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High frequency planar transformer is a new type of transformer that operates at high
frequency. Its significance is proved through its miniaturised features, high power density
and other performances. The design of planar transformer needs to consider several
fundamental factors, including core material, dimension of layers and winding pattern. As
the volume decreases, extra attentions need to be paid in power losses and safety
requirements. Different converter topologies, with planar transformer integrated, are also
investigated and simulated for maximising the overall efficiency of conversion. Overall, the
use of planar transformer in converters can bring several benefits, and, hence, there is a
strong interest of comprehending its structure and high frequency behaviours.

1. Introduction

The increasing demand of miniaturisation of electronic devices
limits the use of traditional wire-wound type of transformers[1].
DC converter is a desired technology which has relatively smaller
dimension and higher efficiency. Previous works were focusing on
the development of Very High Frequency (VFH) used in acrospace
and telecommunications, and less effort was put in power
electronics at medium frequency. With the increasing popularity
of using DC devices, planar structure and converter topologies
should be re-investigated.

This paper contains two types of analysis of high frequency
planar transformer: electromagnetic field and lumped circuit
analysis. The field analysis is performed using Maxwell 3D, which
applies finite element analysis on a three-dimensional structure to
solve functions iteratively. Electrical parameters, such as
resistance and inductance, are calculated and plotted. The circuit
analysis is performed in Matlab Simulink using derived
mathematic model. The integrated system, containing a full bridge
phase-shifting (PSFB) DC-DC converter and a hysteresis current
control (HCC) DC-AC inverter, has been also constructed and
analysed.

Compared to the conventional winding of planar transformer,
a new type of winding structure, litz wire, is analysed. This
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configuration can effectively reduce the power loss under high
operating frequency by providing a fairly uniform current
distribution across the conductors.

2. Design of Litz Wire Planar Transformer

2.1. Design Procedure

PCB Design

|
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Figure 1. Design procedure of planar transformer

Figure 1 demonstrates the design procedure of planar
transformer. Wire configuration depends on winding layout, while
its double-sided nature alters conductor arrangement. Core
dimension is determined by the design of windings, insulation
layers and PCBs. Selection of commonly used materials for core is
combined with the core dimension to produce the overall design of
planar transformer.
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2.2. Winding layout

Current flowing through conductors would cause power
dissipation in the form of heat and temperature rise in PCBs. A
symmetrical winding structure is used to minimise the effect of
thermal expansion. The standard thickness of conductor is
selected, which is 70 um.

Figure 2. Winding structure

Figure 2 illustrates the fundamental design of winding
structure. Based on the international safety standards, the
minimum width between two adjacent windings is 150 um. The
labelled parameters in Figure 2 follow the equation:

_ by—(N1+1)s
MeETTN

(1

2.3. Strand layout

The length of strand varies as the strand angle changes. The
relationship between average length of strands, lg¢rqnq, Width of
PCB, b,,, and strand angle, O;,qnq, iS given by the following
inequality [2]:

Lstrana * Cos(gstrand) <b,—2Xs (2)

The electrical isolation requirements of strands in litz wire
configuration is relatively low, because of the minimised potential
difference between adjacent strands. Therefore, the space between
strands is designed to be small in order to maximise the surface
utilisation factor. Reduced gap would, however, make proximity
effect significant. Therefore, there is a trade-off between surface
utilisation factor and AC resistance in litz wire configuration.

2.4. Insulation layout

Plexiglass is one of the common materials used for insulating
conductors. It has widespread utilisation when toughness and
thermal conductivity are required.

2.5. PCB design

The standard thickness of a PCB is 1.6 mm, and it is applied in
this design. The dimension of PCB is adjusted based on the
industrial availability of core, particularly the window size of the
core section.
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2.6. Core material

The selection of core material is based on three critical
characteristics: saturation flux density, permeability and
resistivity. High saturation flux density is required to prevent core
saturation under high operating frequency. High permeability
alleviates the effect of leakage flux and fringing, so that magnetic
flux is more concentrated in the core. High resistivity would reduce
the power loss caused by eddy current.

There are two commonly used ferromagnetic materials in high
frequency transformer, 3F3 and 3F4[3,4]. Both are suitable for
medium frequency applications ranging from 10kHz to 2MHz [1].
Moderate permeability and saturation flux density also make them
to be optimal in planar transformer.

The optimal operating frequency of two materials are different.
3F3 operates between 10kHz and 500kHz, and the saturation flux
density is 370 mT at 100°C [2]. 3F4 can operate at 2MHz, and its
saturation flux is 350 mT at 100 °C [4]. Therefore, both materials
are used in the design for a wide range of result.

