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Abstract

This paper presents a development and calculated rating of high-frequency transformer connect with switch-mode power
supplies. These power supplies are used in various devices such as power personal communications services, television, DVD
players and charge mobile phones Thus, increasing power density and decreasing cost are still the main factors in designing a
switch-mode power supply. Magnetic elements represent a great amount of size in switch-mode power supplies and therefore
volume reduction and power density raise are beneficial. These switch-mode power supplies consist of two power stages
separated by a power transformer with high frequency power. The transformer architecture, which can run at a high frequency,
has since become a major challenge for the engineers. Lower component height and better thermal management are advantages
with the planar core design. This paper provides a detailed summary of the operating principles of high-frequency transformers.
Two transformers are compared in a dual active bridge converter: a wire wound, a planar. This paper discusses a comparison
between the wire-wound transformer, high-frequency transformer, and structures in terms of winding loss, core loss, leakage
inductance, parasitic capacitance the focus of this research is to find an optimal transform solution for the converter operating
at a power level of 220 W. Furthermore, the power losses of a planar transformer are estimated.
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1. INTRODUCTION

Power transformers have a 19th century past when Faraday introduced the concept of electromagnetic
induction. Starting in the 1960s, the frequency of switch-mode power supply had a direction to rise. In a switched-
mode power supply, they are generally regarded as the bulkiest and most expensive components [1]. They are
also critical for the performance of power converters: dynamic response, efficiency, multiple secondary, and
electromagnetic interference cross-regulations. So many research institutions and organizations tried to invent
power converters that could work at a frequency above 20kHZ. The high-frequency operation has the advantages
of reducing the size of the element in the power converters, low weight, low cost, and high performance [2]. This
direction led to the development of various topologies for high-frequency power converters such as resonant
converters and the dual active bridge (DAB) converter. Such converters comprise two power phases separated by
a power transformer with high frequencies. This transformer model, which can operate at a high frequency, has
since become a major challenge for the engineers. This is because as the size of the components decreases,
parasitic parameters such as leakage inductance, parasitic capacitance, and ac resistance begin to influence the
adapter output in a significant way.

With Planar technology, the planar printed circuit board (PCB) magnetics benefit from using printed circuit
board (PCB) tracks as windings, instead of structuring magnetic parts like transformers and inductors of wire-
wound assemblies on bobbins. The benefits are assembly facilitation and no longer the prerequisite of the magnetic
screening tests. This is a section about cost reduction implemented. It gives a detailed study effect of the
distribution of the magnetic field, loss of the eddy currents. Compare the scale, losses, and high-frequency costs
of two different types of transformers.

In recent years high-frequency transformer-isolated DC-DC power converters have been effectively
implemented as a switched-mode power conditioner in many applications. Several new techniques for high-
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frequency DC-DC converters have been proposed to reduce the voltage and current peak stresses and surges,
switching losses while achieving high power density and improved performance [3]. It consists of Two H Bridges
with their AC terminals connected to the primary and secondary windings of a high-frequency transformer. The
operational principle of the DAB is based on phase shift control: the outputs of two voltage bridges are phase-
shifted from each other by the phase shift (PS) angle ¢. Then, by changing the angle, the amount of power
transferred between two bridges can be controlled. It has some advantages as constant switching frequency
control, lower switching power losses, quick transient response, reduced EMI and RFI, and lowered high
frequency ringing current as well as due to their ability to increase the operation frequency [4]- [9]. Typical phase-
shift (PS) PWM soft-switching DC-DC power converter using high frequency planar transformer (HFPT) is
shown in Fig. 1. This power converter consists of an H-voltage source type FB inverter that includes four
MOSFET switches Q1~Q4 switches with built-in anti-parallel diodes in the primary high-frequency transformers.
With its magnetizing inductance, leakage inductance, and high-frequency ideal transformer, this transformer is
modelled and connected across the high-frequency inverter. An effective rectification chain, including two D5-
D6 diodes, is provided in the secondary-side. The transformer leakage (Lk) and magnetizing inductance (L) are
in turn used as a mild quasi-resonant inducer aided by switching. The load is connected through a chock style LC
filter (Lo, Co) across the secondary side.

