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ELECTRICAL ENGINEERING

KovnadaukiianvavlwwA (Transformer Test Bays)
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operator device (12) aifuae aneie
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muwumulmﬁmu LLmvwmmm
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IuLmeumﬁmim“mst‘Vimi
maaumwaummumﬂéﬂm
SnluilR 9 aﬂamwamamsmmwm
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Hommaouniouq iy fuduazyild
AN1130DINTIYIUNANTNAADY
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mwumaai“wmaamsJamemLmnmﬂﬂumuaaﬂumwmaamim maslhdmsunismageuaziinufeens
m‘wa@lumsmaauammmmemamﬂmmmiauﬂwmufdm (iU‘Vl 2 wae 3) Passzurineiivilvndoudasdoutuiiy
Lﬁmuﬂs{ﬂum3wmaaummﬂidmwumwmeu short-circuit Un® Has571v99784 load loss kag no-load loss
ok mﬂaﬂmwmawm Imawu%mmawaﬂw%w Fulvanuuu inductive waziadulussminesmsnageuil
Reactive povver mmummvmaqmﬁumﬁuﬂma HV capacitor bank AUADINIT active power eAUTTUIN 1%
YDIAIUADINT reactive power Wit 13es SFC azdasfinuaunsaiinstiou active power A5 dunaraneli
fiu reactive power mmwuwuazﬂmummmwmﬂumiﬁmLﬁuamaq

sewian53aA Load loss WunifeuvadliiihAslulvasdnvazifiaiufunmsvaaougamgiiiin esdusznoulu
neunnaeUIzanasdntien nileulasazainaians load loss (U 2 wag 3) Auanmsg i IEC 60076-1 [1] 9zoey
i s¥n Load loss shensamnszuanadeula (50% vesnszuadiia) ) lunsdifrudesmsmidunsveseuazvie

ud 11y 4 Wiy

25 =500 MVA

50%

adloss  load loss heat run
100%

250
24 = 500 MYVA
X0
w1000 MVA
:
“ 100
50
i X LE 1]
o
induced

SUR 2: Active power dsSumisnaa@aukijonlav

no-load load loss load loss heat run
50% 100%

SUR 3: Apparent power &1KkSun1snad@aukJaiuav
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ELECTRICAL ENGINEERING

@mamﬁﬁmaﬂwamawﬁaLLanﬁ
nadevazlildudadudmiunng
Ao no-load loss useuRTAT
mm?{ﬁﬁm%gmﬁﬂﬁﬁwﬁaLLiJm
LATUNUWANTENNTEAUBE1ALT
shaumgiinsinavesnszuansedu
FlaBudadu madigeenslunis
nadeUTILsITURTAZToENI1 3 MVA
dmsundauvasuin 1000 MVA
(Ui 2 uax 3) ustagifisduoehg
S dlefinsiuussunageu(gy
110% excitation) AIUYITNIBVO
@503 SFC AasiuaziBuunasing
Aalninfiudawnssunn Ay
Aumunglusniunsliady

voansewanseau tilugnislidae
YpIUIRUANN1E UV LN
N ueegalsAmundadainy
FoemsiAeafuganmyesusssy
naae Uz ol THD teunin 5%

Toaler

LI UNAFDUILADWNUIULINNIN
LIIRUNNPLNBNITNAFDULTIFU
witleat(induce voltage) [2]
ANUDNI A UATADINLTUN T
PANILALINUNDNANLAYINANTENU
AINNNTDUAIVOINUMNAN WAL N LA
nszfununiuly Auaudives

v ~ a a
mJaLLangﬂmaaU%Lﬂasuiﬂlﬁu

[~ a i [ .

nanuliidugadulig inductive

suuaaﬂum capacitive Tagn15Usu
mmmmaaﬂwmawu (wu oglu
%33 150 Hz) Immlﬂmawimgw
THlunsnegevardvundnuay
Wisulamiloun1sinen no-load
loss (i‘U‘Vl 2 way 3) Lmeﬂ%wawu
sumymmﬁmaauumauuaaﬂu
i%(ﬂ‘ULLiﬂﬂHLLﬁSﬂ’J’]ﬂJOWI"mumi
nadeuiiiinasie capacitances Vo<
UYAAINAREAIUAMANTRANIZVD
WALLUAN [3] Tnetamzetadeiu
vifoutasfifiussiuga(Fu 500 kV)
AAUADINTT capacitive reac-
tive power 98191MIAALUNTT
naaeu lunsdlienveziiuanaasi
Tlilugui 3 ognsditfoddyle

doldiuSsuuavinsoviUavAUAAYA (Advantage of Static
Frequency Converters)

anutuznasritviunuulauniing (Dynamic

behavior)

