCheck.

Table 2-12. Comparison of the results betweesimulations and experimental measures

Simulation Vs PhaseCheck
Simulation Simulation Measured
Line Manual Data Entry Geometric Layout PhaseCheck
Sphr?gs[?] Error% Sphfil]:’:tls[?] Error% phaseshift [°]
BLL - CAR 1.17° 11.97% 1.05° 1.90% 1.03°
BLL - PRT 0.70° -5.71% 0.68° -8.82% 0.74°
CHI - PRI 4.47° 5.36% 4.11° -3.92% 4.24°
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2.6 Look up tablegor the evaluation of theoltagephaseshift

In many casedo not knowthe power transmittedn the line but only the zerarossing of the
voltagewavethrough the PhaseCheck experimental system, it is useful to identiphése

shift valuesin the worst case that can correct Bi2 patterrand to proceed tanidentification

of thePD phenomena

In a transmission system with considerably long lines (over 200km) and with considerable
amounts of energy transported, phase error can become quite significant. For example, the
simulations show that a transmission line with the same characteristics and tti@samited

power of thdine CHI-PRIbut with a length of 200 km, theltage angle phasshift introduced

by the line is about 13.72 °. This phase error, therefore, could lead to an erroneous evaluation
of the PD patternso it is necessary to compens#te phaseshift by proper instrument
recalibration. As shown ifmable2-13, thelook up tablefor the evaluation of thd®haseshift

error determines the voltage level, line length, and the relgthaseshift introduced by the

line. Given the degree of misalignment measured, the system should provide an indication of
the actions to be taken in order aoquirecorrectlythe PD pattern. In the case below, the
Resynch action in green does not need any correction given the degineseshift, the orange
indication indicates that a correction may be made at the discretion of the operator, instead the
indication in red requires the operator to perform adequatgnehronization so as not to get

false positives during the analysis.

Table 2-13. Look up tables for the evaluation of the voltag@haseshift

Line Type Vn [kV] Length [Km] Phaseshift [°] SL'JAiqut]i:;e d
BLL - CAR Overhead line 220 50 1.03° NO Resynch
BLL - PRT Overhead lie 220 26 0.74° NO Resynch
CHI - PRI Overhead line 380 60 4.24° NO Resynch
CHI - PRI Overhead line 380 200 13.72° Resynch

Linea 5 Cable 245 100 10.73°
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2.7 Conclusion

In this chapterthe problem of the voltagengle phasshift due to overheanlansmission line

was discussed and explored by using a custom electronic equipment. The objective of the study
was the assessment of the accuracy of the simulations results, in order to deduce look up tables
as support tool for the identification of theta@al phase displacement and suitably correct the
data collected by the PhaseCheck device in a remote location.

Although thephaseshift measured in the considered experimental conditions are small, longer
transmission lines and higher levels of active potwansits can cause a greater phase error
between the two ends of the line. An excessive phase error, up to 15°, may result in a wrong
interpretation of the PD patterns, giving rise to the possibility of obtaining false positives or
negatives in the diagsis for the HV/MV devicesFor this reason, it was proposed the
possibility to use as reliable synchronization reference the remotely measured AC voltage of
the same phase by which the component under PD test is supplied, at the nearest accessible
substéon.

The experimental measures have proved the correctness of simulated values and that it is
possible to create a Look Up Table to deduceptiaseshift determined by the voltage wave
propagation along a transmission line, based on line length andcalifetatures. The next step

is to evaluate the voltagihaseshiftin cable line, since thghaseshiftis greater than overhead

transmission line due to cable parameters.
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3. Partial dischargemeasurement nonsinusoidal regime

3.1 Introduction

In modern pwer transmissions systems power electronics devices are used for rapid switching
and can generate High Voltage High Frequency (HVHF) oscillations which may be as a
consequence of resonance, overvoltage due to fast switching operations (power inverters
perform fast switching operations thanks to IGBZ2], leading to undesirable degradation of
cable insulation. Because of several technical and economic advantages, cross linked
polyethylene (XLPE) high voltage cables have beately used in power transmission and
distribution systems. However, ageing deterioration of XLPE insulating material cannot be
avoided because it is made of polymeric matefiak use of fast switching components, such

as Insulatedsate Bipolar Transistser(IGBTs), Thyristors (SCRs) and Mosfets (FET®)ts
components and cables under a greater siess$o the presenad waveforms different from

the classical 50 Hz sinusoidal shape. The presence of the gtjarrd PWM[25] waveforms
canstress the insulating system, due to the fast voltage switching polarity and short rise times
[26]. Partial discharge (PD) wilthus occur with higler probability leading to insulain
degradation or indeed a complete component failure. Mainly, the PDs are dependent of the
voltage rise time as when varying the tisee, the number and the amplitude of the discharges
change$27].

In order to understanddPphenomena under nginusoidal voltage a deépvestigationthank

to the collaboration to the Chalmers UniversifyGoteborghas been conductedhis chapter
describe measurements performéy meansof the PD measurement system presanthe

High Voltage laboratorgf the ChalmerdJniversityandthe PryCam Portable prototype.
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3.2 Measurement setup and acquisitigatem

The main aim of this work is to evaluate the PD activity with applying square waves at different
voltage frequencies with different ing)/falling times using two different detection methods.
Both analysis of individual PD pulsestime and frequency domains were performed and used
as complements.

The objects tested were chosen to replicate the defects typically appearing in redi@puglica
corona (point to plane, and needieedle configurations), internal (thregerswith the cavity

hole of 4 mm of diameter in the center disc), surface discharges (twisted paithesepdase

motor stator to compare the responses of the adquissiystems on a complex insulation
system. The tests on different PD sources were performedinitboidal wave at 50 Hgguare

wave frequency of 50/350 Hz with short (10 ps) and a longer rise time (250 ps). To carry out
tests has been used the measergnsetupfor generating the voltage waveform at different
frequencies with different rising/falling timeBhe system shown figure3-1is designed with

the main objective to generate square or PWM voltages with differeritmisge and filtering

levels (smoothnes$28]. The setup is based on a high voltage switch (Behlke HTSD301
GSM), with the main objective to generate square shaped voltages of different rise times, then
a traditional AC PD td<ircuit, employs a 50/60 Hz HV transformer, afé r r esi st or
to limit power system noise and a coupling capacitor of 100 pF connected in parallel with the

PD source. More details about both these setups can be fol2&.in

*************************************
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Figure 3-1. PD Measurementsetuplayout
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The PDs are acquired by two acquisition systems each based on difigeesiing and data
processing methodd he first, shown irFigure3-2 , is based on a Resonant PD Decouple
(RPDD)[30] and the second one on an antenna sensor with a flat frequency r¢Spansey

