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The paper presents the methods of exponential functions and differential equations recommended by IEC and IEEE for the 
calculation of the oil θo and hot spot θh temperatures in power transformers, in the absence and presence of solar radiation. 
Considering the case of distribution transformers, for which the load factor K shows variations in small time intervals, the 
authors propose a new (analytical) method for calculating temperatures (θo and θh), both in the absence and in the presence of 
solar radiation. To highlight the importance of the calculation method and solar radiation, the quantities θo and θh are calculated 
(in two days from 2019) by three methods, as well as the consumed and remaining lifetimes for two transformers, with the same 
load and located in areas with different values of temperature and solar radiation. Finally, the influence of solar radiation, place 
of operation of the transformer and calculation method on the values of temperatures and lifetimes are analyzed. 

1. INTRODUCTION
Power transformers are some of the most important 

elements of any electric power transmission and distribution 
systems [1] and represent the biggest investment in 
equipment installed in high-voltage stations (60 % of total 
investment [2]). The average life of power transformers is 
20-35 years, and with good preventive maintenance, even
60 years [3]. On the other hand, the unscheduled removal of
power transformers from operation (due to a failure) causes
significant economic losses, while their destruction (because
of fires and/or tank destruction) can lead to very large
environmental pollution (air, water, soil) [1].

The insulation systems of windings (in general, oil-paper) 
are the most frequently defective elements, their failure rate 
increasing with their service life, due to electrical, 
mechanical and especially thermal stress. As a result, during 
transformers operation, irreversible chemical reactions occur 
both in paper and oil, leading to a continuous ageing and 
degradation of the insulation. As a result, the physical and 
electrical properties of the insulation become worse and, 
after a certain operation time, their values fall below certain 
limit values, which can lead to damage and 
decommissioning of the equipment [4–5]. Under the effect 
of heat, in time, the cellulose insulation undergoes a 
depolymerisation process [6]. As the cellulose chain gets 
shorter, the mechanical properties of paper (tensile strength 
and elasticity) degrade, the paper can become brittle and is 
not capable of withstanding short circuit forces and even 
normal vibrations that are part of transformer life [7]. This 
situation characterizes the end of life of the solid insulation, 
and it also defines the transformer end of life [6,8]. 

The temperature of the winding is not uniform, and the 
real limiting factor is the hottest section of the winding 
commonly called winding hot spot. This hot spot 
temperature is located somewhere toward the top of the 
transformer, and it is not accessible for direct measurement 
with conventional methods [9,10]. Therefore, for estimating 
the lifetime of the transformer insulation Le, according to the 
Dakin aging model [11], the following equation is used: 

ln Le = a + b /θh + 273.15, (1) 

where Le is estimated lifetime for operating at constant 
temperature (θh), a – a material parameter, b = Ea /k , Ea – 
the thermal activation energy, k – Boltzmann’s constant 
and θh – the hot spot temperature. 

In eq. (1) the hot spot temperature is assumed to remain 
constant during transformer’s operation, respectively the 
load and the ambient temperature also remain constant. As 
a result, consumed lifetime over a period Δt(Lc) is equal to 
its service lifetime (Δt), and remaining lifetime Lr is the 
difference between Le and Lc. Then, during operation of 
power transformers, both the load factor K (respectively, 
the ration between apparent power and nominal apparent 
power), and ambient temperature varies over time [12]. As 
a result, oil temperature (θo) and hot spot temperature (θh) 
and, consequently, the consumed lifetime of the insulation 
varies over time. For the calculation of θo and θh the 
differential equations recommended by IEEE Std. C57.91-
2011 [13], are used: 
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where θa(t) is the ambient temperature (oC), K(t) is the 
transformer load current in p.u. with rated load current as 
base, θo(t) and θh(t) are the calculated top oil and hot spot 
temperatures respectively at time t (expressed in oC), R is 
the loss ratio (ratio between the load losses PLL and no-
load losses PNL), Δθhr is the oil temperature rise over 
ambient temperature θa at rated load (oC), Δθhr is the rated 
hot spot temperature rise over θo for rated load of 1 p.u., τo 
is the average oil time constant, τw is winding time 
constant, n and m are empirically derived exponents 
dependent on the transformer’s cooling system [1]. It 
should be noted that the equations (2) – (3) consider as 
heat source the transformer’s losses and it’s not considered 
the insulation heating by solar radiation. Also, the 
harmonic load current and the changes in the viscosity of 
oil under varying temperature conditions are not 
considered [14]. 
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In IEC 60076-7 [12] and IEEE Std. C57.91-2011 [13] it 
is considered that θh is the temperature of the oil from the 
interior of winding (at the oil winding interface) at the top 
of the tank, which may differ from the oil temperature 
from the top part of the tank (θo) with up to 15 K. Also, the 
oil heating at the top of the tank relative to the ambient 
temperature θa (respectively, Δθor) and the heating of the 
hot spot relative to the oil temperature at the top of the tank 
(respectively, Δθhr) are considered known for transformer’s 
nominal operation. It is assumed that, in the interior of the 
cooling system, oil temperature and winding temperature 
grow linearly, the two lines (θo(t) and θh(t)) being parallel 
and located at distance gr from each other (Fig. 1). The hot 
spot heating is superior to the heating of the conductor in 
the top of the winding with Δθhr = H·gr, H being the hot 
spot factor (with known values, between 1.0 and 2.1, 
depending of the size, short circuit impedance and type of 
the transformer winding) [12]. 

