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ABSTRACT ARTICLE HISTORY
To execute soft switching methods in resonant power converters, Received 25 July 2019
transformers with larger leakage inductance are getting more Accepted 2 May 2020
attention. Many papers have constructed various concepts in this KEYWORDS

regard. However, a discussion about, how the transformer efficiency Integrated transformer;
is affected is lacking in the literature. This paper analyses the effects power density; leakage

of the increased leakage inductance on the performance of the inductance loss; transformer
transformer. A transformer for increased leakage inductance is losses; leakage flux; resonant
modelled and constructed to investigate the losses. The model converters

discusses the effects of increased leakage inductance either by
increasing the inter-winding spacing or by integrating the magnetic
shunt within the transformer. The investigations show that increas-
ing the leakage inductance by inserting a magnetic shunt can have
severe degrading effects on the performance of the transformer, if
not designed adequately. Additional losses are also calculated and
the effects are verified by the experiments.

Introduction

Better efficiency and improved power density are the two major concerns of the present
power electronics industry (Demirel & Erkmen, 2014; Yang et al,, 2016; Zhu et al., 2019).
The higher power density can be achieved by reducing the dimensions of the semicon-
ductors and the magnetics. The purpose of low profile components can be achieved by
increasing the operating frequency (Ji et al,, 2013). On the other hand, this increased
switching frequency results in increased switching and magnetic loss because of the
increased parasitic capacitance, leakage inductance, core loss, and the winding loss. The
switching loss has a direct relationship with the frequency of operation in a hard switched
power converters. Therefore, soft switched resonant power converters are getting more
attention (Ayyanar & Mohan, 2001; Pajnic et al., 2017; Reusch & Strydom, 2015; Wang &
Wang, 2019; Witulski et al.,, 1991; Wu et al., 2015; Yadav & Narasamma, 2014) in order to
reduce these losses.

A contrary to the hard switched converter, the power switch is turned ON when the
voltage across the drain-source node is zero in resonant power converters. By employing
the soft switched techniques, the operating frequency can be increased while keeping the
converter’s efficiency the same or improved (Witulski et al., 1991; Yadav & Narasamma,
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2014). In this regard, the resonance inductance of the main transformer plays a vital role
to obtain soft switching. When the power switch turns OFF, resonance inductance creates
oscillations together with the parasitic capacitance. The zero voltage switching (ZVS) of all
the power devices, in most of the cases, cannot be obtained for the entire operating
conditions by using only the intrinsic leakage inductance (Shirsavar et al., 2013; Yu et al.,
2014), as it is often not sufficient. The converter may enter into hard switching at light
load. To this end, the total resonance inductance of the transformer is increased by adding
an extra resonance inductor in series with the main transformer. This makes the converter
less favourable in terms of power density.

An extensive work (Bahmani & Thiringer, 2015; Choi et al., 2012; Ferrell et al., 2004;
Hackner & Pforr, 2011; Margueron et al.,, 2010; Ortiz et al., 2010; Ouyang et al., 2009) is
carried out to increase the intrinsic resonance inductance of the main transformer. Some
(Hackner & Pforr, 2011; Ouyang et al.,, 2009) have studied the increase of total leakage
inductance by employing new winding strategies. In (Bahmani & Thiringer, 2015; Choi
et al, 2012; Ferrell et al., 2004; Margueron et al., 2010; Ortiz et al., 2010), the total
resonance inductance is increased by expanding the inter-winding distance between
the windings. Because of the dimension constraint for inter-winding spacing, the meth-
ods (Ouyang & Andersen, 2014; Zhang et al., 2014) propose to integrate a magnetic
material with the transformer in order to increase the total resonance inductance.
Although considerable work has been carried out to make the leakage inductance larger,
studying the consequences of this increased leakage inductance has received less atten-
tion. The addition of magnetic material in the leakage path results in more flux to follow
this path. This increased leakage flux may also increase the losses of the transformer,
which has not been thoroughly discussed in the literature. The main focus has been on
increasing the leakage inductance and neither has studied the additional losses in the
transformer that would appear by the insertion of magnetic material. For proper thermal
management and performance evaluation, it is important to estimate the losses at the
design stage.