CamPortable prototypas shown irFigure3-3.

i/

A
Figure 3-2. PD Measurement

Figure 3-3. Pry-Cam Portable prototype

The two PD acquisition systems present various differences mainlgrdoaied in the signal
acquisition philosophy. ThRPDD system is based on resonant decoupler that get pulses only

in the bandwidth of interest filtering the noises due to remnants and cotiomsttarhis
procedure allows discriminatingartial discharge ém disturbances with different frequency
content as well as phase locked disturbances. All PDs are acquired in terms of shape, amplitude
and phase with high resolution. However, at the same time, the filter changes the pulse shape
making itunnecessarytot t empt to i dentify any discharge
terms of patterns and statistical parameters it may be necessary a post processing analysis.
ThePry-Cam Portable Prototymsystem based anPD antenna sensor, unlike the first, acquire

all the signals with flat response. The instrument allows to apply four different filters both on

line and of-line. Each filter is applied selecting the pulse from the pattern and removing the
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discharges on the basis of pulse shape correspondiggeam Portablecan discriminate the

PDs as a function on different type of shape and amplitude. The antenna PD sensor system
identifies the various noise sources characterized by shape and frequency content different from
partial discharge pulses. Furthermates possible to estimate each pulse shape in real time to
identify the presence of the PD or pulses due to noise.

Therefore, the combined use of the two PDs measuring systems has allowed to comprehensively
examine the phenomenon of PDs not only withusoidal system setup but above all with

various applied voltage waveforms.
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3.3 Measuremerstand analysis

3.3.1 Sinusoidaloltagewaveforms

The conventional interpretation of different PD sources was made by applying a sinbi8oidal
Hz input. PD pulse shape, riseme, equivalent time length and frequency spectrum are
generally used to recognize the tifinequency characteristics of PD sign#s.reported irthe
literature, it is a welftecognized fact that antenna sensors are able to provide additional
information on PD phenomena identification by pulse shape analysis in time and frequency
domairs [31]-[33]. This possibility is strongly related to tbandwidthand gain of the antenna
sensorAnalysis of hdividual PD pulses itime and frequency domains was performed and it
may provide additional useful information about PD phenomena.

The acquired PD pattern is shownhigure 3-4 for Corona discharges, obtained in needle
needleconfiguration, in which the colormap represents the number of disch#irgasst be
emphaized that the red sinusoidal waveform in the PD Pattern is only a referenEgyutes

3-4 shows théime and frequency domain analysisaaforonaPD pulseFast Fourier transform
(FFT) was applied to the digital signal in order to obtain the Sigled Amplitude Spectrum

of PD.
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Figure 3-4. PD Pattern of Corona discharg at 12 kVpp sinusoidal voltage
a) CoronaPD pulse; b) Frequency spectrunof the PD pulse
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In Figure3-5 - Figure3-7 the PD patterns, pulses shape and frequency contémg afternal

discharge, surface discharge (Twisted Pair)Rddn Motor Stator are reported.
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1 Internal discharge
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Figure 3-5. PD Pattern of Internal discharge at 14 kVpp sinusoidal voltage
a) Internal PD pulse; b) Frequency spectrum of the PD pulse
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a) Surface PD pulse; b) Frequency spectrum ohe PD pulse
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Figure 3-7. PD Pattern on Motor Stator at 4,8 kVpp sinusoidal voltage
a) PD pulse; b) Frequency spectrum of the PD pulse

The pulse analysis is achieved utilizing the pdeatigitizer to obtain an accurate estimation

of the PD shape. This function analyzed each individual pulse in terms of FFT content, to
characterize and identify accura®ps presence of noisén the previous measurementsse
wasnot present anthe frequency contenwas 20-40 MHz for Corona, internal andurface
phenomenaConversely, itcan benotedthat the PDs within the motor statdras alower

frequency contepntaround 10 MHzand islikely affected by the travelling time through the

stator.
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3.3.2 Disturbancegenerated bydV Switch and the DGupply

To generate squamgaveformsthe HV switch (Behlke HTS 5003-GSM) with an auxiliary
DC supply voltagdave been use@oth systeragenerated high frequency pulses whigtre
detected during the PD acquisn. The High Voltage (HV) switch generated an impulse every
rising and falling time of the square wave. The control cif@@ supply) in turn, generated
some high frequency pulses with a repetition rate that dependhe chosen signal frequency.
However, both phenomena have a deterministic and not stochastic behaiibispurious
signak wereidentified and removed. Both signals have been identified in time and frequency
domains and distinguishdcbm partial dischargedn Figure 3-8, a clear example of surface
PD pattern with square wave 50 Hz and rise toh&50 ps showthe presence of pulses
generated by HV switch and DC power supply. In particular, inside the circle HV qwitds,
while inside the frame the neislue to theDC supplycontrol circuit were identified.
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Figure 3-8. Identification pulses generated by the HV switcland DC supply

The time and frequency analysis of pulses generated by the HV switcloareisFigure3-9
andFigure3-10. The big pulse signal remnant from the polarity shift contains higher amplitude
spectrum in the frequency range between 30 and 40 MHz while the internal switching noise

also shows a lower frequency content.

75



— HV Switch Pulse S5 DC generator Pulse
3’ 500 e . T z 50 T generalor Puise
i 250 o 7
B 0 VAAA f\_‘,av/‘.‘v,\/\/\/\/v\,w.\/vwv\m_ h= i V\/\/"\f\/“ N N S
‘G -250 B -25 ~ J
i ! ! ! ! 3 i i L L
< b00 0.25 0.5 0.75 1 1.25 <7500 0.25 05 0.75 1 1.25
@ Time [us] (@) Time [ps]
030 Amplitude Spectrum of HV Switch Pulse 0.30 ; ; Aum:Jde Spe(ctrum ?f DC generator Pulse .
T T T T T T T T T
—0.20- 4 =020
> o.10F mllh d = 0.101-
L i e | | | | OJIllllelllllrlhlllrh_l.._nlll.lII[", L~ L | | |
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
(b) Frequency [MHz] (b) Frequency [MHz]

Figure 3-9. Identification in time (a) and frequency (b)  Figure 3-10. Identification in time (a) and frequency (b)
pulses geneated by HV switch pulses generated by the switched control circuit

However the PDpulseand the frequency contegite different compared to teeitchingpulses

frequency and this can be assessdeigare3-11.
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Figure 3-11 Identification in time (a) and frequency (b)of the PD pulse of
twisted pair specimen with squae wave 50Hz at rise time 250 ps
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3.3.3 Square wave 50 Hz/350Hz at rise time 10 ps and 250 ps

In most casedjifferent PD phenomena can be identified and classified by sradgmattern
recognition analysis for sinusoidal waveforfi3gl]. Using square waveforms, the classical
methods for partial discharge identification based on thpesiof the discharge pattern is no

|l onger usabl e. Phase angl e i, statistical
statistical parameters are not significant with square waves, so the classical statistical analysis

cannot be applie@7].

