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Abstract—Electricity transmission substations are fixed infrastructure assets, and the power transformer is the most visible 
item of equipment. The technologies embedded in protection and control switchgear, as well as in power transformers change over 
the very long life of a substation, even though the basic functionality remains the same. Changes in equipment technologies present 
salient but real challenges in design of electricity transmission networks, and especially on acquisition, operation and maintenance, 
and disposal of transformers deployed in substations.  In addition to obsolescence, some of the challenges include age-related 
degradation, as well as increasingly sophisticated loading requirements on substations. A bibliographic search between 1970 and 
2014 indicates that new materials plus computer-aided modelling and tools are widely applied to design and manufacture 
transformers to achieve higher voltage and power ratings, while sensors, information and computing systems technologies and big 
data analytics are increasing applied to determine transformer health index. Empirical data obtained from a case study utility 
suggests that operators and maintainers tend to focus on technical health indices, and this raises concern as to the robustness of 
decisions to decommission, refurbish, replace, and dispose of transformers in electricity transmission substations.  
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I. INTRODUCTION (HEADING 1)

A typical electricity transmission network comprises a large base of substations covering a wide geographical area. 
Electricity utilities have overriding concerns about costs of designing transmission networks, acquiring, operating and 
maintaining, and replacing of substation transformers against sophisticated customer demands for reliability, quality of supply, 
pricing, and sustainability. For instance, the cost of a 100MVA transformer in 2012 was over $2 million with a combined lead 
and replacement time of between 12 and 24 months [1]. The operation and maintenance of a substation tends to be focused on 
the power transformer because it carries the highest unit cost when compared to the indispensable control and protection 
switchgear. The failure of a transmission substation transformer typically results in power outage over a wide area, and outages 
consequentially influence refurbishment, renovation and/or replacement costs. Although high costs of capital and long lead 
times for acquisition [2] are providing impetus for electricity utility operators to implement innovative life-extension 
programmes [3], however, new materials are making it possible to reduce the weight while concurrently increasing the power 
transfer capacity and reliability of transformers [4].   

Electricity networks comprise long-lived fixed infrastructure assets, and new technologies are continuously being 
introduced in the management of transmission substations. The integration of new technologies in substation equipment 
present salient but real challenges in design, acquisition, replacement and disposal of power transformers even though the basic 
function of the transmission substation remains unchanged. From the viewpoint of operations and maintenance, utilities have 
to continuously contend with issues like obsolescence and age-induced degradation of installed equipment. Electricity utilities 
also have to contain costs pertaining to vagarious operational requirements whilst concurrently sourcing financing to refurbish 
and renovate substations, to expand/increase capacity, and to acquire new, replace, and upgrade existing transformers. 

This paper briefly describes a study on trends in the design, application and management of power transformers deployed 
in electricity transmission substations. Section 2 of the paper summarizes a bibliographic review of changes in the design and 
management of transformers between 1970 and 2014. Empirical data available from a case study electricity utility between 
1998 and 2014 is presented in section 3, and section 4 includes commentary regarding technology changes and transformer 
refurbishment/replacement decisions. 

II. BIBLIOGRAPHIC REVIEW

A. Technology Changes

In essence, bibliographic approaches are applied to search published literature for trends and patterns (see, for example, [5],
[6]), and to provide new information that can be applied for decision making. Often, bibliographic methods are based on 
quantitative analysis of keywords, titles, authorship, publishing data, and other indicators to identify trends in a subject matter 
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or specific field of study. This paper supplements the work in [7], albeit that a major limitation in the bibliographic approach is 
that it relies on the availability of publications in a specific field of study. Details of changes in the design of transformers, 
unless published in patents, tend to be shrouded as manufacturing trade secrets and are usually not publicly available. 
Nevertheless, standards (e.g., IEEE Std C57.12.xx-2010) and regulations provide the impetus to improve the efficiency of 
transformers. From the technology and design viewpoint, there are new materials that can be applied towards reductions in the 
weight, improvements in insulation and safety, as well as reductions in electric and magnetic losses in transformers. 
Operationally, some of the technical issues for both manufacturers and electricity utilities revolve around integrity in terms of 
reliability, testability, diagnostics, prognostics, and safety [8]. It is worth remarking that in the case study environment, 
transmission substation transformers range from 5 MVA to 2000 MVA, and 22 kV to 765 kV. 

The primary and secondary elements of a transformer are depicted in the hierarchy in Fig. 1. A bibliographic review from 
1970 to 2014 indicates that changes to improve power and weight efficiency of transformers have focused on new designs for 
the core, windings, insulation, and cooling, whereas operability issues tend to be addressed through improving the design of 
bushings and tap changers. 

