
Detailed dynamic 
thermal-hydraulic 
network model  
Application to liquid-
immersed power 
transformers
66    TRANSFORMER  MAGAZINE  Volume 13, Issue 1,  2026

TRANSFORMER IN SMART GRID



Zoran Radaković, Marko Novković, 
Patrick Picher, Federico Torriano

ABSTRACT 
The paper presents the concept of temperature calcu-
lation in oil-immersed power transformers based on 
a detailed Thermal-Hydraulic Network Model (THNM). 
The THNM is deeply rooted in physics, incorporating 
detailed construction, material properties, and cooling 
equipment characteristics. Software tools based on a 
steady-state version of detailed THNM are becoming 
prevalent as design tools. However, a detailed dynam-
ic THNM has not yet reached that level of technology 

readiness. Its practical application lies in operational 
decision-making, grid planning, and investment plan-
ning, as well as monitoring, where the detailed dynam-
ic THNM can be used to simulate transformer thermal 
behavior during grid operation under variable loading 
conditions.
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The approach based on a detailed dynamic 
THNM requires detailed data on transform-
er construction, the physical properties of 
the materials used, and the characteristics 
of the cooling equipment

um temperature. Temperatures are then 
obtained by adding these temperature 
rises to the cooling medium tempera-
ture. This approach does not account 
for the significant influence of viscosity, 
which varies strongly with temperature. 
In contrast, the dynamic THNM incorpo-
rates the temperature dependence of 
the liquid’s viscosity.

The THNM considers the influence of the 
on-load tap changer (OLTC) position. It 
relates not only to considering the cur-
rents and conductors loaded with cur-
rent at different OLTC positions, but also 
to the distribution of magnetic leakage 
flux, which varies with the OLTC position. 
Two-dimensional FEM Andersen’s soft-
ware was used for the calculations of the 
distribution of eddy and DC losses for 
different OLTC positions. The losses are 
recalculated for the temperature of each 
conductor.

Moreover, the dynamic THNM responds 
to any changes in the cooling system. It 
models the local influences of each fan 
or radiator. Even a small change in the 
cooling system, such as the change of 
the position of a reserve (inactive) fan 
or radiator, will affect the temperatures. 
The THNM also accounts for the eventual 
changes in pump operating status. By 
considering the local influence of each 
fan, the model covers changes in all AF 
cooling modes, with the ON/OFF status 
of each fan serving as an input param-
eter.

tool [3], we developed a dynamic version 
of THNM. The first publication about 
it was in 2023. The extension of the 
steady-state THNM to a dynamic THNM 
is presented in several publications from 
2023, as stated in our last paper [4]. In 
[4], the model is validated using two 
sets of data: (1) 7 days of winter and 7 
days of summer operation from a three-
phase 225/26.4 kV, YNd1, 66 MVA trans
former, and (2) a 60-hour extended tem-
perature-rise test from a single-phase 
424.35/181.87 kV, 370 MVA transformer.

The paper demonstrates the application 
of dynamic THNM for resolving practical 
tasks.

Since the Thermal-Hydraulic Network 
Model (THNM) requires detailed trans-
former construction data, close collab-
oration between transformer manufac-
turers and the provider of the dynamic 
THNM software is essential to ensure 
accurate modeling.

2. Variable parameters 
influencing the 
temperature in grid 
operation

In grid operation, both the load and the 
temperature of the external cooling me-
dium fluctuate, leading to corresponding 
variations in transformer internal tem-
peratures. Some simpler models, widely 
used in practice, calculate temperature 
rises independently of the cooling medi-

1. Introduction

The temperature inside the tank of 
liquid-immersed power transformers 
(LIPTs) is a limiting factor for transformer 
loading. Immediate failure appears if the 
temperature exceeds a certain level, de-
pending on the material characteristics. 
A temperature increase above the rated 
material limit causes accelerated aging, 
resulting in transformer loss of life.

Characteristic temperature rises are 
verified through factory temperature-rise 
tests. Typically, the winding and oil 
temperature rises are measured under 
steady-state rated load conditions. Tem-
perature calculations are performed 
during the LIPTs design process to 
ensure that the produced transformer 
complies with these test requirements.

