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Abstract

:

Transformers are one of the more expensive pieces of equipment found in a distribution network. The transformer’s role has not changed over the last decades. With simple construction and at the same time mechanically robust, they offer long term service that on average can reach half a century. Today, with the ongoing trend to supply a growing number of non-linear loads along with the notion of distributed generation (DG), a new challenge has arisen in terms of transformer sustainability, with one of the possible consequences being accelerated ageing. In this paper we carefully review the existing studies in the literature of the effect of loads and other key factors on oil-transformer ageing. The state-of-the-art is reviewed, each factor is analysed in detail, and in the end a smart transformer protection method is sought in order to monitor and protect it from upcoming challenges.
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1. Introduction


The transmission and distribution systems existing today are much more far-reaching and extensive and are significantly dependent on transformers, which in turn are considerably more efficient and sustainable than those of a century ago [1]. Nevertheless, a large population of power transformers alongside with other power system grid infrastructures have been in service for decades and are considered to be in their final ageing stage. Contrariwise, due to the economic and business growth in our era, electricity demand is rising quickly [2]. The power transformer is the one of the most important as well as one of the most costly elements in the electricity grid. Effective transmission and distribution of electricity through different voltage levels is only possible through the use of power transformers. Any malfunction of this element may affect the reliability of the entire network and could have considerable economic impact on the system [1,3,4,5]. As a result, methods to mitigate the ageing and loss-of-life (LOL) of the transformer are intensely researched in order to make more sustainable this essential part of electric network, and consequently, to ensure the sustainability of the whole system.



Skilled planning and correct controlling needs to be taken into account with the aim of using power transformers with efficiency. Generally, transformers are designed to function within their nameplate ratings, yet, in certain situations, they are loaded over the nameplate ratings due to a failure or fault in the power system, the existence of possible contingencies on the transmission lines and/or economic considerations [6,7]. However, in order to support the overloading of the existing transformers the installation of an extra transformer is not needed. Yet, when the power transformer is overloaded beyond its nameplate ratings there are risks and consequences which can originate failures as a result. If the overloading is not operated with the proper evaluation it may cause damage and failures which are not always easily apparent. Such type of failures can be classified as short-term and/or long-term failures. One of the main consequences of overloading power transformers is their accelerated aging [6,8,9,10].



By overloading power transformers an increase of operation temperature is caused. It is a recognised fact that the aging of power transformers is influenced by the operating temperature [6,7,11,12]. Since the operating temperature varies according to the loading of a transformer, a model was developed for the heat transfer characteristics between oil and windings, with the purpose of predicting the hot-spot temperature (θh) in the transformer as a function of the load, while taking the cooling characteristics into account. An accurate modelling of θh is decisive to precisely predict transformer aging [13].



The integrity evaluation of the transformer is complex but indispensable to avoid permanent damages with consequent substantial impacts on transmission and distribution network services and on maintenance costs as a result of outages. The accelerated degradation of its solid insulating system i.e., oil impregnated cellulosic insulation materials, is among the causes which can result in transformer failures (i.e., θh rise over the limits, partial discharges) and strongly depends on the operating conditions of the transformer. In fact, at times the degradation of transformer’s dielectric parts starts much earlier than the intended end-of-life of the transformer, which is generally predicted as being 30 years [11,12]. This can occur due to an accelerated thermal aging of both the insulating paper and oil. Despite the fact that the regeneration of a degraded insulating oil can be effectuated by appropriate treatments or even by the exchange with a new compatible oil, the restoration of degraded paper entails costly and invasive operations that have to be primarily performed by the manufacturer, since it might require the total replacement of the transformer windings. Consequently, generally the end of useful life of a transformer is largely dependent on the thermal deterioration of its insulation papers and an accurate monitoring of parameters related to this process is essential for utilities to verify the condition of transformers [4].



Generally, due to the low load factor and other requirements, the operation efficiency of power transformers is poor and thus unsustainable. They are traditionally designed and operated with loadings between 40% and 60% in order to ensure reliability during contingencies [14]. For example, approximately 25% of distribution assets in the United States of America are used only for 440 h of peak load [15]. Additionally, due to the load growth, at substations an upgrade of power transformers is needed. The traditional method which consists in the reinforcement due to an increasing load is highly costly. Consequently, utilities tend to intensify the utilisation of already installed assets which results in highly utilised systems [16]. As a result, new solutions for load modification in the grid need to be implemented during contingencies in order to mitigate the LOL. Therefore, transformer utilisation efficiency can be increased and economic savings can be accomplished in terms of postponed reinforcements and thus, the overall sustainability is increased as well [15].



In this paper a survey of the available literature on the factors that influence the insulating paper and oil ageing, such as the electric vehicles (EVs), harmonics, ambient temperature (θa), demand response (DR), distributed generation (DG) and experimental loads created specifically to study the impact on the transformer is made. This paper is organized in five sections as follows: Section 2 explores the mathematical formulation behind the θh and the paper and oil insulation ageing. In Section 3 the literature is revised and each of the factors that influence the transformer ageing are thoroughly analysed. Section 4 presents the aspects of protection of the transformer, particularly a θh relay. Finally, Section 5 concludes the study.




2. State of the Art


When transformers operate they tend to generate quantities of heat. The conversion of the energy inside the transformer is the reason for this heat. The generated heat varies with the load that is applied to the transformer. The higher the load, the higher will be the generated heat, which is due to the copper windings and also due to the core losses that occur during the operation of the transformer [3]. The generation of heat cannot be avoided and consequently there is a standard limit that is given to a particular transformer in regard to the rise in the heat. The aforementioned limit varies from transformer to transformer and depends on the material that is utilised in the transformer. The standardised safety regulations and the thermal dependency of other elements that are adjacent to the transformer and work along with it also have to be taken into consideration. Different cooling elements exist today that are utilised to regulate the heating of the transformer. Consequently, transformers can be classified into different types based on their insulation material and cooling process [17].



The primary classification would be according to the thermal insulation material and one type is the oil filled transformers which use mineral based oil and cellulose paper in their insulation. Such types of transformers are usually inexpensive and they have varied applications. The use of oil as insulation material has proven to be very thermally efficient and to display unique dielectric properties, leading to the fact most of the remaining transformer designs being made keep oil-filled ones as reference [18].



However, oil-filled transformers display an evident weakness which is their flammability, consequently there extreme caution should be taken when such transformers are installed and maintenance operations are performed. Oil-transformers are thus generally restricted to outdoor installations and their indoor installations have to be monitored with great caution [3].



The second classification based on thermal insulation is the dry category of transformers which do not make use of mineral oil for their insulation. The most common means of insulation of this type of transformers is to use a moisture resistant polyester sealant. Most often the highest quality of this type of transformers is achieved through the use a sealant that is applied with a process known as the vacuum pressure impregnation [19]. Transformers manufactured with this method will display high resistance to chemical contaminants. On the other hand, the performance of dry transformers under overload is limited and in such conditions the temperatures usually peak sharply above the standardised temperature range. For dry transformers in order to perform over the rated load, additional cooling fans have to be installed with the purpose to accelerate the dissipation of heat through forced convection [1].



2.1. Types of Transformers


2.1.1. Small Distribution Transformers


Single phase transformers are typically made with a wound core system and rectangular windings. Such types of transformers are usually found in use in the British Standard countries and in the USA and particularly adapted for small power systems. The power range usually varies from 50 to 200 kVA within 35 kV and they represent an economical option for certain networks, particularly those with low population densities. The main advantages are the low production cost and with the possibility of good automation [20].




2.1.2. Distribution Transformers


These three phase transformers are immersed in liquid oil as dielectric insulation and enclosed in a tank with a cooling system and recently they are being built hermetically sealed for the purpose of reduced maintenance and better quality. The power range is usually from 200 to 2000 kVA within 35 kV and the main use is the distribution of energy in cities and centres with different houses. The main advantage is the great extension of use in different outdoor applications [1].




2.1.3. Cast Resin Transformers


Such types of transformers with solid cast windings of epoxy D resin were developed in Europe, and this transformer design started to be broadly accepted in the United States in the 1980s. The cast resin transformers are typically three-phase and the power range varies usually from 250 to 4000 kVA within 35 kV. They are mostly used is in underground systems, mines and skyscrapers and the main benefits are the facts they are fireproof and explosion-proof, particularly when adapted for indoor applications [21]. Over installed 100,000 units have proven themselves in power distribution or converter operations all around the globe [22].




2.1.4. Large Distribution Transformers


The main purpose of large distribution transformers is receiving energy delivered by higher voltage levels and to transform and distribute it to lower voltage substations or directly to large industrial consumers. Such transformers, which are three-phase and with copper or aluminium windings, are typically immersed in liquid oil as dielectric insulation and enclosed in a tank equipped with a cooling system and can be manufactured with on-load tap changer or off-circuit tap changer. Transformers built with on-load tap changer typically have a separate tap winding. Their power range usually varies from 2000 to 20000 kVA and the primary voltage is up to 72.5 kV and the main use is in industrial applications, grid interconnections, and special applications such as furnaces or railways [1,20].




