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Abstract  
 

Structural simulation is the logic step in the evolution of Power 

Transformer project. It is fundamental to develop numerical 

reliable routines that can eliminate the empirical factor that 

characterizes the current project.  This paper presents the results 

of experimental testing of different main frame geometries in 

Shell-Type Power Transformers, subjected to a simulation of a  

Short-Circuit. The resulting data allows the determination of 

novel structural lay-outs and the correlation and validation of 

future Finite Element Method dimensioning routines for Power 

Transformers.  
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1. Introduction 

 
The structural project of a transformer is even 

nowadays a complex, rigorous and empirical process 
[1]
, 

based on the classic law of electromagnetic induction 

first introduced by Faraday and then generalized by 

Maxwell by means of equation 1 
[2]
: 
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This can be justified by the safety, economic and 

even social responsibility that this kind of project carries.  

However, the successive increase of the competitive  

market and the raise of oil prices demands for a constant 

optimization in the energy transmission industry
 [3]

. 

 One way of accomplishing this objective, perhaps 

the most important, is the weight reduction of these 

structures. This will allow the decrease of transportation 

related costs, a reasonable use of natural resources and a 

more economical fabrication of these structures.  

 There are different methods to execute the weight 

reduction of a Power Transformer, like the adoption of 

new materials and more structural efficient internal 

geometries 
[4]
. Another way is to find more accurate ways 

to perform the dimensioning of these structures and 

eliminate the empirical factor of the current project. 

Since all these changes are correlated, this is an iterative 

process and the innovation associated to these 

developments must also generate a relative advantage to 

the final product, when compared to its competitors. 

 However, the resulting changes must not interfere 

with the duties of a Power transformer. It must be able to 

withstand the functional currents and the events of Short-

Circuit that occur throughout its lifetime.  

 Under normal operation, the electromechanical 

forces induced in the transformer are relatively small 
[5]
. 

As for the Short-Circuit events, they generate high 

electro-dynamic loads 
[6]
 which are one of the main 

reasons of transformer malfunction. This kind of event 

can make serious damage or even destroy the 

transformers structure 
[7]
. Thus, the ability to resist them 

is one of the main design problems, an important 

transformer feature 
[8]
 and it is generally the main project 

criteria required by manufacturers 
[9]
. 

 Nevertheless, for the responsibilities referred 

previously, any change in the design of a Power 

Transformer is accompanied by several experimental 

testing to validate their practical performance. As this 

kind of testing is expensive and consumes time and 

resources, there is need to eliminate them to the 

minimum indispensible. So, there is a demand for new 

flexible, accurate, reliable and more efficient ways to 

execute the dimensioning and testing modifications and 

upgrades in Power Transformers 
[10]

. 

 Given this, the next obvious step is to substitute this 

kind of experimental testing by the numerical simulation, 

most precisely by the use of the Finite Element Method 

(F.E.M.). The way of allowing this evolution is to 

elaborate routines that represent real experimentation. 

However, the correlation of the deformations between the 

physical and virtual model is a difficult task. There are 

frequent discrepancies and inaccuracies between them 
[11]

. 



 Nevertheless, the developed methods must be risk 

free, so they must be validated using iterative routines 

like the flowchart shown in figure 1. 

 

 
Fig. 1. Finite Element Method Iterative Testing 

 

 

 The way to do this validation is one of the focuses 

of this paper. There were executed experimental 

procedures in different prototypes of main frame 

geometries of Shell-Type Power Transformers, that 

represent a short-circuit event. The resulting data, more 

precisely, the values of deformation observed will 

generate three key results: The selection of the most 

efficient structural layout, the generation of the data 

necessary for the tuning and validation of future 

numerical simulation routines and the comparison of the 

overall weight reduction in the three prototypes.  

 

 

2. Experimental Characteristics 
 

A. Prototypes 

 

 The main task of this study is the estimation of the 

deformations in three distinct prototypes of Shell-Type 

Power Transformer main frames, when subjected to a 

Short-Circuit event. The main difference between them is 

their internal reinforcement geometry of the upper beam.  

 Prototype 1, represented in figure 2, is a standard 

design of a main frame. It is used here as to compare the 

structural performance of the improved designs used in 

Prototypes 2 and 3.  
 

 
Fig. 2 – Prototype 1 Internal Reinforcement 

 

 Both Prototypes 2 and 3 were tuned to obtain a 

superior Moment of Inertia and reduce the overall mass 

of the main frame. 

 Prototype 2, represented in figure 3, was built with 

thinner steel sheets. However, the internal reinforcement 

had an increased height. 

 

 
Fig. 3 – Prototype 2 Internal Reinforcement 

  

 Prototype 3, represented by figure 4, is 

composed by the same steel sheets has Prototype 2 and 

the change in design was made by increasing the height 

of both reinforcement and lateral walls. 

