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ABSTRACT

This paper analyzes the insulation levels and electrical
air clearances of 230 kV air insulated substation (AIS). In
order to get the basic lightning impulse insulation level
(BIL) and clearances, the crest voltages at any equipment
are required. By applying calculation method taken from
IEEE Std. 1313.2, IEEE Std. 1427 and IEC 60071-2 the
insulation levels and clearances have been found out
and compared. The simplified calculation and simplified
digital simulation via EMTP-ATPDraw have also been
analyzed. The effect of elevation from sea level as well as
the switching surge have been considered for insulation
levels and clearances as recommended by the standards.
According to IEEE Std. 1427 which taking into account
the basic switching impulse insulation levels (BSL), the
iterative method is inevitably required. Moreover, at
this voltage level, the procedure for calculations refer to
IEC 60071-2 in range I can also be applied. To compile
with IEC 60071-2 for calculations the insulation levels
and clearances, the iteration process accounting for BSL
is not required. The clearances applying IEEE and IEC
standards are closed and not significantly difference.

Keywords: BIL, BSL, AIS, EMTP, IEEE Std. 1313.2, IEEE
Std. 1427, IEC 60071-2

1. INTRODUCTION

The insulation levels or withstand voltages, BIL (basic
lightning impulse insulation level) and BSL (basic switch-
ing impulse insulation level) for equipment are classified
by IEEE (Institute of Electrical and Electronics Engineers)
and IEC (International Electrotechnical Commission).
The IEEE standards involved for insulation coordination
are IEEE Std. 1313.1 [1], 1313.2 [2], C62.82.1 (revision of
1313.1) [3] and 1427 [4]. The IEC standards involved for
insulation coordination are IEC 60071-1 [5] and 60071-2
[6].

IEEE standard, for equipment in Class I (15 kV to 242
kV), the standard insulation withstand level include low
frequency, short duration withstand voltage and BIL. For
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equipment in Class II (> 242 kV), the standard insulation
withstand level include BIL and BSL. IEC standard, for
equipment in Range I (1 kV to 245 kV), the standard
insulation withstand level include low frequency, short
duration withstand voltage and BIL. For equipment in
Range II (> 245 kV), the standard insulation withstand
level include BIL and BSL.

For 230 kV AIS, the standard insulation levels for
equipment in Class I (IEEE) or Range I (IEC) of the system
voltage being considered are shown in Table 1. The
insulation levels, BIL may differ in the number but the
minimum of 650 kVpeak and maximum of 1,050 kVpeak
are the same for both standards. The insulation levels,
short duration power frequency withstand voltage are
quite the same except 480 kV,,,,. for IEEE and 460 kV
for IEC.

In order to get the BIL (simplified calculation or
simplified digital simulation), the crest voltages at any
equipment have to be found out. By applying simplified
calculation method taken from IEEE Std. 1313.2 and IEEE
Std. 1427 compared with simplified digital simulation,
EMTP-ATPDraw [7] and also the procedure proposed by
IEC 60071-2. The comparison of these standards, both the
simplified calculation and digital simulation, taken into
account the effect of elevations from sea level (0.5, 1.0,
1.5 and 2 km.) as well as the surge transferred originally
from the switching surge have been considered in this
work.

rms rms

2. CALCULATIONS AND SYSTEM MODELLINGS

The purpose of this study is to compare and ana-
lyze the BIL and clearances which originated from the
crest voltages obtained from simplified digital simulation
using EMTP-ATPDraw and simplified calculations by
applying equations from IEEE Std. 1313.2 and IEEE
Std. 1427. Both standards applied the similar equations
and procedures for calculating the insulation levels and
air clearances [2], [4] which quite different from the
procedures in IEC 60071-2 [6].

The sequence of determining the insulation levels and
clearances based on the lightning surge at and above
the sea levels follow IEEE Std. 1427 are summarized as
shown in Fig. 1 and 2. The detail voltage calculations
can be performed by applying the equations appears in
the standards as shown in Fig. 2(a) or digital simulation
via EMTP-ATPDraw as shown in Fig. 2(b). The part of
simulation circuits in EMTP-ATPDraw is shown in Fig.
3. In this work will starting by follow the algorithms as
shown in Fig. 1 and Fig. 2 respectively.



Table 1: Comparison of Standard Withstand Voltage.