Extended temperature-rise tests, includ-
ing short-time overloads, may also be 
specified by agreement. In such a case, 
transient thermal process calculations 
are needed during the LIPT design stage.

The temperatures change during the 
LIPT grid operation. It is caused by dif-
ferent reasons, as stated in Chapter 2. 
Chapter 3 outlines the practical planning 
and monitoring aspects that require 
temperature calculation during transient 
thermal processes.

Temperature calculation is particularly 
challenging due to the complex construc-
tion of LIPTs, and the intricate interplay 
of fluid dynamics and heat transfer phe-
nomena. The different approaches are 
available, as systematically presented in 
[1]. The approach based on a detailed 
dynamic THNM requires detailed data on 
transformer construction, the physical 
properties of the materials used, and the 
characteristics of the cooling equipment. 
No measurements are required for 
model parameterization. On a computer 
equipped with an AMD Ryzen 7 7700X 
CPU (eight cores, base clock 4.5 GHz), the 
current computational time is approxi-
mately one-third of the duration of the 
corresponding real transient thermal 
process, with potential for further accel-
eration.

After developing the steady-state ver-
sion of THNM (the basics of which are 
described in [2], published in 2010) and 
implementing it in a software design 

The equations of the detailed THNM are 
based on the following fundamental prin-
ciples: a) conservation of heat, b) conserva-
tion of mass, and c) pressure equilibrium in 
closed loops

  69         www.transformer-magazine.com



Figure 1. Some examples of construction covered by the HoST Calculus software
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3. The role of temperature 
calculation in practice

Due to the high thermal inertia of large 
LIPTs, they can be temporarily loaded 
beyond their nameplate rating, as not-
ed in loading guides such as [5]. This 
capability provides opportunities for 
improved protection, monitoring, and 
planning in the operation of LIPTs.

It is possible to operate LIPTs with regu-
lar (repeatable) periods of loading over 
the nameplate power. In such cases, the 
aging of LIPT should be estimated by 
calculation, to ensure it does not exceed 
the planned level (typically, a cumulative 
relative aging should be below 1). Fur-
thermore, the monitoring system must 
track the hottest insulation (insulation 
hot spot) temperature, liquid tempera-
ture, and load to ensure compliance with 
the limits defined in transformer loading 
guidelines.

The software serves as a valuable tool 
for determining whether an existing unit 
should be replaced or if an additional 
unit needs to be installed.

At a more advanced level, thermal and 
aging calculations can be used to eval-
uate scenarios involving anticipated 
load increases and to support decision-
making regarding grid reconfiguration to 
alleviate transformer overload.

Another critical consideration is the man-
agement of short-term overloads during 
emergencies caused by grid element 
outages. For grid operators, it is essential 
to understand both the magnitude and 
duration of overload that an LIPT can 
withstand. Access to this information 
supports informed decision-making 
when reconfiguring the grid in response 
to such events.

4. Basics of detailed THNM
The equations of the detailed THNM 
are based on the following fundamental 
principles: a) conservation of heat, b) 
conservation of mass, and c) pressure 
equilibrium in closed loops. The equa-
tions are generated and solved automat-
ically for both the hydraulic and thermal 
networks. These networks are generated 
automatically based on the given trans-
former construction. The hydraulic and 
thermal models are two-dimensional 

The deeply physics-rooted model accounts 
for all influencing parameters such as the 
load, the temperature of the external cool-
ing medium, the influence of oil viscosity, 
the on-load tap changer position, etc.

in both static and dynamic THNMs. The 
implementation of the thermal mod-
els differs between static and dynamic 
THNMs, as presented in [2] for static 
THNM and [4] for dynamic THNM. In the 
static THNM, two-dimensional (radial 
and axial dimensions) network models 
are built and solved. The dynamic THNM 
is based on the convection-diffusion 
equation, more specifically on its dis-
crete form. A consideration of the sec-
ond dimension in the thermal model is 
achieved by boundary conditions at the 
spatial element ends. The temperature 
of the mixed oil is calculated at the posi-
tion where it occurs.

Through an iterative process, the 
THNM delivers: a) the global distribu-
tion of oil flow and its temperatures at 
the inlet and outlet of the transformer 
parts (winding, core, and cooling equip-
ment), b) the distribution of the flows 
within these parts and the oil tempera-
ture in each duct, c) the temperature of 
each conductor in the windings, d) hot-
spot and surface temperatures of the 
core.