ANUlUSUNENYRY SFC Arsfuiinisyinanuwuy

LW&J“UHEJEJNTJ@LTJ%UQQi”@U tngger a1 trigger 0n

fin IGBT SUENLﬁ'i’@ﬂLLUﬁQﬂ'QWNﬂ%”U@ﬁQ@SNWU%

ula IUﬂi‘“‘U’JUﬂ’]iV]ﬂEI’]’J@J’W]\‘iMﬂJﬂu‘«]”Lﬁi’ﬂﬁu

laundindfgenidon daldnannsuszgndly IGBT
(Insulated Gate Blpotar Transistor) datfu power
semiconductors ‘mmmau‘umawwv IGBT Ha1unsa
mLaua@mammmmamqaﬂizmwuﬁqmmmﬂu
Mdmdnveanisvageundeutasls nouduay
IGBT fanunsavhnisilauazdndnosldmelussey
nantiesnt 1.5 Us anauRsanandannsolily
nsdififnAnuAnundvidonisthgauisesnetauly
MATVREU Frogay dileulasfivhnsvageu
139 (failed) vauzynsmageuasdunavinliin
nzuAAL Juagiu impedance ANAS NTzuAdz i3
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T12995AIUANYB converter N1SEUAIUATDINTT
[ a | v o € A 2 a o a 1Y
Taunfszwmilouiuiadainud anududsnnesiu
ANdNUSVRIadANdLaransuatindlagn
F3u5hiluesed 1 anunsaiiagdunglaiufows
I v 6 d‘ < A
TadveIrIud 2.8 kHz Aiflesweanzaiuny
gsuelindvanuainevasvemsisulamaasuls

a1swi 1: snsualndifeunundud

Touse [KHZ] 1 2.8 35
g [H2] 450 1270 1590

nsuszendlivanmstunzyiinisin on-site 109
no-load loss vamsiowUas 500 MVA / 380 KV 71
100% uanafaguil 4 9nnslianuiioniuny
915uHNd(HC-harmonic compensation)vinlit THD
YesusIunAdeUaTaTaERTU N ANS LR
10.19% #lafld HC wéide 3.2% wleldf HC (U 4)

0000w B 3 Do L ek ¥r C

SUR 4: anutu:Ns30A1 no-load loss G281 HC
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A1 no-load loss wmulm Wuu 0.6% Vlmiﬂimu
100% Wazu1nnIT 9% ‘vmiﬂiymu 110% A1NS9
baZNIZLE no-load wmulmmmmummuﬂu
SILNUNANTNAFDULANINTINUAIEAT I
ﬂmamumaq HC LUuawlmmwmmamﬂmm
ﬂmaﬂwmumm HC uﬂiuawﬁmwmwmqmsama
41N mmmLLUaaﬁnmmwuwmwa mimumm
'iml,savwamLuumimwmLUuwwuﬂiumumauaﬁ
nsneeaAansnelunadineIves IGBT

ﬁuﬁdﬁﬁﬁn1s (Operating area)

nsUsEenaly SFC Iuﬁﬁuﬂ Viﬁﬁﬂﬂmwﬁ%%’mmi
inductive load WuLAEIU capacitive load uu
ansarinld lunivisavesmsveneiuiinislionu
msmwm motor-generator (M/G-sets) @098 v04
wummﬁ%muﬁuaq M/G set ansnsaldunuleladu
mmmmu(iﬂw 5) Fohudlenseudieutuiidn
reactive power 983 M/G-set AUinA reactive
power 89 SFC waziUSeuileu SFC fupSiwiiwes
WA reactive power 983 M/G-set ARSlAsuUANT
Wasanae lumanduiu nssiiunuogn
Unenseazyinlyiuadvas SFC Hinduoenadiit
@iy dunsIgaINNITNIEAUAULDS mammul’;
wionmsnageuaLaTERaiioum UL
meladiold M/G-set Luaimmmmaaumwmaq
#2e SFC iy wofumnudenis reactor aunn
Tneiielfyawern capacitance dmsunisidiay
M/G-set lupanngauniswlasiazanusadnoanls

T - Aphacent g ie vnm
D Fins pcmnl!ll n.]-u-—-

‘oparaling anea SFC
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Application of Static Frequency Converters for

Transformer Testing

Abstract

In recent years static frequency converters (SFC’s)
became the new standard as central power source in
stationary transformer test bays and replaced rotary
converters in almost any new installation. Nowadays,
the power rating of SFC's is sufficient to test even the
largest transformer units up to the range of GVA.
Their good availability, their robust operational
behavior and the possibilities offered by their
excellent dynamics are the major reasons for that.
The paper gives a brief overview of the design of
transformer test bays and describes the main
advantages of the application of SFC's.

