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The automotive industry is electrifying, and therefore, DC-DC converters play an even more
significant part in vehicle functionality. This leads to a need for more compact and highpower density converters for automotive industries.
This Bachelor's thesis aims to develop a new DC-DC converter design that would be capable
of operating in a specific automotive project and could replace the currently used converter.
The thesis comprises SMPS theory, simulation, PCB design, and testing.
The design steps are brief without going into detail due to a nondisclosure agreement. The
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Ajoneuvot ovat sähköistymässä, ja tästä johtuen DC-DC-muuntimien merkitys ajoneuvojen
toiminnan kannalta kasvaa. Tämä on johtanut ajoneuvoissa kompaktimpien ja
energiatehokkaampien muuntimien tarpeeseen.
Opinnäytetyön tarkoituksena on kehittää uusi DC-DC-muunnin, joka pystyisi toimimaan
tietyssä autoprojektissa ja korvaamaan nykyisin käytetyn muuntimen. Opinnäytetyö käsittää
hakkuriteholähdeteoriaa, simulaatioita, piirilevyn suunnittelua ja testauksia.
Suunnitteluvaiheet on kuvattu lyhyesti menemättä yksityiskohtiin salassapitosopimuksen
vuoksi. Kolme ensimmäistä lukua keskittyy muuntimen arkkitehtuuriin ja siihen, miten
järjestelmä toimii. Neljännessä luvussa esitetään olennaiset osat piirilevyn ja tasomuuntajan
suunnittelusta. Lopuksi tarkastellaan testituloksia.
Opinnäytetyön tuloksena syntyi uusi tasomuuntimella varustettu DC-DC-muunnin. Projektin
tavoitteet saavutettiin ja saatiin vertailukelpoisia testituloksia. Tulokset osoittavat kuitenkin,
että uudessa DC-DC-muuntimessa on vielä parannettavaa, ennen kuin sillä pystytään
korvaamaan nykyisin käytetty muunnin.
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Direct Current

PCB

Printed Circuit Board

EMI

Electromagnetic Interference.

EMC

Electromagnetic Compatibility

EDA

Electronic Design Automation

MOSFET

Metal Oxide Semiconductor Field Effect Transistor

LDO

Low Dropout Regulator

HV

High Voltage

LV

Low Voltage
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Pulse-Width Modulation

IC

Integrated Circuit
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FET

Field Effect Transistor
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1

Introduction

The automotive industry is going towards electric vehicles. This leads to new vehicle
electrical architectures, and therefore, DC-DC converters play an even more significant
part in vehicle functionality. High efficiency, compact design, and high-power density are
required now. Thus, there is an urgent need for converter development.

As commonly known, there are several ways to increase the power density and the
efficiency of the converters. One approach is to find different converter topologies. But
in many cases, these topologies lead to a high number of devices and complicated
control techniques that increase the price of the converter components and resulting in
low power density. Another approach is to increase the power density of the converters
by increasing the switching frequency. When increasing the switching frequency, it is
possible to decrease converters magnetic components, make fewer losses, and increase
the power density. But one of the key technologies in developing converters is the
development of the magnetic components. Therefore, this Bachelor's thesis studies and
evaluates if a planar transformer with a new converter design could be used as cost and
EMI reduction without losing power and controllability capabilities.

The first aim was to build a protoboard from a currently used converter. This converter
design has the following characteristics: it is an isolated converter that is generated by
the transformer, it has only one input, and there are three different outputs, non-isolated
12 V (a primary side output), a 12 V HV (isolated secondary side output), and a 5 V HV
(isolated secondary side output). Next, a comparable proto board is built with a planar
transformer and a new converter design. It shares the same function as the current
converter, but the main idea is to add complexity to obtain a more compact transformer
and a cost-effective solution. In the end, protoboards were compared in several tests to
see if the new design is more suitable for its use. This Bachelor's thesis was assigned
by Panasonic Industrial Devices Europe GmbH.
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Current Design