Standard
Batsd Standard
Short
. A Rated
Maximum | Duration . .
Lightning
System Power
Standard Impulse
Voltage | Frequency Withstand
(&kVims) Withstand |
Voltage M tige or
(KVim) | DL (Vrea)
"IEEE Std. 275 ggg
C62.82.1 325 225
242 360 900
“IEEE Std. 395 975
1427 480 1050
(275) (650)
N
(325) (750)
60(?751(:-1 245 360 850
395 950
460 1050

“IEEE Std. C62.82.1 and IEEE Std. 1427
*IEC 60071-1

Table 2: Data for BIL Calculations.

Data description Values
Maximum system voltage (Uy) 245 kV
Line surge impedance 488 Q
span length 250 m
CFO 1,300 kV
SIPL (Uy) 410 kV
LIPL (Up) 500 kV
Number of lines 2
Number of conductors/phase 2
BFR (Back flash rate) 2 FO/100 km/yr
MTBF 100 years

The circuit for digital simulation in Fig. 3 [2], [4]
represented two 230 kV lines (Line 1 and Line 2). The
overhead transmission line parameters for BIL and BSL
calculations as shown in Table 2 and Table 3 respectively.
Although for system voltage which is not greater than
242 kV (*IEEE) or 245 kV (*IEC), the clearances are
mainly based on lightning surge but switching surge is
involved and would affect insulation level as well [4].
To calculate the phase to ground clearance based on
switching surge, the BSL required must be determined
[4]. The calculations and system modeling using digital
simulation are as follow.

2.1 Incoming Surge Model

For simplified calculation [2], [4], the distance to
flashover is calculated using equation given in (1).

d,, = ! 1)
nX MTBF X BFR
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Voltage peak fromvoltage calculations —
equations in standard @ or simulation @

@ Dashed line in Fig. 2(a)
@ Dashed line in Fig. 2(b)

Altitude in km

Calculating relative air density (3)

\ 4

Compute the BIL for non-selfrestoring
insulations (i.e_; transformer intemal insulations)

Compute the BIL for selfrestoring insulations
(i.e; transformer extemal insulations and others)

Selected
BIL

Compare the calculated BIL
with the standard required BIL

\ 4

Compute the phase to ground clearance (S,)
and phase to phase clearance (S ,=1.1xS,)

Fig. 1: Sequence of determining the insulation levels and
electrical clearances based on lightning surge at and above
the sea levels follow IEEE Std. 1427.

Table 3: Data for BSL Calculations.

Data description Values
Maximum system voltage (Us) 245 kV
Phase to ground withstand voltage, V3 2.50 pu
Phase to phase withstand voltage, V3o 2.80 pu
SSFOR 1/100
Ratio 2% of energization (Up»/Uer) 1.53
Ratio 2% of re-energization (Up/Uer) 1.5
Earth fault factor 1.5
Load rejection factor 1.4
Overvoltages originating from
substation 1 (Uez, Upy) 19&5 pu
Overvoltages originating from
substation 2 (Uez, Up) S04 pu
o 0.50
Safety factor (Ksp) 1.05,1.15
oi/CFO 0.07
o/ CFOo 0.035
Gap factor 0.3
A, KL 0.5-2.0, 0.67

where

MT BF = mean time between failure, years,

BFR = back flash rate, number of flashover/100
km/yr,

n = number of lines connected to the bus.

The surge steepness for transformer and other equip-
ment can be calculated using equation (2) which are 4,000
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Input
data

MTBF and BFR | K,

Compute the time for surge travel, T
distance to flashover, d,,, and

surge steepness, S

Compute arrester voltage, arrester
current and arrester resistance

K, and K,
P . e ey
| Compute the voltage magnitude for la and B
| equipments in substation
I (i.e.; transformer, arrester bus connection) I
[ 4 \ 4 @I
I| Compute the voltage for equipments in |
| substation (i.e. ; breaker, switch and bus) |
| *Voltage calculations-equations in standard (a)

MTBF and BFR | K,

Compute the time for surge travel, T’
distance to flashover, d,, and

surge steepness, S

Surge arrester model @

(ZNO - exponential current
dependent resistor, type 92)

Incoming surge model
RAMP - ramp between zero
and a constant, type 12

transformer mode us, breaker and line models
I f del Bus, breaker and line model
1 (capacitance : 2,4 nF) (distributed parameter model-Clarke)

| *Voltagecalculations-EMTP simulation |

Fig. 2: Sequence of voltage calculations follow IEEE Std.
1427 a) equations given in standards b) EMTP simulation.
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Fig. 3: Typical 230/69 kV line substation for EMTP simula-
tion.

and 2,000 kV/us [2], [4] respectively.
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Fig. 4: Incoming surge of 4,000 kV/us.
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Fig. 5: Incoming surge of 2,000 kV/us.

where
K, = corona constant,
d,, = distance to flashover point, m.

