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Abstract: Large power transformers are generally associated with a maximum capacity rating of 

100 MVA or higher. These large liquid dielectric power transformers are a custom-built piece of 

equipment, thus very expensive, and a backbone element of the power grid. In extreme cases as, 

for example, severe geomagnetic disturbances, permanently monitoring their condition will 

enhance their electrical reliability and resilience to guarantee efficient management of its life cycle. 

However, some traditional monitoring/diagnosis techniques have singular features when applied 

to large power transformers and their interlinked subsystems. In this context, and since that 

information is hardly put in evidence and compiled in the literature, this paper reviews the 

particularities of monitoring and diagnosing those assets. 
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1. Introduction 

Large power transformers (LPT) are custom-built pieces of equipment that are 

crucial links to the bulk transmission grid. Usually, they link a generator-transmission 

line and/or linking lines of different voltages. LPTs are characterized by technical and 

logistic features, making them a special case for condition monitoring of power 

transformers. These features are: 

1. LPTs are usually neither interchangeable nor produced for extensive spare 

inventories since they are very expensive and tailored to customers’ specifications. 

LPTs can cost millions of euros, and each device weights between approximately 

100 and 400 tons [1]; 

2. Replacing an LPT after a failure can be difficult because of the limited availability 

of spare devices. This is a potential issue about the required resilience of the power 

grid [2,3]; 

3. Unfortunately, being a piece of custom-built equipment, the production process of 

LPTs can extend beyond 20 months if, for example, the manufacturer has difficulty 

obtaining certain key parts or materials for LPT’s production (ex: acquisition of 

special grade electrical steel); 

4. The average age of installed LPTs in the United States and Europe is over 20 years 

[4]. While the life expectancy of a power transformer varies depending on how and 
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where it is used, aging power transformers are potentially subject to an increased 

risk of failure. Figure 1 shows how age is certainly a contributing factor to increase 

the transformer failures rate when installed in industrial plants, generation plants, 

and transmission networks. The failure rate curves are sharper for industrial and 

generator transformers because the transformers in these installations tend to be 

exploited more intensively. 

 

Figure 1 – Aging contributes to increasing the LPTs failures rate when installed in industrial 

plants, generation plants, and transmission networks [5]. 

 

 

 

Figure 2 – Standard core-type large power transformer and its major internal components. 

According to [6], LPTs are in general divided into transmission transformers, with 

the low voltage side rated 100 kV or higher and the maximum nameplate rating 100 MVA 

or higher; and generation stet-up transformers, with high voltage side rated 100 kV or 

higher and the maximum nameplate rating 75 MVA or higher. Figure 2 illustrates a 

standard core-type LPT and its major internal components. 
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The LPT key characteristics can be summarized as large, tailored to certain customer 

specifications, expensive, rarely interchangeable, or produced for extensive spare 

inventories. To understand how LPTs can differ in some aspects, a localized power 

outage at the distribution level (distribution transformers) will not present significant 

reliability threats, and utilities often maintain spare transformer equipment of their size 

range. An outage of an LPT is completely out of this reality. Figure 2 illustrates a standard 

core-type LPT and its major internal parts and components: the core, which is made of 

high-permeability, grain-oriented, silicon electrical steel laminations; the electrical input-

output windings, which are made of copper conductors wound around the core; the tank 

where core and windings are contained; the bushings connecting the LPT to transmission 

line; the tap-changer, power cable connectors, gas-operated relays, thermometers, relief 

devices, dehydrating breathers, oil level indicators, and other controls. 

In this context, it is more than justified for LPTs to detect and identify failures at 

their early stage to implement preventive actions, which is achieved mainly through 

continuous monitoring of the transformer. In addition, if the LPT condition of this 

equipment is continuously monitored in time, it is possible to manage its life cycle. In 

other words, it will be possible to define maintenance actions based on the condition of 

this critical asset rather than providing preventive maintenance, which is nowadays the 

common practice and is carried out at specific time intervals. 

The present paper summarizes large power transformers' particularities of 

monitoring and diagnosis for these assets. Unlike other similar reviews, this will mirror 

the authors' experience with a 1400 MVA phase-shift LPT in service since 2007 

manufactured by ABB with a nominal voltage on the primary and secondary side of 400 

kV phase-shifting within ±25°. 

2. Oil-immersed large power transformers: abnormal operating conditions 

In the current context of deregulation of electricity systems and mainly under the 

conditions mentioned in the introduction, each electricity company seeks to manage its 

assets more efficiently, basing itself on conditional and proactive maintenance 

methodologies. This pursues to limit the number of interruptions in the grid and thus 

avoid economic penalties that can be severe. More specifically, only one large power 

transformer's shutdown can lead to direct and indirect losses that would far exceed its 

price [7]. 

It is even more essential for large power transformers to understand which 

condition of their components indicates an abnormal operation. To systematize this point, 

it is shown in Figure 3 a drawing cut of a typical large power transformer and its main 

components. The potential and associated abnormal conditions are presented based on 

those identified. 
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Figure 3 – A large power transformer and its main components. 

2.1 Active Part 

2.1.1  Windings 

The windings' abnormal operating conditions are one of the most frequent causes 

of failures, for they can experience wear at the mechanical, thermal, and dielectric levels 

[8]. These three always appear in a coupled way, and, most often, one of the phenomena 

proves to be more significant for the appearance of failure. 

Mechanical anomalies are the loosening, displacement, or deformation of the 

windings [9,10], as shown in Figure 4 left. These anomalies originate from improper 

repair, poor maintenance, corrosion, manufacturing defects, vibrations, and mechanical 

displacements within the transformer. On the other side, windings can present high 

thermal losses in events such as a short circuit in the outer terminals. These losses usually 

give rise to “hot spots” that can lead to small ruptures or even the total copper breaking 

in the windings. 

Dielectric anomalies come from disruptions of the insulating material between 

phases. Disruption occurs due to high potential differences such that the resulting 

electric field causes ruptures within the dielectric material. These can occur between 

turns of the same phase or between phases. Often, disruption will result in the 

appearance of small short circuits that will lead to local burning of the windings [11], as 

shown in Figure 4 right. 
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Figure 4 – Examples of abnormal conditions in the windings, at left figure [9], there is a deformation of the windings. In the right 

figure [10], there is a dielectric failure (poor condition of the insulation paper). 

2.1.2 Transformer core 

One of the most frequent defects in the core [12] is shown in Figure 5. The 

displacement of the core blades due to electromagnetic forces is verified due to high eddy 

currents that circulated in them. In this situation, each conductor (blade) with an induced 

current produces a magnetic field that, when interacting with the currents circulating in 

the opposite blade, provokes electromagnetic forces in it, which causes a deformation in 

the plates [13]. Figure 6 shows an illustration of this phenomenon. If the laminations 

presented induced currents circulating in opposite directions, this would cause the 

appearance of repulsive electromagnetic forces, as occurred in Figure 5, otherwise 

appear attractive forces between laminated sheets. 

 

Figure 5 – Illustration of a power transformer case presenting mechanical deformation of the core and laminated electrical sheets 

[12]. 
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Figure 6 - Illustration of forces according to the current direction. 

2.2 Insulation system 

2.2.1  Solid insulation 

Solid insulation is based on cellulose, namely paper and pressed wooden 

impregnated with oil forming a dielectric and mechanical insulation of the windings. 

The abnormal operating conditions that arise in these elements result mainly from the 

degradation of cellulose. The degradation has three mechanisms as its basis: hydrolysis 

(decomposition of the chemical compound by reaction with water), pyrolysis 

(decomposition or transformation of the compound by the action of heat), and 

oxygenation (combination of a substance with oxygen) [14]. The hydrolysis phenomenon 

is the mechanism that contributes most to the breakdown of the long chains of glucose 

rings that make up cellulose. This degradation and aging of cellulose significantly 

contribute to the loss of dielectric and mechanical properties that lead, for example, to 

short circuits between windings. 

2.2.2  Liquid insulation 

The dielectric fluid has two objectives: insulating the transformer core and its tank 

and cooling the transformer by convection. The oil circulates through the main tank, 

absorbed by the paper (helps its cooling), giving it special dielectric characteristics. Oil 

circulation also allows the removal of heat to the environment, as the oil, when heating, 

rises and enters the pipe that leads to the radiator.  

The quality of the used oil greatly affects the properties of the insulation and cooling 

systems as particles (water, rust, and acids) appear in it due to its aging [15,16]. These 

make the oil more viscous, making its circulation difficult, thus putting the transformer's 

cooling capacity at risk. If these particles are electrical conductors, such as water, they 

can facilitate short-circuits between elements, representing a failure of the insulation 

system. 

