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Abstract 

 
The winding loss analysis of a flyback transformer is difficult and ambiguous because the primary side current and the secondary 

side current differs both in shape and phase, especially for DCM (Discontinuous Conduction Mode) operation. Meanwhile, the 
fringing field caused by the air gaps further makes the traditional 1-D loss analysis model not directly applicable. The paper gives a 
thorough investigation into the phase shift of winding currents, which indicates that the phase shift of the high order harmonics is 
still close to 180º out-of-phase. Based on the analysis, a simplified 2-D winding loss analytical model for flyback transformers 
considering the effects of low order harmonics is proposed. By neglecting the y components of the fringing field, the proposed 
model has an acceptable accuracy and a simple form that is similar to the conventional 1-D model. The power loss calculated with 
the proposed analysis model is verified by FEA (Finite Element Analysis) simulations and experimental results. 
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NOMENCLATURE 
 

Ip: Peak value of the real primary side current 
Is: Peak value of the real secondary side current 
D1: Duty when primary side conducts current 
D2: Duty when secondary side conducts current 
Dr: Duty of the transition period 
T: Period of the current excitation 
bw: Winding width

 H: Magnetic field strength 
mp: Total primary layer number 
ms: Total secondary layer number 
a : Primary layer number, counting from left to right 
b : Secondary layer number, counting from left to right 
i: Harmonic number, counting from 0 to n 
n:Total harmonic counted 
Ip(i): Peak current value of the i-th harmonic in one primary 
layer 
Is(i) : Peak current value of the i-th harmonic in one 
secondary layer 
φp(i): i-th harmonic phase of primary current 
φs(i): i-th harmonic phase of secondary current 

Hy(a,b)i : Magnetic field at i-th harmonic in the region outer 
side of layer (a,b) by the proximity effect in y axis 
Hgc(a,b)i: Center gap fringing field of i-th harmonic in 
layer(a,b) 
Hgs(a,b)i: Spacer gap fringing field of i-th harmonic in 
layer(a,b) 
l(a,b) : Length of the Layer(a,b) 
Hgcy: y component of center gap fringing field Hgc 
Hgcx: x component of center gap fringing field Hgc 
Hgsy:y component of the spacer gap fringing field Hgs 
Hgsx: x component of the spacer gap fringing field Hgs 

xc(a,b)k: distance from wire k in layer(a,b) to center gap in 
x-axis 
yc(a,b)k: distance from wire k in layer(a,b) to center gap in 
y-axis 
xs(a,b)k: distance from wire k in layer(a,b) to spacer gap in 
x-axis 
ys(a,b)k: distance from wire k in layer(a,b) to spacer gap in 
y-axis 
lg: Gap length 
lm: Core magnetic path length 

j: 1-  
Jy : Electric current density (A/m2) 
φ(i): Phase shift at i-th harmonic 
ω(i): Angular frequency of the i-th harmonic  
η :Layer copper factor 
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μ0: Permeability of free space 
μ: Relative Permeability of the core 
σ: Conductivity, σ=5.8×107(Ω·m)-1 

δ: Skin depth, 2 / 2 ofd p m s=  
Qy: The proximity effect loss per square meter  
Qgc: The center gap effect loss per square meter 
Qgs: The side gap effect loss per square meter  
Py: The proximity effect loss 
Pg: The gap effect loss 
Ptot: Total loss including proximity and gap effect loss 
D: Diameter of the round wires 
d: Thickness of the equivalent foil 
N: Wire number in one layer 
Fr: AC resistance factor Rac/Rdc 

Rdc_p: DC resistance of the primary side 

Rdc_s: DC resistance of the secondary side 
 

I. INTRODUCTION 
 

The conduction loss of transformer windings increases 
significantly with the switching frequency due to the eddy 
current loss caused by the skin effect and the proximity effect. 
The eddy current loss has been studied in many applications 
based on the 1-D model proposed by Dowell [1]-[5]. For 
non-sinusoidal current waveforms, which are quite common in 
switch mode power supplies, Fourier decomposition is usually 
applied to get the harmonic components, the losses caused by 
each harmonic are then summed up to get the total power loss 
since the harmonic components are orthogonal [6], [7]. These 
methods could be further simplified by series expansions and 
applied to any periodic waveform [8]. The winding loss for a 
flyback transformer using this 1-D model and the Fourier 
decomposition method was also introduced in [28]-[30]. 

However, these methods are not accurate or proper for 
winding loss analysis of flyback type transformers. Firstly, the 
current flowing in both sides is not simultaneous, when 
non-sinusoidal waveforms are decomposed into Fourier 
components, the harmonic field on either side of each layer can 
not be easily obtained because the phase shift of the two 
currents is not 180º out of phase. Secondary, the magnetizing 
current is not negligible because an air gap is usually used in a 
ferrite core, which results in 2-D fields which make the 
traditional 1-D loss model inaccurate. 

The conventional way for flyback transformer winding loss 
analysis is by using 2-D or even 3-D finite element models in 
the time domain. By modeling the off-state foil as an open 
circuit and ensuring that the on-state winding has a continuous, 
steady state sinusoidal current, a substantial circulating current 
in the off-state foil winding was reported in [9]. It is absolutely 
correct in recognizing the proximity effects introducing a 
significant loss in the off-state winding. However, the main 
drawback of this method is the neglecting of the transition 

period when current flows through both sides simultaneously, 
which contributes a large part of the total winding loss by the 
time domain FEA models [10]-[12]. The SFD (Squared Field 
Derivative) method gives a more accurate and computational 
efficient winding loss evaluation method considering the 2-D 
effect [12], [13]. However, it is still based on a computer-aided 
process like FEA and needs complex geometric modeling and 
parameter configuration, which is usually time consuming and 
difficult for power supply design engineers. 