 

 
Fig. 4 –Prototype 3 Internal Reinforcement  

  

 The same base material was used for the three 

prototypes, in order to eliminate any material induced 

differentiation. All prototypes were fabricated using S275 

steel, according to the standard EN10025, in the form of 

sheet and assembled by welding. The properties of this 

material were obtained by tensile tests. The results of 

these tests are presented in table 1 and figure 5. 

  
Table 1 – Material characteristics 

 
S275 STEEL - PROPERTIES 

Young ‘s Modulus [GPa] 169.8 

Yield Stress [MPa] 304.2 

Ultimate Stress [MPa] 469.6 

Poisson’s Ratio 0.288 

  
Fig. 5 – S275 True Stress-Strain Curve 

 



 

B. Hydraulic Cylinders 

 

 The simulation of the Short-Circuit event was 

performed by the application of a quasi-static load on the 

upper beam of the prototypes, as represented in figure 3. 

 The quasi-static experiment was selected because of 

the simple apparatus necessary and the approximation to 

the real event, generated by the application of a large 

valued load in a short period of time.  

 The load was transmitted by five parallel equally 

distant cylinders that generated an approximately 

distributed load. The orientation of the load was 

consistent with the one that happens in a Short-Circuit 

event, as shown in figure 3. 

 

 
 

Fig. 6 –Main Frame and Experimental Apparatus 

 

C. Extensometry 

 

In order to monitor all the induced deformations 

caused by the applied load, there were placed eight 

strain-gauges in key positions in each main frame 

prototypes.  

There were used two HBM RY91-3/120 Rosettes 

and four HBM LY11-3/120 strain-gauges. All 

deformation data was collected by a 24-channel HBM 

MGCPlus data acquisition system.   

The localization of each individual Strain-Gauge is 

represented in figure 7 and table 2.  

 

 
Fig. 7 – Strain-Gauge Locations 

   
Table 2 – Strain-Gauge Listing 

 
GAUGE DESCRIPTION DIRECTION 

1 Rosette 1 ZZ Axis 

2 Rosette 1 YY Axis 

3 Simple YY Axis 

4 Simple ZZ Axis 

5 Rosette 2 ZZ Axis 

6 Rosette 2 XX Axis 

7 Simple ZZ Axis 

8 Simple XX Axis 

 

3.  Methodology 
 

 With the described hydraulic cylinders, a range of 

loads, from 25 to 300 ton-force [tf] was applied to each 

Prototype’s upper beam. The following protocol was 

executed in the Prototypes: 

1- A initial load of 5 [ton] was applied and then 

withdrawn, in order to adjust the cylinders in the 

beam walls; 

2- The load was then applied in increments of 25 

[ton] and then withdrawn, until the maximum 

load of 300 [ton]; 

3- After each load increment, the deformation was 

measured to determine if there was permanent 

deformation. 

 
 

4. Results/Discussion 
 

 The first rosette was applied in the interior face of 

the main frame. It was composed by strain-gauges 

numbers 1 and 2, which measured the deformation in the 

ZZ and YY axis respectively. The measurements for the 

corresponding applied load are shown in figures 8 and 9. 

 
Fig. 8 – Deformation in Strain-Gauge 1 

 

 
Fig. 9 – Deformation in Strain-Gauge 2 

  

 In Prototype 1, the strain values peaked. In 

figure 5, it can be observed that the deformations in the 

ZZ axis reached far more significant values in the 

Prototype 1 than in the others. The different geometry 

induced a more efficient structural performance and the 

proof of this fact is clear in the collected data. 

 However in the data collected by Strain-Gauge 

2, it can be observed in figure 9 by the absolute values of 



strain, that the more efficient design for deformations in 

this point is Prototype 2. However, it is still clear that 

Prototype 1 has a lower performance than the other 

designs.   

 Strain Gauge 3 was positioned on the exterior 

lateral face of the main frame. The deformations 

monitored can be observed in figure 10. 

 
Fig. 10 – Deformations in Strain-Gauge 3 

 

 As the main reinforcements and differences 

between the prototypes are localized in the upper beams 

of the main frames, it would be expected for the values of 

deformation in the lateral faces to be similar in all 

models. 

 However, it can be concluded by the data 

gathered by Strain-Gauge 3, that the improved 

geometries reduced the deformation values even for the 

exterior faces of the core legs. Prototypes 2 and 3 show 

similar values of deformations, while Prototype 1 

presented significant deformation values. 

Strain-Gauge 4 was placed in the center of the 

interior plate of the upper beam. The deformations that 

resulted from the applied loads are shown in figure 11. 

 
Fig. 11 – Deformations in Strain-Gauge 4 

 

 This is the location where the peak of the 

bending moment is theoretically localized. It is 

consequently the place where there reinforcements are 

localized and the point where the values of deformation 

are expected to be higher. Thus, this specific collected 

data is very important to the determination of the most 

efficient prototype. 

