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ABSTRACT

V¢ have devel oped an accurate but sinple
nethod to estinate the tenperature rise (re-
ferred to as “rise” hereafter) of a bushing con-
ductor under any load condition. This nethod
consi sts of one equation and two predeterm ned
rise profiles Fy(z) and Fxz). Fy(z) is the in-
cremental rise profile at the rated current and
Fx(z) is the nornalized rise profile at zero
current. F(z) and F(z) can be obtained from
two base thernal tests. The proposed nethod al -
lows us to estinmate the rise profile of the
bushi ng under any given | oad condition. There-
fore the rise and the location of the hottest
spot can be determned fromthis profile. V¢
have successfully applied this nethod to various
bushi ngs, such as bushi ngs with and without oil
circulation, bottomconnected and draw | ead con-
nect ed bushi ngs, and sone speci al bushings wth
two conductors. V¢ examned this nethod with a
thernmal circuit nodel and verified that the
thernmal nodel supports the new et hod.

[. | NTRCDUCTI ON

The standard | EEE Quide for Application of
Power Apparat us Bushi ngs, | EEE C57. 19. 100- 19951
provi des a sinpl e equation

Dogs = K * 1"+ K * Dy
(1)

to estimate the hottest spot of the bushings.

Equation (1) is based on W J. MNutt's pa-
per!? except for the value of the exponent n.
The standard describes a nethod for cal cul ating
the thermal constants K;, K, and n fromthernal
tests.
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However, test results showthat K, K, and n are
not constant, but vary fromtest to test. The
hottest spot rise obtained fromthis equation
does not match well with actual thernal test re-
sults.

Therrmal tests of bushings show that the | oca-
tion of the hottest spot of a bushing mgrates
with current and oil rise. Because of this ni-
gration, K;, K, and n, which we determ ned based
on the hottest-spot at rated | oad conditions
with an overload test, cannot predict the hot-
test-spot for an arbitrary current and oil rise.

V¢ have devel oped a sinpl e equation which re-
quires two predetermned rise profiles F(z) and
Fx(z) to estinate the rise profile under non-
standard | oad conditions. For each bushi ng,

Fi(z) and Fxz) are the base rise profiles which
we obtain fromtwo thermal tests: one at zero
current and the other at the rated current.

Fi(z) and Fxz) replace the thernmal constants K;
and K, in equation (1). The exponent n in our
equation is a constant equal to two, while nin
the |EEE Standard is a variable. This nethod en-
ables us to estimate the rise profile under any
| oad condition and predict the hottest spot rise
and its | ocation accurately.

This paper will present the theory behind the
sinple estimation nethod, thernal test, actual
thermal test results, and anal ysis. A so dis-
cussed is a conparison between the cal cul at ed
results froman equival ent thernal nodel and the
estimated results fromthe new nmethod. The ther-
nal nodel is used to show the accuracy of the
sinple estimation nethod. Hereafter, the results
fromthe thermal test will be referred to as the
“measured” results, those fromthe proposed sim
ple estimation method as the “estinated” results
and those fromthe therrmal nodel as the “cal cu-
| ated” results.

1. DEVELCPMENT CF THE THECRY

In a steady-state condition, the heat gener-
ated in a bushing without oil circulation trans-
fers to the surface by thermal conduction, then
to the surrounding air and oil through convec-



tion. As the convection mainly occurs within
very thin boundary | ayers, we can viewit as
thermal conduction in these thin | ayers. There-
fore, we can similate the thernal characteris-
tics of a bushing with a sinple thernal conduc-
tion nodel with ohmc loss I1°R as the mai n heat
sour ce.

V¢ can describe the thermal conduction equa-
tion for a bushing without oil circulationin a
cylindrical coordinate systemas

T(r, 2) 1(r, 2)
k(r,z) %%%% + k(r,z) %%%% = q(l,r,2)
(2)
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wher e:

T(r, 2) tenperature profile under current |

r radi al coordinate fromthe bushi ng cen-
ter line

z axi al coordi nate al ong the bushi ng cen-
terline

ki(r,z) radial therrmal conductance at r,z

k,(r,z) axial thernal conductance at r,z

q(l,r,z) heat generated under current | at r,z
I current in per-unit referred to as pu.

In the standard, the tenperature rise used is
defined as the rise over the air anbient tem
perature. Because the bushing is long and slim
we can rewite equation (2) in arise fornat as

o1, 2)
ki(2)*(D1,2)-DQ(2)) +ko(2)* ¥%¥¥%¥a¥s = R2)*1?
TEZ

(3)

wher e:

DQI,z) rise profile of the conductor under
current |

DQy(2) rise of the surroundi ng nediumat z

k.(2) radi al thernal conductance fromthe
conductor to the surroundi ng nedi um at
z

k,(2) axi al thernmal conductance of the con-
ductor at z

R(z) el ectrical resistance of the conductor
at z.