 
Fig. 1. A hierarchical illustration of transformer components 

 

B. Trends in Design and Management of Transformers  

The changes in the design of the core, windings, cooling and insulation as extracted from published literature are 
summarized in Tables 1 to 4. For the core, information in Table I indicates that the focus between 1970 and 1989 was on 
introducing new materials to reduce weight. Since 1990, there have been ongoing applications of computer-aided modelling 
and design tools towards reducing magnetic losses and improving reliability. 

TABLE I.  CHANGES IN CORE DESIGN 

1970 - 1989 1990 - 1999 2000 - 2014 

 Improvement in core joint designs 
 Stacking methods 
 Improvement in the grain-oriented steel 

core material 
 
References [9], [10],  [11], [12], [13], [14], 
[15],  [16] 

Application of 2-D  and 3-D finite element 
modeling tools to reduce losses 
 
References [17], [18], [19], [20], [21] 

 Improvement on core joints from 
single-step-lap to multiple-step-lap 
design 

 Enhancement on the 2-D & 3-D 
modeling using different techniques 
not considered by previous authors in 
90’s due to limitation of software 
packages 

 
References [22], [23], [24], [25], [26], [27], 
[28] 
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Similarly for transformer winding, the summaries in Table II indicate that since 1970, the emphasis has been to introduce 
new materials towards minimizing electric losses. 

TABLE II.  CHANGES IN DESIGN OF WINDINGS  

1970 - 1989 1990 - 1999 2000 - 2014 

 Reduction of winding strands thickness 
to improve transformer efficiency 

 Superconducting vs copper material 
were analysed, however superconductor 
did not give a worth-while advantage 
over the conventional copper material 

 
Reference [29] 

 An introduction of composite copper 
shield was introduced in minimizing local 
heating 

 Transposition of stranded conductors was 
introduced in minimizing winding losses. 

 There different types of conductor bunch 
that can be applied, however the 2-
conductor bunch with center transposition 
yields zero circulating current losses 

 
References [21],   [30],  [31] 

 Insulation of winding conductor was 
further analyzed to minimize eddy 
currents by splitting of conductors 

 Copper foils and sheets were adopted 
instead of conventional wire windings, 
because it enhances both the thermal 
and electromagnetic performance. 

 Aluminum was considered to replace 
the conventional copper. Aluminum 
thermal conductivity was less than 
copper and is more prone to oxide and 
the tank size increases, Aluminum has 
more disadvantages as compared to 
copper. 

 Half turn phenomenon was introduced 
on single-phase transformers for the 
reducing over-fluxing on the core and 
on 3-phase 3-limb & 3-phase 5-limb 
the half turn effect was found to be 
harmful under balanced loads, and 
under unbalanced loads it becomes 
more significant. 

 
References [32],  [33], [34], [35],  [36], 
[37], [38], [39] 

 

Table III reiterates the introduction of new materials from 1970, and ongoing application of computer-aided tools to 
design more efficient cooling for transformers. 

TABLE III.  CHANGES IN COOLING DESIGN   

1970 - 1989 1990 - 1999 2000 - 2014 

 Forced cooled transformers having a 
vertically oriented disc coil winding 
were commonly constructed with equal 
spacing between individual coils. 

 Transformers were using oil coolant, 
with cooler or radiator system having 
inlet end with provision of pumps to 
circulate the oil through ducts 

 The design included the fans in the 
forced air cooling circuit to produce 
airflow over the radiator tubes. 

 The cooling system was designed in 
such a way that the coolant flow 
velocity was uniform for all the 
horizontal ducts in the winding section. 

 Dry type and oil cooling designs were in 
use. 

 
Reference [40] 

 Improved 3-D finite element modeling led 
to improved thermal and dielectric analysis 
of insulation systems in high stressed 
areas. As well advanced fluid and thermal 
dynamic modeling techniques have led to 
improved thermal models. 

 The hot-spot is one of the key parameters 
in the designing of the transformer cooling. 

 The development of SF6 gas cooled 
transformers was introduced. 

 Ventilated dry type transformers were 
replaced with liquid filled transformers in 
most industries and commercial sectors 

 
References [41], [42], [43], [44], [45] 

 2-D finite difference modeling were 
conducted to calculate or predict the 
hotspot temperatures as well to 
determine the location, however most 
designs were based on theory because 
of the difficulty of establishing and 
measuring the hotspots temperatures on 
transformer windings. 

 Continuous operation of fans 
increasing the cooling efficiency or 
alternatively the fans can be switched 
on by setting them low than the top-oil 
temperature by taking into account 
transformer rating and seasonal 
changes.  

