
ABSTRACT 

This article presents the identification 
process of high temperatures in low 
voltage (LV) turrets of a single-phase 
generator step-up (GSU) transformer 
which is equipped with non-magnetic 
stainless steel (SS) inserts in the tur-
rets. High temperatures are detected in 
the SS insert regions of the LV turrets 
utilizing thermography cameras and 
temperature labels. The presence of 
high temperature in the LV turrets gen-
erated issues in the transformer as the 
crystallization of the turret gasket seals 

and the presence of transformer oil 
leaks. To figure out the cause of the high 
temperature in the turrets, three-dimen-
sional (3-D) finite element (FE) simula-
tions are performed. Electromagnetic 
analyses coupled with thermal analyses 
are carried out to understand the origin 
of the high temperatures in the turrets 
of the GSU transformer. To validate the 
3-D FE transformer model, the results of 
the FE simulations are compared with 
the temperature measurements in the 
turrets. With the FE simulation results, 
the author detected magnetic design 
issues related to the SS inserts and re-

lated to the magnetic material utilized 
in the turrets, which are producing high 
temperatures. The study presented 
could help transformer manufacturers 
to predict and prevent possible heating 
issues in GSU transformers in the LV tur-
ret regions.
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1. Introduction
Timely identification of high-tempera-
ture issues in generator step-up (GSU) 
transformers is a fundamental preven-
tive process to avoid catastrophic failures 
that could have devastating consequences 
for the process of generation of electrical 
energy in power stations [1], [2]. In GSU 
transformers, one of the causes of failure 
is related to overheating and the presence 
of high temperatures in bushing regions 
and tanks [3], [4]. Transformer standards 
specify that temperatures between 95 and 
105 °C are permissible in bushing turrets 
where rated continuous currents exceed 
5 kA [5], [6]. The temperature in turrets 
should be kept in this temperature range 

to avoid possible damage to the gasket 
seals and the presence of transformer oil 
leaks [7]. Some methodologies to identify 
and reduce high temperatures in low volt-
age (LV) turrets of GSU transformers have 
been studied and published. For example, 
in [8], the authors presented a method-
ology to identify hot spots in GSU trans-
formers. This methodology is based on 
the detection of dissolved gases and ther-
mography tests. Employing temperature 
measurements, analytical formulations, 
and three-dimensional (3-D) FE simula-
tions, the authors found hot spots in the 
low carbon steel structural supports for 
current transformers (CTs) which are in 
the interior of the LV turrets and closed to 
the LV bushing conductors. Low carbon 

steel CT supports and the turret regions 
presented temperatures above 140  °C 
(hot spot temperature). The authors re-
placed the low carbon steel CT supports 
with non-magnetic stainless steel (SS) CT 
supports to eliminate the presence of hot 
spots in the turrets. With the SS CT sup-
ports, the GSU transformer presented 
temperatures around 100  °C in the tur-
rets. In [9], the author utilized thermogra-
phy cameras to detect hot spots in the LV 
turrets of a three-phase GSU transformer. 
To reduce the temperature in the turrets, 
the author decided to use SS inserts and 
SS shorting plates. A set of SS inserts were 
made in the turrets, and some SS shorting 
plates were welded to the surface of the 
inserts. The shorting plates of each turret 
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were welded between them to produce a 
closed path for the eddy currents induced 
in each turret. The eddy currents circulate 
from one turret to another turret using the 
shorting plates, reducing the power losses 
and temperature in the turrets. This tech-
nique works well, and the temperature of 
the turrets was reduced successfully.

The main contribution of this article is 
the identification of high temperatures 
in LV turrets of a real GSU transformer 
equipped with SS inserts. It is demon-

strates that the presence of these SS in-
serts and the magnetic material utilized 
in the turrets produce high temperatures 
in the GSU transformer. 3-D FE simula-
tions have been performed to understand 
the main cause of the presence of high 
temperature in the turrets of this GSU 
transformer. 

The solution for this GSU transformer 
heating issue will be presented by the 
author in the next “Transformers Mag-
azine” edition.