2.7. Design summary

0.5mm

[
- Secondary Winding
]

Primary Winding

Insulation
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Figure 3. Cross-section of designed planar transformer

Figure 3 shows the cross section of the designed structure. The
thicknesses of different layers are labelled based on the design. The
total thickness is calculated as:

0.5x5+1.6%x4+0.070 x8 =9.46 mm 3)

The core dimension is selected based on the total thickness and
the industrial availability, and E43/10/28 is selected. The winding
configuration is set to be interleaved for the purpose of minimising
the leakage inductance. The overall structure of the planar
transformer is shown in Figure 4.

Figure 4. Cross section of overall design
3. Simulation of planar transformer.
3.1. Modelling of planar transformer in Maxwell 3D

The 3D structure of planar transformer is separated into two
main parts: windings and core. Figure 5 shows the 3D structure of
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windings, PCBs and insulation layers. All layers are assigned to
different materials based on the theoretical design.

0 15 30 (mm)
Figure 5. 3D model of windings and PCBs

Figure 6 shows the 3D modelling of core section. Materials
are used accordingly to the operating frequency range. Two EE
segments are modelled with small air gaps included for simulating
real applications.

Figure 6. 3D model of core section

Figure 7 shows the overall model of planar transformer, and
it is used for field analysis. Current density distribution and
electrical parameters under different operating frequencies are
evaluated.

(mmes. 3 o

Figure 7. 3D model of planar transformer

3F3 and 3F4 are not standard materials in Maxwell 3D.
Assumptions have been made to reduce the time of simulation.
Relative permeability is assumed to be constant, and the operating
temperature is fixed at 70 degrees for constant conductivity and
permeability.
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Maxwell 3D applies iteration method to solve mesh equations.
The iteration convergence is set to be 5% for accurate result.

3.2. Litz wire 3D modelling

Compared to planar transformer using solid conductor, the liz
wire winding structure is also modelled for comparing the overall
performance.

r
0 10 20 (mm)

Figure 8. 3D model of litz wire configuration

Figure 8 shows the design of litz wire configuration. This
winding structure could provide a relatively uniform current
distribution across the conductor, which alleviates the skin effect.

According to the theory, with uniform current distributed
across the cross-section of conductors, the AC resistance of litz
wire is much smaller than that of transformer using solid conductor.
This is, however, not always the case which is proved in the
following simulation.

4. Field analysis
4.1. Simulation results

Figure 9 shows the electric field distribution in secondary
winding. The copper loss of the winding can be calculated from
the electric field strength and the conductivity of copper, and this
loss is used as an intermediate result for iterative calculations.

ELY_per_meter]

3.B234e+BBL
2. B455e+BBL
2,2675e+BB1L
1,88968+BB1
1,5117e+BB1
1,1338e+BB1
7.5585e+080

3, 779224200

1.1871e-015

Figure 9. Electric field distribution

Figure 10 shows the fringing effect of air gap. This air gap is
placed intentionally to simulate the non-perfect assembly of two
EE ferrite segments. Large air gap is avoided for a concentrated
magnetic flux density.
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Figure 10. Magnetic field in air gap

Further simulation results, including current density
distribution and AC resistance of both solid conductor and litz
wire structure, can be found in [5].

4.2. Discussion

The AC resistance of litz wire is relatively smaller than that
of solid conductor under medium frequency range. However, the
proximity effect becomes significant under very high operating
frequency compensating the benefits from the uniform current
density distribution.

This proves that the application of litz wire structure is
appropriate in a certain frequency range. Operating at frequency
outside this range would result in low efficiency, and the solid
conductor should be applied instead of litz wire.

5. Design of DC-DC converter

5.1. DC-DC schematic

Ll
»
»

Figure 11. Circuit schematic of PSFB DC-DC converter

Figure 11 shows a PSFB DC-DC converter using a high
frequency transformer installed between two DC stages. Possible
switching on-states are listed as follow: S1 and S4, S1 and S2, S2
and S3, S3 and S4. The gating signals are shown in Figure 12.
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Figure 12. Gating signals
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5.2. Derivation of transfer functions

The transfer functions are derived from a unified approach of
modelling switching converter, the state space averaging method,
which requires possible state functions of corresponding
switching state [6].

Let n = N; /N, be the turns ratio, where N; and N, are the
number of turns on primary and secondary side; V', V>, i; and i> be
the voltages and currents of two sides respectively. Assume that
electrical parameters follow transformer dot convention.

State 1: t € (ty,t;). Switches S1 and S4 are turned on, and
current at primary side is drawn from voltage source and increases
linearly. The circuit is shown in Figure 13.