One of the main characteristics observed for square waves is that most PDs are concentrated at
the rising and falling edges of the applied voltage waveform. The adoption of different rise
times allowsevaluatingits influence o the partial discharge phenomena. In particular, it was
observed in all the measurements made, that the phase angle of discharges was lower in the
case of square wave with rise time of 10 us compared to the case of 250 us, which is a

consequence of PDs occurriogly on the edges.

As expected the voltage remnant was higher and more oscillatory in the captured data with the
shorter rise time than in the case of 250 s rise time. Furthermore, from the tests it was generally
observed that the frequency contentlw PDs did not change for 50 Hz or 350 Hz square

waves, as expected.
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1 Corona discharge

Initially the analysis was conducted Gorona PD with point to plane (single side) and needle
needle (double side) configurations. Figure 3-12 a needleneedle corona PD pattern with
square waveform 50 Hz at rise time 250 ps is shovine. pattern illustrates the presence of
discharge phenomena close to the waveform rising/falling timethamDs amplitude is found
slightly larger than tht achieved in the sinusoidal case due to the rapid voltage variation at the

polarity shift.
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Figure 3-12. Corona PD pattern applying a square waveform of 50 Hz with rise time 250 ps.

For a better understdimg of Corona PD phenomendifferent Corona PD pulses with square
wave 50 Hz at rise time 10 ps for single side configuration and corona PD pulse with square
wave 50 Hz at rise time 250 ps for double side configuratiostaren inFigure3-13, where
the pulse wavefornand their frequency spectruane reportedit can beobserved a continuity
of the frequency conteffiir each configuration. Regardless the square wave frequency, in both
configurations, the PD amplitudedemparableln this way the FFT analysis allows to identify

two coronadischarge$avingdifferent origin.
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Figure 3-13. Corona Single side PD pulses and frequency spectrum applying a square wave a) 50 Hz with tiise
10us b) 350 Hz with rise time 10y; Corona Double side PD pulses and frequency spectrum applying a square wave c¢)
50 Hz with rise time 250ps; d) 350 Hz with rise time 250us.
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1 Internal discharge
The acquisition of cavity discharges willry-Cam Portale prototypehas presented more
difficulties than for other defects, especially with the shorter rise time. Internal PDs with a 50
Hz square wave with 250 s rise time are presefaied measured amplitude comparable to
the switch noise. Therefore, thessgm acquires both types of pulsEgyure 3-14 shows the
PD pattern with the cavity discharges near the polarity shifts and the switch internal noise
spread out over the complete period. It is however still possible to visustilygdish the PD

pulses from the noises.
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Figure 3-14. Internal PD pattern applying a square wave of 50 Hz with rise time 250 ps.
Identification in time (a) and frequency (b) Internal PD applying a squae wave of 350 Hz with a rise time of 250ps.

Most PDswerelocated at the square wave polarity changele a fewwereevenly distributed

across the period. Here the PD amplitwdescomparable or even smaller than the magnitude

of the switch noise. Simitaesultwasobtained at 350 Hz, where only two switch noise pulses
appear. In both cases a typical pulse sheggacquired and the amplitude spectrum analysis
can be performed. The frequency content, even if comprised between 15 and 40 MHz like in
the shusoidal case, preseuta quite different shape distribution.

An even more demanding condition for the ®m portable instrumemtasa measurement

when applying a square wave with a rise time of 10 ps. In such conditions, the instrument was
only able toidentify the pulses generated by HTS HV switch. The reduced rise time implies a
lower phase angle and the PDs appear often superimposed to the voltage remnants. This
difficulty wasdue to acquisition dead time between one pulse arsgutieequenivhich in this
casehidesall PDson the vertical sides of the wavefoand for this reason it is necessary to
change the single pulse time acquisition window from 1 to 10 ps. In thisteaghift ofthe
recording time up to 10 ps, allows assegsome of the Bs superimposetb the voltage
remnants. IrFigure3-15, it is possible to observe the 18 voltage rise time (blue line) and the

voltage remnant in which PDs are present after the first microsecond (red line). In thisecase
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PDsappeamonly in the first few microseconds after the remnants while with longer rise times

the influence of the voltage remnant is less prominent.

Internal PD Signal - Square wave 50Hz rise time 10us
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Figure 3-15. Internal Partial discharge applying a squae wave
of 50 Hz with a rise time 10us superimposed on the voltage remnants

It is thus observed that the acquisition of PDs become more difficult with the antenna sensor
for rise times less than a few tens of microseconds. WitRélsenant PRBystemthe dfect of

the voltageds r iFgere3il6 where & comparlsdnamong sguare waves n
of 10 ps and 250 ps rise times (50 Hz) and the 50 Hz sinusoidal waveform are shown. A
progressive concentration of PDs to théage flank and a high PD magnitude can be observed.

In [30] it is however shown that in relation to the rise time, the time delay is increased when

the rise time decreases.
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Figure 3-16. Comparison of cavity PD activity during tests with square waves
of rise times 10 ps and 250 ps (50 Hz) and sinusoidal wave of 50Hz.
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1 Surface discharge (twisted pair)

The third defecanalysed isurface discharges in twisted pair specimBrgure3-17illustrates

the PD pattern obtained by mean$of-Cam Portablevhen applying 350 Hz square wave for
both 10 and 250 ps rise times. Agan be seen, also in this case there is a strong dependency
on the rise time. For #rise time of 10 ps (red pattern), PDs are predominantly localized on
the vertical sides of the waveforand their amplitudes are higher. In the second ceitie,a

rise time of 250 ps (blue pattern), the PDs amplitude is lower and convERglylses we

arranged on a greater phase range
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Figure 3-17. Compared twisted pair PD patterns with square wave 350 Hz at rise time 10 ps and 250 ps.

Figure3-18 shows the analysis of a PIpe with square wave 350 Hz at 10 ps and at 250 s
rise time respectively. From theomparison,it can be noted that the two pulses have
substantially different amplitudes, due to the different rise times. The first PD pulse has an
amplitude equal to 18®V while the second has an amplitude of about 40 mV. The dashed red
line, inserted in the first PD pulse picture, indicates the order of magnitude of the second PD

pulse.

