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Abstract: This paper presents a method to computethe  with:

magnetic and thermal finite-element solution of a single A [Wb/m] magnetic vedor potential
phase transformer using a weak coupling agorithm. js [A/m?] source arrent density
Therefore a detailed 2D magnetic and a thermal model are
generated, which are meshed separately and solved in a
cascade algorithm of a static thermal and a time-harmonic
magnetic solver. The results are verified by means of
extensive measurements and show very good agreement.

When k is considered constant in the temperature range
asaumed, the thermal problem is linear.

KE2T = —q(@x A Jg + Jg) @
1.- INTRODUCTION
In eledromagnetic energy converters, the temperature MAGNETIC MODEL THERMAL MODEL
dependence of several material parameters results in a
coupling between the magnetic and the thermal fields. The L“;tli";" e{ggﬁ‘;ﬁgﬁ%
value of the local temperature is important to calculate the *with adaption algorithm of the mesh
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purpose static and time-harmonic finite-element solvers [1], 3
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it is posshble to iterate between the magnetic and thermal
solution with a weak coupling algorithm. This approach is

used to calculate the steady state arrents and temperatures [ profed thermal souion cnmagretic model J¢+——
in a 6.3 KVA single phase transformer, coded by natural [ adjust conduwtivities in each regio
convedion. Therefore, it is necessry to employ a magnaicsomuon
sufficiently detail ed thermal mode to be able to projed all with fixed mesh
the data required by the magnetic solver. ["calculation of onmic losss |
2.- WEAK COUPLING AL GORITHM add losses

[ projed losses ontherma modd |

2.1.- Equationsto be solved e o

with projected heat sources

For the three @ses, full 1oad, no-load and short circuit ,

. . ched difference
operation, the separate magnetic and thermal problem have
to be solved. For the magnetic problem, the dasscal time-
harmonic solution is used, with interpolations along the
non-linear magnetisation curve.
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with:
o [W/m?]
k [W/(m.K)]

heat production in aregion
thermal diffusion coefficient

2.2- Solution M ethod

In a first step, the magnetic model is ©lved at a
reference temperature (Fig. 1). With this @lution, all heat
sources (ohmic losss in the wils, magnetic losses in the
core) can be evaluated. Since the therma modd does not
have the same mesh as the magnetic model, these heat
sources are projeded on the mesh of the thermal model [1].
In the seond step, the therma model can be solved to
obtain the temperature distribution. After another projedion
of these temperatures on the mesh of the magnetic modd,
the material properties (conductivities in the wil) can be
adjusted to dart the new magnetic caculation.
Intermediately, appropriate relaxation techniques have to ke
applied to oltain an acceptable rate of convergence|[2].

To beaome an optimal mesh for each FEM moded, the
thermal respedively the magnetic one, an adaptation
algorithm is used. During the iterations between magnetic
and thermal model, these optimal meshes for each model are
preserved.

3.-.MAGNETIC MODEL
3.1- Transformer Physical Data

A single phase transformer is used as an example.
Table 1 givessome physical propetties.

Table 1. Ratedelectrical data of the transformer

primary voltage Uprim 380
primary current Lorim 16.7
secondary voltage Usec 220
secondary current lsec 28.6
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Fig. 2: Geometry of the magnetic model.

transformer ratio ] 1.727 -
apparent power S 6300 | VA
rated frequency f 50 Hz

On each leg of the transformer core there are three
windings: one with double wound 3 mm wire to form a 110
V winding, a seand of 3 mm wire to form a 220V winding
and a third of 1.9 mm thick wire to form a 160V winding.
The 220V and 160V winding are put in series with each
other and in parallel with the other leg to form the primary
voltage. The semndary is the series of the two double wound
110V windings.
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Fig. 3. Horizontal cut throuch he transformer,
showing the positi on of the 2D model.

3.2- Magnetic Model

Beause 2D models are used, the magnetic model is a
cut through the wre in parald with the lamination.
Although the insulation is not important for the magnetic
model, it is modelled because the outline of the magnetic
model has to match the outline of the thermal model for the
projedion algorithm. The bdts holding the re together are
modelled, since they are made from magnetic sted. Fig. 2
shows the geometry of the magnetic mode.

3.3.- Equivalent materials

Since the leakage inductances were deducted from
measurements, the air gap in the @reis not modelled in the
geometry to reduce the number of nodes. As an aternative,
the material for the cre is defined using a correded
magnetisation curve. The original M6X magnetisation curve
from the manufacturer is correded for atotal air gap length
of four mm, considering the wre structure [6,7]. The
correded permeability in each point of the magnetisation
curve @n be @lculated using the formula of Hopkinson for
non-linear magnetic resistancesin the form (3).

%+ 5 UFe E
g=oplFed lFetol_ e 1 3
S HFe S Heorr
with:
0 [A] excitation
® [Wh] magnetic flux
e [M] path length through iron
l5 [m] air gap length
S[m?3 sedion of the @re

Fig. 3 shows a horizontal cut through the midde of the
transformer, indicating the position of the 2D modd. Since
this model contains only a small portion of the real cail, the
leakage inductances and the resistances have to be @mrreded.