This article investigates the effects of this increased leakage inductance. The loss
contribution of the added magnetic material in the transformer is analysed. An improved
transformer model to get the larger leakage inductance both by expanding the transfor-
mer windings and by adding the magnetic material between them has been presented in
our previous work (Bakar & Bertilsson, 2016), which investigates the model both analyti-
cally and experimentally. An example application (Bakar et al., 2016) of the model has also
been demonstrated by applying it in the phase shifted full bridge converter. The model is
rearranged to estimate the contribution of the increased leakage flux to the total losses of
the transformer. The model is investigated both analytically and experimentally.
Experimental investigations are produced by building a transformer for larger resonance
inductance. These estimations show a significant contribution to the total losses of the
power transformer caused by the increased leakage inductance.

Modelling of the transformer for the estimation of losses in the leakage path

As stated before, to improve the power density of the resonant power converters,
continuous research is going on to embed the external resonance inductance inside the
main transformer. To study the scope of increasing the total leakage inductance either by
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integrating the external inductor into the transformer or by moving the windings apart,
the total losses need to be investigated, both in the transformer core and in the magnetic
material inside the leakage path. The method (Cougo & Kolar, 2012) has studied the loss
only in the core for the various orientations of the magnetic shunt in amorphous and
nanocrystalline tape wound core transformers. In these cores, the loss is highly asym-
metric depending on the flux orientation. Compared to the losses related to the flux
perpendicular to the lamination, the authors concluded that, in the case of ferrite cores,
there will be no extra loss because of the integration of the magnetic material. Authors in
(Zhang et al., 2014) identify in a FEA simulation that the integrated magnetic shunt has
the highest magnetic field intensity in the structure, and no further investigations are
available for this section. Therefore, total losses need to be estimated before implement-
ing the transformer in the final design.

For the mathematical investigation of the loss both by the increased inter-winding
spacing and by the introduction of the magnetic material inside the transformer, a model
of the transformer is created in order to investigate each section. The layout plan and the
model are shown in Figures 1 and 2 respectively.

As shown in Figure 1, the inter-winding distance has increased due to the addition of
a spacer between the windings. In the spacer, channels for the ferrite rods are also shown,
to set the desired value of the leakage inductance, ferrite rods are added or removed.

As presented in previous article (Bakar & Bertilsson, 2016) this analytical model predicts
the total resonance inductance of the transformer with good accuracy. Here the model is
restructured to estimate the losses in the transformer due to this increased leakage
inductance. Figure 2, shows the reluctance based model of the transformer to calculate
the possible losses which might be caused by the increased leakage inductance. The
reluctance of the core, and the reluctance of the air-gap are shown as Ry and Rgqp
respectively. To make the model simple, the air-gap is modelled only in the centre leg of
the transformer. When there is zero air-gap, the reluctance, Ryq, is equal to zero. In the
model, it is considered that the spacer’s reluctance, R, and the rod’s reluctance, R,,q4s are

Ferrite rods Spacer Pri. winding Sec. copper foil

Transformer cores

Figure 1. Structure of the transformer.
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Figure 2. Reluctance based model for the estimation of losses.

in a parallel configuration. The reluctance and the length of air-gap between the core and
the rod are shown as R%., and /%9 respectively. Similarly, Ry is the reluctance of the air-
gap between the core and the spacer.

In transformers, the flux from the induced secondary current nearly cancels the primary
flux. In such a case, it is not the current that determines the magnetising flux in the core,
instead, it is the volt-second relationship as shown in Equation (1) (Erickson & Maksimovi¢,
2001).

