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Abstract. The acceleration that the electrical equipment experiences on a structure can be several times the
ground acceleration. Currently, substation support structures are being designed according to ASCE
(Substation Structure Design Guide 2008), without any consideration about effects of these structures on
dynamic behavior of mounted equipment. In this paper, a parametric study is implemented in order to
improve seismic design of candlestick substation structures based on this design guide. To do this, dynamic
amplification factor (DAF) of different candlestick support-equipment combinations is evaluated and
compared to the target DAF presented in IEEE STD 693 (2006). Based on this procedure, a new criterion is
developed to restrict maximum acceleration at support-equipment intersection.
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1. Introduction

As an important part of lifeline systems, electrical power system plays a vital role in a country,
and its safety problems affect the construction quality and the daily life of ordinary people directly.
Recent moderate and strong earthquakes happened all over the world, have demonstrated that parts
of electric power systems are very vulnerable to damage (ASCE Manual 1996, ASCE-TCLEE
1997, AlJ Report 1998). These earthquake induced damages to substation components will
degrade the power network performance, potentially leading to a network blackout (Shinozuka et
al. 2007, Chang and Wu 2011).

Many different parameters can affect seismic behaviour of substation equipment; however,
performance is strongly influenced by specific equipment design and installation practice. One of
the important parameters affecting seismic performance of any substation equipment is the
dynamic properties of supporting structure (Hatami ez al. 2004, Wen and Niu 2011). According to
recommendations of IEEE STD 693 (2006), substation support structures should be designed
using ASCE Manual (2008). Although this design guide seems to be a good reference for design of
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substation structures, but in some cases its procedure implemented to seismic design of supporting
structures can be discussed and improved.

Evaluation of dynamic amplification factor (DAF) at support-equipment intersection is one of
these cases which are not considered in ASCE design guide. Knowing that the substation support
structures should be quite tall in order to provide the needed electrical clearance and ensure
personnel safety, it can be said that these structures amplify ground motions during an earthquake
event. Generally, the acceleration that the substation equipment experiences on a structure can be
several times the ground acceleration. If the dynamic amplification of supporting structure is not
controlled during the design of structure, it may cause the failure of mounted equipment due to the
excessive acceleration which is induced by the supporting structure. Based on IEEE STD 693
(2006), during seismic qualification, it is generally desirable to have the equipment mounted or
modeled in the identical manner as it would be in its in-service configuration. However, for
different reasons it is not practical to qualify the equipment in its in-service configuration. For
these equipment types the qualification should be done without supporting structure at 2.5 times
the specified requirements by IEEE STD 693. Accordingly, the users shall design the structures
such that the supports do not amplify the base accelerations more than 2.25 times. Nevertheless,
there is not any recommendation in ASCE design guide, in order to restrict the maximum base
acceleration of equipment to this specified criterion.

The importance of the problem will be more highlighted considering the fact that most of the
substation equipment items are often highly interconnected with neighbouring components. The
necessity of considering dynamic effects of supporting structure on seismic behaviour of such
interconnected systems is confirmed in some studies (Dastous et al. 2004, Dastous 2007, Dastous
and Pierre 2007). Dynamic amplification of substation structures is studied by different researchers.
Among the rest, Gilani et al. (2000), studied the effects of different supports with different heights
and stiffness on the seismic behavior of 230kV disconnect switches. Amplification factors of 2 - 3
were reported for structures studied in this report. Although the amplification factor of one of
studied structures was in excess of 3 which indicates that the mounted equipment should resist
accelerations more than three times the peak ground acceleration (PGA). In a similar research
Takhirov et al. (2004), studied the seismic behavior of 550kV disconnect switches through
fragility testing. Some other researchers (Matt and Filiatrault 2004, Pham 2005, Feizi et al. 2008)
studied the spectral amplification of different transformer tanks and their effects on seismic
behavior of bushings.

In this research, a parametric study is implemented in order to improve seismic design of
substation support structures (especially candlestick ones) based on recommendations of IEEE
STD 693 and ASCE design guide. To do this, dynamic amplification of different candlestick
support-equipment sets is calculated at support-equipment intersection and compared to the target
DAF proposed by IEEE STD 693 (i.e., 2.25). Using this method, a minimum stiffness ratio is
proposed for different combinations of supports and equipment which is required in order to have
a DAF smaller than 2.25. Effect of different top and bottom masses on DAF of supporting
structure is also studied in this section.

