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Abstract—The improved 2-D equivalent analytical calculation 
method to estimate conductive losses in gapped magnetic 
components in a wide range of frequencies is extended to the 
calculations of conduction losses in flyback transformers. The 
i2D method, that is applicable to power inductor, is extended is 
extended to the winding loss calculation in gapped transformers, 
such as flyback transformers, by means of harmonic 
decomposition of the current though the windings that allows the 
proximity field calculation and, afterward, the estimation of the 
losses in the windings. 

The method is used to evaluate conduction losses in flyback 
transformers for switched mode power supplies (SMPS) and the 
results are compared with finite element analysis (FEA) and 
measurements. 

Keywords—-flyback transformers; winding loss; magnetic 
components; gap 

I. INTRODUCTION 

As the effect of the air gap in the winding loss is not 
considered in commonly used methods [1-6], the calculation of 
conduction losses in windings of gapped magnetic components 
cannot be accurately estimated using conventional approaches. 
As a consequence, numerical analysis tools, such as FEA tools, 
are often required for the component characterization [7-9] 
with the disadvantage of larger design time and the difficulty to 
implement iterative optimization processes. 

Many methods used for the calculation of conduction loss 
in magnetic components are based on the winding's loss 
separation concept which allows the independent calculation of 
the effects of the local and external induced eddy-currents, and 
then the total winding loss is found to be the superposition of 
all the considered loss mechanisms (dc, skin, proximity). This 
concept conveniently allows the calculation of conduction loss 
by "modules" offering the possibility to evaluate each 
component of the loss in a different way, giving us flexibility 
in choosing a desired approach to estimate the different 
contributions of loss mechanism. 

This concept is used independently of the assumed 
geometry of the fields in both 1-D and 2-D structures. In 1-D 
structures (field considered 1-dimensional), this is done 

calculating skin and proximity effects separately thanks to their 
orthogonality [2]-[3], [5], [11]-[15] and [24]-[25] but cannot be 
used in gapped magnetics where a 2-D component of the 
magnetic field, which is the fringing field of the air gap, shall 
be considered and introduced in the calculations. In this kind of 
structures, the field calculation is an important "intermediate" 
step to estimate the winding loss. 

Several solutions in the state of the art can be used for the 
estimation of wingding loss in gapped magnetic components 
[10]-[12], [17]-[28]. The solution presented in [10] accounts 
for gapped magnetic components with planar conductors and 
provides analytical expressions to determine the magnetic field 
at a given position from the gap and. The calculation of 
winding loss focused in the optimization of gapped inductors is 
handled in [11], while [12] define an improved method for the 
field calculation used in [11] and, therefore, an improvement in 
the conductive loss calculations. This approach uses the mirror 
image technique and allows a tradeoff between accuracy and 
computational effort by choosing an appropriate number of 
images. What is really interesting about this method is that the 
core influence is "eliminated" replacing the air gap with an 
equivalent current sheet (that "produces" an equivalent 
magnetic field as the air gap). [17]-[19], [23] and [28] deal with 
the calculation of winding loss in gapped inductors using a 2-D 
representation of the magnetic field H at an arbitrary position 
inside the window area of the core. As the magnetic field H is 
evaluated by means of the magnetic potential (in the form of, 
either, the vector or scalar potential) that fulfils the Laplace 
equation, this approach might result in complex equations that 
can be very difficult to implement (if its integration in a design 
and optimization tool is desired). A general procedure to 
extend, or apply, the loss separation concept to multi-winding 
components (that might have different currents in each) is 
explained in [21] and [20] and it is shown how to calculate the 
desired parameters using a winding loss/resistance matrix. In 
[13] a simple solution based on the well-known DowelPs 
method [1] is proposed, but it can be properly applied only in 
components whose windings are arranged in a "layered" 
structure which is not the case of winding structures in typical 
flyback transformers. In [15] an analytical 2D equivalent 
method based on the superposition of losses mechanisms (skin, 



gap and proximity) in the winding of the magnetic component 
based on a simple calculation of the fields is proposed. 

