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Accurate Calculation and Sensitivity Analysis of
Leakage Inductance of High-Frequency Transformer

With Litz Wire Winding
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Guangyao Qiao, and Fujin Deng , Senior Member, IEEE

Abstract—Leakage inductance is an important parameter in a
high-frequency transformer for its influence on power transmission
performance and the soft switching of converters. Nowadays, Litz
wire is widely used to control winding loss and reach high efficiency.
However, it is not an easy task to accurately calculate its leakage in-
ductance. This article presents a detailed model of leakage energy in
Litz wire, and proposes an accurate closed-form expression for cal-
culating the leakage inductance in a high-frequency transformer.
The skin effect and the proximity effect of Litz wire are taken
into account in two-dimensional polar coordinates, and the filling
factor of Litz wire is also considered. A global sensitivity analysis is
performed to assess the influence of each parameter on the overall
leakage inductance. Finally, two transformer prototypes are made
to verify the accuracy of the proposed analytical expression.

Index Terms—Analytical method, high-frequency transformer,
leakage inductance, Litz wire, sensitivity analysis.

NOMENCLATURE

dins Interwinding insulation distance.
dins1/2 Insulation distance between winding layers of pri-

mary and secondary windings, respectively.
d1/2 Winding layer thickness of primary and secondary

windings, respectively.
dins_core Distance between winding and core.
hw Winding height.
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hc Window height.
lmean Mean magnetic path length.
lg Mean magnetic path length of insulation inter

winding.
l1/2 Mean magnetic path length of primary and sec-

ondary windings.
m1/2 Number of layers of primary and secondary wind-

ing, respectively.
I1/2 RMS value of current in primary and secondary

windings, respectively.
Ip Peak value of the conducting current in a Litz

bundle.
δ Skin depth.
Δ Penetration ratio.
N Number of turns of Litz bundle per layer.
DLitz, RLitz Diameter and radius of Litz bundle.
Ds, Rs Diameter and ratius of Litz strand.
Rm Magnetic Reynolds number.
Hint Internal leakage field in Litz bundle.
Hext External leakage field across the window.
Hstage Averaged magnetic field strength excited by con-

ductors in one single layer.
Si First order effect index (main effect index).
ST Total effect index.
β Filling factor of Litz wire.
γ1 Skin factor.
γ2 Proximity factor.
Jα(x) Bessel function of the first kind.

I. INTRODUCTION

POWER electronic transformers (PETs) have received grow-
ing attention for its ability to fulfill the function of grid

power flow control, power quality management, renewable en-
ergy interfacing, and so forth. As a key component of a PET,
a high-frequency transformer has the advantages of reducing
transformer weight, volume, and increasing power density com-
pared with a bulky 50/60 Hz transformer [1], [2]. The resonant
converters or dual active bridge (DAB) converters are mostly
employed in the dc–dc stage of a PET, in which the series
inductors are required to achieve desirable power transmission
and soft-switching characteristics [3]–[5]. To achieve higher
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Fig. 1. PET topology with a high-frequency transformer.

power density and lower cost, the leakage inductor of the high-
frequency transformer is usually taken as the series inductor for a
resonant converter or DAB converter and, thus, no extra inductor
is required. This supports application scenarios of the PETs in
many areas, including but not limited to smart distribution grid,
railway traction system, and renewable energy system [6]. For
instance, as shown in Fig. 1, a PET adopts cascaded H-bridge
converters at the medium-voltage ac-grid side and each H-bridge
is linked with a DAB converter, which includes an isolation
transformer and a series inductor, the mentioned two passive
components could be integrated into a high-frequency trans-
former, as shown in Fig. 1. Multiple DAB converters are con-
nected in parallel at low-voltage side to generate the low-voltage
dc output [7]. Therefore, as an important resonant parameter for
a resonant converter and an energy transfer component for a
DAB converter, a precise calculation and a design of leakage
inductance in high frequency is crucial to meet performance
requirements [8]. For instance, in converters systems such as
PET or input series output parallel converters employing LC
resonant converters as their submodule, the value of resonant
component should be perfectly tuned or the operating frequency
will be changed, small frequency discordance between modules
could cause unexpected problems, including increased difficulty
in designing a control system [9].

Mainly two parts constitute the leakage inductance energy in
a transformer: one is stored in a winding conductor and another
is stored in an insulation region (including air) [8]. The decline
of leakage inductance in high frequency on account of magnetic
field unevenness caused by the eddy effect and the proximity
effect is neglected in traditional analytical methods [10], [11].
Inspired by Hurley’s work [12], Bahmani and Thiringer [1] and
Ouyang et al. [8] individually made remarkable research on
the frequency effect of leakage inductance based on Dowell’s
one-dimensional (1-D) electromagnetic model, and proposed
different but equivalent closed-form expressions to calculate
the frequency-dependent leakage inductance in foil winding
transformers. The scenario for cross construction of the primary
and secondary windings is analyzed in [8] and the expression for
a solid round conductor is modified using an area equivalence
method in [1]. Considering the edge effect on magnetic field

distribution when winding height is lower than core window
height, the equivalent magnetic path length is corrected by
Rogowski’s factor [13], [14], improving calculation accuracy in
high-voltage insulation occasion. Besides, research on leakage
inductance of a planar transformer (whose winding could be
viewed as a special case of foil) has been conducted in [15] and
[16].