High performance, small component size, low system stress and low switching losses, zero-voltage switching
capacity, a small number of components, and bidirectional power flow are the major advantages of the DAB
converter. DAB converters can be used in a range of applications including automotive, renewable energy, and
smart grid. It is capable of stepping up or down the voltage by changing the transformer's turn's ratio. DAB
converters reduce the number of components because there is no need for output inductor filters [10-14]. A High-
frequency transformer provides galvanic insulation. Additionally, high power densities can be achieved with high
efficiency. On the contrary, the drawbacks of DAB converter are the presence of high circulating current in the
transformer, which increases losses and not being able to take advantage of the zero-voltage secondary (ZVS)
feature at light loads [15]- [16]. The key component of the DAB is the high-frequency transformer whose internal
leakage inductance (Lk) can be used as the main component for transferring energy; therefore, it is a crucial factor
in designing the transformer. Leakage inductance, therefore, determines the maximum transferable power for a
given switching frequency. Zero-voltage switching can be achieved using the internal leakage inductance of the
transformer [17] - [18]. Our goals in this paper are a comparison between the planar transformer and wire-wound
transformer in winding loss and core loss. Determine the optimal transformer solution for the DAB application at
a power level of 2 kW. Some of the criteria are the size, low cost, high efficiency, and maintaining the appropriate
levels of leakage inductance.
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Fig.1. Phase-shifted soft switching PWM DC-DC converter using HFPT.
2. PRINCIPLE OF OPERATION

The planar transformer is where printed circuit boards (PCBs) replace the conventional wire windings. The
operating frequency of these transformers is not constrained by skin effect because the conductors are thin copper
foil. A planar transformer appears in Fig.2 However, the planar transformer also has many drawbacks such as
cost, no maintenances (if destroyed, the entire power stage must be replaced), and limited range over which the
inductance of the leakage can be regulated.
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Fig. 2. Architecture of planar transformer.

The operating theory of the transformer is based on the Faraday Theorem, which states that the electromagnetic

force (v(t)) produced in the circuit is equal to the negative amount of the time-varying magnetic flux (equivalent(t))
in the contour [19]:

do(t)
v(t) = _NT Q)
The transformer is an electrical mechanism that can be used to input (step-up or step-down transformers),
current adjustments (current transformer), or galvanic separation between two parts of the circuit to increase or
decrease the output voltage. The transformer typically consists of the magnetic core, which can be made of various
materials (ferrite, electric steel) and which have different shapes (El, EE, UU, Ul, Planar core, etc.) and two or
more windings, generally made of copper. The current Ip which flows through the primary winding generates the
core magnetic flux. The flux lines that pass through the magnetic core induce voltage Vs (t) in the transformer's
secondary winding, as shown in Fig.3. The load connected to the secondary side induces the flow of the current

Is through the circuit. Then the power is transferred in transformers without any physical contact between the
conductors.
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Fig. 3. The flux paths of the transformer.

Another relevant rule on electromagnetism is the Rule of Ampere. Ampere 's Law is one of four Maxwell

equations that explain the electromagnetism theory [20]. It states that the magnetic field generated by the closed
conduction path is equal to the electrical current in this direction:

[HIxdl=[]*dS )

where H is the magnetic field and J is the current density. If the current flows through the wounded wire on the
magnetic core, then the law of Ampere is in the following form [10]:

[Hixdl=[]*dSS=NI ®)

where N is the number of turns in the heart and I is the current flowing through the wire. The NI result is
equivalent to magneto motive force (MMF). Using the following equation to locate MMF:

MMF = NI = ®R )

where @ is the magnetic flux and R is the reluctance of the core. The reluctance of the core is calculated as:
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Where [, is the transformer 's magnetic length direction, u is the core material's permeability and A, is the cross
sectional area of the core. After Fig.3, the transformer is just two winding ones. Applying the law of Ampere will
result in the following expressions:

MMF = NI, + Nl (6)
®R = NI, + Nl ©)

Magnetic circuits can be found as being similar to electrical circuits. For example, resistivity (R) is the magnetic
equivalent of the resistance, and the equivalent of the electrical current is magnetic flux (all). Planar transformer
was discovered in the 1980's [21], and its popularity has risen significantly in recent years due to the many
advantages of this system. The planar transformer is where printed circuit boards (PCBs) replace the conventional
wire windings. The operating frequencies of these transformers are not constrained by skin effect because the
conductors are thin copper foil.