Transformer Test Bays

The principle structure of transformer test bays is
depicted in Fig. 1. The static frequency converter (1)
with associated cooling system (3) is the one and only
power source. SFC’s generate rectangular, sinusoidal
modulated voltage pulses with a pulse frequency of
several kHz. The fundamental wave with variable
amplitude and frequency has to be filtered out using
the power sine-wave filter (2).

A step-up transformer (4) is connected to the output
terminals of the power sine-wave filter (2). This
step-up transformer allows in any case the best
adaptation of the low output voltage of the SFC to the
needed test voltage level. A good adaptation ensures
the best power utilization of the power source as well.
The step-up transformer has integrated off-load tap
changers, which enable a finely graduated output
voltage variation within a dynamic range of usually
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more than 98 %. It is possible to stress most of the
winding taps with 100 % output power.

When measuring the load losses or running the heat
run test the transformer under test represents nearly
a pure and huge inductive load. The cost- effective
way to supply this load can be realized using a HV
capacitor bank (5). The HV capacitor bank has to be
widely adjustable in order to fit to the needed
short-circuit voltages of the different test objects

and to the raised voltage levels for the heat-run tests.
The adaptation to the different voltage levels will be
realized using the series connection of two or more
medium-voltage (MV) capacitors. The appropriate
capacitive reactive power for the compensation of the
inductive reactive power can be adjusted applying the
parallel connection of MV capacitors.
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Fig. 1: Structure of a transformer test bay

The cheapest but unsafe design of HV capacitor
banks is the design with manual handling. In this way,
the single capacitors have to be plugged in by hand
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to a busbar system. An expensive but safer and
time-saving design utilizes HV disconnectors with
feedback contacts. Nevertheless, the risk of operating
errors or

internal capacitor failures is a serious issue. Conse-
quently, HV capacitor banks are always divided into
two sub-banks with separate star point. Both star
points are connected via an unbalance current
transformer. The test system will turn off immediately
for any reason that may cause an unbalance current
higher than a certain limit. The overall power rating
and graduation of the HV capacitor bank has to be
adapted to the power rating of the SFC. The task of
the SFC is to supply the active power for the test as
well as the remaining reactive power due to the
compensation error.

As very sensitive measurements, such as for PD or
sound emission, have to be performed on the
transformer under test, only the very necessary
components are located inside the shielded
transformer test bay. Therefore, the facilities
described before are commonly located outside.
The test power will be transferred to the shielded
transformer test bay by wall bushings or HV cables.
A visible HV disconnector (7) with earthing switch
serves for the operator’s safety. HV filters (6) will be
applied to enable reasonable PD measurements

during the induced voltage test. A set of instrument
transformers (8) will be used for the precise current
and voltage waveform acquisition and to feed these
signals into the power analyzer (13).

The simplest way to control the entire test system

can be done by the operator device (12). It is
connected to the PLC and enables all basic control
functions in an easy way. But modern control systems
are always fully computerized (11). On the one hand,
this enables the automatic execution of complex test
procedures. On the other hand, all measured data will
be simultaneously stored into the database (10) of
the test bay. Thus, a final test report can be
generated very quickly.

Power balances

The transformer represents a different load and
needs different test power for every particular test.
The requirements on the test system differ as well as
the values to be measured.
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The highest test power is necessary for the tempera-
ture rise or heat-run test of the transformer (Fig. 2
and 3). During the heating-up sequence the test
voltage will be adjusted even higher than the regular
short-circuit voltage. The sum of load and no-load
losses will be fed into the transformer. Basically, the
transformer represents an inductive and linear load
during this test. A huge amount of reactive power has
to be compensated by the HV capacitor bank. The
required active power is only about 1 % of the needed
reactive power. The SFC has to be able to feed the
necessary active power (up to 2 MW) and has to
supply as well a certain amount of reactive power
depending on the compensation error.

During the measurement of load losses the transformer
represents the same load as for the temperature rise
test. The test parameters are slightly reduced; the
transformer generates only the load losses (Fig. 2
and 3). The IEC standard 60076-1 [1] allows the
measurement of the load losses with a reduced test
current (50 % of the rated value). The required test
power will be reduced to a quarter in this case.

The load characteristic of the transformer under test
becomes non-linear for the no-load losses test. Rated
voltage at rated frequency is supplied to the test
object and the iron core is fully excited. This causes
the flow of a non-linear magnetizing current. The
needed test power is less than 3 MVA at rated voltage

2.5 [ m KA, 24

adloss  load loss
50% 100%

heat nun

Fig. 2: Active power for transformer test
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for 1000 MVA units (Fig. 2 and 3), but will increase
rapidly with increasing test voltage (e.g. 110 %
excitation). The challenge for the SFC is to act like a
very stiff power source. The internal impedances
together with the non- linear magnetizing currents
lead to non-linear internal voltage drops within the
power source. Nevertheless, the requirement on the
quality of the test voltage with a THD of less than 5 %
has to be fulfilled.