The crest voltages of incoming surge is assumed to
be 1.2 times the CFO [2], which give the voltage equal
to 1,560 kV. The ramp type 12 has been used for EMTP-
ATPDraw simulation for 4,000 and 2,000 kV/ps as shown
in Fig. 4 and Fig. 5 respectively.

2.2 Surge Arrester Model

MOV type 92 [8], [9] has been used for EMTP-
ATPDraw simulation. Surge arrester V-I characteristics
of 140 kV MCOV as shown on Fig. 6. The different V-I
characteristics, rated and MCOV will give the different
crest voltages as shown in this work.

2.3 Transformer Model

Transformer model when account for the lightning
surge will dominated by capacitances (primary side,
secondary side and across between two windings). So,
transformers are modelled by single surge capacitances,
which vary between 1 nF-6 nF (Cy), with 2 nF being
an average value [2], [8], [9], [10]. In this work, surge
capacitances of 2, 3, 4 and 6 nF have been applied.
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Fig. 6: Surge arrester V-I characteristics.

2.4 Bus, Circuit Breaker and Line Models

The equipment besides transformer such as bus,
circuit breaker and lines in substation have been repre-
sented using distributed parameter (Clarke) model [2],

(8].

3. RESULTS

IEEE Std. 1313.2 [2] purposed the procedure for
simplified calculation and simplified digital simulation
for two lines station by dividing the system into two
parts. The first part, transformer and adjacent equipment
with both lines in service which can be represented by
considering the incoming surge of 4,000 kV/us or 200
years surge. The second part, other equipment not on
transformer bus which can be represented by considering
the incoming surge of 2,000 kV/us or 100 years surge.

3.1 Crest Voltages from Simplified Calculation

The procedure for calculation the crest voltages which
leading to BIL and BSL including phase to ground and
phase to phase clearances have been taken form IEEE Std.
1313.2 and IEEE Std. 1427. The crest voltages at any point
within substation obtained from simplified calculation
are summarized in Table 4-7. The calculation including
digital simulation start with equation (1), (2) and the crest
voltages for simplified calculation at transformer, surge
arrester, junction point, breakers, disconnecting switches
and bus insulator can be calculated [2], [4].

For incoming surge on line 1, line entrance equipment
(disconnecting switches and breaker) on line 1 (EBg,
EBs, EB,) will receive surge directly and get higher
voltage than line entrance equipment on line 2 (EBs,
EB,). Certainly for incoming surge on line 2, line
entrance equipment on line 2 will get higher voltage than
line entrance equipment on line 1 as shown in Table
4 and Table 5 (Ep;, Ep, Eps, Epss Epss Epg). Because
of the voltage calculations from the bus junction point
(EB;), junction point (EJ), surge arrester (ED) through
transformer (ET) depends on the V-I characteristics of
surge arrester so these locations will receive the same
crest voltage (Ey;, E;, Ey, E;) as shown in Table 6 and
Table 7.

700

[kV]
550 Evs

NEAN
AR

w7
o

-200

0 1 2 3 4 [us] 5
(file yrs100CT2nFLine1.pl4; x-var t) v:EB4 v:EB5 v:EB6

Fig.7: Crest voltage from simulation at disconnecting
switches and breaker on line 1 for 100 years surge, surge
on line 1.