3. HIGH-FREQUENCY TRANSFORMERS DESIGN

The aim of high frequency transformer design is to find optimum values of the DAB isolated DC-DC
converter's leakage inductance, phase-shifted angle, core measurements, turn ratio, and winding information to
reduce total converter losses (conduction and switching losses, winding losses, and core losses) and to compare
this design with wound wire transformer. Usually, ferrite core should be chosen for high-switching frequency
applications to reduce eddy current loss in the core [22]. The high frequency transformer (HFT) design
specification is specified in Table 1. The output voltage range from 90 V to 140 V refers to battery voltage
variability when the converter is used as a bidirectional charger.

TABLE 1. DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS.

Item Symbol Value

Input voltage Vin 220V
Output voltage Vout 24V

Output current Lout 125 A

Frequency f From 100 kHz to 500kHz
Flux density B, 02T
Core material CM Ferrite
Core configuration cC Planar E, EE

When designing a high-frequency transformer, one of the key criteria for evaluating the capacity to handle
power is the product area (4,):

_ Pyx10*
P 7 KpxBmxKyxfx]

A (®)

where K is a coefficient of a waveform (equals 4 for square waveform and 4.44 for sinusoidal waveforms), B,
is the core 's maximum flux density, J is current density, and K, is a window utilization factor. The maximum
density of the flux B, can be determined by [23], [24]:

1
A2pi12 . MLT  |B+2
P Tiotal (9)

_ 8
By = [10% % 2 Ky Wq A2 MPL B Ko

where p is 1.724 x 10™%is the resistivity, 1 = D X T X V;,, is applied volt, D is the duty cycle, T is the period,
Liorar is the total current, K, is the winding fill factor, g is the exponent of core loss, and Ky, is the core loss
coefficient. When you find 4,,, you can pick the transformer core from the manufacturer's datasheet. Also, for
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further measurements, the following core parameters must be taken from the datasheet: mean length turn (MLT),
core area (A.), window area (I/,), surface area (A,), magnetic path length (MPL), and core mass. Since not all of
the above parameters are included in the datasheet, they must be determined.
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Fig.4 relationship between Area product with frequency in planar transformer and wire wound transformer.
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Fig.6 relationship between cross-section area with frequency in planar transformer and wire wound transformer.

From Fig. 4, we find that the area product (4,) in a planar transformer is less than the wire wound transformer
with that frequency. By increasing frequency, the value of area product of planar and wire wound transformer is
less. So, the weight of the planar transformer is lower from the core datasheet than the wire wound transformer
shown in Fig. 3. Also, value of mean length turn (MLT) and value of surface area in planar transformer less than
those value in wire-wound transformer because when the value of product area is low, the value of Dimensions
of core is less. In Fig. 4 the central cross-sectional area (Ac) is one of the key parameters in the datasheet [25].
This is used to measure important parameters such as inductance leakage and inductance magnetization. This is
used to measure important parameters such as inductance leakage and inductance magnetization. Use (4.) can
also find the number of main (N,,) and secondary (N;) turns:

Vinx10*
P T KpxBmXAcXf (10)
where N,, is the number of turns of primary, V;, is the input voltage, K; is the core loss coefficient, By, is flux
density, A, is the cross-sectional area of the core, and f is operating of frequency.

4. LOSSES OF HIGH-FREQUENCY PLANAR TRANSFORMER

The final stage of the design is the determination of the loss existing in the transformer. The loss of the
transformer is another major concern in high-frequency power devices as they can reduce the overall performance.
Consequently, the loss issue allows designers to be very careful when selecting the transformer's magnetic cores
and winding. The amount of power transmitted in an ideal transformer is limited only by the saturation flux of the
magnetic core and the flux limit. The loss of the transformer can be split into two categories: centre loss and
winding loss (copper).

