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Abstract: Incombustible features of resin make multiwinding dry-type transformers suitable for use in traction systems.
Nevertheless, due to resin’s heat transfer property and the special structure of traction transformers, temperature
distribution in traction transformers is undesirable and it is essential to study its thermal behavior. In this research
paper, the thermal behavior of traction transformers is modeled using the finite difference approach. After validating
the model results (using the experimental results), the temperature distribution in a cast-resin traction transformer with
split windings is calculated. The thermal behavior of the split-winding traction transformer is compared to the normal
two-winding cast-resin transformer. A traction transformer usually feeds electronic converters; the converter system as a
nonlinear load causes harmonics to appear in the winding currents. Thus, the thermal behavior of a traction transformer
has been modeled in the presence of harmonic currents and their effects on temperature distribution have been discussed.
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1. Introduction

In the past years, traction networks and subways have developed rapidly. The main and most expensive piece
of equipment in a traction network is its transformer. The traction transformer that is the aim of this paper is
manufactured as seen in the Figure 1 [1] and is usually called a split-winding transformer. The transformer in a
traction network should be protected from explosion; thus, it is essential to use transformers with nonflammable
insulations. The most applicable kind of these transformers that is usually used in traction systems is the dry-
type (cast-resin) transformer [2]. In this transformer low-voltage windings are impregnated and high-voltage
windings are casted by resins of class F [3].

The traction transformer has special geometry and its thermal behavior is more important and serious
in comparison with the two-winding transformer that only has concentric windings [4-7]. Thus, studying the
thermal behavior in dry-type traction transformers is essential.

Some researchers used experimental temperatures to investigate the thermal behavior in dry-type trans-
formers [8-11]. Previously, there have been some mathematical models for analyzing the thermal behavior
of ventilated [12,13] and cast-resin [14,15] dry-type transformers with two concentric windings. A study on
the dynamic thermal behavior of the two-winding cast-resin transformer was presented in [16]. Unfortunately,
no research about thermal modeling of the mentioned traction transformer has been presented. Hence, using
the finite difference method (FDM), the thermal performance of this transformer is studied in this research.

Thermal modeling results have been verified with the help of experimental data. Using the validated model,
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the temperature distribution in the split-winding traction transformer has been calculated and the results are

compared to the normal two-winding transformer.

5 E
/\ LV;: Bottom low voltage winding (winding 1)
‘ ............ LV,: Top low voltage winding (winding 3)
HV;: Bottom High voltage winding (winding 2)
i HV,: Top high voltage winding (winding 4)
He g o0 7% e [
i H¢: Height of the core leg
E;: Length of the core yoke
V ] B,: Diameter of the core leg / yoke

Figure 1. Schematic view of split windings in a traction transformer.

In practice, converters that are connected to the traction transformer’s low voltages cause the harmonics
to influence the temperature distribution. The effect of the voltage’s harmonics on the temperature is negligible,
but harmonic currents strongly affect the windings’ temperature. Moreover, in this paper, the thermal modeling
has been done in the presence of harmonic currents and their effects on the temperature have been studied.

Consequently, this paper presents the following novelties:

e A traction transformer with four split windings (two pairs) that are manufactured on each other is studied

in this paper. This transformer has a special structure and its thermal behavior is important.

Finite difference approach is applied to temperature calculation of the traction (split-winding) transformer,

Temperature distribution analysis of the traction (split-winding) transformer and comparison of the

temperatures with the normal two-winding transformer are performed.

Analysis of the effects of harmonics on the temperature distribution of the traction (split-winding)

transformer is also conducted.

2. Thermal modeling using FDM
Figure 2 shows the geometry of the cast-resin dry-type traction transformer. Here, LV and HV symbolize the

low- and high-voltage windings respectively. According to the symmetry, heat transfer of the transformer has
been taken into two-dimensional (2D) coordinates.

The FDM is a numerical approach based on mathematical discretization of partial differential equations.
Using the FDM, continuous problems are studied in a finite number of small time intervals. In the small
intervals, it is possible to approximate a problem by approximate expressions. As was shown in [14], the
FDM is an efficient, accurate, and easily implemented method for thermal modeling of cast-resin dry-type
transformers.
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Figure 2. Split-winding cast-resin transformer: a) three-phase and b) single-phase views.