V¢ can obtain the bushing rise profiles for a
given load condition by solving (3) with the
correspondi ng boundary and | oad conditi ons.

For a linear system the solution of (3) is

DY(1,2z) = DQ(1,2)* 1? + DQ(O,2) (4)
wher €:

DQ,(0,z) the general solution of the correspond-
i ng honmogeneous equation, which is the
rise profile generated by tenperature
di fference between the boundari es.

DQ,(1,2z) a particular solution of the nonhonoge-
neous equation, which is the incre-
nmental rise profile generated by heat
| osses at one unit current.

As equation (4) shows, we nust obtain DQ(0, z)
and DQ,(1,z) to solve the equation. However, as
it isdifficult to calculate these, we can de-
termne themfromtwo thernal tests. This is
theoretically sinple because DQ(0,z) is rise
profile at zero current DYO0,z); and DQy(1,2z)
is the difference between the rise profiles
DQ(1,z) at the rated current and DQO0,z) at
zero current.

Fromthis, we develop an equation to estinate
the rise profiles of the conductor of a bushing
as

D1, 2) = Fy(2) *12+F(2) * Dy
(5)

wher e:

Fi(z) = D1, 2)-DY0,z)
(6) Fy(z) = DYXO,2z)/ Dy

(7

DXl,z) rise profile at current I pu and oil
rise Dg

Fi(2) increnental rise profile of the bush-
ing, whichis DQ(1,z) in equation (4)

Fx(2) normal i zed rise profile of the bushing
with no current, which is a nornalized
DQ.(0,2z) in equation (4)

DQ0,z) rise profile at zero current

DQ(1,z) rise profile at the rated current of 1
pu

Dy the rated oil rise

Dq actual oil rise

Equations (6) and (7) assune that the oil
rise is precisely the rated value. However, in
reality, it is not always possible to get the
exact rated oil rise during the | ab tests.
Therefore, we use the follow ng revi sed equa-
tions to obtain F(z) and Fy(z).

F(z) = DQLO,z)/ Dyt

(8)

Fi(z) = DQ¥(1,2)- F(z)* D¢

(9

wher e:

DQt0,z) rise profile at zero current and the

oil rise of Dyt



D1, z)

rise profile at the rated current of 1
pu and the oil rise of D

Even though equation (5) takes a simlar form
to equation (1), their neanings are quite dif-
ferent as stated bel ow

1. Equation (5) comes fromthe thernmal differ-
ential equations but equation (1) is a mxture
of thermal differential equation and a curve
fitting technique.

2. Huation (1) estimates the hottest spot rise
of a bushing under the assunption that the |oca-
tion of the hottest spot does not mgrate with

I oad conditions but equation (5) does not make
this assunption.

3. Fu(z) and F(z) represent the base thernal
characteristics of a bushing onits entire
length, but K, and K, are determned at just one
| ocation al ong a bushing. The exponent n is
equal to 2 in equation (5) because the heat gen-
erated in the conductor depends on IR according
to the laws of physics. In equation (1), the

val ue of n is chosen to make equation (1) best
fit the thermal test results.

4. The new net hod we have devel oped requires
only two thernal tests, while the old nethod
requires at |east three tests.

5. Inthe old nethod, the thermal constants
cannot be uni quely determned due to the mgra-
tion of the hottest spot.

[11. THERVAL TEST

To verify the new nethod, thernal tests were
performed on various POC (paper-oil -capacitance)
and PRC (paper -resi n-capaci tance) bushings with
BIL from110kV to 1550kV, the rated current from
400A to 6000A, and bushi ngs with and wi thout oil
circulation. Mxst of the bushings we tested were
bott om connected, others were draw | ead cabl e,
draw rod and speci al bushi ngs.

Al the bushings were prepared and tested ac-
cording to the standard | EEE gui de for Applica-
tion of Power Apparatus Bushings, |EEE
G57. 19. 100- 1995.

Ther mocoupl es were evenly spaced appr oxi nat el y
5”7- 10" apart along the length of the bushi ng
conductor and attached by pinching theminto or
maki ng contact to the conductor w th phosphor
br onze t hernocoupl e brushes. The bushi ng bottom
end was inmersed in an oil bath with the rated

nmninmumoil |evel. The bushing was connected to
a high current power supply by copper buses.
The current was adjusted and stabilized by a

el ectroni c device wth feedback.