Generally speaking, DAF of a support-equipment system with specified properties is not a
unique quantity and it depends on the spectral shape of the earthquake used to calculate DAF. In
other words, a support-equipment system which its DAF is calculated using a specific response
spectrum may have a different DAF when subjected to another earthquake. In the closing part of
this study, an introductory discussion is done about probabilistic evaluation of DAF. Based on the
results, for a support-equipment system which its DAF is controlled using the minimum stiffness
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ratios proposed in this paper, there will be only about 4-9% probability of not being qualified
Using IEEE STD 693 specifications. Results of this study can be utilized in order to better design
and control of candlestick substation support structures. Implementing the proposed method in
conjunction with a seismic design code, e.g., ASCE (Substation Structures Design Guide) can
result in more robust structures and decreases earthquake damages to electrical equipment.

2. Modeling and assumptions

For candlestick support-equipment systems, the electrical equipment and its supporting
structure can be modeled as a 4DOF system (Fig. 1). The illustrated model is composed of two
beam elements with distributed mass and constant material properties, e.g. bending stiffness. In
this figure, El, L, and =, are bending stiffness, length and distributed mass of supporting
structure, respectively. El, L, and ., are the same quantities corresponding to the mounted
equipment.

Two concentrated masses, namely M, and M, are representative of dead and live tank masses
installed at top or bottom of equipment, respectively. It should be noted that for most equipment
types such as CTs, CVTs, Pls and other equipment with negligible tank mass, the value of M, and
M,, can set to be zero.

Using the consistent mass and stiffness matrices of Euler beam element (Clough and Penzien
1993), the consistent mass and stiffness matrices of entire system can be written as
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Fig. 1 Example of electrical equipment and corresponding 4DOF model
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Parameters of this model (i.e., height, mass and stiffness) should be rationally adjusted to the
actual support-equipment system. For support structures with standard cross section, the value of
EI; can be calculated easily. However, for other types of supporting structures, e.g., latticed
structures, this value should be calculated using a structural analysis. For some substation
equipment the value of E/, can be found in equipment technical specification. But it should be
noted that the parameter E/, is not a commonly used quantity and hence is not usually addressed in
equipment technical specifications. Using the equation presented for natural frequency of a
continuous beam element with distributed mass and constant material properties (Clough and
Penzien 1993, Chopra 2007), the value of this parameter can be calculated from following

equation
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Fig. 2 Value of /, For different top masses

Where the parameters m,, L., and o, (natural frequency of equipment) are well-known
quantities which can be found easily in any equipment technical specification. The value of A, for a
candlestick equipment set without top mass, y,= 0, (a continuous beam element with distributed
mass and constant material properties) can be found in different references such as Clough and
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Penzien (1993) or Chopra (2007). For equipment sets with various top masses this parameter can
be calculated using the simplified 4DOF system shown in Fig. 2. For the support-equipment
system shown in this figure, the fundamental natural frequency can be computed using the mass
and stiffness matrices given in Egs. (1) and (2) just by substituting L, with L./2 and setting o, =
1.0, ag;= 1.0, a,= 1.0 and y,= 1.0. Solving the eigen value problem for this simplified parametric
model the value of A is obtained for different top masses and presented in Fig. 2.

3. Evaluation of DAF

As it was mentioned before, the acceleration that the equipment experiences on a structure can
be several times the ground acceleration. In this section it is intended to establish a new criterion in
order to control DAF of supporting structures.