 As it was expected, Prototype 1 reveals much 

more deformations then the other two. However, for the 

first time, there is a significant difference between 

Prototypes 2 and 3. It can be concluded that the structural 

lay-out of Prototype 3 is more efficient than Prototype 2. 

 The second rosette was placed in the lateral face 

of the upper beam and is composed by strain-gauges 5 

and 6, which measure the deformations in the ZZ and XX 

axis respectively. In figures 12 and 13 is expressed the 

deformations imposed by the applied loads. 

 
Fig. 12 – Deformation in Strain-Gauge 5 

 
Fig. 13 – Deformation in Strain-Gauge 6 

 

 Due to the positioning of this rosette, it is 

expected that the observed deformations are elevated. 

The reason for this is that the rosette is near the load 

application, in the middle of the lateral face of the 

superior beam. This is exactly the place where the 

internal reinforcements will dissipate the load that they 

hold. 

 In the collected data it is confirmed that the 

deformations are elevated as expected. It is also shown 

by figures 12 and 13, that the Prototype 3 reveals an 

outstanding performance when compared to the 

remaining two.  

 Strain-gauge number 7 was placed on top of the 

upper beam, monitoring the deformations that occur in 

the superior reinforcement. In figure 14, it is shown the 

value of such deformations. 

 
Fig. 14 – Deformations in Strain-Gauge 7 



 

 Given the location of Strain-Gauge 7, the values 

of deformation are expected to be low. This was verified 

by the experimental procedure. However, this Strain 

Gauge led to an interesting fact. For the first time 

Prototype 1 showed a significant superior performance to 

another prototype. For the whole range of applied loads, 

Prototype 2 presented an inferior performance than the 

other prototypes. 

 Strain-Gauge 8 is located in the interior face of 

the main frame, near the upper beam. The deformations 

imposed by the applied loads are represented in figure 15. 

 
Fig. 15 – Deformations in strain-gauge no. 8 

  

 The localization of this Strain-Gauge is 

characterized by elevated deformations. This is 

confirmed with the experimental collected data. In figure 

15, it can be observed that the performance of prototypes 

2 and 3 are similar, as the performance of prototype 1 is 

relatively poor. 

 Until now, the fundamental parameter discussed 

was the relative deformations observed by the application 

of loads that simulated a Short-Circuit event. However, 

as discussed earlier, one other fundamental objective, by 

making more efficient structures, is the overall weight 

reduction. Given this, it is fundamental to analyze the 

specific weight of the presented prototypes, which is 

shown in table 3. 

 
Table 3 – Prototype Mass Comparison 

 
Prototype  Mass [Kg] 

1 1814 

2 1603.6 

3 1684 

Overall weight reduction [relatively to Prototype 1] 

Prototype 2 79.96 % 

Prototype 3 87.62% 

 

 Recurring to Table 3, it can be seen that the 

Prototype 2 was the one that carried the most elevated 

weight reduction. However, correlating both deformation 

analysis and weight reduction information, it can be seen 

that it is not the prototype with the best overall 

performance. 

 It is evident that the presented values of 

deformation make Prototype 1 the lay-out with worst 

relative performance. But, even though in some points, 

the observed deformation is approximately the same for 

Prototypes 2 and 3. For example in the localizations of 

Strain-Gauges 1, 3, 8 and even Strain-Gauge 2, for 

absolute deformations. There are points where the 

deformation behavior of Prototype 2 is worse than the 

other prototypes. In addition to this fact, there is a visible 

tendency to see a decrease of performance of the 

Prototype 2 as we move to more important deformation 

points. This can be observed in the readings of Strain-

Gauges 4, 5, 6 and 7.  

 It is clear that the structure with best structural 

performance is Prototype 3, even though it is not the one 

with most weight efficiency.  

 As a consequence of the interpretation of the 

deformation results and the overall weight reduction, it 

can be said that the structural lay-out in Prototypes 2 and 

3 had a key role on their performance, but the weight 

factor sand consequent amount of material still represents 

an important variable in the overall performance.  

  

  

5.  Conclusion 
 

An experimental procedure, consisting in applying a 

distributed load in the upper beam of three prototypes of 

Shell-Type Transformer main frames has been 

performed. The resulting data allowed the selection of the 

prototype with the best structural performance, the 

interpretation of the role performed by the weight of the 

structure and the gathering of data for the validation and 

correlation of future F.E.M. transformer dimensioning 

routines. 

It was shown that the prototype with the best 

performance was the one with the reinforcement and 

lateral walls with most elevated height and 87% of the 

material weight removed (Prototype 3). Even though the 

weight reduction is one of the objectives of future 

transformer design, it has been shown that this parameter 

and the consequent amount of material used still has an 

important role in the structural performance of a Power 

Transformer. Thus, the generalized design procedure 

must carry in mind both structural lay-out and wise use of 

material to maximize the performance and economical 

production of these structures.  
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