81



Amplitude [mV]

&
S
S

Twisted Pair PD - 350 Hz 10us

Twisted Pair PD - 350 Hz 250us

=
15
S

LN
o
S

‘A"r % 5 ‘Mi
il = |
Ob JIITEATTEARE, 8 M\\“\mem ol
“’*W 1 LA E 10 L
' g T
I} E ol Il
r~w < HH
l
50
0 0.25 0.5 0.75 1 125 0 0.25 05 075 1
Time [ps] Time [us]
Spectrum of PD Twisted Pair - square wave 350 Hz 10ps
0.20
;‘5_0.10 ||n
0 annillll I
0 10 20 30 40 50 60 70 80 90 100
(@ Frequency [MHz]
Spectrum of PD Twisted Pair - square wave 350 Hz 250us
0.20
>é_o‘m ||n
0 »_aill lla
0 10 20 30 40 50 60 70 80 90 100
(b) Frequency [MHz]

Figure 3-18. Twisted pair PD pulses and frequency conteréipplying

125

a) a square wave 350 Hz with rise time 10; b) a square wave 350 Hz with rise time 250 ps.

By the frequency analysis it can be noted fbatifferent rise timsthe Frequency Spectrum

wasconcentratedh the frequency rge between 30 and 50 MHz.

Similar results were obtained wiResonant PBystemas shown irfFigure3-19. Twisted pair

acquisition with square wave 350 Hz at rise time 10 us and 250 ps respectively have shown the

same trend of th patterns. The number of PDs detected follows the number of polarity shifts

and the PD amplitudes are larger &shorter rise time. The longer rise time also reveals more

PDs per cycle but with smaller magnitude. The PDs that appear in twisted palnjéeshave

overall larger magnitude than the noise, which facilitates the detection process.
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Figure 3-19. Comparison of twisted paid PD pattern with square wave 350 Hz at rise times 10 ps and 250 ps.
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 PDin Motor Stator

The comparisons of PD activity in the motor stator setup, for the 10 pus and 250 us waves as
well as for the sinusoidal waveform of 50 Hz are respectively illustrated for PASPD and
STOPD systems ifrigure 3-20 and Figure 3-21. Here again a progressive increase in PD
amplitudes can be observed for shorter rise times, whereas their magnitualesntyer rise

time and the sinusoidal waveform are about the same. The dynamic range useRino Bz

system is however larger. The PD magnitudes close to the polarity shift are here larger than the
switching noise, which better facilitates the data analyses that are ddine.dror PASPD

system the triggering level is set below the switching remskthus more challenging to resolve

the PDs, which requires an additional post processing to quantify the actual exposure.
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Figure 3-20. Comparison of motor stator PD activity during PASPD tests with squag waves of rise times 10 pys and
250 ps (50 Hz) and sinusoidal wave of 50Hz.
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Figure 3-21. Comparison of motor stator PD activity during STOPD tests with square waves of rise times 10 ps and
250 ps (50 Hz) ad sinusoidal wave of 50Hz.
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In Figure3-22it is shown the motor stator PD pattern resulting from a 350 Hz square wave
with a rise time of 10 ps. In this case the phase shifted switching pulses are made by the DC
supply while te PDs are distributed mainly near the rising/falling times. In this case, these PD
pulses have an amplitude less than the switching pulse made by High Voltage Switch, while

compared to the DC supply switching pulse are about the same magnitude.
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Figure 3-22. PD pattern on motor stator applying a 350 Hz square wave with a rise time of 10 us

A further comparison on stator motor test with square wave 50Hz/350Hz at rise time 10 ps/250
ps are shown below. Ifrigure 3-23 different stator motor PD pulses, for each case, are
compared. As can be seen, the pulses at rise time 10 ps and 250 us, about 60 mV and 20 mV

respectively, have similar shape and amplitude.
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Stator Motor PD Pulses
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Figure 3-23. Stator Motor PD pulses andFrequency spectrum applying a square wavef a) 50 Hz with rise time 10us
b) 350 Hz with rise time 10ps; c) 50 Hz with rise time 250pus; d) 350 Hz with rise time 250

Of particular importance ibhe fact thator squarewave with different rise times and frequency,

even if the partial discharges have different ampligiadea function of theceptionvoltage

(rise time) the frequency content of the individual discharges is the same. Theréfwre, i
possible to identify the phenomena of partial discharge and characterize the pulses as a function

of thefrequency content.
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3.4 Conclusion

It is demonstrated that themeeseverafeatures, important for effective detection of PD signals
appearing at gadly changing test voltages from power electronic devices. The main
requirement is the ability to synchronize to substantially higher frequencies than the normal
power frequency. It was shown that the rise tikethe square wave voltage haignificant

influence on the PD characteristics as detected by both systems. The shape of discharges and
the frequency spectrum might allow to obtain additional data to identify the different discharge
phenomena even when the visual study of the PD pattemst abe to help in the defect
identifications process.

This work has also demonstrated that PDs can be detected by various sensing methods with
comparable sensitivity. It is thus more the design features that may enabla@aBlrements

system to be used for per electronic waveforms than the sensing princitgelf as in all
insulation systems tested it was possible to detect the presence of PDs and observe changes in

amplitude for square shaped voltages.
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4. Impact of Harmonics on Interpretation of PD Patterns

In this chapter, the analysis affgerimposed harmonic voltage effectsRID measurements is
reported.Partial discharge measurements are extremely important for assessment of high
voltage electrical insulation integritzenerallythe influence of harnmacs is not considered,
however it might have significant influence on results interpretatibe.problem of harmonic
influence on the test voltage is crucial not only for the padiistharge measurements, but also

for the proper interpretation and assment of PD defects in insulating systeiarmonic
modulation of the test voltagéor certain combinations of harmonjasay result in the
acceleration of PD activity, thus having direct impact on the endurance and lifetime of the
electrical insulationThe aim of this research is to understand and evaluate the impact of
harmonics on partial discharge behaviour, in particular on thdi&imosidy means the Pry

Cam portable instrument, and on the PD Pattern acquisition prdggssally, in laboratory

and diagnostics tests focused on measuring partial discharges, a pure sinusoidal voltage
waveform is assumedHowever, in practice the frequency content of the applied voltage is
rarely so ideal and the presence of higher order harmonic frequency conspbasng
significant impact on the PD phenomenon in electrical insulation systems.
Themeasurementsere conducted oa MV cable specimemm which a defect was made in the
semiconductive layer in order to generate a high frequency surface discharge. TdablelV
specimen, initially, was subjected to sinusoidaltage waveform with magnitude of 5,

and the PD Pattern was acquired as a reference for the execution of the subsequent tests in the
presence of harmonics. To visualize the influence of harnamieD, several measurements

were carried out for a sinusoidal voltage waveform with magniti@ekV, containing
harmoniccomponents at 5%, 10% and 20%. Moreowewjsualize the influence of harmonic
phase angle on PDthe measurements were performeshsidering for each harmonic
component a phase angle of 0°, 90° and 180°.