The tenperature of the oil bath was neasured
with a thermocoupl e i nmersed approxi mately 2”
bel ow the oil surface and | ocated 6” fromthe
surface of the bushing. The anbient air tenpera-
ture was determned by taking the average read-
ing of three thernocoupl es | ocated at heights
corresponding to the nounting flange, nidpoint,
and top end of the bushing. The average tenpera-
ture of these three locations was used as the
anbient air tenperature in calculating all tem
perature rises.

The thernmal transients of the bushing were re-
corded by an OVECA portabl e Datal ogger at 0.5
hour tine intervals. V& naintai ned the sane test
condition for 8~40 hours or longer until reach-
ing the steady-state tenperature rise. For each
bushi ng we took two rise profiles, one with zero
current and the other with the rated current.
Then F1(z) and F2(2Z) were determ ned by sol ving
equations(6) and (7). Then we estinated the rise
profiles of the bushings under different |oad
conditions and conpared themto the test re-
sul ts.

V. TEST RESULTS

Thi s section shows the neasured and esti nat ed
rise profiles to prove whether the sinple esti-
mation nethod is valid for various magnitudes of
currents and oil rise. Furthernore, we al so want
to prove that this nethod is valid for different
types of bushi ngs, such as PQC and PRC bushi ngs,
those with and without oil circulation, and
those with draw ead cabl es and draw ods.

1. At different magnitudes of currents

Figure 1 shows the neasured and estinated rise
profiles of a 350kV BIL 400/ 1200A bushi ng at
various currents. This bushing is a PRC bushing
with a copper conductor and without oil circul a-
tion. The bushing is 74 3/8" long. The rated
mnimumoil level is 21" fromthe flange nount -

ing surface or 16.5” fromthe bushing oil end.
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Figure 1
Measured and estinated rise profiles of a 350kV
Bl L 400/ 1200A PRC bushing at various currents

The estimated rise profiles of this bushing
match the neasured rise profiles very well from
0.75 puto 1.75 pu current at rated oil rise.
For a bushing without oil circulation, the hot-
test spot migrates towards the center of the
bushing with increasing current. W found that
the hottest spot is |ocated above the real oil
I evel when the current is high. Two or three
peaks nmay appear in the rise profile. The peaks
appearing near the ends of the bushing indicate
qgual ity of the bushing connection to the bus.

2. A different oil tenperatures

Figure 2 shows the neasured and estinated tem
perature rise profiles of a 550kV Bl L 1200/ 1600A
bushing at different oil rises. This bushing is
a PQC TBl bushing with an al um num conduct or and
without oil circulation. The bushing is 100 7/8"
long. The rated mninumoil level is 23" from
the flange nounting surface or 20" fromthe
bushi ng oil end.

90

80 -
S 70 - m
w60 . N ™~
2] ~ v .
® 50 ~
¥ a0 \
2 =

30 e = R N N
é 20 : <
w
~ 10

0 + } } } } } }
-20 0 20 40 60 80 100 120 140

LOCATI ON FROM O L END, | NCHES

——1200A Meas.
+ 1500A Est.

r 1800A Est.
Figure 2
Measured and estinated rise profiles of a 550kV
Bl L 1200/ 1600A PQCC bushi ng without oil circul a-
tion at various oil rises
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The estimated rise profiles of this bushing
match the neasured rise profiles very well for
the oil rises from30°Cto 70°C The hott est
spot migrates with the oil rise in the opposite
direction conpared with that in different cur-
rents. When the oil rise increases, the hottest
spot migrates toward the oil end of the bushing.

3. Bushing with oil circulation

Al though equation (5) is based on the nodel s
without oil circulation, we have found that it
is valid for bushings with oil circulation. The
rise profiles of bushings with oil circulation
are quite different fromthose without oil cir-
culation. Wth an increase in current, the hot-
test spot of bushings with oil circulation m-
grates towards the top of the bushings rather
than the center of the bushing.