In previous papers the estimated, consumed, and 
remaining insulation lifetimes of power transformers were 
determined admitting different hypotheses. Thus, in [15] the 
operation of the transformer at constant load and constant 
temperature is considered, also in [1] it is considered a 
gradual variation of the insulation temperature during a day. 
In [11] the hot spot temperatures, the consumed and 
remaining lifetimes of the insulations of 3 transformers were 
calculated, operating with loads in identical steps, but in 
areas with different values of the ambient temperature and 
of the solar radiation. The relations used to calculate solar 
power are simplified and allow the calculation of solar 
power only in the days of the first half of the year. 

In [16] the solar power of a transformer with the same 
simplified relations was calculated and its influence on 
reducing the degree of polymerization of the paper 
insulation and increasing the probability of transformer 
failure was analysed. In all cases it was considered that 
the load factor varies in steps and that the intervals at 
which its values change is relatively large (from tens to 
hundreds of minutes). Therefore, the method of 
exponential equations was used to calculate the hot spot 
temperature [12]. 

If the load factor K changes after shorter intervals or if 
it varies almost continuously over time the use of the 
method of exponential functions can lead to large errors. 
In this case, in [12] it is recommended to integrate the 
differential equations (2), (3) modified (by considering 
the thermal characteristics of the transformers, 
respectively the values of the constants k11, k22, etc.) by 
finite differences. This method requires the use of 
variations in steps of the loading factor K and of the 
ambient temperature θa on relatively small-time intervals 
(less than half of the thermal constant of the winding 
[12]). Even if the time intervals are reduced, the step 
variations of the quantities K and θa cause errors in the 
calculation of the quantities θo (t) and θh (t). 

To reduce these errors, in the paper an analytical method 
for calculating the oil and hot spot temperatures applicable 
in the case of distribution transformers with OF cooling 
system is proposed. By integrating the differential 
equations on small intervals (in which linear variations of 
the quantities K and θa are considered) the expressions of 
the quantities θo(t) and θh(t) are obtained as sums of 
exponential and rational functions. Finally, a case study on 

two 105 MVA distribution transformers that operate in two 
areas with different climatic conditions is presented. It is 
found that the results obtained by solving the differential 
equations with finite differences and analytic are relatively 
close, but much different from those obtained with the 
method of exponential functions. On the other hand, it was 
found that the values of the oil and hot spot temperatures 
in the presence of solar radiation are much higher than 
those in the absence of this and that the lifetimes consumed 
in the same time interval are longer in areas with solar 
radiation and higher ambient temperatures. 

 

 
Fig. 1 – Thermal diagram according to [12]: YA,…E – areas for determining 
the oil temperature; A – oil temperature measuring point at the top of the 

tank; B – point located on the upper part of the winding; C – point located 
in the middle of the tank; D – point from the base of the winding; E – point 

located at the lower level of the tank; P – hot spot temperature in the 
absence of solar radiation: P’ – hot spot temperature in the presence of 
solar radiation; Q – temperature measurement point in the middle of the 

tank; θA,B…Q – temperature values at points A, B…Q [1].  

2. OIL AND HOT SPOT TEMPERATURES 
The methods of exponential and of differential 

equations are used to calculate the values of oil (θoi) and 
hot spot (θhs) temperatures. The characteristics of the 
transformer and the time variation curves of the quantities 
K and θa are considered known. 

2.1. EXPONENTIAL FUNCTIONS METHOD  
The method of exponential functions (M1) is 

recommended [9] for step variations of the load factor K and 
gives good results for the power transformers if the 
following conditions are satisfied: a) Each of the increasing 
load steps is followed by a decreasing load step or vice 
versa, and b) In case of N successive increasing load steps 
(N ≥ 2), each of the (N – 1) first steps has to be long enough 
for the hot-spot-to-top-oil gradient Δθh to obtain steady state 
[12]. The value of the hot spot temperature at a given 
moment t from a time interval [ ]( )1 1 2,t t t t t tΔ = − ⊂ , where 
the quantities K and θa are constant (θh(t)), can be calculated 
using the following equation: 
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if the value of K(t1) is higher than its value from the 
previous interval and with the equation: 
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if the value of K(t1) is smaller than its value from the 
previous interval, where: 
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τ = t2 − t  (respectively t ⊂ 0, t2 − t1[ ]), Δθoi is top-oil (in 
tank) temperature rise to the ambient temperature at start 
K, Δθhi – hot-spot-to-top-oil (in tank) gradient at start K, τo 
– average oil time constant, τw – winding time constant, x – 
exponential power of total losses versus top-oil (in tank) 
temperature rise (oil exponent), y – exponential power of 
current versus winding temperature rise (winding 
exponent) and k11, k21, and k22 are thermal model constants 
(known for each transformer) [12]. 

The top-oil temperature (in the tank) at the load 
considered K (θo(t)) is calculated with the equation: 

 θo t( )= θh t( )− Δθh t( ), (9) 

where Δθh(t) is hot-spot-to-top-oil (in tank) gradient at the 
load K and it is calculated with the equation: 

 Δθh (t) = Δθhi+(HgrK (t1)
y − Δθhi) f2 (τ) , (10) 

if the value of K(t1) is higher than its value from the 
previous interval and with the equation: 

 Δθh (t) = HgrK (t1)
y , (11) 

if the value of K(t1) is smaller than its value from the 
previous interval. 