Having determined the value of different modal frequencies, mode shapes corresponding to
each frequency can be calculated using a modal analysis. The modal participation factor
corresponding to DOF j, and vibration mode n, may be indicated as (Chopra 2007)

P CIA U
oo, @

Where, i, is the influence vector as defined in (Chopra 2007) and ¢, is the mode shape

corresponding to /™ DOF and n™ vibration mode. The absolute acceleration at support-equipment
intersection (first DOF) corresponding to each vibration mode can be calculated as follows

Aln :Dln Xsa(wn ’g) (5)

In this equation, S,(w,, &) is the spectral acceleration which defines the response of a single
degree of freedom (SDOF) system with natural frequency of w, and damping ratio of £. The value
of dynamic amplification factor at support-equipment intersection can be computed using an
appropriate combination method of the modal responses. Usually, different combination methods
are used for modal superposition of responses. In this paper, modal responses are combined using
absolute sum method which is conservative and is the preferred combination method
recommended by IEEE STD 693. Using this method, dynamic amplification factor of supporting
structure can be computed as

N
DAF=Y|D,,xB(®,,£) (6)

n=l1

Where, N, is number of DOFs, £, is damping ratio which can be assumed to be 2% of critical
damping (as recommended by IEEE STD 693) and B(w,, &) is the value of response spectrum
normalized by PGA.

As it was mentioned before, according to specifications of IEEE STD 693, when an equipment
qualification is being done without supporting structure, the resulting DAF obtained from Eq. (6)
should be less than 2.25 when the support-equipment system is exposed to required response
spectrum (RRS). Using either high or moderate RRS of IEEE STD 693, the value of normalized
response spectrum to be used in Eq. (6) shall be taken as
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It should be noted that both high and moderate response spectra presented in IEEE STD 693,
have the same spectral shape which is shown in Fig. 3.
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Fig. 3 Normalized response spectrum of IEEE STD 693 (2006)

Fig. 4 DAF of a substation structure in which a,,,= a; = 0.8
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3.1 Equipment without top and bottom masses

In this part, DAF of substation structures is calculated for different candlestick support-
equipment sets and checked to be less than target DAF presented in IEEE STD 693.

Using Eq. (6), DAFs for a support-equipment system with mass and height ratios equal to 0.8
(o= 0, = 0.8) are calculated and shown in Fig. 4. Two horizontal axes are representative of system
stiffness ratio (o) and equipment natural period (7). Corresponding values of DAF is represented
in the vertical axis. As it was anticipated, DAF of supporting structure tends to unity as the value
of stiffness ratio increases. The gray surface shown in this figure corresponds to the target DAF
recommended by IEEE STD 693 (DAF = 2.25). According to this figure, the value of DAF for
some (ag, T,) combinations is above the target DAF. The curve obtained from intersection of two
surfaces will result in a border line between acceptable and unacceptable DAFs.

Considering the border line shown in Fig. 4, a minimum stiffness ratio, (¢tz;)min, can be found
which is required by support-equipment system in order to have a DAF smaller than 2.25. The
minimum bending stiffness of supporting structure, E/;, may be calculated accordingly

Els Z(OlEl)minEIe (9)
Substituting Eq. (3) in Eq. (9), one can write
EeLia)f

2

e

(10)

EIs 2 (aEI )min

In above expression, m, is distributed mass of equipment in (kg/m), L, is the height of
equipment in (m) and EI; is the minimum allowable bending stiffness of supporting structure in
(N.m?). A, can be obtained from Fig. 2.

As an example, consider a capacitive voltage transformer (CVT) with given properties: L, =
4.65m, m.r,= 750kg and T, = 0.18sec (y» = y,= 0). Also assume that from seismic design of
supporting structure we have: a,=a;=0.8. Based on calculations, the minimum stiffness ratio for
this system will be equal to 3.74 which results in E,> 27802 kN.m’ Using a steel tubular section
(with modulus of elasticity, £ = 2.1x10°kg/cm?®) with wall thickness equal to 0.5cm, the minimum
outer diameter of supporting structure will be equal to 51.8 cm. Hence, the seismic design of this
supporting structure will be acceptable if the diameter of designed section is greater than 51.8cm.

Above example indicates a special case which may be rarely found in actual practice. For other
candlestick support-equipment systems with various mass and height ratios, different border lines
can be found between safe and unsafe states as shown in Fig. 5. According to Fig. 5(a), for special
equipment, as the height of structure decreases the required stiffness ratio decreases in order to
pass IEEE STD 693 criterion. To see effect of height ratio, consider the previous example with a,,
= 0.8 and a; = 0.4. For this support-equipment combination the minimum stiffness ratio will be
equal to 0.14 which results in a minimum support diameter equal to 17.5cm. In a similar manner,
as the natural period of equipment decreases, the required stiffness ratio of system decreases too.