The development of wide band-gap semiconductor devices
pushes the operating frequency into higher range to minimize the
size of the magnetic components [19], [20]. In higher operating
frequency applications, Litz wire winding, as an alternative to
foil winding, is widely implemented to reduce the winding
loss and improve efficiency, and its loss characteristic is fully
modeled and illustrated in [21] and [22]. As for finite element
method, a homogenized model for Litz wire is proposed by Nan
and Sullivan [23] and further studied by Meeker [24], reducing
the computation cost of finite element analysis (FEA) for a
Litz wire winding transformer. Although substantial research
has been conducted on the analytical calculation of leakage
inductance of transformers using the foil and solid round con-
ductor windings [1], [8], [10]–[18], rather few literature tries to
analytically model the leakage inductance of transformer with
Litz wire winding [14].

Mogorovic and Dujic adopt an area equivalence method to
correct the leakage energy in rectangle Litz wire, providing that
one layer of Litz wire is equivalent to a stack of thinner foils
[14]. The area equivalence method yields remarkable accuracy
in winding loss calculation, but it tends to overestimate the
frequency effect on the leakage inductance because it neglects
the impact of filling factor in Litz wire. Besides, this equivalence
is rather empirical because several correction factors lack solid
physical explanation. As a result, a more accurate analytical
model of the leakage inductance of transformer with Litz wire
winding needs to be studied.

In addition, there are excessive parameters in the analytical
expression of leakage inductance. When performing an overall
optimization algorithm for a high-frequency transformer with a
desired leakage inductance, it will take long computation time
if all parameters are taken into consideration. Therefore, the
influence of parameters should be analyzed so that those more
influential parameters on leakage inductance will be taken as
free variables and the other parameters could be fixed, reducing
computation time.

The purpose of this article is to propose a closed-form ex-
pression for accurately calculating the leakage inductance of a
high-frequency transformer implementing a round Litz wire in
a a wide frequency range. The proposed method considers the
skin and proximity effects in a 2-D electromagnetic field as well
as the filling factor of Litz wire winding. Detailed derivation
of the proposed ideal model and accurate model are conducted
and the application boundary of the two model is analyzed. In
addition, a parameter sensitivity analysis is performed to assess
which parameters influence the leakage inductance the most.

The remainder of the article is organized as follows. Section II
explains the methodology and gives a detailed derivation of the
leakage inductance closed-form expression. Section III conducts
a Sobol-based global parameter sensitivity analysis and verifies
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Fig. 2. Transformer structure. (a) Three-dimensional structure. (b) Two-
dimensional axisymmetric cross-sectional view along with MMF distribution
within core window.

the influence of each parameter in the expression through pa-
rameter sweeping. In Section IV, experimental results of the
two transformer prototypes are presented. Section V provides a
conclusion.

II. EXPRESSION DERIVATION

In this section, the general leakage inductance model of a
high-frequency transformer is reviewed at first. An ideal leakage
inductance model for Litz wire (assuming the diameter of Litz
strand approaching zero) is proposed. After that, considering
the strand-level skin effect and proximity effect, an accurate
frequency-dependent leakage inductance model is proposed to
guarantee high accuracy in a wide frequency range. Finally,
the relationship between the ideal model and accurate model
is analyzed.

A. General Leakage Inductance Model

The leakage inductance of a transformer represents the mag-
netic field that leaks from the core and returns through the air
rather than linking both windings. If the secondary winding
is shorted, the main flux in the core that links both primary
and secondary windings will be negligible because the pri-
mary and secondary ampere-turns are almost cancelled. Fig. 2
shows an EE type transformer and the magnetic motive force
(MMF) distribution in its window. In this condition, the magnetic
energy within a transformer window determines the leakage
inductance.

1) Energy stored between primary winding and secondary
winding (interwinding)

Wg =
1

2
μ

∫ dins

0

(
m1I1
hw

)2

hwlgdx =
μ · lgdins
2hw

m2
1I

2
1

(1)
where dins represents the interwinding insulation distance,
lg stands for the mean magnetic path length of insulation
inter winding, hw is the winding height, m1 is the number
of layers of primary winding, and I1 is the rms value
of current in primary winding (m2 and I2 denote their
respective values of secondary winding).