2.2 DIFFERENTIAL EQUATIONS METHOD 
The method of differential equations (M2) is 

recommended for calculation of the quantities θo(t) and 
θh(t) for the transformers with arbitrarily time-varying load 
factor K and ambient temperature θa, especially for on-line 
monitoring [12, 18]. The differential equation for top-oil 
temperature θo(t) is: 
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The hot-spot temperature rise Δθh(t) is given by: 

 Δθh (t) = Δθh1(t) − Δθh2 (t) , (13) 

the quantities Δθh1(t) and Δθh2(t) being the solutions of 
differential equations [12] : 

 
  
k22θw

dΔθh1(t)

dt
+ Δθh1(t) = k21K (t1)

y Δθhr , (14) 

 
 

θo

k22

dΔθh2 (t)
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+ Δθh2 (t) = (k21 −1)K (t1)

y Δθhr .  (15) 

The following equation is used for the calculation of the 
hot spot temperature θh(t): 

 ( ) ( ) ( )ttt hoh θθθ Δ+= . (16) 

The solutions of the equations (12), (14) and (15) can be 
obtained by numerical approach – by using finite 
differences method (recommended by IEC 60076-7 [9] – 
or by analytical approach (proposed in this paper). 

2.2.1. FINITE DIFFERENCES METHOD 
The use of the finite difference method involves dividing 

the interval [t1, t2] in N sub-intervals of size ( )2 1Dt t t N= −  
less than half the winding time constant τw, in which the 
quantities K and θo are considered constant. The method is 
presented more detailed in [12]. 

The variation of oil temperature in a sub-interval k (k = 
1,2,3…N) defined by the values tk-1 and tk of t, noted with 
Dθo(k) is calculated with the equation: 
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and the oil temperature at a given time tk (θo(tk)) is : 

 1 o( ) ( ) D ( )o k o k kt t t−θ = θ + θ ,  (18) 

where K(tk-1) represents the value of the load factor at the 
moment tk-1. 

The overheating of the hot spot to the oil temperature 
in the interval k (Δθh(tk)) is given by: 
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and DΔθh1(tk) and DΔθh2(tk) represents the variations of 
the quantities Δθh1(t) and Δθh2(t) in the interval [tk-1, tk], 
see [12]. 

The hot spot temperature at the moment tk (θh(tk)) is: 

 hθ ( ) θ ( ) θ ( )h k o k kt t t= + Δ . (24) 

2.2.2. ANALYTICAL METHOD 
In the case of distribution transformers to which several 

low power consumers are connected (micro-enterprises, 
households, etc.) there may be small variations of K and θo 
even within the N sub-intervals used in the finite difference 
method. On the other hand, for transformers with OF (oil 
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forced) cooling systems x = 1, and in the case of OD (oil 
directed) type x = 1 and y = 2 [12]. As a result, eqs. (12), 
(14) and (15) can be solved by an analytical method (AM). 
To obtain the solutions, it was considered that inside each 
sub-interval k, load factor Kk and ambient temperature θk 
vary linearly on time, respectively: 

 Kk τ( )= m1k + n1k τ , (25) 

 θak τ( )= m2k + n1kτ , (26) 

where n1k = K tk( )− K tk −1( )[ ] θk − θk −1( ), m1k = K tk −1( ), 
m2k = θak tk −1( ) and τ = t − tk −1. 

For the oil temperature θo(t), t ⊂ [tk-1, tk], the following 
expression was obtained: 
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where: a = Δθor , b = k11τ o , p = m1
2, d1 = a / 1+ R( ), 

d2 = a ⋅ R / 1+ R( ), d3 = m2 + d1 + d2 p , d4 = n2 + d2q , 
q = 2m1n1 , d5 = d2 ⋅ s  and s = n1

2.  
For the calculation of the hot spot temperature 
( ) [ ]( ) ,h k-1 kt t t tθ ⊂ , the following equations were 

obtained: 
 θh t( )= θo t( )+ Δθh t( ), (28) 

 Δθh t( )= Δθh1 t( )− Δθh2 t( ),    (29) 
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where b1 = k21Δθhr , b2 = k22τw , b3 = k21 = 1 and 
b4 = τ o /k22. 

The solutions obtained by the analytical method (θo(t) 
and θh(t)) contain besides some exponential functions (as 
in the case of the method of exponential functions) and a 
rational function (which, in case of linear variations in time 
of the quantities K and θa has the fourth order numerator 
and the second order denominator). 

Initial values (at t = 0) of the quantities θo(t), Δθh1(t) 
and Δθh2(t) are calculated, in all three methods, using the 
following equations: 
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 Δθh1(0) = k21K
y (0)Δθhr ,  (33) 

 Δθh2 (0) = k21 −1( )K y (0)Δθhr , (34) 

where K(0) represents the value of the load factor at 
moment t = 0.  

3. REMAINING AND CONSUMED LIFETIME 
Knowing the values of the hot spot temperature, the 

consumed lifetime of the transformer insulation in 
Δt = t2 − t1 (Lc) is calculated with the equation [1]: 

 Lc = V d t
t1

t2∫ = VkΔtk
k =1

N∑ , (35) 

where Δtk represents the kth time sub-interval, resulted 
from the division of the t2 − t1 interval into N sub-
intervals, in which θh(t) is considered constant and equal to 
θh(tk-1), and Vk – the relative aging rate of the insulation 
made of heat-treated paper in the sub-interval k [12]: 

 1

15000 15000 
110 273.15 ( ) 273.15
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e h kt

kV θ −

⎛ ⎞
⎜ ⎟+ +⎝ ⎠= , (36) 

110 ºC being the value of the hot spot temperature for 
designed lifetime of the insulation [1,12]. 

The remaining lifetime Lr is calculated as difference 
between the estimated Le and consumed lifetime Lc. 

4. INFLUENCE OF SOLAR RADIATION 
The temperature of the insulation is influenced by the 

heat absorbed from the Sun through radiation (even if the 
transformer is not in use). As a result, in the equations (2), 
(4), (5), (12), (17) and (32) the term corresponding to the 
internal heat sources is modifying, becoming:  

2(1 ( ) ) /(1 ) ( ) /( )
x

S LL NLRK t R P t P P⎡ ⎤+ + + +⎣ ⎦ , 

where Ps(t) is the solar power transmitted through radiation 
at t and PLL and PNL are the nominal losses in the load and 
in the idling, respectively. 