In this paper, a procedure to extend the i2D analytical 
method [15] to the calculation of winding loss in gapped 
transformers, such as flyback transformers, is shown and 
compares the results with FEA calculations. Afterward, the 
method is used to estimate losses in the transformer of a 
flyback converter and the results are compared with 
measurements. 

II. THE i2D METHOD 

In [15] the power loss per unit length of a cylindrical 
conductor under a transverse magnetic field is calculated by 
means of expression (1) from [16], where ber, bei, ber' and 
bei' are, respectively, the real and imaginary part of the Bessel 
functions of first kind and their derivatives, a and ¡i the 
conductivity and permeability of the conductive material, r0 is 
the radius of the conductor and H0 is the magnitude of the 
transverse field to the conductor. 

p(W/ \ — n^2 hr CJ2 ber(kr0)bei'(kr0)-ber'(kr0)bei(kr0) 

(1) 

Where k = ^wafi and w is the angular frequency. Since 
the fringing field due to the air gap in a magnetic component 
(fig. 1), Hg, is considered to be two-directional in the plain rz 
in cylindrical coordinates, any conductor affected by this 
fringing field will be exposed to its two components, Hr and 
Hz, both transverse to the conductor. The field components of 
Hg can be calculated, according to [10], with (2) and (3) for r 
and z components respectively, where Ig is half of the air gap 
length, r and z are the cylindrical coordinates respect of the 
origin (see figure 1), m is equal to zero if r2 + z2 > I2 and 

equal to 1 if r \l and Hq = 0.9 NI/2L with N and / 

equal to the number of turns and peak current through the 
winding, respectively. 

Hr(r,z) 

Hz(r,z) = 
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tan" 

r2 + (z-lg) 

r2 + (z+lg) 

2rlr 

+mn 

(2) 

(3) 

Since proximity and gap effects, are actually the same 
effect (external fields), they can be calculated using the same 
expression. If we assume that fringing and proximity fields are 
static and independent (and superposition theorem can be 
used), the Biot-Savart law (expression 4) can be used to 
calculate the magnetic field that is affecting a single conductor 
of length L due to the electric current / flowing through a near 
conductor at a position x by means of expression (5) (fig. 1), 
where x is an unitary vector in the direction of x. 

dH = 1 I dlxx 

An 

H = -
i 

2nx^L2+x2 (*) 

(4) 

(5) 

Fringing field 

Prsxjtliity field 

Figure 1. Representation of the influence of both fringing and proximity fields 
over a round conductor in a gapped magnetic component. 

At this point, Pr and Pz, that are the proximity loss 
components, can be calculated assuming H0 as the sum of the 
corresponding components of the fringing and proximity fields 
in (1). Then, the total loss per unit length of the considered 
conductor can be obtained as the sum of (6), and (7) multiplied 
by the square of the RMS current which are the proximity and 
skin effects contributions respectively. 

PJW/m)=Pr + Pz 

Rs{n/m) = Re 

3 3 

j2k J0(J
2kr0) 

2nrna JiU2kr0). 

(6) 

(7) 

A. I2D Limitations 

The i2D method has two important limitations that need to 
be considered: 

The expressions (2) and (3), which are used to calculate 
the fringing field due to the air gap at a given position of 
the window breath, are limited to components with a 
symmetric gap with respect to its core. This means that 
they can only be used in concentric geometries with a 
central air gap placed in its central leg (such as RM, EE 
and ETD like structures). This approach, however, could 
be extended to components with distributed air gap as long 
as it position remains symmetric with respect to the core. 
In this case Hg and Hg', which are the magnitude of the 
reference sources (in central and external legs) of the 
fringing field, must be calculated in a different way (for 
instance, using a reluctance model). 

Since it is a simplified method, where the fringing and 
proximity fields are considered to be "static and 
independent" and are calculated separately, an error, 
especially at high frequencies, is introduced in the 
calculation of the fields and, thus, in the calculation of 
losses. Moreover, the main equation which uses Bessel 
functions that are not very accurate at high frequencies 
when it is applied to close packed windings, expression 
(1), which is valid for a homogeneous magnetic field, is 
used in an application where the external field is not 
uniform and this is, also, a source of errors in the 
estimations. 