The resuts showed that various harmonit, 3", 9" and 11"superimposed on the fundamental
sinusoidal waveform have a significant impact on &bplitude and PD pattern shap@n

each case, the phase angle 180° exhibits the sharpening of the voltage waveform and results in
an increased PD magnitude and intensity relative to phase 0°.

The presence of harmonics components can significantly influence the acquisition of the PD

patten and also may arise synchronism problems during the measurements. In this case, in
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order to acquire a correct PD pattern shépe resynch function described in sectidr? had
to be performed. The cited function allows resynchronize the PD patt&dhatand to obtain

a precise shape of the PD phenomenon.
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4.1 Introduction

The evolution of power systems continues to increase nonlinear loads, leading to locations of
high harmonic content and reduction of power quality not experienced previdumsdy.
influence of harmonics on insulation systems caulgsses, lifetime and dielectric material
degradation Higher harmonic content in voltage waveforms is usually associated with
dielectric heating in insulating materials which has accelerated the aging pridbessaterial.
Electrical, thermal and mechanical stresses are usually combined to form life time models of
insulation systemsin general, the effect of voltage distortion on insulation degradation is
associated to thermal aginbut that the effect of eltage peak and waf@m can be
predominantindeed, he voltage pealk the dominating factor for accelerating the degradation

of insulation systems fed by both low frequency and frigdluency harmonic componenishe
additional factors are voltage RM&hape and thermal stress for low frequency harm@Biids

[37]. An awareness of the impact of harmonics is especially important in modern diagnostics
of powers equipment, which is increasingly basedPD phaseesolved patterns. In AC power

grids and networks, sinusoidal voltage usually contains various harmonics caused by loads and
resonances in the systeihe presence of harmonics in a simplest case may be quantified by
means of THD (TotaHarmonic Distortion) defined as ratio of accumulated effective harmonics

amplitude to fundamental harmonic.

yoo & vy 1
o o

Where U1l is theeffective value ofthe fundamental a0Hz, U is the effective value b
successive oltage harmonics and N the total number of considered harmonidarmonic
distortion may be measured by looking at the output spectrum and observing the values of the
harmonics components with respect to the amplitude of the fundamental Sigmafalie is
usually expressed as a ratio% THD can be only treated as a rough estimation of voltage
guality in the context of its impact on PD. Harmonics distort voltage waveforms which, in turn,
impacts on PD behavior. Thus, in modern diagnostics it ismbsitt importance to properly

understand and interpret the presence of harmonics when measurarpézihgPDs.
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The problem of harmonic influence is common to all measurements based on acquisition of
phase resolved partial discharge images. The effecobmsinusoidal voltage on power
networks is to produce harmonics. This phenomenon is crucial for proper identification and
classification of PD patterns.

Diagnostic phaseesolved partial discharge patterns are greatly influenced by the presence of
harmanic content on a purely sinusoidal excitation voltage. Factors, including the phase
relationship and the magnitude of the harmonic content relative to the fundamental, may

influence the resultant waveform potentially leading to the following effects:

A charges in maximum discharge magnitude
A changes in the phasecation of discharge activity;
changes in the number gty of the discharge activity;

changes to regions with no discharge activity, knowb @se ad zones 6;

o o I

asymmetrical discharge activity for ptise and negativeycles.

These changes in the partial discharge patterns are deceptive and can lead to erroneous
conclusions about the insulationds integrit
networks and they also often exist in laboratooltage supplies. Hence the influence of
harmonics must be acknowledged and accounted forpamial discharge measuremeja8]-

[40].

The detection of PD signals in the industrial environmerdssociated with the following

issues:

A disturbances, influencing thegfective signato-noise ratio;
A the influence of higivoltage waveform, especially important in phassolved PD

acquisitionsynchronizedvith the period of test voltage.

The latterproblem results from the presence of harmonics of the supply voltage infiltrating the
PD measuring circuitsfhe experimental results, reported4i]-[45], show how the various
harmonic compositins superimposed on the fundamental sinusoidal waveform have a
significant impact on PD intensity and maximum charge. In consequence, PD patterns, phase,
and amplitude distributions are distorted and influence the derived statistical parameters as well.
A study reported if46] investigates the effect of voltage affected by the presence of harmonics

on intrinsic aging of cable and capacitor insulating materials, shown that the factor predominant

90



on aging acceleration due to t@tage distortion is voltagpeak increase, but also waveform
slope and voltage rms value have statistical significance.

The testvoltage harmonics influencing the waveform are changing discharge inception and
extinction conditions, which result fromehnstantaneous voltage level during the period. The
endurance of electrical insulation is dependent on applied voltags; the harmonic
modulation also has an effect on insulation lifetime. The influence of harmonics in the PD
measurements is of fundamtal importance for proper interpretation of the results, and thus
for assessment of equipment condition.

The experiments reported in the following sections show the influence of harmonics in the PD

measurements on propererpretation of the PD analgsi
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4.2 Measurementsetup

In order to investigate thmpact of harmonic components on Partial Discharge mechanism and
on interpretation on PD Patterrseveral tests were carried out on a medium voltage cable
specimenn which a defect was made in the seoniductive layeras shown irFigure4-1. In
particular, the defect was carried out in order to generatgpiaal high-frequency PD

phenomenon

Figure 4-1. Defect in MV cable sgcimen

As reported inFigure 4-2, to generate different voltage waveforms, arbitrary waveform
generator was used through a special software able to recreate different types of waveforms. In
detail, the waveform was built usiagoftware with the designatelaracteristics as magnitude

of amplitude, phase and THD. After this, through a connection with GPIB port, this signal was
sent to the function generator which in turn generated the low voltage waveform. In order to
supply the cablespecimen,low voltage waveform weresent to a singkphase voltage
transformer which reported the voltage signal constructed at a high veliglyaccording to

the tranformation ratio 380 VV / 100 kV.

Signal Low voltage High voltage
| waveform Arbitrary waveform waveform
Transformer Cable specimen
) | Weveorm | D | o 000, | N | R
Generator

Figure 4-2. Measurement setuparbitrary waveform generator, transformer and cable under test
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In particular, the PD voltage inception of the defect in cable specimen had been tested at
sinusoidal voltage, initially, in such a way as not to ruintanchuse sudden perforation of the
specimen. The sinusoidal voltage signal wasegied at a voltage of 22 Vrmsihich

corresponds to a value 5f8kV at the voltage transformeutput

In order to understand the impaddtthe harmonic components on tR® mechanismsthe
measurements have been performed considering the following configuration of harmonics

components:

A 39Harmonic component at 5%, 10%, 2@#d phase angle 0°, 90°, 180°;

A 5"Harmonic component at 5%, 10%, 20% and phase angle 0°, 90°, 180°
A 9"Harmonic component at 5%, 10%, 20% and phase angle 0°, 90°, 180°;
A 11"Harmonic component at 5%, 10%, 20% and phase angle 0°, 90°, 180°.