As previously mentioned, the current converter is an isolated converter. It can be
supplied with a 9 V – 18 V input voltage and it generates three different outputs:

- 12 V LV (non-isolated primary side output) of 4.8 W
- 12 V HV (isolated secondary side output) of 3.8 W
- 5 V HV (isolated secondary side output) of 250 mW
The transformer generates an isolation barrier between the high voltage and low voltage
sides by having two different grounds, the HV ground and the LV ground. As figure 1
depicts, the outputs are generated with two SMPS and one linear voltage regulator. The
first converter is a flyback. The flyback converter is used for few purposes. The first
purpose is to isolate, control the output voltage and the input voltage of the buck
converters. The second purpose is to generate 12 V output voltage on the LV side using
an auxiliary winding.

Once the flyback controls the secondary voltage, an SMPS in buck configuration is used
to regulate the 12 V on the HV side. After the buck converter, there is an LDO for
generating the 5 V to the HV side.

Figure 1. Current design converters and their main tasks.
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2.1

Flyback Converter

The flybacks are most commonly used if there is a demand for a cost-effective and highefficiency isolated power supply design that can produce up to 100 W. The design is
comparable to the buck-boost converter, but the most significant difference is the isolated
output provided by the transformer. The flyback can have multiple outputs, and it can
produce a positive or negative voltage. [1, p. 194.]

Figure 2 illustrates a simple flyback converter. The converters vary between the two
states, ON and OFF states. The converter collects energy in the primary coil during the
ON state (ton) and discharges the energy to a secondary side during the OFF state (toff).
MOSFET or IGBT is most commonly used for switching (Q1), but sometimes bipolar
transistor, GaN (gallium nitride), or SiC (silicon carbide) are used. [2.]

Figure 2. Simple flyback circuit diagram [1, p. 194].

The controller drives the MOSFET (Q1) with a PWM signal to generate the required duty
cycle for the output voltage. The duty cycle of a flyback transformer usually does not
pass 50%. It is possible to utilize multiple combinations of duty cycles and turn ratios to
achieve the necessary output voltage per equation 1. [2.]

𝑵

𝑫

𝑽𝒐𝒖𝒕 = 𝑽𝒊𝒏 (𝑵𝒔 ∗ 𝟏−𝑫)
𝒑

𝑽𝒊𝒏 𝒊𝒔 𝒊𝒏𝒑𝒖𝒕 𝒗𝒐𝒍𝒕𝒂𝒈𝒆
𝑽𝒐𝒖𝒕 𝒊𝒔 𝒐𝒖𝒕𝒑𝒖𝒕 𝒗𝒐𝒍𝒕𝒂𝒈𝒆
𝑵𝒔 𝒊𝒔 𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 𝒕𝒖𝒓𝒏𝒔
𝑵𝒑 𝒊𝒔 𝒑𝒓𝒊𝒎𝒂𝒓𝒚 𝒕𝒖𝒓𝒏𝒔
𝑫 𝒊𝒔 𝒅𝒖𝒕𝒚 𝒄𝒚𝒄𝒍𝒆

(1)
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An advantage of the flyback is that it has only a few parts, and it can generate multiple
outputs. However, if the flyback is compared to a half-bridge or full-bridge, it has
drawbacks, such as high transistor voltage stress and poor cross-regulation. [1, p. 198.]

2.2

Buck Converter

After the isolation barrier, a buck converter is used to generate 12 V output voltage from
a 24 V input and supply all 12 V devices on the transformer secondary side. The buck
converter is illustrated in figure 3, and it is considered a very simple type of DC-DC
converter. It is only capable of producing an output voltage that is less than its input. The
buck converter is called a buck converter because it is "bucking" against the input
voltage. Similar to the flyback converter, the buck converter operation principle is based
on storing the energy in an inductor. The voltage reduction across an inductor is equal
to variations in the electric current flowing through the device. [3.]