Ill. I2D EXTENSION TO GAPPED TRANSFORMERS 

A natural way to use the i2D method in flayback 
transformers is the calculation of the loss in each winding by 
separate at each frequency point. For instance, consider the 
case of figure 2. During Tl , when primary winding is 
conducting I¡, the power loss can be found evaluating the 
proximity loss (external fields) in windings W¡ and W2, 
calculated by means of expression (1), plus the skin effect 
contribution (internal fields) in W¡. Since W2 is not conducting 
it has no skin effect contribution in the loss during this state. 
The same occurs during T2, where W¡ is not conducting and 
W2 is carrying I2. In this state the loss is the contribution of the 
proximity field in W¡ and W2 plus the skin contribution only in 
W2. Then the total loss is the sum of P¡ and P2 (10). 

Pi=Pi p,wi + Ppw?. + '' S,W1 

Pi — Pp,Wl + Pp,W2 + Ps,W2 

Total = Pl+P2 

(8) 

(9) 

(10) 

This is not different than the application in power inductors. 
In fact it's just like applying the i2D method in two inductors 
(but considering the eddy losses in additional non-excited 
conductors). This leads to the necessity of applying i2D two 
times in the same component (at each state). 

In order to avoid this "double application", the currents 
through the windings can be considered as flowing 
simultaneously by means of the analysis in frequency domain. 
This is carried out through the harmonic decomposition of the 
currents in the windings and calculating the proximity loss, as 
well as the skin loss, at any frequency point by means of the 
calculation of the fields according to the corresponding values 
of the primary and secondary currents at the same time. This 
way the fringing field source, Hg, can be assumed as the same 
for both windings, since N¡I¡ = N2I2, and is calculated 
according to the peak value of the current at the considered 
harmonic (using either/; or I2 for the determination ofHg). The 
field components, Hr and Hz, are evaluated with (2) and (3) 
respectively. The proximity fields are calculated with (5) using 
the corresponding current for the considered turn (where the 
direction of the currents is considered as a phase information in 
the frequency domain). 

The analytical results of components in the fig. 3 are 
compared with FEA in table 1. It can be seen that the i2D 
analytical model that was used for computing the winding loss 
shows very good results with respect to FEA calculations, 
which is considered a very accurate solution. Also, the results 
using the skin depth approach (which does not include the 
effect of the fringing field) are included in the table in order to 
compare with a commonly used calculation method (in these 
results, the proximity effect is not considered because the 
commonly used ID approach cannot be applied to the given 2D 
winding structures). 

VDCQ 

D1 

Control 
sijnal *• 

Figure 2. Currents through the windings of a flyback transformer. Time 
domain. 

IV. RESULTS 

The results of the application of the i2D model in flyback 
transformers are compared with FEA and measurements on a 
SMPS prototype. 

In order to compare with FEA, consider the transformers 
shown in figure 3 as three possible designs of a transformer for 
a hypothetical SMPS working in continuous conduction mode 
at 400 kHz (see the waveform of the currents in figures 2d an 
2e) with input and output voltages of 24 V and 80 V 
respectively and 160 W of nominal power. The transformers 
were modeled in the FEA tool ANSYS MAXWELL using the 
structure transformation described in [17] and simulated at 
different frequencies that correspond to the first 15 harmonics 
of the currents. A copper conductivity of 45.249xl06 S/m was 
used for the conductors. 