The test voltage has to be increased significantly
above the rated voltage to perform the induced
voltage test [2]. The test frequency has to be
increased in the same way to avoid excessive
saturation effects of the iron core and huge
magnetizing currents. The load characteristic of the
transformer under test will change, starting from
non-linear to inductive up to capacitive by tuning

the test frequency to higher values (e.g. into the
range of 150 Hz). Commonly, the active as well as the
apparent test power are small and comparable with
the measurement of the no-load losses (Fig. 2 and 3).
But the particular power consumption during the test
depends on the test voltage level and frequency, on
the effective winding capacitances as well as on the
specific properties of the iron core [3]. Especially
transformers with higher output voltages (e.g. > 500
kV) require a tremendous amount of capacitive
reactive power for the test. In this case, the averaged
values given in Fig. 3 could be exceeded significantly.

250
=500 MVA
200
B 1000 MVA
:
w00
50
108 23 LE 1]
o

induced no-load load loss load loss heat run
50% 100%

Fig. 3: Apparent power for transformer test
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Advantages of Static Frequency Converters

Dynamic behavior

The main advantage of SFC’s is their excellent
dynamic behavior. The reason for this is the
application of IGBT (Insulated Gate Bipolar
Transistor) power semiconductors with their
specific properties. These IGBT's offer different
classes of properties, which can be advanta-
geously employed for transformer testing. First
of all, IGBT's can be turned-on and turned-off
within less than 1.5 Us. This property can be used
in case of any abnormal event or failure in the
test circuit. For example, if the test object fails
during the test, an overcurrent will be the expected
result. Depending on the remaining inductance,
the current will start to rise very fast up to a
certain trigger level. If the trigger trips, the IGBT's
of the converter will be turned-off immediately.
All in all this process can be completed within less
than 10 [s. The energy fed into the arisen void
and the extent of secondary damages will be
accordingly small.

The second class of properties can be explained
by the pulsed operation of the IGBT converter. As
already described in the first chapter, the test
voltage is generated by sinusoidal modulated
voltage pulses with a pulse frequency of several
kHz. It was also mentioned before, that in case of
the measurement of no-load losses, the trans-
former under test behaves like a non-linear load
and generates no-load current harmonics. With
these preconditions the IGBT converter can be
used for the suppression of harmonics generated
by the load. In application of the Nyquist-Shan-
non sampling theorem, any band limited signal
can be synthesized, which fulfills the relation {1}.

fs[g - fpz:!seﬂ,’z {1}

In converter control circuits the sampling fre-
quency of the measurement is normally identical
to the pulse frequency.

Table 1: Harmonic versus pulse frequency

Touse [KHZ] 1 2.8 b
g [H2] 450 1270 1590

With respect to practical reasons the relation of
pulse frequencies and harmonic frequencies are
summarized in table 1. It can be observed, that
even a pulse frequency of 2.8 kHz is sufficient to
suppress all the relevant harmonics for trans-
former testing. The application of this principle
during an on-site measurement of no- load loss of
a 500 MVA / 380 kV transformer at 100% is
shown in Fig. 4. Due to the active suppression of
harmonics (HC - harmonic compensation) the THD
of the test voltage could be improved starting
from 10.1 % without HC to a value of 3.2 % with
HC (Fig. 4).

© o 1 ek 3 D

Fig. 4: No-load loss measurement with HC feature

The reading for the no-load loss was improved by
0.6 % at 100 % excitation and by more than 9 %
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at 110 % excitation. All power and no-load
current readings were identical to the original
factory test report with enabled HC feature. It
should not be concealed, that the HC feature
needs a very powerful, specially adapted and fast
control unit to process all needed mathematical
algorithms within one pulse period of the IGBT's.

Operating area

Another advantage of SFC’s is their ability to
handle inductive as well as capacitive loads. On
the one hand, this results in an extended operat-
ing area compared to motor-generator-sets
(M/G- sets). Two quadrants of the operating area
can be used instead of one only (Fig. 5). There-
fore, when comparing the reactive power rating
of an M/G-set with the reactive power rating of a
SFC, the SFC with half of the reactive power
rating of the M/G- set should be considered. On
the other hand, this property increases signifi-
cantly the operational safety. The danger of self
excitation, which is hanging over all new tests like
a sword of Damocles when using M/G-sets, does
not exist for test systems with SFC’s as power
source. Therefore, the large compensating reac-
tors needed for M/G-set operated test bays can
be omitted.