2. Identification of high 
temperature in turrets of GSU 
transformer

The background and identification pro-
cess of the high temperatures in the LV 
turrets of a single-phase GSU transform-
er are presented in this section. The GSU 
transformer analyzed in this article is op-
erating in Unit 2 in the “El Guavio” hydro-
electric power station in Colombia [10].

2.1 Characteristics of GSU power 
transformer

Table 1 shows the technical characteristics 
of the 90 MVA single-phase GSU trans-
former under study. Fig.  1 shows a photo 
of the 90  MVA single-phase GSU trans-
former under normal operation. The LV 
turrets of this transformer were originally 
manufactured of low carbon steel. In addi-
tion, this GSU transformer has a couple of 
non-magnetic SS inserts in the LV turrets. 
The SS inserts were done by the transform-
er manufacturer to reduce stray losses and 
temperature in the turrets. Fig. 2 shows the 
non-magnetic SS inserts located in the LV 
turrets of the real GSU transformer. Gen-
erally, non-magnetic SS inserts are utilized 
to reduce stray losses in the tank regions 
of power transformers where high current 
bushings are present [11]. The correct use 
of the SS inserts helps to reduce in more 
than 80 % the stray losses in tank regions of 
power transformers [11].

2.2. Temperature measurements 

Transformer oil leaks were detected in 
the GSU transformer in the regions of 
the LV turrets. Power station personal 
detected the oil leaks, and they decided 
to analyze the state of the gasket seals in 
the LV turrets regions. The gasket seals 
were found crystallized, which generat-
ed the oil leaks in the GSU transformer. 
The presence of crystallized gasket seals 
was an indication of the presence of high 

3-D FE simulations have been performed to 
understand the main cause of the presence 
of high temperature in the turrets of this 
GSU transformer

Non-magnetic SS in-
serts are utilized to 
reduce stray losses 
in the tank regions of 
power transformers

Table 1. Characteristics of GSU transformer

Nominal transformer rating 90 MVA

Impedance 13.7 %

Phases 1

Nominal low voltage (LV) current 6.82 kA

Nominal high voltage (HV) current 678 A

Cooling system FOW

Year of manufacturing 1991

Primary and secondary voltage 13.2/230 kV

Frequency 60 Hz

Figure 1. Photo of 90 MVA single-phase GSU transformer
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temperatures in the turrets. No dissolved 
gases we detected in the GSU transform-
er during this time. As part of preventive 
maintenance, the power station personal 
decided to monitor the temperature of 
this transformer using infrared thermog-
raphy cameras [12]. During this monitor-
ing process, temperatures > 100 °C were 
measured in the LV turrets when the LV 
bushing conductors carried 95  % of the 
nominal current. Temperatures between 
104 and 114  °C were detected in the re-
gions of the turrets in the region above 
the SS inserts. Fig. 3 shows photos of the 
measured temperature in the turrets at 
95  % of the nominal current. From the 
temperature measurements at 95 % of 
nominal current, power station person-
al decided to perform spot temperature 
measurements utilizing temperature la-
bels to measure the temperature in the 
turret region above the SS inserts. The 
scale of the temperature labels is between 
116 and 154  °C. These spot temperature 
tests were carried out at 100 % of the nom-
inal current. Fig.  4 shows photos of the 
temperature values measured in the LV 
turrets at 100  % of the nominal current. 
Temperatures between 110 and 120  °C 
were measured in the turret region above 
the SS inserts.

Temperatures over 100  °C were measured 
in the LV turrets when the LV bushing con-
ductors carried 95 % of the nominal current

Figure 3. Temperatures measured in the LV turrets with SS inserts at 95 % of nominal current: a) LV turret X1, b) LV turret X2, c) detailed temperature 
distribution in the LV turret X2