Figure 3 shows the neasured and estimated rise
profiles of a 550kV Bl L 3000A bushing with cop-
per conductor and with oil circul ation. The
bushing is 91 1/16” long. The rated m ni num oi l

level is 23" fromthe flange mounting surface or
20" fromthe bushing oil end.
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Measured and estinated rise profiles of a 550kV
Bl L 3000A PQC bushing with oil circulation at
various | oad conditions

4. Bushing with a drawrod

Tests show that we can use the new net hod for
bushi ngs with draw eads and draw ods.
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Figure 4
Measured and estinated rise profiles of a 350kV
Bl L 400A PRC draw ead bushing with f1" draw od
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Figure 4 shows measured and estimated rise
profiles of a 350kV Bl L 400A PRC bushing with a
draw od. The tenperature rise of the bushing



hol | ow stud and the draw od were neasured and
recorded. The neasured and estinated profiles
nmatch well on both the drawod and the stud. The
tenperature rise of the draw ead or draw od may
be much higher than the rise of the bushing
stud, so the capability of a draw ead bushing to
handl e the overl oad depends on the cable or rod
used.

V. THERVAL MCDEL S| MULATI ON

Even though we have verified the sinple esti-
mati on nethod by neasurenents, we want to deter-
mne the accuracy by using a nore detail ed ther-
nmal nodel . For this purpose, we have devel oped a
thernmal circuit nodel simlar to an electric
circuit consisting of daisy-chai ned p segnents
as shown in figure 5.
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Figure 5
Thermal circuit nodel of a bushing without oil
circulation
The nodel includes a bushi ng and connecti ng

buses at the both ends. W have divided the
bushi ng into 100 segnents and the each connect -
ing bus into 25 segments along their |engths.
These segnents are connected by 151 nodes. Each
node consists of a heat source QZ T), tw axial
thermal resistors R(Z) and one set of radial
thermal resistors R{2).

V¢ calcul ate the heat source for each node
fromcurrent, electrical resistance, tenperature
and skin effect. The thermal resistance of each
therrmal resistor is based on geonetry, naterial,
and the thernmal transfer nechani sm- conduction
or convection. In this calculation, we use the
fol | owi ng boundary conditi ons:

1. The top portion of the bushing above the
flange nounting surface is in anbient air with
uni for mt enper at ure.

2. The bottomportion of the bushi ng between
the flange mounting surface and the oil level is
considered to be in the hot air where the tem
perature is equal to the oil tenperature.

3. The bottomportion of the bushing is im
nersed in the oil with uniformtenperature.
4. There is no axial heat transfer at the ends
of the buses.

The procedure for using this nodel to exam ne
the new nethod is as foll ows:

1. Calculate the rise profiles at zero current
and the rated current fromthe thernal nodel and
then obtain Fy(z) and Fxz).

2. Wing the thernal nodel, calculate the rise
profiles at various |oad conditions and use as
the calcul ated profiles.

3. Wse equation (3) with F(z) and F(z) to es-
timate the rise profiles at the sane | oad condi -
tions as procedure 2. These rise profiles are

the estimated rise profiles.

M. CALOULATED RESULTS

This section shows the cal cul ated and esti -
nat ed
rise profiles to prove whether the sinple esti-
nmation nethod is valid for various nagnitudes of
current, oil rise and oil level for a bushing
without oil circulation. The cal cul ation is per-
formed on a 350kV Bl L 1200A PQOC bushi ng wi t hout
oil circulation.

1. At different currents:

The results show that equation (3) coul d esti-
nate the rise profiles at different current ac-
curately if the conductor resistance did not
change with tenperature.
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Figure 6
Cal cul ated and estimated rise profiles
of a 350kV Bl L 1200A PRC bushi ng at 55°C oi l
rise, 21” oil level and various currents

Because the resistance does change with tem
perature, we use an iterative method to cal cu-
late the rise profiles fromthe thermal nodel.
Figure 6 shows the calculated rise profiles and
the estimated rise profiles. The estimated pro-
files are slightly bel ow the cal cul ated profiles
when overl| oaded and vi ce versa when under| oaded,
which is consistent with the thermal tests. From
the thermal nodel, the deviation is about -0.5%
at 125%current and about -3%at 150%current,
and it may increase to -8%at 200%] oad.

2. A different oil tenperature rises:

In the sinple estination nethod, we obtai ned
Fi(z) and Fxz) at the rated oil rise. However,
because the general solution DQ(0,z) and the
particul ar solution DQ(1,z) of equation (3)
change with the oil rise, F(z) and F(z) nust
change with the oil rise. W can expect that
the estimati on based on Fy(z) and F,(z) derived
fromthe rated oil rise is no |onger precise
with the changing oil rise, and a deviation wll
occur .