The main advantage of high-frequency operation is that the magnetic components are reduced in bulk.
Comprehensive analysis of the centre and winding losses is given in this document. The study provides a detailed
explanation of how core and winding losses should be calculated.
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4.1. Loss of magnetic core

Losses of the magnetic core can usually be divided into three parts: current loss of eddy, loss of hysteresis, and
loss of excess. The magnetic core losses per unit mass can be determined by [26], [30-35]:

Pc = ChBrlflf + CmBrznf2 + CexBrln'sfl's (11)

where Cy, C,, and C,, are the coefficients, respectively, of eddy current loss, hysteresis loss, and excess loss. f'is
the high-frequency transformer operating frequency and By, is the core's average magnetic flux density. « is an
undetermined index related to the given magnetic material. Another reduced method for estimating core losses is
as follows [27], [36-37]:

P. = C,k BLfF (12)
where C,, is the waveform dependent coefficients of Magnetic flux amplitude, sinusoidal wave 1 and square wave

p/4, and Triangle wave 2/3. K, a, and b are coefficients which are provided by manufacturers directly which can
also be found in the manufacturer's datasheets.
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Fig.7 Relationship between core loss with frequency in planar transformer and wire wound transformer.

In Fig. 7, the loss of core in planar transformer is less than the loss of core in wire-wound transformer with
increased frequency because dimension of core in planar transformer is less than dimension of core in wire-wound
transformer. And by increasing value of frequency, the value of core loss is increased.

4.2. Losses of the planar windings

The loss of winding of the transformer can be calculated by:

Py = kyRpclims (13)

where R, is the winding's direct current resistance, and I, is the mean root square. The k,. is the alternative
current resistance coefficient which can be expressed as follows [28], [38-40]:

_ sinh(2x) +sin(2x) | 2(m?-1)sinh(x)-sin(x)
kr(x' m) =xX [cosh(Zx)—cos(Zx) 3 cosh(x)+cos(x) (14)
where m is the number of layers of transformer winding, and x = oogi\/? In which h is the thickness of the

conductor wires.
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Fig. 8 relationship between winding loss with frequency in planar transformer and wire wound transformer.
In Fig. 8, the loss of winding in planar transformer is less than the loss of core in wire-wound transformer with
increased frequency because PCB winding in planar transformer is instead of wires in wire-wound transformer.
And by increasing value of frequency, the value of core is increased.

4.3. Efficiency of high frequency transformer

To reach the optimal of high frequency transformer, we should calculate the efficiency of high frequency
transformer by

& (15)

n=
Po+Pjoss

where n is efficiency of the high-frequency transformer, P, is output power of the high-frequency transformer,
and P, is total power loss in the high-frequency transformer which calculate from equations (12) & (13):

Pioss = P + By, (16)
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Fig. 9 relationship between total power loss with frequency in planar transformer and wire wound transformer.
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In Fig. 9, total power loss in planar transformer is less than total power loss in wire wound transformer so the
efficiency of planar transformer is better than wire wound transformer. High power conversion efficiency more
than 90% has been achieved for wide output voltage regulation ranges.

5. MAGNETIZING INDUCTANCE OF PLANAR TRANSFORMER

It can be classified as a transformer; various parasite elements have a major impact on its efficiency. Those
elements are inductance of leakage, the capacitance of parasites, and resistance to the touch. This paper aims to
provide thorough analyses of each item. The analysis incurs all the necessary equations and results from the
discussion which helps to measure each parasite factor.

5.1. Leakage inductance

There's no question that, as opposed to an ideal version, a high-frequency transformer includes a variety of
parasitic elements that can cause the power system to function abnormally. Some amount of these parasitic
elements is needed, however, in some cases. One of those elements is the inductance of leakage. The correct
selection of the inductance of leakage can help avoid higher switching losses and achieve zero-voltage switching
conditions.

In addition to the main flux flowing through the core, there is also a leakage flux in a transformer that escapes
from the core and flows through only one winding. This results in an additional inductance with the main and
secondary windings appearing to be in order. It is called inductance leakage. The total sum of leakage and
magnetizing inductivities reflects the transformer's self-inductance.

The inductance of the leakage is a parasitic element in the transformer and energy stored in the inductance of
the leakage may produce voltage spikes [29, 40-45]. Spikes increase the switching losses and decrease the
efficiency of the transformer. The leakage inductance of the planar transformer can be calculated by [30][45]:

W, Ly N3 XX
LkPlanar = by sz X (TA + ZXA) (17)

where Ly pianar 1S the inductance of leakage, y, is the permeability of free space, [,, is the length of one turn, b,,
is the width of the turn, N,, is the number of turns, Xx is the sum of all section layer heights (windings), Zx, is the
sum of the distances between layers (insulation, air), M is the number of insulation layers. In the DAB converter,
different values of leakage inductance may be required to achieve ZVS, depending on the operating frequency.
As a result, the inductance of leakage is sometimes required to decrease or increase. In a transformer there are
many methods by which it can be done:

