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Abstract—Due to its high value of dielectric strength, oil is
often used for transformer insulation, especially when processing
high powers. Nevertheless, its presence needs to be considered
when determining thermal coordination of a converter system,
which also includes the challenging modeling of fluid dynamics.
This paper presents an analytical model for calculation of charac-
teristic oil temperatures for medium frequency transformers with
oil-immersed windings. The characterization and verification of
the developed analytical model is performed based on a small-
scale experimental setup. The paper demonstrates that the
analytical model reasonably agrees with the selected verification
method, and can aid design optimization.

I. INTRODUCTION

Solid state transformers (SSTs) are considered to be the key
technology for future distribution grids, providing direct and
alternating current interfaces for the integration of renewable
energy resources and energy storages. Moreover, they are
already successfully applied for traction applications, where
restrictions in weight and volume exist and high conversion
efficiencies are required [1], [2]. To achieve galvanic isolation
between the power stages of an SST, a medium frequency
transformer (MFT) is used. Nowadays, the design of MFTs
is usually performed with the help of design optimization
algorithms, which are built to include various transformer as-
pects through corresponding models. These address insulation
and thermal coordination, core and winding losses, estimation
of leakage and magnetizing inductance and so on. To keep
the computational effort and time low, the models used in
the design tool need to be simple and fast to execute, yet
sufficiently precise and accurate. When dealing with medium
voltage, bulk power conversion, special attention needs to
be paid to correct insulation in order to prevent damage
and component failure. Furthermore, thermal coordination,
i.e. constraints regarding operational temperatures, is another
important limiting factor for transformer design, therefore it is
crucial to be able to estimate their distributions correctly. This
paper introduces the thermal-hydraulic model (THM) which
determines the oil temperature distribution and the average
volume flows, useful for modeling and thermal coordination
of the MFT designs with oil-immersed windings.

Figure 1 shows the considered core-type MFT concept,
envisioned as an integral part of a 1MW rated DC-DC
converter, which uses integrated gate-commutated thyristors
as switching devices, owing to their high current ratings and
low conduction losses [3]. Nevertheless, due to processing
of high powers the semiconductor switches are cooled with
deionized (DI) water which provides an opportunity to use the
same cooling system for the MFT. Therefore, the transformer
windings are designed in the form of hollow conductors which
allow for internal water cooling. Additionally, the windings
are immersed in oil which positively affects the overall power
density of the transformer, due to reduced required insulation
distances. Thereby, the primary and secondary windings
are placed in pairs concentrically around each of the core
limbs. With the cold water entering the windings at the top
of each vessel (marked with blue arrows in Figure 1) and
exiting with an increased temperature at the bottom (marked
with red arrows), a temperature gradient is formed along the
windings in the vertical direction. Consequently, a variable
volumetric flow of the coolant (DI water) directly influences
the temperature gradient value. Note that while DI water is
selected as the main cooling method for the windings, the
paper focuses on the thermal problem inside of the oil vessel
and not inside the hollow conductors. As a consequence of
the vertical temperature gradient and together with the winding
excess loss, i.e. a small fraction of the total winding losses

Figure 1: MFT concept with two oil vessels.
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Figure 2: 2D front view of the oil vessel with simplified foil windings.

which did not get exchanged internally with the water, natural
oil circulation is achieved.

Models similar to THM have been already developed for
large distribution power transformers with different types of
oil cooling (oil direct (OD), oil natural (ON)) and mostly disc
transformer windings, as presented in [4]–[6]. Apart from
large power transformers which are fully immersed in oil, the
authors have not found further relevant references to related
models. One of the key differences compared to the existing
models, however, is the fact that for large power transformers
the oil is used not only for its insulation capabilities, but also
to provide adequate cooling. As previously mentioned, in the
work presented in this paper, the oil is mainly selected to
provide insulation and increase power density, but also due to
its self-healing properties which are of crucial importance in
case of partial discharges.

