
Investigation of magnetic 
wall shunt combinations 
on 650 MVA power 
transformers by finite 
element methods

ABSTRACT 

Power transformer losses mainly in-
clude open circuit loss and short cir-
cuit loss. Open circuit loss is created 
in the iron core of the transformer. 
Short circuit loss, copper loss, and 
stray loss are known collectively as 
“short circuit loss”. Copper loss is 
created in windings: current flows 
through the DC resistance in windings. 
Stray loss is caused by eddy currents 

in high magnetic permeability and 
high conductivity of components such 
as tanks, windings, and structural 
parts. This is why the volume limit  
of power transformers and the ratio 
of stray loss in structural parts and 
the tank cannot be ignored. This has 
led transformer manufacturers to add 
magnetic wall shunts to reduce stray 
loss. But often, too many magnetic 
wall shunts are added or misplaced, 
which results in increased cost and 

reduced performance. By improving 
stray loss distribution in power trans-
formers, magnetic wall shunt design 
can be optimized, and the tradeoff 
of cost and performance can be bal-
anced.
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Technical specifications, manufacturing 
costs, capitalization costs, and material 
costs must be considered to optimize 
transformer design
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dimensions. Losses generated heat in the 
thermal analysis procedure. The expected 
results were to find the hottest region in a 
transformer by determining the tempera-
ture distribution in its basic components. 
Finally, the thermal field of a 650MVA 
oil-immersed autotransformer was mod-
eled in 3D and analyzed by FEM.

2 Design parameters
Transformer design parameters are 
shown in Table 1. The voltage and num-
ber of turns used in the analyses are also 
given in the table. Three different cooling 
stages are included, depending on the rat-
ed power.

Controlling stray loss, and the resulting 
hot spots and temperature rises can be 
the most important way to ensure the 
proper operation of a transformer. Eddy 
current loss is a large portion of the stray 
loss. Magnetic leakage and eddy current 
loss must be examined in depth. [6-7] A 
3D geometric model of the power trans-
former is created and analyzed with FEM 
3D. Different types of magnetic wall 
shunts are used to reduce eddy current 
loss in the transformer. The effects of wall 
shunts on eddy current loss are discussed 
below.

in magnetic components of a transformer 
[5].

The literature includes research which 
determines and reduces hot spots on 
tank walls and other structural compo-
nents of a transformer. To determine 
hot spots, transformer stray loss should 
be examined. Calculation of stray loss is 
not a simple task; the transformer has a 
nonuniform structure. The calculation is 
complex because of the following:

•	 modeling of magnetic nonlinearity,
•	 difficulty in calculating stray areas and 

effects quickly and accurately,
•	 inability to isolate certain stray loss 

components from the load under test,
•	 limitations of experimental verification 

methods for large power transformers.

Multiple studies are conducted here to re-
duce transformer losses, and the best se-
lected. A thermal model is proposed as a 
result of the latter in order to obtain tem-
perature distribution in a transformer. 
The proposed model is formulated with 
ANSYS@Maxwell and ANSYS@Me-
chanical software, which performed field 
analyses and solved energy equations 
based on FEM. These values are calculat-
ed using transformer characteristics and 

1 Introduction
Today, transformer design has been lim-
ited by size due to field applications and 
transportation. As such, power trans-
former designers account for efficiency, 
insulation, and cooling systems. Technical 
specifications, manufacturing costs, capi-
talization costs, and material costs must 
be considered to optimize transformer 
design. [1] Therefore, stray loss in metal 
parts cannot be ignored as the capacities 
of power transformers increase. [2] This 
has led transformer manufacturers to add 
magnetic wall shunts to reduce stray loss. 
However, when too many magnetic wall 
shunts are added or misplaced, trans-
former cost increases and performance 
decreases. Therefore, the stray loss distri-
bution of power transformers should be 
investigated. The optimal design of mag-
netic wall shunts can be balanced against 
cost and performance. [3] Present-day 
transformer manufacturers should use 
Finite Element Methods (FEM) to ana-
lyze power transformers. Design can be 
optimized when transformer operating 
conditions are predicted accurately. [4]