Another method for winding loss analysis is based on 
frequency domain analysis. Mutual resistance was introduced 
in [14] to get a general representation of the eddy current loss 
in a two winding transformer. The averaged power loss was 
expressed by the complex conjugate of the two sinusoidal 
winding currents, which was also reported in [15] and 
represented in a different form. Though these methods implied 
a general way to analyze the power loss in windings containing 
currents with a phase shift, how to evaluate the resistance 
matrix in a 2-D model considering the fringing field when the 
total MMF (Magnetomotive Force) is not zero has still not 
been presented. Paper [16] proposed a winding loss analytical 
model by decomposing the total winding current into two 
components: the transformer current and the inductor current. 
This is verified to be quite accurate in the CCM (Continuous 
Conduction Mode). But it is not explicit for DCM because the 
orthogonal behavior between the transformer current and the 
inductor current is not valid anymore. 

This paper focuses on flyback transformer winding loss 
analysis in DCM operation. First, the phase shift between the 
primary and secondary winding currents is analyzed in the 
frequency domain. The relationship between the current phase 
shift and the 2-D air gap effect are also discussed. Then, the 
precondition and the accuracy of the previous 1-D mutual 
resistance method to analyze flyback transformer winding loss 
are clarified. Based on the characteristic of the proximity effect 
and the fringing field between windings, a simplified 2-D 
winding loss analytical model for a flyback transformer in the 
frequency domain is proposed. The ac winding losses of the 
flyback transformer in DCM is calculated by the proposed 
method, which is verified by FEA simulations and 
experimental results. In addition, the proposed method can also 
be used to explain the inherent reason that the winding 
structure has an important effect on the winding loss of flyback 
transformers. 
 

II. KEY FACTOR OF THE WINDING LOSS ANALYSIS 
OF FLYBACK TRANSFORMERS 

 

Before a detailed analysis on the winding loss of flyback 
transformers is made, some important concepts and key aspects 
for winding loss analysis, which differ from conventional 
transformer winding loss analysis, are discussed here. 
A. Current Excitation of the Flyback Transformer 
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(a) Flyback topology. 

 
(b) Current waveforms under DCM mode. 

Fig. 1. Flyback topology and current waveforms under DCM.  

 
The flyback topology is shown in Fig. 1(a). The current for 

DCM is shown in Fig 1(b), which can be divided into four 
periods. The first period is D1T, when the primary side switch 
is on. The second one is the transition period DrT, when the 
energy starts to transfer from the primary side to the secondary 
side. During this period, the primary side current, Ip, falls and 
the secondary side current, Is, rises, and both windings conduct 
current. The third period is D2T, when the secondary winding 
conducts current. The last period is the idle period 
(1-D1-Dr-D2)T when neither of the windings conducts current. 

 

Based on the current waveform described above, by using 
Fourier decomposition in the frequency domain, the amplitude 
and the phase of each harmonics current can be derived. 
Detailed expressions are given in Appendix A. Unlike forward 
type transformers, the phase shift of each harmonic in a flyback 
transformer is not 180º out of phase, which makes the winding 
loss analysis more complex. Fig. 1(b) also shows the 
fundamental components of the primary side winding current 
and the secondary side winding current based on Fourier 
decomposition, i.e. ip(1) and is(1). It is clear that they are not 
exactly 180º out of phase. 

Once the transformer primary side and secondary side 
currents are not exactly 180º out of phase, the total MMF is not 
zero anymore. If the phase shift between the i-th primary side 
harmonic current, ip(i), and secondary side harmonic current, 
is(i), is φ(i), as shown in Fig. 2(a), the total MMF is not zero, as 
shown in Fig. 2(b). Therefore, the fringing magnetic field 
strays outside of the air gap, which will cause a 2-D effect on 
the magnetic field. For the traditional 1-D transformer winding 
loss calculation method, the current phase shift should be 180º 

out of phase to keep the total MMF zero, such as ip(i) and is
’(i) 

shown in Fig. 2(a). Therefore, in the flyback transformer under 
DCM operation, the traditional 1-D method can not be directly 
used for analysis considering the 2-D effect. 
 
 
B. The Relationship between Phase Shift and Air Gap 
Fringing Field 

As mentioned above, the gap fringing field usually exists 
when the total MMF is not zero. The gap fringing field and its 
effect on winding loss have been thoroughly analyzed in 
inductors with lumped or distributed air gaps [17]-[21], and it 
is concluded that the gap fringing field is strongly affected by 
the field at the center of the gap (Hgc), the total gap length and 
the distance from the winding to the gap. The field at the center 
of the gap with total 2lg gap length based on Ampere’s law is 
given as: 

g2 /
total

gc
m

MMF
H

l l m
=

+
                (1) 

When the total MMF is zero as in the traditional 1-D model 
(this means the winding currents are 180º out of phase), the gap 
fringing field is also zero as shown in Fig. 3(a). Therefore, the 
high frequency winding loss is mainly caused by the skin effect 
and the proximity effect. If the current phase shift differs from 
180º, the total MMF will increase, and the gap fringing field 
intensity will increase too. Fig. 3(b) shows the gap fringing 
filed when the phase shift between the two winding currents is 
225º, and both the gap and the proximity effect affect the 
winding loss, which makes the traditional 1-D analysis method 
not applicable or accurate. When the windings are properly 
kept away from the fringing field, the high frequency winding 
loss is still dominated by the proximity effect. 