3.2 Crest Voltages from Simplified Digital Simula-
tion

Fig. 7 shows the crest voltages of disconnecting
switches and circuit breaker on line 1 for incoming surge
of 2,000 kV/us (100 years surge) which originated on
line 1. Fig. 8 shows the crest voltages of disconnecting
switches and circuit breaker on line 2 for incoming surge
of 2,000 kV/ps which originated on line 2. Fig. 9 shows
the crest voltages at the junction point, surge arrester
and transformer for incoming surge of 4,000 kV/us (200
years surge) which originated on line 1. Fig. 10 shows
the crest voltages at the junction point, surge arrester
and transformer for incoming surge of 4,000 kV/ps which
originated on line 2. Fig. 11 shows the arrester current
for incoming surge of 4,000 kV/us which originated on
line 1. Fig. 12 shows the arrester current for incoming
surge of 4,000 kV/ps which originated on line 2. The crest
voltages obtained from EMTP-ATPDraw simulation are
also summarized in Table 4-7.

For 100 years surge, both for incoming surge on line 1
and line 2, increasing the transformer surge capacitances
(2, 3, 4 and 6 nF) will reduce the crest voltages. The same
for 200 years surge, both for incoming surge on line 1
and line 2, increasing the transformer surge capacitances
will also reduce the crest voltages as shown in Table
4-7. Based on the voltages from the EMTP-ATPDraw
simulation at 2 nF (average value as mentioned in IEEE
Std. 1313.2), the simplified calculations for the system
being studied show that the minimum and maximum
difference crest voltages are approximately 2% and 37%
respectively.

3.3 BIL Calculations

To calculate the BIL, the crest voltages from simplified
calculation and EMTP-ATPDraw simulation with the
transformer surge capacitances of 2 nF have been selected
[2], [10]. To cover for the 2 km elevation above sea
level (the maximum height above the sea level from
*IEEE and TIEC standards), the external insulation will
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Fig.8: Crest voltage from simulation at disconnecting
switches and breaker on line 2 for 100 years surge, surge
on line 2.
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Fig.9: Crest voltage from simulation at junction point,
surge arrester and transformer for 200 years surge, surge
on line 1.
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Fig. 11: Arrester current from simulation for 200 years
surge, surge on line 1.
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Fig. 12: Arrester current from simulation for 200 years
surge, surge on line 2.

Table 4: Comparison of Surge on Line 1, 100 year Surge.

6001 Voltage | Simplified Cr in EMTP-ATPDraw
s /\ (kV) | calculation | 2nF | 3nF | 4nF | 6nF
E
v A AN [ 679 626 | 533 | 443 | 429
400 S R
V Wf@% Ebs 931 725 | 603 | 509 | 473
300 / \]u B Ebs 995 733 | 621 | 544 | 512
200 LS Ebi 543 553 | 518 | 455 | 450
ol ] E Ep 543 553 | 518 | 455 | 450
/ // Ep3 543 553 | 518 | 455 | 450
0
-100 M Table 5: Comparison of Surge on Line 2, 100 year Surge.
-200
(file y|2200CT2nFL]ne2.:)I4; x-vart) v:EJ2 v:ET v:EA3 v:EB1 N = = VOltage Slmpllﬁed CT in EMTP-ATPDraW
(kV) calculation | 2nF | 3nF | 4nF | 6nF
Fig. 10: Crest voltage from simulation at junction point, Ebs 543 578 | 505 | 455 450
surge arrester and transformer for 200 years surge, surge Eps 543 578 | 505 | 455 | 450
on line 2. Ebs 543 578 | 505 | 455 | 450
Ebi 543 578 | 505 | 455 | 450
Ebwz 715 655 | 528 | 443 432
have a higher BIL than the internal insulation [2], [4] Ebs 784 667 | 538 | 441 431
by applying equation given in (3), the required BIL at
elevation A above sea level can be calculated.
where

BIL

BIL; = (3)

e< 36

BI L = the required BIL at sea level, kV,
A = elevation above sea level, km.
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Table 6: Comparison of Crest Voltages and Current for
Surge on Line 1, 200 year Surge.

Voltage Cr in EMTP-ATPDraw
(kV), Simplified
Current | calculation | 2nF | 3nF | 4nF | 6nF
(kA)
E: 558 590 | 567 | 527 503
E; 462 474 | 461 | 442 432
Eq 341 395 | 399 | 401 400
Ebi 726 547 | 485 | 446 427
Ia 7 6.1 6.8 7.1 7.1

Table7: Comparison of Crest Voltages and Current for
Surge on Line 2, 200 year Surge.