In this study, ANSYS@Maxwell and AN-
SYS@Mechanical modules were used to 
optimize the application of magnetic wall 
shunts and decrease the temperature rise 

Controlling stray loss, and the resulting hot spots and temperature ris­
es can be the most important way to ensure the proper operation of a 
transformer

TECHNOLOGY

Rated power 650 MVA

Connection type YNa0d11

Cooling system ONAN / ONAF I / ONAF II

Core leg type 3 / 0

Frequency (Hz) 50

Core material MOH-0.75

HV Winding LV Winding LV – TAP 
Winding TV Winding

Rated voltage (kV) 420 170 170 46

Number of turns 468 368 78 131

Current (A) 938.2 981.4 981.4 1514.6

Table 1. Design Parameters of the Autotransformer
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3 Theory
 
3.1. Stray Loss

Leakage flux causes eddy currents in 
transformer windings, which generates 
heat. This power loss is called “stray loss.” 
Stray loss in the transformer tank can be 
estimated by means of the Poynting vec-
tor. Maxwell’s equations are used to cal-
culate stray loss. [8-10]

Stray loss in tank walls and yoke beams 
is calculated using surface impedance 
boundary conditions. Magnetic wall 
shunts are modeled with nonlinear aniso-
tropic permeability; corresponding losses 
are calculated by FEM. [8-10]

 
Where:

H = magnetic field strength (A/m)
E = electric field strength (V/m)
B = flux density (T)
J = current density (A/m2)
D = electric flux density (C/m2)

Two constitutive equations are:

J = σE
B = μH

Where:

µ = permeability of material (H/m)
σ = conductivity of material (S/m)

Assume a structural component (see 
Figure 2). Magnetic field intensity 

Hy and current density Jx are func-
tions of z. Complex permeability can 
be written in the equation for this  
problem.

Where Ha is a constant and m is the prop-
agation constant.

Figure 1. 650 MVA Autotransformer Model

Figure 2. Stray Loss in Structural Components

∇xΕ = –  ∂B
∂t

∇xH = J

∇.B = 0

∂t

∇(∇.H) – ∇2H = ∇xJ At z = 0,  Hy= Hae-mz 

d2Hy = jωσμHy 

∇2H – μσ ∂H = 0
2

m = √jωσμ = (1+j)   ωσμ

dz2
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where q is the local convection heat, 
transferred in height z in the outer sur-
face (watt), q the local convection heat 
flux at location z in the outer surface  
(W/m2), q” co the average heat flux in 
the outer surface (W/m2, h the local heat 
transfer coefficient for convection from 
the outer surface (W/(m2 °C), kair the 
thermal conductivity of air °C), Gr* the 
Grashof number for uniform heat flux, 
Nuz the Nusselt number, Pr the Prandtl 
number, β the volumetric expansion of 
air (1/°C), ν the kinematical viscosity of 
air (m | 2 ⁄s), g the acceleration of gravity 
(m/s2 ), and z is the vertical distance (m). 
The above mentioned equations are valid 
over Grashof ’s range (105≤ Gr* ≤ 1010). 
[11-12] Note that β, ν, and kair are depen-
dent on unknown temperatures. [13]

Conduction

 
 
Conduction heat is transferred from 
the hotter end to the colder end of a 
material. The ability of the material to 
conduct heat is known as thermal con-
ductivity and is denoted k (W/mK). 
Variable “A” is the surface conduction 
transfer area. ∆T is differential tempera-

Figure 3. 3D Analysis Model of an Autotransformer

FAILURES

Leakage flux causes eddy currents in transformer windings, which 
generates heat, and the corresponding  power loss is called “stray loss”

3.2. Thermal

Radiation

For the outer surface, heat radiation is ex-
pressed in the equation below:

where q is the local radiation heat, trans-
ferred in height z in the outer surface (W), 
q” is the local radiation heat flux in height 
z in the outer surface (W/m2), h the lo-
cal heat transfer coefficient for radiation 
from the outer surface (W/(m2 °C)), ε the 
emissivity coefficient of the surface, Ts the 
local temperature of the surface (°C), Tair 
the air temperature (°C), A the surface on 
which radiation occurs (m2), and r is Ste-
fan-Boltzmann’s coefficient (5.67 X 10(-8) 
W/(m2,  K4)).