As a result, the temperature will increase at each point 
of the transformer with a constant difference (maintaining 
the slope of the BCD line, Fig. 1), there will be a shifting 
to the right of the point P in P’, and the hot spot 
temperature takes on the value θhr (Fig. 1). 

The solar power PS(t) is calculated using the equation: 

 PS (t) = cAtrI t( ), (37) 

where c is the absorption factor of solar radiation, Atr – the 
collecting surface of solar radiation corresponding to the 
transformer and ( )0≥I  is the intensity of the solar 
radiation at t [1, 19–21]. 

The intensity of the solar radiation I(t) is calculated with 
the equation:  

 1.15( ) 951.39(sin α( ))I t t= , (38) 

where α t( ) ≥ 0( ) is the radiation angle of the sun (altitude-
wise) [20] and it is calculated using the equation: 

  α(t) = sin sinδ(t) sin L + cosδ(t) cos L cosβ[ ]{ }-1,  (39) 

were: δ(t) is the declination angle of the sun (the angle 
made by the rays of the sun with the equatorial plane), L – 
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the latitude corresponding to the respective area and β – 
hourly angle of the Sun [11]. 

The declination angle δ is obtained using the equation 
[22]: 

 
δ y( )= 0.3948 − 23.25559 cos y + 9.1°( )−

−0.3915cos 2y + 5.4°( )− 0.1764 cos 3y +105.2°( )
 (40) 

where y = 360n / 365 represents the day angle, and n – day 
number in year. 

Hourly angle of the Sun β (in degrees) is obtained 
using the equation: 

 ( ) [ ]12 stβ = − ° , (41) 

where ( ) 2/eas ttt +=  is solar hour, ta = t − tz + 4λ – 
apparent local hour, t – local hour, tz – time zone, λ – 
longitude of the respective area and te – the annual 
difference between the time indicated by a solar clock and 
a usual one, calculated with the equation [23] : 

 
( ) ( )

( ) ( )
0.0066 7.3525cos 85.9

9.9359cos 2 108.9 0.3387cos 3 105.8 .
et y y

y y

= − + ° +

+ + ° + + °
 (42) 

5. CASE STUDY 
In order to highlight the influence of the calculation 

method on the values of temperatures and lifetimes of 
power transformers, the hot spot temperatures and the 
estimated, consumed and remaining lifetimes were 
calculated for two identical distribution transformers that 
operate, one in Mauritania (Nouakchott, noted with T1) 
and another one in Romania (Suceava, noted with T2), 
both in the absence and in the presence of solar radiation 
on 07.06.2019 and 10.10.2019, for sub-intervals Δt = 3 
min (corresponding to τw = 7 min).  

Table 1 
 Geographical coordinates of the transformers 

Operation site Longitude Latitude 
Nouakchott 15°59′ V 18°52′  N 
Suceava 26°15' E 47°38’ N 

Table 2 
Values of the load factor K  

t (h) 0 2 4 6 8 10 
K 0.92 0.90 0.91 0.95 1.08 1.10 

Table 2 (continued) 
t (h) 12 14 16 18 20 22 24 
K 1.03 1.02 0.94 1.01 1.12 1.02 0.92 

Table 3 
Ambient temperature values in 17.06.2019 and 10.10.2019, in Suceava 

(θaS17(t) and θaS10(t)) and Nouakchott ((θaN17(t) and θaN10(t))  

t (h) 0 2 4 6 8 10 
θaS17 (oC)  10 9 8 8 11 13 
θaS10 (oC) 27 27 26 25 27 29 
θaN17 (oC)  25 25 24 23 25 27 
θaN10 (oC) 27 27 26 25 27 29 

Table 3 (continued) 

t (h) 12 14 16 18 20 22 24 
θaS17 (oC)  17 18 18 16 13 12 14 
θaS10 (oC) 34 37 37 35 32 30 10 
θaN17 (oC)  32 35 35 33 30 28 25 
θaN10 (oC) 34 37 37 35 32 30 27 

The transformers have the apparent nominal power Sn = 
105 MVA, Atr = 64 m2, c = 0.75, PLL = 308 kW, PNL = 54 kW, 
heat-treated paper – mineral oil insulation (110 oC), OD 
cooling system type, x = 1, y = 1.3, k11 = k21 = k22 = 1, Δθor = 
48 oC, Δθhr = 14.3 oC, H = 1.4, gr = 14.35 oC, τo = 90 min and 
τw = 7 min. The coordinates of the stations where the 
transformers operate are presented in Table 1 and the values 
of the K and θa in Table 2. 

 

 
Fig. 2 – Time variation of solar power in Nouakchott (green/blue curves) 
and Suceava (black/red curves), on 17.06.2019 (green/black curves) and 

on 10.10.2019 (red/blue curves). 

The values of K are influenced by many factors [24], but to 
highlight the effect of solar radiation, the same values of K 
were considered, regardless of the date and place of operation 
of the transformers. Within the subintervals Δt linear 
variations of the quantities K and θa were assumed. 

5.1. SOLAR POWER 
In Fig. 2 the time variations of the solar power Ps, on 

17.06.2019 and 10.10.2019, in Nouakchott (Mauritania) and 
Suceava are presented. The values of Ps depend on the 
geographical coordinates of the transformer station, on the 
day and on the hour at which are calculated. It can be noted 
that the maximum value of Ps is obtained in Nouakchott (in 
June) and the minimum value in Suceava (in October). On 
the other hand, the values of Ps in June are higher than in 
October in both localities. 