The deeply physics-rooted model ac-
counts for all influencing parameters 
stated in Chapter 1 (the load, the tem-
perature of the external cooling medium, 
the influence of oil viscosity, the on-load 
tap changer position, the distribution 
of magnetic leakage flux for specific tap 
positions, the active states of pumps, 
radiators, and fans). The software [3] 
covers a wide range of practical trans-
former constructions. Fig. 1 illustrates 
some examples for the windings, core 
shape, and the cooling system (there are 
options of the radiators and compact 
coolers, both of them connected to the 
tank by the collecting pipes (the case 
presented in the Fig. 1) or directly to the 
tank. The system guiding the oil into OD 
cooled windings can be specified. Chap-
ter 5.1 shows some input data to illus-
trate the construction details considered 
by dynamic THNM.

5. Resolving practical tasks
5.1 Briefly about test 
transformers

The analyses are based on data on two 
LIPTs with natural oil circulation, both 
equipped with fiber-optics sensors.

The first LIPT is a three-phase unit with 
a rated power 40/53/66 MVA for ONAN/
ONAF1/ONAF2 cooling modes, operated 
on the grid. During the winter period, 
from February 3 to 9, 2023, the cooling 
mode varied (ONAN/ONAF1/ONAF2). 
During the summer period, July 18 – Au-
gust 4, 2023, it was operated with all 
fans on (ONAF2). Ambient temperatures 
exceeded 20°C in summer, and dropped 
below 0°C in winter, with extreme lows 
below -25°C. The OLTC position also 
varied during operation.

The second LIPT is a single-phase 
370 MVA unit with ONAF cooling. Results 
from the extended temperature-rise 
test were available. The tests were per-
formed on the short-circuited transform-
er, with sharp step-up and step-down 
current changes. This enables the inves-
tigation of the temperature difference 
between the hot-spot and the mixed 
bulk top-oil, which is explicitly incorpo-
rated as a component in the thermal 
model defined in the current IEC loading 
guide [5].

Model parameters, presented in Table 1 
for the IEC standard [5] and IEEE Annex 
G standard [6], were determined from 
the simulation results of HoST calculus 
software [3] for the 66 MVA transformer,  
using ambient temperatures 30°C 
(summer parameters) and -10°C (winter 
parameters). For the 370 MVA trans-
former, the parameters (Table 2) were 
obtained at an ambient temperature of 
20°C, corresponding to the conditions of 
the extended temperature-rise test. All 
parameters are given for the rated oper-
ating point: Θto,rated is top-oil (mixed bulk 
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A winding time constant of 7 minutes is 
used for the IEC model, and of 5 minutes 
for the IEEE Annex G model. For the IEC 
model, the following typical values were 
used: x = 0.8; y = 1.3; K11 = 0.5; K21 = 2, 
K22 =2, and an oil time constant of 150 
minutes for both transformers. For the 
losses ratio R, for 66 MVA transformer 
7.21 was used, and for 370 MVA trans-
former 109 is used in order to simulate a 
short-circuited transformer. For the IEEE 
Annex G model, the following typical val-
ues were used: for ONAF cooling mode 
x = 0.5; y = 0.9; z = 0.5; and for ONAN 
cooling mode x = 0.5; y = 0.8; z = 0.5.

5.2 Estimation of the aging in 
normal cycling load

The load of LIPTs can, during certain 
periods, exceed the rated load. Standard 
[5] defines the limits for different kinds 
of overloading. For long-term emergency 
loading, guide [5] states the following 
limits: a maximum load of 1.5 p.u. (in 
respect to rated power), a maximum 
hot-spot temperature of 140 °C, and a 
maximum top bulk oil of 105 °C.

Ambient temperatures of the 66 MVA 
LIPT for one-week periods in winter and 
summer are shown in Fig. 2. A sample of 
the per-unit load (with respect to the rat-
ed power 66 MVA) dataset used for the 
analysis in this chapter is shown in Fig. 3.

thermal design and was consequently 
analyzed by CIGRE Working Group A2.38 
[7]. Notably, this transformer was de-
signed using classical engineering tools, 
which likely contributed to the observed 
thermal performance issues.