Voltage Ct in EMTP-ATPDraw
kV), Simplified
Current | calculation | 2nF | 3nF | 4nF | 6nF
(kA)
E; 558 613 | 596 | 529 499
E; 462 482 | 464 | 449 424
Eq4 341 398 | 400 | 401 400
Eui 726 532 | 473 | 499 455
Ia 7 6.6 | 7.1 7.2 7

From the system being studied, the required BIL
at sea level and at 2 km elevation are summarized in
Table 9-12. The standard BIL as shown in the Table
9-12 are considered from the set of the list of standard
rated impulse withstand voltages both IEEE Std. 1313.1,
C62.82.1 [1], [3] and IEC 60071-1 [5]. For examples, the
standard BIL 550/650 of external bushing of transformer
from simplified calculation as shown in the Table 9 means
the standard BIL of 550 kV can cover insulation at the sea
level but at the 2 km above sea level, the insulation level
should be 650 kV.

The standard BIL in Table 9-12 have been compared
with the standard insulation levels in Table 1 which bring
to the selected BIL. The standard BIL as well as the
selected BIL at the elevation of 2 km from the simplified
calculation for bus insulators are not in the range of Table
1, both for IEEE and IEC as shown in the Table 9 and 10.

The BIL selected which is coming from the EMTP-
ATPDraw simulation give all the insulation levels in the
range as shown in Table 8, 11 and 12, both for *IEEE and
*IEC insulation levels have been justified. The selected
BIL from Table 11 and 12 will lead to the phase to ground
and phase to phase clearances calculations and compared
with the insulation levels and clearances from Table 8.

Based on BIL at 2 km elevation from sea level. To
calculate phase to ground and phase to phase clearances
follow the IEEE Std. 1313.2, the highest crest voltage in
the substation from Table 8 is 733 kV (crest voltage from
digital simulation), and therefore, the required clearance
is calculated by using a gradient of 605 kV/m [2] (phase-
ground and phase-phase clearances are equal = 733/605 =
1.21 m.). To calculate phase to ground and phase to phase

Table 8: Crest Voltages.

Equipment Simpliﬁ'ed 'EMTI"
Calculation Simulation

Transformer 558 613
Transformer
bushing

-internal 558 613

-external 558 613
Circuit breaker 931 725
Dlgconnectln g 931 775
switch
Bus insulators 995 733

Table 9: BIL Based on Simplified Calculations (* IEEE).

Required BIL Selected
. kV) Standard
Equipment Sea BIL (kV) BIL
2 km kV)
level
Transformer 586 586 650/650 650
Transformer
bushing
-internal 586 586 650/650 650
-external 486 615 550/650 650
Circuit breaker | 809 | 1024 | 825/1050 1050
Disconnecting | ¢n9 | 1024 | 825/1050 | 1050
switch
Bus insulators 865 1092 900/- -

Table 10: BIL Based on Simplified Calculations (* IEC).

Required BIL Selected
. kV) Standard
Equipment Sea BIL (kV) BIL
2 km kV)
level
Transformer 586 586 | 650/650 650
Transformer
bushing
-internal 586 586 | 650/650 650
-external 486 615 | 550/650 650
Circuit breaker | 809 | 1024 | 850/1050 1050
Disconnecting |09 | 1024 | 850/1050 | 1050
switch
Bus insulators 865 | 1092 950/- -

clearances follow the IEEE Std. 1427, the selected BIL in
the substation from Table 11 is 825 kV and from Table
12 is 850 kV. The required phase to ground clearance is
calculated by using a gradient of 526 kV/m [4] (*IEEE :
phase-ground clearance = 825/526 = 1.57 m. and *IEC
: phase-ground clearance = 850/526 = 1.62 m.) and the
phase to phase clearance = 1.73 and 1.78 m. respectively.
For the highest crest voltage in the substation is 995 kV
(crest voltage from simplified calculation), the clearances
can also be calculated. From the system being studied
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Table 11: BIL Based on EMTP Simulations (*IEEE).

Required
Equipment |_BIL (V) sandard | Selected
Sea 2 (kV) BIL (kV)
level | km
Transformer 644 | 644 | 650/650 750
Transformer
bushing
-internal 644 | 644 | 650/650 750
-external 533 | 675 | 550/750 750
Circuit breaker | 630 | 798 | 650/825 825
Disconnecting | 30 | 798 | g50/825 | 825
switch
Bus insulators 637 | 806 | 650/825 825

Table 12: BIL Based on EMTP Simulations (YIEC).