2.3 Components and accessories 

2.2.1  Bushings 

Another type of transformer anomaly occurs in their bushings (Figure 7), which 

serve as insulation between the passage of the outer conductors and the interior 

connection to the windings; they act as a path for the current of each stage to go through 

the walls of the tank. 

The bushings can be of the capacitive or non-capacitive type, and for transformers, 

with higher operating voltages, it is usual to use the capacitive type bushings (Figure 6). 

Capacitive type bushings are classified as "OIP" (Oil Impregnated Paper - layers of oil-

impregnated paper), "RIP" (Resin Impregnated Paper - paper impregnated with epoxy 

resins), and "RBP" (Resin Bonded Paper - layers of Bakelitized paper), the manufacture 
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of the latter being practically abandoned due to problems related to partial discharges 

[17]. 

 

Figure 7 – OIP bushing and capacitive bushings scheme. 

In Figure 7 left, it is possible to visualize an OIP bushing, and in Figure 7 right, it 

represents its scheme. The bushing is composed of a central conductor covered with 

paper impregnated in oil or resin (considering only the bushings of the OIP and RIP type) 

and the external insulator, usually in porcelain. The bushing is represented by a center 

conductor and several condensers between this and the mounting flange, as represented 

from its diagram in (Figure 7 right). Between the central conductor and the capacitive 

tap (where measurements are taken), there is the capacitor C1, which represents the 

value of the total capacitance in series resulting from the different layers of electric 

potential distribution. The capacitor C2 translates the capacitance value between the 

capacitive layer C2 and the capacitive tap; it corresponds to the insulation between C1 

and the mounting flange [18]. 

Degradation of bushings, mainly those located at the high-voltage side, is essentially 

reflected in the appearance of partial discharges and the loss of dielectric properties that 

will lead to their overheating, as illustrated in Figure 8. This degradation may be due to 

the following set of factors: 

1. Contamination of insulators, due to deposition of contaminants (water, dust) on the 

surface of bushings [19], and for highly polluted places they must be washed 

regularly; 

2. Water ingress, which can enter, for example, through small cracks in the porcelain, 

which can be the result of mechanical damage to the bushing or else due to the 

bushing swelling and deflating with temperature [20]; 

3. Aging process of the bushing [21, 22]. 
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Figure 8 – Thermographic photographs of overheating bushings [23]. 

2.2.1  Tap-changer 

Tap-changer is one of the most critical components of a large power transformer 

[24] as it is one of the only that exhibits a controlled displacement (Figure 9 left). It can 

regulate the voltage and/or phase change by varying the ratio of the number of turns of 

the transformer without interrupting the load, thus allowing for the compensation of 

constant load variations. There are essentially two types of tap-changers: those using 

resistors or reactances during the switching process. The first is usually installed inside 

the tank (they can have their oil or share the oil), while the second is usually welded to 

the tank [25]. In Europe, in particular, it is usual to use resistive-type tap-changers. 

The tap-changer is composed of a “switch” switching component and a “plug 

selector” selection component, as illustrated in Figure 9 right. The entire switching 

process is driven by a single-phase induction motor placed outside the transformer. 

Variation of the number of turns ratio is intended to be carried out without 

interrupting the load current. The process always occurs by connecting the next socket 

before undoing the previous connection. To avoid the high current coming from the short 

circuit between turns, a transition impedance is inserted in the form of electrical 

resistance or reactance, thus achieving the transfer of the load current from one socket to 

the other. 

 
Figure 9 - On-load tap-changer [19]. 

In the on-load voltage regulator, abnormal operating conditions may also arise, which 

will be reflected in the operation of the transformer. Some of them are presented below.  
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1. The lack of maintenance of this equipment can lead to a desynchronization between 

the selector and the tap-changer, causing the voltage regulator not to be in the 

correct position [26,27]; 

2. Old or burnt condensers in the induction motor can lead to a loss of control in the 

direction of governor movement or even cause the governor motor to stop and make 

it impossible to change the number of turns ratio; 

3. With frequent use, commutator springs lose elasticity and may even break. In this 

case, it will not be possible to change the ratio of number of turns of regulator [28]; 

4. The voltage regulator is frequently used, which leads to wear of the entire switching 

mechanism [29], especially in the contacts responsible for the transition of plugs, 

which are subject to electric arcs. In the on-load voltage regulator, the interruption 

of current leads to the appearance of an electric arc, which leads to the formation of 

gases that are the same as those that appear in the main transformer tank due to 

dielectric failures. As such, if the tank is shared, false conclusions about dielectric 

failures and their location can result; 

5. When operating on the same contact for a long time, there is a risk of deposition of 

carbon particles, which can char due to the heat from the increased contact 

resistance. In extreme cases, as shown in Figure 10(a), the contacts' carbonization 

leads to the impossibility of operation as the contacts are stuck [30]. This anomaly is 

not very common in on-load voltage regulators, being more relevant for no-load 

voltage regulators. 

The example illustrated in Figure 10(a) occurred in a substation transformer and 

showed the occurrence of a severe failure in the regulator switch. As can be seen from 

the evolution of voltages and currents at the transformer terminals in Figure 10(b), the 

fault was reflected in the signals by the appearance of oscillations in one of the currents 

and the deformation associated with the respective voltage. 

 

 
(a) 

 
 (b) 

Figure 10 - Abnormal condition in the on-load tap-changer (a) and current and voltage 

signals at the transformer terminals (b) [30]. 
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2.2.1  Tank 

The tank contains the oil and provides physical protection and support for the 

different components of the transformer, besides ensuring the grounding of the magnetic 

circuit and the various metal parts. The tank may show cracks [31], essentially resulting 

from environmental wear and tear, such as those resulting from corrosive environments, 

high humidity, vibrations, and solar radiation. The tank walls may also be subject to 

rupture due to high-pressure gases resulting from internal arcs that vaporize the oil [32].  

2.2.2  Cooling system 

In a large power transformer, cooling is achieved through the forced circulation of 

oil and water or air. Forced circulation is based on the use of pumps and fans. There is a 

coding depending on the internal and external cooling medium and the type of 

circulation they are subject to. For example, ONAN is interpreted as having internal 

cooling medium mineral oil and external air, and the circulation in both is characterized 

by being natural. Generally, internal cooling uses mineral oil "O" forced through the 

radiators and directed from these to the "D" windings, or even if it is just forced “F.” 

External cooling uses “A” air or “W” water. For external circulation, there is “N” for 

natural air convection and “F” for forced circulation. The same transformer can have 

several types of cooling, that is, depending on the temperature and/or power to which it 

is subject, it can activate or deactivate the fans and/or pumps [33, 34]. 

The most significant anomalies in the cooling system lead to an increase in the 

temperature of the transformer oil, which affects different components of the transformer 

and can even lead to an increase in the pressure of the gases that form, leading to its 

explosion [35]. These failures can, for example, originate from cracks in the tubes where 

the oil circulates (causes a reduction in the amount of oil and leading to a reduction in 

heat exchange), or even due to anomalies in the fans due to wrong measurements of the 

thermometers or malfunction of the ventilation and pumping system. The example from 

[36] in Figure 11 makes it possible to visualize a case in which the oil level dropped and 

prevented its circulation since the radiator valves are at a lower level. 

 
Figure 11 - Transformer thermographic photograph [36]. 

Until now, we pointed out various abnormal operating conditions that lead to 

transformer failure. However, it is not straightforward to enumerate them all. Hence, we 

decided to outline the most frequent anomalies associated with each transformer system 

element. Table 1 summarizes, based on the information presented above and in [37, 38], 

the failure modes and most recurrent causes that appear in each component.  
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Table 1. Failure modes and common causes are associated with the most important transformers’ 

components. 

3. Traditional diagnostic methods  

A faulty transformer can lead to situations that are sometimes significant in terms 

of their financial, technical, and environmental consequences. Hence, the need to detect 

and identify the fault as soon as possible.  

As the price of a large power transformer is very high, simple oil analysis can be 

enough to avoid costly damage associated with a prolonged interruption of its operation. 

Hence, it will be preferable to follow the evolution and trends deduced from the 

information inferred from the analysis carried out on the oil. 