The vertical position of the hot spot, 
required in [6], HH is obtained from the 
simulation results of HoST calculus soft-
ware [3].

For the IEEE Annex G model, the HH has 
values 1 for the LV and 103/104 for HV 
winding of 66 MVA transformer, and 
values 1 for the LV and 143/144 for HV 
winding of 370 MVA transformer. EHS is 
1.6845 and 0.1040 for the LV and HV 
windings of 66 MVA transformer, and 
1.1259 and 0.5771 for the LV and HV 
windings of 370 MVA transformer. 

For the other parameters of the IEC 
model and IEEE Annex G model, typical 
values from the Standards are used.  

top-oil) temperature rise, ∆Θhs,to is hot-
spot temperature minus top-oil tempera-
ture (for both LV and HV windings), ∆Θa,ao 
is average winding temperature minus 
average oil temperature (for both LV and 
HV windings), Θbo,rated is bottom-oil tem-
perature rise, and H is hot-spot factor, 
being equal to H = ∆Θhs,to / ∆Θa,ao (for both 
LV and HV windings). The model from 
the IEEE Annex G standard [6] requires 
the ratio of eddy losses to DC losses at 
the hot-spot position EHS. To get it, it is 
necessary to calculate the losses distri-
bution over the winding. The factor EHS is 
then obtained by dividing the calculated 
eddy losses by the calculated DC losses 
at the hot-spot position. The winding-to-
oil temperature gradient ∆Θa,ao in the HV 
and LV windings exhibits significant dis-
crepancies, indicating a deviation from 
sound engineering design principles. The 
situation with ∆Θhs,to temperature differ-
ence is even worse due to the difference 
in the hot-spot factors H. This transform-
er serves as an example of suboptimal 

For long-term emergency loading, guide 
[5] states the following limits: a maximum 
load of 1.5 p.u. (in respect to rated power), a 
maximum hot-spot temperature of 140 °C, 
and a maximum top bulk oil of 105 °C

Parameter
Winter parameters Summer parameters

ONAN ONAF1 ONAF2 ONAN ONAF1 ONAF2

Θto,rated 50.92 46.34 49.44 49.59 43.97 46.86

∆ΘhsLV,to 21.68 37.16 55.56 20.81 33.23 49.84

∆ΘhsHV,to 9.58 14.76 24.96 10.21 18.53 22.84

∆ΘaLV,ao 9.55 17.61 27.24 10.15 17.68 27.54

∆ΘaHV,ao 4.74 9.77 15.90 5.49 10.65 16.79

Θbo,rated 24.40 15.73 13.68 29.58 21.50 19.59

HLV 2.27 2.11 2.04 2.05 1.88 1.81

HHV 2.02 1.51 1.57 1.86 1.74 1.36

Parameter Calculated 
parameters

Θto,rated 45.04

∆ΘhsLV,to 34.96

∆ΘhsHV,to 26.06

∆ΘaLV,ao 17.93

∆ΘaHV,ao 14.09

Θbo,rated 15.56

HLV 1.95

HHV 1.85

Table 1. The parameters of the 66 MVA transformer obtained by the HoST Calculus 
software

Table 2. The parameters of the 370  MVA 
transformer obtained by the HoST 
Calculus software
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Monitoring data obtained by a sensor, 
based on capacitive technology, indicates 
a low moisture content. Therefore, trans-
former aging was calculated according to 
[5] for a low moisture content of 0.5 %.

The relative aging for the following four 
load cases is presented: 1) weekly load 
and ambient temperature in winter, 
2) weekly load and ambient tempera-
ture in summer, 3) weekly winter load 
scaled by a factor of 1.18, and 4) weekly 
summer load scaled by a factor of 2.73, 
resulting in a peak load equal to 1.41 p.u. 
(peak of scaled winter load 3). The win-
ter load was increased until one of the 
long-term emergency loading limits from 
Guide [5] was reached. At a scale factor 
of 1.18, the temperature at the sensor lo-
cation in the LV winding reached 140°C. 
For this scaling factor, the peak load is 
equal to 1.41.