2.1.5. Medium Power Transformers


Medium power transformers are three phase or one phase transformers with a power range from 30 to 250 MVA and a voltage of over 72.5 kV and are used as network and generator step-up transformers, adapted for grid interconnections for small distance transmission lines up to 220 kV. Such transformers have tank-attached radiators or separate radiator banks. The main use is in interconnecting grids and the main advantages are their high tension and high power capacity [22].




2.1.6. Large Power Transformers


The large power transformers are adapted for large distance grid interconnections and depending on the on-site requirements, they can be designed as multi-winding transformers or autotransformers, in 3-phase or 1-phase versions. The transmission lines are above 220 kV and the power range is typically above 250 MVA and up to and more than 1000 MVA and voltages are up to 1200 kV. Their main use is in interconnecting grids and main power stations and the main advantages are the high tension and high power. These transformers can also be step-down transformers which transform the voltage down from the transmission voltage level to a proper distribution voltage level. The power rating of such types of transformers may range up to the power rating of the transmission line [22].





2.2. Cooling Methods for Oil Immersed Transformers


The heat generated in transformer windings through resistive and other losses must be transferred into and taken out by the transformer oil. The winding copper maintains its mechanical strength up to a few hundred degrees Celsius. The transformer oil does not degrade considerably below around 140 °C however paper insulation deteriorates greatly if its temperature rises above about 90 °C [12]. The cooling oil flow must, consequently, guarantee that the insulation temperature is kept below this temperature inasmuch as possible. The study of the permitted temperature rises given in [12] demonstrated that a number of different values are permitted and that these depend on the method of oil circulation and thus different cooling modes are defined [1].



2.2.1. Oil Natural Air Natural (ONAN)


ONAN is the most common transformer cooling system where the natural convection of the oil is used for cooling. In such method the hot oil flows to the upper part of the transformer tank and the location left empty is occupied by cold oil. The hot oil which flowed to the upper side will dissipate heat in the atmosphere and will cool down and sink and as a consequence, the transformer oil in the tank will continuously circulate when the transformer is loaded. In order to increase the effective surface area in order to accelerate the heat transfer—extra dissipating surface in the form of tubes or radiators connected to the transformer tank is often installed, a part that is known as the transformer radiator or transformer radiator bank [23,24].




2.2.2. Oil Natural Air Forced (ONAF)


The heat dissipation can be increased through the expansion of the dissipating surface but when natural convection is not enough the transformer is cooled more rapidly by applying forced air flow on that dissipating surface. For this purpose fans that dissipate air on the cooling surface are employed; the forced air circulation removes the heat from the surface of radiator and provides improved cooling when compared to natural air. Since the heat dissipation rate is faster by employing the Oil Natural Air Forced (ONAF) method instead of ONAN, the transformer can tolerate extra loads without crossing the accepted temperature limits [3].




2.2.3. Oil Forced Air Forced (OFAF)


By employing an Oil Forced Air Forced (OFAF) cooling system the oil is forced to circulate within the closed loop of the transformer tank through the use of oil pumps. The main advantage is that it is a compact system and for the same cooling capacity of the former two systems of transformer cooling OFAF occupies considerably less space. Forcing the oil circulation and removing the air over the radiators will usually achieve a smaller, economical transformer than either ONAF or ONAN. However, the maintenance burden is increased due to the additional required oil pumps, motors and radiator fans. The application of such transformers in attended sites must have good maintenance procedures. OFAF cooling is used usually by both generator and power station interbus transformers [3,23].




2.2.4. Oil Forced Water Forced (OFWF)


Since the water is a better heat conductor than air, in the Oil Forced Water Forced (OFWF) cooling system of transformer, the hot oil is transferred to an oil-to-water heat exchanger by means of an oil pump where the oil is cooled when in contact with cold water on oil pipes of the heat exchanger [23,25].




2.2.5. Oil Directed Water Forced (ODAF)


Oil Directed Water Forced (ODAF) which is mainly utilised in very high rating transformers and is an improved version of OFAF where forced oil circulation is directed to flow through predetermined conduits in the transformer windings. The cooled oil enters the transformer tank from the radiator or cooler and flows through the windings where predetermined oil flow paths crossing the insulated conductor are provided for ensuring a faster rate of heat transfer [3].




2.2.6. Oil Directed Water Forced (ODWF)


Oil Directed Water Forced (ODWF) is similar cooling method to ODAF and the only difference is that the hot oil temperature is decreased in the cooler through the use of forced water instead of air [3].





2.3. Transformer Thermal Diagrams


Since the power transformer it is an essential element of the distribution network, an appropriate preservation of mineral-oil-tilled distribution transformers is very important in power systems, consequently a need is generated to adopt a protective approach regarding transformer loading, with the purpose of benefiting as much as possible from their availability and long term service [12].



The insulation system of a distribution transformer is fundamentally made of paper and oil which suffers from ageing. Any unexpected increase in the load results in a rise of the θh and consequently affects the thermal decomposition of the paper [11,12,26,27,28].



Due to the fact the temperature distribution is not uniform, the hottest section of the transformer will subsequently be the most damaged. As a consequence, θh directly affects the lifetime of transformers [29,30].



A basic thermal diagram is created in [12], as shown in Figure 1, on the understanding that such a diagram is the simplification of a far more complex distribution. The assumptions made in this simplification are as follows [12]:

	•

	
The oil temperature inside the tank suffers a linear increase from bottom to top, regardless of the cooling method.




	•

	
It is also estimated that the temperature rise of the conductor at any position up the winding is presumed to increase linearly, parallel to the oil temperature rise, with a constant difference gr among the both straight lines, where gr is considered to be the difference between the winding average temperature rise by resistance and the average oil temperature rise in the tank.




	•

	
The θh rise is higher than the temperature rise of the conductor at the top of the winding, due to an allowance that has to be made for the increase in stray losses, for possible additional paper on the conductor and for differences in local oil flows. To take into consideration such non-linearities, the difference in temperature between the θh and the top-oil (θo) in tank is made equal to H × gr, namely, ∆θh,r = H × gr.









The description of Figure 1 concerning the transformer sections is made as follows: A is the θo temperature derived as the average of the tank outlet oil temperature and the tank oil pocket temperature, B is the mixed oil temperature in the tank at the top of the winding (often assumed to be the same temperature as A), C is the temperature of the average oil in the tank, D is the oil temperature at the bottom of the winding and E is the bottom of the tank.



As for the variables, gr is considered to be the average winding to average oil (in tank) temperature gradient at rated current, H the Hot-spot factor, P is the θh, Q is the average winding temperature determined by resistance measurement, while in the y axis are situated the relative positions and in the x axis the temperature values. The symbol (●) means a measured point and (■) signifies a calculated point.
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Figure 1. Thermal diagram. 






Figure 1. Thermal diagram.
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As mentioned before, the θh should be referred to the adjacent oil temperature as it is assumed to be the θo inside the winding. However, measurements have shown that the θo inside a winding might be, depending on the cooling method, up to 15 K higher than the mixed θo inside the tank [12].



For many transformers in service, the θo inside a winding is not accurately known. On the other hand, for most of these units, the θo at the top of the tank is well identified, either by measurement or by calculation. The calculation rules in this part of IEC 60076 [12] are based on the following assumptions:

	•

	
∆θo,r the θo rise in the tank above θa at rated losses [K];




	•

	
∆θh,r the θh rise above θo in the tank at rated current (Ir) [K].









The parameter ∆θh,r can be determined either by direct measurement during a heat-run test or by a calculation model validated by direct measurements.



In Figure 2 an alternative basic thermal diagram of oil transformers is represented, as proposed in [31], where a cross section of an oil transformer is shown.



In Figure 2, ∆θb is the bottom oil temperature rise in cooler and winding in K, ∆θr is the average winding temperature rise in winding in K, ∆θw is the top oil temperature rise in winding in K, ∆θc is top oil temperature rise in cooler and winding, K. For instance part of the winding at the bottom of the leg is in cool oil and part at the top of the leg will be encircled by the hottest oil. To measure these two values a thermometer has to be inserted in the oil at the top of the tank close to the outlet to the coolers and another at the bottom of the tank. The average oil temperature will be midway between both values and the average gradient of the windings is the difference between average oil temperature-rise and average winding temperature-rise, namely, the temperature-rise determined from the change of winding resistance [1].
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Figure 2. Basic thermal diagram of oil transformers. 






Figure 2. Basic thermal diagram of oil transformers.
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The hot-spot factor is one of reasons why there will be such a difference between the maximum gradient and average gradient as can be seen in Figure 3, which represents an assembly of conductors surrounded by horizontal and vertical cooling ducts. The conductors at the corners are cooled directly on two faces, whilst the remaining ones are cooled on a single face only. In addition, except in the case of the oil flow being forced and directed, the heat transfer will be poorer on the horizontal surfaces, as a result of the poorer oil flow rate. Therefore, the oil in these regions could well be hotter than the general mass of oil in the vertical ducts [1].
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Figure 3. Winding hot spots. 






