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ABSTRACT

Thi s paper discusses C, power factor of a
condenser bushing with resistance graded (RG
porcel ain and proposes a nethod to obtain the
intrinsic power factor of the RG bushing.
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| NTRCDUCTI ON

It is well-known that bushings with RG
por cel ai n have superior perfornance i n heavy
pol l ution areas because a snmall current
flowi ng in the sem -conductive gl aze
elimnates “dry band” arcing and al so nakes
the voltage distribution across the porcel ain
nore uni form

Because the resistance of the porcel ain
surface alters the current at the C tap in an
RG bushi ng, the power factor at the tap can
differ fromthe intrinsic C power factor of
the bushing core significantly. Therefore, it
has been a challenge to neasure the intrinsic
C. power factor of RG bushings accurately.

Typical ly C power factors of paper-oil
condenser (PQQ bushi ngs with regul ar
porcelain are 0.25% An abnornal increase of
C. power factor (1.5~2 times the C power
factor on the nanepl ate val ue or over 1%
dependi ng on user’s experience) has been
interpreted as possible deterioration of the
internal insulation of a bushing.
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The C, power factor of a new RG bushing
neasured by the standard test nethod differs
fromthe intrinsic C power factor of the
core. The val ue neasured can be hi gher or
| ower than the power factor of the core.
Sonetimes it can be a negative power factor
[1,2,3].

Therefore, Gsborn introduced a test
procedure cal l ed “Ungrounded Speci nen Test
(UST) technique and/or to mnimze any effect
of resistance coating by use of the test set
guard circuit"[2]. However, this nethod is
unsati sfactory. The “guards” proposed by
Gsborn influence the electrical field and
alter the C power factor. The |ocation of
“guards”[2] can alter the C power factor of a
138 kV RG bushing from-4.4%to +1.9%

Because it is difficult to obtain the
intrinsic C power factor of a bushing with RG
porcel ain by present test methods, sone
utilities avoid using RG bushings even if RG
bushi ngs are one of the nost suitabl e choices
for the environnent.

In this paper, we present a theory of C
power factors of RG bushings and introduce a
nore accurat e neasuring net hod.

In this paper the intrinsic values of C and
C, power factor of the condenser core are
referred to as C;, and C PF. The val ues of C
and C, power factor neasured at the tap of an
RG bushing are referred to as Gy and C PRy
thereafter.

RG BUSH NG

A typical RGbushing is shown in figure 1.
It isidentical to the regul ar bushi ng except
that its upper porcel ain has sem -conductive
glaze. dips and contact rings are used to
connect the sem -conductive glaze to the high
vol tage conductor and the grounded fl ange of
t he bushi ng.

The design val ue of the RG surface
resistance Ryy is in the range of 10MA~100MN



dependi ng on the size of the bushing. The

resi stance can vary 0% fromthe design

val ue. The current flow ng through the sem -
conductive glaze is 1~2 mA when the bushing is
ener gi zed.

Typi cal surface resistance and capacitance
of RG bushings are shown in table 1, where Cy
is the total coupling capacitance between the
core and RG gl aze.

RE bushing

Figure 1. RG bushi ng

Tabl e 1. Typi cal

paraneters of RG bushi ngs

Bushing [BIL, kv| C,, pF R, MN Co PF
No. Nor m (m n~nmax) |Esti mat
e
B-588722 | 150 524 [10.4 (8.0~15.3)| 53
B-567220 | 550 404 44.7 328
(46. 4~85. 0)
B-567320 | 650 368 72.9 334
(53.7~113. 3)
B-567670 | 900 356 91.3 476
(60. 4~182. 6)

PONER FACTCRS CF RG BUSH NGS

Since the surface resistance of RG porcel ain
is low C PR, of an RG bushi ng neasured by
the GST (@ ounded- Speci nen Test Mdde) net hod
can be as high as 8%to 60% Therefore, it is
difficult to deternine whether or not the
internal insulation of an RG bushingis
deteriorated using the nornal GST et hod

The UST (Ungrounded- Speci nen Test Mbde)
nmet hod all ows us to neasure the G PF of the
bushing with regular porcelain, but it cannot
give C Pr of RG bushings correctly.

Figure 2 is the equivalent circuit of an RG
bushing. Cis the partial capacitance of the

condenser core. For a condenser bushing
desi gned using the principle of equal partial
capacitance, C= N* C,, where Nis the
nunber of foils of the core.