Apnawe! pram e ppune
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oparating ares M/G-sst

ﬂmmﬂc

Fig. 5: Operating areas — SFC versus M/G-set

Especially in case of induced voltage tests on site
with a limited available test power, the test
frequency can be freely tuned to a value of
minimum power consumption without any risk of
a self-excitation.
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Maintenance and Service

The great benefit of SFC’s is that they have no
rotating parts in the main power path. The power
flow is completely controlled by the switching
operation of the IGBT’s. The need for mainte-
nance is accordingly small (yearly) and depends
on the environmental conditions [4]. M/G-sets are
based on the utilization of rotating parts and
encounter all the mechanical problems of rotating
machines with increasing lifetime (Fig. 6).
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Fig. 6: Comparison of failure profiles of mechanical and
electronic equipment [4]

The maintenance for SFC’s is usually restricted to
the replacement of components of the cooling
system (e.qg. filter pads of fans). But M/G-sets can
be compared with everyone’s car: The older the
car is the higher will be the repair costs and the
longer the stay in the repair shop.

The entire SFC consists only of less than 10 major
subassemblies in the main power path and has a
very modular structure. The output power of
large SFC’s is generated by a number of parallel
connected power modules equipped with IGBT's.
Every power module has a weight of 70 kg and is
able to supply a power increment of approximate-
ly 400 kVA. If a power module should fail, it can
be replaced by two persons within 30minutes.
Therefore, the overall downtime can be kept very
short. On the other hand, if an M/G-set fails, the
entire alternator or motor has to be disassem-
bled. The masses to be handled are often in the
range of several tons. Consequently, the down-
time will be much longer.



Conclusions

Transformer test bays with a static frequency
converter have a very simple structure. The SFC is
the one and only power source for the load
measurements, induced voltage test etc. An
associated step-up transformer with multiple
voltage taps ensures the best voltage and power
adaptation to the transformer under test. In case
of tests with a high-reactive power requirement, a
well adapted and finely graduated HV capacitor
bank is used for compensation. Inside the shield-
ed test bay an HV disconnector ensures the
operator’s safety. In case of loss measurements, a
very precise power measurement system consist-
ing of accurate current and voltage instrument
transformers and a high-tech power analyzer is
the state-of-the-art equipment. HV filters are
utilized for the suppression of EMC interferences
during the induced voltage test. Fully computer-
ized control systems allow the automatic execu-
tion of complex test procedures and the simulta-
neous storage of test data into the central test
system'’s database.

The power required to perform transformer tests
depends on the particular transformer param-
eters as well as on the test itself. The highest
power is required to perform the temperature rise
test and the measurement of load losses. Usually,
the HV capacitor bank is needed to compensate
the reactive power. The measurement of no-load
losses is characterized by the non-linear behavior
of the transformer under test and by a small
overall power consumption. The magnetizing
current has a high content of no-load current
harmonics. In this case the test power source has
to act like a very stiff power network to ensure a
high test voltage quality. The transformer under
test behaves like a linear load during the induced
voltage test. But the test power consumption
depends on several parameters.

The greatest advantage of SFC’s is their very fast
dynamic behavior. This enables very quick turn-
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off times in case of failures as well as the
application of advanced control features to
improve the test voltage waveform. Moreover,
SFC’s can handle inductive and capacitive load
conditions likewise, which leads to an extended
operating area. A very robust operational
behavior is guaranteed, as the risk of self-exci-
tation does not exist.

Maintenance of SFC’s is only necessary for
components of the cooling system within a
yearly interval. The modular design of SFC’s
consisting of only a few types of light-weight
subassemblies allows an easy service in case of
failure. If an IGBT power module fails, it can be
replaced by two persons very quickly within
half an hour.
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Zusammenfassung

In den letzten Jahren haben sich statische Frequenzumrichter als zentrale
Leistungsquelle zur Speisung von mobilen und stationdren Transforma-
torenpruffeldern weltweit etabliert. Ihre sehr einfache Applikation, ihr
robustes Betriebsverhalten und ihre exzellente Dynamik sind nur einige
ihrer hervorstechenden Vorteile. Die getaktete Arbeitsweise der statischen
Frequenzumrichter eréffnet steuerungs- und regelungstechnische
Mdglichkeiten, die zu einer signifikant besseren Performance im Vergleich
zu klassischen M/G-Satzen fuhren. Die Leistungs- und Spannungsklasse
der zu priifenden Transformatoren sowie die durchzufihrenden Prifungen
definieren die Leistungsklasse des im Priffeld einzusetzenden statischen
Frequenzumrichters. Ausgehend von der Vorstellung des generellen
Aufbaus von Priiffeldern fir Leistungstransformatoren werden im
vorliegenden Beitrag die Leistungsbilanzen bei den verschiedenen
Transformatorenprifungen sowie vorteilhafte Betriebseigenschaften des
statischen Frequenzumrichters vorgestellt.
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Inner winding Outer winding
Radial force inwards>compressive stress Radial force outwards>tensile stress stress
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1. Radial “Hoop Buckling” Deformation of Winding
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2. Axial Winding Elongation “Telescoping”
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Abstract

Partial discharge in power transformer is
power loss caused by high electric field stress
in transformer at any point. The partial dis-
charge in transformer may occur in oil or
between coil insulators. If the partial dis-
charge takes place so long time, finally the
breakdown of transformer insulator may be
happen and lead to failure of power transmis-
sion system.