The analysis of gases dissolved in oil by itself is quite incomplete. Faults pointed out 

by the various existing methods can have different origins, giving rise to different 

failures. Based on [39, 40, 41], Table 2 summarizes at a macro level the four major types 

of failures detected by analyzing the gases dissolved in the oil and potential reasons for 

them. However, to determine the source of a failure with accuracy, it is essential to 

Component Failure Mode Event Cause 

Core Loss of efficiency 
Blade 

displacement 
- Eddy currents 

Windings Short-circuit 

Mechanical 

damage 

- Manufacturing deficiencies 

- Corrosion 

- Bad maintenance 

- Vibrations 

- Mechanical displacements 

Insulation Failure 
- Overvoltage 

- Overheating 

Solid 

insulation 

Cannot provide 

insulation 

Mechanical 

damage 
- Cellulose aging 

Insulation Failure 
- Cellulose Aging 

- Overheating 

Insulation 

fluids 

Short-circuit 
Conductive 

particles in the oil 

- Aging 

- Overheating 

Overheating Oil does not cool 
- Pumps/Fans failure 

- Particles in oil (aging and overheating) 

Bushings Overheating 

Partial discharges 

and loss of 

dielectric 

properties 

 

- Insulator contamination 

- Water inlet 

- Aging 

On-load 

voltage 

regulator 

Inability to 

change the 

number of turns 

ratio 

Mechanical 

damage 

- Breakage of springs 

- Lack of maintenance 

- Old or burnt condensers 

- Carbonization 

- Switching system wear 

Oil tank Oil leakage 
Damage to tank 

walls 

- High gas pressure 

- Environmental wear 

 

Cooling 

system 
Overheating Cooling incapacity 

- Pipe cracks 

- Particles in oil (aging and overheating) 

- Pump/fan failures 
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complement the analysis of gases dissolved in oil with other existing diagnostic methods, 

as discussed later. 

Table 2. Major failures in large power transformers with signature detected by analyzing the gases 

dissolved in the oil [39, 40, 41]. 

Cause 

Failure 

High energy 

electrical 

discharge 

Low energy 

electrical 

discharge 

Paper 

overheating 

Oil 

overheating 

Short circuit between turns of the 

windings 
X  X  

Winding open circuit X  X  

Internal LTC Operation X    

Deformation or displacement of 

windings 
 X X  

Loss of connection of the crossing 

terminals 
X X X  

Water or too much moisture in the 

oil 
X X   

Metallic particles in the oil X X   

Displacement of spacers  X   

Overload   X  

Insulation between blades damaged    X 

Rust or other core damage    X 

Obstacles to the passage of oil    X 

Cooling system malfunction    X 

3.1 Dissolved gas-in-oil analysis 

Transformer diagnosis through an analysis of gases dissolved in oil, which fits into 

the philosophy of conditional maintenance, is a very effective preventive monitoring 

tool. It allows predicting the status and initial defects that may appear during 

transformer operation. As such, it is an essential technique in determining the 

transformer’s “health status.” 

The two main causes of the formation of those gases are electrical disturbances and 

thermal decomposition. The rate at which each gas is produced depends essentially on the 

temperature and the volume of material. Transformer failure diagnosis has 8 key gases: 

hydrogen (H2), methane (CH4), ethane (C2H6), ethylene (C2H4), acetylene (C2H2), carbon 

monoxide (CO), and carbon dioxide (CO2).  

Failures detected by analyzing those gases are thermal failures, electrical discharges 

(low and high energy), and partial discharges. Thermal failures result from an excessive 

rise in insulation temperature and can occur in paper or oil. Thermal failures in oil are 

divided into several classes since, depending on the temperature, the gases formed differ. 

Here, terms as low- or high-energy electrical discharges refer to insulation disruptions 

between conductors [42, 43].  
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In Table 3, we present a color scale representing the association between the 

concentration rate of each gas and each type of failure occurring in the transformer. The 

table presented was constructed based on information collected from references [44-46]. 

The colors symbolize the different quantities of gases produced, with green being 

associated with small quantities (trace), yellow with medium quantities, and red with 

large quantities. 

Table 3. Standardization regarding gases produced in the transformer and associated failures. 

Failure H2 CH4 C2H6 C2H4 C2H2 CO CO2 

Thermal paper      
  

Thermal oil [150-300°C] 
    

   

Thermal oil [300-700°C] 
     

  

Thermal oil [ >700°C] 
     

  

Low energy discharge 
    

   

High energy discharge 

(Arc-electric) 
  

 
  

  

Partial discharge 
    

   

 

The total concentrations of the gases, their relative proportions, and the rate of 

increase of each gas makes it possible to assess the condition of the transformer. Several 

criteria allow associating these parameters with the type of failure that occurred, the most 

common currently being the method of Rogers [46], Doernenburg [47], IEC 60599 [47], 

Duval [48], Key Gas[48], and TDCG [49]. These criteria are empirical, and the results are 

based on the correlation between the detected gases. Many of them use ratios to 

determine the failure, which makes it possible to eliminate the oil volume effect and some 

sampling effects [50]. Below are some of the most used ratios and possible types of failure 

associated with [49,50]. Note that these are only significant and should only be calculated 

if at least one of the gases exceeds its typical concentration and growth rate value.  

R1:  (CH4/H2) - Partial Discharges 

R2:  (C2H2/C2H4) - Arc-electric 

R3:  (C2H2/C2H4) 

R4:  (C2H6/C2H2) - High intensity discharge 

R5:  (C2H4/C2H6) - Oil overheating > 500 °C 

R6:  (CO2/CO) - Cellulose overheating 

R7:  (N2/O2) – Oxygen consumption; sealing defect 

Below, we introduce a short description of each method and its main characteristics. 

3.1.1  IEC 60599 method 

This method classifies the anomalies according to Table 4. The ratios must be 

observed when one or more gases have high concentration or high growth. The input 

variables are the ratios R2, R5, and R1, and, instead of R1, you can also use C2H2/C2H6 

[47]. 
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Table 4. IEC method – Failures and the correspondent ratio limits [47]. 

Abbreviation Failure 
R2 

(C2H2/C2H4) 

R1 (CH4/H2) ou 

C2H2/C2H6 
R5 (C2H4/C2H6) 

PD Partial Discharges 
Negligeable 

value 
<0.1 <0.2 

D1 
Low Energy 

Discharges 
>1.0 0.1– 0.5 >1.0 

D2 
High Energy 

Discharges 
0.6– 2.5 0.1– 1.0 >2.0 

T1 
Termal Failure  

T<300 ºC 

Negligeable 

value 

Negligeable 

value 
<1.0 

T2 
Termal Failure 

300ºC<T<700ºC 
<0.1 >1.0 1.0 – 4.0 

T3 
Termal Failure     

T<700 ºC 
<0.2 >1.0 >4.0 

 

3.1.2  Duval method 

Duval's method interprets dissolved gases through a triangle of relative percentages 

of CH4, C2H2, and C2H4 gases. The triangle is shown in Figure 12, where the different 

colored regions are associated with different faults. The relative percentage of each gas 

is obtained by dividing the quantity (in ppm) of the gas by the sum of the quantities of 

the three gases [51]. For example, to get the relative percentage of CH4: 

%𝐶𝐻4 =
CH4

CH4+ C2H2+C2H4 
,                 (1) 

where CH4, C2H2, and C2H4 represent the amounts of the respective gases in ppm.  

 

Figure 12 - Duval's triangle and associated faults [51]. 

3.1.3  Key gas method 

The faults are qualitatively determined by the concentration of the different key 

gases (in ppm) based on the typical or predominant gases at various temperatures. In 
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Table 5, the classification of the types of failures according to the associated key gases is 

presented [47]. 

Table 5. Key Gas Method – Key gases and associated failures [47]. 

 

3.1.5  Doernenburg's method  

This method suggests three types of faults: thermal, electric arc, and low-energy 

discharge (corona). This method only considers its use when the concentrations of H2, 

CH4, C2H2, and C2H4 exceed twice the established limits and the concentrations of CO 

and C2H6 gases exceed three times the established limits. However, the method is 

complex and often leads to “none interpretation” [47]. In Figure 13, the flowchart of the 

procedure to be carried out to obtain the transformer diagnosis is presented. The L1 limit 

is specified for each gas and is shown in Table 6, being enough for one gas to exceed the 

limit to advance. 

 

Figure 13 – Doernenburg’s method – [47]. 

Key Gases Failures Typical emission proportion 

H2 e C2H2 

High energy 

electrical 

discharge 

Large amounts of H2 and C2H2. Small quantities of CH4 

and C2H4. Formation of CO2 e CO indicates paper 

combustion. 

H2 

High energy 

electrical 

discharge, partial 

discharge 

Mainly H2. Small amounts of CH4. Trace elements of C2H4 

and C2H6. 

C2H4 Oil overheating 
Mainly C2H4. Reduced quantities of C2H6, CH4, and H2. 

Residues of C2H2, with large temperature failures. 

CO Paper overheating Mainly CO and CO2. 

H2 Electrolysis Mainly H2. 
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Table 6. Limit L1 specified for each gas and its values that cannot be exceeded. 