II. THERMAL-HYDRAULIC MODEL
The presented model is of analytical nature and it consists

of two parts: 1) the thermal part which deals with heat
exchange phenomenon following the principles of conservation
of heat and mass; 2) the hydraulic part of the model which is
determined based on the pressure equilibrium established in
identified closed loops in which oil circulates. For both model
parts laminar oil flow is assumed and only the steady-state
operation is considered. The helical coil windings, designed
initially with hollow conductors, are approximated with foil
windings in order to simplify the model derivation.

Figure 2 illustrates the 2D cross-sectional axis-symmetric
front view of a single oil vessel containing the simplified
winding representations. The axis of symmetry is presented
by the red dashed line in the middle. The left and the right
vessel side in Figure 2 show different parameters relevant for
the THM, nevertheless, the two sides are exactly symmetrical.
Thereby, the secondary winding (SW) is set closer to the
inner tube of the vessel (occupied by the core limb, which is
not explicitly shown, and the surrounding air) and it assumes
an average temperature Tw2, whereas the primary winding
(PW) is placed concentrically around the SW, closer to the

outer vessel wall with an average winding temperature Tw1.
The two temperatures are determined based on the copper
temperatures measured or estimated at the top and at the
bottom of the conductors once they exit the oil vessel. Due
to winding losses in the steady state PW and SW release in
their surrounding the losses Pγ1 and Pγ2, respectively. The
exact loss values are derived from the total winding losses by
estimating the percentage that did not get exchanged with DI
water applied internally for the cooling of the conductors. The
estimation is based on the DI water temperature data entering
and exiting the winding, as well as the information about the
injected losses. Moreover, the model considers two different
ambient temperatures, Ta,1 and Ta,2, which correspond to the
air temperature outside the oil vessel and inside its inner
tube. As illustrated in Figure 1 in case of a functional MFT,
the inner space of the vessel is occupied by a core limb,
which is expected to have increased temperature due to core
losses. Furthermore, the model is able to consider exact
winding arrangements inside of the vessel, so that different
insulation distances are included which enables the MFT
design optimization tool to consider the geometry impact on
the oil temperature and velocity distribution.

According to Figure 2 two distinct oil paths can be observed:
ABCoDoA and ABCiDiA. The points A, B, Ci, Co, Di

and Do are selected as characteristic points in which the oil
temperature is of interest. In fact, points A, Di and Do

belong to concentric circles (when observed in 3D) positioned
vertically at the half distance between the bottom of the
windings and the bottom vessel lid. In horizontal direction
(perpendicular to the figure plane) the concentric circles are
placed between PW and SW (A) and the pairs of outer vessel
wall and PW (Do) and the inner vessel wall and SW (Di),
respectively, as illustrated in Figure 3. To simplify the model
derivation it is assumed that the oil temperatures at the three
concentric circles are identical and correspond to Tob. The
same logic is followed for the points B, Ci and Co at the top of
the windings, however, it is assumed that the oil temperatures
vary and they agree with Totw1, Totw2 and Totr, respectively.
Three cylindrical zones of oil circulation Z0, Z1 and Z2 are
marked in Figure 3 together with the direction of oil movement
for each of the zones. Note that the color legend given in
Figure 2 applies to Figure 3 as well.
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Figure 3: 2D top view of the oil vessel with simplified foil windings.



The oil in zone 1 (Z1), heated from the excess PW and SW
losses (Pγ1 and Pγ2), experiences mass density decrease, i.e.
volume expansion and rises from A to B (average volumetric
flow Q1) due to buoyancy forces. At the top oil starts to cool
down, becoming heavier, owing to lower winding temperatures
compared to the bottom winding parts, which is achieved by
the temperature gradient due to the present water cooling. At
this point the oil splits into two paths CoDo (zone Z0, flow Q0)
and CiDi (zone Z2, flow Q2), where it continues cooling at
the outer and inner vessel wall through natural convection and
returns down to point A, where the process of oil heating starts
again. Thereby, the heat exchanged with the vertical vessel
walls is denoted with Pw,o and Pw,i, for the outer and the inner
vessel wall, respectively. Moreover, a horizontal heat exchange
is considered as well, marked with Ph,t and Ph,b, corresponding
to the top and bottom vessel lid. Furthermore, note that the
presented model is developed for the steady state transformer
operation, and it is not able to estimate oil temperatures and
velocities during transient states.