. gfﬁigsl(; Standard | Selected
Equipment Sea BIL BIL
level 2 km kV) (kV)

Transformer 644 644 | 650/650 750
Transformer
bushing

-internal 644 644 | 650/650 750

-external 533 675 | 550/750 750
Circuit breaker 630 798 | 650/850 850
Disconnecting |3, | 798 | 650/850 | 850
switch
Bus insulators 637 806 | 650/850 850

Table 13: Calculated Clearances Based on BIL.

P};?i;go Phase to phase
Method & clearance (m)
clearance (m)
‘IEEE | ‘IEC | "IEEE | "IEC
Simulation
(IEEE Std. 1313.2) 1.21 1.21 1.21 1.21
Calculation
(IEEE Std. 1313.2) 1.64 1.64 1.81 1.81
Calculation
(IEEE Std. 1427) 1.57 1.62 1.73 1.78

as explained, the comparison of phase to ground and
phase to phase clearances are summarized and is shown
in Table 13. The clearances from IEEE Std. 1427 are
closed to the clearances from IEEE Std. 1313.2 by mean
of simplified calculation, 4.4-4.6% differences but 30-34%
differences by simplified digital simulation.

3.4 Critical Withstand Voltage

The critical phase to ground and phase to phase with-
stand voltages (Vs,,i;, V3.ri;) from switching surge can
be determined. Besides the critical withstand voltages,
the insulation levels and clearances can be calculated as
shown in sequences of Fig. 13. The critical withstand

voltages including BSLs and clearances at the sea level
can be calculated, follow the flow chart as shown in Fig.
13(a) but when consider all these values above the sea
level the iterative process is required as shown in Fig.
13(b).

Calculations the insulation levels and clearances
above the sea level need to take some numbers which
is performed from the calculations at the sea level.
Selection of the phase to phase clearances which account
for switching surge conditions will follow the same
concepts and equations used in the selection of phase to
ground clearances with the substitution of appropriate
phase to phase factors are required [4]. The detail
calculations correspond to Fig. 13 can be found in [2],
[4] and [9], [11].

From Fig. 13(a), at the sea level, the phase to ground
clearance can be calculated by applying equation given
in (4).

8
Spg = 3400xk, ) (4)
( CFO >_
where
12
CFO = — X Vbase
1-3(s)
CFO

And the phase to ground BSL can also be calculated by
applying equation given in (5).

Of
BSL,=CFO(1-128( —— 5

The phase to phase clearance can be calculated by
applying equation given in (6).

8
Spp = ——— (6)
3400xk, \ 1
< CFO, >

where

CFO,

CFO,=

and

And the phase to ground BSL can also be calculated by
applying equation given in (7).

BSL, = CFO <1—128< Orp )) (7)
pp p : CFO

From Fig. 13(b), the insulation levels and clearances
above the sea levels can be calculated as follow, starting
with the altitude adjustments by applying equation given
in (8), the relative air density, 6can be calculated.

6=0.997-0.106 x A (8)

where

A = altitude above the sea level, km.

The phase to ground clearance (S,,) can be calculated
by applying equation given in (9) and phase to phase
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Compute the critical flashover
voltage (CFO, CFOQ,, CFO,)

v

v

Compute the basic switching impulse
insulation levels phase to ground
(BSL,,) and phase to phase (BSL

Gap factor (k;)

op)

Compute the phase to ground clearance
(@) (Spg) and phase to phase clearance (S,;)

Exponent, m=0.5

Calculating relative air density (3) - -
Altitude in km

Calculating altitude correction factor (6™),
phase to ground clearance (S,,) and
phase to phase clearances (S,)

-

Solve for constant G and standard
critical flashover voltage (CFOs)

Compute the basic switching impulse
insulation level phase to ground
(BSL,,) and phase to phase (BSL,,)

Check if m and 6™
is sufficiently
small

Adjust m
and 6™

Terminate process, solution reached for
(b) insulation levels and air clearances

Fig. 13: Sequence of determining the insulation levels and
electrical clearances based on the switching surge follow
IEEE Std. 1427 (a) at the sea level (b) above the sea levels.

clearance (S,,) can also be calculated by applying equa-

tion given in (10).