2) Energy stored in the winding layers of primary winding
and secondary winding (interlayer) [25]

Wpri/sec_ins =
m−1∑
i=1

1

2
μ

∫ dins

0

(
i
I

hw

)
hwldx

=
μldins
12hw

m(m− 1)(2m− 1)I2

m = m1 or m2, dins = dins1 or dins2, l = l1 or l2,

I = I1 or I2 (2)

where dins1 and dins2 represent the insulation thickness
between the winding layers of primary and secondary
windings, respectively (interlayer insulation thickness),
and l1 and l2 represent the mean magnetic path length
of primary and secondary windings, respectively. Note
that the leakage magnetic energy stored in the winding
insulation layers Wpri/sec_ins has two parts: energy stored
in primary winding insulation layers Wpri_ins, and energy
stored in secondary winding insulation layers Wsec_ins.
For example, when calculatingWpri_ins, the quantities m1,
dins1, l1, and I1 ought to be used.

3) Energy stored in the winding conductors (within conduc-
tor) [25]

Wpri/sec =
μlδ

12hw
m
[(
4m2 − 1

)
F1 − 2

(
m2 − 1

)
F2

]
I2

F1 =
sinh(2Δ)− sin(2Δ)

cosh(2Δ)− cos(2Δ)
, F2 =

sinh(Δ)− sin(Δ)

cos h(Δ)− cos(Δ)

Δ =
d

δ
, d = d1 or d2,m = m1 orm2, I = I1 or I2

(3)

where d1 and d2 represent the thickness of a conductor
in primary and secondary windings, respectively, and δ
is the skin depth. The total leakage inductance can be
represented as follows:

Lδ =
2

I1
2 (Wg +Wpri +Wsec +Wpri_ins +Wsec_ins) .

(4)
This analytical expression yields high accuracy in a trans-

former implementing a foil or solid round conductor (equivalent
to foil). However, a high-frequency transformer usually adopts
Litz wire as its winding conductor for the loss optimization.
In [14], a layer of the rectangle Litz wire conductor is equiv-
alent to a stack of thinner foils and then (3) can be used for
the leakage inductance calculation. However, this equivalence
method would overestimate the frequency effect on the leakage
inductance because it neglects the impact of filling factor in Litz
wire; besides, several correction factors lack solid physical ex-
planation. Moreover, round Litz wire, including multiple twisted
wire, is most commonly implemented in practical application.
Therefore, a comprehensive model of round Litz wire should be
built to precisely calculate its leakage inductance.
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Fig. 3. Leakage field distribution in core window of a Litz wire winding
transformer.

B. Ideal Litz Wire Leakage Model

Before analysis, there are two assumptions.

Assumption A) Ideal Litz wire is twisted by the infinite strands
of enameled round thin conductor and the diameter of each
strand approaches zero, thus strand-level skin effect and prox-
imity effect can be neglected.

Assumption B) Each strand is waved along the entire divided
conductor in such a way that all wires successively pass
through all points at the cross section of the conductor, it
guarantees that each strand shares equal current. [26]

Fig. 3 shows a structure and leakage field distribution of the
proposed ideal model, each strand is submitted to not only an
internal annular leakage field Hint excited by current in other
strands in the bundle, but also an external leakage field Hext in
the Y-direction in core window [22]. Then the magnetic field
across the Litz wire is determined as follows:

−−−−⇀
Hbundle =

−−⇀
Hint +

−−⇀
Hext

= [Hext +Hint sin(θ)]
⇀
y +Hint cos(θ)

⇀
x . (5)

According to the distribution of external field Hext across the
window shown in Fig. 3, the field imposed on position Δx of
the kth layer is given by

Hext(k,Δx) = (k − 1)Hstage +
Δx

DLitz
Hstage

Hstage
NIP
hw

(6)

where Hstage represents the averaged magnetic field strength
excited by conductors in one single layer, N is the number of
Litz bundles per layer, Ip is the peak value of the sinusoidal
conducting current in a Litz bundle, DLitz represents the diam-
eter of Litz bundle, and hw is the winding height.

In the occasion where the winding height hw is much smaller
than the window height hc, one can use Rogowski’s factor to
compensate the effective winding height, as shown in (7) [13],
where dins is the main insulation distance between primary and

secondary windings, and dins1 and dins2 stand for the insulation
distance between the winding layers in primary and secondary
windings, respectively.

p = 1

− dins + (m1+m2)DLitz + (m1−1)dins1 + (m2−1)dins2
λh2

w

h′
w =

hw

p
. (7)

In order to describe the magnetic field strength vector in the
2-D polar coordinates, Δx can be rewritten as

Δx = RLitz + r cos(θ) (8)

where RLitz represents the radius of Litz bundle, as a result, the
modified external field can be represented as

Hext =

(
k − 1

2
+

r

RLitz
· cos(θ)

2

)
Hstage. (9)

According to Ampere’s law, the internal magnetic field in the
Litz bundle is given by

Hint =
Ip

2πRLitz
2 r. (10)

Combining (5), (9), and (10), one can obtain the expression
for the leakage magnetic field in ideal Litz wire

−−−⇀
Htotal =

[((
k − 1

2
+

r

RLitz

cos(θ)

2
Hstage

)

+

(
Ip

2πR2
Litz

r

)
sin(θ)