A. Thermal Part of THM
Energy balance equations established for each of the oil

zones are given in (1)-(6), with w0, w1 and w2 as the
respective average oil velocities, and A0, A1 and A2 as the
horizontal cross sections for each of the zones. Thereby, it is
assumed that total excess winding losses (Ptot = Pγ1 + Pγ2)
that are exchanged with the oil get evacuated both at the
vertical and horizontal vessel walls. Nevertheless, the ho-
rizontal heat exchange, in regions ADi, ADo and BCi,
BCo is significantly smaller compared to the heat exchanged
vertically, i.e. between the windings, and the inner and outer
vessel wall. Additionally, it is assumed that the excess PW and
SW heat losses are distributed between the respective zones
(Z0-Z1 and Z1-Z2) according to ratio parameters z and y. The
horizontal heat exchange (PA

h,b at the bottom, PA
h,t at the top)

between oil and the surrounding air is distributed across the
zones by the respective horizontal cross sections (A). Finally,
it is assumed that the air temperature at the top and bottom of
the vessel takes the same values as Ta,1. The energy balance
equations defined for the three oil zones are given below.

Zone 0:

zPγ1 − Pw,o − PA0

h,t − PA0

h,b = ρcpQ0(Totr − Tob), (1)
Q0 = A0w0, PA0

h,b/t = A0k
h
p (Tob/otr − Ta,1) (2)

Zone 1:

(1− z)Pγ1 + (1− y)Pγ2 − PA1

h,t − PA1

h,b = (3)
= ρcpQ1(Totw1 − Tob),

w1 =
1

A1
(Q0 +Q2)︸ ︷︷ ︸

= Q1

, PA1

h,b/t = A1k
h
p (Tob/otw1 − Ta,1) (4)

Zone 2:

yPγ2 − Pw,i − PA2

h,t − PA2

h,b = ρcpQ2(Totw2 − Tob), (5)
Q2 = A2w2 PA2

h,b/t = A2k
h
p (Tob/otw2 − Ta,1) (6)

Parameters ρ and cp give the oil density and its specific
heat capacity at oil temperature Tob. Note that the average oil
velocity w1 in zone Z1 is determined by the other two average
oil velocities w0 and w2, due to the assumption that the oil
flowing through Z1 gets split into the flows of the zones Z0

and Z1.
The goal of the THM is to correctly estimate characteristic

oil temperatures depending on the operating point of the MFT
and of the water cooling unit (WCU), i.e. the amount of
winding losses and the characteristics of the DI water entering
the windings, respectively. In the model the WCU operating
point is represented by the volumetric flow of DI water and the
inlet water temperature. The outlet water temperature depends
on the amount of dissipated winding losses. The following
equation determines the amount of losses absorbed by the
flowing DI water

PDI,w = ṁcp∆Tw, (7)

with ṁ as the volumetric flow of cooling DI water, cp as
its specific heat capacity and ∆Tw as the water temperature
increase from the bottom to the top due to winding loss
absorption. Considering the total amount of winding loss and
the previous equation, the excess PW and SW losses Pγ1 and
Pγ2 can be estimated. At this moment in time the authors
have not developed a model for estimating the outlet water
temperature based on the amount of losses dissipated in the
windings. Therefore, this specific information is collected
directly from experimental measurements of oil, DI water and
copper temperatures. The experimental characterization of the
model is given in Section III.

