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ABSTRACT: During the switching transient process of high-frequency devices, such as gallium nitride and silicon carbide, an increase in
switching frequency will lead to an increase in the distributed leakage inductance (existing between each coil turn and each layer, as well
as magnetic flux leakage) and capacitance values (existing between each turn and each layer of each winding, between different windings,
and between the winding and the shielding layer). These parasitic parameters will generate sharp voltage peaks, increase power loss, and
even cause surge currents and oscillations. To address these issues, this paper proposes an equivalent power-loss model based on a six-
layer planar transformer. By designing interleaved coils and introducing variable impedance parameters X1 2;11-14;21-24, d1-2;11-14;21-24,
and S1-2;11-14;21-24, this high-frequency transformer can reduce leakage inductance while increasing excitation inductance, thereby
significantly reducing the total power loss of the high-frequency transformer. The optimization design of the high-frequency transformer
and the analysis of power loss are of great significance for improving the efficiency of high-frequency DC-DC power supply systems.

1. INTRODUCTION

n DC/DC converter systems with a high voltage boost ra-
tio, high-turn-count planar transformers are typically used to
achieve high voltage gain. Since the conversion process usually
operates in the zero-voltage-switching (ZVS) mode, and the
output power is relatively low, the winding losses of the trans-
former constitute the major portion of the total power loss [1].

The research on multi-winding transformers mainly focuses
on the analysis of impedance matrices, the modeling and opti-
mization of optimal current distribution [2].

In terms of loss analysis, optimizing the parallel winding
structure of the planar transformer can indirectly optimize its
winding losses [3, 4]. In the high-frequency converter system of
gapless planar transformers, the magnetic loss generated by the
edge leakage flux becomes more dependent on the change of the
magnetic core shape as the switching frequency increases [5—7].
High-frequency transformers are also key components that af-
fect the conductive common-mode (CM) electromagnetic inter-
ference (EMI) characteristics of switching power supplies [8].
The transformer composed of the matrix structure of the LLC
oscillator effectively reduces the leakage inductance and AC
resistance of the windings, while also significantly reducing
the flux offset [9—12]. Therefore, the high-frequency modeling
and impedance parameter estimation of high-frequency planar
transformers become particularly important [13, 14].

Planar transformers (PTs) have been widely and successfully
applied in electric vehicles, new energy power generation, Al
data centers, and military systems. However, ensuring the ac-
curacy of the printed circuit board (PCB) design size for planar
transformers poses significant challenges [15-17]. Consider-
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ing the natural leakage inductance value of the transformer, en-
suring the ideal width of the primary and secondary coils on
both sides of the PCB can reduce copper loss [18,19]. The
segmented arrangement of the planar coil of the transformer,
the utilization of coupling inductance, and the integrated cur-
rent balance control strategy are applicable to the application of
power electronic transformers in the high-frequency and high-
power domains [20—22]. The height staggered arrangement of
the transformer windings, while ensuring the thickness of the
copper layer, can eliminate the terminal losses between the PCB
boards [23, 24]. Therefore, the PCB analysis model and wind-
ing loss calculation for high-frequency and high-power den-
sity transformers provide very important theoretical support for
the intelligent application prospects of transformers in the fu-
ture [25].

In summary, in the applications of high-frequency, high-
power DC-DC converters and power electronic intelligent ar-
tificial intelligence systems with high voltage step-up ratios, as
the switching frequency increases, the winding layout, winding
losses, impedance parameters, and the design size of the printed
circuit board of the high-frequency transformer all require an
equivalent power loss model to optimize the configuration of
the printed circuit board of the winding. This is to achieve the
minimum power loss of the high-frequency planar transformer
and provide important theoretical support for the future intelli-
gent application prospects of transformers.

2. ANALYSIS OF THE POWER LOSS MODEL OF THE
TRANSFORMER

Currently, planar transformers are the main form of high-
frequency electronic transformers. Planar transformers have
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the advantages of being thin and having a large surface area.
Since the winding losses and core losses of high-frequency
transformers are related to the different structural designs and
winding designs of planar transformers, the structural design
and winding design of planar transformers must be suitable for
the high-frequency working environment. Due to the winding
losses caused by the skin effect and proximity effect, the system
efficiency and power density are reduced. To reduce the total
power loss of magnetic components in high-frequency trans-
formers, it is necessary to lower the peak magnetic flux density
of the transformer and the AC resistance value in the winding.
The front view of the planar transformer architecture and
structure is shown in Fig. 1. As can be seen from the figure,
the 6 layers of coils are located within the transformer core.
The middle 2 layers of coils are the primary windings, and the
upper and lower 4 layers of coils are the secondary windings.
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FIGURE 1. Cross-section view of planar transformer structure.