InFg. 2, Ris usedto sinulate the power
losses of G PR. RJi) is the surface
resi stance of the RG porcel ai n between two
adj acent nodes. C{i) is the coupling
capaci tance between foil “i” and its adjacent
RG surface. C{i) is the stray capacitance
bet ween the adjacent RG surface and ground,
where the air is dielectric medium R{i) is
used to sinulate the power |osses of the power
factor of the coupling capacitor C{i).
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Figure 2. Equivalent circuit used to calcul ate
C, power factor of an RG bushi ng

Because the values of Rdi), C{i) and Cqi)
depend on the electrical field distribution of
the bushing, it is very difficult to calculate
and neasure them
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Figure 3. Coupling capacitance C{i)

V¢ estimate C{i) using a coaxial cylinder
nmodel . Sone exanpl es are shown in figure 3.
C{i) increases with index “i”, except C{0)
and C{N. C{0) is the capacitance between
the conductor and the RGsurface. C{N is the
capaci tance between the ground foil N and the
RG surface. Cy increases wth bushing Bl L
| evel as shown in table 1.

C{i) and Cy show a sinlar trend as C{i)
and Cy. Cyis the sumof stray capacitance

(i)

The circuit in Fig. 2 can be seen as a
conpl ex bridge circuit. The two dai sy-chain



circuits are bridged by N pieces of coupling
capaci tance C{i). ne dai sy-chai n consists of
the partial capacitance of the core and the
other nainly consists of the surface
resistance of the RGporcelain. If the two
dai sy-chai ns have the same vol t age
distribution, there is no voltage across the
coupl i ng capacitance C{i) and then no current
flows through C{i). Therefore, the surface
resi stance does not alter G PRy at all.

Since Rdi) depends on the design of the
core and porcel ai n, the vol tage distributions
in the two daisy-chain circuits are unlikely
to be the same. Therefore the currents flow
t hrough coupl i ng capacitance C{i) and the
surface resistance alters G PRy Figure 4
shows an estimated voltage distribution across
the coupling capacitors C{i), where the
voltage is neasured fromcore to RGresistors
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Figure 4. Voltage across the coupling
capaci tance C{i) of a 900kV Bl L RGbushi ng

V¢ use a sinple nodel in figure 5 to
denonstrate how C, PR, varies with the axial
vol tage distribution in an RG bushi ng when the
UST nethod is used. Here the core is
sinplified with only two foils. The surface
resistance of RGporcelain is Ry = Ra + R
Rwa/ R reflects the axial voltage
distribution on the RG surface. The data from
a 900kV Bl L RGbushing are used for this
example. G is assunmed to be 100pF.
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Figure 5. Qrcuit of an RG bushi ng
with two foils

study shows that Cy value wll not

change with G PR, Ry and R/ Ree, but C PRy
does change with R/ Ree and Rgy, as shown in
Fig. 6 and 7. G PRy can be greater or snaller
than G PF. It even can be a negative val ue.
Negative G PRy neans that the real part of

the current neasured at the tap is opposite to
the polarity of the voltage on the bushing
high voltage termnal. In an actual bushing,
the relationship will be nuch nore conpl ex.
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Figure 6. Relationship of G PR,to the
distribution of surface resistance

(Rx=91. 3MN)
of a 900kV Bl L RG bushi ng
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Figure 7. Relationship of G PRyto the
bal ance of surface resistance (PF=0.25%
of a 900kV Bl L RG bushi ng

Renoving the clips on the RG bushing or
using “guard” circuit can alter the current at
the tap and vary the value of G PRy but this
C PRyis not C PF.

V¢ studied the influence of stray

capaci tance G (the capacitance fromcore to
ground) on Gy and C PFRyin the bushing wth
the regul ar porcelain. The results are shown
in Table 2 and 3. The stray capacitance Cqi)
is exaggerated by renoving all the petticoats
of the porcelain and nmoving the ground to the
porcelain surface. In this case, C{i) is the
sane as C{i) in Fig. 2. W use Cyp in stead of
Cy to discuss the influence of the coupling
capaci tance on C PRy

The C, val ue nmeasured changes with the



coupl i ng capacitance Cp but not with G PF
and C; PF (power factor of G). Cy nmeasured by
the UST method will be | ower than G, when C.
is larger. By the UST nethod, Cyis 1.7%

snal l er than G, wth coupling capacitance of
0.2*C, and 14.9%snaller than C;, with

coupl i ng capacitance of 1.0*C,. For regul ar
bushi ngs, Cyp is much smaller than C;, so the
devi ati on between Gy and C,; is negligible.