The leakage inductances of the different windings can
be deducted from a short circuit test. Since they are not
temperature dependent, they are added in the external circuit
equations which describe the different interconnedions of
the parts of the model representing the wil. The @rredions

on the resistances however are included in the model by
scaling the resistivity of the materia describing each
spedfic il region.

4-THERMAL MODEL
4.1.- Calculation of Convection Coefficients

The transformer is coded mainly by natural convedion.
The dimension analysis of the natural convedion problem
[3] shows that the mnvedion coefficient h is also a function
of the difference between the temperature at thewall and the
temperature at infinity. This isexpres®d by theformula

Nu_ = f(Gr_,Pr) (4)
with:
Nu_ _hi Nusselt number based on a
k characteristic length L

h [W/(m2.K)]  convedion coefficient
k [W/(m.K)] thermal diffusion coefficient
Pr Prandtl number

The temperature dependence is introduced through the
Grashof number which is defined as (5).

GrL :M (5)
V2
with:
g[m/<] gravitational accderation
p=19 [K?  thermal expansion coefficient of the

surrounding air (with v the spedfic
volume). For ideal gasses B=1/T.
temperature diff erence between the
wall and theair at infinity

vdTp

AT =[T, - T.| [K]

L [m] characteristic length, in this case the
height of the vertical wall
v [m?/g] cinematic viscosity

During calculations, the Rayleigh number is frequently used
(6)-

Ra, =Gr_ [Pr (6)

To calculate the mnvedion coefficients for the vertical
walls, the asaumption of an isothermal wall is made,
together with a homogeneous laminar natural convedion
stream along this wall [3]. The mean Nusslt number can
then be @lculated from the equation of Squire and Eckert

().
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Nug =0.678Ral/ 4H_ " g (7)
[0.952+ Pr [

For the horizontal parts of the transformer, like the top part
of the re, the formula of Fujii and Imura [3] isused (8).

Nu_ =0.16Ra/3  wherRa <2x1(P (8)

From the measured temperatures at every part of the
transformer, it is clear that radiation effeds can be negleded
and the wefficients of convedion can be @lculated.

4.2.- Temper ature M easurements

To dedde for which parts of the transformer the
asaumptions of the @nvedion mecdanisms apply, the
temperature distribution in steady state for full-load, short-
circuit and no-load is measured. Two principles of
measurement are used. First, ten thermocouples are placed
on the transformer, some of them inserted between the
windings (Fig. 4).

Sewmndly, the transformer is photographed in steady

b L

Fig. 4: Transformer with thermocouples and
measurement apparatus.

state for the three load types with an infra-red camera. To
obtain a homogeneous emittance, one side of the transformer
is painted black. With the @mera, the temperature
distribution can be measured. This is important to make a
reliable cmparison with the mmputed results.

4.3- Thermal M odel

Except for the boundary conditi ons, the geometry of the
2D therma mode is the same as in the magnetic moddl. In
the therma model, the boundaries coincide with the rea
boundaries of the transformer.

Fig. 5 shows how the windings, together with the
insulating materials, are modelled by thermally equivalent
regions. Two important 3D problems have to be solved by a
corred definition of the eguivalent materials in the 2D
mode.

» Asdescribed in the magnetic model, the resistivity of the
cail regions is adjusted to represent the whole @il in the
2D model. Therefore, the heat produced in one of the
cail regionsin the 2D model representsthe heat which in
reality, is produced along half the drcumference of the
winding.

* The heat removal from the windings through the reis
asaumed to flow only in the plane of the 2D model, while
in redlity, thereisaheat flow perpendicular to this plane.

4.4.- Equivalent Materials

For the radial heat flow from the wils to the

surrounding air, each sedor of the olindrical coil is
considered to be identical. However, for the region where
the two legs of the transformer are dose together, it can be
shown that the hydrodynamic boundary layers of bath legs
interfere. These dfeds are however negleded in the thermal
2D model.
Semndly, negleding the heat flux perpendicular to the plane
of the 2D model is adapted because the thermal diffusion in
laminated sted is about 20 times gnaller than parall é to the
lamination [4,5].

Finally, a thermal equivalent model has to be found to
represent the therma behaviour of the il regions
acaurately. These regions have to represent the insulated
copper wires, together with the layers cardboard, separating
each layer of wire from the next layer. The physical
properties, used in the @lculations, are presented in Table 2.

Table 2: Hed diffusion coefficientsfor diff erent materials

Material Hea diffusion coefficient
copper 380W/(m.K)
resin 0.15W/(m.K)
a [a} C
A

Fig. 5: Geometry of the thermal model used.
Threedifferent coil regions are indicated.



DDOE+OD

Fig. 6: Solution of the FEM model used to calculate the
equivalent thermal properties of oneof the copper wires,
insulated by resin and separated from the net layer with

cardboard.