The analytical results for components 3a, 3b and 3c are 
compared with FEA in table 1. It can be seen that the i2D 
analytical model that was used for computing the winding loss 
shows very good results with respect to FEA calculations, 
which is considered a very accurate solution. Also, the results 
using the skin depth approach (which does not include the 
effect of the fringing field) are included in the table in order to 
compare with a commonly used calculation method (in these 
results, the proximity effect is not considered because the 
commonly used ID approach cannot be applied to the given 2D 
winding structures). 
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Figure 3. Axisymmetric representation of flyback transformers with (a) 514.48 fim air gap, 6 AWG20 turns (3 parallel) in primary and 30 
AWG20 turns in secondary in a 3C95 RM12/I core, (b) 588.17 urn air gap, 7 AWG20 turns (3 parallel) in primary and 35 AWG20 turns in 
secondary in a 3C95 EC41 core, (c) 501.04 fim air gap, 5 AWG20 turns (3 parallel) in primary and 25 AWG20 turns in secondary in a 3C95 
P36/22 core, and (d) and (e) are the hypothetic current waveforms of the primary and secondary windings of the transformer respectively. 

Table 1. Comparison between analytical and FEA calculated winding loss of transformers in fig. 2. 

Component 

2a 

FEA 

10.44 

Calculated Power loss (W) 

Analytical Analytical 

(proposed) (skin depth approach) 

10.25 1.77 

2b 7.89 7.53 1.89 

2c 9.41 9.16 1.76 

A further comparison against measurements on a flyback 
converter prototype has been done. Three different 
transformers were built (fig. 4) and used in the flyback 
prototype of fig. 5a. The characteristics of the transformers as 
well as the operating conditions and measurements in the 
converter are stated in table 2, 3a and 3b respectively. The duty 
cycle has been fixed (around 15% and 50%) in all tests and is 
also specified in the operating condition in table 3 a. The 
calculated results (by means of the skin depth approach and the 
proposed method) are compared with measured values in table 
3b. 

The operating frequency is 100 kHz. The driving signal for 
the main switch is generated in a digital control board which is 
supplied with a different power source. Since the focus is to 
measure the power loss in the transformers, no special care was 
taken in the design of the converter. A dissipative clamping 

circuit is used for limiting the voltage spikes in the 
transformers (Cs = 880pF and Rs = 66Q). 

A. Measurement Setup and Procedure 

In order to measure the power loss in the transformers we 
followed the procedure detailed bellow: 

- For a given load in the converter, the input and output 
power are measured using precision meters while an 
infrared camera is used to register the temperature of the 
semiconductors (main switch, the clamping diode and 
output diode) and the clamping resistor. The total loss in the 
converter is difference between the measured input and 
output power. 

Since a regulated source is used for the input voltage, no 
input capacitor is used in order to avoid additional loss due 
to the corresponding ESR. Also the required output 
capacitance, as well as the clamping capacitance, is 



obtained stacking a big number of parallel capacitors (also 
in order to reduce ESR). 

The semiconductors and clamping resistor are later 
characterized in order to subtract the corresponding loss 
from the measured values. To do this, the information taken 
from the thermal monitoring is used (every component is 
characterized in order to define their associated losses at a 
given temperature corresponding to the considered 
operating points). This is done pushing a controlled dc 
current through the device to make it reach the same 
temperature that was observed during operation, associating 
a given temperature with a specific power loss. 

Then the power loss in the transformer (that includes the 
core loss) is assumed to be the difference between the total 
power loss and losses in the semiconductors and clamping 
circuit. 

The core loss is later taken out from the obtained value by 
means of the subtraction of an analytically calculated core 
loss [29] using (12), where k, a and /? are the Steinmetz 
parameters of the used magnetic materials (taken from 
datasheet). The waveform of the flux density is determined 
according to the measured values of the currents, or 
voltages, in the transformer (magnetizing current). 

P(W)=^¡V*ldt 

With 
v TJ0 ' d t 

h = ^Tr)"" 1 / \cosd\a2P-add 

(11) 

(12) 

(13) 

Table 2. Characteristics of the measured transformers. 

Component 

Tl 

T3 

Core 
Material 

RM8/I 
3F3 

RM8/I 
3F3 

RM10 
N41 

Gap 
length 
(nun) 

0.40 

0.72 

0.44 

Turns/Parallel 

Primary 

20/1 
AWG23 

26/1 
AWG25 

12/1 
AWG23 

Secondary 

3/3 
AWG23 

4/3 
AWG25 

2/3 
AWG19 

Figure 5. Flyback converter used for measuring winding loss in gapped 
transformers, (a) Flyback converter prototype and the digital control card 
for the driving signals and (b) setup for measuring the transformers 
currents in the flyback converter. 