]

⇀
y +

(
Ip

2πR2
Litz

r

)
cos(θ)

⇀
x . (11)

The leakage energy in a single bundle is determined by

Wlitz(i) =
1

2
μ

∫
H2dV

=
1

4
μ0

∫ 2π

0

∫ RLitz

0

Htotal
2rdrdθ · lmean. (12)

As shown in Fig. 1, there are m layers of winding and N turns
of Litz wire in each layer. Substituting (11) into (12), one can
obtain the ideal total leakage energy stored in the winding

WLitz(i)

=
μ0lmean

4

(
π(16k2 − 16k + 5)H2

stageR
2
Litz

8
+

I2p
4π

)

Wpri/sec_Litz(i) =

m∑
k=1

NWLitz. (13)

C. Accurate Litz Wire Leakage Model

Actual Litz wire is formed by twisting and transposing a
plurality of surface-insulated round conductors with an outer
diameter of around 0.08–0.2 mm. Although the winding process
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Fig. 4. Unevenness of leakage field distribution within transformer window
at different frequencies. (a) Winding structure and leakage energy distribution.
(b) FEA results of magnetic field strength along the x-axis of the central line in
(a).

enables the current in the Litz bundle to be evenly distributed
in strands, eliminating the bundle-level skin effect and proxim-
ity effect, each strand with finite diameter is still affected by
high-frequency effect, forcing the magnetic field distribution
inside each strand to be distorted. Fig. 4 shows the unevenness
of leakage field distribution within a transformer window at dif-
ferent frequencies. In Fig. 4(a), the FEA of transformer leakage
energy using the Litz bundle composed of 37 strands with a
strand diameter of 0.2 mm is performed using Maxwell 16.0.
There are two layers of Litz winding with five turns of the Litz
bundle in each layer in both primary and secondary sides. The
current in each strand is assigned as 1 A in primary winding (and
−1 A in secondary winding) to guarantee the Assumption B) in
the proposed ideal model of Section II-B (each strand shares the
same current). Fig. 4(b) shows the FEA results of the leakage
magnetic field strength H along the x-axis of the central line
drawn in Fig. 4(a).

It can be seen that the unevenness of magnetic field distri-
bution with the increase of frequency attenuates the leakage
energy stored in conductor. This invalidates the Assumption A)
in the proposed ideal model of Section II-B. Consequently, the
strand-level skin effect and proximity effect should be taken into
account in accurate modeling. In this condition, the Litz bundle
could be viewed as the superposition of a set of homogeneous
strands satisfying the Assumption B). In addition, the strand-level
skin effect and proximity effect can be separately considered
based on the orthogonality between them [27].

Fig. 5. Single round strand conducting a time-varying current.

Fig. 6. Single round conductor submitted to a time-varying traverse magnetic
field.

1) Skin Effect in a Single Round Strand: As shown in Fig. 5,
suppose a cylinder conductor flowing a sinusoidal current with
amplitude I0 and angular frequency ω, then the magnetic field
can be derived from the Maxwell equation in the quasistatic field
as follows:

d2HZ

dr2
+

1

r

dHZ

dr
+ k2HZ = 0

K =
1 + j

δ
. (14)

The magnetic field distribution in Fig. 5 is obtained by solving
the above-mentioned first-order Bessel equation, with its result
[28] presented in (15). Jα(x) is the Bessel function of the first
kind.

Hz(r, f) =
I0

2λRs
· J1(kr)

J1(kRs)

Jα(x) =

∞∑
m=0

(−1)m

m!Γ(m+ α+ 1)
(
x

2
)
2m+α

. (15)

2) Proximity Effect in Single Strand: As shown in Fig. 6,
suppose a cylinder conductor is submitted to a traverse
time-varying magnetic field with amplitude H0 and angular
frequency ω.

Perry and Jones [29] have done a detailed analysis of
this condition and presented the expression for two orthog-
onal decoupled magnetic field strength inside the conduc-
tor. The derivation is complex and only results are presented
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here

Hr = Re

⎧⎨
⎩

H0(1 +
R′2
Rs

2 )RJ1(
Rs

√
j

δ )cos(θ)

rJ1
√
jRm

⎫⎬
⎭

Hθ =

Re

⎧⎨
⎩
−H0

(
1+ R′2

Rs
2

)[√
jRmJ0

(
r
√
j

δ

)
−(Rs

r

)
J1

(
r
√
j

δ

)]
sin(θ)

J1
√
jRm

⎫⎬
⎭.

(16)

The definition of parameters in (16) are shown in (17), where
Rm is called magnetic Reynolds number, μ0 is the magnetic
permeability of the conducting material (copper), and Jα(x) is
the Bessel function of the first kind, with its expression shown
in (15).