Gases Limit L1 (ppm) 

H2 100 

CH4 120 

CO 350 

C2H2 35 

C2H4 50 

C2H6 65 

3.1.6  TDCG Method ("Total Dissolved Combustible Gas") 

This methodology is present in North America's history, as it had its initial 

application as an important tool in analyzing gases in mines [48]. It does not offer a 

diagnosis related to transformer failures. However, it is relevant in indicating the 

variation of gas levels. In ppm, the TDCG value is obtained from H2, CH4, C2H2, C2H4, 

C2H6, and CO gases, computing the augmenting rate by making the difference between 

the TDCG values of two samples divided by the time (days) between samples. The TDCG 

limits, sample intervals, and suggested operating procedures are presented in Table 7. 

Table 7. TDCG Method - Limits and operating procedures [48]. 

TDCG level 

(ppm) 

 TDCG 

Generation 

Rates 

(ppm/day) 

Sampling Intervals and Operating Actions for 

Gas Generation Rates 

Sampling 

Interval 
Operating Procedures 

<720 

<10 Twice a year 
Continue normal operation. 

10-30 Quarterly 

>30 Monthly 

Caution is necessary. Analyze individual 

gases to find the cause. Determine load 

dependence. 

721-1920 

<10 Quarterly Caution is extremely necessary. Analyze 

individual gases to find the cause. 

Determine load dependence. 

10-30 
Monthly 

>30 

1921-4630 

<10 Monthly Exercise extreme caution. Analyze 

individual gases to find the cause. Plan 

outage. 

10-30 
Weekly 

>30 

>4630 

<10 Weekly Exercise extreme caution. Analyze 

individual gases to find the cause. Plan 

outage.  
10-30 

Daily 

>30 Consider removal from service. 

3.1.7  CO2/CO ratio 

The CO2/CO ratio is usually used as an indicator of the thermal decomposition of 

cellulose, and only for ratio values lower than three should this indication be taken into 

account [42]. 

3.1.8  Rogers method 

A simple method of diagnosing transformer faults. Its validity is based on the 

correlation of the results of many failures identified with the analysis of the gases in each 
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case. Table 8 summarizes how the corresponding associated faults are attributed, 

according to the values of the ratios chosen in this method. 

Table 8. Rogers Method – Relationship between ratios and failures [46]. 

Ratio R1 

(CH4/H2) 

Ratio R2 

(C2H2/C2H4) 

Ratio R5 

(C2H4/C2H6) 
Failure 

0.1-1.0 <0.1 <1.0 Normal operation. 

<0.1 <0.1 <1.0 Low energy electrical discharge 

0.1-1.0 1.0-3.0 >3.0 High energy electrical discharge 

0.1-1.0 <0.1 1.0-3.0 Low temperature thermal failure 

>1.0 <0.1 1.0-3.0 Thermal failure <700ºC 

>1.0 <0.1 >3.0 Thermal failure >700ºC 

 

3.2 Oil quality 

Several tests are carried out on the oil to verify its contamination, deterioration 

status, and electrical properties. Electrical, physical, and chemical tests (dielectric 

strength, power factor, interfacial tension, color, sludge and sediment, acidity index, 

relative humidity, kinematic viscosity, and particle content, among others). Table 9 

presents some of the methods and standards for each of the most important tests [52]. 

Table 9. Oil quality tests and standards/methods [52]. 

Test Standard/ ASTM method IEC 

Color  ASTM D1500 ISO 2049 

Interfacial voltage ASTM D971 ISO 6295 

Visual inspection ASTM D1524 - 

Breakdown voltage ASTM D1816 IEC60156 

Dissipation factor ASTM D924 IEC247 

Neutralizing number ASTM D664 IEC62021 

Water content ASTM D1533 IEC60814 

 

3.2.1  Color 

This test allows you to gain insight into the state of the oil quickly. The evaluation 

is made by comparison with normalized standards, assigning an oil color number. Rapid 

color changes or high color numbers are associated with advanced aging and/or oil 

contamination [53]. 

3.2.2  Interfacial voltage 

The interfacial voltage value, which determines the tension at the interface between 

two liquids (oil and water), indicates soluble polar contaminants in the oil [53]. 

3.2.3  Dielectric Breakdown Voltage 

The dielectric breakdown voltage measures the oil's ability to withstand electrical 

voltages. The test is carried out by immersing two electrodes in oil at a distance, as shown 

in Figure 14. Subsequently, several levels of alternating voltage are applied until the 

break occurs. Contaminants such as water, sediment, and conductive particles reduce 

the breakdown voltage level [53]. 
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Figure 14 - Dielectric breakdown voltage measurement test [36]. 

3.2.4  Dissipation factor 

The dissipation factor measures the loss angle (tan δ) and indicates the leakage 

current flowing through the oil. With the deterioration or contamination of the oil, the 

value of the loss angle increases, and, for new oils, it is expected to obtain typical values 

lower than 0.005 [53]. 

3.2.5  Neutralizing number 

The neutralizer number or acidity value is an indicator of the 

oxidation/decomposition of the oil. However, acids in the oil can also arise from outside 

sources such as a polluted atmosphere. These acids, together with water, can lead to 

corrosion inside the transformer [53]. 

3.2.6  Water content 

The water content is a very important parameter to control, as it accelerates the 

insulation aging process and, at the same time, is one of the products resulting from this 

process. A more detailed explanation of this test and its importance is given in section 

4.3. 

3.2.7  Limits 

Table 10 presents the limits suggested in [54] for some of the tests carried out to 

determine the quality of transformer oil. 

Table 10. Transformer oil quality tests and their limits. 

Test 
Value according to voltage classes 

≤ 69 kV 69 kV - 230 kV ≥ 230 kV 

Dielectric breakdown voltage [kV] for 1mm 

electrode distance (minimum value) 
23 28 30 

Interfacial tension [mN/m] (minimum value) 25 30 32 

Neutralizing number [mg KOH/g] (maximum 

value) 
0.2 0.15 0.1 

Water content [ppm] (maximum value) 35 25 20 

 

3.3 Degree of polymerization 

The degree of polymerization is defined as the number of glucose rings in a cellulose 

macromolecule (Figure 15). It provides an indication of the state of the paper and the 

mechanical stress of the insulation system. This can be measured indirectly through the 

analysis of furanic compounds or directly measured through paper samples. 
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Figure 15 - Chemical structure of cellulose molecule [55]. 

The degree of polymerization is defined as the number of glucose rings present in a 

cellulose macromolecule. It indicates the paper's condition and the mechanical strength 

of the insulation system. This can be measured indirectly via an analysis of furan 

compounds or directly through paper samples. The Arrhenius equation (2) is used to 

estimate the degree of polymerization (𝐷𝑃) at a given time 𝑡 after its initial measurement. 

It depends on activation energy (𝐸𝑎), chemical environment (𝐴), hotspot temperature (𝑇), 

and gas constant (𝑅). 

1

  𝐷𝑃(𝑡)
−

1

𝐷𝑃(0)
= 𝐴. 𝑒−

𝐸𝑎
𝑅.𝑇. 𝑡 = 𝑘𝑡                  (2) 

Where 

𝐷𝑃(𝑡) and 𝐷𝑃(0) correspond to the 𝐷𝑃 at time t and start, respectively. 

𝐴 – constant that depends on the chemical environment. 

𝐸𝑎 - activation energy of the reaction, in kJ/mol 

𝑅 - perfect gas constant (8,314 J/mol/K) 

𝑇 - absolute temperature, in K 

𝑘 – speed constant (aging) 

3.3.1  Analysis of furanic compounds 

Furanic compounds are a group of organic components formed by the deterioration 

of cellulose material (paper) in the transformer. Overheating with moisture and 

oxidation accelerate paper deterioration, resulting in furanic compounds, which dissolve 

in the oil. An analysis by high-pressure, high-resolution liquid chromatography allows 

characterizing the degree of polymerization of cellulose indirectly. 

The value of the degree of polymerization obtained through the analysis of furanic 

compounds refers to the average value of the entire solid insulation structure. As paper 

does not age uniformly, there may be regions where degradation is more severe. As 

described above, the high CO2 and CO levels indicate the need to analyze furanic 

compounds. The five main types of furanic compounds that can form are: 

a) 2-furfuraldehyde (2FAL) 

b) 2-acetylfuran(2ACF) 

c) 2-furfuryl alcohol (2FOL) 

d) 5-methyl-2-furfuraldehyde (5MEF) 

e) 5-hydroxy-methyl-2-furfuraldehyde (5HMF) 

The measurement of furanic compounds in mineral oil is carried out following the 

IEC 61198 standard. Several methods relate the degree of polymerization with furanic 

compounds found in the oil. We highlight the Chendong method [56] (eq. 3) applicable to 

transformers with kraft paper, the Stebbins method (eq. 4) [56], which results from a 

modification of the Chendong method for transformers with thermally improved paper, 

the De Pablo method (eq. 5) [56] which was developed based on the theory of cellulose 

chain splitting and the Pahlavanpour method (eq. 6) [56], which is a modification of the 

De Pablo method where it is considered that the aging of the paper is not uniform. It is 

assumed that 20% of the inner layers near the winding degrade at twice the speed, which 
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associates the degree of polymerization with the concentration of furanic compound 

2FAL [56]. 