[ cadboard | 0.14W/(m.K) |

Using these values, the euivalent material properties
for each region, with different wire and insulation thickness
is calculated, using a small FEM models (e.g. Fig. 6). The
results for the three @il regions are presented in Table 3.

Table 3: Equivalent hea diffusion coefficients for each coil region

Coail region Symbal Hed diffusion coefficient
A k& 0.969W/(m.K)
B kS 0.468W/(m.K)
C kS, 0.695W/(m.K)

5.- COUPLED CALCULATIONS
5.1.- Calculation of Coupled Phenomena

The dfeds which need a coupled calculation in this
transformer are:
» temperature dependence of the il resistance
» dependenceof ohmic losesin the wilson the arrents
» dependenceof theiron-losses on the magnetic induction
The first effed can be @lculated using (9), which gives
for copper the mrreded conductance o, based on the
conductance 0,¢-c at 20°C and the temperaturein °C.

g
o= 20°C

= <UL @ wi = X -3 9
et e50) with o =39x1073 9)

In the @il regions, the disgpated heat is calculated with
(10).

g=J2/0 (10

Fig. 7: Calculated temperatures at full load
(lprim:16.78A, Ise(,:288m)

The total iron losss (hysteresis and eddy currents) are
calculated using the local values of the induction, the main
frequency in the model (50 Hz) and a table, which can be
interpolated to give the losses (in W/kg) corresponding to
the magnetic induction and the working frequency. The
goad agreement which is found for the no-load case, shows
that this method is sufficiently accurate.

5.2.- Equivalent heat production in stranded conductors

A common technique in modelling eledromagnetic
energy transduce's is the representation of a coil region by
an equivalent current carrying region, without modelling
each separate @nductor. For the magnetic problem, this
results in a good approximation. If however, for each
element the local heat production is calculated using (10),
this result cannot be used in the thermal moded diredly.
With

Scy [ME] the real copper sedion,

Set[M?3  thetotal modelledcoail region,

Jeu [A/mZthe arrent density in the pper,

Jot [A/m?the airrent density in the modelled coil region,
the total heat calculated for a coil is(11).

2
ﬂPCth%tdS = PCuJéuh = pCuJéuSCu ~Cu E (11
St Stot Stot

The results of the heat calculation have therefore to be
corrected with a filli ng factor Eﬁ%{o ottain the real heat
Scu

production in the apper. Thisis done in a software-routine

that calculates the joule losses.

6.- CALCULATION RESULTSAND COMPARISON
WITH MEASUREMENTS



6.1.- Full-load

Fig. 7 shows the omputed temperature distribution in
the thermal model. It is obvious that mainly the @il regions
are heated by Joule losses. Vertically seen, the centre of the
coils is the most. This is caused by the small outer winding
of the thinner wire, which acts like a thermal blanket and as
alarge heat source The arrowsindicate the diredion of heat
flow and represent the gradient of the temperature field.

A large portion of the heat is transported towards the
outer boundary, where natural convedion ocaurs. The
mainly radially direded heat flow in the @il region proves
the asaumption of homogenous thermal conductivity.
Another important part of the heat is transported to the cre.
Due to verticad up- and downward oriented heat fluxes
inside the @re, the heat is transported to the top and battom
of the wre, were the natural convedion provides the
coding. The thin layer of insulating material around the
core is a large thermal resistance At full load, there is a
temperature difference of 23°C over this layer. In the centre
of the wil, local temperaturesof 116°C are possble.

Fig. 8 compares the measurements for which an
equivalent point in the modd can be found with the
measured temperatures. In general, the accuracy obtained is
better than 6°C. For point 6, where the deviation is about
10°C, the acauracy of the measurement was much lower,
dueto practical limitations, such as reachability.

The solution of the drcuit equations of the magnetic
model has a good accuracy. Table 4 compares the measured
eledrical parameters, with the @lculations.

Table 4: Comparisonof measured and
calculated electrical parameters

Symbal Measured  Coupled calculation
lsec[A] 28.76 28.85

temperature [°C]

1 2 3 4 5 6 7 8 9

‘ M measurement  Bcoupled calculation ‘ measurement point

Fig. 8: Comparison of calculated temperatures and measurements.

Porim [W] 6331 6370
Paoc [W] 6082 6149
n [%] 96.1 96,5

6.2.- Short circuit and No-load

For the short circuit situation, the accuracy olbtained is
comparable with the results from the full load case. The only
differenceis the small amount of heat produced in the @re,
since the magnetic field is very weak at short circuit
operation. This causes the temperatures to be a little bit
lower than at full load. The hot spot temperature stays below
90°C for 1£=25.2 A, according to the semndary cold short
circuit voltage of 121 V.

Similar results were ohtained for the no-load case, in
which only core loses are significant.

7.- CONCLUSIONS

The results presented here, prodf that the ascade
magnetic-thermal finite dement cal culation provides trustful
information for the design of a small transformer. The
methods for to set up a detailed thermal and magnetic
model, including the effeds of natural convedion and core
losses, are hereby validated. The use of two separate models
with different meshes makes it posshle to gotimise the
geometry of bath the magnetic and thermal model.
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