As it can be inferred from Fig. 5(b), there is a similar trend for various mass ratios, however the
changes in minimum stiffness ratio due to variation of parameter a; is more evident than the
changes due to variation of parameter a,,. Again, consider the previous example, now with a,,= 0.4
and o, = 0.8. In this case, the minimum stiffness ratio and minimum support diameter will be equal
to 2.6cm and 45.9cm, respectively.
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Fig. 5 Effect of height and mass ratios on minimum stiffness ratio
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Effect of different top and bottom masses on minimum stiffness ratio is illustrated in Figs. 5,6.
As it is clear from this figure, as the bottom mass of equipment increases the required stiffness
ratio increases accordingly. There is a reverse trend for increasing top mass ratio i.e., the stiffness
ratios decreases as the top mass of equipment increases. To illustrate the impact of top and bottom
masses, consider previously mentioned example once with y,= 0.5 and another time with y,= 0.5
(o, = a;, = 0.8). Based on calculations, minimum stiffness ratios corresponding to these systems
will be equal to 8.55 and 0.8 which result the minimum support diameters equal to 68.2cm and
31.1cm, respectively.

As it can be deduced from Fig. 5 and Fig. 6, the general relationship between (o). and T, can
be well estimated using a second order polynomial model as it follows
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Fig. 6 Effect of different top and bottom masses on minimum stiffness ratio (a,, = a; = 0.8)
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Where, the coefficients ¢,, ¢, and g; are given for different system properties in Table 1. Above
expression has an acceptable degree of accuracy when the resultant (ag), 1S more than unity
(error < 5%). It should be noted that Table 1 is generated by analyzing 125,000 candlestick
support-equipment sets with different system properties. Employing this table will help designers
to control DAF of any candlestick support-equipment system easily. Fig. 7 displays a flowchart
which can be used in evaluating DAF of supporting structures.

Table 1 Parameters of Eq. (11) for different system properties

Y,=75=0.0 770.0 7,=0.0

o o 5=0.5 75 =1.0 7~0.5 P=1.0

qi 92 qs qu 92 93 q 92 93 qu 92 93 qu 92 qs

02 000 0.00 0.00 600 -282 039 10.00 -399 049 000 000 000 0.00 0.00 0.00
04 31.00 -14.15 177 5195 -13.17 1.00 69.12 -11.01 050 -12.00 1140 -2.52 0.00 0.00 0.00
02 06 8218 -2035 1.39 14540 -17.92 0.64 207.85 -16.62 038 33.00 -12.94 140 48.11 -32.50 5.58
0.8 168.26 -2436 1.01 33042 -26.59 0.76 48030 -25.84 0.78 73.50 -20.04 1.61 4443 -1436 1.26
1.0 309.70 -28.76 0.90 613.64 -2846 0.84 O911.52 -34.11 191 122.68 -20.12 092 8124 -19.16 1.34

02 000 0.00 0.00 800 -440 070 10.57 -433 054 000 000 000 000 0.00 0.00
04 3219 -13.88 1.64 5290 -1322 1.01 70.74 -11.41 0.53 1.0 -0.13 -0.05 0.00 0.00 0.00
04 06 8594 -1935 123 14687 -16.10 043 21885 -19.02 056 35.05 -1322 145 38.06 -2239 342
0.8 179.27 -21.82 0.72 339.52 -2345 056 49891 -2697 089 7337 -16.84 1.11 5257 -18.03 1.86
1.0 343.76 -26.54 0.86 652.73 -31.24 121 95727 -3843 249 133.14 -19.18 0.83 88.90 -18.73 1.18

02 000 0.00 0.00 660 -313 043 1129 -481 062 000 000 000 000 0.00 0.00
04 3252 -1343 156 5584 -1414 1.09 6983 -10.28 041 740 -425 070 000 080 -0.25
0.6 06 8949 -18.68 1.14 149.16 -1459 029 21452 -1514 026 3488 -11.64 1.11 2357 -1025 1.18
0.8 19336 -21.19 0.69 360.30 -25.82 0.76 517.58 -30.10 124 76.60 -1545 093 5290 -1570 1.40
1.0 372.73 -2425 0.99 676.97 -27.90 135 99242 -40.80 294 149.21 -20.63 1.01 9399 -17.22 1.03