 
C. Phase Shift of the Flyback Transformer Currents 

Theoretically, the phase shift of the winding currents is 180º 
for a conventional transformer and 0º for a pure inductor. The 
flyback transformer can be treated as a combination of a 
conventional transformer and an inductor. That means the 
phase shift can be different and depends on the combination 
itself, which is the physical meaning of this current phase shift 
in a flyback transformer. Since the phase shift of the winding 

P S P

ip(i)is'(i)

180º

is(i)
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( ) 2 ( ) 2 ( ) 0total p sMMF i i i i i= + ¹

Core
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Fig. 2. (a) Phase shift angle of the primary and secondary current 
at i-th harmonic (b) transformer geometry and total MMF.  
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currents will affect the winding loss, it is important to 
investigate the phase shift of each current harmonic in a 
flyback transformer. 

The flyback transformer winding current in DCM mode is 
shown in Fig. 1(b). Using Fourier decomposition in the 
frequency domain, the amplitude and the phase of each 
harmonics current can be derived. The phase shift between 
each harmonic can also be obtained. For simplicity, detailed 
expressions for the amplitude and phase of each winding 
current harmonic are given in Appendix A. 
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Fig. 5. Proposed equivalent expression of round wires. 

 
The calculated results with different parameters using (A.9) 

are shown in Fig. 4. From Fig. 4, it is clear that the phase shift 
at higher harmonics (i≥2) is close to 180º. As mentioned above, 
the fringing field is related to the phase shift. Therefore, in a 
flyback transformer, the gap effect is quite smaller when 
compared to the proximity effect for high order harmonics 
because the phase shift is close to 180º. The traditional 1-D loss 
model may still be effective and applicable in the frequency 
domain, and the 1-D mutual resistance method can be applied 
if the gap effect at the 1st harmonic is much smaller when 
compared to the proximity effect. 
 
D. Layer Copper Factor for Round Wires 

Round wires are widely used in transformer windings. How 
to get high frequency eddy current loss in round wires in a 
simple way is also important. Usually a “layer copper factor” η 
is used to take the layer porosity into account by inducing the η 
factor to modify the conductivity, σ, and consequently the skin 
depth, δ [3]-[5], [8], [15]. However, this η factor has been 
proven to be erroneous and can not be justified mathematically 
or physically in 1-D theories, and it can only be taken as a 
purely empirical definition [22]. In addition, the accuracy of 
this traditional equivalence is not good when the current phase 
is far away from 180º (in section IV). 

In this paper, a simple and straightforward equivalent 
method to equalize the porous layer to the nonporous layer is 
adopted. Fig.5 shows the proposed expression for the round 
wires, where the effective copper area is kept the same without 
inducing the η factor to modify conductivity or skin depth. This 
new equivalent thickness is then used to get the ac resistance 
factor Fr. The calculation result and the FEA simulation results 
will be presented in Section IV. 

 

III. SIMPLIFIED 2-D LOSS ANALYTICAL MODEL 
FOR FLYBACK TRANSFORMERS 

As mentioned above, the precondition to adopting a 1-D 
model in a winding loss analysis is to make the fringing field 

 

(a) Phase shift is 180º. 
 

 
(b) Phase shift is 225º. 

Fig. 3. Gap fringing field in a transformer with 2 primary winding
layer and 2 secondary winding layer (p-p-s-s), air gap lg=0.4mm, 
Ip=Is=1A (sinusoidal peak current), fs=100 kHz. Ferrite core. 

 

Fig. 4. The phase shift of the winding currents in the flyback 
transformer under DCM operation. 
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much smaller than the proximity effect field at the 1st harmonic. 
Though the gap fringing field in inductors with single winding 
was presented in [23], the gap field of the flyback transformer 
is quite different and strongly related to the current phase shift 
in the two windings. To clearly illustrate the effect of the phase 
shift on the fringing field and the proximity effect, the 
secondary current is decomposed into two parts: the real part, 
which is 180º out of phase to the primary current, and the 
imaginary part, which is orthogonal to the real part, as shown 
in Fig. 6. 

When the phase shift is applied to get the total MMF, the x 
and y components of the i-th harmonic fringing field are given 
in (2) and (3) as derived in [23]. Then the i-th harmonic 
fringing field at the edge of the center gap ([x,y]=[0,0], as 
shown in Fig. 7) can be derived in (4). 
 

2 2
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(4) 

where xc and yc are the distances from the wire to the center 
of the gap in x and y axis, ug=0 if xc

2+ yc
2-(lg/2)2≥0, and ug=1 

if xc
2+ yc

2-(lg/2)2<0. 

In the model shown in Fig. 7, each layer is composed of 
round conductors with a diameter close to the skin depth, δ, 
to minimize the skin effect. Hence the losses mainly 
considered here are the proximity effect loss and the gap 
fringing loss. Assuming the curvature of the winding layer is 
quite small, each layer is then represented as infinitely high 
and long. In addition, the gaps are placed in both the center 
post and the spacer to facilitate the experimental comparison. 
Therefore, the y component of the fringing field is in the 
opposite direction for the center and spacer gaps field, which 
consequently cancels out the fringing effect in the y axis [24]. 

For round conductors, the fringing field does not decay 
significantly like the foil layer due to their small size in all 
dimensions when compared with the winding window 
dimension. However, it still decays with distance or when it 
crosses a layer, which means the fringing field in the layer 
adjacent to the gap is the largest one when compared to other 
layers [18], [25], [26]. Hence it is reasonable to consider the 
fringing field loss only in the layer closest to the gap in the 
flyback transformer. 

For the fringing field, the x component is orthogonal to the 
proximity magnetic field and the y component is parallel to 
the proximity magnetic field. The two components vary with 
the distance from the wire to the gap in the x and y axis.The 
loss caused by the x component can be calculated directly due 
to its orthogonal behavior with respect to the proximity 
magnetic field. However, it is difficult and complex to get the 
loss caused by the y component for many wires in a layer in 
the 2-D condition. To simplify the field loss calculation, if the 
averaged y component of the fringing field of the layer 
adjacent to the gap is much smaller than the 1-D magnetic 
field of the 1st harmonic, the y component of the fringing field 
can be neglected for simplicity, as given in (5). 
 