8

Spg = 3400xk ;X5 ) ©)
( CFO ) -
s = 8 (10)

PP 3400k , x5 1
CFO,

Table 14: Critical Withstand Voltage Based on BSL.

Critical phase-ground Critical phase-phase
voltage (Vieit) voltage (V3ocrit)
“IEEE TEC “IEEE *IEC
Clearance : | Clearance : | Clearance : | Clearance :
1.57 m 1.62 m 1.73 m 1.78 m
Vierit : Vierit ! Vi30erit © Vi30erit ©
2.37 pu 2.43 pu 2.50 pu 2.56 pu

The phase to ground BSL can be calculated by applying
equation given in (11).

CFO
BSL = —2% 11
P 1.0471 (11)
where
CFO;,, =G, x500X S,

and by solving the quadratic equation given in (12), the
constant G, can be found.

(12)

The phase to phase BSL can also be calculated by
applying equation similar to equation (11). Recalculating
m and 6" until the solutions are within the tolerance.

The critical withstand voltages (Vs..i;. V3gcpir) in per
unit from switching surge correspond to phase to ground
and phase to phase clearances based on BSL both for
*IEEE and *IEC standard insulation levels are shown in
Table 14. From the Table 14, to follow the *IEEE insula-
tion level, the critical phase to ground and phase to phase
withstand voltages are 2.37 and 2.50 pu respectively. To
follow the *IEC insulation level, the critical phase to
ground and phase to phase withstand voltages are 2.43
and 2.56 pu respectively. The critical phase to phase
withstand voltage is higher than the phase to ground
withstand voltage at least by approximately 5.5%.

m = 125G, (G, —0.2)

3.5 Clearances Based on Switching Surge

From Table 14, the critical voltages for *IEEE are
Vierir = 2.37 pu and Vs3,,;; = 2.50 pu (2.43 and 2.56 pu
for *IEC) have been found out as the minimum voltage.
To calculate the phase to ground (S,,) and phase to
phase clearances (S,,) based on switching surge at the
sea level, the critical flashover voltages (CFO, CFO,,
CFO,) must be determined. The required data and steps
for BSLs calculations are given in Table 3 and in Fig.
13(a) respectively. By assuming that the phase to phase
withstand voltage (V3 = 2.8 pu) is higher than the phase
to ground withstand voltage (V5 = 2.5 pu) by 30% [4].
The procedure for calculation of the required phase to
ground and phase to phase BSLs (BSL,, and BSL,,) has
been applied with constants as shown in Fig. 13(a).

To calculate the phase to ground and phase to phase
clearances and BSLs above the sea level, the solutions
require an iterative process as shown in Fig. 13(b). The
sea level and the altitude of 0.5, 1, 1.5 and 2 km above the
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Fig. 14: The relation between phase to ground clearances
and insulation levels at different sea levels.
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Fig. 15: The relation between phase to phase clearances and
insulation levels at different sea levels.

sea level have been considered and the results are shown
in Fig. 14 for phase to ground clearances and Fig. 15 for
phase to phase clearances. Based on BSL, the minimum
clearance at sea level should be 1.32 m phase to ground
and 1.54 m phase to phase. The minimum clearance at
2 km elevation from sea level should be 1.67 m phase to
ground and 1.97 m phase to phase (not include the safety
clearances).

Refer to both IEEE Std. 1427, the recommended
insulation levels and electrical clearances at the sea
level based on BIL are shown in Fig. 16 [13]. For
example, at the selected insulation level of 650 kV,
the minimum electrical clearances phase to ground and
phase to phase should be 1.235 and 1.360 m respectively.
At the selected insulation level of 825 kV, the minimum
electrical clearances phase to ground and phase to phase
should be 1.570 and 1.725 m respectively. Again the
phase to phase clearance is greater than the phase to
ground clearance approximately by 10%. The insulation

1000 T T T

+ phase to ground + K2l
O phase to phase / i
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900 ¢ o ]
850 7 .,»"... |

800 | A

Insulation Levels (kV)
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I
i(.\)
|
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i
i
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A
|
|
[
Q
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i i
i i

| i

750 ’ P :
i i

i i

i i

i i

| |

A | 11722
1.2 1.4 1.6 1.8 2 2.2
Clearances (m)

Fig. 16: The relation between minimum insulation levels,
BIL and clearances recommended by IEEE Std. 1427.