B(t) = ! Vori(t)d
(0 = 1 | Vo0 (1)
where B is the flux density, V,,,; is the voltage on the primary winding of the transformer, A
represents the core’s effective cross-sectional area and N,, is the number of primary turns. In
Figure 1, it can be observed that the situation is different in the leakage path. The two fluxes
are cancelling each other in the core, and are added to the leakage path. In this case, the
leakage flux can then be calculated as:

1 k
Preak = IPNp <§R,T,- + §Rs7> 2)

leak leak

where %l‘:aik and 55 are the reluctance of the leakage path in the primary side and the
secondary side respectively, I, is the transformer primary current, k is the coupling factor

and is given by

N LMa
k= (—) e (3)
Np) /LpriLsec
where Lyqg, Ly, and L. are respectively the magnetising inductance, primary inductance,
and the secondary inductance. As long as the coupling factor remains high and the

leakage path is fairly symmetrical, the leakage flux will be proportional to twice the
input current. In the case of a loaded transformer, this contribution is much greater
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than the volt-second relationship which is independent of the loading conditions. In order
to solve the above equations, the variables are estimated as follows.

The reluctance of each section is first calculated. After this, the effective permeability of
each section is estimated. By using the new effective permeability the required induc-
tances are calculated. The reluctance of each section is estimated by using the general
Equation (4) and substituting the respective parameters for each section.

/
%core = e (4)
Mokt Aetr
Roap = Igi (5)
9w /JOAeff

where L is the permeability of the air, y, is core’s relative permeability, l¢is the effective length
of the magnetic path in the used core.

Irod
Riods =————— (6)
O orodmr, iNrods
Irod ( 1 )
Rair = — @)
o Ho Aspacer - nrrzodNrods

where u,"’d, and 4 are respectively the relative permeability and the length of the rod. N,ogs is
the number of integrated rods in the spacer.

As seen in Figure 2, the flux spreads conically in the air-gap /;‘;‘Z), so the reluctance is
considered as the truncated cone. Here the magnetic flux is assumed to spread conically
at an angle of 45° with the reluctance ?Rfc’;’ds. The reluctance in this region is calculated as
a truncated air cone with a smaller radius equals to r,y and a larger radius
Feone = Frod + l;%‘;. The truncated cone approach is required for the model to fit with the
actual leakage inductance. A cylinder of air with the same diameter as the rod will
underestimate the leakage inductance and an area equal to the spacer will overestimate

it. Next to this air-gap, the reluctance is calculated from the air volume subtracting this

truncated cone from the spacer volume of height I;%‘Z,. The reluctances in that regions can
be calculated as
rod
air __ gap
rods — N (8)
Mol rodl coneNrods
rod 1
air __ "9ap
§Rair - (A _ N ) (9)
Mo spacer Tl rod! cone!Nrods

After the calculation of the reluctance in each section, the reluctance of the leakage path,
Ryeak is calculated as given in Equation (10).

(Rrod + REL,) (Rar + R

rods

(Rroa + Rigs) + (Rar + RG7)

rods

(10)

§RIeak =

The reluctance in the leakage path seen from the primary side is calculated as



6 M. A. BAKAR ET AL.

PR
%7” % + §RIeak + §Rgap (1 1)

eak —

Since in the model, the air-gap in the core is considered only in the centre leg and the
secondary winding is assumed on the other side of the ferrite rods, so the reluctance in
the leakage path seen from the secondary winding can be expressed as

sec §):ECOI‘E
leak — 2

+ 8?/eak (12)

The primary winding's effective permeability is estimated by using the reluctances seen
by the primary winding as given in Equation 13.

et

3 3 (13)
Actt (Rcz‘”e + Rgap + (R‘{’e) |Riea ) Ho

Hefp =

Similarly, the effective permeability of the secondary winding is given in Equation 14.