The cooling powers along the vertical vessel walls are
obtained by integration

Pw,o =

∫ H

0

(To,0(x)− Ta,1)k
o
pO

odx =
Ao

Ai +Ao
Pdiff, (8)

Pw,i =

∫ H

0

(To,2(x)− Ta,2)k
i
pO

idx =
Ai

Ai +Ao
Pdiff, (9)

Pdiff = Ptot − PA0+A1+A2

h,b − PA0+A1+A2

h,t , (10)

where H is the vertical height of the oil in the vessel, Ao,
Ai are the vertical surfaces of the outer and inner vessel wall,
respectively.

At this point, it is assumed that the difference between
the total excess winding losses (Ptot) and the horizontally
exchanged heat are distributed across the vertical vessel walls
based on the simple proportion of vessel wall surfaces that take
part in the heat exchange process. Further, To,0(x) and To,2(x)
represent vertical oil temperature distributions for the outer and
inner oil zones (Z0 and Z2), Oo and Oi are the circumferences
of the outer and inner vessel wall, respectively. This further
implies the assumption that all the oil points in a horizontal
layer at a certain height assume the same temperature, zone-
wise, i.e. in concentric annulus rings as given in Figure 3. The



coefficients kop and kip are the total heat transfer coefficients
(HTCs) determined by the following equations

kop =
1

1
αo

+ δw
λw

+ 1
αa

, kip =
1

1
αu

+ δw
λw

+ 1
αi

, α = Nu
λm

L
(11)

with α as the convection HTC between a certain surface and
the passing fluid, and λw, δw as the thermal conductivity
and the thickness of the vertical vessel wall. Thereby, αu,
αa and αi, αo in pairs give the HTCs for the convective
heat transfer between the inner and the outer vessel wall in
pair and the surrounding air and oil, respectively. HTCs
α1 and α2 characterize accordingly the heat transfer between
the oil and PW and SW, as denoted in Figure 2. Relations
similar to (11) hold for the total HTC klp which describes the
convective heat exchange between the oil and the surrounding
air at the top and bottom horizontal surface of the vessel. The
introduced convection HTCs, which eventually define the total
HTC value, can be determined with the help of known average
Nusselt correlations (Nu) obtained for natural convection in
laminar regime [7], [8], the medium’s thermal conductivity
λm and the characteristic length L which participates in the
convective heat transfer process. Each of the correlations
depends on the medium specifications and the geometrical
arrangement through which the fluid is passing (e.g. tall
vertical enclosure with uniform heat flux on the sidewalls,
vertical cylinder with isothermal surfaces and so on). Never-
theless, due to geometric specificity of the existing empirically
determined Nusselt correlations, which do not exactly match
the geometry of the considered oil vessel given in Figure 2,
the total HTCs kop, kip and klp and the convective HTCs α1

and α2 are determined for model purposes with the help of a
genetic algorithm, explained in Section II-C.

The vertical oil temperature distributions are determined
with the help of following differential equations of energy
balance

(kipO
i(To,2(x)− Ta,2) + α2O2(To,2(x)− Tw2))dx = (12)

= ρcpQ2dTo,2(x),

(kopO
o(To,0(x)− Ta,1) + α1O1(To,0(x)− Tw1))dx = (13)

= ρcpQ0dTo,0(x),

with O1 and O2 as the outer and inner circumference of the
primary and the secondary winding, respectively. Once the
solutions to oil temperature distributions in the x direction are
derived, they are applied to equations (8)-(10).

Eventually, with the help of statistical software package
Maple and based on the equations (1)-(13) four analytical
expressions for four distinct oil temperature points (Totr, Totw1
and Totw2 selected at the top of zones Z0, Z1 and Z2, respect-
ively, and Tob as the homogeneous bottom oil temperature)
are derived, which depend on the average oil velocities w0

and w2, among other parameters.