Figure 2. Stainless steel (SS) inserts in LV turrets

a) c)

b)
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With the results of the temperature tests, 
the GSU transformer was taken out of 
service for a detailed inspection. A visu-
al inspection was performed to verify the 
state of the LV bushing-turret regions of 
the GSU transformer. Some visible heat-

ing damage was detected in the internal 
region of the LV turrets in the region 
above the SS inserts. Fig. 5 shows a photo 
of the internal region of an LV turret with 
visible heating signs above the SS insert. 
With the conducted measurements and 

visual inspections, it was clear that this 
GSU transformer has an issue with high 
temperatures in the LV turrets in the re-
gion above the SS inserts. To figure out the 
origin or cause of the high temperature 
in the turrets, some 3-D FE simulations 
(electromagnetic and thermal analyses 
coupled) were performed. In Section  3, 
the process of the FE simulations and 
their validation are presented. The origin 
or causes of the presence of high tempera-
tures in the turrets is explained utilizing 
the results obtained from the FE simula-
tions.

3. Finite element simulations

3-D FE simulations are performed to 
compute the stray losses and the distri-
butions of temperature in the LV turrets 
of the 90  MVA single-phase GSU trans-
former. The stray losses in the turrets are 
computed by performing time-harmonic 
analyses. Performing static thermal anal-
yses and utilizing the stray losses comput-
ed in the time-harmonic analysis as heat 
sources, the temperature distributions in 
the turrets are computed. More details 
about the finite element models and sim-
ulation process are briefly described in 
this section.

Figure 5. Photo of visible heating signs in the region above the SS insert

Figure 4. Temperatures measured in the LV turrets with SS inserts at 100 % of nominal current: a) LV turret X1, b) LV turret X2

a) b)

With the conducted measurements and 
visual inspections, it was clear that this 
GSU transformer has an issue with high 
temperatures in the LV turrets in the region 
above the SS inserts

3-D FE simulations are 
performed to compute 
the stray losses and 
the distributions of 
temperature in the LV 
turrets of the 90  MVA 
single-phase GSU 
transformer

TECHNOLOGY

112    TRANSFORMERS  MAGAZINE  |  Volume 9, Issue 2  |  2022



3.1 Characteristics of the turret 
model

Fig. 6 shows the 3-D model of the LV tur-
ret of the GSU transformer with the SS 
insert. The turret with the SS insert and 
the bushing conductor is considered in 
the model. The turret has an inner diam-
eter of 594 mm, a height of 460 mm, and 
a thickness of 6.35 mm. The radius of the 
bushing conductor is 150 mm. The SS in-
sert has a height hssi  =  230  mm, a width 
wssi = 80 mm, and a thickness of 6.35 mm. 
The tank cover and other structural el-
ements located on the tank cover were 
omitted in the FE analysis.

The LV turret is made of low carbon 
steel, which has a relative permeability 
µrcs  =  200 and an electrical conductiv-
ity σcs = 4 × 106 S/m, which corresponds 
to 120  °C [13]. The bushing conduc-
tor is made of copper with a relative 
permeability µr  =  1 and a conductivity 
σcu = 5.8 × 107 S/m. The SS insert has an 
electrical conductivity σss = 1.1 × 106 S/m 
and a relative permeability µr = 1.

A total of 500,000 tetrahedral FEs are em-
ployed in the LV turret model of the GSU 
transformer.

3.2 Computation of stray losses in 
turret model

Because of the computational complex-
ity of the 3-D FE model to compute 
stray losses in thick low carbon steel 
turrets, surface impedance boundary 
conditions (SIBCs) are employed to 
compute the stray losses in the turrets 
of the GSU transformer [14]. The SIBCs 
are utilized to compute the stray losses 
in the turrets which have a greater plate 
thickness (6.35 mm) compared with 
the skin depth of the low carbon steel 
at f  =  60 Hz (δcs  =  2.29  mm). One can 
see in Fig.  6 that the cylindrical turret 
structure is modeled as a polyhedron. 
The SIBCs are applied only in flat faces 
where stray losses need to be computed. 
For this reason, the cylindrical turret 
structure needs to be modeled as a poly-
hedron to apply the SIBCs in each face 
of the polyhedron. In addition, the use 
of polyhedrons in the cylindrical turret 
structure and the bushing conductor 
helps to facilitate the adaptation of the 
finite element mesh during the adaptive 
meshing process reducing the computa-
tion times. 