Figure 3. Winding hot spots.
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2.4. Mathematical Formulation


2.4.1. Transformer Ageing Equations


The rate as a result of which the ageing of paper insulation for a θh is increased or decreased when compared with the ageing rate at a reference θh (110 °C) [12] is the relative ageing rate V [11].



The relative ageing rate meant for the thermally upgraded paper is above one for θh greater than 110 °C and means that the insulation ages faster compared to the ageing rate at a reference θh, and it is lower than one for θh less than 110 °C [13].



For the thermally upgraded paper, which is chemically modified with the aim of improving the stability of the cellulose structure, the relative ageing rate V is expressed by Equation (1) for thermally upgraded paper and by Equation (2) for non-thermally upgraded paper [11]:


   V =  e   (    15000   110 + 273   −   15000    θ h  + 273    )      



(1)






   V =  e     (   θ h  − 98  )   6      



(2)







After a certain period of time, the loss of life L during the time interval tn is as follows Equation (3):


   L =    ∫   t 1     t 2     V d t                 o r                  L ≈   ∑  n = 1  N    V n    ×  t n    



(3)







According to [11] experimental evidence point out that the relation of insulation deterioration to time and temperature follows an adaptation of the Arrhenius reaction rate theory that displays the following form Equation (4):


   P e r   u n i t   l i f e = A  e   (   B   θ h  + 273    )      



(4)




where A and B are constants.



The transformer per unit insulation life relates per unit transformer insulation life to winding hottest spot temperature and it is presented in Equation (5), which should be used for both distribution and power transformers since both are manufactured using the same cellulose conductor insulation. The use of this expression isolates temperature as the principal variable affecting thermal life. It also indicates the degree to which the rate of aging is accelerated beyond normal for temperature above a reference temperature of 110 °C and is reduced below normal for temperature below 110 °C. The equation is as follows Equation (5):


   P e r   u n i t   l i f e = 9.80 ×   10   − 18    e   (    1500    θ h  + 273    )      



(5)







The per unit transformer insulation life expression can be used in the following two ways. It is the basis for calculation of an aging acceleration factor (FAA) for a given load and temperature or for a varying load and temperature profile over a 24 h period. FAA has a value greater than 1 for winding θh greater than the reference temperature 110 °C and less than 1 for temperatures below 110 °C. The equation for FAA is as follows Equation (6) [11]:


   F A A =  e   (    1500   383   −   1500    θ h  + 273    )      



(6)







Equation (6) can therefore be used to calculate the equivalent aging of the transformer. The equivalent life (in hours or days) at the reference temperature that will be consumed in a particular time period for the given temperature cycle is the following Equation (7):


    F  E Q A   =     ∑  n = 1  N    F  A  A n    Δ  t n        ∑  n = 1  N   Δ  t n        



(7)




where FEQA is the equivalent aging factor for the total time period and n is index of the time interval, t while N is total number of time intervals, FAA,n is the aging acceleration factor for the temperature which exists during the time interval Δtn.



The insulation per unit life equation can be used to calculate percent of total LOL as well, as has been the practice in earlier editions of the referenced transformer loading guides [11]. To do so, it is essential to arbitrarily determine the normal insulation life at the reference temperature in hours or years. Then the hours of life lost in the total time period is calculated by multiplying the equivalent aging determined in Equation (4) by the time period (t) in hours. This gives equivalent hours of life at the reference temperature which is consumed in the time period and typically the total time period used is 24 h. The equation is given as follows Equation (8):


   %   L o s s   o f   L i f e =    F  E Q A   × t × 100   N o r m a l   i n s u l a t i o n   l i f e     



(8)








2.4.2. Temperature Rise Equations for Linear Loads


The simple idea of the θo rise model is that an increase in the losses is a consequence of an increase in the loading of the transformer and subsequently of the overall temperature in the transformer. The temperature fluctuations are dependent on the global thermal time constant of the transformer which consequently depends on the rate of heat transfer to the environment and the thermal capacity of the transformer [27,28].



In steady state, the total transformer losses are proportional to the top-oil temperature rise (∆θo). As a result, ∆θo is mathematically presented as follows Equation (9):


   Δ  θ o  = Δ  θ  o , r   ×    (   P   P R     )   x  = Δ  θ  o , r   ×    [    1 + R ×  K 2    1 + R    ]   x    



(9)




where, P is the total losses in W, PR is the total losses at rated load in W, ∆θo,r is top-oil temperature rise at rated current in K, R is the ratio of load loss to no-load loss at rated load (K = 1), K is the load in [per unit] or [%], and x is the oil exponent.



The hot-spot temperature rise over top-oil temperature (∆θh) is proportional to the transformer winding loss considering the winding exponent and the hot-spot temperature rise at rated loss. Thus, the ∆θh can be expressed as follows Equation (10):


   Δ  θ h  = Δ  θ  h , r   ×  K y    



(10)




where the superscript y stands for the winding exponent. Therefore, in steady state, the θh is calculated as follows Equation (11):


    θ h  =  θ a  + Δ  θ o  + Δ  θ h    



(11)







By inserting Equations (9) and (10) into Equation (11), the following equation represents the θh in steady state Equation (12):


    θ h  =  θ a  + Δ  θ  o , r   ×    [    1 + R ×  K 2    1 + R    ]   x  + Δ  θ  h , r   ×  K y    



(12)







On the other hand, under transient conditions, the θh is described as a function of time, for varying load current and ambient temperature [12]. The oil insulation of a transformer under working conditions is exposed to different types of stress, such as thermal, mechanical, environmental, and electrical. The outcome of each stress factors or the interaction effects of them affect the ageing of the insulating system [28].



In an occurrence of increasing steps of loads, the top-oil and winding hot-spot temperatures escalate to a level corresponding to a load factor K. The top-oil θo(t) temperature is expressed by Equation (13) as follows:


    θ o   ( t )  = Δ  θ  o , i   +  {  Δ  θ  o , r   ×    [    1 + R ×  K 2    1 + R    ]   x  − Δ  θ  o , i    }  ×  (  1 −  e    − t    (   k  11   ×  τ o   )       )    



(13)




where ∆θo,i represents the top-oil (in tank) temperature rise at start in K, ∆θo,r signifies the top-oil temperature rise at the rated current in K, R is the ratio of load loss to no-load loss at rated current, K is the load factor (load current/rated current), x is the oil exponent, k11 is a thermal model constant and τ0 is average oil time constant.



The hot-spot temperature rise ∆θh(t) is described by Equation (14):


   Δ  θ h   ( t )  = Δ  θ  h , i   +  {  H ×  g r  ×  K y  − Δ  θ  h , i    }  ×  [   k  21   ×  (  1 −  e    − t   (  k  22   ×  τ w  )      )  −  (   k  21   − 1  )  ×  (  1 −  e    −  (  t ×  k  22    )     τ o  )      )   ]    



(14)




where ∆θh,i represents the hot-spot-to-top-oil (in tank) gradient at start in K, H is the hot-spot factor, gr is the average winding to average oil (in tank), y is the winding exponent, both k21 and k22 are thermal model constants and τw symbolizes a winding time constant.



In case of decreasing step of loads, the θo and winding hot-spot temperatures decrease to a level equal to a K [12]. The top-oil temperature θo(t) can be calculated using Equation (15):


    θ o   ( t )  = Δ  θ  o , r   ×    [    1 + R ×  K 2    1 + R    ]   x  +  {  Δ  θ  o , i   − Δ  θ  o , r   ×    [    1 + R ×  K 2    1 + R    ]   x   }  ×  (   e    − t    (   k  11   ×  τ o   )       )    



(15)







The hot-spot temperature rise is given by Equation (16):


   Δ  θ h   ( t )  = H ×  g r  ×  K y    



(16)







Finally, with θo(t) and Δθh(t) from Equations (13) and (14) for increasing load steps, and Equations (15) and (16) for decreasing load steps and considering θa the overall hot-spot temperature θh(t) equation is calculated by Equation (17):


    θ h   ( t )  =  θ a  +  θ o   ( t )  + Δ  θ h   ( t )    



(17)








2.4.3. Differential Equations Solution for Linear Loads


The following subsection describes the use of heat transfer differential equations, applicable for arbitrarily time-varying load factor K and time-varying θa. The purpose of the heat transfer differential equations is to be the basis for software that could to process data in order to define θh as a function of time and subsequently the corresponding insulation life consumption and LOL. The differential equations are represented in block diagram form in Figure 4 [12].



As it can be seen in Figure 4, the inputs are the load factor K, the ambient temperature θa on the left and the output is the desired θh, on the right. The Laplace variable s is in essence the derivative operator d/dt.