B. Hydraulic Part of THM
For the second part of the model it is assumed that only a

single oil phase exists, the oil passages have smooth walls and

that the flow is stabilized and in laminar regime. Due to the
fact that the expressions for hydraulic resistances are derived
(exclusively) for the case of forced convection [9], where a
certain condition related to the Reynolds number needs to be
fulfilled, for this THM part it is assumed that oil takes part
in forced convective heat transfer. This assumption is not far
from being valid if the existing buoyancy force is considered.

As a consequence of oil density change, a thermal driving
force, i.e. buoyancy force, is created which causes oil circula-
tion and produces pressure [10]. A general expression for the
produced pressure is given in (14) and adjusted to the specific
oil path geometry, shown in Figure 2, in (15):

pT = ρgβ∆To∆H ⇒ (14)

⇒ pT = ρgβ

(
1

2
Tot − Ta +

1

2
Tob −∆To−a

)
(15)

Thereby, parameter β is the volume expansion coefficient, g
is the gravity vector, ∆To stands for the vertical temperature
gradient (∆To = Tot−Tob), whereas ∆H is the corresponding
height difference. Note that the temperature Tot can assume
any of the two top temperatures, Totr or Totw2, depending on
the considered oil circulation path, ABCoDoA or ABCiDiA,
respectively. Temperature ∆To−a is known as the logarithmic
mean temperature difference and it is defined by the following
relation

∆To−a =
Tot − Tob

ln(Tot − Ta)− ln(Tob − Ta)
, (16)

with Ta as one of the two ambient temperatures, Ta,1 and Ta,2,
depending again on the considered oil loop.

On the other hand, oil streaming causes dispersed and local
pressure drops. The latter type occurs in elements where
the oil changes the streaming direction, such as in cases of
confluence and branching. Compared to the first type of
pressure drops, it can be neglected. The first type, also
known as the frictional pressure drop, is characteristic for
flows through elements with constant cross sections and it is
determined by a pressure drop coefficient ξ. The value of the
coefficient depends on the flow type and the geometry of oil
passages, as well as the oil density and average velocity [9],
as given by the following relations

∆p = ξ
ρw2

2
⇒ ξ = λ

l

Dh
, with (17)

λ = knon-c
64

Re
and Re = w

Dh

ν
.

Parameter λ gives the friction coefficient and it is determined
by the smoothness of the oil passage walls and by the flow
type, l is the conduit length, Dh is the hydraulic diameter and
Re is the Reynolds number. In order for the assumption of
laminar flow to be correct, the Reynolds number needs to have
a value below 2000. The parameter knon-c is the correction
factor for non-standard conduit shapes, since in the specific
case illustrated in Figure 2 the oil flows through concentric
annuluses of circular tubes [9].

Eventually, a steady state and stabilized oil flows are reached
when the pressure equilibrium holds for each of the two oil



loops, i.e. once the produced pressure matches the pressure
drops caused due to oil movement. The sought equilibrium is
finally expressed by the following relations

peq,o : pT,ABCoDoA = ∆p1 +∆p0, (18)
peq,i : pT,ABCiDiA = ∆p1 +∆p2, (19)

with ∆p0, ∆p1 and ∆p2 describing the pressure drops in zones
Z0, Z1 and Z2, respectively, calculated based on (17). The
left-hand side of the pressure balance equation is determined
based on (14)-(16). Note that the pressures produced and lost
in the horizontal parts of the two main oil paths (BCo, BCi,
ADo, ADi) are not considered. This second part of THM
provides another two model-relevant equations which describe
the pressure equilibrium of the two main oil loops, and they
are coupled with the four characteristic oil temperatures and
the two relevant average oil velocities.