Chendong:      𝐷𝑃 =
1,51−log ([2𝐹𝐴𝐿]𝑝𝑝𝑚)

0,0035
                  (3) 

Stebbins:       𝐷𝑃 =
1,655−log([2𝐹𝐴𝐿]𝑝𝑝𝑚)

0,0035
                  (4) 

De Pablo:          𝐷𝑃 =
7100

8,8+[2𝐹𝐴𝐿]𝑝𝑝𝑚
                  (5) 

Pahlavanpour:        𝐷𝑃 =
7100

8,8+[2𝐹𝐴𝐿]𝑝𝑝𝑚
                  (6) 

3.3.2  Direct measurement through paper samples 

To directly determine the degree of polymerization, a paper sample is required. 

However, it is necessary to take the transformer out of service. The value is obtained by 

viscosimetric measurement according to the IEC 60450 standard. Once again, the value 

obtained cannot be generalized for the entire winding.  

3.4 Frequency response analysis 

With the analysis of the transformer's frequency response, it is possible to detect any 

deformations in the windings by comparison with a previously obtained frequency 

response reference. Differences in resonance frequency or magnitude are related to 

changes in inductances and capacities, which are defined according to the physical 

dimensions and materials of the transformer. This frequency response is obtained by 

imposing a voltage pulse at the transformer's input and measuring the frequency 

spectrum of its response at the output obtained by the Fourier Transform. This method, 

however, requires taking the transformer out of service. However, there are currently 

attempts to carry out this test in service, in which electrical transients that already exist 

in the electrical network are used. This measurement is currently simple to perform. 

However, the interpretation of the results is a little complicated, and a consensus is often 

not reached [34], [4]. 

3.5 Power factor 

Power factor or loss factor is an important measure in monitoring the condition of 

the transformer and crossovers. The power factor refers to the quotient between the 

leakage current of the resistive component and the capacitive component, which result 

from the application of an alternating voltage. If the insulation were perfect, the 

capacitive component of the current would naturally be in advance of 90° relative to the 

voltage. However, as there are Joule losses, this advance is less than 90°, as the resistive 

component increases with the deterioration of the dielectric. This test is done to 

determine the insulation condition between windings and compartments, and it only 

indicates the general state of the insulation system [40]. 

3.6 Excitation current 

The measurement of the excitation current, performing a no-load test, allows the 

identification of faults in the magnetic circuit and the windings of single-phase or three-

phase transformers, such as short-circuited windings open-circuit problems in the 

voltage regulator, and also failures in the electrical connections. When any of these 

problems occur, the reluctance of the magnetic circuit changes, which affects the current 

needed to impose a magnetic flux on the core. Test results should be compared with 

previous tests or other phases (in the three-phase) [4]. 

3.7 Leakage reactance 

Also called short-circuit testing, leakage inductance measurement is a traditional 

method to detect changes in winding geometry and the core. These deformations alter 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 March 2022                   doi:10.20944/preprints202203.0285.v1

https://doi.org/10.20944/preprints202203.0285.v1


 21 

the magnetic flux and, consequently, the leakage inductance. The values obtained are 

compared with information from the nameplate, previous tests, or similar transformers 

[4]. 

3.8  Electrical insulation resistance 

This test is usual. However, it is not standardized due to the variability of results 

depending on the environment at the time of measurement (temperature, humidity, level 

of impurities in the insulation materials). The electrical insulation resistance provides 

information about its state [4]. 

3.9  Electrical resistance of windings 

The electrical resistance of each winding is measured in direct current. It is necessary 

to measure and record the temperature associated with each resistance measurement, as 

the temperature varies the resistance. This test indicates the status of the windings and 

the voltage switch. A variation of more than 5% with respect to the information on the 

nameplate indicates serious damage to the conductor [4]. 

3.10  Partial electrical discharges 

The partial discharge test is essentially qualitative. Partial discharges result from 

local dielectric disruptions in the insulation system. The intensity and frequency of 

partial discharges are a good indicator of the state of the insulator, as they increase along 

with the corrosion and decomposition of the insulating material. Partial discharges 

generate electromagnetic waves, acoustic waves, local overheating, and chemical 

reactions. To understand its location, both acoustic and electrical signals must be 

measured. There is already some continuous monitoring equipment based on the 

measurement of these two variables [41]. 

3.11  Relationship between turns 

Coils are subject to electrical and mechanical wear, which can cause short circuits or 

open circuits. The ratio of the number of turns (N2/N1) is related to the quotient between 

the secondary voltage (V2) and the primary voltage (V1), that is, V2/V1≈N2/N1. The 

value of the ratio between turns must not deviate more than 0.5% from the ratio between 

the nominal voltages of the windings stipulated on the nameplate. 

3.12  Return voltage and polarization currents 

The restoration voltage method allows access to the water content and insulation 

system's degradation level. This test is carried out by charging the insulator's dielectric 

structure with electrical charges by applying a voltage pulse, then creating a short-circuit 

through an external impedance. The signal obtained when removing the external 

impedance allows characterizing the state of the insulation system. By analyzing the 

frequency response of the polarization and depolarization currents, it is also possible to 

perceive the condition of the insulating material [4]. 

3.13  Mechanical vibrations 

Transformer vibrations originate in the core, induced by magnetostriction (change 

in the shape of the ferromagnetic material due to a change in the magnetic field which 

leads to core vibration), and vibrations in the windings, induced by electromagnetic 

forces (interaction force between the current of the windings and the dispersion field, 

resulting in its vibration of the windings). The excitation frequency of the core and 

windings is twice the frequency of the alternating current, as the forces vary with the 

square of the voltage and the current of the electrical signal, respectively. It is also known 

that the core presents vibration frequencies of greater magnitude due to the non-

linearities of the core's magnetostriction. 
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To measure these vibrations, sensors (accelerometers) are installed on the sides and 

top of the transformer tank. Several sensors are placed to reduce uncertainty due to the 

dimensions and complexity of the transformers. The obtained signals are generally 

transmitted through an optical cable and registered in a specific device. With these 

signals, it is then possible to detect the condition of the windings and the magnetic circuit 

[42]. 

3.14  Temperature 

The load capacity of transformers is limited by the temperature of the windings 

(which is not uniform). The traditional method for estimating the temperature of 

windings is to measure the temperature at the top and bottom of the tub. The real limiting 

factor is the “hot spot” located on top of the transformer that is not directly accessible. 

Sensors have been developed to directly measure the temperature of the “hot spot” of 

the windings, the most reliable of which seem to be fiber optics. These sensors are placed 

on the spacers or on the conductors to be monitored. The hot spot temperature, according 

to IEC, must not exceed 98°C [41]. 

3.15  Infra-red test 

Direct monitoring via thermographic images obtained by infrared testing is 

important to prevent abnormal operating conditions and protect the insulation material. 

The high temperatures in the transformer, especially the “hot spot,” contribute to oil 

decomposition, paper deterioration, and power losses. With this test, it is possible to 

locate the hot zones at a temperature higher than the external surface of the transformer. 

Four colors are displayed in the thermal image: white, red, blue, and black. Warmer 

zones appear in white and red and cooler zones in black and blue [34]. 

3.16 Bushings condition 

Transformer bushings are one of the most frequent causes of breakdowns in it, and 

in most cases, the breakdowns result from water ingress. Those in contact with the 

outside suffer greater deterioration and are more vulnerable to external accidents. The 

techniques used to monitor the transformer bushings are adaptations of the 

abovementioned techniques (analysis of gases dissolved in oil, oil quality, partial 

discharges, infrared thermography, power factor, temperature, etc.) [4]. 

3.17 Tap-changer condition 

The transformer's voltage regulator can focus on various abnormal operating 

conditions. Adding to this, the voltage regulator is one of the few transformer elements 

that perform mechanical movements. It is subject to greater wear. As such, monitoring 

this type of apparatus is essential. The monitoring and analysis of the temperature in the 

resistance of the motor windings of the power supply that drives the commutator, the 

gases dissolved in the oil, and its vibration pattern stand out [4]. 

 

4. Online diagnostic models for power transformers 

After reviewing the diagnostic methodologies of power transformers, it is 

interesting to understand which ones have monitoring applications automatically and 

continuously over time and how they can be applied. Monitoring is done through 

multiple sensors that capture some variables that make it possible to determine the status 

of the transformer and its components. 