In Figure 3 [12], the second block in the upper most itinerary symbolizes the θh rise dynamics. The first term (with numerator k21) represents the fundamental hot-spot temperature rise, previously to the effect of changing oil flow past the hot-spot to be taken into consideration. The second term (with numerator k21 – 1) represents the varying rate of oil flow past the hot-spot, a phenomenon which changes in a slower mode. The combined effect of these two terms is to justify for the fact that a sudden rise in load current could cause an otherwise unexpectedly high peak in the hot-spot temperature rise, immediately after the sudden load change.
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Figure 4. Block diagram representation of the heat transfer differential equations. 






Figure 4. Block diagram representation of the heat transfer differential equations.
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If the θo can be measured as an electrical signal into a computing device, then an alternative formulation is the dashed line path, with the switch in its right position; the θo calculation path (switch to the left) is not required. The time step will be less than one-half of the smallest time constant τw to obtain a reasonable accuracy. Additionally, τw and τ0 must not be set to zero.




2.4.4. Transformer Ageing Equations for Non-Linear Loads


In general, winding eddy losses, stray losses in other structural parts and, in general, potential regions of excessive heating can be inflated by the presence of harmonic currents. Ohmic losses divide into no load or core losses and load losses expressed as Equation (18):


    P T  =  P  N L   +  P  L L     



(18)




where PT is the global losses, PNL is the no load losses and PLL gathers the losses related to primary and secondary currents flowing through the windings (I2R) and stray losses that are classified into winding eddy losses and structural part stray losses. Winding eddy losses covers eddy current losses and circulating current losses between strands or parallel winding circuits. Therefore the total load loss is given by Equation (19):


    P  L L   = P +  P  E C   +  P  O S L     



(19)




where P is the losses due to load I2R, PEC is the winding eddy losses and POSL is the other stray losses.



Other aspect to be take into account when estimating internal losses derived from harmonic load currents is the presence of a dc value in the load current which increase the magnetizing current and audible sound level without strongly penalizing the transformer core loss.



As a result, liquid-filled power transformer θo rises as well as the total load losses with the increase of harmonic loading. Guidelines for power transformer derating considering the harmonic load impact on the top-oil rise due to the additional power losses can be found in [32]. The eddy-current loss PEC generated by a harmonic load current is given by Equation (20):


    P  E C   =  P  E C - 0   ×     ∑  h = 1   h =  h  max       (     I h   I   )     2   h 2    



(20)




where PEC–0 is the winding eddy-current loss at the measured current and the power frequency, h is the harmonic order, hmax is the highest significant harmonic number, Ih is the root mean square (rms) current at harmonic of order h and I is the rms load current.



Load current rms calculation is obtained by Equation (21):


   I =     ∑  h = 1   h =  h  max       I h 2        



(21)




where hmax is the highest significant harmonic number.



In practical terms, transformer power supply capability can be described in terms of a proportional factor as a form of Equation (22):


    F  H L   =     ∑   h = 1   h =  h  m a x        [     I h   I   ]   2   h 2      ∑   h = 1   h =  h  m a x        [     I h   I   ]   2      



(22)







It defines an rms heating value as function of the harmonic load current. In other words it establish a ratio of the total winding eddy current losses due to the harmonics to the winding eddy current losses at the fundamental frequency.



A relationship similar to the harmonic loss factor for other stray losses that have to do with bus bar connections, structural parts, tank is expressed as Equation (23):


    P  O S L   =  P  O S L − R     ∑   h = 1   h =  h  m a x        (     I h     I R     )   2   h  0.8     



(23)




where POSL–R is the other stray loss under rated conditions and IR is the rms fundamental current under rated frequency and rated load conditions.



A harmonic loss factor FHL–STR normalized to the rms current and to rms fundamental current is Equation (24):


    F  H L − S T R   =     ∑   h = 1   h =  h  m a x        [     I h   I   ]   2   h  0.8       ∑   h = 1   h =  h  m a x        [     I h   I   ]   2      



(24)







Based on the knowledge of internal power losses sources the top-oil rise is calculated as [11] Equation (25):


   Δ  θ o  = Δ  θ  o , r      (     P  L L   +  P  N L      P  L L − R   +  P  N L      )    0.8     



(25)




where ∆θo is the top-oil-rise over ambient temperature (°C), ∆θo,r is the top-oil-rise over ambient temperature under rated conditions (°C), PLL is the load loss, PLL–R is the load loss under rated conditions and PNL is the no load loss. In turn, the load loss PLL is calculated by Equation (26):


    P  L L   = P +  F  H L   ×  P  E C   +  F  H L − S T R   ×  P  O S L     



(26)




where FHL is the harmonic loss factor for winding eddy currents and FHL–STR is the harmonic loss factor for other stray losses.



Then, hottest spot conductor rise is estimated by Equation (27):


   Δ  θ g  = Δ  θ  g , r      (     P  L L    (  p u  )     P  L L − R    (  p u  )     )    0.8     



(27)




where ∆θg is the hottest-spot conductor rise over top-oil temperature, ∆θg,r is the hottest-spot conductor rise over top-oil temperature under rated conditions, PLL (pu) is the per-unit load loss and PLL–R (pu) is the per-unit load loss under rated conditions.





2.5. Limitations of IEEE and IEC Standards


2.5.1. IEEE Standard


The traditional IEEE standard θh calculation technique utilises a number of assumptions that are not correct, such as the variation of ambient temperature is assumed to have an instantaneous effect on oil temperature, the oil temperature in the cooling duct is assumed to be identical to the top oil temperature, the change in winding resistance with temperature is neglected, the change in oil viscosity with temperature is neglected and the effect of tap position is also neglected [33].



Furthermore, experimental work has shown that at the onset of an abrupt overload, oil inertia induces a quick increase of oil temperature in the winding cooling ducts that is not reflected by the θo in the tank. Therefore alternate sets of equations are being developed which take into account the recent improvements and all the aforementioned factors [33].



Another important development is the withdrawal of the “Thermal Duplicate” guide for the transformer definition that was frequently utilised to provide default values for winding temperature rise at rated load [34]. This reference will no longer be available to provide support to the θh rise assessed by the manufacturer which could reduce the credibility of transformer manufacturers in providing the abovementioned critical thermal parameter [33].




2.5.2. IEC Standard


A new edition of the loading guide has been published in 2005 [12]. It is now clearer that the hot-spot factor H that links the average winding to oil gradient to the hotspot to top oil gradient can vary over an extensive range depending on transformer design and size impedance. In the IEC standard the correct calculation of the critical temperature difference between winding hottest spot and top oil will also depend on a manufacturer’s capability to correctly model the oil flow within the winding ducts, the heat transfer characteristics of the various insulation thickness utilised throughout the winding, the distribution of losses along the winding, and the impact of local format restricting the oil flow [33].



The IEC standard also recognized that the dynamic response of the previous calculation technique was not suitable as a sudden increase in load current could cause an unpredicted high peak in the winding θh. To address all type of load variations, a comprehensive set of differential equations is given. Such equations take into account the oil time constant, the winding thermal time constant and three new constants to characterize the oil flow [33].






3. Factors which Influence the Transformer Ageing


Several factors, according to the literature, have an impact on the insulating paper and oil ageing, such as the EVs, harmonics, θa, DR, DG and experimental loads created explicitly to study the impact on the LOL of the transformer. In Table 1 a survey is made of the available literature regarding the loads and other key factors that influence the ageing of the transformer.
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Table 1. Factors/Types of Load that influence the transformer loss-of-life (LOL).
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Factor Affecting the Transformer

	
Description

	
References






	
EV/PHEV

	
Studies that have been carried out to evaluate if the transformer insulation temperature could or not withstand the widespread adoption of EVs.

	
[13,27,28,29,30,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74]




	
DG/PV

	
The operation of DG units may lead to reductions in the time evolution of transformers’ LOL rate.

	
[26,49,75,76,77,78,79,80,81,82,83,84,85]




	
DR

	
DR can be utilised during contingencies to mitigate the LOL.

	
[15,16,86]




	
θa

	
The possibility that θa rise may impact distribution transformer life through dielectric degradation.

	
[87,88,89,90,91,92]




	
Experimental Load

	
Study of different loads that might impact the θh and LOL of the transformer. They are of experimental nature or recorded in a specific moment and place.

	
[8,9,31,90,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114,115,116,117,118,119,120,121,122,123,124]




	
Harmonics

	
Studies focusing on the effect of harmonics on the transformer’s LOL.

	
[48,51,79,83,125,126,127,128,129,130]









3.1. Demand Response


The concept of DR is related to the eminent alteration of the electricity consumption pattern by end user customers, as a reaction to incentives or price signals, for technical or economic reasons when called or scheduled by the network or market operator. DR has been in recent times largely and intensely explored in order to take full advantage of the power system’s operation [131].