R′2 = Rs
2

[
2J1(

√
jRm)

J0(
√
jRm)

− 1

]

Rm =

(
Rs

δ

)2

, δ =

√
2

ωμ0σ
. (17)

Since all the strands in the Litz wire bundle pass through each
position on the cross section of the bundle, the current in the
Litz bundle is equally distributed in each strand, the Litz bundle
can be viewed as a combination of multiple individual round
conductors with the strand-level skin and the proximity effect.
Therefore, the magnetic field energy of the entire Litz bundle can
be corrected by the two strand-level normalization factor (skin
factor γ1 and proximity factor γ2) defined in (18) to describe
the decrease of magnetic energy in high frequency.

γ1 =
1
2

∫
Hz

2(r, f)dV
1
2

∫
Hz

2(r, 0)dV

γ2 =
1
2

∫ [
H2

r (r, θ, f) +H2
θ (r, θ, f)

]
dV

1
2

∫
[H2

r (r, θ, 0) +H2
θ (r, θ, 0)] dV

. (18)

The quantities in (18) are calculated using MATLAB, in which
“r” and “θ ” are defined as symbolic variables, “f ” is defined as
a 1-D array. The Bessel function can be represented by function
“besselj” and the double integrals are calculated using nested
functions “int” in MATLAB. The frequency characteristics of the
two coefficients are shown in Fig. 7 (strand diameter: 0.1 mm).
It can be seen that the values of both factors decrease with
the increase of frequency, representing that the leakage energy
within Litz strand declines. Moreover, the proximity effect has a
much stronger influence on leakage energy compared with skin
effect when skin depth exceeds strand diameter.

The frequency-dependent leakage magnetic energy of the Litz
wire conductor can be obtained from (13) by multiplying γ1 and
γ2, respectively. It is noticeable that due to the imperfect filling
of multiple strands and inner insulation layer, actual Litz wire
has a filling factor β around 0.4–0.6. Only the conducting parts
made of copper is susceptible to the skin effect and proximity
effect. As a result, the frequency-dependent part and constant
part (air, insulation) inside the Litz bundle should be calculated

Fig. 7. Influences of skin effect and proximity effect on leakage energy within
a Litz conductor.

separately and added together.

WLitz_cu =
μ0lmean

4

(
π(16k2 − 16k + 5)H2

stageR
2
Litz

8
· γ2

+
I2p
4π

· γ1
)

· β

WLitz_ct =
μ0lmean

4

(
π(16k2 − 16k + 5)H2

stageR
2
Litz

8

+
I2p
4π

)
· (1− β)

WLitz = WLitz_cu +WLitz_ct

Wpri/sec_Litz =

m∑
k=1

NWLitz. (19)

It can be seen that the biggest reduction in leakage inductance
at high frequency occurs when the number of layers becomes rel-
atively large; in this condition, the proximity factor determines
the reduction percentage of leakage inductance. Finally, the total
leakage inductance is obtained by substituting Wpri/sec_Litz in
(19) into (20), the interwinding leakage energy Wg and inter
layer one Wpri/sec_ins are shown in (1) and (2), respectively.

Lδ =
2

I21
(Wg +Wpri_Litz +Wsec _Litz +WPri_ins+Wsec _ins).

(20)
In order to disclose the distribution of the leakage inductance

of each part, a transformer with Litz wire winding is analyzed
and the parameters are given in Table I. Note that the strand
diameterDs (0.1 mm) is chosen to be much smaller than the skin
depth δ (0.661 mm) at chosen frequency so that the reduction
effect of the leakage inductance within Litz wire is negligible.
The leakage inductance distribution in the example transformer
is shown in Fig. 8 with different interwinding distances. It can
be seen that the leakage magnetic energy is largely stored in the
interwinding insulation region, especially when this insulation
distance is relatively large, and there is considerable leakage
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TABLE I
WINDING STRUCTURE OF THE EXAMPLE TRANSFORMER

Fig. 8. Leakage energy distribution of the example transformer.

magnetic energy stored in Litz wire as well, which should not
be neglected.

D. Relationship Between the Ideal Model and Accurate Model

A high-frequency transformer with Litz wire winding is less
susceptible to the frequency effects compared with one using
foil or solid round conductors, because generally the diameter
of each strand is much smaller, causing a small penetration
ratio, thus suppressing the reduction in the leakage inductance.
The biggest deviation of an ideal model from accurate model
occurs under the multilayer condition. The decline of leakage
inductance at high frequency is characterized by the skin and
proximity effect factors (γ1 and γ2), and the reduction per-
centage of the proximity factor is much stronger, as shown in
Fig. 7. At the same time, It can be obtained from (19) that the
proximity factor dominates the skin factor when the number of
layer m becomes large. As a result, the biggest deviation of the
ideal model from an accurate model occurs under the multilayer
condition, in this condition, the proximity factor determines the
reduction percentage of the leakage inductance in consequence.
As a result, only the strand level proximity is taken into account
in Fig. 9, which demonstrates the leakage inductance reduction
percentage versus frequency with a filling factor of 0.6.