As shown in Figure 3, in the FDM, windings are to be separated into small units, each represented by a
node (each node is connected to the others through thermal resistances) [14]. The finite difference technique and
extracting nodal equations are based on the rule of energy conversion: “heat generated in the unit is equivalent
to heat transferred to other units”. The heat flow among a pair of nodes might be explained as “temperature
difference/thermal resistance among nodes”.

% Rn—bottom

m,n-1

Figure 3. A unit of FDM and its related node [13].

By applying the energy conversion law to the node presented in Figure 3, Eq. (1) can be obtained:

(Tm,n - mfl,n) + (Tm,n - Tm+1,n) + (Tm,n - Tm,nfl) + (Tm,n - Tm,n+1) _ Q (1)
Rm—in Rm—out Rn—bottom Rn—top "

where Ry—in, Rm—outs Bn—bottom, and R,_;,p are the thermal resistances connecting the node (m,n) and
neighboring nodes and @, is the generated heat or losses in the unit. Thermal resistances and losses are
explained in the next subsections. In the units belonging to the air (outer surface, the walls of axial and radial
air channels, and the bottom and top surfaces), temperature must be replaced by the ambient temperature.
By applying Eq. (1) to all nodes in the windings, the matrix form of the nodal heat transfer equations

can be derived. Heat transfer equations depend on temperature [14], so an iterative process has been used to
solve them and winding temperatures have been calculated.
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2.1. Heat transfer in solid parts (windings)

According to the firm structure of windings, the heat transfer method is conduction [17,18]. Thermal resistance

related to conduction between two nodes can be described as in Eq. (2):

Ak,

RCU} )
L

(2)

where A is the heat transfer cross-section (27 times mean radius of the related nodes), L¢ is the length of
the heat flow path (distance between the related nodes), and k,, is the winding’s thermal conductivity across
the heat flow.

2.2. Heat transfer in outer surfaces
Outer surfaces of the split-winding cast-resin transformer might be assumed like vertical plates [14]. Heat

transfer in these surfaces can be considered as natural convection and radiation.
Natural convection: In order to avoid the difficulty of convection equations [17,18], here some simple

experimental equations are used. By assuming the outer surfaces as the same as infinite walls, the natural

convection in these surfaces can be expressed as follows [14]:

qu(Z) = hcoA(Ts - Tair)a (3)
1
o = —— 4
Reo hcoA’ ( )
Nuzkair
hco = T
o) = 2 o)

where ¢, is the heat transferred by convection in the outer surface, h., is the convection coefficient in the

outer surface, R, is the thermal resistance due to the convection, Z is the vertical distance, and
2 G %
4Pr Gr* | ¢
Nu,=|——77—1 , (6)

36 + 45 Pr
. _ 980 2"
kairyz

Gr , (7)

where Gr* is the Grashof number, Pr is the Prandtl number, Nu, is the Nusselt number, and g is
acceleration of gravity. kg, v, and S are the thermal conductivity, the kinematical viscosity, and the volumetric
expansion of the air, and they depend on temperature [14].

From Egs. (4) and (5), it is seen that the thermal resistivity between the outer surfaces and the ambient
temperature increases with an increase in height. This will cause a considerable increase in the temperature of
the top windings in comparison with the bottom windings.

Radiation: Radiation in outer surfaces of the split-winding dry-type transformer can be expressed as
follows [17,18]:

Qro(2) = EJA(T54 - Tcilir) = hyo A(Ts — Tuir), (8)

1 1
Rro = = ) 9
hTOA U‘?A(Tg + TSTa2ir + T‘}QTa’iT + Tsir) ( )
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where ¢,, is the radiation heat transferred in the outer surface, h,, is the radiation coefficient in the outer
surface, R,, is the thermal resistance due to radiation in the outer surface, € is the emissivity coefficient, T

is the surface temperature, T,;, is the ambient temperature, and o is the Boltzmann coefficient.

2.3. Heat transfer in air channels between windings

Air channels in the split-winding dry-type transformer can be assumed as vertical channels [14]. Heat transfer
in these surfaces might be considered as radiation, conduction, and natural convection. It was shown in [14]
that the radiation in the air channels has a negligible effect on heat transfer and so it has been neglected in this
research. Conduction and natural convection in vertical ducts of the traction (split-winding) transformer are
explained in the following text.