Moreover, the skin depth of the 
non-magnetic stainless steel at f = 60 Hz 
(δss = 61.95 mm) is greater than the insert 
thickness (6.35 mm). For this reason, it is 
not necessary to employ SIBCs in the SS 
insert. In the SS insert is necessary only 
to apply a normal but adequate finite el-
ement mesh to compute the stray losses.

3.3 Multiphysics finite element 
analysis

A Multiphysics finite element analysis is 
performed to compute the distribution 
of temperature in the LV turret. The stray 
losses computed in the electromagnetic 
analysis are coupled with the static ther-
mal analysis to compute the distribution of 

temperature in the LV turret model. Ther-
mal properties have been assigned to the 
LV turret, and SS insert. The low carbon 
steel of the turret has a thermal conductiv-
ity of 60.5 W/m °C, and the non-magnetic 
stainless steel has a thermal conductivity 
of 15.1 W/m °C. A convection coefficient 
h = 5 W/m2  °C at 30 °C is utilized in the 
external surfaces of the SS insert and LV 
turret to simulate the natural convection 
between the LV turret and the SS insert 
with the surrounding air. Another convec-
tion coefficient h = 58 W/m2 °C at 65 °C is 
utilized in the internal surfaces of the LV 
turret, and SS insert to simulate the forced 
convection between the surrounding 
transformer oil and the internal surfaces of 
the LV turret and SS insert.

Figure 6. Model of LV turret with the SS insert

Because of the computational complexity 
of the 3-D FE model to compute stray loss-
es in thick low carbon steel turrets, surface 
impedance boundary conditions (SIBCs) 
are employed to compute the stray losses 
in the turrets of the GSU transformer

The stray  losses computed in  the 
electromagnetic analysis are coupled with 
the static thermal analysis to compute the 
distribution of temperature in the LV turret 
model
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3.4 Preliminary static magnetic field 
analysis

Preliminary magnetostatic analyses are 
performed to compute the magnetic field 
distribution in the LV turret with the SS 
insert applying 100 % of the nominal 
current Inom  =  6.82  kA in the bushing 
conductor. Fig.  7 shows the flux density 
distribution in the turret with the SS in-
sert, and Fig.  8 shows a detailed view of 
the vector field distribution of flux densi-

ty in the turret region above the SS insert. 
In Figs. 7 and 8, one can see high values 
of flux densities in the turret region above 
the SS insert. A maximum flux density of 
1.91 T is computed in this region above 
the SS insert. The SS insert can be seen 
as a region with a high reluctance com-
pared with the reluctance presented by 
the whole region of the turret, including 
the turret region above the SS insert. In 
this case, the cross-section of the turret 
above the SS insert is 50  % less than the 

cross-section of the turret. Under these 
circumstances, the magnetic field circu-
lating in the turret prefers to go above 
the SS insert, where the accumulation of 
magnetic flux produces high flux densi-
ties. The high flux density should produce 
considerable power losses in the turret 
zone above the SS insert. To deduce if the 
presence of the SS insert is the cause of 
the presence of high temperature in the 
turret, 3-D FE time-harmonic analysis 
coupled with 3-D FE static thermal anal-
ysis should be performed to compute the 
stray loss and temperature in the LV tur-
ret with the SS insert.

3.5 Validation of the turret model

The 3-D model of the LV turret with the 
SS insert is analyzed and validated by per-
forming a 3-D electromagnetic FE sim-
ulation applying Inom = 6.82  kA at 60  Hz 
in the bushing conductor. Fig.  9 shows 
the loss distribution in the turret with 
the SS insert. A stray loss Pcs = 2.26 kW 
is computed in the turret, and a stray loss  
Pss = 17 mW is calculated in the SS insert. 
One can see high stray losses in the re-
gion above the SS insert, where a high flux 
density is produced by the presence of the 
SS insert, see Figs. 7 and 8. This high flux 
density produces high losses in the region 
above the SS insert compared with the 
losses in the whole region of the turret.