Figure 4. Measured transformers. 
Figure 6. Setup for the loss measurement in the flyback transformer. 



Table 3a. Operating conditions of measured transformers in the flyback converter prototype. 

DUT 

Tl 

T2 

T3 

Duty 
Cycle (%) 

50 

50 

15 

50 

50 

15 

50 

15 

INPUT 

Voltage (V) 

40.450 

28.300 

48.150 

39.200 

27.110 

48.200 

28.000 

48.130 

Current (A) 

0.800 

0.600 

0.056 

0.790 

0.580 

0.059 

0.780 

0.113 

OUTPUT 

Voltage (V) 

1.750 

1.260 

1.160 

2.200 

1.560 

1.220 

1.100 

0.860 

Current (A) 

3.090 

2.230 

0.520 

2.860 

2.030 

0.562 

1.950 

1.020 

Temperature (°C) 

MOSFET: 113.2 DIODE: 61.0 
Rs: 104.4 Ds: 46.8 

MOSFET: 56.5 DIODE: 52.8 
Rs: 70.7 Ds: 39.4 

MOSFET: 32.0 DIODE: 34.1 
Rs: 37.3 Ds: 31.8 

MOSFET: 99.0 DIODE: 59.0 
Rs: 98.8 Ds: 43.9 

MOSFET: 53.7 DIODE: 51.0 
Rs: 65.4 Ds: 38.6 

MOSFET: 31.0 DIODE: 34.0 
Rs: 36.5 Ds: 30.6 

MOSFET: 141.8 DIODE: 50.2 
Rs: 77.7 Ds: 38.2 

MOSFET: 33.8 DIODE: 39.2 
Rs: 45.2 Ds: 31.5 

Table 3b. Measured values in the flyback converter prototype. 

DUT 

Tl 

T2 

„ 
1 

Load* 
(A) 

3.09 

2.23 

0.52 

2.86 

2.03 

0.56 

1.95 

1.02 

Input 
Power 

(W) 
32.360 

16.980 

2.696 

30.968 

15.724 

2.844 

21.840 

5.439 

Output 
Power 

(W) 
5.408 

2.810 

0.603 

6.292 

3.167 

0.686 

2.145 

0.877 

Clamping 
Loss (W) 

14.766 

7.630 

1.485 

14.642 

7.540 

1.485 

9.530 

2.994 

MOSFET 
Loss (W) 

5.884 

1.849 

0.123 

4.895 

0.096 

8.030 

0.183 

* Current through the resistive load at the output 

Diode 
Loss 
(W) 

1.288 

0.846 

0.163 

1.184 

0.940 

0.158 

0.832 

0.373 

Calculated 
Core 

Loss* (W) 

3.480 

0.290 

2.918 

1.927 

0.354 

0.712 

0.880 

Measured 
Winding 
Loss (W) 

0.365 

0.033 

1.037 

0.558 

0.065 

0.590 

0.131 

Calculated 
Winding Loss (W) 

Proposed Skin Depth 
0.599 

0.320 

0.029 

1.028 

0.544 

0.059 

0.564 

0.128 

0.177 

0.095 

0.006 

0.318 

0.176 

0.013 

0.089 

0.016 

** Core loss calculated according to the measured waveforms 

V. CONCLUSION 

The improved analytical method for calculating winding 
loss in gapped magnetic components is extended to the 
calculation of conductive losses in gapped transformers 
through the harmonic decomposition of the currents and 
assuming them, at any frequency point, flowing through both 
windings at the same time. As the fields are considered 
"independent and static" in order to use superposition and Biot-
Savart law, the same limitations regarding the accuracy that are 
present in the i2D method remain in this extension. 

The analytical results are compared with numerical 
calculations (FEA) and measurements from which the validity 
of the calculation method can be derived. 
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