02 000 0.00 0.00 720 -3.67 056 11.00 -450 056 000 000 000 0.00 0.00 0.00
04 3405 -13.78 159 5410 -1237 086 7447 -1241 064 1280 -832 148 000 092 -0.29
08 0.6 9525 -1886 1.10 161.80 -18.33 0.63 22448 -17.23 042 3686 -11.97 1.14 2293 -9.00 0.95
0.8 20791 -2031 0.66 357.21 -18.70 034 537.03 -31.73 138 79.68 -1420 0.77 51.15 -12.84 1.01
1.0 408.00 -17.77 0.73 700.30 -19.86 1.16 1018.12 -33.75 2.67 13993 -8.67 -0.12 9245 -10.63 0.26

02 000 0.00 0.00 629 -283 038 10.64 -425 052 000 000 000 000 0.00 0.00
04 3829 -1566 1.82 5548 -12.70 090 73.50 -11.23 051 1257 -742 120 3.60 -226 043
1.0 06 9725 -1729 093 158.79 -1447 026 22358 -1500 0.28 3875 -11.98 1.10 21.71 -7.63 0.77
0.8 21497 -16.86 0.51 37533 -20.08 0.52 528.18 -20.83 0.69 8239 -13.02 0.65 51.64 -10.90 0.70
1.0 44442 -7.15 -0.07 762.73 -23.89 1.62 1066.67 -32.15 285 164.01 -10.81 0.12 100.62 -8.81 -0.04

Determine T, from
equipment catalogue 1

Determine (2 g7z from Determine a,, and c;
> Eq.11 and calculate <+—— from seismic design of
(EL)y, from Eq. 10 supporting structure

I

Yes Supportin_g
Structure is
Ok

No l
Design a new structure

with EL=(EL) ., and
calculate a,,

Fig. 7 Flowchart for evaluating DAF of supporting structure
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4. Introduction to probabilistic evaluation of DAF
4.1 Uncertainty parameters

As it is described in the previous section, dynamic amplification factor of supporting structure
may be calculated using Eq. 6. In this equation, B(w,, {) (from now on shown by B,) is assumed to
be deterministic parameter which can be calculated using Eq. (7). But as we know, different
earthquakes have different spectral shapes (normalized response spectrum) and a structural system
designed with a specific response spectrum may have completely different behaviour when
subjected to another earthquake.

Fig. 8 displays mean and standard deviation of normalized response spectra for 2% damping,
obtained from 20 earthquakes which are proposed by FEMA 440 (2005) for the site class C. As it
is clear from this figure, the normalized response spectra have wide scatter around the mean value
at all periods. Therefore, a structural system which its DAF is calculated using mean values, 5, ,
(from now on shown by D4F ), will have different DAF when subjected to each of 20 earthquakes.
This source of uncertainty in determining dynamic amplification of support structures can be
accounted for by the means of probabilistic evaluation of DAF.

Although, there are other sources of uncertainty in structural modeling, structure loading,
analyzing, etc. which can be accounted for in a probabilistic analysis, but their evaluation requires
more study and is beyond the scope of this work.

B (T, 2%)

0 0.5 1 L5 2 25 3 35 4

Fig. 8 Mean and standard deviation of records proposed by FEMA 440 for the site class C

4.2 Limit state function
Limit state function defines the border line (or surface) between the safe and unsafe states. This
function may be defined with respect to different barriers. Regarding dynamic amplification of

candlestick support structures, this function may be indicated as

N
2(X)=DAF,, - |D,, B, (12)
n=1
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Where g(X) is the limit state function and DAF,; is the allowable dynamic amplification factor.
Using this equation, one of the following conditions may occur:

g(X) > 0; safe state where DAF of supporting structure is less than allowable DAF.

g(X) < 0; failure state where DAF of supporting structure is more than allowable DAF.

g(X) = 0; limit state line (or surface).

Since Eq. (12) is a linear function of input random variables, the distribution type of input
variables and limit state function will be identical. Distribution type of random variables B; to By,
defines how the spectral accelerations of different earthquake records at a given period are
distributed around the mean value. Generally, these variables may follow various distribution types
but the case of normal and lognormal distributions are discussed herein.