1 1
1

1 1

( (1,0) , (1,0) ) ( (1,0) , (1,0) )
(1,0) (1,0)

N

gcy c k c k gsy s k s k
k

gy y

H x y H x y
H H

N
=

-
= <<
å

 (5)
 

 
Here 

1(1,0)gyH  is the averaged y component of the fringing 

field in layer(1,0) of the 1st harmonic, which consists of the 
center and side gap field, and layer(1,0) is the layer next to 
the center gap. Hgcy(xc(1,0)k, yc(1,0)k)1 is the y component of 
the center gap fringing field of wire k of the 1st harmonic in 
the layer(1,0), and Hgsy(xs(1,0)k, ys(1,0)k)1 is the y component 
of the side gap fringing field of wire k of the 1st harmonic in 
the layer(1,0). The distances xc(1,0)k and xs(1,0)k are constant 
for each wire in layer(1,0), while yc(1,0)k and ys(1,0)k are 
related to the wire position in the layer. Fig. 8 shows a 
comparison of the averaged y component of the fringing field 
and the 1-D magnetic field in the layer near the gap based on 
the structure and current excitation shown in Fig.3. This 
implies that when the phase shift is close to 180º, the y 
component of the fringing field (Hgy) is negligible when 

( )ij

( ) cos ( )si i ij×

( ) sin ( )sj i i ij× ×

 

Fig. 6. Secondary current decomposition by the phase shift. 

 
Fig. 7. The cross section of gapped core with winding. 
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compared to the 1-D magnetic field. Meanwhile, when the 
phase shift differs from 180º, Hgy can also be neglected by 
placing the winding at a proper distance from the gap, which 
is usually true in practical applications due to the thickness of 
the insulation or transformer bobbin. With a 1.15 mm 
distance (close to the thickness of a bobbin), the averaged Hgy 
is only one fourth of the 1-D magnetic field even with a 240º 
phase shift. 

By neglecting the y component, the fringing field loss of 
each wire in the layers adjacent to the gap could be expressed 
as (6) considering the x component, which is orthogonal to 
the proximity magnetic field. The fringing loss per square 
meter of the i-th harmonic at the layer next to the spacer gap 
can be obtained in the same way, as given in (7). It should be 
noted that the critical precondition for (6) and (7) is that the 
wire diameter be in the same order to or smaller than the skin 
depth. 
 

4 2 2

1

( )(1,0) ( (1,0) , (1,0) )
128

k N

gc i gcx c k c k i
k

lD iQ H x ys w=

=
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(6) 

4 2 2

1

( )( , ) ( ( , ) , ( , ) )
128

k N

gs p s i gsx s p s k s p s k i
k

lD iQ m m H x m m y m ms w=

=

=å
 

(7) 

 
The 2-D field loss is simplified with only two parts in the 

flyback winding, one is the fringing loss from its x 
component and the other is the proximity effect loss which 
can be deduced from the 1-D analytical model. How to get 
the magnetic field around each layer is important since the 
total MMF is not zero. Assume that the distance from the 
layer(1,0) to the center gap is smaller than that from the outer 
layer(mp,ms) to the side gap, and that the field at right side of 
the layer(mp,ms) is close to zero in the model shown in Fig. 7, 
which is usually true in practical applications. The 
assumption is more intuitive if there is only a center gap [26]. 
The magnetic field for each layer can be calculated from the 
outer layer to the inner layer. 

With the decomposition of the secondary current, the 
complex type magnetic field of the i-th harmonic current in 

the right side of winding layer(a,b) can be deduced based on 
the 1-D field analysis as follows: 
 

( ) ( ) ( ) ( ) cos( ( )) ( ) ( ) sin( ( ))
( , ) p p p s p s

y i
w

m a I i m b I i i j m b I i i
H a b

b
j j- × + - × × + × - × ×

= (8) 

 
where a/b are the numbers of primary/secondary layers 
included in the region as shown in Fig.7, which is determined 
by the winding structure. The field at the left side of the layer 
can be expressed in (9) for the primary layer and (10) for the 
secondary layer. 
 

( 1) ( ) ( ) ( ) cos( ( )) ( ) ( ) sin( ( ))
( 1, ) p p s s s s

y i
w

m a I i m b I i i j m b I i i
H a b

b
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- = (9) 

( ) ( ) ( 1) ( ) cos( ( )) ( 1) ( ) sin( ( ))
( , 1) p p s s s s

y i
w

m a I i m b I i i j m b I i i
H a b

b
j j- × + - + × × + × - + × ×

- = (10) 

 
With the field given in (8), (9) or (10), the current density 

of the i-th harmonic for the primary side layer(a,b) as a 
function of x is given as: 

 
( )( , , ) [ ( , ) cosh[ ( ) ]

sinh( ( ) )

( 1, ) cosh[ ( ) ( )]]

y i y i
f

y i

k iJ a b x H a b k i x
k i d

H a b k i d x

-
= × ×

×

- - × × -   
(11) 

where:  

( ) ( ) ok i j i uw s=
               

(12) 

And the power dissipated per square meter by the 
proximity effect for this layer is given as:

  

0

1 2( , ) ( ( , , ) )
d

y i y iQ a b J a b x dx
s

= × ò
       

(13) 

 
The power loss caused by the proximity effect in layer(a,b) 

can then be expressed as (14).  
 

