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transformers based on PGD and equivalent complex permeability
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This paper proposes a rapid calculation model for the loss of rectangular Litz wire high-frequency transformers based on the Proper
Generalized Decomposition (PGD) spatial separation algorithm and equivalent complex permeability. A double 2D model is adopted to
consider the difference of magnetic field distribution at the end windings of the inner and outer windows.in which the magnetic field is
calculated by separating and reducing the two-dimensional finite element calculation into two one-dimensional finite element analysis
using the PGD algorithm. Two different types of transformers are made and tested experimentally, and the calculation efficiency and
accuracy of FEM, image method and PGD algorithm are compared. The results show that, compared with the FEM and the image
method, the calculation speed of the model established in this paper is faster, and it can accurately and effectively calculate the loss of

rectangular Litz wire high-frequency transformers

Index Terms—Proper generalized decomposition (PGD), Complex permeability, model order reduction (MOR), Litz wire.

. INTRODUCTION

With the rapid development of smart grid, energy internet
and other future power grid technologies, the application
of high-frequency transformers is more and more extensive.
However, with the increase of the operating frequency, the
winding loss increases significantly, which leads to high local
temperature rise and low energy transmission efficiency. In
order to reduce the winding loss under high-frequency magnetic
field, windings with good high-frequency performance, such as
Litz wire, are generally used. Therefore, the research on
winding loss calculation of Litz wire at high frequency has
important engineering significance and application prospect for
structural optimization and heat dissipation analysis and design
of transformers.

At present, the calculation methods of high frequency loss of
Litz windings mainly include numerical method, analytical
method and semi-analytical method. Although the numerical
method is more accurate, it is time-consuming to calculate the
eddy current field of Litz wire winding. The analytical method
usually uses the image method to calculate the magnetic field,
but the image method needs multi-layer image to calculate the
inner window, which will reduce the calculation speed. While
the semi-analytical method also includes numerical calculation.
In order to improve the calculation efficiency, model order
reduction (MOR) algorithms have been developed and used.
The Proper Generalized Decomposition (PGD) algorithm, as a
new generation of dimension reduction and order reduction
strategy, has been developed and used in many fields. In
electromagnetic computation field, the current distribution in
motor slots and the inductance of rectangular conductors have
been analyzed by PGD algorithm!. However, there is no
relevant research on the calculation of Litz wire loss of high
frequency transformer.

In order to accurately and rapidly calculate the winding loss
of Litz wire of the high frequency transformer, a calculation

model based on PGD algorithm and equivalent complex
permeability is established in this paper. Two-dimensional
models for inner and outer windows are built respectively and
the different boundary conditions are considered respectively.
The magnetic field calculation of 2D models are separated and
reduced into two one-dimensional finite element analysis using
the PGD algorithm, and the proximity effect loss of the
conductor is calculated by the complex permeability. Two
prototypes of different models are made to verify the accuracy
of the algorithm.

I.METHOD DESCRIPTION

A. PGD space separation strategy of double 2D model

The calculation of transformer winding losses is closely re-
lated to the accurate calculation of winding magnetic fields.
Considering the influence of the upper and lower yokes of the
iron core on the magnetic field at the end of the winding, this
paper divides the winding into two 2D models, the inner win-
dow (IW) and the outer window (OW), as shown in Fig.1. Dif-
ferent boundary conditions are given, and the PGD algorithm is
used to solve the magnetic fields in the IW and OW regions
respectively.

For the outer window of the high-frequency transformer,
consider the boundary conditions,
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L and H are the length and width of the window solution do-

main, respectively. For all suitable test functions A", the
weighted residual form,
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For the inner window of a high-frequency transformer, con-
sider the boundary conditions,
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For all suitable test functions A", the weighted residual form,
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PGD algorithm separates the space and constructs the ap-
proximate solution of the separation form as follows,
n-1

A"(x,y) = J_E_jlxj(x)Yj () + X, (x)Y, (v) (5)
The test function as,
A* (Xv y) = xn (X)Yn (y) (6)

Take (5) (6) into (2) and (4), X(x) or Y(y) can be computed
by alternating iterations until the convergence criterion
&(n) < e is satisfied.
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The approximate solution A(X, y) can be obtained by X(x) and
Y(y), and the error operator &(n) is judged to be less than the
specified tolerance ¢, and the iteration stops when g(n) < &.
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The vector magnetic potential A is calculated, the mag-
netic field strength H can be obtained.

B. High frequency Litz wire loss calculation

The skin effect loss per unit length of Litz wire can be ex-
pressed as the superposition of the loss caused by n strands of
wire.
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where Jo and J; are Bessel functions of order 0 and 1 respec-
tively. rs is the radius of strand; j is an imaginary unit; ¢ is skin
depth; Rs is the DC resistance per unit length of strand. I, is the
RMS value of the alternating current.

The magnetic field in winding region is calculated by PGD
algorithm, and the complex permeability was used to character-
ize the proximity effect of the conductorf®. The relationship be-
tween the imaginary part of the complex permeability and the
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loss of the proximity effect in the non-permeable cross section
was
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where liw, low are the equivalent length of the inner/outer core
window respectively. f is the operating frequency; " is the im-
aginary part of the complex permeability.

The complex permeability of the Litz wire can be calculated
by introducing the Ollendorff formula,
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where o is the vacuum permeability; # is the filling coefficient

of a single Litz wire.
£ is the complex permeability of an isolated circular con-

ductor,
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where g is the relative permeability of the copper wire; J, is

the derivative of a first-order Bessel function.

Finally, the total loss of the Litz wire of the high-frequency
transformer is the sum of the skin effect loss and the proximity
effect loss.
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I11. APPLICATION AND ANALYSIS

In order to verify the accuracy and calculation speed of the
model presented in this paper, two kinds of rectangular Litz
wire are used to make high-frequency transformer models. The
resistances of the winding under different operating frequency
are measured, and the Ohm loss can be obtained. The trans-
former models have been analyzed by FEM, image method and
PGD algorithm respectively. The results are shown in Table 1.

TABLE 1
SOLUTION TIME OF DIFFERENT CALCULATION
MODELS
Type Time(s)
FEM Image method PGD
W 59 30.503 0.097
oW 59 2.445 0.102

IV. CONCLUSIONS

In this paper, a high frequency transformer loss calculation
model based on PGD and equivalent complex permeability is
proposed, and the accuracy of the method is verified by
experiments. The model can be further applied to the fast
calculation required for the optimal design of high-frequency
transformer structure.
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