Natural Convection

Simplifying by putting equations in place, 
the following emerges.

 
 
 
Calculating the real part of the complex 
Poynting vector at the surface gives the 
time-averaged density of stray loss from 
the transformer tank.

 
 
On the surface (z = 0), the stray loss per 
unit surface area is

 
 
 

Coupled electromag­
netic and thermal finite 
element calculations 
should be conducted to 
estimate the stray loss­
es and the hot spots

Q = kA∇T

Hy = Hae
– (1 +j)z

Jx =           Hae
– (1 +j)z

h(z)=            

Nuz =           

Gr* =           

q”(z)= q   =  εσ(T4 –T4  )

P =      R[ExH]

δ

δ
s air

a

δ

Z

36 + 45Pr

kairϑ4

A

2

(1+j)

Nuzkair

4Pr2Gr*

gβq”z4

 1

8σ
P =    μω   ∫         H2ds

surface

q”(z)= q  h(Ts
 –Tair )A

5
1
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ture between a cold surface and a hot  
surface.

4. Finite element analysis 
model
4.1. Autotransformer Simulation 
Model

The 3D model of a three-phase, three-
limb transformer is shown in Figure 3. 
The model is composed of the excitation 
coil, iron core, and test environment.

Two different wall shunt combinations 
are modeled for an autotransformer. In 
one, 18 magnetic wall shunts, 35 mm 
thick were placed vertically on LV walls 
of the transformer tank. In the other, 11 
wall shunts, 21 mm thick, were placed 
horizontally on LV walls.

4.2  Electromagnetic Analysis

Eddy current fields and the losses in the 
structure parts of the transformer are an-
alyzed, as well as eddy current loss distri-
butions in tank walls and clamps.

Capacity is 650 MVA, the rated voltage 
of the HV side is 420 kV, and the rated 
voltage of the LV side is 170 kV. The volt-
age adjustment range is about 10% on the 
LV side: the maximum voltage is 187 kV, 
and the minimum 153 kV.

Transformers have an active part and 
a whole tank with base geometry for 

modeling. The core, its clamping struc-
ture (frames and Flitch Plates), windings, 
transformer tank, and wall shunts are 
constructed as base components in the 
electromagnetic model. 

The magnetic properties of materials are 
shown in Table 2. Relative permeability 
is defined in “B-H Curves” for more ac-
curate results. The material type for tank 
walls and core frames (St-37-2) steel plate 
is “mild steel”. The core’s  CRGO electri-
cal steel is “MOH – 0.75”. However, the 

wall shunts’ CRGO electrical steel is M5,  
0.50 mm wide. Stacking factors for 
“MOH – 0.75” and “M5” electrical steel are 
defined for stacking directions (X, Y, Z). 

Peak current values, number of turns, 
and phase angles are used, respectively, 
as input data for each of the 3 wound 
phase legs in electromagnetic models, 
as shown in Table 3. Peak current values 
are given because of software conven-
tions. Phase angles are provided because 
phases are 120 degrees apart.

Figure 4. Different Combinations of Tank Wall Shunts

Name Material

Excitation Coil Copper

Core MOH-0.75

Clamps Stainless Stell

Flitch Plates St-37-2

Copper St-37-2

Table 2. Materials in the Simulation Model

Two different wall shunt combinations are modeled for an autotrans­
former: one with 18, 35mm thick, magnetic wall shunts placed vertical­
ly, and the other with 11, 21 mm thick wall shunts placed horizontally on 
LV side walls

Eddy current fields and the losses in the 
structure parts of the transformer are ana­
lyzed, as well as eddy current loss distribu­
tions in tank walls and clamps
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ANSYS Mechanical Library. On the other 
hand, convection boundary conditions 
for oil are defined at the inner surfaces 
of the tank and the other metallic parts. 
Convection coefficients are obtained and 
validated by internal studies as well as tests 
performed for BEST transformers. Con-
vection coefficients are shown in Figure 6.

