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ABSTRACT

The transmission and distribution of power from any plant, such as thermal, nuclear, hydraulic etc. 

depends on the successful operation of the substation and its components. The reliability of an electrical 

substation in case of an earthquake depends on the seismic response of its individual equipment as well as 

the effect of interaction between the different components. The mounting arrangement can also have a 

significant effect on the behavior of the equipment. This paper examines the implementation of IEEE-693 

(2005) guidelines for actual substation equipment.  

Reconciliation of experimental and analytical results is used to identify key uncertainties associated with 

the seismic qualification of equipment. In addition, a methodology is proposed which is based on the 

hybrid utilization of the experimental data from shake table tests as well as the analytical results obtained 

from a detailed finite element analyses. A closed form formulation has been used for the transfer function

to study the response of equipment mounted on support structures. Wherever possible, limitations 

observed in the implementation of the IEEE-693 guidelines are discussed to illustrate that the results from 

typical shake table tests conducted in accordance with IEEE-693 guidelines are not necessarily 

representative of behavior of a single unit as installed in its end-use configuration. 

INTRODUCTION

The loss of offsite power (LOOP) has been identified as a key event in case of seismic risk assessment in 

critical facilities such as commercial nuclear power plants. The availability of AC power has been 

recognized to be essential for the accident recovery and safe operations of such plants (Eide et al., 2005).

Usually, the power is supplied from an electrical substation located away from the nuclear plant. The 

functionality of a nuclear power plant thus depends on the reliability of such substations in case of an 

earthquake. Several studies have been performed to analyze the risk associated with various commercial 

nuclear plants in US which indicate that the loss of offsite power contributes to about 70% of the overall 

risk at some plants (Eide et al., 2005). Therefore, reliable offsite power is an important key to reducing

the risk at any nuclear power plant.

The reliability of an electrical substation in case of an earthquake depends on the seismic response of its 

individual equipment as well as the effect of interaction between the different components. Therefore, the 

qualification of the equipment of electrical substations forms an inherent part in reducing the loss of 

offsite power in case of an earthquake. IEEE-693 (2005) prescribes the minimum requirements for the 

seismic qualification for such substation equipment. Depending on the voltage capacity, an equipment

may be tested on a shake table or directly qualified using finite element analysis. Different studies have 

been conducted to understand the dynamic behavior of electrical cabinets, switches and transformers.

(Djordjevic et al., 1990; Djordjevic, 1992; Ersoy et al., 2004; Katona et al., 1995; Lee et al., 1992;

Llambias et al., 1989; Paolacci et al., 2009; Stafford, 1975; Whittaker et al., 2007). Simple methods are 

also available in literature (Djordjevic et al., 1990; Lee et al., 1992) to qualify different safety related 
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equipment in nuclear plants. But most of these studies do not discuss the seismic behavior of equipment 

in substations supplying offsite power to the nuclear plants.

For the purpose of this study, the dynamic characteristics of an actual Gas Insulated substation (GIS) 

equipment has been studied. The current practice of the qualification of such a substation is based on the 

voltage rating of the equipment. Figure 1 shows the current approach as recommended by IEEE-693.

Figure 1. Recommended qualification process for GIS equipment as per IEEE-693 (2005)

IEEE-693 also recommends that in cases where the equipment is too large to fit on the shake table, a sub-

assembly may be tested in accordance with IEEE-693 guidelines. However, such sub-assembly tests do 

not account for interaction between multiple units as well as dynamic interaction between the equipment, 

associated cable conduits and the connected building support structures. This paper identifies the 

uncertainties associated with such qualification process and proposes a hybrid methodology for the 

qualification of substation equipment using finite element models that have been reconciled with shake 

table test results. The methodology makes an attempt to account for both strength and functionality 

requirement for the qualification. It has also been identified that the results from typical shake table test 

are not necessarily representative of true behaviour of an actually mounted unit. 

PROPOSED APPROACH TO SEISMIC QUALIFICATION OF SUBSTATION EQUIPMENT

The guidelines of IEEE-693 recommends shake table tests for qualifying equipment with voltage rating 

greater than 169 kV. For equipment with lower voltage capacity, a finite element analysis is deemed fit 

for qualification. However, the functionality of an equipment is ensured if the entire system along with its 

associated instruments stay operational during and after the test. Therefore, in case of equipment that are 

qualified by analysis, the functionality of the instruments cannot be evaluated due to lack of any 

functionality criterion. 

In the absence of such criterion, a hybrid methodology has been proposed. Figure 2 shows the flowchart 

of this methodology.
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Figure 2. Proposed approach for equipment qualification.

As can be observed from the flowchart, a subassembly or the complete equipment is tested on a shake 

table for both sine sweep as well time histories, as recommended by IEEE-693. The results of the sine 

sweep tests can be used to identify the dynamic characteristics of the equipment. Accordingly, a finite 

element model can be created that reconciles with the shake table test results. The structural differences 

between the test equipment and that actually installed at the site can be identified and can be used to 

characterize the uncertainties associated with the testing and qualification of the equipment.