( , ) ( , ) ( , )y i y iP a b bw l a b Q a b= × ×
      

(14) 
 
Then the total winding loss considering the eddy effect and 

the gap fringing effect can be easily derived based on (6), (7) 
and (13), which is given in (15). 
 

( , )

( , ) (1,0)
0

[ ( , ) ( , ) (1,0) (1,0)
]

( , ) ( , )

mp ms
n

w y i w gc i
a btot y g

i
w p s gs p s i

b l a b Q a b b l Q
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b l m m Q m m
=

=

+
= + =

+

åå (15) 

 
Only the gap fringing loss of the layer next to gap is 

considered here. The fringing loss of other layers can also be 
added if the fringing loss is larger or the η factor is small. For 
i=0 (DC component), there is no high frequency effect, and 
the winding loss can be directly obtained from Ip(0)2·Rdc_p+ 

 
Fig .8. Averaged y component of the fringing field vs. the 1-D 
magnetic field in the layer near the gap.  
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Is(0)2·Rdc_s. The expression is similar to the 1-D model 
without considering the fringing effect. 

 

IV. SIMULATION VERIFICATION 
 

Maxwell 2D simulation software is used to verify the 
analysis results using the proposed loss calculation method 
with different winding current phase shifts and real flyback 
winding currents. 
 
A. Accuracy of the AC Resistance Factor considering Phase 
Shift 

The relationship between the phase shift and the gap 
fringing field has been discussed in section II. Although the 
phase is close to 180º for high order harmonics, the phase 
shift of low harmonics is not negligible (i<2), which is 
usually more important than the high order harmonics due to 
its large amplitude. Therefore, determining how the phase 
shift affects the AC resistance factor Fr (the ratio of the 
winding AC resistance to the DC resistance) would be an 
important step for the proposed method. 

For the round conductor equivalence method mentioned in 
section II, firstly, the proposed equivalence method and the 
conventional equivalence method need to be compared with 
the FEA results when the phase shift is 180º to justify the 
accuracy in the 1-D condition without the fringing field. The 
winding structure shown in Fig.3 is used for the comparison. 
The conventional layer factor equivalence method evaluated 
here is the same as equation (10) in [5]. This method has been 
proven to be reasonably accurate when the wire diameter is in 
the same order as the skin depth, while overestimating when 
the wire diameter is several times larger than the skin depth. 

In AC resistance factor Fr calculation, different frequency 
sinusoidal current excitation is applied to both windings. The 
AC winding loss can be calculated based on (8) to (14) with 
φ(i)=180º. Then the AC resistance can be derived based on 
this AC power loss, and the AC resistance factor Fr can be 
calculated based on the AC resistance and the DC resistance. 

The calculated and simulated results are shown in Fig.9. 
Both the conventional and the proposed equivalence have 
reasonable accuracy when d/δ is below 1, while the proposed 
equivalence has a better accuracy when d/δ is high, which 
improves the accuracy for high order harmonics. 

When the phase shift moves away from 180º, Fr also varies. 
Fig. 10 shows the calculated values of Fr with the two 
equivalence methods, which are compared to the FEA 
simulation result when the phase shift varies from 90º to 270º. 
The results illustrate that the AC resistance increases when 
the phase shift moves away form 180º. It also illustrates that 
the traditional equivalence method overestimates the loss, 
especially when the phase shift is large, while the proposed 
equivalence method has an acceptable accuracy when 
compared to the FEA simulation results. In addition, it 

verifies the effectiveness of the proposed equivalence 
method. 
 
B. Winding Loss with a Different Winding Structure. 

It was reported that the interleaving structure of a flyback 
transformer has very little effect on the winding loss 
reduction when compared to the forward type transformer [9]. 
This conclusion is made based on the assumption that the 
total winding loss is the sum of the primary side and 
secondary side winding losses. This means that the losses in 
the transition period are also calculated separately and 
consequently lead to larger winding losses. Thus it 
overestimates the loss of the interleaving structure. 

The mechanism of the interleaving structure in winding 
loss reduction is that the MMF across the layer can be 
canceled out by different windings when the current in each 
winding is out of phase, as shown in Fig. 11. Using Ampere’s 
law, the field at the boundary of the layer with the 
interleaving structure is much smaller than that with the 
non-interleaving structure. Consequently, it has a smaller 
winding loss. 

Theoretically, interleaving is effective in reducing the 
proximity loss when the phase shift is from 90º to 270º 
according to (8). Considering the phase shift analyzed in 
section II, it is clear that the interleaving structure is still 
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Fig. 9. Comparison of the AC resistor factor Fr@ d=0.21mm,
η=0.74, sweep frequency from 1 kHz to 10 MHz (d/δ=0.1-10), 
sinusoidal current excitations for the two windings with same peak 
value and 180 phase shift 
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Fig. 10. Calculated and simulated AC resistance factor vs. phase 
shift @ 100 kHz, d/δ=1 
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effective for flyback transformers since the phase shift 
between most of windings current harmonics is close to 180º. 

The three winding structures shown in Fig. 12 are 
calculated and simulated to verify the effectiveness of the 
proposed method with real current waveforms in the flyback 
windings. They are also used to evaluate the loss difference 
between the different winding structures. Two kinds of round 
wires are adopted for the windings with very similar 
conductor spacing factors, η, to study the influences of the 
wire diameter. Detailed parameters of the transformer are 
given in Table I. 
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Fig. 13. Loss comparison with different structures and wire 
diameter. (a)D=0.21mm. (b)D=0.31mm. 
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Fig. 14. Simulated winding loss with different structures in time 
domain with current excitation given in Table I. 