Continuous monitoring overtime automatically allows companies that have 

transformers to monitor the status of their assets "minute-by-minute," as such, it has the 

advantage of allowing early detection of anomalies, preventing them from evolving into 

situations with large technical and economic losses. 
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4.1 Thermal model 

It is essential to monitor the temperature of the transformer, especially the hotspot, 

which is somewhere on the top of the transformer, as shown in Figure 16, to increase 

operating efficiency and reduce the probability of transformer shutdown. Another 

important measure of temperature is the top oil, which represents the temperature at the 

top of the transformer oil. It is possible to obtain the hot spot temperature directly, 

through a fiber optic system, or indirectly, through models that estimate it. 

The calculation of the hot spot temperature, according to [43], is essentially based 

on the diagram in Figure 16, which is based on the following hypotheses: 

1. The oil temperature in the transformer tank increases linearly between the bottom 

and the top, regardless of the type of cooling; 

2. The temperature along the winding also increases linearly between the bottom and 

the top, regardless of the type of cooling. For the same horizontal position, this 

temperature always exceeds that of the oil by the value of a constant gr (gradient 

between the average temperature of the windings and the oil); 

3. The temperature rise of the hot spot is greater than the temperature rise of the 

winding on top of the winding. The difference is determined by multiplying the 

constant gr by the hot spot factor (HSF). 

 

Figure 16 - Diagram for the thermal model of the power transformer [43]. 
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In [43], it is indicated that it is possible to estimate the temperature at the top of the 

oil (𝜃0) through equation (4.1), which depends on the ambient temperature (𝜃𝑎), the load 

factor (K), which is calculated by dividing the rms value of the current at its nominal 

value, the ratio between the load losses at the nominal current and the no-load losses (R), 

the exponent of the total losses versus the increase in temperature at the top of the oil (x), 

the increase in steady-state temperature under nominal loss conditions (Δ𝜃𝑜𝑟), the 

average of the oil's thermal time constants (𝜏0) and the thermal model constant (𝑘11). 

[
1+𝐾2.𝑅

1+𝑅
]

𝑥

. (Δ𝜃𝑜𝑟) = 𝑘11. 𝜏0.
𝑑𝜃0

𝑑𝑡
+ [𝜃0 − 𝜃𝑎]           (7) 

To obtain the hot-spot temperature (𝜃ℎ), it is necessary to add to the top oil 

temperature (𝜃0) the gradient between the hot-spot temperature and the top oil 

temperature with the considered load (Δ𝜃ℎ). To facilitate the calculation of this gradient, 

it is divided into two differential equations (4.3) and (4.4), and then the resulting 

gradients, ∆𝜃ℎ1 and ∆𝜃ℎ2 (equation (4.2)), is added. 

∆𝜃ℎ = ∆𝜃ℎ1 − ∆𝜃ℎ2               (8) 

𝑘21. 𝐾𝑦. (∆𝜃ℎ𝑟) = 𝑘22. 𝜏𝑤 .
𝑑∆𝜃ℎ1

𝑑𝑡
+ ∆𝜃ℎ1            (9) 

(𝑘21 − 1). 𝑘𝑦 . (∆𝜃ℎ𝑟) =
𝜏0

𝑘22
 .

𝑑∆𝜃ℎ2

𝑑𝑡
+ ∆𝜃ℎ2            (10) 

The remaining symbols of variables or parameters that appear in these three 

equations are the thermal model constants (𝑘21 and 𝑘22), the winding time constant (𝜏𝑤) 

and the current exponent versus the winding temperature rise (𝑦). 

For normal charge cycles, the maximum oil top temperature is 105ºC, and the hot 

spot temperature is 120ºC. The standard also suggests values for the characteristic 

parameters of the power transformer according to the type of cooling, which are 

presented in Table 1 [43]. 

Table 11. Transformer oil quality tests and their limits for different cooling methods. 

Test measure 

ONAN  

(“Oil natural air 

natural”) 

ONAF 

(“Oil natural air 

forced”) 

OF(a) 

(“oil forced”) 

OD(b) 

(“oil-directed”) 

x 0,8 0,8 1,0 1,0 

y 1,3 1,3 1,3 2,0 

R 6,0 6,0 6,0 6,0 

𝝉𝟎 (min) 210 150 90 90 

𝝉𝒘 (𝐦𝐢𝐧) 10 7 7 7 

𝜟𝜽𝒐𝒓 (K) 52 52 56 49 

∆𝜽𝒉𝒓 (K) 26 26 22 29 

k11 0,5 0,5 1,0 1,0 

k21 2,0 2,0 1,3 1,0 

k22 2,0 2,0 1,0 1,0 

(a) OF includes OFAN, OFAF, OFWF cooling types. 

(b) OD includes ODAN, ODAF, ODWF cooling types 

An example of calculation using the differential equations in (4.1), (4.3), and (4.4) is 

described in [43], which emphasizes the fact that the sampling time must be lower than 
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half the time constant of the windings (τw), which is in the order of 7 minutes. Thus, the 

sampling period should be less than 3 minutes. If there is still information on the type of 

cooling at each moment, the constants must correspond to this one. In other words, if the 

transformer is ONAN in an instant, for calculation purposes, the constants referring to 

this type of cooling must be used. If at another moment the type of cooling changes to 

ONAF, the constants must be changed according to the table to those that correspond to 

ONAF cooling. 

4.2 Model for estimating water content in insulation (paper and card) and temperature of water 

bubbles 

The condition of the insulation is an essential aspect in the reliability of transformer 

operation, as transformers with high water content in the paper have a higher aging rate 

(acceleration of paper decomposition) and cannot withstand, without risk, higher loads 

since there is a greater possibility of bubble formation [44]. These are formed when there 

is an increase in temperature, causing the absorbed water to evaporate with high steam 

and pressure in the inner layers of the paper. If the pressure is too high, it leads to the 

expulsion of oil from the paper layers and the formation of bubbles on the surface of the 

insulation, leading to a decrease in the dielectric capacity [45]. 

The water in power transformers is mostly dissolved and can move between oil and 

solid insulation. However, some water is associated with by-products resulting from oil 

oxidation, which is only partially available for migration. Most water is found in solid 

insulation (paper and cardboard). The average water content in it is almost constant 

under normal conditions over time, the opposite being true for oil. An example of the 

water content distribution in a 25 MVA transformer [46] is presented in Table 12, in 

which the above is illustrated. 

Table 12. Water distribution in a 25 MVA transformer for different temperatures. 

Insulation 40°C 80°C 

Oil (25000 l) 10 ppm 0,25 kg 80 ppm 2,0 kg 

Paper (2500 kg) 3 % 75 kg 2,93% 73,25 kg 

Total  75,25 kg  75,25 kg 

 

Water appears in the transformer through three distinct sources [47]: 

• Residual water that comes from manufacturing – During manufacturing, water is 

installed in the different components of the transformer and, despite drying, there is 

always a portion of water that remains, typically 0.4-1%; 

• Entry from the atmosphere – The atmosphere is considered the main source of water 

for transformers, which can enter, for example, by exposure to humid air during 

installation or repairs and due to cracks that expose the inside of the transformer; 

• Aging of oil and cellulose – The decomposition of cellulose, which essentially consists 

of breaking the bonds of glucose chains, is reflected in the appearance of water and other 

compounds. Oil oxidation also contributes to water formation. The normal annual water 

increase is approximately 0.1% [47]. 

Measurement methods 

There are several ways to measure water content on paper, divided into direct and 

indirect. The direct measurement method extracts a paper sample and is performs Karl 

Fischer titration [47]. To access the water content of the paper or cardboard insulation 

indirectly, one takes samples from the water content in oil or measures electrical 

quantities, such as the power factor or the dielectric response. The simplest and most 
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common method is measuring the water content in oil. The methodology consists of 

three steps: 

• Obtaining an oil sample from the transformer in service; 

• Measurement of water content in oil (ppm) through Karl Fischer titration; 

• Estimation of water content in paper or board insulation (%) using equilibrium 

curves. Figure 17 shows an example of these curves published by Oomen in 1984 [46]. 

 

Figure 17 – Oomen equilibrium curves, adapted from [47].  

The applicability of these curves is subject to thermodynamic equilibrium. 

However, in practice, thermal stability conditions are never achieved. In addition to 

transformer load variations, the transformer is subjected to daily and seasonal 

temperature variations. Thus, balance curves cannot be directly applied. Other relevant 

errors are described in [47], such as: obtaining different results using different curves and 

the existence of different water contents along the winding due to the temperature 

gradient. 

Calculation of water content in the paper 

To estimate the water content of the paper, it is common to use the Fessler equation 

(11) [46]. He combined data from Houtz, Ewart, Oomen, and their experiment [48] to 

obtain an equation that allows estimating the water content in the paper (WCP) through 

temperature (𝑇) and water vapor pressure (𝑝) exercised by the role. 