C. THM Implementation

To summarize, the developed analytical model consists
of four expressions for oil temperatures and two relations
describing the pressure balance in the main oil loops. Due to
complexity of the considered heat transfer system and existing
uncertainty of accurate analytical modeling of heat transfer
phenomena inside of the oil vessel, a set x of 9 parameters,
defined in Table I, is considered optimizable within certain
boundaries. The optimal parameters are determined based on
the collected experimental thermal measurements (presented in
Section III) and with the help of multi-objective optimization.
The main idea is that the selected optimization algorithm
can minimize the difference between the measured and the
analytically obtained oil temperature values, while respecting
the pressure equilibrium, and for a certain optimal set of
parameters. The optimization process can be described as:

minimize
x

f(x), g(x) (20)

subject to Bl ≤ x ≤ Bh (21)
Table I: Set x of selected optimizable parameters.

Parameter Description

w0 average oil velocity in zone Z0

w2 average oil velocity in zone Z2

kop total HTC describing the exchange between
the air (Ta1) and oil at the outer vessel wall

kip total HTC describing the exchange between
the air (Ta2) and oil at the inner vessel wall

klp total HTC between the air (Ta1) and oil at
the bottom and top vessel lid

z ratio of Pγ1 that heats the oil in zone Z0

y ratio of Pγ2 that heats the oil in zone Z2

α1 convective HTC describing the exchange
between the oil in zone Z0 and PW

α2 convective HTC describing the exchange
between the oil in zone Z2 and SW

Figure 4: Vessel, instrumented with thermocouples, containing oil and a pair
of PW and SW connected to a DC power source and DI WCU.

The respective objective functions are defined as:

f(x) =
∑

i=otr,otw1,otw2,ob

|Ti(x)− T ∗
i | (22)

g(x) = |peq,o(x) + peq,i(x)| (23)

Note that the asterisk sign stands for the experimentally
obtained oil temperatures and the variable x corresponds to
the parameter set

{
w0, w2, z, y, k

o
p, k

i
p, k

h
p , α1, α2

}
. The two

sets Bl and Bh give the lower and upper constraints of the
selected parameters.

In order to maximize the probability of finding global
minima, the implementation method is based on genetic
algorithms [11]. An additional advantage of this specific
method is that no initial conditions are required. Moreover,
with appropriate selections of population size and number
of iterations, it is ensured that the algorithm maximizes the
diversity of the populations between consecutive generations.

III. THM CHARACTERIZATION AND RESULTS
The experimental measurements necessary for the character-

ization of THM are collected with the help of a down-scaled
test setup shown in Figure 4. The setup consists of a single
oil vessel made of paper-phenolic material containing a set
of PW and SW hollow conductors with fixed interwinding
distance and filled with synthetic ester dielectric oil (Midel
7131). In the given test setup both windings have 15 turns and
a turn-to-turn distance of 3 mm. The external diameter of the
hollow conductor profile is 8 mm, whereas the wall thickness
is 1.4 mm. In order to measure various oil temperatures,=
18 thermocouples (TCs) are placed in the same vertical plane
which passes through the vessel center. Five TCs are placed
in the same horizontal line at the vessel top (marked with
T1 − T5) and five at the bottom (marked with B1 − B5),
measuring the temperatures at the center of each zone (Z0,
Z1 and Z2). The remaining eight TCs (denoted with S1−S8)
are inserted equidistantly on the vessel side exactly between
the outer vessel wall and the PW, as shown in Figure 4. To
observe the conductor temperatures and determine the average
values of Tw1 and Tw2, another four TCs are attached to the
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Figure 5: Schematics of: electrical connections between PW and SW (in
series) and a DC power supply, marked by black lines; DI water hoses
distributing cold water to the top of the windings (in parallel) and collecting
back the warm water from the bottom; marked with grey dashed lines.

top and bottom parts of the windings directly outside of the oil
vessel. Furthermore, black cable connections from Figure 4
provide controlled direct current to PW and SW connected
in series, in order to imitate losses present during transformer
operation. Additionally, the transparent hoses supply the wind-
ings with DI water from a WCU of controlled temperature and
volumetric flow. Figure 5 provides a schematic of the winding
connections to the DC power source and the WCU. Additional
setup (marked with T, p, ṁ meas. unit) is assembled in order
to measure temperature, pressure and volumetric flow of the
incoming and outgoing cooling water. The above described
setup was used to collect measurements for various operating
points. Thereby, the current of the DC source was varied in the
range of 250 A−450 A with a 20 A step, which corresponds to
11 measurements with roughly 1 kW− 3 kW of total winding
losses. This range of losses corresponds to the available
winding loss budget for a 1 MW MFT design. The volumetric
flow of the DI water was set to approximately 22.5 mL s−1.