C, PRy changes with C. PF but not with G
value. C PRy is exactly equal to G PR if G
PF and C PF, have the sane values. If C.PFis
hi gher than G PR, C PFRyby the UST is
slightly lower than G PR but G PRy by the
GST is slight higher than PF as shown in
Tabl es 2 and 3.

This finding allows us to neasure C PF of
RG bushings with the follow ng way: (1)
groundi ng the whol e surface of the RG
porcelain, (2) neasuring G PF with the
regul ar UST or GST nethods at a reduced
vol tage. The deviation between G PRy and G
PF is within 15%of the neasured C PF.

Table 2. C PRy neasured by the UST et hod

with different G PF (900kV Bl L POC bushi ng)
INTRNSIC| C PF = G PF = G PF =

G &G PR G PR 0 2 G PR
G | PR | Gu| Pru| Gu | PRu| Gu | PFu
pF % pF % pF % | PF %
356 |0.250[ 308 |0.250, 308 |0.285 308 (0.215
356 |0.500[ 308 |0.500 308 |0.570, 308 (0.430
356 |1.000f 308 |1.000, 308 |1.139 308 (0.861
356 |1.500[ 308 |1.500 309 |1.709 308 (1.291
356 |2.000[ 308 |2.000 309 |2.278 308 |1.721

Table 3. C PFR, neasured by the GST net hod
with different G PF (900kV Bl L PQC bushi ng)
INTRNSIC| C. PF = C PF = C PF =
G & G PR G PR 0 2* C PR
G | PR | Gu| PPu| Gu | PRu| Gum | PRu
pF % pF % pF % pF %
356 (0.250 457 (0.250 457 |0.212| 457 |0. 288,
356 (0.500 457 [0.500 467 |0.424] 467 |0. 576
356 (1.000 457 [1.000 457 |0.848 457 |1.151]
356 (1.500 457 [1.500 457 |1.273 457 |1.727
356 (2.000 457 [2.000 457 |1.697| 457 |2.302

PRCPCSED TEST METHCD

The best nethod of neasuring C and C PF of
an RGbushing is lifting the top clips and
groundi ng the whol e surface of the RG

porcel ai n by conductive foils or bands, and
then neasuring G PF with the UST or GST
nmeasur enent .

It is difficult to ground the whol e surface
of RG porcel ai n because of the petticoat
shape.

An alternate nethod is grounding all the
body sections (the narrow straight portions
bet ween petticoats) of RG porcelain. Because
this nethod may influence the electrical field
distribution significantly, we perforned
electrical field anal yses as shown in figure
8.

V¢ found that the electrical field
distribution on the bushing with all the body
sections grounded is al nost the sane as that
wi th the whol e surface grounded. Therefore,
the alternate nmethod shoul d not cause
significant deviation in C PF neasurenent. An
electrical field plot of a regular bushing is
shown as a reference.

e

Left: Bushing with the whol e surfaces grounded
Mddl e: Bushing with all body sections
grounded only
R ght: Bushi ng without ground foils
Figure 8. Hectrical field distributions
of a 550kV BIL bushing

The test setup for measuring power factor of
RG bushing is shown in figure 9. Al the body
sections of the RG porcelain nust be grounded
with conductive foils or bands. Wen using the
UST method it is not necessary to lift the top
clips, but when using the GST method the top



clips nust be lifted.

From Tables 2 and 3, we know the power
factor of the coupling capacitance influences
C PRy If the power factor of the coupling
capacitance C.is higher than G PR, C PRy
measured by the UST will be | ower than C PF.
So a bad contact between the ground bands and
RG surface will cause G PRy to be less than C
PF. So great attention should be paidto
keeping all the ground band contacts tight.
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Figure 9. Recommended test hook up
TEST RESULTS

Tables 4, 5, 6 and 7 showthe test results
using different nethods. The test results
i ndi cate C PRy neasured by the recomrended
met hod (bol d-faced in the tabl es) agrees nost
closely with the intrinsic C power factor.