Finally, a time history analysis of the reconciled finite element model can be used to evaluate the 

acceleration responses corresponding to the accelerometer locations in the tested equipment. Since, the 

tested equipment has been considered to be qualified if it stayed functional during and after the test, the 
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reconciled model can be considered to be qualified if the maximum acceleration responses from the finite 

element analyses are less than the test responses. A key aspect in the proposed approach is to identify the 

factors that introduce differences in the reconciliation between test and analysis results. These differences 

can be used to characterize the uncertainties in the model. These uncertainties make the dynamic 

behaviour of the system to be non-deterministic and subsequent probabilistic studies may be necessary to 

assess the seismic vulnerability of such systems.

The next section of this paper identifies such uncertainties in the system that can be used for an improved

understanding of the behavior of such equipment.

UNCERTAINTIES ASSOCIATED WITH THE DYNAMIC CHARACTERISTICS OF THE 

EQUIPMENT

Uncertainty in Ground Motion

IEEE-693 specifies the response spectra for the qualification of the substation equipment. However, this 

specification is intended to be used in the qualification of equipment that is located at the ground level. 

Therefore, such spectra cannot be directly used for equipment that is mounted at an elevated building 

floor. The design of a multi-story building is guided by the appropriate building code (typically, the UBC 

or IBC). The earthquake input at the base of the building as recommended by such codes of practice are 

very different from that specified by IEEE-693. Figure 3 compares the response spectrum of IBC 2009 

with the IEEE-693 (2005) spectrum (both scaled to have the same anchoring PGA of 0.5g).

Figure 3. Uncertainty in ground motion: Comparison of response spectra (IEEE-693 and IBC 2009).

Uncertainty due to limited availability of data 

The reconciliation of the test and analysis results is obtained by a comparison of the transfer functions at 

various accelerometer locations as evaluated from sine sweep tests with inputs in the X and Y directions. 

The dynamic characteristics of the finite element model, namely, the modal frequencies, mode shapes and 

participation factors are used in a closed form formulation to obtain the transfer functions corresponding 

to the analysis results. Figure 4 compares the transfer functions for a particular accelerometer location of 

the equipment.

As can be observed from Figure 4, there is good reconciliation of the test and analysis results. Such 

reconciliation cannot be achieved by using inverse solution of the closed form equation for the transfer 

functions for the following reasons:

(a) The accuracy of the inverse solution depends on the availability of data at appropriate 

accelerometer locations;
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(b) The inverse solution requires information about all the modes which is impractical for real life 

multi degree of freedom systems.

Figure 4. Reconciliation of test and analysis results for X and Y directions.

For all practical purposes, data is available for the peak frequencies and for only the first few modes. 

Therefore, the available data may not be true representative of the complete dynamic behaviour of the 

system.

Uncertainty in the damping characteristics of system

The incomplete knowledge of damping characteristics of the system can also add to the uncertainty in the 

behaviour of the equipment. Figure 5 compares the effect of damping ratios on the peak response with the 

test response.

Figure 5. Uncertainty in response due to damping characteristics of the system.

As can be seen from the figure, with the increase in damping, the peak value of the transfer function 

approaches the test value. Hence, damping is a very important criterion to be considered for the 

reconciliation of test and finite element analysis results. 

Uncertainty in the mounting condition

The mounting arrangement in the test set up is often quite different than the actual in-situ conditions. The

uncertainty in the frequency of the equipment due to different mounting arrangements can be used to 

illustrate the effect of mounting condition on the dynamic characteristics of the equipment. For the 

purpose of shake table testing, the equipment is fixed at multiple locations, as shown in Figure 6(a). The 

mounting arrangement of such an equipment can be changed to be fixed at two locations to represent the 

equipment at the actual site, as shown in Figure 6(b). The frequency of the model is around 6.16 Hz when 

the supporting tubular section is fixed at multiple locations. However, the fundamental frequency drops to 

5.94 Hz when it is fixed only at two locations. The frequency drops further to 5.9 Hz if, instead of fixed 
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boundary condition, the mounting arrangement is pinned at two points, as shown in Figure 6(c). 

Therefore, the effect of mounting arrangement can have a pronounced effect on the dynamic 

characteristics of the equipment in its actual installed condition at the site.

Figure 6.Effect of boundary condition of mounting arrangement on the frequency of the equipment

Interaction between multiple units of the equipment

In case of large-sized equipment, the entire equipment cannot be tested on the shake table because of its 

size. So, the reconciliation of the test setup with the finite element model is for a subassembly of the 

entire equipment. At the actual site, multiple units of equipment are interconnected to each other and also 

to the bushings outside the building. The interaction between the multiple units of the equipment can also 

lead to a change in dynamic characteristics of the equipment. Figure 7 show the plots of transfer functions 

for an accelerometer location in the X and Y directions for the finite element model of an equipment sub-

assembly and the finite element model for the actually installed equipment where multiple bays are 

interconnected to each other and also to the bushings outside. As can be seen, the transfer function peaks 

for both X and Y directions have lower peak values for the actually installed equipment configuration.  