4.3 Reliability calculation

Applying the expectation operator to both sides of Eq. (12), the mean value of limit state
function can be indicated in the form

(13)

N
Hg(x)=DAFy, _Z‘Dln XBn
n=1

Since, there is a linear combination between different uncertainty parameters (namely the
parameter B,, n =1, 2, 3, 4) in Eq. (12), variance of limit state function will be equal to

0= (Do} ) (14)
n=1

Taking the mean and standard deviation of limit state function and assuming that the limit state
function follows a normal distribution, the reliability index (f) can be calculated as

B=tgx)/ O g(x) (15)

Substituting Eqgs. (13) and (14) in Eq. (15), the reliability index for passing the target DAF can
be calculated as

DAF, _ﬁlen xB
B= =l (16)

Ji(afnmi)

n=1

Using above equation, the probability of exceeding a specific DAF,; can be defined as
P, =Plg(X)<0}=1-0(p) (17)
Where, ®(-), is the cumulative distribution function of a normal variable. For lognormal
distribution, the probability of exceeding DAF,,; will be equal to:
P,=P{g(X)<OJ=1-T(DAF ;1 4t10y O (18)

Where, I'(-), is the cumulative distribution function of a lognormal variable. In above equation,
Uiog and o, are the parameters of lognormal distribution function which can be calculated as
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2
fog=Ln) 20 (19)
VHgx) PO
o 2
Tlog= Ln{LX)ZHJ (20)
He(xy

4.4 Discussion on results

Having the mean and standard deviation of normalized response spectrum for a set of
earthquakes, the parameters B, and op, can be determined for each vibration mode. Using these
values in conjunction with Eq. (17) or Eq. (18), the probability of exceeding a target DAF can be
calculated for a candlestick support-equipment combination. Fig. 9 displays probability of
exceeding different DAF barriers, for a candlestick support-equipment with o, = a;= 0.8, y,= y,=
0, 7,= 0.25sec and different stiffness ratios.

Fig. 9(a) is plotted using the spectral shape of IEEE STD 693, Eq. (7), as the mean normalized
response spectrum ( B,=B(w,.&)) With a coefficient of variation (COV) equal to 0.1 (op, =

n’

0.1%B(w,,£)). In order to obtain a single point on each curve of this figure, a modal analysis is

performed on a 4DOF system with prescribed properties and a selected ag; value. Using natural
frequencies of this 4DOF system, the value of mean spectral accelerations, B,, for different
vibration modes and corresponding standard deviations, op,, are determined from Eq. (7) and
finally the probability of exceedance is calculated from Eq. (17) (the same quantities obtained
from Eq. (18) are displayed with gray curves). In this figure, for DAF,;= 2.25 the stiffness ratio
corresponding to 50% probability of exceedance is the one previously obtained for a similar
support-equipment system and given in Table 1 (ag; = 8.4). This is because the stiffness ratios
listed in Table 1 are adjusted to DAF,;= 2.25. For a similar support-equipment combination, the
curve corresponding to DAF,;= 2.5 is also plotted in this figure. As it was mentioned before, this
target DAF is the recommended scaling factor in IEEE STD 693 for qualification of equipment
without supporting structure. As it is illustrated in Fig. 9(a), the probability of exceedance
corresponding to the same stiffness ratio (az = 8.4) is about 5%.

Same plots with COV = 0.15 and COV = 0.2 are presented in Fig. 9(b) and Fig. 9(c),
respectively. It can be inferred from these figures that as the COV of input variables increases, the
probability of exceeding DAF,;= 2.5 increases accordingly. This means that for a substation site
with large differences in the spectral shape of historical earthquakes, exceeding the barrier DAF ;=
2.5 is more probable for supporting structures.