This thesis presents the investigation and
design of partial discharge detection program
of the original signals in transformer model. In
practice, it use an Acoustic Emission (AE)
method together with the Time Difference of
Arrival (TDOA) Technique in order to detect
the signal from PD-origin according to IEEE
standard C57.127. The acoustic sensor, which
has the frequency from 50 to 400 kHz are
used in this research. The transformer in this
work is modeled as an acrylic tank which
installed together with 4 acoustic sensors,
addition with low-pass and high-pass filter,
signal amplifier and data recorder (DAQ).The
AE signal of PD-origin will be collected and
analyzed with Lab View program, which had
been designed for analyzing and localizing of
PD-origin. Those results could be displayed in
3 dimensions.

Keywords: Acoustic Emission, Partial Dis-
charge, Time Difference of Arrival
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Power transformers are very
expensive, business-critical assets
for which reliability is paramount.
Failures can be catastrophic, as the
economic losses and non-delivery
penalties that may be incurred
during power interruptions can be
severe. Shell recently introduced
the first transformer oil to be
based on GITL technology and it
believes that this, coupled with
scientific findings from a major
research programme, could help
to revolutionise the reliability and
lifespan of transformers now and
in the future.
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The world's transformer fleet is relatively

old (the average age of a transformer in
many countries is 30-40 years) and many
companies are operating fransformers close
to their original recommended lifespans.
Some are even being run beyond their
expected lifespan, and the high capital
cost involved in replacing a unit, up to

$4 million, means that there is an economic
incentive to do this if the unif's reliability can
be managed.

Shell is aware of these issues and has
been investing in research programmes
with leading universities, technical institutes
and private companies to accelerate the
innovation process.

For instance, in 2012, it joined a major
European research consortium that is
investigating fransformer design and
operation and the influence of the ol

on ageing and reliability characteristics.

The research, which is one of the biggest
academic exercises in this field in Europe, is
being led by the University of Manchester's
School of Electrical and Electronic
Engineering, a recognised technical centre
of expertise and excellence for electrical
research on transformer oils and transformers
in the UK. The consortium also includes
transformer manufacturers, ufility companies,
festing laborafories, insulation material
manufacturers and Shell, which provides its
oils for research (Figure 1).

Shell believes that this programme could help
fo revolutionise the lifespan of the transformers
of the future because it is enhancing the
body of scientific knowledge in this specialist
area. For instance, it has provided better
understanding of how oils and transformers
age, and has helped to identify the key
affributes that need fo be improved to
increase the reliability and longevity of both
oil and transformer in service.

In addition, tests af the university have helped
to validate Shell's latest GTl-based, inhibited
transformer oil — Shell Diala S4 ZX. For
example, one test simulated the effects of
high-voltage transients due fo lightning sfrikes
and switching operations in power systems
and assessed the resilience of different oils to
the effects of such transients.

FIGURE 1: Dr Qiang liu, lecturer in Power System
Plant, and Zhongdong Wang, Professor of High

Voltage eering, University of Manchester, and

Dr Peter Smith, Technology Manager, Shell Global
Solutions, in front of the lightni
Shell and the Uniy

ortium that is investigating fransformer dcswgn

mpulse generator.

ity of Manchester are involved in

ac

and operation and the influence of the oil on ageing

and reliability characteristics



FROM OUR FRIENDS

AS SHELL DIALA S4 ZX-| IS DERIVED FROM PURIFIED NATURAL GAS, IT HAS A TIGHTLY SPECIFIED
HYDROCARBON CHEMICAL STRUCTURE. IN CONTRAST, THE COMPOSITION OF CRUDE-BASED
OILS CAN VARY SIGNIFICANTLY DEPENDING ON THE SOURCE AND THE REFINING PROCESS.

In this test two oils, Shell Diala S4 ZX-I H —
(inhibited GTL oil) and Shell Diala S3

ZX-| (conventional inhibited oil), both of
which have a water content of <10 ppm,
were assessed for their lightning impulse
breakdown in needle-sphere and needle-
plane geometries. The needle-sphere
electrode configuration used [gap typically
25 mm, using positive and negative
impulses) is shown in Figure 2. An eight-
stage impulse generator with a maximum
voltage of 800 kV and 4 kj energy was
used to deliver a standard lightning impulse

of 1.2/50 ps.