The integration of DR resources can be fully addressed if the available DG resources are also considered. DG and DR can thus be put together through the implementation of smart grids [131].



As stated previously, due to the load growth, upgrade of power transformers could eventually be required at substations. The usual method of reinforcement for a growing load is expensive, therefore, utilities tend to increase the utilisation of already installed transformers which results into highly utilised systems. DR, as a solution for load modification in the electricity network, can be utilised during contingencies to mitigate the LOL, while simultaneously the transformer utilisation efficiency can be improved and monetary savings can be achieved in terms of deferred reinforcements [15]. The impacts of DR and other features of smart grids have also been investigated on the aging of transformers in the literature [15,16,86].



Humayun et al., presented a novel DR-based optimization model to limit load on healthy transformers during contingencies. The model selects combination of the best remedial actions among DR, load curtailment and transferring load to a neighbouring substation [15]. Humayun et al., also proposed an optimization model that quantifies the improvement of transformer utilisation through DR based on transformer θh and applied to typical Finnish residential primary and secondary distribution transformers [16]. Jargstorf et al., calculated the effect of DR aging based on the load of a group of customers and then based on their load being optimized by DR, also in this paper devices are scheduled based on the transformer temperature [86]. In Table 2 a compilation of transformers on which the ageing is influenced by DR is provided.
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Table 2. Transformers on which the ageing is influenced by DR.
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Transformer Capacity kVA

	
Cooling

	
Implementation

	
Technique

	
References




	
Simulation

	
Field Test






	
20/40/60/80

	
ODAF

	
√

	
-

	
Mixed integer quadratic programming

	
[86]




	
1600/40,000

	
ONAN

	
√

	
-

	
Optimization

	
[16]




	
40,000

	
OFAF

	
√

	
-

	
Optimization

	
[15]









Several results point out that the transformers utilisation can be increased considerably by using DR, which can also mitigate the LOL. The magnitude of the use benefit depends on the DR capability of the load and the loading increase can provide monetary benefits by delaying the investments in new equipment [15].




3.2. Harmonics


Distorted current flow in power systems infrastructure originates two main effects. One of them is a supplementary power loss justified by a higher rms value of the load. Furthermore, the ac resistance of a cable is raised since the skin and proximity effects depend on current frequency. Therefore conductor ohmic losses have a tendency to grow with an increasing introduction of nonlinear loads. The second consequence effect has to do with harmonic voltage drop across the electrical elements.



As for power transformers the main consequence relates to additional losses and consequently an increase of transformer oil temperature. Furthermore, other possible adverse effects may be revealed as resonances between the transformer inductance and system capacitance and mechanical stress of winding and lamination. The harmonic voltages may also contribute to higher losses with core hysteresis and eddy current.



As a result of the emergent use of modern electronic devices, harmonic currents produced in distribution systems are recently starting to be a “power quality” problem in power systems. A power quality problem is defined as any problem discovered in current, voltage or frequency deviations that cause a failure or malfunction of a customer’s equipment. There are a vest range of power quality factors such as: voltage flicker, voltage sag, voltage unbalance, voltage regulation, interruptions, voltage swell and harmonics. An emergent power quality concern is revealed to be harmonics distortion which is created by the non-linearity of customer loads. Harmonics are known to be the currents or voltages with frequencies that are integer multiples of the fundamental power frequency. The non-linearity of the residential and industrial loads is quickly increasing as a consequence of the widespread applications of power electronics [125].



Solid state electronics are utilised to increase the energy efficiency of electrical load devices. The harmonic distortion of current is increasing with a higher utilisation of nonlinear loads i.e., solid state devices. Examples of nonlinear loads are a television set, personal computer, laptop, laser printer, smartphone, compact fluorescent lamp, battery charger, fluorescent tube with electronic ballast, adjustable speed drives, continuous power supply and all the equipment powered by switched-mode power supply units. Such nonlinear loads draw more current than the fundamental current and generate overloading of the distribution system components [125].



The grid harmonics cause destructive impacts on distribution transformers. Increase in the transformer power losses and consequently the resultant temperature rises are the main concern of the impact of harmonics. This could lead to an increase in its insulation θh and thus, LOL [126]. Due to the initial costs of transformers, and the grid connectivity issues that may appear during their replacements, it is imperative to preserve the transformers and mitigate the lifetime reduction. As a result, researching the effect of current harmonics on the lifetime of distribution transformers is important for the grid design and maintenance [127].



Various studies have been made in literature, shown in Table 3, for modelling the effect of current harmonics on transformer load loss. Moses proposed a new aging calculation method for three-phase three-leg power transformers under (un)balanced and (non)sinusoidal operating conditions where the impacts of magnetic saturation, couplings, and hysteresis are accurately included [130]. Kazerooni and Kar studied the creation of an optimal load management of EV battery charging and optimization of harmonic impacts on the load loss, θh and life time of distribution transformers [51]. Rad et al., studied the effect of gird harmonics on eddy current loss, other stray losses, θh, and LOL of six 100 kVA distribution transformers [127]. Soto et al., addressed the impacts on distribution transformers due to increasing plug-in hybrid electric vehicles (PHEV) loads on the distribution infrastructure, while conducting PV harmonics compensation [48]. Taheri et al., presented the determination of field distribution on the transformer components using finite element method and the calculations of θh and θo under harmonic conditions according to two techniques—dynamic thermal model and IEEE guide [129].
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Table 3. Transformers on which the ageing is influenced by Harmonics.
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Transformer Capacity kVA

	
Cooling

	
Implementation

	
Technique

	
References




	
Simulation

	
Field Test






	
1.65/7.5/60/2000

	
-

	
√

	
-

	
Proposed Model

	
[130]




	
10

	
ONAN

	
√

	
-

	
Impact analysis

	
[83]




	
100

	
-

	
-

	
√

	
Optimization

	
[51]




	
100

	
-

	
√

	
-

	
Impact analysis

	
[127]




	
100/500

	
-

	
-

	
√

	
Impact analysis

	
[125]




	
200

	
ONAF

	
√

	
-

	
Rapid-prototyping control

	
[48]




	
750

	
ONAN

	
-

	
√

	
Impact analysis

	
[79]




	
1500/2500

	
-

	
-

	
√

	
Impact analysis

	
[128]




	
31,500

	
ONAF

	
√

	
-

	
Impact analysis

	
[126]




	
250,000

	
ONAF

	
√

	
-

	
Finite element method

	
[129]









Transformers will begin to experience unprecedented loads from EV charging in the future and the battery chargers for EVs have high ratings and employ nonlinear switching devices which could result in significant harmonic voltage and currents injected into the distribution system. Fast charging, which is considered to be the preferable technique to attract end users and mitigate the EV average autonomy, implies precisely these types of nonlinear loads [51,132]. The standards applied to the low-power EV chargers are IEC 61000-3-2 and IEC 61000-3-4, which set limits to the harmonic emissions generated by the charger [132]. The European standard for public power supply is EN 50160 which states that all loads that are connected to the power network have to provide such a low effect on the network that it does not origin a violation of the power supply conditions stated in this standard. This signifies also that the EV chargers, once connected to a public network, must not influence the network operation to a degree in which can cause deviation from the standard [132].




3.3. Distributed Generation


Electric power systems could turn out to be more heavily loaded in the next decades due to the increasing demand for electricity. The option of utilising DG is a greater challenge for many utilities due to the reason that economic and environmental concerns limit the construction of new transmission infrastructure and large-sized generation units [133]. Furthermore, since DG units are auxiliary modular resources, the output of a DG unit could change over time, especially the output power of several DGs such as photovoltaic systems (PV) and wind turbines which are heavily dependent on the weather, since it cannot be anticipated accurately. Consequently, the uncertainty of DG output needs to be included in the system analysis [134]. The European Union targets demonstrate noticeably the importance of DG, specifically the fact that the share of renewable DG is expected to be 20% of gross energy consumption at the end of 2020 and 50% of gross energy consumption in 2050 [135,136].



When devoid of the use of an optimization process or power flow analysis outcomes, in radial systems the DG units are usually connected to the nodes at the end of the feeders or to the nodes with the highest load on the distribution side. Yet, it is worth noticing that the impacts of DG are strongly dependant on the power network structure and on the output power uncertainties when connecting to renewable DG resources [135]. According to the definition, the size of DG units can vary from several kW to quite a few MW and, in the area of customer locations, can be connected in sub-transmission or even transmission systems. This leads to the transmission and distribution networks being less charged. In the near future, optimal planning of the location and sizing of DG units will become more and more important for energy suppliers, grid operators and customers in terms of economic and technical aspects [137]. Currently many studies in the literature exist regarding this topic however most of them consider an ideal location of a single-DG unit or the size and location issues in separate due to the fact that the output power of renewable DG units is highly non-dispatchable. Also, the high penetration of DG elevates the level of system uncertainty and the fluctuation of the DG output power is achieved by using different strategies [135]. By not taking suitable measures for allocating and sizing DG units this concept could lose the functionalities required for an efficient system and eventually cause undesirable increases in power losses and electricity costs. Furthermore, at high penetration levels in the existing infrastructure and depending on the network structure and positions of the DG units, the contributing role of DG could reduce the and system reliability and efficiency [137].