𝑊𝐶𝑃 = 2,173. 10−7. 𝑝0,6685. 𝑒
4725,6

𝑇+273,15            (11) 

Through the definition of relative saturation (RS) [45], it is possible to associate the 

pressure (𝑝) with the water-in-oil content (WCO). Equation (4.6) represents the relative 

saturation of an ideal gas or liquid and is defined as the ratio of WCO and water-in-oil 

solubility (WS). In contrast, equation (12) refers to a solid and is defined as the ratio 

between the water vapor pressure (𝑝) exerted by the paper and the saturation water 

vapor pressure (𝑝𝑆) [45]. 

𝑅𝑆 =
𝑊𝐶𝑂

𝑊𝑆
. 100%                (12) 

𝑝
𝑐𝑒𝑙𝑢𝑙𝑜𝑠𝑒

= 𝑝
ó𝑙𝑒𝑜

= 𝑝
𝑎𝑟

                (13) 

Under thermodynamic equilibrium conditions, which are obtained when thermal, 

mechanical, and chemical equilibrium is reached, the migration of water molecules 
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within the materials and the migration between oil and cellulose tends to zero [45]. This 

corresponds to equal vapor pressure in the different materials (equation (4.8)). 

𝑅𝑆 =
𝑝

𝑝𝑆
. 100%                 (14) 

Thus, under these conditions, the relative saturation also takes the same value in 

different adjacent materials, as indicated in equation (15). 

𝑅𝑆𝑐𝑒𝑙𝑢𝑙𝑜𝑠𝑒 = 𝑅𝑆ó𝑙𝑒𝑜 = 𝑅𝐻𝑎𝑟              (15) 

Using the equality of (15) in (12) and (13), we obtain: 

𝑊𝐶𝑂

𝑊𝑠
=

𝑝

𝑝𝑆

                    (16) 

The solubility of water in oil (WS) is calculated using equation (17) [45]. 

𝑊𝑆 = 10
−

𝐵

𝑇+273.15
+𝐴

                 (17) 

In [25], it is suggested that B takes the value of 1567 and A the value of 7.0895. 

However, parameters A and B vary depending on the oil and its condition. 

To determine the water vapor pressure, it is also necessary to calculate the 

saturation water vapor pressure. In 1981, Buck [49] came up with an expression for its 

calculation (4.12). 

 𝑝
𝑆

= 0,00603. 𝑒
17,502×𝑇

240,97+𝑇                 (18) 

It is concluded that the water vapor pressure is estimated by equation (19), which 

results from the substitution of (17) and (18) in (16). 

𝑝 =
𝑊𝐶𝑂

10
−

𝐵
𝑇+273,15+𝐴

∗ 0,00603 ∗ 𝑒
17,502×𝑇

240,97+𝑇            (19) 

Finally, the water content of the paper is estimated by substituting (19) for (11). As 

seen before, this value has some inherent errors, which can be reduced by making a long-

term average, thus obtaining an approximation of the equilibrium condition [47]. 

It is proved in [49] that an average of seven days offers a good accuracy of the water 

content in solid insulation for those seven days. That is, weekly averages are 

recommended. It is also suggested that by making a moving window average of the 

seven previous days, it is possible to obtain valid values of daily water content instead 

of weekly. 

Temperatures considered in the previous equations.  

The temperatures of the equations vary, and for equation (17), the temperature must 

be the temperature at the oil harvesting site for measuring the water content in the oil 

(Temperature 3 in Figure 18), the temperature of the other equations is associated with 

the temperature of the paper. The water content of the paper at the bottom (WCP 2) or 

top (WCP 1) can be estimated. The temperatures to be used are the lower part 

(Temperature 2) and the upper part (Temperature 1). The water content in the paper will 

be higher in the lower part of the transformer since the temperature is lower there, so 

there is less water transfer into the oil. However, there is a greater risk of forming bubbles 

in the upper part because the temperature is higher. 
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Figure 18 –Temperatures for calculating water content in solid insulation. 

Limits and definitions.  

The IEEE C57.106-2002 standard suggests maximum percentages of water in the 

solid insulation system [25] depending on the transformer voltage rating: 

• <69 kV, 3% maximum 

• 69 kV-230kV, 2% maximum 

• >230 kV, 1.25% maximum 

Other existing standards only assign ratings for water content. For example, in [46], 

the IEEE 62 – 1995 standard recommends the following attribution of water percentages: 

• Dry insulation, 0 - 2% 

• Wet insulation, 2 - 4% 

• Very wet insulation, >4.5% 

Limits and definitions.  

An important measure to monitor the water content of the paper is the temperature 

at which water bubbles can occur. In [44], two relations that allow calculating the 

temperature of origin of water bubbles are referred to. The first (20) is an empirical 

formula suggested by Oommen and Lindgren [44], depending on the WCP, the total 

pressure acting on the bubbles (P), and the total gas content in the oil (g). 

𝑇 = [
6996,7

22,454+(1,4495.ln(𝑊𝐶𝑃))−ln(𝑃)
] −  [𝑒0,473∗𝑊𝐶𝑃 ∗ (

𝑔

30
)

1,585

]         (20) 

The other equation (21) was published by Koch and Tenbohlen [44] and uses two 

parameters that depend on the material (A and B) and the WCP. Some typical values of 

these parameters are available in Table 13, which depend on the type of oil and the 

condition of the insulating kraft paper. 

𝑇 = 𝐴 × 𝑒𝐵∗𝑊𝐶𝑃                (21)  
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Table 13. Parameters to be used in equation (4.21) 

Oil Paper A B 

Shell Diala D (new) New 195,5 -0,11186 

Shell Diala D (new) 
Improved,  

thermically new 
237,7 -0,13718 

Shell Diala K 6 SX 

(used) 

Improved,  

thermically used 
178 -0,07338 

4.3 Transformer Aging Model 

The aging model aims to estimate the state of solid insulation over time, which is 

extremely useful since there is no direct access to solid insulation instead of liquid 

insulation. 

It is possible, as mentioned above, to estimate the degree of polymerization of the 

solid insulation after t years after its determination from equation (3.2). It is also possible 

to determine the remaining lifetime by imposing a final polymerization degree, generally 

200. 

The activation energy of the reaction (Ea) takes as its expected value 111 kJ/mol. The 

constant that depends on the chemical environment (A) varies with water content, 

oxygen content, and acidity, the latter being less important. It is possible to update the 

estimate of the degree of polymerization depending on the sampling time of 

temperature, water content, and oxygen content. The temperature will be the hot spot, 

considered the worst case. 

In [50], the value of the constant A was determined for low, medium, and high 

oxygen concentration, all for WCP of 0.5%, 1.6%, and 2.7%, and two types of paper, kraft, 

and thermally improved kraft, the determined values are shown in Table 14. From here, 

it is possible to determine the equations that enable the calculation of the constant A for 

thermally improved kraft paper by polynomial interpolation [51], as it was done for 

equations (22), (23), and (24), the equations obtained are (25), (26) and (27). 

Kraft paper. 

- Low oxygen content in oil (O2 < 6000 ppm): 

𝐴 = 1,78. 1012. (
𝑊𝐶𝑃

100
)

2

− 1,10. 1010. (
𝑊𝐶𝑃

100
) + 5,28. 107         (22) 

- Average oxygen content in the oil (7000 ppm < O2 < 14000ppm): 

𝐴 = 1,30. 1011. (
𝑊𝐶𝑃

100
) − 1,84. 108                (23) 

- High oxygen content in oil (16500 ppm < O2 < 25000 ppm): 

𝐴 = 1,71. 1011. (
𝑊𝐶𝑃

100
) + 1,55. 108                (24) 

Thermally improved Kraft paper. 

- Low oxygen content in oil (O2 < 6000 ppm): 

𝐴 = 2,26281. 1012. (
𝑊𝐶𝑃

100
)

2

− 2,9119. 1010. (
𝑊𝐶𝑃

100
) + 1,56625 ∗ 108      (25) 

- Average oxygen content in the oil (7000 ppm < O2 < 14000ppm): 
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𝐴 = 3,13223. 1012. (
𝑊𝐶𝑃

100
)

2

− 1,7686. 1010. (
𝑊𝐶𝑃

100
) + 2,13124. 108      (26) 

- High oxygen content in oil (16500 ppm < O2 < 25000ppm): 

𝐴 = 2,6405. 1012. (
𝑊𝐶𝑃

100
)

2

+ 9,0095. 1010. (
𝑊𝐶𝑃

100
) − 8,74876. 108      (27) 

Table 14. Constant 𝐴 depends on water content, oxygen concentration, and paper type [50]. 