“As a multinational utility company that
owns almost 500 high-voltage substations,
we have a large number of oil-filled assets
such as power transformers and it is vital
that we use oil on which we can rely. We
have an acute interest in prolonging the
lifespan of our transformers as well as
maximising their reliability, as this helps us
to provide the best value to our customers
while ensuring they get the electricity they
need. We know that the oil we use plays

a vital role in the reliability and lifespan

of a transformer, so this programme is
Figure 3 shows that Shell Diala S4 ZX-| extremely important to National Grid.”
has a significantly higher lightning impulse
breakdown voltage than the inhibited
conventional oil it was tested against using
both electrode geometries and positive
and negative polarities. This fest therefore
indicates that Shell Diala S4 ZX-I has

a greater capacity to withstand severe
in-service voltage transients, such as those
due to switching operations or lightning
strikes, compared with the other oil tested.

Gordon Wilson, Technical Specialist in
Insulating Liquids, National Grid plc

FIGURE 2: The needle-sphere electrode configuration
used for lightning impulse breakdown testing.

Needle sphere +ve

10mm
|
Needle sphere -ve
\
10mm
Needle plane +ve
Needle plane -ve I Shell Diala $3 ZX
B Shell Diala 54 21 (GTY)
0 50 100 150 200 250 Source: University of Manchester

Breakdown voltage, kV

FIGURE 3: Average lightning impulse breakdown voliage of inhibited GTL oil (Shell Diala S4 ZX) versus
conventional inhibited oil (Shell Diala S3 ZX-) with a 25-mm electrode gap, unless otherwise specified.
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FROM OUR FRIENDS

GTL TECHNOLOGY: MANUFACTURING A

DESIGNER HYDROCARBON TRANSFORMER OIL
WITH ENHANCED PERFORMANCE CHARACTERISTICS

Shell GTL base oil is @ manufactured
hydrocarbon (primarily isoparaffinic
in structure) derived from natural gas
rather than from crude oil. Natural
gas is purified and then converted
into a range of liquid products using
proprietary technology.

First, the methane is reacted with oxygen to
create synthesis gas, a mixture of hydrogen
and carbon monoxide (Figure 4). This
synthesis gas is then cafalytically converted
info liquid waxy hydrocarbons via a
FischerTropsch process.

[2n + 1) H, + nCO —» C H(2n+2) + nH,O

Finally, the liquid waxy hydrocarbons are
upgraded (hydrocracked) using specially
developed technology involving novel
catalysts and then distilled info a wide
range of products, including transport
fuels, base oils and feedstocks for the
chemical industry. Crucially, these products
are essentially free from impurities and
inorganic substances such as sulphur.

Because ifs starting materials are mostly
carbon and hydrogen, the resultant fluid is
almost entirely pure hydrocarbons. The GTL
process ensures that those hydrocarbons
are overwhelmingly saturated paraffins. The
absence of sulphur? and very low levels of
aromatic and unsaturated hydrocarbons,
which can be present at significant levels

in conventional crude-oilderived mineral
ail, give GTL products superior properties
compared with conventional mineral oils that
are particularly relevant fo their application
as base fluids for transformer oils.

“Shell’s GTL-based transformer oil is
such an interesting proposition because
it has essentially zero sulphur and very
low aromatic and unsaturates contents.
Consequently, it offers superior additive
response, exceptional resistance to
degradation and outstanding thermal
properties, which can translate into
increased transformer reliability and
efficiency.”

Dr Peter Smith, Technology Manager,
Shell Global Solutions

REDUCING THE RISK OF COPPER
CORROSION

Corrosive sulphur species in conventional
transformer oils have caused transformer
failures, but Shell Diala GTL transformer oils
are manufactured from pure GTL base oil,
which is essentially sulphur free. Consequently,
the risk of oilrelated-sulphur copper corrosion
in the transformer is removed and, thus, higher
reliability is possible.

“Below detection limits, according fo ISO 14596/ASTM
D2622

STAGE 1 GASIFICATION STAGE 2 SYNTHESIS | STAGE 3 REFINING

. P PSP
SO Cee

Methane Oxygen
(natural gas) (from air)

Hydrogen

CUL0e0esssassansnsnss,

CATALYST
LODRAMDBANMDADDRRIDARDD ]
Carbon Fischer-Tropsch distillates

(Normal paraffines)

+&

Water

monoxide

Source: Shell

~3,500 SHELL PATENTS

FIGURE 4: Shell's GTL base fluids are made from synthesis gas, a mixture of hydrogen and carbon monoxide, rather than from crude oil.
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FROM OUR FRIENDS

BECAUSE SHELL DIALA S4 ZX-| IS ESSENTIALLY FREE FROM SULPHUR, THE RISK OF OIL-RELATED
CORROSIVE SULPHUR DEVELOPING AND CAUSING COPPER CORROSION IS MINIMISED.