5.2. OIL AND HOT SPOT TEMPERATURES 
The calculation of the oil (θo) and hot spot (θh) 

temperatures was performed for the two transformers with 
all three methods: exponential functions, finite differences, 
and analytical method. Part of the results respectively 
curves θo(t) and θh(t) are shown in the Figs. 3–12 and 
Table 1. It is found that the values of θo(t) and θh(t) depend 
(through the values of solar power and ambient 
temperature) on the geographical coordinates of the 
transformer station, on the day and hour at which it is 
calculated. Thus, on both days analysed, θo(t) and θh(t) 
presents two maxims: the first around 2 pm – when the 
load factor K is above unit (1.02 – 1.03), and the ambient 
temperature and solar radiation have high values and the 
second maximum, around 9 pm – when the load factor has 
the largest values (over 1.1).  

5.2.1. INFLUENCE OF THE SOLAR RADIATION 

The variations of the oil and hot spot temperatures in the 
two transformers (T1 and T2) in June and October 2019, 
calculated with the finite difference method, both in the 
absence and in the presence of solar radiation are presented in 
Figs. 3 – 6. It can be seen that in all cases, the values of θo and 
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θh are higher in the presence of solar radiation, than in its 
absence, respectively for [ ]270,1020t ∈  in June and 

[ ]330, 990t ∈  in October – for T1 (Figs. 3 and 4) and 

[ ]270,1200t ∈  in June and [ ]420,1050t ∈  in October – for 
T2 (Figs. 5 and 6). As a result, the use of the hot spot 
temperature equations indicated in the IEC [12] and IEEE [13] 
standards – in which Ps = 0 – leads to lower values of θh and, 
respectively, lower values of the consumed lifetimes (§ 5.2.3). 

 

 
Fig. 3 – Time variation of the oil temperature for T1 on 17.06.2019 

(black/green curves) and on 10.10.2019 (red/blue curves), both in the 
absence (green/blue curves) and in the presence of solar radiation 

(black/red curves). 

 

 
Fig. 4 – Time variation of the hot spot temperature for T1 on 17.06.2019 

(black/green curves) and on 10.10.2019 (red/blue curves), both in the 
absence (green/blue curves) and in the presence of solar radiation 

(black/red curves) calculated with M2 method. 

 

 
Fig. 5 – Time variation of the oil temperature for T2 on 17.06.2019 

(black/green curves) and on 10.10.2019 (red/blue curves), both in the 
absence (green/blue curves) and in the presence of solar radiation 

(black/red curves) calculated with M2 method. 

 
Fig. 6 – Time variation of the hot spot temperature for T2, on 17.06.2019 

(black/green curves) and on 10.10.2019 (red/blue curves), both in the 
absence (green/blue curves) and in the presence of solar radiation 

(black/red curves) calculated with M2 method. 

 
Fig. 7 – Time variation of the hot spot temperature in the presence of 

solar radiation for T1 (black/red curves) and T2 (green/blue curves), on 
17.06.2019 (black/green curves) and on 10.10.2019 (red/blue curves) 

(obtained using finite differences method) calculated with M2 method.  

For T1, θo(t) and θh(t) take maximum values in the time 
interval 13h30 – 14 h (θo over 88 oC and θh over 103 oC) in 
June and in the time interval 13h – 14h 30 (θo over 89 oC 
and θh over 104 oC) in October (Figs. 3 and 4). For T2 the 
maximum values of the quantities θo(t) and θh(t) are 
obtained, both in June (θo over 77 oC and θh over 91 oC), 
and in October (θo over 71 oC and θh over 85 oC) for 

[ ]780, 840t ∈  (Figs. 5 and 6). It should be noted that the 
differences between the maximum values of the hot spot 
temperature are relatively important, respectively over 5 oC 
for T1 (on both days) and over 5 oC – in June – and over 
3 oC – in October – for T2. 

5.2.2. INFLUENCE OF PLACE OF OPERATION 
The values of the hot spot temperatures depend on the 

coordinates of the geographical areas in which the 
transformers operate, areas which present different values, 
both ambient temperature and of the solar power. Thus, on 
17.06.2019, the hot spot temperature – calculated with the 
finite difference method – had a maximum value of 
103.33 oC for T1 (Nouakchott) and 91.79 oC for T2 
(Suceava), and on 10.10.2019, it had a value of 104.59 oC 
for T1 and 85.64 oC for T2 (Fig. 7). Therefore, on 
17.06.2019 the maximum value of the hot spot temperature 
was approx. 12 oC higher for T1 than for T2, and on 
10.10.2019 with approx. 19 oC. Obviously, the higher 
values of θh for T1 than for T2 are due to the higher values 
of ambient temperature (Table 2) and solar power (Fig. 2) 
in Nouakchott compared to those in Suceava. 
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5.2.3. INFLUENCE OF CALCULATION METHOD 
The calculated values of the oil and hot spot temperatures 

depend on the calculation method used. As can be seen in 
Fig. 8–11 the highest values of θh(t) at any time of the day 
and for both transformers are obtained with the method of 
exponential functions (EFM), and the lowest with the method 
of finite differences (DFM). The values of θh(t) obtained with 
the analytical method (AM) are located between those 
obtained with EFM and those obtained with EFM. The use of 
analytical functions involves stepwise variations of the load 
factor and over relatively large sub-intervals Δt, so that the 
thermal regime stabilizes. Or this condition could not be 
satisfied for sub-intervals Δt less than half the winding time 
constant (τw = 7 min). As a result, in the case of distribution 
transformers (which corresponds to continuous variations of 
K) the values of θh(t) obtained using EFM can present, 
significant differences compared to the real ones.  