Paper type 
Oxygen concentration in oil 

Water content on paper A 

Kraft paper 

Low 

0,5% 1,42.108 

1,6% 6,80.108 

2,7% 1,65.109 

Average 

0,5% 4,66.108 

1,6% 1,66.109 

2,7% 3,33.109 

High 

0,5% 9,33.108 

1,6% 3,05.109 

2,7% 4,70.109 

Thermally 

improved kraft 

paper 

Low 

0,5% 6,92.107 

1,6% 2,61.108 

2,7% 1,03.109 

Average 

0,5% 2,70.108 

1,6% 7,32.108 

2,7% 2,03.109 

High 

0,5% 4,29.108 

1,6% 2,03.109 

2,7% 4,27.109 

 

4.4  Load factor monitoring model 

The load factor model is quite simple, and its purpose is to monitor the transformer 

load factor, which, as suggested in [43], should be lower than 200%. The load factor 

calculation is performed by dividing the rms value of the current by its nominal value. 

Whenever the load exceeds 200%, an “alarm should sound,” and one should look at the 

status of the transformer components and understand their operating condition. Note 

that the load factor is used as an input variable for the thermal model. 

4.5 Analysis model of gases dissolved in oil 

This model involves applying the methods of analysis of gases dissolved in oil 

already described in section 3.2. As previously mentioned, these are only valid when the 

concentration of one of the gases or the rate of change of one of the gases exceeds certain 

values. Table 15 summarizes the limits according to some of the most relevant standards 

or entities currently on the market. For “IEC Std 60599-97,” the values considered normal 

are presented, while the maximum suggested limit is presented for the others.  
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Table 15. Limits for the concentration of gases dissolved in oil [52]. 

Standard 
Gas concentration [ppm] 

H2 CO CO2 CH4 C2H6 C2H4 C2H2 TCG 

IEC Std 60599-97 60-150 540-900 5100-13000 40-110 50-90 60-280 3-50 - 

Cigre 15.01 100  CO+CO2 < 10000 
- - - 20 - 

 CnHy < 500 - 

IEEE Std C57,104-91 100 350 2500 120 65 50 1 720 

Laborelec 200 - - CnHy < 300 - 

 

According to the IEC 60599-1999 standard, the slew rate limits are highly dependent 

on the type of transformer, the age, the type of identified faults, load patterns, and the 

oil volume. It is suggested that a 10% gas increase per month is generally indicative of 

an active fault and that if there is no variation or the variation is very small (<10% in a 

month), the fault has possibly disappeared. A study case applied the analysis methods 

of the gases dissolved in the transformer oil above their normal concentration. It noticed 

a variation above 10% when comparing the day under analysis with the day 30 days 

before. 

4.6. Model for monitoring and diagnosing crossings 

The diagnosis of the condition of the capacitive type crossings can be made through 

several tests. The most common practices in monitoring applications are measuring the 

dielectric loss factor (tg δ), the capacity (C), and the partial discharge test. For OIP type 

crossings, it is possible to analyze the gases dissolved in the oil and analyze their quality, 

such as in the oil in the transformer tank, stressing the tolerable limits, and the 

interpretation methods vary a little. 

It is possible to detect material damage, such as cracks or breaks, or even short-

circuited layers, the capacity increase or partial discharges can identify that. However, 

to detect by-products resulting from the aging of the crossing, such as water, it is 

advisable to monitor the dielectric loss factor [53]. It should be noted that for RBP type 

bushings, an increase in capacity can mean an oil impregnation. Two experimental tests 

were conducted to model the crossing monitoring: the measurement of the capacity C 

and the dielectric loss factor tg δ to detect abnormal operating conditions due to its 

simplicity and common use in the industry. 

For continuous measurement of the values of C and tg δ, a sensor is placed in the 

capacitive socket that allows the connection of test equipment, as shown in Figure 19. 
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Figure 19 – Crossing monitoring sensor [54]. 

IEEE C57.19.01-2000 suggests threshold values for the power factor (compared to 

the nameplate value) and good power factor and capacity value changes before and after 

the dielectric breakdown voltage test. Table 16 lists these values. 

Table 16. Limits for power factor and capacity change in different types of crossing. 

Type of bushings 
Power factor (cos θ) corrected to 20°C Capacity 

Limit [%]  Acceptable change Acceptable change [%] 

OIP 0,5 +0,02/-0,04 ±1,0 

RIP 0,85 ±0,04 ±1,0 

RBP 2,0 ±0,08 ±1,0 

 

The weather where the transformer is installed should be considered when 

interpreting the values obtained for the power factor because it can be influenced by rain 

[55]. It can be seen in Figure 20 the evolution of the change in Δtg δ (blue) and the rainfall 

measured in three meteorological stations located next to the transformer (orange, red, 

and purple). Furthermore, the power factor varies with temperature, converting to a 

common temperature base, usually 20°C. 

 

Figure 20 – Evolution of the change in the dielectric loss factor (Δtgδ) depending on the amount 

of rain measured in 3 weather stations near a power transformer [55]. 
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4.7. Model for on-load voltage regulator monitoring and diagnosis 

Of the existing methods to determine the operating condition of the voltage 

regulator on load, the most common in the industry that has applicability for continuous 

monitoring in time and automatically is: vibration measurement, motor current 

measurement, temperature measurement of your oil, analysis of the gases dissolved in 

your oil and also in the registration of its positions. 

The analysis of the gases dissolved in the oil and their quality is similar to the 

transformer tank. For the on-load voltage regulator, as for the crossings, the 

interpretation methods and the tolerable limits are different. 

Temperature is an important indicator of the operating condition of the on-load 

voltage regulator, as temperatures close to or above the tank generally indicate internal 

problems. However, the temperature is normal for some types of voltage regulators 

operating above the tank [ 56]. 

Table 17. Sensitivity of tests for detecting anomalies. Adapted from [55] and [57]. 

Abnormal 

operating 

conditions 

Measurements/Testes 

Temperature 
Analysis of gases 

dissolved in oil 

Motor 

electric 

current 

Vibrations 

Resistance Reactance Vacuum 

Contact wear    X X X 

Overheating X X  X X X 

Transition timing    X X X 

Alignment contacts   X X X X 

Electric arc  X  X X X 

Sequence/Timing    X X X 

Motor   X    

Brake   X    

Lubrication   X    

Control/Relays   X    

Connections / 

Gears 
  X X X X 

Table 17 summarizes the method's sensitivity for detecting voltage regulator 

failures. Green color corresponds to excellent/very good sensitivity, yellow to good/fair 

and red to poor sensitivity. For all measurements/tests, except for mechanical vibrations, 

the sensitivity is the same for all types of regulators. For mechanical vibrations 

depending on whether the transformer uses resistance or reactance in switching or a 

vacuum type, the sensitivity changes according to the type of abnormal operating 

condition to be detected. 

By analyzing Table 17, it is concluded that by monitoring vibrations, oil 

temperature, and engine current, it is possible to determine the operating condition of 
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the on-load voltage regulator. Along with these three measurements, it is vital to know 

which position the contact is. Its position will also be one of the measurements for this 

model. 

4.9. Cooling system monitoring model 

The cooling system is monitored by comparing the measured hot spot and top oil 

temperatures with temperatures estimated by the thermal model. Knowing which type 

of cooling the transformer is at any given moment, it is possible to estimate the hot spot 

temperatures and the top of the oil by the thermal model and compare them with the 

measured temperatures. If temperatures are very different, it probably means that the 

cooling system is not working normally. 

5. Conclusion 

This paper reviews and analyses continuous methods of monitoring and diagnosis of 

large power transformers and summarizes the most important techniques that enable 

their implementation. It discusses in detail the reasoning of traditional methodologies 

for diagnosing power transformers, verifying the existence of different techniques to 

determine the condition of each of the main components. 

It can be concluded that those methods represent a strong asset for entities that 

manage energy networks, as they allow them to have continuous access over time and 

automatically to the condition of their power transformers. These entities can act when 

an anomaly occurs in the transformer, avoiding technical and economic costs that can be 

quite high and even better managing the transformer's life cycle. 

It will be interesting to relate the transformer's internal variables with external 

variables in the future with more data. For example, several cases indicate a strong 

relationship between transformer temperature, ambient temperature, and wind speed. 

Through weather forecasts, it could be possible to predict the temperature rate evolution 

of the transformer. It will also be interesting to try to develop a model for monitoring the 

windings that involve monitoring the ratio of the number of turns as a load function. As 

well as, with the power transformer's history, namely failures that have occurred and 

with the access of continuous data over time, it can be possible to associate them and 

remove patterns to predict the occurrence of failures. These are then suggested future 

directions that can bring novel methodologies in this area. 
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