A numerical simulation is performed to validate the accurate
analytical method. The FEA settings are shown in Fig. 10, a
traverse external field is applied on the Litz wire. Note that
a current excitation (type: solid) of 0 A is assigned to each
strand, which guarantees that each strand will share equal current
but will still be affected by a strand level proximity effect. A
frequency range from 0 Hz to 1 MHz is performed to find out the

Fig. 9. Leakage magnetic energy reduction percentage of Litz wire with
different strand diameters predicted by accurate model and numerical simulation
(considering strand level proximity effect).

Fig. 10. FEA settings of the leakage magnetic energy reduction percentage
(with external traverse time-varying magnetic field from 0 Hz to 1 MHz).

leakage magnetic energy reduction percentage. The normalized
results are shown in Fig. 9, represented by different dotted
curves, which are in accordance with the analytical results (solid
line). The slight deviation of FEA results of the leakage magnetic
energy at high frequency is due to the distortion of the magnetic
field near the strand.

As shown in Fig. 9, the accurate model is reduced to an
ideal model when the diameter of Litz strand becomes smaller,
and degraded to the solid round conductor model when the
strand diameter becomes relatively large. The shadowed area
represents the 2% maximum relative error region between the
ideal model and the actual accurate model, the cross mark shows
the boundary frequency, over which the tolerance of the ideal
model is greater than 2%. For instance, when the diameter of
Litz strand is 0.1 mm, the relative error of leakage energy in
the Litz wire with the ideal model is less than 2% when the
working frequency is lower than 800 kHz. Hence, the ideal
model could be effective on the occasion where accuracy is not
the first priority. However, when it comes to megahertz ranges,
or under the circumstance where the conductor is twisted by the
insulated wires with a diameter of larger than 0.2 mm, the actual
model should be used to guarantee high accuracy.

III. PARAMETER SENSITIVITY ANALYSIS

According to the previous analysis, the model of leakage
inductance in a high-frequency transformer is characterized by a
large number of parameters. The influence of each parameter on
the leakage inductance is different. Each individual parameter
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has a degree of freedom in the optimization design process and
a large number of parameters mean high-dimensional search
space, leading to long computation time. Therefore, the influ-
ence of these parameters should be analyzed so that the more
influential parameters on the leakage inductance will be taken
into consideration and the other parameters could be fixed,
reducing the computation time. In addition, when manufacturing
the transformer, the variation of different parameters has differ-
ent influence on overall leakage inductance. Hence, attention
should be paid to those more sensitive parameters. However,
it is difficult to estimate which of those parameters has high
influence on the result in a highly complex and nonlinear model.
A variance-based sensitivity analysis is a form of a global sensi-
tivity analysis method, it decomposes the variance of the output
of the model or system into fractions which can be attributed to
inputs or sets of inputs. In this section, a Sobol-based sensitivity
analysis is carried out in order to determine the influence of each
parameter on the leakage inductance.

Any model can be considered as a function Y = f(X), where
X is a vector of independent random variables {x1, x2, . . . xd}
distributed uniformly in unit hyperspace and Y is the model
output. Decomposition of variance is made as follows:

V = Var(Y ) =
∑
i

Vi +
∑
i

∑
j>i

Vij + · · ·+ V1,2,...,d

Vi = Var(E(Y |xi ))

Vij = Var(E(Y |xi , xj))− Vi − Vj (21)

where E denotes the expected value and Var represents the
variance. Thex∼i notation indicates the set of all variables except
xi, and this decomposition shows the attribution of each input.
Then the first-order effect index (main effect index) is defined
as follows:

Si =
Vi

Var(Y )
. (22)

The first-order index measures the effect of varying xi alone,
with other input parameters fixed to their average value. The
large value of Si shows that changing the corresponding pa-
rameter alone has great influence on the output, in this case,
the leakage inductance. But the small value of Si can still have
an influence on the leakage inductance due to its interactions
with other parameters [30]. The total effect index is defined as
follows:

ST =
d∑

S=1

∑
i1, i2, ...,is

S1, i2, . . . , is. (23)

The total effect index ST measures the contribution to the
output variance of xi including all variances caused by its inter-
actions. The small value of ST indicates the parameter is unim-
portant and dispensable, and could be fixed in the expression.

The variance-based sensitivity analysis in two practical cases
is carried out for the example transformer in Table I.

Case 1: Parameters are varied in a large but practical range
with a uniform distribution. This could assess which parameters
influence the leakage inductance the most, and those less influ-
ential parameters could be fixed when designing the transformer
with a desired leakage inductance.

TABLE II
VARIANCE RANGE OF PARAMETERS IN SENSITIVITY ANALYSIS

Case 2: Parameters are varied in a small range with a normal
distribution (Gauss distribution). This could access the error
occurred in practical manufacturing of the transformer, and
extra attention should be paid to controlling those sensitive
parameters, thus error could be minimized.

The variance range of the transformer variables is given in
Table II, note that they are all in accordance with a practical
situation (i.e., in Case 1, the range of N is 15–30, DLitz is 4–6 mm
to guarantee a reasonable working magnetic and current density,
thus controlling other design objectives under a reasonable
range.)