 
The calculated results using the proposed method (up to 

the 15th harmonics, i=15) are shown in Fig.13 with different 
wire diameters. A detailed example for loss calculation with 
the proposed method is given in Appendix B. The calculated 
results are also compared to the FEA time domain simulation 
results. The time step is 50ns in the simulation to get a 
satisfactory accuracy. From Fig. 13, the proposed loss model 
has a very good accuracy in loss evaluation when compared 
with the FEA time domain simulation results. 

There is a significant loss difference with the different 
winding structures which shows that the phase shifted 
currents are still effective in reducing the winding loss with a 
proper structure. Generally, with an equal layer current 
amplitude, the winding loss with interleaving structure 
becomes smaller when the phase shift is close to 180º. 
Therefore, the power loss caused by high frequency 

 

Fig. 11. MMF of the layers with (a) Interleaving. (b) 
Non-interleaving.  

 
Fig. 12. 2-D winding structure of the simulated transformers. (a) 
pspspsps. (b) ppssppss. (c)ppppssss. 

TABLE I 

PARAMETERS OF THE TRANSFORMERS WITH DIFFERENT WIRES 

Winding 
specification 

D=0.21mm(AWG32) D=0.31mm(AWG28) 

Turn Ratio 48:8 48:8 

Primary side 
winding 

4 layers,36 wires per 
layer(12*3) 

4 layers,24 wires per 
layer(12*2) 

Secondary side 
winding 

4 layers,32 wires per 
layer(2*16) 

4 layers,24 wires per 
layer(2*12) 

Core Geomitry:PQ2620, Material:PC44, MnZn Ferrite 

Gap length (lg) Both 0.4mm at center and outer post 

Distance from 
gap to layer 

xc(1,0)k=1.2mm, 
xs(4,4)k=1.75mm 

xc(1,0)k=1.2mm, 
xs(4,4)k=1.2mm 

Current 
excitation 

D1=0.488, Dr=0.01, D2=0.468, Ip=3.03A, Is=18.18A 
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harmonics is reduced in the interleaving structure since their 
phase shift is close to 180º. The power loss difference with 
the different winding structures is mainly caused by the 
transition period (DrT) where the currents in both windings 
change quickly and simultaneously with a reversed di/dt. This 
is also verified by the time domain FEA simulation results, as 
shown in Fig. 14. 
 
C. Wire Diameter Optimization 

Base on the proposed analytical model, wire diameter 
optimization can be achieved by a calculation instead of a 
complex FEA simulation. Fig.15 shows a magnet wire 
optimization example using the proposed model with two 
winding structures based on the current waveform specified 
in Table 1 at different switching frequencies (39 kHz, 66 kHz, 
and 100 kHz, respectively). From Fig. 15, the optimal wire 
diameter for an interleaving (pspspsps) structure can be a 
little larger than that for a non-interleaving (pppppssss) 
structure due to smaller eddy current losses. The optimization 
of the round conductors can be obtained by (16) based on the 
results of the equivalent foil layers as shown in Fig. 5. For 
example, the optimal foil thickness at 39 kHz in the 
interleaving structure is 0.17mm. Thus the optimal diameter 
of the round conductor is about 0.29mm. 

 

4 wb d
D

Np
× ×

=
×

               (16) 

 
(a) pspspsps structure 

 
(b) ppppssss structure 

Fig. 15. Wire diameter optimization at different switching 
frequency and winding structure. 

 

Fig. 16. Picture of the four tested transformers. 

 

Fig. 17. External inductor Lka to balance the leakage inductance. 

 
V. EXPERIMENTAL VERIFICATION 

To verify the analysis results with the proposed method, 
four transformers (shown in Fig. 16) are built with structures 
given in Fig. 12(a) and Fig. 12(c). The detailed parameters 
and current excitation are given in Table 2. The primary side 
winding of the four transformers has 48 turns so that the core 
losses are minimized when compared to the copper losses. To 
simplify the difficulties of measuring the winding loss of a 
power transformer, an indirect loss comparison method is 
adopted in this paper. 

All these transformers are dropped in a 16V/4A 
Quasi-Resonant flyback converter. By keeping the other 
circuit parameters and operations almost the same, the power 
loss of the whole converter with a different transformer is 
measured (by measuring the input power and the output 
power). This means that the power loss of the prototype with 
a different transformer is mainly caused by the transformer 
itself. Furthermore, since the AC magnetic flux density and 
the switching frequency are kept the same, the core loss is 
almost unchanged. Therefore, the measured power loss 
difference is mainly caused by the transformer winding loss, 
which can be compared with the calculated winding loss 
difference to verify the effectiveness of the proposed analysis 
method. 

Since the leakage inductance is heavily affected by the 
winding structure, it also affects the circuit operation and the 
clamp circuit power loss. To avoid the influence of the 
leakage inductance on the power loss, an extra 7.8uH 
inductor Lka with very low power loss is connected in series 
with the interleaving transformers primary side winding to 
make the four transformers have the same leakage inductance, 
as shown in Fig. 17. Thus the clamp circuit and the circuit 
operation conditions can almost be the same, which makes 
the comparison more reasonable. 

The measured total power losses of the converter with four 
transformers at two operating frequencies (39 kHz and 67 
kHz) are shown in Fig. 18. They are compared with the 
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calculated results using the proposed method. Since the total 
power loss of the experimental prototype is much larger than 
the transformer winding loss, to make the comparison more 
clear in the figure, a power loss offset is introduced to 
roughly exclude the other power loss. In Fig. 18, the offset is 
used to make the measured loss with transformer T1 the same 
as the calculated one. The offset is 6.6W for 39 kHz 
operation and 5.5W for 67 kHz operation. It is only necessary 
to check that the loss difference and the offset used to 
exclude the other power loss will not affect the power loss 
difference. 