Conduction: Most of the conduction in the air channel may occur between the walls (radial direction)
and conduction in the axial direction may be neglected. Consequently, conduction’s thermal resistance in the

air channel can be described as in Eq. (10):

Rea = , (10)

where k, is the thermal conductivity of the air.
Natural convection: Similarly, in order to avoid the difficulty of theoretical equations, some simple
equations have been used for natural convection. The natural convection in air channels is similar to channels

with infinite walls and its relations can be described as follows [14]:

Ged = hch(Ts - Tair)a (11)
Ruy— 1+ (12)
cd — thA7
Nuzk'air
hea(z) = Y ehoir (13)
Nuz = Cy (1+ R)® 43, forps < 60°, (14)
1/ 24 \* 9] 1]
Nuy = 1 — = -= = > 60° 1
wr=Cr |0 R) | o () | 5| Sorve = oo (15)
%) Gr* P
o, = (2)CPr (16)
[(7) Gr=Pr]?
. gBq"b?
Gre = STV (1)

where ¢.q is the convection heat transferred from the walls (inner or outer), R.4 is the thermal resistance due
to the convection in the duct,q” is the average heat flux of the walls, R is the ratio of heat flux in other wall
of duct/heat flux in considered wall, h.q is the convection coefficient of the wall, b is the width of the duct,
and L is the total height of the duct. In these equations C; and C5 are constant coefficients that are related
to the duct’s width.

Similarly, thermal resistivity of the walls increases in proportion with the height and this causes a higher

temperature in the top windings.
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2.4. Heat transfer in bottom and top surfaces

Heat transfer in the bottom and top surfaces is unknown and is a combination of radiation and natural

convection. Total heat transfer in these surfaces can be described as in Eqgs. (18) and (19):

qt,b = ht7bA(Ts - Tair)y (18)

1
Ry

= _ 1
) ht7bA’ ( 9)

where h:; is the equivalent heat transfer coefficient, R;; is the equivalent thermal resistance, and ¢ is the
heat transferred to the air from the bottom and top surfaces.
It was shown that heat transfer from the bottom and top surfaces can be neglected without any consid-

erable effect on thermal modeling [14].

2.5. Heat transfer in the distance between the bottom and top windings

Heat transfer in this part is a combination of conduction, radiation, and convection; as with the bottom and
top surfaces, its behavior is not known completely. Heat transfer from the channel between the bottom and top
windings depends on many parameters and, similar to the bottom and top surfaces, it can be neglected.

The only problem may be the amount of air that enters the ducts from this distance and deforms the
normal heat transfer mechanism in the air channels. Neglecting the air that enters from this distance can
cause the temperatures to be calculated as slightly higher than the actual amounts. Additionally, the distance
between the bottom and top windings is usually designed to be very small and sometimes it may be removed

for mechanical reasons.

2.6. Heat generation (losses) in the windings

Windings in split-winding dry-type transformers are usually constructed of foil conductors; it is convenient to
consider the conductor’s cross-section as in Figure 4 (w’ times h’ and w times h are the dimensions of the

conductor with and without insulation).

h' h

W

Figure 4. Foil conductor’s cross-section.
For this unit, losses might be written as in Eq. (20):
Ptotal = (]— + Keddy)Pdca (20)

where K44, and Py, are given in [19,20] and they vary with temperature. K,qq4, is calculated based upon the

magnetic field and its accuracy depends on the electromagnetic modeling method. In this research an analytical
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method [4] is used for magnetic field calculations. If higher accuracy is needed, the semianalytical calculation

introduced in [4] can be used for this purpose. Nodes are chosen in the insulations; thus, each node contains i
part of conductors (and conductors’ losses) adjacent to insulation (Figure 5).

Note that the mentioned split-winding traction transformer can be considered as two pairs of windings
that are constructed on each other (axially). Each of these pairs of windings acts as a two-winding cast-resin
transformer. Therefore, it is helpful to analyze the temperature distribution of a normal two-winding cast-resin

transformer (with concentric windings) and compare its results to a split-winding traction transformer.

3. Thermal analysis of two-winding dry-type transformer with concentric windings

To verify the introduced model, a typical two-winding transformer (800 kVA [14]) is chosen and the measured
temperatures are compared to the modeling results on the outer surface of the HV winding (Figure 6). Note
that the temperature rise test was carried out in accordance with the simulated loading method as defined by

the IEC 60076-11 standard [3,14] and the outer surface temperatures were measured using an infrared gun [14].

120

Temperature (°C)
O
S

®©
(=}

""""""""" Measured
70 Calculated J
60 200 400 600 800
Vertical Distances (mm)
Figure 5. Node losses (includes the adjacent conductors).  Figure 6. Temperature of the outer surface in a typical

800 kVA transformer.