Figure 6 gives an example of recorded oil temperature dis-
tributions for the operating point of 420 A, which corresponds
to approximately 2.9 kW of losses. By observing the obtained
temperature forms for differently placed thermocouples and
based on the magnified view of the steady-state temperatures,
one can make presumptions regarding the oil movement.
Temperature forms recorded at the top of the vessel exhibit
higher oscillations than the side or the bottom measurements,
which corresponds to the fact that the oil is surging up towards
the vessel top with elevated temperature and circulating back
to the bottom while being cooled at the outer and inner vessel
walls. Moreover, the selection of a single characteristic bottom
oil temperature compared to the three distinct top temperatures
confirms to be correct, considering the temperature span of the
respective thermocouple groups.

To obtain the four characteristic oil temperatures (T ∗
ob,

T ∗
otr, T ∗

otw1 and T ∗
otw2) from the collected measurements the

averaging of steady-state temperatures is carried out as:

T ∗
ob = avg(B1, B2, B3, B4, B5, S8), T

∗
otr = avg(T1, S1), (24)

T ∗
otw1 = avg(T2, T5), T ∗

otw2 = avg(T3, T4) (25)

Finally, Figure 7 compares the results obtained when the
THM is used to estimate oil temperatures for various operating
points with the recorded measurements, and shows an overall
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Figure 6: Oil temperature measurements taken at the top (T1 - T5), on the
side (S1 - S8) and at the bottom (B1 - B5) of the vessel for the operating
point of 420 A. The magnified view for each plot gives the corresponding
steady-state temperatures at the end of the recording time.

good agreement between the two. The highest deviation
can be generally observed for estimation of the bottom oil
temperature Tob and it reaches the peak at 4.2 °C for the 310 A
DC operating point. Furthermore, the accuracy of the THM
improves significantly with higher winding losses, where the
deviation from the measured for all four estimated temperat-
ures, in case the same operating point is observed, remains
very small. Due to the fact that the average oil velocities
are eventually determined by the genetic algorithm and due to
the current inability to experimentally measure these values,
as well as due to the complexity of such an experiment, the
velocities obtained from the analytical model are not explicitly
presented. Nevertheless, for all the considered operating points
they remain in the range of several millimeters per second.

IV. CONCLUSION
This paper presented an analytical model for characteristic

oil temperature estimations, especially relevant for MFTs with
oil-immersed windings. Due to the fact that heating of the
oil causes its movement, which further gives rise to pressure
drops, both thermal and hydraulic sides of the problem need to
be considered for correct and accurate temperature estimation.
Nevertheless, due to the complexity of analytical modeling of
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Figure 7: Comparison of experimentally obtained oil temperature measure-
ments with the analytical THM results for various operating points.
heat transfer phenomena combined with fluid dynamics, the
introduced model had to be additionally characterized with
the help of experimental temperature measurements and an
optimization algorithm. Finally, good agreement is achieved
between the measured characteristic oil temperatures and the
THM results for various operating points.

The developed model is of significant importance for the
thermal coordination of a design and it provides useful in-
puts to the overall steady-state thermal model of the MFT.
However, due to the complexity of its current implementation
it cannot directly be included in the first layer of the MFT
design process, where millions of potential designs need to
be evaluated fast. Nonetheless, as already mentioned, it can
serve well to aid and verify the overall thermal image of MFT
designs with oil-immersed windings.
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