The changes of the hot-spot tempera-
tures in HV and LV windings for cases 1) 
to 4) are presented in Figs 4 to 7, respec-
tively. The red dotted line (scale on the 
right vertical axis) represents the posi-
tion of the hottest disk. The LV winding 
contains 78 discs, while the HV winding 
contains 104 discs. The position of the 
hottest disc changes over time.

Due to the changing position of the 
hottest disc, aging is calculated using 
temperatures from the dynamic THNM, 
which is calculated for all discs with the 
temperature of the hottest disc at any 

The LV winding contains 78 discs, while the HV winding contains 
104 discs, and the position of the hottest disc changes over time

Figure 2. Ambient temperature in summer and winter weeks

Figure 3. Per unit load during summer and winter weeks

Figure 4. Hot-spot temperature change during winter for case 1) – for the LV winding (left), and for the HV winding (right)
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Due to the changing position of the hottest disc, aging is calculated us-
ing temperatures from the dynamic THNM, which is calculated for all 
discs with the temperature of the hottest disc at any time instance

Figure 7. Hot-spot temperature change during summer for case 4) – for the LV winding (left), and for the HV winding (right)

Figure 6. Hot-spot temperature change during winter for case 3) – for the LV winding (left), and for the HV winding (right)

Figure 5. Hot-spot temperature change during summer for case 2) – for the LV winding (left), and for the HV winding (right)
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time instance. The values presented in 
Table 3 correspond to the disc with the 
highest relative aging. For example, the 
aging for Load 4), for discs 102, 103, and 
104 in HV winding amounts 13.2, 13.66, 
and 9.73, respectively. The LV winding 
experiences higher temperatures; 
thus, all values for maximum hot-spot 
temperature and relative aging in Table 
3 refer to the LV winding. The values 
of the aging in the rows “Measured” 
are calculated from the temperatures 
measured by a fiber optics sensor 
positioned between discs 75 and 76. 
In the rows “THNM (hot-spot, disc 78)”, 
the aging is calculated using the highest 
calculated temperature (of disc 78). In 
the rows “average discs 75 and 76”, the 
aging is calculated using the average 
calculated temperature of discs 75 
and 76). During the winter (Load 1), 
the difference between the real hot-
spot (disc 78) and the temperature at 
the sensor’s position (spacer between 
discs 75 and 76) becomes significant. In 
Figure 14 in [4], a comparison between 
calculated temperatures in disc 78 and 
calculated average temperature of discs 
75 and 76 is presented for Load 1): the 
maximum difference is 34.71°C. Please 
note that on the graphics in [4], values 
of the hot-spot calculated by THNM 

The overshoot in the hot-spot to bulk top-
oil temperature difference strongly de-
pends on the micro-location of the tem-
perature sensor measuring the bulk top-oil 
temperature

at the position of the temperature 
sensor (corresponding to rows THNM 
(average discs 75 and 76) are used 
for the comparison of the hot-spot 
temperatures with their measured 
values. The maximum calculated 
temperature at the position of the 
sensor is 122.41°C, while the maximum 
temperature registered by the sensor 
is 110.38°C. The maximum difference 
between calculated temperatures in 
disc 78 and calculated average value 
of the maximum temperatures in discs 
75 and 76 for Load 2) amounts to 
4.61°C, and this is in line with the small 
difference between the maximum hot-
spot temperatures for “THNM” (63.69°C) 
and “measured” (62.48°C) for Load 2). 
The thermal-hydraulic behavior of the 
system varies with load and ambient 
temperature, with ambient temperature 
showing a dominant influence. At lower 

ambient temperatures (with higher load), 
increased oil viscosity leads to uneven 
flow distribution through the radial ducts, 
with most of the oil passing through 
a few bottom ducts. This results in a 
significant temperature rise at the top of 
the pass. In contrast, at higher ambient 
temperatures (with lower load), lower oil 
viscosity enables a more uniform flow 
through all radial ducts, leading to a 
more balanced temperature distribution 
across the pass (discs 75 - 78).

5.3 Behavior for step load 
increase

The dynamic THNM [4], as well as the An-
nex G IEEE [6] and IEC [5] models, were 
validated through extended temperature-
rise tests with step current changes on a 
370 MVA LIPT [4]. It has been shown that 
there is no overshoot in the hot-spot 

Max load 
[p.u.]