Figure 7 presents conparison of the results
fromthe cal cul ation and estination. The esti-
mated rise profiles are bel ow the cal cul at ed
profiles when the oil rise is high and vice
versa when the oil rise is low due to the chang-
ing resistance. The deviation is |less than #0.5%
inthe range of 35°C to 75°C oil rise at rated
current. V@ consider this |level of deviation
negl i gi bl e.
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Cal cul ated and estinmated rise profiles

of a 350kV BIL 1200A PRC bushi ng at 1200A
21" oil level with various oil rises
3. A different oil levels
A though the sinple estimation method does not
consider the oil level, it does have influence
on the rise profile. The thernal cal cul ation
shows that when the bushing oil level is in-

creased, the estinated rise profile is slightly
hi gher than the cal cul ated profile due to that

the inproved cooling fromthe higher oil |evel
is not considered in the estination.
The influence of the oil level is negligible

when the bushing is working at the rated cur-
rent, because the hottest spot at the rated cur-
rent is located belowthe rated oil level. The
calculation results showthat the estimated hot -
test spot rise is only 1% hi gher than the cal cu-
lated rise when the oil level is increased from
the rated 21" below the nounting flange to 4.1".
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Cal cul ated and estinated rise profiles
of a 350kV Bl L 1200A PRC bushi ng at 1800A
b5°C oil rise and various oil |evels

Wien the overl oad becones greater, the influ-
ence of the oil |evel increases because the hot-
test spot mgrates above the rated oil level. In
areal application, the oil rise and the oil
level go up at the same tine. Their conbini ng
i nfluence on the estinated rise cancel each
other, therefore the deviation error of the es-
timated rise is less than if only one factor is
considered in the estinmate. For exanple, if the
bushing is working at 1.5 pu, the estinated hot-
test spot rise is 77.3°C, the cal cul ated hottest
spot rise 78.7°C at rated oil level of 21" and
74.4°C at oil level of 4.1", respectively. Fg-
ure 7 conpares the estimated rise profile to the
calcul ated rise profiles. The resulting devia-
tion between the estimated hottest spot rise and



the calculated rise is about 4%at 1.0+0.5 pu,
which is consistent with the test results.

Fromthe thermal nodel and the test results,
We can expect that the accuracy of the estinated
hottest spot rises is within 5%in the current
range of 1.0#0.5 pu.

M. D SOUSSI OGN

Because all the estimation is based on two
profiles Fy(z) and F,(z) deduced fromtwo ther-
mal tests, the accuracy of the thernal tests are
extrenely inportant in obtaining an accurate
hottest spot tenperature rise. Some factors in-
fluence the accuracy of the tests: bus connec-
tion conditions, the nethod and accuracy of tem
perature neasurenents, fluctuations of the anbi-
ent tenperature and oil level, current fluctua-
tions and current waveformdistortion.

V¢ obtain F(z) fromthe difference of the two
base thernmal tests. The connections from bushi ng
to power supply influence the test results, es-
pecially for high current bushings. So it is
very inportant to naintain very good connection
during test.

Ther mocoupl es were used to measure the conduc-
tor tenperatures at several |ocations. The ther-
nmocoupl es maki ng contact with the conductor are
not electrically isolated fromone another.
There nay be sone stray coupling between the
thernocoupl e circuit and the AC high current
power supply. Qur findings reveal a snall er-
ratic swing in the tenperature readi ngs i medi -
ately followi ng the high current power supply
swi tching of f.

Thernal Iy, a bushing with a large mass is an
inertial systemwhere the rise profiles lag the
changes in the surroundi ng envi ronnent. The er-
ror resulting fromthe |aggi ng effect can be re-
duced by averagi ng successive data after steady-
state conditions are reached.

M. CONCLUSI ON

The new nethod requires only two thermal tests
and predicts the tenperature rise along the en-
tire bushing | ength accurately. Fromthis pro-
file we can determne the hottest spot tenpera-
ture and its location. This nethod al so enabl es
us to calculate the overal |l average tenperature
of a bushing. The accuracy of the sinple estina-
tion nmethod is about +5%if the load is within
1.040. 5 pu.

This nethod is not limted to bushi ngs without
oil circulation. V& have applied this nethod
successfully to all types of bushings: from
110kV BIL to EHV, fromlow current to high cur-
rent, POC and PRC with and w thout oil circul a-
tion, and bottom connected and draw | ead/ draw
rod connected. The test shows we can use this
nethod for air-to-air bushings and special bush-
ings with nultiple conductors.

Besi des accurately predicting the rise of a
| oaded bushi ng, this nethod provides a correc-
tion method for a test which is not run at the
exact rated condition. This method can al so be
used to estinmate the tenperature rise of some
extra high current bushi ngs when the proper test
facilities are not avail abl e.

V¢ bel i eve that our proposed nethod can hel p
the | EEE standard conmttee i nprove the current
standard and sinplify the bushing thernmal tests.
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