Table 1 shows the computed average and hottest spot temperatures and compares them with the exper-
imental results. Similarly, the temperature rise test was carried out in accordance with the simulated loading
method as defined by IEC 60076-11 and average temperature rises of the windings were measured by gathering
the hot and cold resistances of the windings [3,14]. The average temperature rises (AV) in this table are the
average of the temperature rises in each winding and the hottest spot temperature rises (HS) are the maximum
temperature rises that occur in the windings. LV and HV in this table denote the low- and high-voltage windings
(Figure 1).

From Figure 6 and Table 1, it is seen that the FDM has good accuracy in predicting the temperature
distribution of the cast-resin transformer (average temperature prediction error is lower than 3%). Additionally,
the differences between modeling results and the experiments may be caused by some experimental and modeling
insufficiencies [14]. Consequently, the presented mathematical model (based on the FDM) can be employed to
analyze the thermal behavior of the cast-resin transformer with different structures (such as the mentioned

split-winding traction transformer).
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Table 1. Temperature rises in the typical 800 kVA transformer.

AV: Average .

temperatue rse (°C) gipff;tfi ilfs(:(oq HS/AV

LV HV LV | v LV HV
Modeling 86.88 95.8 109.36 ‘ 118.1 1.26 1.29
Experience 85 93 Not applicable Not applicable

Consequently, Figure 7 shows the temperature distribution of the windings in the mentioned two-winding

dry-type transformer.

4. Thermal analysis of dry-type (cast-resin) traction transformer with four split windings

After reviewing the thermal behavior of the normal two-winding transformer, in this section temperature distri-
bution of the split-winding dry-type traction transformer is analyzed. The traction (split-winding) transformer

usually consists of two split transformers that are positioned on a same core leg. Usually the bottom and top

transformers are not the same, but to obtain a clear and obvious conclusion, the top and bottom windings are

assumed to be as same as the 800 kVA transformer in Section 3 (this will not cause a problem in studying

the traction transformer’s behavior). Applying the nominal currents to the windings, temperature rises were
calculated and the results are given in Table 2.

Table 2. Average and hottest spot temperature rises in a typical 1600 kVA split-winding traction transformer.

AV (°C) HS (°C) HS/AV

LV HV LV HV LV HV
Bottom windings 77.83 88.73 95.92 1147 | 1.23 1.29
Top windings 110.57 103.46 15091 | 122.37 | 1.36 1.18
Two-winding transformer (Table 1) 86.88 91.8 109.36 | 118.01 | 1.26 1.29

Consequently, temperature distributions in the bottom and top windings are shown in Figure 8.

150+

500

Height (mm) 0 100

Figure 7. The windings temperature distribution in 800

kVA transformer.
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It is clear that the top windings are considerably hotter than in a similar two-winding transformer (Section
3). However, the bottom windings are cooler than when they are used in a normal two-winding transformer.
These behaviors must be taken into account by designers of traction transformers.

Someone may ask why the bottom windings are cooler than when they are manufactured as in a normal
two-winding transformer. This can be correlated to characteristics of the air channels in Eq. (17) where the
heat transfer is proportional to the height of the air channel (L). It is obvious that when two windings are
manufactured axially on each other, the height of the ducts will be doubled and thus heat transfer is increased
in the bottom windings. In the top windings the local height of the nodes (Z) is increased more than the duct’s
height (L) and so the heat transfer will be decreased.

The difference between temperatures of the split-winding and the normal transformer (or difference
between temperatures of the bottom and top windings in the split-winding transformer) is higher in the low-
voltage windings (especially in outer layers of the low-voltage windings). Consequently, the hottest spot (HS)
temperature is more dangerous in top low-voltage winding; in this winding HS/AV is about 1.36, which is
considerable in comparison with 1.26 in the normal two-winding transformer. A suitable and possible proposal
is to decrease the height of the split-winding transformer. It can be shown that decreasing the height of the
transformer can modify this phenomenon and will reduce the average (AV) and hottest spot (HS) temperatures

of the top windings.

5. Harmonics in the traction transformer and their effects on the temperature distribution

Basically the transformer is designed to work with a 50 Hz frequency. However, the loads in a traction system are
usually nonlinear. Nonlinear loads cause high levels of voltage and current harmonics. The most important effect
of harmonics in the transformer is their influence on the temperature distribution of the windings. Voltage’s
harmonics just influence the no-load losses and this can easily be neglected [21]. In this section, only the effects
of current harmonics on the temperature distribution of the windings are analyzed.