Several algorithms [Standard Sobol, Fourier amplitude sensi-
tivity test (FAST), Saltelli, and Improved Sobol] [31]–[34] are
implemented to guarantee reliability. The difference of these
methods lies in that, as an improvement to the Standard Sobol
[31], Saltelli et al. [32] implement a single-loop Monte Carlo
method in random sampling process and FAST algorithm [33]
combine FAST and random balanced design in order to achieve
computational efficiency, the improved Sobol method [34] im-
proves overall accuracy in the small sensitivity indices case.
Fig. 11 shows the results of these sensitivity analysis. It should
be noticed that, in the described single primary winding layer
transformer, the distance between layers in the primary winding
dc1 does not exist. So dins1 can be viewed as an algorithm testing
parameter and its value should be zero.

It can be seen from case 1 in Fig. 11 that the interwinding
distance dins, representing the leakage energy stored in insu-
lation region between the primary and secondary windings, is
the most influential parameter in the leakage inductance with
an influence index of 0.5–0.6. Although this distance is linked
with mean magnetic length, varying dins would have limited
influence on other loss related design objectives, which makes
it a perfect variable in changing the leakage inductance. The
turns of conductor per layer N is the second major influential
parameter in determining the leakage inductance. However, N
is directly linked with the maximum magnetic flux density Bm,
which means that the large variation of N could cause undesired
and suboptimized core loss and even magnetic saturation, so
attention should be paid to changing N. Although the leakage
energy stored by Litz wire is significant, the practical range
of DLitz is constrained to a relatively small range. As a result,
varying DLitz in its reasonable range has limited influence. The
distance between layers in the same winding dins1/2, represent-
ing the energy stored in winding layers, and the distance between
primary winding and core, affecting magnetic flux length, have
negligible influence on the total leakage inductance and could
be fixed to reduce searching space in the optimization design.

Fig. 12 shows the leakage inductance versus variation of
parameters. Fig. 12(a) shows the leakage inductance with the
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Fig. 11. Sensitivity index predicted by different algorithms of transformer
structural parameters. Case 1: uniform distribution (large range); case 2: normal
distribution (small range) (including diameter of Litz wire DLitz, insulation
distance between core and winding dins_core, interlayer distance in primary
winding and secondary winding, respectively, dins1 and dins2, insulation
distance between primary and secondary winding dins, and number of turns
per layer N). (a) First-order index (main effect). (b) Total effect index.

variation of number of turns per layer and the diameter of Litz
wire. The lower plane represents the energy stored in air and
insulation, and the upper plane represents the variation of overall
leakage inductance. It can be seen that both the two parameters
have considerable influence on the leakage inductance.

From Fig. 12(b), it is clear that the distance between the
primary winding and the core has negligible influence on the
leakage inductance, in spite of its effect on magnetic flux path.
For the fact that the portion of energy stored in interlayer
insulation is relatively small, the influence of interlayer distance
is also small. Finally, varying the interwinding distance is the
most reliable way to obtain a desired leakage inductance because
the influence of this distance is prominent quasi linear, and it has
negligible influence on winding loss and core loss.

The result of sensitivity analysis case 2 in Fig. 11 clearly
shows that, as the most sensitive parameter (with a sensitivity
index of 0.7–0.8), deviation of dins when manufacturing the
transformer could cause a large relative error in overall leak-
age inductance. Small error in other parameters such as DLitz,
dins1/2, dins_core (with sensitivity indices≤0.1) normally would
not cause inaccuracy in overall leakage inductance. Fig. 13
shows the relative error of the leakage inductance of the exam-
ple transformer caused by manufacturing uncertainties of dins
(normal distribution), the values of other parameters are fixed,
as defined in Table I. For instance, if the interwinding distance of
the transformer fails to be precise during manufacturing, suppose

Fig. 12. Influence on leakage inductance. (a) Variation of number of turns per
layer and diameter of Litz wire. (b) Alteration of insulation distance.

Fig. 13. Relative error of leakage inductance of the example transformer
presented in Table I caused by manufacturing uncertainties of dins (normal
distribution).

there is a standard deviation of 3.33% in dins (μ±3σ: 9–11 mm),
the biggest relative error of leakage inductance would be±6.4%,
at the same time, the probability of relative error smaller than
4.6% is 95.5% (μ±2σ: 9.4–10.6 mm). If the standard deviation
of dins is smaller, say 1%, the accuracy of leakage inductance
will improve a lot and the tolerance of leakage inductance is
much likely to be less than 1.4%. Therefore, controlling the rel-
ative error of dins deserves extra caution during manufacturing.



3960 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 4, APRIL 2020

TABLE III
STRUCTURAL PARAMETERS OF THE TRANSFORMER PROTOTYPES

Fig. 14. Leakage inductance mesurement. (a) Transformer-I. (b) Transformer-
II. (c) E5061B Network analyzer.