Table 15: Insulation Levels Applied IEC 60071-2.

Calculated Selected
Insulation insulation levels insulation levels
types kV) kV)
Phase to | Phase to | Phase to | Phase to
ground phase ground phase
15::?;22; 803 1,046 | 850 1,050
Hllrs‘fl‘i:t‘lfn 705 798 750 850

strength decreases as a linear function of the relative air
density [1] which means at the altitude of 2 km above the
sea level, the BIL and clearances must be divided by the
relative air density (0.79).

From Fig. 16, the insulation level of 650 kV can be
applied at the sea level with the clearances of 1.235 m
phase to ground and 1.360 m phase to phase but at the
altitude of 2 km above the sea level the insulation should
be 650/0.79 = 823 kV with the clearances of 1.235/0.79 =
1.563 (< 1.57 *IEEE and 1.62 *IEC) m phase to ground and
1.36/0.79 = 1.722 (< 1.73 *IEEE and 1.78 *IEC) m phase to
phase. From these numbers, they show that the BIL and
clearances are well within the values as recommended.

3.6 Insulation Levels Based on IEC 60071-2

When refer to IEC 60071-2 [4], follow the sequence
of finding the insulation levels. The recommended
insulation levels and electrical clearances based on BIL
are calculated [11] and has been shown in Fig. 17 [12],
[13]. The calculated and selected insulation levels at
the altitude of 2 km above sea level are summarized in
Table 15 and the relation between minimum insulation
levels and clearances at the altitude of 2 km above the
sea level are given in Fig. 18 [13]. At the altitude
of 2 km above sea level. For external insulation, the
selected BIL should be 850 kV phase to ground and 1,050
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Fig. 19: Comparison of phase to ground clearances between
IEEE 1313.2, 1427 and IEC 60071-2.
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I Standard Rated Standard Rated I 25¢F 2l i 2l )-
Short Duration Power Lightning I
I Frequency Withstand Voltage Impulse Withstand Voltage 2.10
—_ 2 + 4
| Rated or standard msulanonle\el (U, ) I 13 1.81 173
— - - - - — — [ — " . 1.70
8
Fig. 17: Sequence of determining the insulation levels (BIL & .
and BSL) and electrical clearances (phase to ground and 8
phase to phase clearances) at and above the sea levels follow ~ © 17 il
IEC 60071-2.
0.5r ]
. ol | : ‘ ; |
kV phase to phase and the required clearances should 1 2 3 4 5 6 7 8

be at minimum of 1.6 m phase to ground and 2.1 m

phase to phase. For internal insulation, the selected BIL ~ Fig. 20: Comparison of phase to phase clearances between
should be 750 kV phase to ground and 850 kV phase to  IEEE 1313.2, 1427 and IEC 60071-2.

phase and the required clearances should be at minimum

of 1.5 m phase to ground and 1.7 m phase to phase.

The clearances from *IEEE and *IEC standards, both for ~ phase to ground and phase to phase clearances, are closed
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and not significantly difference as shown in Fig. 19 and
Fig. 20 respectively.

4. CONCLUSIONS

This paper compares the insulation levels and electri-
cal clearances in 230 kV air insulated substation applying
IEEE Std. 1313.2, IEEE Std. 1427 and IEC 60071-2. For the
voltage level being considered, the low frequency, short
duration withstand voltage and BIL are mainly factors
which can be leading to the final insulation levels and
electrical clearances of all equipment in substation but
the effect of switching impulse, BSL to insulation levels
can also dominated the insulation levels and clearances
which received from BIL and short duration withstand
voltage.

For the voltage level, both for IEEE (class I) and
IEC (range I) standards, BIL calculation is much more
complicated. Especially when taking into account the
effect of switching impulse. According to IEEE Std.
1427 which taking into account the BSL, the simplified
by means of the iterative method is required. Besides
calculations, the simulations may be the other choice
which has been implemented using simplified models
via EMTP-ATPDraw. To compile with IEC 60071-2 for
calculations the insulation levels and electrical clear-
ances, the iteration process accounting for the standard
rated switching impulse withstand voltage or BSL is
not required. The electrical clearances applying *IEEE
and *IEC standards are closed and not significantly
difference.
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