C, PRy measured by the recomended net hod
deviates only slightly fromthe intrinsic G
PF. Qur test results on two RG bushi ngs show
that the deviation of C PF neasured using the
UST nethod is -0.16% The deviation of C PRy
neasured using the GST method is in the range
of -0.30%to +0.16% As the accuracy of Doble
MPH test set in measuring power factor is
0. 1% PF or 5%of the measured val ue,
whi chever is greater, the results obtained are
very good.

The test results showit is possible to
neasure G PF with the top clips on and with
all the body sections grounded except the top
one. This is because the first foil of the
condenser core is always |ower than the first
petticoat. The coupling capacitive current
fromthe bushi ng conductor to the RG surface
does not flow through the nmeasuring circuit,
so it does not influence neasurenent. In this
case the very top petticoat holds the test
vol t age.

Table 4. UST tests at 10kV with DCBLE M2H test set on a 900kV Bl L RG bushi ng B-567680- EXP2- 70

Test Description ClL, pF| PF, %
O |Design value. Core spec. BG 253DC and RG resi stance (neasured) = 80MN 437
1 |Gore only 470 0.32
2 |Top clips off, ground all the straight surfaces of RG porcelain 359 0.31
3 |Top clips on, ground all the straight surfaces except top one 326 0.26
4 |(Top clips on, no grounded foil on RG surface 370 0.81
5 |Top clips off, no grounded foil on RG surface 371 -0.14
6 |Top clips on, ground all the odd straight surfaces of RG porcel ain 320 -0.17
7 |Top clips off, ground all the odd straight surface of RG porcel ain 322 -0.10
8 |[Top clips off, ground the top, mddl e and bottomstrai ght surfaces only 323 1.43
9 |Top clips off, ground the top and bottom strai ght surfaces only 336 5.03

Table 5. UST tests at 10kV with DCBLE MPH test set on a 900kV Bl L RG bushi ng B-567670- 70

Test Description ClL, pF| PF, %
O |Design value. Core spec. BG 650 and RG resistance (neasured) = 80MN 356
1 |(Core only 359 0.31
2 |Top clips off, ground all straight surfaces of RG porcelain 313 0.15
3 |Top clips on, ground all the straight surfaces except top one 313 0.13
4 |(Top clips on, ground all the odd straight surfaces of RG porcelain 341 3.18




| 5 |Top clips off, ground all the odd straight surface of RG porcelain

339

| 5.33 |

Tabl e 6. GST tested with DOBLE MPH test set on a 900kV Bl L RG bushi ng B-567680- EXP2- 70

Test Description ClL, pF| PF, %
O [Design value. Core spec. BG 253DC and RG resi stance (neasured) = 80MN 437
1 |[Core only 410 0.42
2 |Top clips off, ground all straight surfaces 406 0.29
3 |Top clips off, no grounded foil on RG surface 678 1.51
4 |[Top clips on, no grounded foils on RG surface (estimated: PF=7.58% 570 7.00




Table 7. GST tests with DOBLE MPH test set on a 900kV Bl L RG bushi ng B-567670- 70

Test Description ClL, pF| PF, %
O [Design value. Core spec. BG 650 and RG resistance (neasured) = 80MN 356
1 |[Core only 406 0.29
2 |Top clips off, ground all straight places 548 0.59
3 |Top clips off, no grounded foils on RG surface 499 4.73
4 |[Top clips on, no grounded foils on RG surface (estimated: PF = 9.31% 477 26. 10

Fromour tests and anal yses, we estimate
that the accuracy of C PrRyis #0.3%PF or 15%
of the neasured val ue, whichever is greater.
V¢ believe that G PRy of the RG bushi ng
measured by our recommended net hod can det ect
the change of the power factor caused by
insul ation deterioration easily.

GONCLUSI ON

V¢ studied why the power factor C PRy
differs fromGC PR when we nmeasure the power
factor of an RG bushing with regul ar nethod,
and then we present a correct nethod.

The correct nethod of measuring C power
factor of RG bushings is grounding all the
body sections of RG porcelain wth conductive
foils or bands and then perfornmng the UST
nmeasurenent. |f we use the GST nethod, the top
clips need to be lifted before testing.

The results are very close to the intrinsic
C. power factor of the bushing core with an
accuracy of #0.3%PF or +15%of the neasured
val ue, whichever is greater. \¢ believe that
this power factor reading can be used to
identify whether the internal insulation of an
RG bushing is deteriorat ed.
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