In thermal analyses, heat radiation is 
defined at the outer surface of the tank, 
which demonstrates the efficacy of ther-
mal radiation cooling. Emissivity is taken 
from RAL paint tables. Convection from 
the tank to air is also defined at the outer 
surface of the tank. The convection co-
efficient of air is taken directly from the 

4.3. Thermal Analysis

Temperature rises in transformer tank 
and steel are calculated with losses ob-
tained from electromagnetic analyses. 
Ambient temperature is defined on the 
outer surfaces of the transformer tank. 
Oil temperatures are defined at the inner 
surfaces of the tank and other metallic 
clamping parts’ surfaces. Oil temperature 
is defined as a gradient from bottom to 
top. Ambient temperatures and bottom 
and top oil temperatures are determined 
by formulae in IEC 60076 and in design 
tools created by the BEST transformer 
company.

Winding Name Type Phase Excitation

HV-A Current 0 938.2*468*√2

LV-A Current 0 981.4*368*√2

TAP-A Current 0 981.4*78*√2

HV-B Current 120 938.2*468*√2

LV-B Current 120 981.4*368*√2

TAP-B Current 120 981.4*78*√2

HV-C Current 240 938.2*468*√2

LV-C Current 240 981.4*368*√2

TAP-C Current 240 981.4*78*√2

Table 3. Excitation in the Simulation Model

Temperature rises in transformer tank and steel are calculated with 
losses obtained from electromagnetic analyses

Stray loss and temperature distribution in 
three-phase, three-limb power trans­
formers are analyzed by simulation and FEA 
modeling

Figure 5. Winding Excitation and Direction
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5. Finite Element Analysis 
Results

Stray loss and temperature distribution 
in three-phase, three-limb power trans-
formers are analyzed by simulation and 
FEA modeling. First, stray and maxi-
mum total losses are analyzed by 3D FEA 
models. Next, stray losses from ANSYS 
MAXWELL are defined as inputs to 
ANSYS MECHANICAL. Accordingly, 
the temperature distribution in an auto-
transformer is examined for metal parts 
(clamps, Flitch Plates).

The 3D FEM analysis reveals that hori-
zontal magnetic wall shunt combinations 
prevail thermally and volumetrically.

6. Conclusion

Effects of horizontal and vertical wall 
shunt arrangements are examined. Re-
ductions of leakage loss in power trans-
formers are compared. The investigation 
is carried out by 3D FEA using ANSYS@
Maxwell and ANSYS@Mechanical. The 
efficacy of magnetic wall shunt orienta-
tion for autotransformers is evaluated 
by means of 3D FEM. The problem was 
solved as a nonlinear, multi-objective, 
constrained optimization problem. The 

leading method is presented with several 
optimizations. The hot spot temperature 
was below temperature rise limits de-
fined in IEC tables: no hazard is foreseen 
for insulation material with respect to 
temperature endurance limits. The 3D 
FEM analyses for this autotransformer 
demonstrate that horizontal magnetic 
wall shunts provide the best thermal 
and volumetric results due to collect-
ing and cancelling three-phase leakage 
fluxes. However, horizontal shunts are 

not as effective as vertical shunts on end 
walls, where most leakage flux is sin-
gle phase, without much cancellation. 
As such, the former reduces losses and 
temperatures less effectively. Finally, 
horizontal shunts are less effective on 
zero sequence flux caused by system 
events such as Ground Induced Cur-
rents (GIC) or unbalanced phase loads. 
Accordingly, practical transformer de-
signs should continue to utilize vertical  
shunts.

Figure 6. Convection Coefficient vs. Temperature

Combination
Hot spot (°C) Shunts 

Volume (m3)

Tank Top Clamp Bottom 
Clamp Flitch Plate

Vertical Magnetic Shunt (35mm) 111.30 122.92 122.30 112.31 7.2

Horizontal Magnetic Shunt (25mm) 104.6 122.17 122.03 112.2 6.2

Table 4. Results of Thermal Analyses

Vertical Magnetic Shunt (35mm) Horizontal Magnetic Shunt (25mm)

Table 5. Temperature Distribution of an Autotransformer 
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