IS3 S4

Figure 13. Circuit schematic of state one

1

iLkzz'iLo'Vl =n-V, )
. dip, (1)
Vi =Vae = Ry iy — L —2— (5)
dip, (t)
Vo=V, () =V, = Ly —2— (6)

Therefore, the following state space matrices are derived:

. . Ry . Ri Ry
5 13 nz. 2. T
N R P [ L3+Lk] Vae ()
Co RCo
y = VCO(t) = [g]x: (8)

where state-space parameters are:

Ri Rk Ry
_ | n2Lo+L; n2Lo+L _ | "2 Lo+L T
A= 1 g 1k,b1—"8k,c1_[01]
Co “RCo

Applying this method to the other three states, with the
assumption that L, < n? - L, and Ry is negligible, the average of
state equations is derived for the corresponding time duration.

Let# (i =1, 2, 3, 4) be the time duration for corresponding
state with duty cycle D = tl;t3 and D' = 22 where T is the
switching period.

diy(t) ’
Lo+ S8 = D+ [V (6) + 2 Vo | + D'+ [V, (O] (9)
ave,(©
Co =2 = iy (£) — =+ Ve, (8) (10)
y = Ve, (t) (1
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For small signal analysis, time-variant parameters are
separated into two parts: static and small signal. Parameters with
bar and hat are used to represent small-signal and static parts
respectively.

By omitting DC and second-order small terms, small signal
equations can be derived:

dig(t) — 1 ,= _~ 3.7
Lo === e, + (D v +d-Vgo)  (12)
dvg,@® _ —— 1 —
Co —r— = 1, (®) =5 v, © (13)

9 = vg, (©) (14)

By applying Laplace transformation to these time domain
equations, three transfer functions are obtained:

—Vde, R (15)

n  s2RLoCo+SLo+R

vgc(5)=0,ip(5)=0

0 (5) 2] R
G,i(s) = 1207 _-——— 16
w( ) vac(s) a05)=0,i5(5)=0 n  s2RLyCo+SLo+R (16)
Zy(s) = 210 —_ SRLo (17)
out NG $2RLoCo+sLo+R

d(5)=0,vgc(5)=0

With the assumption that output current and input DC voltage
are constant, a AC small-signal model of DC-DC PSFB converter
can be obtained using these transfer functions. The system
schematic is shown in Figure 14.

Voret + ve(s) [

E(—

Figure 14. Small-signal model of PSFB DC-DC converter

5.3. Simulation in Simulink

B B

Figure 15. Circuit schematic of PSFB DC-DC converter

Figure 15 shows the circuit schematic of designed PSFB DC-
DC converter. Assume that input voltage and output current are
constant, the open loop transfer function is simplified into:

R
$2RLoCo+sLo+R

T(s) = Gya(s) = 225 (18)
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The design of feedback loop is shown in Figure 16, including
inputs, function blocks and outputs:

+
SawTooth1 4_-SawTomh1
PID(s) Input
M) Siraet SawTooth2
@—D Time
Clock
GateSignall|———»(_1 )
a1
oo
fen
GateSignal2
Q2
=
GateSignal3
as
: GateSignald 4».-4
Q4

Gating Signal Generator

Figure 16. Feedback loop of DC-DC converter

Figure 17 shows the step response of the closed-loop transfer
function, which is calculated from the open loop transfer function.

Step Respanse

Amplitude

Time (seconds)

Figure 17. Step response of closed-loop transfer function

Further simulation results, including output voltage waveforms
and total harmonic distortion result, are presented in [4]. The
design and simulation results of HCC DC-AC inverter can also be
found in [4].

5.4. Discussion

With the proper application of state space average method
and design of feedback loop, both DC and AC voltages could
stabilise at target values with small transient time. The total
harmonic distortion of AC voltage is small illustrating a smooth
AC waveform.

The phase shift between the converted AC signal and the
reference signal from power grid is insignificant and negligible,
which proves that this AC output signal can be connected to the
power grid.

6. Conclusion

At high frequency range, the operating performance of planar
transformer is primarily dependent on the frequency. Litz wire
winding configuration is preferred under high frequency range, but
its manufacturing complexity and cost need to be considered
during the process of design.
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In addition, by applying the state space averaging method with
reasonable assumptions combined, an accurate open loop transfer
function of PSFB DC-DC converter is derived. The DC output
voltage of this converter can stabilise at required reference voltage
within a short period of time. Additional DC-AC inverter can be
easily installed to convert DC power into AC power at target
amplitude and frequency for AC applications.

Further study could be done in the electromagnetic field
analysis, including current density and magnetic flux density
distribution. With more sophisticated devices used, a more
comprehensive analysis could be performed and a more reasonable
simulation result can be obtained.
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