The impacts of DG and more specifically PV on the aging of transformers have also been investigated in the literature [76,77,78,79,80,81,82,83,84,85,86]. The incorporation of rooftop PVs in residential networks at moderate penetration levels is starting to be a reality in many countries. Regardless of the technical challenges in the proper installation of PV units, one of the main benefits is the capacity of PV units to prolong the useful life time of distribution transformers [26,138].



Agah and Abyaneh presented a novel approach to quantify the economic benefits and the life extension made by the customer-owned DG units of actual distribution transformers installed in five sample cities in Iran [78]. In a [81] novel methodology is presented by Hamzeh et al., in order to evaluate the micro-grids’ reliability concerning the dynamic thermal aging failure of transformers. Masoum et al., carried out an analysis into the impacts of rooftop PVs at different penetration levels on the performance of distribution transformers and residential networks [80]. In [79] Martin et al., presented the findings of an analysis of the impact of the new rooftop PV installation at the University of Queensland, in Brisbane (Australia), on the load profile of three transformers, with IEC thermal models applied to estimate θh. Pezeshki et al., studied the impacts of rooftop PVs at different penetration levels on the performance of distribution transformers and residential networks [26,75]. Awadallah et al., presented a two-step study on the effects of harmonic distortion of solar panels on distribution transformers via simulation and experiments [83]. Jimenez et al., showed the results obtained after monitoring a distribution transformer during an 18 months period and which attained unusually low power factor levels and where the operating temperature was used as an indicator of the stress on the transformer [84].



In Table 4 a compilation of transformers in which the ageing is influenced by DG and in some cases, just the PV, is given.
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Table 4. Transformers on which the ageing is influenced by DG/PV.
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Transformer Capacity kVA

	
Type

	
Cooling

	
Implementation

	
Technique

	
References




	
Simulation

	
Experiment






	
2

	
PV

	
-

	
√

	
-

	
Power quality impact

	
[76]




	
10

	
DG/Harmonics

	
ONAN

	
√

	
-

	
Impact analysis

	
[83]




	
75

	
PV

	
-

	
-

	
√

	
Test and analysis

	
[84]




	
100

	
PV

	
-

	
√

	
-

	
Impact analysis

	
[80]




	
200

	
PV/EV

	
ONAN

	
√

	
-

	
Impact analysis

	
[49]




	
200

	
PV

	
ONAN

	
√

	
-

	
Impact analysis

	
[26,75]




	
200

	
PV/EV Harmonics

	
ONAF

	
√

	
-

	
Rapid-prototyping control

	
[48]




	
315

	
DG

	
ONAN

	
√

	
-

	
Economic Benefit

	
[78,82]




	
750

	
PV

	
ONAN

	
-

	
√

	
Impact analysis

	
[79]




	
65,000

	
PV

	
ONAN

	
√

	
-

	
Sizing tool

	
[77]




	
1600/40,000

	
DG

	
-

	
√

	
-

	
Impact analysis

	
[85]




	
750,000

	
DG

	
-

	
√

	
-

	
Sensitivity analysis

	
[81]









As stated above, one of the areas where DG units can create significant economic benefits is through the life extension of distribution transformer. It is clear that any life extension is economically beneficial to the distribution network operator, which is usually the entity responsible for replacing deteriorated equipment in the distribution network [78]. Concerning DG technologies, it should be noted that wind turbines and microturbines appear as the most promising technologies from the perspective of distribution utility by being capable to generate millions of dollars in benefits for the entire installed distribution transformer population.




3.4. Ambient Temperature


The impact caused on the power distribution infrastructure through the analysis of the possibility that θa rise may affect the distribution transformer life through dielectric degradation has been studied by several authors. The θa is one of the most limiting factors that can impact the transformer insulation life. Since increasing the θa, θh also increases and subsequently, causes the insulation life to decrease [87]. In Figure 5 the permissible kVA loading by varying θa for natural cooled transformers for normal life expectancy is shown. This data does not apply for ambient temperature below 0 °C or above 50 °C and is based on [7].
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Figure 5. Permissible kVA loading by varying θa for natural cooled transformers. 
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Several authors have studied the impact of the θa on the LOL of transformers. Stahlhut et al., illustrated the possible effects of increased θa due to various causes, including climate change and urbanization, on power distribution transformers in service at five locations in the U.S. [91]. Sathyanarayana et al., studied the distribution transformer life assessment with θa rise projections by using the Monte Carlo method [92]. Shiri et al., investigated a new thermal model for the estimation of θh in transformers that has been proposed and using this thermal model, the effect of the θa on θh and transformer insulation life is also studied [87]. Agah and Abyaneh presented a method for transformer LOL inference by integrating stochastic dependence between non-normal transformer load and θa into analysis [90]. Ravetta et al., showed the results of a study performed to individuate some appropriate thermal models to supervise the performance of oil-immersed distribution transformers installed in the basement of residential buildings, during summertime when temporary severe overload conditions occur [88]. In Table 5 a compilation of transformers on which the ageing is influenced by θa is provided.
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Table 5. Transformers on which the ageing is influenced by θa.
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Transformer Capacity kVA

	
Cooling

	
Implementation

	
Technique

	
References




	
Simulation

	
Field Test






	
25/50/75/100/167

	
ODAF

ODWF

	
√

	
-

	
Monte Carlo

	
[92]




	
200

	
ONAN

	
-

	
√

	
Comparison

	
[90]




	
250/400/630

	
ONAN

	
-

	
√

	
Thermal model

	
[88]




	
2000

	
AN

	
√

	
-

	
Thermal model

	
[89]




	
180,000

	
OFAF

	
-

	
√

	
Thermal model

	
[87]









A study has shown that if two similar transformers are installed in two regions with different climates their average temperatures difference would be 11.1 °C, the insulation life of the transformer that is installed in the warmer region will be 2.53 times less than the life of the transformer working with lower θa. Regarding the results of several studies, the distribution operator should be cautious when installing and using transformers with similar designs in various regions with different climates [87].




3.5. Experimental Load


Several studies are made focusing on different loads that might impact the θh and LOL of the transformer. They are experimental or recorded data in a specific case and are usually conventional or artificial loads created with the purpose to increase the load in order to witness the effect they might have on the transformer θh. Galdi et al., presented a radial basis function network to predict the maximum winding θh of a power transformer in the presence of overload conditions [124]. Lachman et al., used a comprehensive approach to dynamic loading of power transformers with nine transformer-months of real-time field data [95]. Jauregui-Rivera et al., developed a methodology for assessing the reliability of thermal-model parameters for transformers estimated from measured data [122]. Weekes et al., calculated the level of risk and management of heavily loaded converter transformers for future operation which can be assessed by examining the average rate of LOL of the insulation [107]. Elmoudi et al., examined a transformer thermal dynamic model for use in an on-line monitoring and diagnostic system [104]. Koufakis et al., studied the measurements of insulating resistance in distribution transformers, at several temperatures, and thereafter proceed to the calculations of the thermal coefficient of the transformers [117]. In Table 6 is possible to observe a compilation of several studies that were made focusing on different loads that could impact the θh.




3.6. Electric Vehicles


If widely adopted, EVs hold the promise of radically reducing carbon emissions derived from the transport section and could, consequently, form a major thrust in the global efforts to meet the reduction of emission targets [139,140]. The use of EVs is more challenging than PHEVs since the first are powered only by electricity.



