
FUNDAMENTAL PRINCIPLES OF TRANSFORMER  
THERMAL LOADING AND PROTECTION 

 
Joe Perez, ERLPhase Power Technologies, Winnipeg, MB, R3Y 1G4 

 
 

Abstract 
 
Power transformers are traditionally protected by differential protection schemes that use voltages and currents to detect 
abnormalities in the differential zone of protection. For this type of scheme, a short circuit or high magnitude current must be 
present to initiate a trip. However, this scheme might not be ideal when transformers need to be overloaded to mitigate 
contingency conditions. Using the IEEE Guide for Loading of Oil-Immersed Power Transformers C57.91-1995, one can 
thermally rate transformers beyond their nameplate conditions to a level that is safe for operation. Using the guide, engineers 
can establish continuous, emergency and short term emergency transformer ratings. Operators can use these ratings until the 
contingency conditions are mitigated. However, once the transformer has surpassed the short term emergency ratings, the 
transformer might reach critical temperatures and could possibly sustain damage. Protection engineers can avoid further 
transformer damage by using the thermal protection principles of the IEEE standard. This paper discusses the fundamental 
thermal principles of power transformers, philosophies of operations and the implementations of thermal protection. 

 
Introduction 

 
Transformer overloads can occur during contingency conditions that are the product of one, two, or various system elements 
being isolated from the power the system. They can also occur when transformers are already at 80%-90% of their full 
nameplate rating and extra capacity is needed, especially during hot summers. Depending on a utility’s criteria, transformers 
may be allowed to be overloaded, while still maintaining transformer integrity, to keep continuity of the load for economical 
or reliability reasons. To make these decisions intelligently, we must comprehend the thermal effects that oil and winding 
temperatures have on the life of insulation. 
 
The no-load and load-losses created by the transformer core and windings will generate high temperatures that, if not 
controlled in a timely manner, can damage the dielectric properties of the insulation. During normal operating conditions, the 
temperature thermal process is controlled by the cooling system that keeps the transformer in a thermal equilibrium. 
Transformer manufacturers guarantee the longetivity of their product as long as it is operated under the temperature 
specifications of IEEE or IEC standards. What if transformers need to be loaded beyond normal conditions? How would the 
standards helps us in this case? 
 
The IEEE Guide of Loading of Mineral Oil-Immerse Transformers C57.91-1995 aids us in calculating the effect of aging 
insulation and its exposure to high temperatures. The guide also leads us through the calculation of the winding hottest-spot 
temperature, which is the driving factor for limiting temperature overloads. Knowing how to calculate the loss of life and the 
winding hottest-spot temperature is the foundation for the development of dynamic ratings for power transformers. Such 
ratings can be used by system operators during contingency conditions, which will allow them to overload transformers for a 
predetermined time.  
 
Transformer dynamic ratings can also be used to create settings criteria for thermal relays. New numerical relays are capable 
of replicating the thermal model outlined by the IEEE guide, and the relay engineer can set thermal limits based on the 
dynamic ratings established by the loss of life of insulation and winding hottest-spot calculations. In addition, some thermal 
relays can predict future temperature states based on constant present values. Such concepts can alarm system operators 15 to 
30 mins in advance of a temperature limit violation in the transformer, giving them time to mitigate problems. In order to 
properly apply thermal protection for the power transformer, a clear understanding of thermal aspects during overloads is 
necessary. We must understand the causes for heat, the normal operation limitations, the insulation’s loss of life and the 
hottest-spot temperature; we must also develop philosophies and criteria for transformer dynamics ratings. 
 

Transformer Basics: 
What Affects Thermal Loading 

 
Most professionals in the power industry are very familiar with the fundamental principle of how a transformer functions 
electrically. A transformer is a voltage changing device composed of a primary and secondary winding interlinked by a 
magnetic core (10). A three phase power transformer used in transmission and distribution systems shares the same principle. 
However, its core is bigger to accommodate the three phase primary and secondary windings. Additionally, insulation in the 
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