For all PD measurements, with different harmonic componenefeams, it wanted to keep

the voltage valueof 22 Vrms, that correspond t6.8 kV, in order to not determine high
discharge values that can compromise the execution of the tests.

During all measurements, PGam Portable was placed on the cable close to the defect as

reported inFigure4-3.

Figure 4-3. Pry-Cam Portable placed on cable close to the defect
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At first, the PD measuremehts beermperformed a6 kV and50 Hz sinusoidal voltagé&he
acquired PD pattershow a high fregency surface discharge characterized by fast pulse and
frequency content up to 40 MHz as reportedrigure4-4. The PD maximum amplitude was
registered a22.35mV.

33,00 m
Ghdaw 33,00 )

Feak: 22,35 mi Delay: 320.0 ns Peak: 17,97 MHz 100,00 MHz
2235 ml

Figure 4-4. PD Pattern acquired at 5.8 kV of sinusoidal voltage-

600 middiv 0,128 us/div

During the PD measurement at sinusoidal voltage the synchronism was acquired by internal
antenna sensor of the Pegm Portable. In this case, through the electrical field generated by
the supply wltage it can be acquired a correct synch at 50 Hz. However, during the PD
measurements carry outpresence of harmonic componesisyeral issues have been arising

to acquire a correct synch. Indeed, based on the magnitude of the haommpionentthe
instrumentcan notacquirea correct synclat 50 Hz, because the internal sensor can not catch
the frequency of the fundamental waveform. In this case, an exsgn@idevicewas usedo
acquire the synchy the artifical light (100 Hz)and acquired # 50 Hz frequencgyin this
manner,the Prycam Portablevas able toacquire the correct synch and PD pulses were
acquired at 50 Hzut due to the supply voltage by the transforrier acquired impulses did

not create a corred®D patternbecausethe powe supply frequency and the acquisition
frequency it was not perfectly aligne@herefore in order to obtain a correct PD pattern
performed in presence of harmonics componerisymeh function was usdéigure4-5).

0
ReSynch x QM 3300 m}

0
Ohiax 3300 m)

ReSync Settings

& 50z (Freq, span=0. -z, Fred, step imHz);

" 60Hz (Freq. span=0.2Hz, Freq. step ImHz) Bt e o A R i

{~ Custom

Custom Settings
Central frequency: 50.0
Frequency span (H2):  [0.2

Frequency step (mHz): |10

ReSynch!
Phase offset 07 Phase offset: 0

Figure 4-5. Re-synch functior: PD pattern not synchronized, Resynch toobox and synched PD pattern
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4.2.1 PD measurementgith 3 Harmonic component

The measurements were carried out for a sinusoidal voltageform with magnitudé.8kV,
containing & harmoniccomponents (150 Hz) at 5%, 10% and 20%e evolution of the PD
pattern for three phase positions 60° and 180 and thecorresponding voltage waveforms
have been reported ifable4-2. It can be observed that local extrema and variations of local
slope changes in the voltage waveform are reflected in the PD p&iereach casehé PD
measurements show a highecreaseof the PD amplitude at phase angles of°%nhd 180
compared to the pure sinusoidal wavefoAs reported inTable4-1, it is not theTHD level

but the phase angle of the harmonic component that has a majorgeftuethe PD amplitude.

In fact, as the phase angle changes, tisettee formation of local extremes such as to increase
the slope of the waveform and therefore determine a greater $tiesaeasurementsrry out

with a phase angle equal @3, has beeraltered the waveform of the applied vatje and
modifiedthe shap ofacquiredPD patterrs. However, there were no appreciable changes in the

PD amplitude.
Table 4-1. Influence of the 3% harmonic on PD measurements
Harmonic % Magnitudg Phase THD % Max Pd Increaged PD
Order per Harmonic amplitude [mv] amplitude
0° 5.04% 22.35 0%
5% 90° 5.01% 59.46 166%
180° 4.98% 55.43 148%
0° 10.00% 21.31 -5%
3 10% 90° 9.98% 59.97 168%
180° 9.93% 64.00 186%
0° 19.67% 22.61 1%
20% 90° 19.66% 64.00 186%
180° 19.59% 64.00 186%

Further analysis has been performed on the acquired PD pulses. In detail, as reported below in
Figure4-6, Figure4-7 andFigure4-8, the analysisf the pulse waveform and relative frequency
content did not show any particular changes. For simplatye been reporter three different
cases in order to understand how the harmonic compod&htsot change the PD pulse

waveform but only the amplitudd the PD phenomenon.
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00 . 1 Peak: 21,05 mi Delay: 3200 ns Peak: 17,97 MHz 100,00 MHz
OMax 33,00 m)

10,97 miv

Prase afset 45° B.600 miv/div 0,128 us/div I|||II|||.||I|I||.|||||‘

Figure 4-6. Analysis of the acquired PD pulse a5% of 3 harmonic and phase angle 0°

The analysis of frequency spectrum reported-igure 4-6, show he presence of several

frequency components due to the low amplitude of the PD |[mdakzed abovéhe noise level.

G400 Peak: 50,33 mv Delay! 320.0 ns Peal: 17,97 MHz 100,00 MHz
Ma 5997

11.08 m!

Phase offset 0 12,80 v/ div 0,128 vs/div Hh"l“‘hﬂ'\h\“ h""h"hl.luj. bl b o bb] I.u|

Figure 4-7. Analysis of the acquired PD pulse al0% of 3™ harmonic and phase antg 90°
By comparing the frequency contents of the acquired PD pulses, it can be noted how the
spectrum remains unchanged. The only peculiarity it can be noted that in presence of high

magnitude of the harmonic component, the frequency spectrum of the IBDvpas more
definiteandthe noise does not affect the harmonic content oPihphenomenon

Z:fxm;m o Peak: 56,44 m Delay: 3200 ns Peak: 17,97 MHz 100,00 MHz

e L

Phase alfset 0 12,80 mivddiv

Figure 4-8. Analysis of the acquired PD pulse a20% of 3" harmonic and phase angle 180
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Table 4-2. Acquired PD Patterns and Voltage waveform with 8 harmonic

5% of 3" Harmonic
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4.2.2 PD measurementgith 5" Harmonic component