 
Fig. 8 – Time variation of the hot spot temperature for T1 on 17.06.2019, 
calculated using exponential functions method (black curve), analytical 
method (green curve) and finite differences method (red curve) (in the 

absence of the solar radiation). 

 
Fig. 9 – Time variation of the hot spot temperature for T1 on 10.10.2019, 
calculated using exponential functions method (black curve), analytical 
method (green curve) and finite differences method (red curve) (in the 

absence of the solar radiation). 

 
Fig. 10 – Time variation of the hot spot temperature for T2 on 

17.06.2019, calculated using exponential functions method (black curve), 
analytical method (green curve) and finite differences method (red curve) 

(in the absence of the solar radiation). 

 
Fig. 11 – Time variation of the hot spot temperature for T2 on 

10.10.2019, calculated using exponential functions method (black curve), 
analytical method (green curve) and finite differences method (red curve) 

(in the absence of the solar radiation). 

In these cases, IEC 6076-7 recommends DFM. However, 
the values of θh(t) obtained with DFM also depend on the 
discretization step Δt. For example, for T2, the values of θh (t), 
calculated on 17.06.2019 in the absence of radiation decrease 
by 0.028… 1.03%, if Δt decreases from 3 to 1 min. 

Table 4 
Maximum values of the hot spot temperature calculated in the absence of 
solar radiation with the methods of exponential (EFM), analytical (AM) 

and finite difference (FDM) functions, at noon (θhsmax1) and at night 
(θhsmax2) for T1  

Method EFM EFM AM AM FDM FDM 
Day 17.06.2019 10.10. 

2019 
17.06. 
2019 

10.10. 
2019 

17.06. 
2019 

10.10. 
2019 

θhmax1 
(oC) 

104.59 106.29 103.05 104.45 98.26 100.07 

θhmax2 
(oC) 

108.81 110.87 108.52 110.57 102.24 104.30 

Table 4 (continued) 

Method EFM EFM AM AM FDM FDM 
Day 17.06. 

2019 
10.10. 
2019 

17.06. 
2019 

10.10. 
2019 

17.06. 
2019 

10.10. 
2019 

θhmax1 
(oC) 

92.91 89.02 90.09 89.44 86.67 82.78 

θhmax2 
(oC) 

96.64 91.66 96.38 91.43 90.07 85.09 

Table 4 shows the maximum values of the hot spot 
temperature θhmax for the two transformers. It is observed 
that, regardless of the calculation method, the values of θhmax 
exceed 100 oC for T1 and do not reach 100 oC for T2. It 
should be noted that, if the calculated values of θh depend on 
the calculation method, the calculated values of θo do not 
depend, practically, on the method. The curves θo(t) obtained 
by the three methods being, practically, identical (Fig. 12).  

 

 
Fig. 12 – Time variation of the oil temperature for T1 (Ps = 0), calculated 

with EFM (black curve), FDM (red curve) and AM (green curve). 
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In the case of the analytical method, the expression of 
θh(t) contains, besides the exponential function, also a 
rational function, because of the hypothesis that on the 
sub-intervals Δt linear variations of the quantities K and θa 
take place. The rational function allows a correction of the 
values of θh(t), these being, in general, inferior to the 
values obtained with EFM (Figs. 8–11, green curves).  

However, a conclusion regarding the correctness of this 
method can be drawn only after measuring the hot spot 
temperature during the operation of the transformers [25]. 

5.3. LIFETIMES 
Using the equations (35) and (36) the values of the 

consumed Lc and remaining Lr lifetimes were calculated for 
the two transformers on 17.06.2019 and 10.10.2019, both in 
the presence and in the absence of solar radiation (with the 
values of θh calculated by all three methods). Some of the 
results, obtained by DFM are presented in Figs. 13 to 15. It 
is found that the values of the consumed lifetimes depend 
on the location of the transformer, the presence of solar 
radiation and the day on which it operates. Thus, the 
presence of solar radiation causes a faster increase of the 
consumed lifetimes for both transformers, regardless of the 
day of operation (Figs. 13 and 14). For example, on 
17.06.2019, the values of Lc increase in 24 hours, due to the 
solar radiation by approx. 34 % for T1 and with approx. 
47 % for T2. Therefore, the use of the relations 
recommended in [9, 10] for the calculation of θh, may lead 
to errors of almost 50 % in estimating the consumed 
lifetime. On the other hand, Lc has higher values on 
10.10.2019 than on 17.06.2019 for T1 (in the presence of 
solar radiation with approx. 18 in 24 h), but lower for T2 
(in the presence of solar radiation with approx. 94 %). It 
should be noted that on both days (both in the presence and 
in the absence of solar radiation) the values of Lc are higher 
for T1 than for T2. For example, in the presence of solar 
radiation, on 10.10.2019, the value of Lc for T1 is over 5 
times higher than that for T2.  

 
Fig. 13 – Time variation of the consumed lifetime for T1 on 17.06.2019 

(black/red curves) and on 10.10.2019 (green/blue curves), both in the 
presence (black/green curves) and in the absence of the solar radiation 

(red/blue curves), θh – calculated with FDM. 

The values of Lc calculated based on the temperature 
obtained with DFM depend on the values chosen for Δt. 
Thus, in the case of transformer T2, on 17.06.2019 in the 
absence of radiation, the reduction of the value of Δt from 
3 min to 1 min determines a reduction of the consumed 
lifetime by up to 5.2%. Environmental temperature 
differences in design and real conditions make a 
transformer very risky to operate to reach its maximum 
capacity [26].  