The units are connected to each other in the Y direction of the analysis. A study of Figure 7 shows that 

due to the interaction between the multiple units, the equipment behaves more rigidly in the Y direction.
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Figure 7. Uncertainty in natural frequency due to interaction between multiple units of equipment.

Interaction between the building and the equipment

In most practical cases, the entire equipment is mounted inside a building. Therefore, the dynamic 

characteristics of the equipment will be affected by the interaction between the building and equipment. 

The mass of the equipment is usually about ten percent of the floor mass of the building. In order to 

understand the effect of interaction between the building and the system we can consider the building as 

the primary system and the equipment as the secondary system. If the equipment is rigid, similar to the 

conditions of the shake table test, there is no interaction between the building and the equipment. 

However, if the equipment has flexible mounting arrangement, as the actual in-situ conditions, then there 

can be significant mass interaction between the equipment and the building.

If the equipment is mounted on the floor slab in the building, the floor spectrum generated from a finite 

element analysis of the building can be used for understanding the dynamic characteristics of the 

equipment and qualify it for strength and functionality. The floor spectrum can be generated by analyzing 

the building and the equipment separately (uncoupled system) or by a single step analysis of the building 

and the equipment as together (coupled system). The uncoupled analysis does not consider mass 

interaction, whereas a couple analysis accounts for mass interaction between the primary and secondary 

system.

The following section shows a simple single degree of freedom (sdof) – single degree of freedom (sdof) 

primary-secondary system to illustrate the effect of mass interaction on the response spectra for a coupled 

analysis.

Coupled system: Effect of mass interaction

The equation of motion for a sdof primary – sdof secondary (2-dof coupled) system is:

                                                                                                                                                                (1)
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where, mp is the mass of the primary system, ms is the mass of the secondary system, Cp and Cs are the 

damping constants for the primary and secondary systems, Kp and Ks are the stiffness for the primary and 

secondary systems, respectively.

is the input ground motion, up(t) and us(t) are the displacement responses for the primary and 

secondary degrees-of-freedom respectively.

The first equation becomes:

where, r is the mass ratio.

The second equation can be written as:   

On the other hand, if we do an uncoupled analysis, the equation of motion for the secondary system is: 

where, is the total acceleration at the primary system degree of freedom.

A comparison between (4) and (5) shows that the response of the secondary system in the case of a 

coupled analysis is influenced by the behavior of the primary system and the interaction between the two 

cannot be captured by an uncoupled analysis in the complete sense as seen in (5). 

Figure 8 shows the plots of floor spectra for a sdof-sdof primary-secondary system. In case of the 

uncoupled analysis, the floor time history generated from a finite element analysis of the primary system 

is used to generate the floor spectrum for the secondary system. The coupled analysis has been conducted 

for mass ratios of 0.1, 0.01 and 0.001 between the primary and the secondary system. The primary system 

is assumed to have a natural frequency of 4 Hz. As can be seen from the plots, the effect of mass 

interaction is quite significant for mass ratios of 0.1 and 0.01. It causes a reduction in the peak values for 

frequencies around 4 Hz. The two systems are said to be tuned when their fundamental frequencies are 

closer to each other. Therefore, the effect of mass interaction on the response is most prominent for tuned 

systems. However, as we decrease the mass ratio further to 0.001, effect of mass interaction is almost 

negligible and the response is similar to an uncoupled analysis.

In case of equipment building system under discussion, the mass of the equipment is about ten percent of 

the floor mass of the building. Therefore, the effect of mass interaction can be significant in the dynamic 

response evaluation.
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Figure 8. Uncertainty in the response spectra due to mass interaction between building and equipment.

CONCLUSION

Continued availability of offsite power can be a key factor in maintaining the safe operation and avoiding 

accidents in a commercial nuclear power plant. Since the substation supplying the power is usually 

located at a site away from the nuclear plant, the qualification of the equipment of the substation may 

often follow guidelines not set down directly by the nuclear regulatory agencies. Under such situations, 

the seismic vulnerability of such substation depends on the seismic response of its individual equipment 

as well as the effect of different uncertainties inherent in them. A methodology is proposed for 

qualification of electrical substation equipment for both strength and functionality assessment. In 

addition, reconciliation of experimental and analytical results is used to identify the uncertainty in various

characteristics of such equipment.

The important factors that contribute to the uncertainty in the seismic behavior of equipment in an offsite 

electric substation are as follows:

! Uncertainty due to input ground motion

! Uncertainty in the frequency due to limited availability of data

! Significance of damping characteristics of the equipment

! Effect of mounting arrangement on the system response

! Interaction between multiple interconnected equipment in the substation

! Interaction between the building and the equipment

The present study attempts to illustrate the seismic behaviour of substation equipment by considering the 

effect of different in-situ conditions that are significant to characterize the uncertainty in the dynamic 

response of the system. It also emphasizes the incorporation of the effect of these uncertainties while

qualifying the equipment at an actual site.
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