The traction (split-winding) transformer usually feeds a 12-pulse converter; this converter is a major
source of harmonics. If we assume the current as Iy, =7 I, cos(hwt), harmonics (I) related to a traction
transformer that feeds a 12-pulse rectifier can be calculated as in Eq. (21) [22-24]. These harmonics are shown

in Figure 9.

LN (21)

RS

100%
80% A
60% A

40% -

20% -
0% -

11 5 7 111 113 117 | 119 23 25
B Harmonic's magnitude (100 %|23% | 12% | 7.50 | 5.50 | 4% 3% 2% 2%

Figure 9. Magnitude of current harmonics proportional to fundamental component in the traction transformer.

3019



AZIZIAN/Turk J Elec Eng & Comp Sci

where

P
h= 5/4: +1,P =12 (12 — pulse), and £k =0,1,2,...

(22)
Harmonic currents cause additional losses in windings; harmonics have major effects on the eddy losses. The
harmonics may increase the ohmic losses because of increasing the current’s rms. Stray losses are negligible in
dry-type transformers and here they are assumed to be zero. For a harmonic current, ohmic and eddy current
losses can be expressed as in Egs. (23) and (24) [22-24].

no (I
Pdc = Pch Z }112} (IZ) ) (23)
n Ih 2
Peddy = PeddyO Z ]l_LliI} <IO) h27 (24)

where Pyeo and Pegayoare the ohmic and eddy current losses where there are no harmonics. Combining Egs.

(23) and (24), total losses due to the harmonic currents can be expressed as in Eq. (25).

T (25)

n I 2
Piotar = Pico Z }ng l(;(:) (1 + Keddyhz)]

Using Eq. (25) and applying it to the introduced thermal model, the winding temperatures of the traction
transformer have been calculated as in Table 3 and Figure 10.

Table 3. Temperature rises of the split-winding traction transformer due to the harmonics.

Height (mm)

AV (°C) HS (°C) HS/AV
LV HV LV HV LV HV
. ) Bottom windings 77.83 88.73 95.92 114.7 1.23 | 1.29
Without harmonics —
Top windings 110.57 103.46 150.91 122.37 | 1.36 | 1.18
Bottom windings 87 95.6 107 123.7 1.23 | 1.29
With harmonics —
Top windings 140 115 190 135.5 1.36 | 1.18
T 120
2001
a 100F 1
O 150} © v
}Z 2 8or Cr top HV winding T
4 = bottom HV winding
I = 60k i
5 100 g
s 1 S
oy oy
e bottom LV winding g 40t _
L] L]
= 50 . . 1 H
with harmonics 20h with harmonics
— — — without harmonics — — — without harmonics
0 0 260 4(I)0 6(I)0 S(I)O IOIOO 12I00 14I00 16I00 1800 0 0 200 400 600 800 1000 1200 1400 1600 1800

Height (mm)

Figure 10. Temperature distribution in the outer surface of a) the low-voltage and b) the high-voltage windings.
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Rises in the temperatures due to harmonic currents cannot be neglected in the traction transformer. In
some cases, the temperature may reach up to 127% of the temperature without harmonic consideration. The
ratio of the hottest spot to the average temperature (HS/AV) is invariant against linear and nonlinear loads

and just depends on the transformer’s structure.

6. Conclusion

In this paper, a cast-resin traction transformer with split windings was modeled in order to analyze the thermal
behavior of windings. The model was validated using a typical 800 kVA cast-resin transformer. The validated
thermal model was used to calculate the temperature distribution of a normal transformer with two concentric
windings. Afterwards, the thermal behavior of the traction transformer with four split windings was modeled
and the temperatures were compared to a normal two-winding transformer.

Reviewing the thermal behavior of the split-winding traction transformer, it was seen that the top
windings are considerably hotter than the bottom windings (and hotter than the same two-winding transformer).
However, windings in the bottom are cooler than in the same two-winding transformer. This problem is serious
in outer layers of the low-voltage windings. Additionally, the hottest spot temperatures of the top low-voltage
windings are more dangerous than other parts. From the viewpoint of a designer, this phenomenon must be
taken into account in temperature calculations of a split-winding traction transformer. A way for modifying
this behavior in the traction transformer is to decrease the height of windings in comparison with their radius.

Finally, the effects of the current’s harmonics on the load losses and temperature distribution were
discussed. An increase in the temperature due to the harmonics cannot be neglected in the design process of

the traction transformer.
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