RESISTANCE TO DEGRADATION

With modern transformers getting smaller
and operating at higher voliages, the
stresses placed on the oil are higher than
ever before. Shell Diala GTL oils have an
excellent response to antioxidant additives,
which means that they have outstanding
resistance fo degradation in even the most
demanding applications.

In oddition, they show lower acidity and
sludge formation on ageing, and have

an oxidative sfability performance level
more than five times better than the highest
standard requirements.* Consequently, they
can help o enhance the lifespan of the
paper insulation.

MODELLING PREDICTS GOOD-TO-
SUPERIOR COOLING IN SERVICE

Effective cooling in a transformer is
determined chiefly by two oil parameters:
its thermal properties (specific heat capacity
and thermal conductivity) and its fluidity

or viscosity. An oil's thermal properties are
proportional fo its density. Calculations

and measurements show that specific heat
capacity and thermal capacity values

are typically higher for Shell Diala S4

ZX-| than for conventional transformer oils,
which indicates better thermal properties.
This may provide cooling benefits for
transformers in operation, and enable either
higher loading or a reduced requirement
for forced cooling, or some other design
opfimisation such as a reduction in
transformer size.

Resource : Shell Diala_white_paper

Another important parameter that influences
the ability of an ail fo provide cooling in a
transformer is its fluidity or viscosity across
the usual transformer operating temperature
range. The usual temperature ranges are
defined in various specifications, see, for
example, IEC 60076 Part 1, which defines
the normal ambient lower temperature limit
for power transformers as —25°C. Figure 5
plots fluidity [viscosity) versus temperature
for inhibited GTL transformer oil (Shell Diala
S4 ZX) compared with conventional oils:
uninhibited (Shell Diala $2 ZU-l ngt) and
inhibited (Shell Diala S3 ZX-).

At higher temperatures, most of the oils

have a good low and comparable

viscosity, which facilitates good cooling. At
lower temperatures, most oils will thicken
significantly, which reduces their flow rate
and cooling ability. As can be seen from
Figure 5, the inhibited GTL oil thickens
significantly less at lower temperatures than
the conventional cils tested. This means it will
maintain its good fluidity and flow properties
better, even under extreme conditions.

1,800
1,600
= 1,400
£
2 1,200
[o]
2
>
c 1,000
2
E
3 800
£
o
o 600
«
O
& 400 = Shell Dicla 52 ZU- gt
o
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FIGURE 5: Fluidity [viscosity, cSt) versus temperature (°C] for inhibited GTL transformer oil (Shell Diala S$4 ZX)
compared with conventional oils: uninhibited [Shell Diala $2 ZUH ngf] and inhibited (Shell Diala S3 ZX).
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LUCIEN GAULARD

(1850 - 1888)

aiBau Tnansa (Lucien Gaulard ) IAINSBEIWSVIAG AU DOKU andu AUE
(John Dixon Gibbs) 3Adnsiia:unssnvuddvnny Iddaiaavuaadaikdeon
AdIAUIK&NIUUITQ (open iron core) RSN “IASaVrIdANGNT" Aaouaou
futn.A. 1881 13 u18AUAQTIRAUUSTINRAAVISNG (Westinghouse company)
TuakszoIusn waningvlavanaavavds:augtngsu fusad Tut A.A. 1884
3ndde 0g1vlsAd Ussansniwuovindovridandunidgochog 1dovonn
vaadaikteothAtovosiUikaniuuidagvbusansnwldimgowalumsaowan
vulugolkaa

U A.A. 1882, 1884, 1a: 1885 Tnansa Au Aud ldduvaansuasiudous:aus
yaLWININ IdNnASLANURIES IIRIWAdansUasikAuisuaidou Bed 1a
IWSSIUG (Sebastian Ziani de Ferranti) 5ﬂ3ﬂ56mér‘i|ﬁ0?u5\mnu

U A.A. 1885 Jaldgu anauiad des (William Stanley, Jr) ldasokoidav
TWwRBOUlGuURUTIUAD IAQuUaYINanSa AU AUF

Tnansafivinnssunlsowenuasovau (Sainte-Anne Hospital) Tunsousa
l@AUIIUISUTIMsRaUNakdvINgryiduansuasiudonivius:aus
kaneidouraufivifinssy DTAuRUNIURWS:S13vI0aIE (Elysee) Suidufidav
U2LrMI08UUS-SUNEUE la:UanTKISIKUNAWIINITIWUUS:SIUNSUGWSVIAE
10V ININTIBOVAIURINVIRUS-SILNSUGNSTU 13:300adURIuIdavAISUan
Us:s1UNSUGARD “drAows:d9n naws:ide:luisaa:lsiviu”

Engineers like to solve problems. If there are no problems
handily available, they will create their own problems.

SCOTT ADAMS
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