As shown in Fig. 18(a), with a 39 kHz switching frequency, 
the calculated winding loss difference for the interleaving 
structure with T1 and T2 is 0.23W. The measured loss 
difference is 0.26W based on the prototype with T1 and T2. 
The calculated and measured power loss difference for the 
non-interleaving structure with T3 and T4 is 0.17W and 
0.16W, respectively. The measured power loss difference 
with a 67 kHz switching frequency also matches the 
calculated one, as shown in Fig. 18(b). Based on the 
experimental results shown above, in the non-interleaving 
structure, the winding loss with a thicker wire (D=0.31mm) is 
higher than that with a smaller wire (D=0.21mm) even 
though the diameters of both wires are well below the skin 
depth. This means that with fine winding optimization, a 
lower winding conduction loss can be achieved with less 
copper. As expected, the interleaving structure can reduce the 
winding conduction loss in a flyback type transformer 
without considering the benefit from the reduced leakage 
inductance. 
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(a) 39 kHz switching frequency. 
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(b) 67 kHz switching frequency. 

Fig. 18. Power loss difference with different transformers. 

TABLE II 

MEASURED KEY PARAMETERS OF THE FOUR TRANSFORMERS 

 T1 T2 T3 T4 
Wire 

Diameter(mm) 
0.21 0.31 0.21 0.31 

Lm(uH) 412.5 412.7 412.5 412.8 
Lk(uH)@39kHz 2.0 1.97 10.67 10.68 
Lk(uH)@67kHz 1.8 1.81 9.97 9.95 

Winding Structure pspspsps pspspsps ppppssss ppppssss 
Current Excitation 

(39kHz) 
D1=0.488, D2=0.468, Ip=3.03A, Is=18.18A 

Dr=0.005(pspspsps),Dr=0.01(ppppssss) 
Current Excitation 

(67kHz) 
D1=0.302, D2=0.625,Ip=2.23A, Is=13.38A 

Dr=0.012(pspspsps),Dr=0.02(ppppssss) 
 

VI. CONCLUSION 
The winding loss analysis of a flyback transformer under 

DCM operation is difficult and ambiguous because the 
primary side current and the secondary side current differ 
both in shape and phase. In frequency domain analysis, the 
phase shift between the winding currents results in a 2-D field 
outside the air gaps, which makes the traditional 1-D model 
not directly applicable. First, this paper analyzed the phase 
shift of the winding currents in a flyback transformer and its 
relationship to the gap fringing field effect. Based on this 
analysis, the phase shift of high order harmonics (i≥2) is very 
close to 180º, and the fringing field is negligible. Therefore, 
the 1-D model can still be effective with proper consideration 
of the first order harmonic. Then a simplified 2-D analytical 
model for winding loss analysis of the flyback transformer is 
proposed in this paper. By simplifying the fringing field with 
proper assumptions, the model has an acceptable accuracy 
and simple form that is similar to the conventional 1-D model. 
The simplified analytical model is applied to analyze the 
winding loss of a flyback transformer with different 
structures. This is then verified by FEA simulation and 
experimental results. 
 

APPENDIX A 
FOURIER DECOMPOSITION 

 

With the current excitation shown in Fig.1(b), the 
amplitude and phase shift of each winding current at the i-th 
harmonic are derived in (A1)-(A9). 

Using the Fourier decomposition method, the amplitude and 
phase angle of the primary side i-th harmonic current can be 
expressed as: 
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where ap(i) and bp(i) are the real and imaginary part of the 
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primary current at the i-th harmonic; up=0 if bp(i)>0 and up=1 
if bp(i)<0. 

The amplitude and phase angle of the secondary side i-th 
harmonic current can also be expressed as: 
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where as(i) and bs(i) are the real and imaginary part of the 
secondary current at the i-th harmonic; us=0 if bs(i)>0 and 
us=1 if bs(i)<0. 

The coefficients of the Fourier transform ap(i), bp(i), as(i), 
bs(i) are given as: 
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Then the phase shift between the two winding currents at 
the i-th harmonic can be derived based on (A2) and (A4), 
which is given in (A9). 

 

1 1 2 1
1

1

1 1 2 1
1

( ) ( )

sin(2 ) 12 [cos(2 ( ))] [sin(2 ( )) sin(2 ( ))]
2 2[2 ]

2tan
sin(2 ) 12 [sin(2 ( ))] [cos(2 ( )) cos(2 ( ))]

2 2[2 ]
2

s p

r

r
r r

r

r

r
r r

r

i i

Di Di D i D D D i D DD iDi

Di Di D i D D D i D DD iDi

j j

p
p p p

pp

p
p p p

pp

-

-

é ù
ê ú-

+ + + + - +ê ú
ê ú
ê ú= ê ú
-ê ú-

+ + + + - +ê ú
ê
êë û

1 1

1

1 1

sin(2 ) 12 [cos(2 ( ))] [sin(2 ) 1]
2 2 1[2 ]

2tan
sin(2 ) 12 [sin(2 ( ))] [cos(2 ) 1]

2 2 1[2 ]
2

r

r

r

s p
r

r

r

Di Di D iDD iDi
u u

Di Di D iDD iDi

p
p p

pp
p p

p
p p

pp

-

é ù
ê ú
ê ú
ê ú
ê ú
ê ú
ê ú
ê ú
ê úú
ê úúë û

é ù-ê ú
+ + -ê ú

ê ú
ê ú+ - -ê ú
ê ú

+ + -ê ú
ê ú
ê úë û

 

(A9) 

From (A9), the i-th harmonic phase shift of the two 
winding currents varies with the duty cycle. It is neither fixed 
at 0º as an inductor, nor fixed at 180º as a traditional 
transformer. 

In order to get a much clearer insight into the current 
phase shift given in (A9), the expression can be further 
simplified based on the couple reasonable approximation. 