 
References [46], [47], [48], [49], [50], [51] 

 

With regard to insulation, the trend as extrapolated from Table IV indicates further integration of new materials between 
1970 and 1999, and emphasis on sensing and measurement of the effects of moisture and other contaminants. The application 
of sophisticated sensing and condition monitoring techniques towards identification and diagnosis of insulation induced 
failures in transformers, supplemented by temperature and oil sampling measurements and analysis for identification and 
diagnosis of core, cooling, and winding-induced failures, somewhat represent technical aspects of determining transformer 
health index. 
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TABLE IV. CHANGES IN INSULATION DESIGN 

1970 - 1989 1990 - 1999 2000 - 2014 

 The focus was in reducing the thickness 
of insulation material. The all-around 
ducts were positioned in each winding-
to-winding insulation structures to 
increase the insulation strength. 

 The most common insulation used was 
cellulosic paper and pressboard 
impregnated in mineral oil. 

References [52], [53], [54] 

 Statistical techniques were adopted to 
estimate the reliability of insulation in 
order to determine the transformer life. 

 The common insulation papers used are: 
kraft, highly purified kraft-based, Insuldur 
type chemically modified kraft-based 
paper, and Insuldur type, chemically 
modified and Manila hemp-based paper, 
however the latter offered better resistance. 

References [55], [56], [57], [58] 

 Low molecular acids constitute an 
important aging factor for transformer 
winding insulation and should be 
included in diagnostic schemes.

 The transformer insulation class should 
correspond to the temperature limits 
and the ratings should be based on the 
type of cooling. 

 Studies were conducted to determine
effects of moisture, oxygen and acidity 
on different types of papers. 

 More studies are conducted on 
different insulation liquid oil (i.e. 
vegetable oil, conventional oil and oil 
based on polychlorinated biphenyl’s) 

References  [59], [60], [61], [62], [63], 
[64], [65], [66] 

C. Condition Monitoring

The increasing availability of sensor and sensing techniques, as well as the pervasion of ubiquitous information and
communications technology systems and tools, has greatly influenced the capability to monitor the condition of the various 
elements that comprise a transformer. The current ‘buzz’ is on determining a health index to describe the condition of a 
transformer. For obvious reasons, health index measurements are mostly carried out with the transformer and substation 
isolated from the power grid. 

TABLE V. TRENDS IN CONDITION MONITORING  

1970 - 1989 1990 - 1999 2000 - 2014 

 Gases were monitored using 
chromatographic analysis and statistical 
methods to assess oil results. 

 Transformer monitoring and protection
schemes were based on single inputs 
which do not adequately encompass the 
transformer in its operating 
environment. 

 A microprocessor based transformer 
analysis system was conceptually
configured to provide improved 
transformer availability and utilization 
through continuous monitoring analysis 
when in operation. 

 On-line monitoring systems were 
developed 

 Oil laboratories were used by utilities 
for assessing oil condition as well to 
determine the type of fault by applying 
Duval triangle 

References [67], [68], [69] 

An adaptive, intelligent monitoring system was 
developed for tracking transformer operations. 

References [70],  [71], [72] 

 New techniques for condition 
monitoring and assessment were 
developed, such as vibration, thermal, 
dissolved gas analysis, frequency 
response analysis and return voltage 
measurement 

 Increased application of reliability-
centred, and condition-based, 
maintenance approaches 

 Increasing emphasis on determining 
health index for transformers. 

References  [73],  [74],  [75], [76], [77], 
[78] 

D. Transformer Health Indexing

References like [79], [80], [81], [82], and [83] discuss in reasonable detail the determination of health index as a measure
of transformer condition. The health index tends to based on the premise of age-induced degradation and involves the 
integration of  : 

i. offline tests to calculate the amount of dissolved gas, partial discharge, moisture, oil quality, and power factor;
ii. offline measurements to determine the condition of tap changers and bushings;
iii. maintenance and load history; as well as
iv. physical observations.
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An interesting challenge in determining health index remains how to assign appropriate weights to quantitative data and 
qualitative information arising respectively from the tests and measurements, history of loading and maintenance actions, and 
physical observations. With the health index as the basis for condition assessment, then the respective weightings of the 
indices can influence decisions as to whether to refurbish or replace a transformer. It is worth remarking that an ageing 
transformer may still be in a condition that balances so-called asset management cost, risk, and performance. 

III. CASE STUDY 

This section includes a brief presentation on 558 transformers installed in the transmission grid of a case study electrical 
utility. The graph in Fig.2 shows the number of transformers installed each year between 1958 and 2013. The picture depicts 
the trend in the expansion of the electricity network, more remarkably between 2004 and 2011, with the installation of 
additional 765 kV transformers. 