In preparation of Fig. 9(d), the parameters B, and op, are taken from mean and standard
deviation of earthquake records proposed by FEMA 440 for the site class C (Fig. 8). This figure
illustrates a substantial decrease in probability of exceeding different DAF barriers. This is because
the spectral shape of IEEE STD 693 is intended to envelop a large number of anticipated
earthquakes and has a flat plateau over a wide range of frequencies (see Fig. 3). On the other hand,
the mean normalized response spectrum given in Fig. 8 reflects characteristics of limited number
of real earthquakes and thus has a smaller flat plateau. As it can be seen from Fig. 9(d), the
probability of exceeding DAF,;= 2.5 for a support structure with oz = 8.4 subjected to 20 pre-
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mentioned earthquake records, is about 3.5% which is close to what observed in Fig. 9(a)
assuming COV =0.1.

For candlestick support-equipment systems listed in Table 1 (y,= y,= 0), the probability of
exceedance is calculated for DAF,; = 2.5 using the spectral shape of Eq. (7) as the mean
normalized response spectrum with COV = 0.1 and results are given in Table 2. As it can be seen
in this table, for different support-equipment combinations probability of exceeding DAF ;= 2.5,
varies from 3.65% to 9.25%. Therefore, it can be said that for a support-equipment system which
its DAF is controlled using the minimum stiffness ratios given in Table 1, there will be only about
4-9% probability of not being qualified Using IEEE STD 693 specifications.

‘ -+ DAF,=15 = = DAF, =175 === DAFy =20  ceeee DAF, =225 =—— DAF,=2.5
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Fig. 9 Probability of exceeding different DAF barriers, for a candlestick support-equipment with a,,=a;=0.8,

7,=y~0, T,=0.25sec

Table 2 Probability of exceeding DAF,;= 2.5 for candlestick support-equipment combinations listed
in Table 1 (y,=y,=0)

Te
Gm %L 005 010 015 020 025 030 035 040 045 050
02 000 000 000 000 000 000 867 749 666 626
02 04 000 000 692 687 590 447 427 425 468 490
0.6 592 534 442 459 406 462 437 530 619 577
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Table 2 Continued

0.8 660 596 557 412 436 552 6.03 6.71 7.00 747
1.0 724 630 521 518 544 631 689 771 8.01 7.84
02 000 000 000 000 000 913 851 743 693 6.86
04 000 000 6.6l 6.08 461 427 421 425 495 414
04 06 652 568 471 442 469 380 485 556 @ 5.61 6.21
08 7.8 6.65 566 464 484 543 624 727 770 784
1.0 791 607 569 548 466 6.21 676  8.19 864 746
02 000 000 000 000 000 812 805 756 734 6.06
04 000 6.71 646 554 391 429 431 365 493 493
06 06 638 621 517 373 441 452 528 583 693  6.62
0.8 697 559 5.6l 515 528 532 700 793 787 818
1.0 730 603 489 547 643 724 824 893 846 9.10
02 000 000 000 000 000 925 821 633 639 688
04 000 693 546 543 511 445 449 481 520 552
08 06 565 612 506 518 512 524 568 624 630 6.99
08 7.17 631 471 449 567 651 768 698 7.19 848
1.0 885 604 48 476 632 776 850 9.16 760 8.04
02 000 000 000 000 000 913 696 606 705 651
04 000 524 573 546 488 472 474 495 546 433
1.0 06 638 623 527 523 496 450 604 656 752 732
08 616 667 545 439 501 720 767 850 896 874
1.0 877 6.09 4381 563 612 678 724 808 898 795

0.2

5. Conclusions

In this paper a parametric study is implemented in order to improve seismic design of
substation structures. In the first phase of study, dynamic amplification factor (DAF) of different
candlestick support-equipment combinations is evaluated and compared to the target DAF
presented in [EEE STD 693. Based on this procedure, a minimum stiffness ratio is obtained for
each candlestick support-equipment combination which guarantees that the supporting structure
will not amplify the ground motions more than 2.25 times when subjected to an IEEE STD 693
compatible earthquake. In the second part, a probabilistic framework is utilized in order to account
for uncertainties inherent in spectral shape of different earthquakes. Using the spectral shape of
IEEE STD 693 as the mean normalized response spectrum and assuming different coefficients of
variation, the probability of exceeding DAF = 2.25 and DAF = 2.5 is calculated for different
candlestick support-equipment combinations and compared. Also, this is done using the mean and
standard deviation of earthquake records proposed by FEMA440 for the site class C. Based on the
results, for a support-equipment system which is designed to satisfy DAF = 2.25 criterion, there is
only 4-9% probability of not satisfying DAF = 2.5 criterion. Application of the results presented in
this paper in conjunction with a seismic design code, can result in seismic resistant support-
equipment combinations and decrease the earthquake induced damages to substations.