/eff

(14)
Actr (5 + (Rgap + 252) | Rieak ) Mo

Mefts =

By the addition of magnetic material in the leakage path, the leakage flux has to flow
through different paths of permeability (Yan et al., 2003). The effective permeability of
both the primary side and the secondary side in the leakage path is calculated again as
given in Equations (15) and (16).

l%ff + Irod + Imd

= gap (15)
Aert (% + §Rgap + §Rleak)IJO

Hefrp =

lefr
Aerf (%3"6 + §Rleak)/vlo

Mefris = (1 6)

By using effective permeability, the inductance of the primary winding, inductance of the
secondary winding, leakage inductance of the primary side and leakage inductance of the
secondary side are calculated by Equation 17 (Erickson & Maksimovi¢, 2001; McLyman &
Mclyman, 2011; Snelling, 1972).

2
[ = ”O”effAefprri 17)
Ieff
The magnetising inductance is:
Lmag = Lpri — Lieakp

where L, and Liqxp are respectively the self and the leakage inductance of the primary
winding.

Analytical estimation of the losses in the leakage path

In traditional transformer design or by increasing the inter-winding spacing, the leakage
flux has no severe effect as there is no lossy material in the leakage path. However, in the
case of transformer design with magnetic material in the leakage path, the effect must be
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accounted for as it degrades the transformer efficiency and generates excessive heat in
a place where it might be difficult to dissipate. In the literature, the flux in the leakage path
is often assumed to be proportional to the core flux. To verify that this is not the case, first
the losses are estimated mathematically by writing the modelled equations in a matlab
script and then the losses are measured and compared by performing an experimental
work on an example transformer.

The script is used to estimate the magnetic flux, flux density, losses and transformer
efficiency for different configuration/length of the rods. The calculations are based on the
application where the transformer input voltage is 100 V, the primary current is 5A. The
other parameters required for the calculations are given in Table 1.

Since magnetic material having a higher permeability than air is present in the spacer,
the contribution of ferrite rods towards the flow of leakage flux will be higher. This
increased flux will ultimately increase the total loss of the transformer. This is investigated
in the following discussion.

Taking the loss in the leakage path into consideration, the magnetic flux in the core
and the rods are calculated with a different number of rods and for varying length as
shown in Figure 3. The flux in the rods is calculated according to Equation (2). As seen,
the flux increases when the length of air-gap in the leakage path is reduced. The
addition of more rods also increases the amount of flux because of the decreased
reluctance. The flux in the core remains unchanged because it depends upon the
applied volt-second relationship (1) and is independent of the loading conditions
(Erickson & Maksimovi¢, 2001).

By using the flux calculated for each configuration, the flux density is also plotted.
Figure 4 shows the plot of flux density in core and rods. The flux density becomes smaller
with the increased number of rods, as more rods increase the available effective area of
the ferrite material in the leakage path. Since flux remains unchanged in the core, the flux
density also remains constant against the length and quantity of ferrite rods.

From the calculated flux densities, the loss densities are calculated by using the
manufacturer’s Core Loss vs. Flux density graph as a function of frequency P, = f(B) for
the chosen core material. The calculated loss densities are shown in Figure 5. As seen,
it is similar to the flux density but more compressed due to the exponential behaviour
of Py = f(B). The volume of the core is many times higher than the volume of the rod,
therefore, the loss density of the core is very small and appears just above the zero
axis.

Table 1. Transformer specifications.

Parameter Value

Transformer and bobbin Ferroxcube ETD 59

Magnetic path length, lo¢ 159 mm

Core cross-sectional area, Aqs 368 mm?

Primary turns, N 8

Secondary turns Single turn

Spacer 6.8 mm wide

Ferrite rods Diameter = 2.9 mm, length = 13.6 mm
Bobbin width 45.2 mm

Length of air-gap, /124 44 mm
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Figure 4. Change in magnetic flux density both in the core and in the ferrite rods for varying length
and number of rods.

As the rods are much smaller in volume, the absolute value of the loss is calculated and
shown in Figure 6. From this analysis, it can be concluded that for short rods the absolute
power loss is not significant, but careful design and thermal management are required.
The increased length of rods results in a shorter length of air-gap and consequently the
more losses. With the length of rods above approximately 35 mm in this

case, the loss in the leakage path dominates over the core in absolute number as well.