The measurements were carried out for a sinusoidal voltage waveform with magnitude 5.8 kV,
containing5™ harmonic component®%0Hz) at 5%, 10% and 20%. The evolution of the PD
pattern for three phase positions ©60° and 180 and thecorresponding voltagwaveforms

have been reported able4-4. In this caseadding %' harmonicgesultsin a split of main PD
group into two sulzlusters The effectof the PD patternsplit increases witlthe magnitude of

the harmonic componenindeed, applying a waveform with 20% 8f harmonic it can be
noted the samBD Pattern splieffect for each phase anglasd greatest increasimd the PD
amplitude compared to the other case with 5% and ([[@®ble 4-3). PD patems follow the
waveformcausing a significant alteration of the origiaaiquiredPD patter with a sinusoidal
waveform.Moreover, it is possible to note that with respect to the case previously analyzed,
only in one caséwvaveform with 5% and phase an@® therewasa slight increasef the PD
amplitude, while the remaining cases show a substantial inasé#se PD amplitude caused

mainly by a signficant change of the waveform

Table 4-3. Influence of the 5" harmonic on PD measurements

Harmonic % Magnitud_e Phaseii THD % Max Pd Increa:_sed PD
Order per Harmonic amplitude [mV] amplitude

0° 5.05% 23.91 7%

5% 90° 5.03% 43.83 96%

180° 5.02% 44.55 9%

0° 10.04% 27.89 25%

5th 10% 90° 10.03% 37.80 69%
180° 10.01% 41.65 86%

0° 19.76% 60.24 170%

20% 90° 19.75% 56.44 153%

180° 19.73% 60.47 171%

Theanalysisof the acquired PD pulsereported beloydid not show anghange®n the pulse
waveform and frequency conterfor simplicity have beereporter three different cases in
order to understand how the harmonic components did not change the PD pulse waveform but
only the amplitude of the PD phenomenon.
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Peak: 2391 my Delay: 3200z Peak: 17.97 MHz 100.00 MHz

10050 my

8,200 /v 0128 usidy il il |‘I|||‘m‘

Figure 4-9. Analysis of the acquiredPD pulse at5% of 5" harmonic and phase angle 0°

The presence ™ harmonic component causes the PD pattern split inRl@ghenomena
characterized by same pulse waveform and frequency content. Even in thibeasalyisis
of frequency spectrum reped Figure4-9 show the presence of several frequency components

due to the low amplitude of the PD pulse localized above the noise level.

64,00 v Peak: 35,78 my Delay 320.0 ns Peak: 17,97 MHz 100,00 MHz

OMax 37,80 m

1108 m

Phase offset: 180° 12,80 mi/diy 0128 usdiv hm”l"|||l||“ b i)

Figure 4-10. Analysis of the acquied PD pulse at10% of 5" harmonic and phase angl®Q°

By comparing the frequency contents of the acquired PD pulses, it can be noted how the
spectrum remains unchanged

64.00 v

OMa BI47 o Peak: 42,83 mi¥ Delay: 3200 ns Peak: 17,97 MHz 100,00 MHz

1058 mh

Phase offset: 122' 12 80 i div 0,128 us/div \||I|II|“|||.In|I\.I|||Ih Sttt

Figure 4-11. Analysis of the aquired PD pulse at20% of 5" harmonic and phase angle 180
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Table 4-4. Acquired PD Patterns and Voltage waveform with6" harmonic
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4.2.3 PD measurementgith 9" Harmonic component

The measurements were carried out for a sinusoidal voltage waveform with magnitude 5.8 kV,
containing9™ harmonic componentgt$0Hz) at 5%, 10% and 20%. The evolution of the PD
pattern for three phase positiony O0° and 180 and thecorresponding voltage waveforms
have been reported rable4-6.

The presence @&" harmonic componentsauses a considerabl@veformdistortionandthe
formation ofseeral peaks. The presence dfese local extremes determirtee PD pattern

split into several partsyp to create three supatterns for each hafferiod. Moreover, the
presence of these local extremes characterized by steep slopes determines a gssatearstr

the previous waveformwith 3 and %" harmonicssuch as to considerably increase 2
amplitude.lt must be emphasized that the waveforms chosen for this experiment have been
taken considering a similar level of the THD factiororder to erphasize thatin addition to

the harmonic amplitudehe phase angles crucial In fact, even if a 5% amplitude of the

harmonic component is applied, the phase angle causes a considerable wicteaseD

amplitude.
Table 4-5.Influence of the 9" harmonic on PD measurements
e | pontce | pmaser | 100 | it | e
0° 5.16% 39.12 75%
5% 90° 5.16% 46.06 106%
180° 5.14% 46.77 109%
0° 10.26% 46.00 106%
gt 10% 90° 10.26% 80.08 258%
180° 10.24% 73.70 230%
0° 20.18% 46.00 106%
20% 90° 20.19% 90.00 303%
180° 20.02% 90.00 303%

The analysis of # acquired PD pulseseportedin Figure 4-12, show a lower frequency
spectrum component due to the slow and oscillating pulse waveform. In this case, the PD
amplitude was lower conaped to the other case at high magnitude of harmonic component
reported irFigure4-12andFigure4-13. The latter cases, conversdlg not show any particular

changeson the pulse waveform and relatii®quency contentFor simplicity have been
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reporter three different cases in order to understand how the harmonic components did not
change the PD pulse waveform but only the amplitude of the PD phenomenon.

By comparing the frequency contents of the a@gliPD pulses, it can be noted how the

spectrum remains unchanged.

‘;';”” ";va - Oveicden by fker 1 Peak: 24,99 m Delay 3200 ns Peak: 17.97 MHz 100,00 MHz

Filer 1 aclfe
coo e .
e gl agm

ok K 10500y

Y

Figure 4-12. Analysis of the acquired PD pulse a% of 9" harmonic and phase angle 0°

Phase offset 40° 9,200 rv A dise 0,128 us/div ‘

000 Peak: 56,63 mi Dielay: 3200 s Peak: 17,97 MHz 100.00 MHz
OMax 90,02 1
-
Laki\ k. R
YRR
Phase offset 121 18,00 mi /e 0.128 us/div Hh“”ln"lh” “mm h||||"‘|”.ll|l.m||lul\.. Al b |‘|.|.|.I\I|\I|.||

Figure 4-13. Analysis of the acquired PD pulse a10% of 9" harmonic and phase angl®©0°

Peak: 7441 mv Dielay! 320,0 ne Peak: 17.37 MHz 100.00 MHz

AL AL

18,00 mi/div 0.128 us/dv H”““ ‘"Illlnlm‘..‘.||‘..‘..‘...................‘
Figure 4-14. Analysis of the acquired PD pulse a20% of 9" harmonic and phase angle 180
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Table 4-6. Acquired PD Patterns and Voltage waveform with@" harmonic