The time variations of the consumed lifetimes obtained 
with EFM and AM are similar to those obtained with FDM 
(Figs. 13 and 14), but the numerical values of Lc are higher. 
A comparison between the FDM and AM methods 
regarding the variation of the consumed lifetime is 
presented in Fig. 15. It is found that the values of the 
consumed lifetime obtained with the AM method are higher 
than those obtained with FDM (especially for t > 600 min). 

 

 
Fig. 14 – Time variation of the consumed lifetime for T2 on 17.06.2019 

(black/red curves) and on 10.10.2019 (green/blue curves), both in the 
presence (black/green curves) and in the absence of the solar radiation 

(red/blue curves), θh – calculated with FDM. 

 

 
Fig. 15 – Time variation of the consumed lifetime for T2 on 17.06.2019 
in the absence of the solar radiation, calculated with FDM (green curve) 

and analytical method (red curve). 

 

 
Fig. 16 – Time variation of the remaining lifetime for T1 on 17.06.2019 

(black/red curves) and on 10.10.2019 (green/blue curves), both in the 
presence (black/green curves) and in the absence of the solar radiation 

(red/blue curves) (θh – calculated with FDM). 
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Fig. 17 – Time variation of the remaining lifetime for T2 on 17.06.2019 

(black/red curves) and on 10.10.2019 (green/blue curves), both in the 
presence (black/green curves) and in the absence of the solar radiation 

(red/blue curves) (θh – calculated with FDM). 

Considering that the transformers would work at 
nominal load (K = 1) at a constant temperature of 110 oC, 
the estimated lifetime can be considered Le = 180 000 h 
[9]. Consumed lifetime for operation at this temperature, in 
one day, would be Lc(24 h) = 24 h, and the remaining 
lifetime after operation for one day would be Lr(24 h) = 0. 
In the cases of operation at the variable load considered in 
Table 2, the consumed lifetimes in one day have different 
values, and the values of the remaining lifetimes of the two 
transformers vary in time according to Figs. 16 and 17. 

It is found that the lowest values of the remaining lifetime 
Lr are obtained for the transformer in Nouakchott for its 
operation in the presence of solar radiation on 10.10.2019 
(Fig. 16), and the highest values (about 27 %) are obtained for 
the one from Suceava on the same day, in the absence of 
radiation (Fig. 17). 

It should be noted that when using FDM the values of Lr 
are influenced by the values of Δt. Thus, for the 
transformer in Suceava, if Δt decreases from 3 min to 
1 min, the remaining lifetime after 24 h increases by 
0.0175%. The time variations of the remaining lifetimes 
obtained with EFM and AM are similar to those obtained 
with FDM (Figs. 16–17), but the numerical values of Lr are 
lower. Higher ambient temperatures and more intense solar 
radiation reduce the remaining lifetime of the insulation 
systems in Nouakchott transformers. 

They need to be monitored more carefully [27] and 
eventually subjected to repairs or replacements at shorter 
intervals [28]. As a result, costs for electricity transmission 
and distribution are higher in Mauritania than in Romania. 

6. CONCLUSIONS 
The IEC and IEEE standards recommend certain equations 

for calculating the hot spot temperature and the consumed 
lifetimes of the power transformers. These equations do not 
consider the influence of solar radiation, which differs from 
one geographical area to another. Therefore, their use can lead 
to important errors in the assessment of the consumed and 
remaining lifetimes of the transformers. 

In geographical areas with lower values of ambient 
temperature and solar radiation, hot spot temperatures and 
consumed lifetimes of transformers are higher than in areas 
with lower temperatures and lower solar radiation. 

In the case of distribution transformers, the load factor 
has variations over relatively small intervals, which leads 
to large differences in the calculated values of the hot spot 

temperature and the lifetimes obtained by the method of 
exponential functions and the method of finite differences. 

The use of the analytical method proposed in this paper 
involves the use of more complex functions for time 
variations of oil temperature and hot spot temperature, 
consisting of an exponential and a rational function.  

The values of the temperatures obtained with AM are lower 
than those obtained by EFM, but higher than those obtained by 
FDM. However, a conclusion regarding the correctness of this 
method can be drawn only after measuring the hot spot 
temperature during the operation of the transformers. 

The values of hot spot temperatures and lifetimes calculated 
with the three methods may have important differences from 
those obtained by direct measurement. Therefore, the new 
transformers must be equipped with devices for the correct 
measurement of the hot spot temperatures. 

Received on August 25, 2020 

REFERENCES 
1. M. I. Bey, P. V. Noţingher, C. Stancu, The influence of solar 

radiation on the lifetimes of power transformers, Electrotehnica, 
Electronica, Automatica (EEA), 68, 1, pp. 45-58, 2020. 

2. A.N. Jahromi, R. Piercy, S. Cress, R.R.J. Servicee, W. Fan, An 
approach to power transformer asset management using health 
index, IEEE Electrical Insulation Magazine, 25, 2, pp. 20-34, 2009. 

3. M. Wang, A.J. Vandermaar, K.D. Srivastava, Review of condition 
assessment of power transformers in service, IEEE Electrical 
Insulation Magazine, 18, 6, pp. 12-25, 2002. 

4. P.V. Notingher, L.M. Dumitran, S. Busoi, G. Tanasescu, The use of 
electrical resistivity to estimate the lifetime of power transformers 
oils, Electrotehnica, Electronica, Automatica (EEA), 66, 1, pp. 
100-108, 2018. 

5. P.V. Notingher, Cristina Stancu, L.M. Dumitran, P. Notingher jr., 
Aleksandra Rakowska, K. Siodla, Influence of the ageing state of 
insulation systems on absorption/resorption currents, Rev. Roum. 
Sci. Techn. – Electrotechn. et Energ., 53, 2, pp. 163-178, 2008. 