Max hot-spot 
temp. [°C]

Max top-oil 
temp. [°C]

Ageing  
[days]

Load 1)

Winter
1.19

THNM (hot-spot, disc 78) 155.23 44.07 7.2711

THNM (average discs 75 and 76) 122.41 44.07 0.5044

IEC 110.93 49.01 0.1685

Annex G IEEE 102.64 39.72 0.1775

Measured 110.38 46.48 0.3992

Load 2)

Summer
0.52

THNM (hot-spot, disc 78) 63.69 43.52 0.0016

THNM (average discs 75 and 76) 59.32 43.52 0.0013

IEC 72.10 41.79 0.0035

Annex G IEEE 71.23 41.31 0.0039

Measured 62.48 44.87 0.0015

Load 3)

Winter
1.41

THNM 166.65 55.73 33.4047

IEC 139.68 63.00 3.5257

Annex G IEEE 131.44 52.21 2.7030

Measured / / /

Load 4)

Summer
1.41

THNM 241.53 113.27 582.0841

IEC 213.11 99.48 155.8942

Annex G IEEE 201.89 102.56 145.5381

Measured / / /

Table 3. Characteristic temperature and estimated relative aging for different loading scenarios
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temperature rise. The overshoot in the 
hot-spot to bulk top-oil temperature dif-
ference strongly depends on the micro-
location of the temperature sensor mea-
suring the bulk top-oil temperature, as 
presented in [4].

This chapter presents, for the 370 MVA 
LIPT, the maximum hot-spot tempera-
ture in the HV winding and aging for 
daily (24h) load diagrams with different 
short-term overloads – from the steady-
state at the pre-load I1 (p.u.), to the 
load I2 (p.u.), of duration t (h); p.u. loads 
are with respect to the rated power of 
370 MVA. The loading scenarios were 
selected according to the tables in [8], 
aiming for relative daily aging around 
1 (the first six scenarios in Table 4) or a 
hot-spot temperature near 140°C (the 
last three scenarios in Table 4). Stan-
dard [8] was used solely to define these 
loading patterns, while calculations 
were performed using the THNM, Annex 
G [6], and IEC [5] models. Annex G of 
IEEE [6] is more physically based than 
the IEC model [5], yielding results that 
closely align with those of the THNM. 
In contrast, the IEC model [5] shows 
significant discrepancies compared to 
the THNM and Annex G models. The IEC 
model leads to significantly higher ag-
ing values. This may be a consequence 
of adapting the typical values of time 
constants, which might differ from real 
values. In this case, the IEC model over-
estimates the time delay (as the real 
time constant of the winding is smaller 
than the applied typical value). As stat-
ed in Chapter 5.1, some parameters 
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Load THNM Annex G of IEEE [6] IEC [5] Tables in [8]

0.5, 1.7, 1h 129.91/0.36 131.81/0.53 162.75/7.20 135/0.875

0.8, 1.5, 1h 118.83/0.24 123.09/0.41 143.24/1.86 128/0.641

0.5, 1.5, 2h 130.19/0.74 128.99/0.73 148.78/6.04 134/1.37

0.9, 1.4, 2h 128.48/1.10 127.28/1.22 138.57/3.33 130/1.39

0.5, 1.3, 4h 122.92/0.75 121.68/0.78 129.05/2.66 127/1.41

0.8, 1.2, 4h 111.42/0.39 113.52/0.57 117.77/1.09 118/0.844

0.8, 1.6, 1h 128.46/0.47 131.28/0.73 154.10/4.35 137/1.48

0.8, 1.5, 2h 137.28/1.64 134.65/1.60 149.79/7.42 142/4.12

0.8, 1.4, 4h 141.65/4.76 135.95/3.49 141.20/8.60 143/10.5

Table 4. Maximum hot-spot temperatures and relative aging for different step-up loads
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of the IEC and Annex G models were 
determined for a specific transformer, 
while for other parameters, typical val-
ues are used. Better parametrization of 
the IEC model might lead to aging val-
ues similar to those obtained by THNM 
and Annex G models. The point of the 
previous discussion is that the estimat-
ed aging depends not only on the aging 
laws (aging versus moisture, oxygen, 
acids), but also on the thermal models 
used for determining the temperatures 
under variable loading grid conditions.
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