References

Architectural Institute of Japan (AL)) (1998), Investigation Report on the Great Hanshin-Awaji Earthquake,



An improvement to seismic design of substation support structures 835

Volume 3: Urban Disaster Prevention System, Marusen Corp. Press, Tokyo, Japan.

ASCE Guide (1996), Guide to Improved Earthquake Performance of Electric Power Systems, ASCE
Manuals and Reports on Engineering Practice No. 96.

ASCE Manual (2008), Substation Structures Design Guide, ASCE Manuals and Reports on Engineering
Practice No. 113.

ASCE-TCLEE (1997), Northridge Earthquake: Lifeline performance and post earthquake response,
American Society of Civil Engineering Technical Council on Life Line Earthquake Engineering.

Clough, R.W. and Penzien, J. (1993), Dynamics of Structures, 3" Ed., McGraw-Hill Publishing Company,
New York.

Chang, L. and Wu, Z. (2011), “Performance and reliability of electrical power grids under cascading
failures”, Int. J. Elec. Power Energy Syst., 33(8), 1410-1419.

Chopra, A.K. (2007), Dynamics of Structures, Theory and Application to Earthquake Engineering, 3rd
Edition, Prentice Hall.

Dastous, J.B., Filiatrault, A. and Pierre, J.R. (2004), “Estimation of displacement at interconnected points of
substation equipment subjected to earthquake”, IEEE Trans. Power Del., 19(2), 618-628.

Dastous, J.B. (2007), “Guidelines for seismic design of flexible buswork between substation equipment”,
Earthq. Eng. Struct. Dyn., 36, 191-208.

Dastous, J.B. and Pierre, J.R. (2007), “Design methodology for flexible buswork between substation
equipment subjected to earthquake”, IEEE Trans. Power Del., 22(3), 1490-1497.

Feizi, B., Saadeghvaziri, M.A., Ersoy, S. and Ashrafi, A. (2008), Seismic Evaluation and Rehabilitation of
Critical Electric Power System Components, Department of Civil and Environmental Engineering, New
Jersey Institute of Technology, Newark, NJ 07102.

FEMA 440 (2005), Improvement of Nonlinear Static Seismic Analysis Procedures, Federal Emergency
Management Agency (FEMA), Washington, D.C..

Gilani, A.S., Whittaker, A.S., Fenves, G.L. and Chen, C. (2000), Seismic Evaluation and Analysis of 230-kV
Disconnect Switches, PEER Report 2000/06, University of California, Berkeley.

Hatami, M., Ghafory-ashtiani, M. and Hosseini, M. (2004), “Experimental and analytical study of a high
voltage instrument transformer”, 13" World Conference on Earthquake Engineering, Vancouver, B.C.,
Canada.

IEEE Standard 693 (2006), I[EEE Recommended Practice for Seismic Design of Substations, IEEE, 3 Park
Avenue, New York, NY 10016-5997, USA.

Matt, H. and Filiatrault, A. (2004), Seismic Qualification Requirements for Transformer Bushings,
Department of Structural Engineering University of California, San Diego La Jolla, California 92093-
0085.

Pham, T. (2005), Two-Dimensional Shaking Table Test of Transformer Bushing with Seismic Isolation
Device, MCEER Report, Department of civil and environmental Engineering, University of California at
Irvin.

Shinozuka, M., Dong, X., Chen, T.C. and Jin, X. (2007), “Seismic performance of electric transmission
network under component failures”, Earthq. Eng. Str. Dyn., 36(2), 227-244.

Takhirov, S.M., Fenves, G.L. and Fujisaki, E. (2005), Seismic Qualification and Fragility Testing of Line
Break 550 kV Disconnect Switches, PEER Report, University of California, Berkeley.

Wen, B. and Niu, D. (2011), “Seismic response analysis of substation involving interaction of main
structure-electrical equipment”, 4dv. Mat. Res., 163-167, 4022-4026.



	18524 1.pdf
	6-18524