In Fig. 1, based on the front view of the transformer struc-
ture, the high-voltage windings on the secondary side are lo-
cated on the outside, while the low-voltage windings on the
primary side are located on the inside. From the top to the
bottom of the transformer, they are arranged in the following
order: secondary — primary — secondary, alternately placed
within the magnetic core. This interleaved arrangement method
helps simplify the complexity of the transformer insulation de-
sign and reduces the creepage distance and gap distance.

The aforementioned method of interlacing the PCB and
windings is shown in Fig. 2. The two half-winding coils are re-
spectively located between the two layers of the PCB. The half-
winding coils on the upper and lower layers form a complete
winding in space. However, the connections between the pins
of different half-winding coils are cross-connections, as shown
in Fig. 2. At the cross-connection points, the winding current
is reversed, so the direction of the magnetic field generated in

The arrow points in the opposite direction

FIGURE 2. PCB and winding layout.
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space is also mutually cancelled; that is, all the cross areas are
parts of the reduced insulation layer. This not only simplifies
the insulation design but also significantly reduces the mixed
leakage inductance of the transformer, improving the working
efficiency and power density of the transformer. The theoreti-
cal correctness of reducing the mixed leakage inductance value
can be verified through the transformer equivalent loss model
in Fig. 3.

Zmagnetic_loss = MAS f By,
Znsulation = S B Em / f,
Znybrids = ABpmEny | f5,
X5 Zsulation = X5 - dSByEn/ f,
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As shown in Fig. 3, the equivalent model of the six-layer
transformer includes a magnetic coil, an insulation layer, a sec-
ondary winding, insulation layer, secondary winding, an insu-
lation layer, a primary winding, an insulation layer, a primary
winding, an insulation layer, a secondary winding, an insulation
layer, a secondary winding, an insulation layer, and a magnetic
coil. The six-layer layout consists of 2 layers of primary wind-
ings and 4 layers of secondary windings. There is an insulation
layer between adjacent layers of the windings, and the outer-
most layer is the magnetic coil. Each layer of windings of the
equivalent transformer is represented in impedance form by the
black arrow direction. Eventually, the equivalent model of the
planar transformer changes into an impedance circuit equiva-
lent model. The circuit model from left to right is the secondary
side — the primary side. In Equation (1), Znagnetic_loss repre-
sents the impedance related to the magnetic core 10ss; Zisulation
represents the impedance related to the area of the insulation
layer; Znybrid, , 142104 TEPTESENE the impedances related to the
mixed parameters of the primary side and the secondary side;
X1-2;11-14;21-24 Zinsulation and X1 Z{ (1. are impedances re-
lated to the reduced insulation area, the winding arrangement
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FIGURE 3. Equivalent model of the six-layer transformer.
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FIGURE 4. X, d, S coefficient relation graph.

between each layer and leakage inductance; Znagnetic core 1S an
impedance related to the power transmitted by the transformer.

As shown in the above equation, Zmagnetic loss and
Zmagnetic_core are related to the magnetic field intensity B, and
frequency f of the coil. The horizontal direction variable d in
Fig. 3, which is the thickness; the vertical direction variable S
in Fig. 3, which is the magnetic flux area and the magnetic core
mass m. The impedance with insulating properties is related
to the horizontal direction variable d and the electric field
intensity F,,, while the vertical direction variable S is related
to B,,, and f. The difference between Zyyprig and Zinsutation lies
in that Zyyrg is inversely proportional to .S, while Zjnsuiation 18
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directly proportional to S. X1_2.11-14;21-24 are the coefficients
related to d1,2;11,14;21,24 and 5172;11714;21,24. These two
correlation coefficients are determined by the arrangement
pattern between the windings of each layer.