Even though the EVs would be primarily utilised for transportation, they could be virtually viewed as a distributed storage resource from the point of view of a System Operator. Accordingly, when EVs are not used to satisfy their intended role, they could provide a variety of ancillary services to the power system such as operating reserves, regulation, back-up power etc. Such use of EVs might also support peak shifting [39].
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Table 6. Transformers on which the ageing is influenced by unspecified experimental loads.
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Transformer Capacity kVA

	
Cooling

	
Implementation

	
Technique

	
References




	
Simulation

	
Field Test






	
25

	
ONAN

	
√

	
-

	
Fuzzy logic

	
[116]




	
25

	
ONAN

	
√

	
√

	
Neural networks

	
[124]




	
25/37.5/50/100

	
-

	
-

	
√

	
Comparison

	
[102]




	
50

	
ONAN

	
√

	
-

	
Calculation of aging

	
[31]




	
50/100/250

	
-

	
-

	
√

	
Life cycle prediction

	
[117]




	
63

	
ONAF

	
-

	
√

	
Cost–benefit

	
[109]




	
100

	
-

	
-

	
√

	
Levenberg-Marquardt

	
[103]




	
105

	
ONAF

	
√

	
-

	
Uncertainty analysis

	
[112]




	
200

	
ONAN

	
-

	
√

	
Comparison

	
[90]




	
300

	
ONAN/F

	
√

	
-

	
Risk assessment

	
[107]




	
400

	
ONAN

	
-

	
√

	
Test and analysis

	
[114]




	
500

	
-

	
-

	
√

	
Least squares

	
[108]




	
630

	
ONAN

	
-

	
√

	
Proposed model

	
[100]




	
2500

	
ONAN

	
-

	
√

	
Non-linear least square

	
[93]




	
2500

	
ONAN

	
-

	
√

	
Test program

	
[120]




	
8 000

	
-

	
√

	
-

	
Monte Carlo

	
[110]




	
27,000/36,000

45,000/500,000

	
ONAN OFAF

	
-

	
√

	
Comparison

	
[95]




	
40,000

	
OFAN/F

	
-

	
√

	
Non-linear least squares

	
[104]




	
167,000

	
OFAF

	
-

	
√

	
Statistical bootstrapping

	
[122]




	
250,000

	
ONAF

	
-

	
√

	
Electromagnetic analysis

	
[106]




	
250,000

	
OFAF

	
-

	
√

	
Proposed model

	
[119]




	
250 000

	
ONAF

	
√

	
-

	
Model assessment

	
[123]




	
250,000/273,000

	
ODAF

	
-

	
√

	
Proposed model

	
[8]




	
250,000/400,000

605,000

	
ONAN/F OFAF

	
-

	
√

	
Proposed model

	
[98]




	
250,000/400,000

605,000

	
ONAN/F OFAF

	
-

	
√

	
Accurate calculations Comparison

	
[96]




	
250,000/400,000

605,000/650,000

	
ONAN/F OFAF

	
-

	
√

	
Comparison

	
[121]




	
300,000

	
ODAF

	
-

	
√

	
Impact analysis

	
[101]




	
400,000

	
OFAF

	
√

	
-

	
Risk assessment

	
[9]




	
1,000,000

	
-

	
√

	
-

	
Arrhenius-Weibull

	
[97]









By facing an increasing number of EVs connected to power systems for charging, a real concern appears due to the fact that the existing distribution networks might turn out to be more heavily loaded than the expectation when they were designed. Low penetration levels of EVs could result in a low impact but, as the number of EVs rises, there could be a real possibility of local distribution networks becoming more congested [28].



An event of simultaneous charging of a large number of EVs can lead to grid inadequacy as regards to available security and capacity. Such occurrences could be avoided, if the EVs are properly integrated within the grid. Incorporating the EV within the grid is a significant opportunity, if they are going to be controlled properly [141]. Without the aforementioned integration, the grid could experience voltage sag, feeder congestions, line overloads, etc.



Distribution networks are intended to supply electricity to the final customers and their sizing is typically based on an estimated electricity demand. Consequently, there is a general need to develop modelling techniques in order to support the quantification of the effects on distribution networks in case of high penetration level of EVs charging loads and thus ensure that this environmentally nonthreatening technology is not needlessly constrained. The transformers are vital links in the power and distribution networks and which are to experience unprecedented loads from EV charging [27,28].



The constant and everyday charging during daytime will add extra loads to the distribution system resulting in increases of the power consumption. Since battery chargers are made of solid state electronic devices they produce harmonic currents which also impact and decrease the lifetime of the transformer [48,51].



Numerous studies have been carried out to assess whether the existing electricity network and essentially the transformer insulation temperature could withstand the widespread adoption of EVs [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75]. Weckx et al., presented a market-based multi-agent control mechanism that incorporates distribution transformer and voltage constraints for the charging of a fleet of EVs [50]. Qian et al., developed a methodology to determine the impacts of high penetration level of EVs charging loads on the thermal ageing of power distribution transformers [29]. Hilshey et al., described a method for estimating the impact of EVs charging on overhead distribution transformers, based on detailed travel demand data and under several different schemes for mitigating overloads by shifting EV charging times [13]. Razeghi et al., studied the impacts of PHEVs on a residential transformer using stochastic and empirical analysis, where the electricity demand of a neighbourhood is modelled based on measured vehicle and household data [63]. Vicini et al., discussed how increased deployment of EVs acts as a catalyst for development of transformer and home energy management systems in order to reduce the impact of EV battery charging on distribution transformers [41]. Turker et al., proposed a rule-based charging algorithm of EVs and evaluate the consequences and impacts on the aging rate of low-voltage transformers [46]. In Table 7 a compilation of information of transformers on which the ageing is influenced by PHEVs, EVs, or both is presented. The current global status of EV market share can be considered low, not exceeding 7% in leading countries such as Norway [29]. Nevertheless, the authors believe that the impact of the penetration of EVs charging loads on thermal ageing of a distribution transformer is going to grow. Additionally, governmental incentive initiatives usually tend to target the penetration of new technologies [142], tax reduction schemes or potential subsidiary programs to promote the purchase and use of EVs are very likely to massively motivate users to replace their conventional car with an EV.
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Table 7. Transformer types and info concerning EV penetration.
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Transformer Capacity kVA

	
Type

	
Cooling

	
Implementation

	
Technique

	
References




	
Simulation

	
Experiment






	
25

	
EV

	
-

	
√

	
-

	
Genetic program

	
[36]




	
25

	
EV

	
-

	
√

	
-

	
Monte Carlo

	
[13]




	
25

	
EV/PHEV

	
-

	
√

	
-

	
Monte Carlo

Impact analysis

	
[39,54,55,69]




	
25

	
EV/PHEV

	
-

	
√

	
-

	
Java-based

	
[40]




	
25

	
EV

	
-

	
√

	
-

	
Binomial probability

	
[42,43]




	
25

	
EV

	
-

	
-

	
√

	
Control strategies

	
[44,68]




	
25

	
PHEV

	
-

	
√

	
-

	
Impact analysis

	
[67]




	
25

	
EV/PHEV

	
-

	
√

	
-

	
ARMA

	
[70]




	
25

	
EV

	
-

	
√

	
-

	
Optimization

	
[72]




	
25/37.5

	
PHEV

	
-

	
√

	
-

	
Monte Carlo

	
[73]




	
37.5

	
EV/PHEV

	

	
√

	
-

	
Circuit model

	
[74]




	
37.5/50

	
EV/PHEV

	
-

	
√

	
-

	
Monte Carlo

	
[63]




	
50

	
EV/PHEV

	
ONAN

	
√

	
-

	
Impact analysis

	
[41]




	
50

	
EV

	
-

	
√

	
-

	
Probabilistic model

	
[71]




	
100

	
EV

	
-

	
-

	
√

	
Optimization

	
[51,52]




	
100

	
EV

	
-

	
√

	
-

	
Smart charging

Impact analysis

	
[57,58,60,62]




	
160

	
EV

	
-

	
√

	
-

	
Rule-based algorithm

	
[46]




	
160

	
PHEV

	
ONAN

	
√

	
-

	
Impact analysis

	
[30,45]




	
200

	
PV/EV Harmonics

	
ONAF

	
√

	
-

	
Rapid-prototyping control

	
[48]




	
200

	
EV/PV

	
ONAN

	
√

	
-

	
Impact analysis

	
[49]




	
250

	
EV

	
-

	
√

	
-

	
Market based multiagent control

	
[50]




	
250

	
EV

	
ONAN

	
√

	
-

	
Impact analysis

	
[28]




	
250/300/500/750

	
EV

	
ONAN

	
√

	
-

	
EV scheduling

	
[35]




	
300

	
EV

	
-

	
√

	
-

	
Circuit model

	
[56]




	
315

	
PHEV

	
ONAN

	
√

	
-

	
Impact analysis

	
[64]




	
350

	
EV

	
-

	
√

	
-

	
Impact analysis

	
[59]




	
630

	
EV

	
ONAN

	
√

	
-

	
Impact analysis

	
[27]




	
1000/1500

	
EV

	
-

	
√

	
-

	
Smart charging

	
[37]




	
15,000

	
EV

	
-

	
√

	
-

	
Smart charging

	
[29]




	
36,000

	
PHEV

	
-

	
√

	
-

	
Impact analysis

	
[47]











4. Aspects of Protection and Monitoring Systems


Transformers are one of the more expensive elements of equipment found in a utility’s inventory. The globalisation and the energetic business dynamics unceasingly pressure utilities to do more with less. This leads to an increasing need for tools to support not only transformer protection but the intelligent monitoring of their status, activities and history—A challenge that could be taken by smart relays. Occasionally overcurrent relays are intended to provide fault protection and also be responsible for some level of overload protection. In many cases, the overload occurrence of transformer operation is performed by Control Centre load dispatchers since this function is too complex for most simple overcurrent relays to successfully handle [124,143].



In order to keep a reliable protection, it is required to monitor the temperatures. Supplementary prolongation of maximal load after a certain amount induces the ageing as a critical limit. The current thermal digital relays can perform the ageing calculation [143].