Figure 7 shows the efficiency curves of the transformer for different configurations
of the rod length and quantity. The efficiency curves are plotted by adding together
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Figure 6. Absolute power loss in the core and in the ferrite rods.

the losses in the core and in the ferrite rods. As seen the efficiency drops in each case
as the length of the magnetic material increases. There is more efficiency drop in the
case of 2 rods, this is due to the fact that the loss in the ferrite material increases as
the flux density increases. Since the loss in the core remains constant therefore the
higher is the permeability of the material in the leakage path, the more is the
efficiency drop.
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Figure 7. The effect on the performance of the transformer for varying length and quantity of ferrite
rods in the leakage path.

Experimental validation of the proposed model

In order to validate the proposed model, two experimental setups have been made by
designing the transformer with the same parameters as given in Table 1. In the first setup,
the induced flux is calculated and compared with the analytical model, in the other setup
the temperature profile of the transformer is monitored in the leakage path together with
rods. In order to make the comparison accurate, a method presented in (Ortiz et al., 2014)
for the measurement of continues flow of flux has been adopted in the first setup. This
further eliminates the need to instal a hall sensor which requires air-gap and adds
complexities in the measurements. The methodology adopted for the design of the
transformer with increased leakage inductance is explained in (Bakar & Bertilsson, 2016).
Here the transformer will be used to examine the losses in the leakage path. As shown
earlier in Figure 1, a spacer along with the six channels is fabricated according to the
dimensions of the bobbin and ferrite rods. This spacer is then placed between the
windings. The ferrite rods used in this experiment has the same material properties as
the core. The transformer winding layout arranged for the measurement is shown in
Figure 8. Two turns of enamelled copper wire are wound on both legs of the spacer.

These turns are spread around the whole length of the spacer in order to ensure
maximum flux linkage. Similarly, two turns of enamelled copper wire are wound directly
on the central and side legs of the core. Then channels are filled in steps with a number of
ferrite rods while keeping the symmetry on both legs. For example, one channel on each
side filled with ferrite rod makes the total number of rods equals two.

In every step, the induced voltage is monitored on the oscilloscope. The primary
winding of the transformer is powered by a sinusoidal waveform by using EMPOWER
(BBMOA3FKO) RF power amplifier. Figure 9 shows the experimental setup, where
a function generator provides the input to the RF power amplifier, after the amplification
to 100Vac at 400 kHz, it is then applied to the input terminals of the transformer. The
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Figure 8. Transformer winding layout plan for the experimental measurements.

Figure 9. Experimental setup, showing the equipment and the transformer under test.

induced voltage is captured on the oscilloscope for each increase in the number of ferrite
rods in the channels.

Afterwards, the magnetic flux is calculated by using the equation ¢ = Vipguced/27fN.
The measurements also show the same trend as the analytical calculations shown in
Figure 3, where magnetic flux in the leakage path increases as the quantity of the ferrite
material increases in that path.

As an example case of 2, 4 and 6 full-length rods, the flux measured both in core and
rods is shown in Figure 10. In order to make the comparison with the model, a dashed line
is drawn in Figure 3 at the point where these measurements have been recorded.

As seen, the amount of flux is comparable with the model in each case. For example, in
the case of six full-length rods, the amount of flux in the rods is 7.5uweber in the analytical
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Figure 10. Measured flux in the core and in ferrite rods with 2, 4 and 6 full-length rods.

model and it is approximately 8uweber in the experimental measurement. Similarly, the
amount of flux in the core is almost the same in both figures. Once the amount of flux is
known, the contribution of loss for each case can be evaluated as explained in the
analytical section. The absolute power loss from the measured flux comes out approxi-
mately as 45 watts and 3watts in the rods and in the core respectively. It is approximately
the same as shown in Figure 6, where it is 40 watts and 2.9 watts respectively. It can be
concluded that the loss in the leakage path becomes more dominant than the loss in the
core as the quantity of the ferrite material increases. Therefore, the increase in the leakage
inductance by using the magnetic shunt inside causes more losses in the transformer.
For the monitoring of the temperature profile in the leakage path, one full-length
ferrite rod is inserted on both sides of the spacer. A single hole is drilled in the spacer to
monitor the temperature profile of the integrated ferrite rods as shown in Figure 11. In
order to maximise the flux in the leakage path, the secondary winding having one turn of