Fig.  10 shows the temperature distri-
bution in the LV turret with the SS in-
sert. One can note from Fig.  10 that the 
presence of the SS insert produces a 
high-temperature region in the turret in 
the zone above the SS insert. A maximum 
temperature of 120.61 °C is computed in 
the zone above the SS insert.

In addition, a 3-D FE simulation is per-
formed to compute the temperature in 
the turret without the SS insert using the 
same electromagnetic and thermal condi-
tions utilized in the Multiphysics analysis 
for the turret with the SS insert. Table  2 
shows the maximum temperature values 
computed in the FE simulation for the 
turret with and without a SS insert. The 
turret with the SS insert presented a high 
temperature compared with the turret 
without the SS insert. A maximum dif-
ference of 10.85 °C is calculated between 
the turret with the SS insert and the turret 
without the SS insert. Furthermore, the 
temperature computed in the turret (see 
Fig.  10) with the SS insert shows a good 

A stray loss of 2.26 kW is computed in 
the turret, and a stray loss of 17 mW is 
calculated in the SS insert

Figure 8. Detailed view of the magnetic flux density distribution in the region above the 
SS insert region.

Figure 7. Magnetic flux density distribution in the turret with the SS insert.
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agreement with the temperature mea-
sured in the turret with the SS insert (see 
Fig. 4). Table 3 shows the results of max-
imum temperature computed and mea-
sured in the region above the SS insert 
in the turret for 100  % and 95 % of Inom. 
Differences of less than 1 °C are calculat-
ed between the temperature calculated 
in the FE simulations and the tempera-
ture measured in the turrets of the GSU 
transformer. The FE model of the turret 
is validated with the results presented in 
Tables 2 and 3.

Finally, the author concluded that the 
presence of high temperatures (Tmax > 
105 °C) in the LV turrets is produced for 
the use of low carbon steel in the turret 
structure and by the presence of the SS 
inserts. Both factors contribute to the 
presence of high temperature in the LV 
turrets of the GSU transformer. A flexible 
and economical magnetic solution needs 
to be proposed to reduce the temperature 
in the LV turrets utilizing the actual turret 
structure of the GSU transformer.

4. Conclusion

High temperatures and transformer oil 
leaks were detected in the LV turrets of 
a GSU transformer. The high tempera-
tures in the LV turrets were detected 
utilizing thermography cameras and 

I t  was concluded 
that the presence of 
high temperatures  
(Tmax  > 105 °C) in the 
LV turrets is produced 
for the use of low car-
bon steel in the turret 
structure and by the 
presence of the SS in-
serts

Figure 10. Temperature distribution (in °C) in the turret with the SS insert.

Figure 9. Loss density distribution (in W/m2) in the turret and power loss distribution (in 
W/m3) in the SS insert.

Table 2. Maximum temperature computed in the LV turret with and without SS insert

Table 3. Maximum temperature measured and computed in the turret region above the SS insert for different currents in the bushing conductor

Case Temperature
(FE simulation)

LV turret without SS insert 109.76 °C

LV turret with SS insert 120.61 °C

Bushing
current

Temperature (°C)
(Measured)

Temperature (°C)
(FE simulation)

Difference
(°C)

6.82 kA 120 120.61 0.61

6.48 kA 114 114.93 0.93
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temperature labels. The causes of the 
high temperatures in the LV turrets 
were investigated and analyzed. It was 
demonstrated that the high tempera-
ture in the LV turrets is produced by the 
low carbon steel utilized in the turrets 
and by the presence of the SS inserts. 
Performing 3-D FE simulations, the 
author demonstrated that the presence 
of the SS inserts produces a region of 
high stray losses, which produces high 
temperatures in the turrets. The results 
obtained in the FE simulations are com-
pared and validated with the real tem-
perature measurements. Differences of 
less than 1  % are obtained between the 
FE simulations and the temperature 
measurements.

To mitigate the temperature in the tur-
rets, a magnetic solution will be proposed 
without replacing the original carbon 
steel turrets with new turrets manufac-
tured completely of stainless steel.

The magnetic solution will be present-
ed in the next edition of “Transform-
ers Magazine”.
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