 
Fig. 2. Number of transmission grid transformers installed in case study utility each year from 1958-2014 

Prior to 1960, the transmission network comprised 132 kV transformers, then 275 kV and 400 kV ranges were introduced 
in 1961 and 1967, and 765 kV transformers were first installed in 1985. Thirty-six percent of transmission grid transformers 
are rated at 275 kV, thirty-three percent are rated at 400 kV, while 0.36% are rated at 44 kV. Table VI summarises the slight 
changes in incorporated in the deployment of the transformers between 1970 and 2014. Almost all 558 transformers on the 
transmission network contain improved grain-oriented silicon steel laminated core, multiple stranded conductors, and 
ONAN/ONAF cooling triggers when oil and windings temperature respectively exceed 55 and 65oC. The records suggest that 
from 2010, thermally upgraded paper was used to replace prior insulation material. 

TABLE VI.  APPLICATIONS WITH REGARD TO TRANSFORMER DESIGN TRENDS 

1970 - 1989 1990 - 1999 2000 - 2014 

 Improved grain-oriented silicon steel 
laminated core single- and three-phase 
transformers 

 Multiple stranded conductors 
 ONAN/ONAF cooling combination 

 
 

 Improved grain-oriented silicon steel 
laminated core single- and three-phase 
transformers 

 Multiple stranded conductors  
 ONAN/ONAF cooling combination, fans 

operate when oil temperature exceeds 55oC 
or when winding temperature exceeds the 
pickup value of 65oC  
 

 

 Improved grain-oriented silicon steel 
laminated core single- and three-phase 
transformers 

 Multiple stranded conductors  
 ONAN/ONAF cooling combination, 

fans operate when oil temperature 
exceeds 55oC or when winding 
temperature exceeds the pickup value 
of 65oC  

 Thermally upgraded paper used from 
2010 
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A summary of recorded transformers failures in the case study transmission network between 1998 and 2014 is presented 
in Fig.3. The top half Fig. 3a indicates that more than 88% of failures occurred between years 2000 and 2014, somewhat 
coinciding with the rapid expansion of the network to supply electricity to previously disadvantaged areas. It is worth 
mentioning that 13% of 355 failures were attributed to human error and ‘other’. Although it is not trivial to directly relate any 
of the failure causes to changes in the design of transformers, however, 71 failures were attributed to windings. The records 
show that secondary elements, that is, bushings and tap changers contributed nearly 40% of the failure causes. A perplexing 
aspect is that 84 transformer failures were attributed to protection switchgear. Human error, ‘other’ and protection switchgear 
contributed more than 37% causes of failure of transformers between 1998 and 2014. The lower half Fig.3b shows a rather 
haphazard pattern of transformer failures between 1958 and 2010. For example, 24 transformer failures were recorded in 1982, 
while only one transformer failed in 1960, 1962, 1993, 1999, and 2003 respectively. 

 
Fig. 3. Number of transmission grid transformer failures 

IV. SUMMARY 

The bibliographic review suggests that the basic design of transformers has not drastically changed since 1970, albeit that 
computer-aided design techniques and new materials have been incorporated to reduce weight and increase both magnetic and 
electrical efficiencies as well as reliability and safety. On the one hand, computer-aided modelling and tools are widely applied 
to design and manufacture transformers to achieve higher voltage and power ratings. On the other hand, sensors, information 
and computing technology systems and big data analytics are facilitating unprecedented capabilities for condition monitoring 
and determination of transformer health.  

From the case study data, the dominance of bushings, tap changer, and protection related failures suggests that such indices 
should be given higher priority during condition assessments of the transmission substations. This is not often the case, as 
many practitioners feel that, because the transformer is the highest cost item in a substation, the focus should be on the ‘high-
tech’ offline measurements of dissolved gas, partial discharge, moisture, and oil quality. Data obtained from actual records of 
the case study network rather indicates that, although technical measurements of transformer health index may show ageing 
related degradation, however, the actual location and cause of substation outage and downtime seem to be mostly due to 
control and protection switchgear instead of the transformer. This raises questions with regard to using offline measurements 
of dissolved gas, partial discharge, moisture, and oil quality as priority for maintenance interventions, and also as the basis for 
decisions to either refurbish or replace a transformer. Furthermore, if a transformer is taken offline to determine the health 
index, does that  provide sufficient confidence that the substation is also in a condition to deliver according to the vagaries of 
the load demands, assuming that there are no instances of vis major or casus fortuitous events like lightning and vandalism? 
The conundrum is this, why should health indexing of primary elements of a transformer drive maintenance actions and 
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decisions, whereas empirical data indicates that secondary elements and external conditions more significantly influence the 
reliability of a substation? 
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