Figure 11. A hole is drilled in the spacer to be able to see the rods in the leakage path (left) and
measure of its temperature (right).
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copper foil is shorted by soldering its terminals together to provide a low impedance
short. In this case, the induced secondary flux effectively magnetises the core with a flux
cancelling the primary flux and the net flux will be very small. The temperature profile is
monitored both by using an infra-red thermal camera and thermocouple elements. With
low heating where the cooling effect from its surroundings is small, the temperature rise
will then be nearly proportional to the loss density in the actual part. The primary winding
of the transformer is powered by a sinusoidal waveform by using the same RF power
amplifier and the temperature is constantly monitored. Since the probes of thermocouple
are not tightly attached to the ferrites rods, a difference in both measurement methods is
expected.

The thermocouple elements record a temperature of 55.3°C/30.9°C for the rod/core
respectively, and in Figure 11 (right), the temperature of the rod is clearly much higher
than in the core and it can be concluded that the loss density and consequently the flux
density in the rods placed in the leakage path is much higher than in the main core.

As explained earlier, this is because of the fact, that flux intensity is greater in the
leakage path where the primary and the secondary leakage flux adds up opposite to the
core where it cancels each other.

Two more measurements are performed, one by leaving the secondary winding open
(Figure 12 left) and the other by loading the secondary winding with 10 Q power resistor
(Figure 12 right). In the case where the secondary winding is left open, there is no flux for
cancellation from the secondary side and the transformer acts as a large inductor. The
thermocouple elements record a temperature of 29.0°C/30.3°C for the rod/core in this
situation. From this, it can be concluded that the flux density is higher in the core as
compared to the rod. This is as expected with no flux cancellation and a larger air-gap in
the leakage path.

With 10 Q load, the secondary current starts to flow again, cancels the primary flux by
reducing the magnetising flux. The flux in the rod is expected to be higher as the two
fluxes add up and the thermocouples read 35.2°C/30.1°C for the rod/core respectively. It is
clear that the rods are hotter than the core, it means the flux density is higher in the rods
compared to the core. It again validates that the loss density in the leakage path is higher
than in the core.

Figure 12. Thermal images of transformer unloaded (left) and with 10 Q load (right).
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Conclusion

The loss analysis of the transformer with magnetic material in the leakage path is
discussed. The analysis shows that the increase in leakage inductance comes at the cost
of more losses in the transformer. This will, of course, be the same case, when using
a discrete inductor in series with the transformer to maintain the soft switching condi-
tions. The flux in the leakage path is greater than the flux in the core under normal loaded
operation and is not proportional to the flux in the core. This is explained as the flux from
the primary and the secondary windings add up in the leakage path instead of cancelling
each other as in the core. Instead of increasing the length of the rod, the increased
number of rods i.e. the larger area could help to reduce loss in the leakage path. The
additional leakage inductance achieved by integrating the external resonance inductor
into the transformer behaves like an inductor having higher flux densities. This might give
some room for improvement by using a smart combination of magnetic materials, and by
using a material in the leakage path optimised for power inductors rather than
a transformer. On the other hand, the losses dissipate heat inside the transformer,
which is difficult to manage and limits the scope of this approach. The increase in leakage
inductance achieved by only moving the windings apart, do not increase the core losses
as there is then no lossy material in the leakage path. Negative consequences are the
reduced useful window area and the increased wire length, which results in increased
copper losses. As a part of future work, the losses will be investigated in an example
application and/or by using a material having the characteristics of reduced losses at high
temperature.
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