6. A1.V. Vasovic, J. Lukic, D. Mihajlovic, B. Pejovic, Z. Radakovic, U. 
Radoman, A. Orlovic, Aging of transformer insulation – experimental 
transformers and laboratory models with different moisture contents: 
Part I – DP and furans aging profiles, IEEE Trans. on Dielectrics and 
Electrical Insulation, 26, 6, pp. 1840-1846, 2019. 

7. C. Oria, A. Ortiz, D. Ferreño, I. Carrascal, I. Fernández, State-of-the-art 
review on the performance of cellulosic dielectric materials in power 
transformers: mechanical response and ageing, IEEE Trans. on 
Dielectrics and Electrical Insulation, 26, 3, pp. 939-954, 2019. 

8. P.V. Notingher, L.M. Dumitran, S.A. Busoi, Lifetime estimation of 
composite insulations by absorption/resorption currents method, Rev. 
Roum. Sci. Tech. – Electrotechn. et Energ., 55, 4, pp. 365-374, 2010. 

9. S.P. Kennedy, T. Gardner, J.N. Bribe, R. Ringlet, J. Cubin, Hot spot 
studies for sheet wound transformer windings, 80th International 
Conf. of Double Clients, 2013, pp.1-11. 

10. J.N. Bribe, J. Cubin, W. Macdiarmid, Transformer winding hot spot 
temperature determination, pp. 1-10 (2012), https://www.s 
cribd.com/document/ 89232477/ Transformer-Winding-Hot-Spot-
Temperature-Determination. 

11. P.V. Notingher C. Stancu, G. Tanasescu, S. Busoi, Determination of 
lifetime line parameters for power transformer insulation, 
Electrotehnica, Electronica, Automatica (EEA), 66, 4, pp. 59-65, 2018. 

12. ***IEC 60076-7, Power Transformer-Part 7: Loading Guide for Oil-
Immersed Power Transformers, pp. 1-113 (2005). 

13. ***ANSI/IEEE, IEEE Std. C57.91-2011, IEEE guide for loading 
mineral-oil-immersed transformers and step voltage regulators, pp. 
1-172 (2011).  

14. A. Vidja, H. Nayakpara, R. Bhalera, K. Bhargava, Methods for 
calculating the transformer hot-spot temperature and lifetime 
prediction, 3rd International Conf. for Convergence in Technology 
(I2CT), Pune, India, 2018, pp. 1-4. 

15.  P.V. Notingher, G. Tanasescu, Determination of estimated, 
consumed and remaining lifetimes of paper-oil transformers 
insulation based on winding insulation resistance, Proc. of 2018 
IEEE International Conference on High Voltage Engineering and 
Application (ICHVE), Atena, 10-13, 2018. 

16. B. Gorgan, P.V. Notingher, J.M. Wetzer, H.F.A. Verhaart, P.A.A.F. 
Wouters, A. van Schijndel, Influence of solar irradiation on power 



284 Temperatures and lifetimes of distribution transformers 10 
 

transformer thermal balance, IEEE Trans. on Dielectrics and 
Electrical Insulation, 19, 6, pp. 1843-1850, 2012. 

17. H. Nordman, N. Rafsback, D. Susa, Temperature responses to step 
changes in the load current of power transformers, IEEE Trans. 
on Power Delivery, 18, 4, pp. 1110-1117, 2003. 

18. G.W. Swift, T.S. Molinski, W. Lehn, A Fundamental Approach to 
Transformer Thermal Modelling, IEEE Trans. on Power Delivery, 
16, 2, pp. 171-177, 2011. 

19. ***Painting of Transformers and Circuit Breakers, Facilities 
Instructions, Standards, and Techniques, 3-7, pp. 1-4, 1991. 

20. V. Badescu, Modeling Solar Radiation at the Earth's Surface. Recent 
Advances, Springer-Verlag, Berlin, Heidelberg, 2014. 

21. B. Gorgan, Estimation of degradation conditions and remaining life 
of power transformers, PhD Thesis, Politehnica University of 
Bucharest, 2012. 

22. D.Y. Goswami, F. Kreith, J.F. Kreider, Principles of Solar 
Engineering, Second Edition, Taylor and Francis, 2000, pp. 26-34. 

23. S.V. Szokolay, Solar declination and the equation of time, 
International Journal of Solar Energy, 5, 3, pp. 143-146, 1984. 

 

24. K. Diwyacitta, R.A. Prasojo, A. Suwarno, H. Gumilang, Effects of lifetime 
and loading factor on dissolved gases in power transformers, 
International Conf. on Electrical Engineering and Computer Science 
(ICECOS), Palembang, Indonesia, 2017, pp. 243-247. 

25. M. Mahoor, A. Majzoobi, Z.S. Hosseini, A. Khodaei, Leveraging 
sensory data in estimating transformer lifetime, North 
American Power Symposium (NAPS), Morgantown, WV, 
USA, 2017, pp. 1-6. 

26. N.A. Munir, Y. Mustafa, F. Siagian, Analysis of The Effect of 
Ambient Temperature and Loading on Power Transformers, 2nd 
International Conf. on High Voltage Engineering and Power 
Systems (ICHVEPS), Bali, Indonesia, 2019, pp. 1-6. 

27.  G. Tanasescu, B. Gorgan, S. Busoi, A. Badita, P. V. Notingher, 
Monitoring and diagnosis of electrical equipment using a web 
software. Health index and remaining lifetime estimation, 
Proceedings of the International Conf. on Diagnostics in Electrical 
Engineering (Diagnostika ́16), Pilsen, 2016, pp. 1-4. 

28. J. Foros, M. Istad, Risk and remaining lifetime estimation of power 
transformers, IEEE Trans. on Power Delivery, 2020.

 