IV. EXPERIMENTAL VERIFICATION

In order to verify the accuracy of the proposed model, two
shell-type transformer prototypes are built for verification and
the structural parameters are presented in Table III. Both primary
and secondary windings of the transformers are wound around
the middle core column. The two prototypes are shown in
Fig. 14.

The Agilent E5061B network analyzer is used to measure the
leakage inductance of the transformer versus frequency. The
inductance–frequency curve of a small piece of Litz wire is
measured as a correction to the system error of the network ana-
lyzer. The final transformer leakage inductance is then obtained
by subtracting the wire correction value from the transformer
measured value.

Fig. 15(a) shows the leakage inductance of transformer-I
within a frequency range of 0–2 MHz and Fig. 15(b) demon-
strates its variation within 800 kHz range. Fig. 16(a) shows the
leakage inductance of transformer-II within a frequency range
of 0–2 MHz and Fig. 16(b) demonstrates its variation within
300 kHz range. Note that when the secondary winding is shorted,
the capacitive current could cause a measurement error in the
measured leakage inductance near the parallel resonance point.
However, the resonance frequency (25.95 MHz for transformer-I
and 14.54 MHz for transformer-II) is well above the frequency
range analyzed in the article. The influence of capacitive current
on the measured leakage inductance at 0–2 MHz is negligible
(in this condition, stray capacitance is parallel to the leakage
inductance, maximum measurement error caused by parallel
capacitive current is around 0.6% for transformer-I and 1.8%
for transformer-II).

Fig. 15. Comparisons of leakage inductances of transformer-I among mea-
surement, accurate model, and modified Dowell model (with correction of
equivalence diameter). (a) 0–2 MHz range. (b) 0–800 kHz range.

Fig. 16. Comparisons of leakage inductances of transformer-II among mea-
surement, accurate model, and modified Dowell model (with correction of
equivalence diameter). (a) 0–2 MHz range. (b) 0–300 kHz range.
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Results show that there is a reduction in the leakage induc-
tance at high frequency. For transformer-I, experimental results
show that its leakage inductance drops from 5.52 μH at 10 kHz
to around 5.43 μH at 2 MHz and that of transformer-II drops
from 12.2 μH to 10.5 μH at 2 MHz, this is due to the decrease
of leakage energy inside the Litz wire conductor. The reduction
of the leakage inductance in transformer-II is more prominent,
this is mainly due to the fact that the diameter of the Litz strand
in transformer-II is larger, causing a relatively strong proximity
effect. How much the leakage inductance will fall depends on
the relative size of the Litz strand diameter Ds and skin depth
δ at a given frequency. For transformer-I and transformer-II, it
shows that when Ds is smaller than skin depth, the reduction
in leakage inductance will be negligible. When the operating
frequency increases and Ds becomes two times larger than the
skin depth, the frequency effect on leakage inductance should
be considered. The diameter of the Litz bundle DLitz, which is
directly linked with the number of strands when strand diameter
is fixed, on the other hand, has very limited influence on the
frequency effect of the leakage inductance in a fully twisted
Litz wire.

It can be seen that the proposed method yields high accuracy
for both transformer prototypes in whole frequency range. In
addition, the analytical result of an ideal model (frequency
effect neglected) is almost as precise as the accurate model in
low-frequency range (within 800 kHz range for the diameter
of Litz strand is 0.1 mm and within 200 kHz range for the
diameter of the Litz strand is 0.2 mm). The model in [14]
(with correction in strand diameter) overestimates the leakage
inductance in low frequency, and its remarkable reduction in the
leakage inductance is mainly caused by neglecting the influence
of Litz wire’s filling factor.

V. CONCLUSION

This article proposes a new analytical approach to accurately
calculate the leakage inductance in a wide frequency range.
Alternating the distance between the primary and secondary
windings is the most effective way to obtain a desired leakage
inductance due to its least effect on winding loss and core loss.
At the same time, as the most sensitive parameter, precisely
controlling the tolerance of interwinding distance is crucial to
reduce the relative error of the leakage inductance when man-
ufacturing the transformer. Although reduction in the leakage
inductance is predicted in the accurate model with the increase
of an operation frequency, the ideal model could be time-saving
in the optimization design process with negligible compromise
in the accuracy when the operation frequency is relatively low, or
when implementing very fine strands at high frequency (which is
a necessity when the conducting current is high). The accurate
frequency dependent model ought to be used in an occasion
where the Litz strand diameter becomes two times larger than
skin depth, this usually occurs when the operating frequency
is in the megahertz range, using the Litz wire with a strand
diameter around 0.1 mm (tradeoff between winding loss and
cost), or under the circumstance where the conductor is twisted
by a surface insulated wire with a diameter of more than 0.2 mm.

The leakage inductance of the transformer implementing the Litz
wire is less susceptible to frequency change than its counterpart
(foil, solid round conductor), which makes it a perfect choice
for resonant converter with frequency control.
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