¢ select the core that encloses the windings

¢ The primary and secondary windings interleave

e The difference between the primary and secondary windings changes

5.2. Magnetizing inductance

The magnetizing inductance L,,, is connected to the flux which links to the transformer’s core compared with
the leakage inductance. The magnetizing inductance can be calculated using following equation:

__ ALXN?

L
m 1000

(18)
where N is the number of turns, 4, is an inductance factor value that the supplier has obtained and typically given
in the datasheet. In the high-frequency transformer, there are many methods to change the magnetizing
inductance:
o Vary the number of turns
e change an air-gap to the core

From these Eqgs. (17) and (18) self-inductance can be calculated by:

L=Lpy+Lg (19)
6. SWITCH MODE POWER SUPPLY USING PLANAR TRANSFORMER

In this paper, we studied of using planar transformer in switch mode power supply in computer. Table 2
compares between the planar and wire-wound transformer when using them in computer power supply.
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TABLE 2 SPECIFICATIONS OF PLANAR AND WIRE-WOUND TRANSFORMER.

Item Planar Wire-wound
Size (L X W x H)I in mm 30 x 26 x 17 35x 30 x 30
Weight 0.2 kg 0.34 kg
Price 10€ 0.5€
Core material Ferrite
Core configuration Planar E EE

The voltage of winding and core-flux waveform created through one of switch mode power supply ‘common
topologies use an H-bridge converter to achieve the high-frequency AC voltage from input DC. The key feature
of the switch mode power supply transformer is attached to the Input H-bridge. Then secondary lateral voltage is
corrected then filtered to the desired magnitude of regulated DC output voltage. The windings of the transformer
bear bidirectional current and the flux linking the windings is likewise Bipolar. Bipolar. The voltage for the input
DC bus is unregulated and varies across a wide spectrum. The 'D' duty-ratio within D;, < D < Dpax SWitches
are regulated to regulate voltage performance. The secondary side voltage rectified by saying, in a steady state
even after voltage fall accounting in the diode rectifier and filter inducer, the equals charge voltage required and
can be presumed to be set to the tension production Yo. Under complex conditions therefore, that can occur
because of sudden load or supply changes voltage, mean voltage (DC) at the secondary output side can be
considerably higher than its permanent state Groe [12][45]. For peak flux determined in its root, the worst
condition corresponds to the maximum task ratio (D = 0.95) with max of the voltage at input. The worst-case
current (I;) through the windings corresponds to the average duty ratio (D = 0.95) and peak output (load) current
(I,) magnitude.

7. CONCLUSIONS

In this paper, an overview of high-frequency transformer topologies was given, and a new transformer
structure, was introduced. Diverse magnetic core shapes and types of winding were discussed an improved
prototype of the high-frequency transformer connected FB type soft-switching PS-PWM power converter was
proposed for low-voltage / large-current secondary-side or large-voltage / low-current applications such as plasma
display panels, fuel cell generation systems, AC power supply systems, and power plants for telecommunications.
Two newly specially designed high-frequency transformers are used at a high switching frequency of 100 kHz.
On the basis of experimental results, the operating voltage and current waveforms are defined and discussed. All
semiconductor switching devices can effectively perform ZVS on the primary side and ZCS on the secondary
side. High power conversion efficiency more than 90% has been achieved for wide output voltage regulation
ranges and widely load variations from full power to low power settings as compared with reduced efficiency
converter proposed previously by the authors. It was also noted that the parasite capacity and the inductance of
leakage are mutually dependent and decreasing one parameter results in an increase of one parameter. Detailed
information was given about the centre and winding losses. Different winding and core loss determination
approaches were addressed, and an optimal solution was found for each loss form. Besides, the chapter also
discusses ways to calculate core and winding losses. Finally, all the necessary equations were provided for the
transformer design. For low-voltage/large-current supply-side or large-voltage/low-current secondary-side
applications such as plasma display panels, fuel cell power generation systems, automotive AC power supply
systems and telecommunications power plants, an improved prototype of high-frequency transformer linked full-
bridge PS-PWM DC-DC converter has been proposed.
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