5% of 9" Harmonic

9™ Harmonic 5% phase 0° - 9'" Harmenic 5% phase 90° 9™ Harmonic 5% phase 180°
0 0 — e 40
2 7SR N 0 J= 30 S
i poo / \ THD 5 16% 5 ® \ THD 5.16% o \ THD 5.14%
k4 -] \ 5
g \ [ £ %
§ 10 " o/ $ 10 \
&0 gV )
g I/ 5 \ £
[ \ 5 b
g \ 5 0 \
S g
[ 5
v -0 / z 0
E / )
> a0 / E
- \ / >
/ 20
<30 ™ 30 =
: -30 NN
40 “0
0 0002 0.004 DOOE DOB 0.01 OO12 0.0 DOTE 0.018 002 0 0002 DOO4 0006 DOGS 001 0012 0.014 0016 0018 D02 40
time [s] time [s] 0 0002 0004 0.006 0.008 001 0.012 0.014 0016 0.018 0.02
time [s]
60TV AN Ovenidden by ben 1 5000 1V P W o
OMase 3912 AN Qe 46,06 N QMax 4677 \

Fiter 1 actie

" 9" Harmonic 10% phase 0° 9™ H; " 9'™ Harmonic 10% phase 180°
30 30 ~ 30 /
THD 10.26% THD 10.26% / THD 10.24%
5 20 5 2 / 5 20 / \
g [ = B “
2 40 - £ 4
210 g1 £ w0}/ \
& S &
§ § §
g '
s 5 \
c I
- T 10 T 10 /
\ > 20 > 20 \ {
30 30 30
40 40 40
0 0002 0.00¢ 0.006 0008 001 0012 0014 0.016 0018 002 0 0002 0004 0.006 0008 001 0012 0014 0.016 0.018 0.02 0 0002 0004 0.006 0008 001 0012 0014 0.016 0018 002
time [s] time [s] time [s]
4600V AT Ovenidden by ket 000wy
o ), GMax: 80,08 m}

DM 46,007

Faee e . ¢

Phase offset 121 Fhase ofset 151

20% of 9" Harmonic

" 9" Harmonic 20% phase 0° 9'™" Harmonic 20% phase 90° . 9'™ Harmonic 20% phase 180°
30 1 30 30 \
\ THD 20.18% 2 THD 20.19% [ THD 20.02%

x5 20 | \ 5 2 x5 20 \
g \ g g [
£ 10 2 g |/ \
2 1ol g1 g 1o}
g | S &
5 \ 5 s |/
g0 g o g° -
§ \ 5 3 \
c c I \
‘10 + 10 ‘10 \ f
> 20 \ ! > 2 > 20 /

30 / 30 30

40 40 40

0 0002 0.00¢ 0.006 0008 001 0012 0014 0.016 0018 002 0 0002 0004 0.006 0008 001 0012 0014 0.016 0.018 0.02 0 0002 0004 0.006 0008 001 0012 0014 0.016 0018 002
time [s] time [s] time [s]

Ovenidden by et 1 ! - 00 . 000V
O 90,005 .

Abg/phase: 27"
phase: 184
e cifset 120 Phase offset: 148

103




4.2.4 PD measurements withl™ Harmonic compoent

The measurements were carried out for a sinusoidal voltage waveform with magnitude 5.8 kV,
containingl1" harmonic component§%0Hz) at 5%, 10% and 20%. The evolution of the PD
pattern for three phase positions 60° and 180 and thecorrespondig voltage waveforms
have been reported rable4-4.

The examinedaseturns out to be the worst from the point of view of the interpretation of the
PD pattern because the initishapeof the discharge phenomenon is completelt. Even in

the presence of 5% amplitude there wiéxrePD pattern spliand higherincreaseof the PD
amplitude compared to the previously cadedeed, The addition of these harmonics to the
main sinusoidal component results in variation of peak veltagl time derivative dv/dt along
the phase.

It can be notethow increasinghe magnitudeof the harmonic component alters the waveform
trend, causing thanception of the Pat each peak of the waveforitherefore the presence

of this type of stress detaines the increase of the discharge activity which could compromise
the integrity of the component.

As reported inrable4-7, considering the same magnitude of laenonic component an@iHD

level, the phase angle is the paraméi@t most influences the increadehe PD amplitude

Table 4-7. Influence of the 11" harmonic on PD measurements

gl i e e e e
0° 5.0% 28.98 30%

5% 90° 5.0% 57.40 157%

180° 5.0% 59.53 166%

0° 9.94% 64.00 186%

11t 10% 90° 9.94% 76.54 242%
180° 9.93% 77.95 249%

0° 19.58% 46.00 106%

20% 90° 19.60% 90.00 303%

180° 19.59% 90.00 303%

Even in this case thanalysis of the pulse waveform and relative frequency content did not
show anychangesFor simplicity have been reporter three different cases in order to understand
how the harmonic components did not chatige PD pulse waveform but only the amplitude

of the PD phenomenoiithe analysis of the acquired PD pulses, reportédgare4-15, show
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a lower frequency spectrum component due to the slow and oscillating pulse waveform. As the
previously cases, the PD amplitude was lower compared to the other case at high magnitude of

harmonic component reportedfigure4-16 andFigure4-17.

26,00
Obax 46,00

Overidden by fiter 1 Peak: 23,54 v Delay: 3200 ns Peak: 17,97 MHz 100,00 MHz

Filler 1 acijde

Eoam b 1014

Figure 4-15. Analysis of the acquired PD pulse a5% of 11" harmonic and phase angle 0°

Phase offset 0* 9,200 reSdie 0,128 usddiv |‘|‘||

B0 Peak: 58,53 i Delay: 3200 nz Peak: 17,97 bHz 100,00 MHz

OMax 76,54 m)

% ﬁ»ﬁ ot 1138 miv
S 18,00 v 0,128 us/div HHMIh.J.‘LJ” MH“H‘ ‘H||||||I.|.||.|| il

Figure 4-16. Analysis of the acquired PD pulse al0% of 11" harmonic and phase angl@0°

By comparing therequency contents of the acquired PD pulses, it can be noted how the
spectrum remains unchanged. The only peculiarity it can be noted that in presence of high
magnitude of the harmonic component, the frequency spectruimed?D pulse was more

definiteand the noise does not affect the harmonic content oPiiphenomenon

oy B Peak: 7441 mi Delay: 320.0 ns Peak: 17,97 MHz 100,00 MHz

OMax: 90,00 m)
: io%
L -
i W B Y 13

ik

— 18,00 mivciv 0120 us/dy ‘||||||.|.h||“ “H“ “‘|||I\|||n|...‘...|‘....‘... ittt
Figure 4-17. Analysis of the acquired PD pulse a0% of 11" harmonic and phase angle 180
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Table 4-8. Acquired PD Patterns and Voltage waveform with1 1" harmonic

5% of 11" Harmonic
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