Since each layer of the windings is interconnected with the
adjacent layer through its own half-winding, the two half-
windings of the upper and lower layers jointly form a com-
plete winding in the space. The position of the complete wind-
ing circle changes from the original plane to three-dimensional
space. Obviously, compared with the original magnetic flux,
the newly formed winding passes through more magnetic flux
in space, and the diameter of the approximately circular area
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FIGURE 5. The magnetic flux distribution in the planar transformer.

also increases. Due to its position in three-dimensional space,
the variables in the horizontal and vertical directions change,
and the change amounts are shown in Fig. 3. Therefore, these
variables need to be multiplied by coefficients X g.5, which are
related to the dimensions of the actual spatial change, dg.s and
Spg,s as shown in Fig. 4.

Regarding the distribution area of magnetic flux in the planar
transformer, the specific parameters can be defined as follows.

As can be seen from Fig. 5, the staggered winding arrange-
ment can simultaneously reduce the leakage inductance and in-
crease the excitation inductance, thereby reducing the area of
the leakage flux and increasing the area of the excitation flux.
The above parameters X .5, dg,s and Sg.5 can be expressed as:

dg;g =4/ (W2 + LQ),
W2+ L?
g1
Xﬁ;g =45,
3)
1 (W2+L2)
T2 5 (TF 3 451)
i
S[ = yL

The total power loss of the high-frequency transformer can
be calculated as follows [26,27]:

Pur 1 = P + Pw + Pc,
PW = IgRaca
Po = af°Bl,,
4)
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Bk = ———
ek T UNFA,
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Pg = G—
o
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Ract =", )
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In formulas (4) and (5), Pur T represents the total power loss
of the high-frequency transformer; Ppg is the proximity effect
loss per unit winding length; Py is the winding loss of the
high-frequency transformer; P¢ is the core loss of the high-
frequency transformer; A, is the effective cross-sectional area
of the magnetic core; a, ¢, and d are Steinmetz parameters. The
parameter range is: 1 x 107 < a < 15,1 < e < 2,1.5 <
d < 2. f is the operating frequency; Bycak is the peak magnetic
flux density of the /N-turn winding with the input voltage of Vj,
of the transformer; R, ; is the alternating resistance of the [-th
layer in the winding; Rqc; is the direct current resistance of the
I-th layer in the winding; pe, = 1.68 x 1078 €2 /m is the resistiv-
ity of copper; 1 and o are the magnetic permeability and electri-
cal conductivity of the copper wire, where 1 = 47 x 10~ H/m;
H is the peak external sinusoidal magnetic field caused by the
current around the conductor; o = 58 x 10° 2/m, § is the skin
depth.

Therefore, the power loss value of the six-layer planar high-
frequency transformer is effectively reduced when the stag-
gered winding arrangement is used compared to the normal ar-
rangement.

As shown in Fig. 6, Zagnctic core increases with the increase
of dXg.5/dy, while Ziyglation and Zhybria decrease with the in-
crease of dXg,5/dy. The interleaved winding arrangement can
reduce the leakage inductance while increasing the excitation
inductance. Due to the increase in the magnetic flux area Sg.s
of the excitation inductance, the peak magnetic flux density of
the transformer will decrease. The reduction of Zj,gation and
Zhyoria leads to a decrease in the AC resistance value of the
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FIGURE 6. Loss comparison between alternating arrangement and nor-
mal arrangement.

windings. As dXg.s/dy increases, the proximity effect loss
Ppg per unit winding length, the winding loss Py of the high-
frequency transformer, and the core loss P will decrease.

3. CONCLUSION

With variations in frequency, the number of turns per wind-
ing, and the number of layers, the leakage inductance, excita-
tion inductance, and mixed impedance values of the interleaved
winding are smaller than those of the traditional complete wind-
ing arrangement method. Moreover, the changes in the excita-
tion inductance and mixed impedance values of the interleaved
winding are very small. Clearly, as the number of layers in-
creases and the number of turns decreases, the leakage induc-
tance can be significantly reduced. The influence of increasing
the number of layers is more obvious than that of decreasing the
number of turns, making it more suitable for the application of
the interleaved winding arrangement method. As the number
of layers increases, the leakage inductance decreases; the exci-
tation inductance increases; and the mixed impedance remains
constant. The interleaved winding arrangement can reduce the
leakage inductance and simultaneously increase the excitation
inductance.
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