Usually, in many practical cases it is not expected that the shape of diagrams would change too much. Particularly it is not expected on small transformer units with fixed consumers. However, it seems too uncertain to protect a transformer only with a simple contact thermometer for θo measurement and overcurrent protection set-up to a high p.u. current value. According to the experienced staff in power utility companies nobody would accept an extremely risky transformer loading without possessing useful information about the θh and the ageing [143,144].



A monitoring system basically gives just additional security, but not fundamentally new content. First of all, an advantage is the possibility for the on-line decisions in circumstances of network faults. For instance, in every moment the monitoring system can provide in a clear form an overloading possibility of the transformer. A persistent problem in both monitoring systems thermal and digital relays is how to calculate the θh caused by the complex heat transfer occurrences inside a transformer.



When a fault happens in a transformer, the damage is proportional to the fault time period. Consequently, the transformer has to be disconnected as fast as possible from the network. Quick reliable protective relays are thus utilised for detection of faults. Monitors can similarly detect faults and they can sense irregular conditions which may possibly develop into a fault [145].



The proportions of the transformer and the voltage level does influence on the extent and choice of protective equipment. Monitors avoid faults and protective relays limit the damage in the event of a fault. The cost for the protecting equipment is low when compared to the total cost and the cost involved in case of a transformer fault [146].



There are frequently different opinions about the range of transformer protection. In general, it is more or less standard that transformers with an oil conservator are provided with the following equipment [145]:



Transformers of less than 5 MVA:

	•

	
Gas detector relay (Buchholz relay);




	•

	
Ground fault protection;




	•

	
Overcurrent protection;




	•

	
Overload protection.









Transformers of more than 5 MVA:

	•

	
Gas detector relay (Buchholz relay);




	•

	
Ground fault protection;




	•

	
Oil level monitor;




	•

	
Overcurrent protection;




	•

	
Differential protection;




	•

	
Pressure relay for tap-changer compartment;




	•

	
Overload protection (thermal relays or temperature monitoring systems).









Power transformer protection relays in a power system are required to be able to differentiate internal faults from the remaining operating conditions, and current differential relays have been commonly used for transformer protection. The relays, though, remain susceptible to malfunctioning over-excitation conditions or during magnetic inrush due to the magnetizing current becoming significant [147].



4.1. Smart Relay


By using the transformer standard [12] IEC 60076–7 which presents the terms that define the transformer θh calculation and with information from the θo, θa, current and voltage transducers inputs, a smart transformer relay is proposed Fedirchuk and Rebizant in [143]. This relay is able to provide distinctive asset management functionality. This functionality comprises overload tracking with the temperature (adaptive overload), predictive overload early warning and automated load shedding based on temperature and/or current levels. Combined with the LOL estimation, the smart transformer relay delivers protection, monitoring and control for the transformer in one integrated solution. The basis of the smart transformer relay is the capacity to model the transformer behaviour by a satisfactory process [143]. Such kind of smart transformer relays allows a wide range of unique protection, monitoring and control devices in one integrated platform as proposed by the authors in Figure 6.
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Figure 6. The proposed smart transformer relay. 






Figure 6. The proposed smart transformer relay.
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However, another and an enhanced application of the IEEE transformer loading standard with a smart relay developed in [143] by the same authors, is the capacity to monitor both the transformer’s current and/or temperature and establish multiple prioritized overload levels for alarm or trip. Such solution allows for the utility to have the ability to offer preferential service to customers and avoid unnecessary full-load transformer trips. Furthermore, the tap changer can be blocked if the current is above a pre-defined setting and prevent load restoration if θh is greater than a pre-defined level.




4.2. Transformer Condition On-Line Monitoring


It is widely recognized that the risks associated with overloading can be considerably reduced if the transformer conditions are closely monitored during the overload period [148,149]. The monitoring of winding θh and dissolved gas-in-oil and furan-in-oil offers a major support to the operator when the transformer experiences overload conditions [33].



4.2.1. Monitoring of Winding Temperature


The condition of transformer windings can be assessed by monitoring their equivalent circuit parameters. Modifications in the insulation temperature affect the winding temperature and can be monitored by observing the winding resistance values. Likewise, changes in the short circuit reactance can also provide information on the condition and structure of windings. The equivalent circuit parameters are not influenced by external faults and change only in the presence of an internal factors. Quick and reliable protection could be implemented by monitoring such parameters since inrush current and over-excitation does not affect them. The on-line monitoring of winding temperature can grant a dynamic evaluation of insulation degradation and the respective loss of life can then be transformed into cost. The cost attributed to loss of life has to be subtracted from the apparent benefits achieved from transmitting such extra load [150,151].




4.2.2. DGA (Dissolved Gas Analysis)


Dissolved gas analysis is a test utilised as a diagnostic and maintenance tool for oil-filled apparatus. In normal conditions, the dielectric fluid existing in a transformer will not decompose at a fast rate. Nevertheless, thermal and electrical faults can accelerate the decomposition of the dielectric fluid, as well as the solid insulation. Resultant gases by this process are all of low molecular weight and include hydrogen, methane, ethane, acetylene, carbon monoxide, and carbon dioxide, and these gases will dissolve in the dielectric fluid. Anomalous conditions within a transformer can be detected prematurely by analysing the gases that accumulate within it. Analysing the specific proportions of each gas is helpful in identifying faults. Detailed information of such fault types originated from a variety of gases is present in Table 8 [151]. Faults detected in this manner may include processes such as sparking, corona, overheating, and arcing. If the right preventive measures are taken early in the detection of these gases, damage to equipment can be mitigated [152,153].
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Table 8. Fault types indicated by a variety of gases.
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Indication/Fault Gas

	
CO

	
CO2

	
CH4

	
C2H2

	
C2H4

	
C2H6

	
O2

	
H2

	
H2O






	
Cellulose aging

	
√

	
√

	
-

	
-

	
-

	
-

	
-

	
-

	
√




	
Mineral oil decomposition

	
-

	
-

	
√

	
√

	
√

	
√

	
-

	
√

	
-




	
Leaks in oil expansion systems, gaskets, welds, etc.

	
-

	
√

	
-

	
-

	
-

	
-

	
√

	
-

	
√




	
Thermal faults—Cellulose

	
√

	
√

	
√

	
-

	
-

	
-

	
√

	
√

	
-




	
Thermal faults in Oil 150–300 °C

	
-

	
-

	
√

	
-

	
Trace

	
√

	
-

	
√

	
-




	
Thermal faults in Oil 300–700 °C

	
-

	
-

	
√

	
Trace

	
√

	
√

	
-

	
√

	
-




	
Thermal faults in Oil >700 °C

	
-

	
-

	
√

	
√

	
√

	
-

	
-

	
√

	
-




	
Partial Discharge

	
-

	
-

	
√

	
Trace

	
-

	
-

	
-

	
√

	
-




	
Arcing

	
-

	
-

	
√

	
√

	
√

	
-

	
-

	
√

	
-









Numerous methods exist for the interpretation of laboratory results, for instance as those recommended in IEC Standard 60599 [154] and IEEE Standard C57.104–1991 [155]. Graphical and computational methods using gas ratios and proportions have been formulated for recognizing the characteristic patterns of dissolved gases associated with the main fault types. Such diagnosis procedures have been developed and validated using large data sets for equipment in service, where faults were identified and documented by maintenance experts monitoring the equipment [156].



The present environment of higher loading on aging transformers, increased service reliability requirements and postponed capital expenditures on new equipment have led the industry to investigate the employment of innovative transformer condition assessment and management tools. As transformers age, they suffer various stresses that can contribute to a multiplicity of failure mechanisms. Proper online DGA monitoring and diagnostic tools could help utilities to avoid unplanned failures, extend transformer useful life and lower maintenance costs [157].



As seen in Table 8, all fault types are indicated by a variety of gases and not just one. Consequently, diagnostic approaches that focus on multiple gases take into account the total gassing picture and provide the best diagnostic accuracy [151].



The majority of the DGA diagnostic tools utilised today can be found in the IEEE C57.104 or IEC 60599 guides, as well as other national or international guides based on them. As indicated in IEC 60599 and 60567 [154], there is constantly some degree of inaccuracy in laboratory dissolved-gas measurements, especially when concerning low gas concentrations. This inaccuracy influence gas ratios and other diagnostic calculations. Consequently, the results based on them might be correspondingly uncertain in a certain number cases [156].






5. Conclusions


In this paper a comprehensive review was made by analysing and discussing the existing studies in the literature on the effect of loads and other key factors on oil-transformer ageing. The state-of-the-art was extensively reviewed, each factor was analysed in detail, and useful comparative tables were created. Then, a smart transformer protection was researched in order to address the upcoming challenges. Finally, a monitoring system was considered essential to ensure reliability and sustainability of the transformer. An example is the transformer condition on-line monitoring, either by monitoring the winding temperature or through dissolved gas analysis.
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