From (A5) to (A8), the second item of ap(i), bp(i) and as(i), 

bs(i) can be neglected for high order harmonics (i≥2) since its 
value is the reverse proportional of i2. In addition, Dr is very 
small when compared with the switching period, and the 
following is obtained: 
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Based on the approximation given above, (A.9) can be 
further simplified as: 
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With bp(i)·bs(i)<0 the following is obtained: us=0 and up=1, 

or us=1 and up=0. Then the phase shift at higher harmonic 
(i≥2) is given in (A.12). 

 
( ) ( ) | 2s pi i ij j p- » ³                    (A12)

 

 
From (A.12), it is clear that the phase shift of high order 

harmonics is theoretically close to 180º. 
 

APPENDIX B  

EXAMPLE 
This part provides a detailed step by step example of how 

to apply the proposed method to calculate the winding loss in 
a flyback transformer. Taking the interleaving structure as an 
example, the detailed parameters of the core and winding 
structure are shown in Fig. 12 (a) and Table 1. It uses 
AWG32 (0.21mm) wire, the switching frequency is 100kHz, 
and the skin depth for the copper at this frequency is 
0.209mm. Hence the diameter of the wire is close to the skin 
depth at this frequency. 

Step1: Calculate the amplitude and phase shift of each 
current harmonic in each layer using the Fourier 
decomposition method given in Appendix A. Table 3 
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summaries the current harmonic amplitude and phase shift 
from the dc component to the 10th harmonic in each layer. 

Step2: Calculate the averaged y component of the gap 
fringing field at the 1st harmonic at the layer next to the gap. 

The distance from gap to the adjacent layer is important to 
reduce the gap fringing field with a given phase shift. In this 
example, xc(1,0)k is (1.15+0.21/2)mm considering the bobbin 
thickness and the wire diameter. The total gap length is 
2×0.4mm, and then the averaged y component of the gap 
fringing field can be calculated by (5) in layer(1,0), 

3
1| (1,0) | 1.7434 10 /gyH A m= ´ . 

Step3: Get a complex type magnetic H field at each 
harmonic at the left/right side of each layer according to (8). 
The total primary layers and the secondary layers are 4, i.e. 
mp=4 and ms=4. For example, the 1st harmonic magnetic field 
at the left side of layer(1,0) is

 
Hy(0,0)1= 

(3.9118×103-5.5978j×103) A/m. In addition, the magnetic 
field at the right side of layer(1,0) is Hy(1,0)1= (2.3831×103- 
5.5978j×103)A/m, and |Hy(1,0)1|= 6.08×103A/m. By 
comparing the averaged y component of the fringing field 

1(1,0)gyH  with the 1-D magnetic field at the right side of 

layer(1,0) |Hy(1,0)1|, the y component of the fringing field can 
be neglected and only its x component, which is orthogonal to 
the 1-D magnetic field, needs to be considered. 

Step4: Calculate the power loss caused by the proximity 
effect in each layer. 

After the magnetic field around each layer is obtained, the 
loss at each layer can be derived by using (11)-(14). The 
proximity effect loss in layer(1,0) of the 1st harmonic can be 
obtained as: 

1 1(1,0) (1,0) (1,0) 0.1271y w yP b l Q W= × × =  

The proximity effect loss of the other layers as well as the 
other harmonics could also be calculated in the same way. 

Step5: Calculate the power loss caused by the x 
component of the fringing field. 

The fringing field loss can then be calculated from (6) and 
(7). As mentioned before, it is reasonable to consider only the 
layers next to the gap since the fringing filed decays quickly 
with distance. The fringing loss of the two layers next to the 
center gap of the 1st harmonic is given as: 

1 1(1,0) (1,0) (1,0) 0.0201g w gcP b l Q W= × × =  

1 1(1,1) (1,1) (1,1) 0.0133g w gcP b l Q W= × × =  

And the loss of the layers next to the side gap can also be 
calculated using the same method, which is given as: 

1 1(4,3) (4,3) (4,3) 0.0022g w gsP b l Q W= × × =
 

1 1(4, 4) (4,4) (4,4) 0.0026g w gsP b l Q W= × × =
 Step6: Calculate the total loss by adding the proximity and 

the fringing field losses at each harmonic. Table 4 lists the 
calculated losses at each harmonic using the proposed 
method. 

 

TABLE III 

CURRENT HARMONIC AMPLITUDE AND PHASE SHIFT 

harmonics Ip(i) Is(i) Phase shift 

i=0 18.1072 17.3802 0 
i=1 13.7738 13.5179 248.5189 
i=2 5.925 6.1726 -179.48 
i=3 3.9256 3.7699 204.7751 
i=4 2.957 3.0715 -178.985 
i=5 2.3148 2.2269 194.0526 
i=6 1.965 2.0317 -178.5388 
i=7 1.6395 1.5868 189.1155 
i=8 1.4657 1.5076 -178.1627 
i=9 1.2669 1.2349 186.236 

i=10 1.1661 1.1904 -177.8747 

 
TABLE IV 

CALCULATED POWER LOSS AT EACH HARMONIC 

harmonics Loss(W) 

i=0 0.4839 
i=1 0.7982 
i=2 0.1156 
i=3 0.0723 
i=4 0.0348 
i=5 0.0262 
i=6 0.0188 
i=7 0.01757 
i=8 0.00873 
i=9 0.009 

i=10 0.0088 
 
To achieve good accuracy and reasonable calculation 

efforts, the harmonics included in the loss calculation can 
range from 10 to 15. In this example, the harmonics up to 10 
(i=10) are summed up. The total loss is 1.5939W. When 
compared to the simulated result of 1.573W, the error is 
around 1.32%. 
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