Figure 3. Buck converter circuit diagram [3].
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Most commonly, the buck converter uses MOSFET or IGBT as a switching element. The
switching element will open and close the circuit that the buck converter can vary among
two different states, as illustrated in figure 4. When the MOSFET is in an ON state, the
switch is closed. This will generate the in-rush of current that creates a potential across
the inductor that resists the supply voltage, effectively decreasing the output voltage.
Current does not flow through the diode in this state because it is reverse biased. All of
the energy is stored in the inductor and the capacitor. [3.]

When the MOSFET is in an OFF state, the switch is open, as illustrated in figure 4. Now
the diode starts to conduct to produce a return path for the inductor current. This fast
variation in current flow reverses the voltage reduction across the charged inductor,
becoming the main output power source during the OFF state. [3.]

Figure 4. Buck converter during the ON (a) and OFF states (b) [1, p. 20].

2.3

LDO

Lastly, to achieve the 5 V regulated output, an LDO is used and connected to the buck
converter's output. Buck and LDO have the same purpose, but they operate slightly
differently. LDO is not a switching regulator. It is a linear voltage regulator that provides
only a low dropout voltage. Therefore, there is no switching noise as no switching occurs,
which is one of the most significant advantages of LDO. [4.]

6

The LDO is used to step-down the input voltage, and the name stands for "low dropout."
Figure 5 shows an LDO circuit diagram and its key components. The LDO consists of an
operation amplifier that is called EA (error amplifier). The EA drives the field-effect
transistor (FET) gate in the input and forces its into saturation. The FET can only continue
saturated when the source voltage is adequately large. This saturation ensures that the
output voltage remains stable. The feedback loop resistors in figure 5 determine the
output voltage, and they can be adjusted to generate different output voltages. [4.]

The LDO is not perfect for everything. Because it is not an SMPS, the internal FET is
required to withstand the voltage drop across the input to output. To regulate 5 V output
from 12 V input, the remaining 7 V are held by the FET, and therefore, generate high
losses. These devices are perfect for voltage regulation with high accuracy but can only
be used for very low powers and small voltage drops. [4.]

Figure 5. An LDOs circuit diagram [4].
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New Design

The new design shares the same functionality as the current design, but it has a different
implementation. As illustrated in figure 6, the structure can be divided into three main
parts. They are a non-isolated flyback, a half-bridge, and a buck converter. The primary
task of this design is to reduce EMI and cut costs.

Figure 6. New design's converters and their primary tasks.

The non-isolated flyback converter is comparable to the previous flyback, but it has no
isolation, as the name suggests. Therefore, the non-isolated flyback uses a coupled
inductor instead of a transformer with isolation. The primary task of this flyback is to
generate a stable 24 V output voltage and operate from 9 V to 18 V input.

The next part is the half-bridge. The half-bridge has isolated 12 V and 5 V supplies on
the secondary side, generated by the planar transformer. The converter is controlled with
an external PWM signal in an open-loop and a 50% duty cycle. This external PWM signal
requires to be amplified. As an amplifier, a transistor and a class B push-pull amplifier
are used.

The third part is a buck converter. This converter is utilized to supply 12 V devices on
the primary side. When the half-bridge is working as a half-bridge, it is also working as a
synchronous buck converter. This buck converter is constructed slightly differently.
Instead of a diode, it uses a MOSFET in the half-bridge. Otherwise, it has the same
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components as the previous buck converter. The buck converter's output voltage is the
input voltage (Vin) times the duty cycle (D). Therefore, the half-bridge switching is
capable of producing 12 V output voltage with the buck converter according to equation
2.
𝑽𝒐𝒖𝒕 = 𝑫 ∗ 𝑽𝒊𝒏 = 𝟎. 𝟓 ∗ 𝟐𝟒 𝑽 = 𝟏𝟐 𝑽

(2)

In this chapter, the half-bridge, the half-bridge driver, and the planar transformer are
explained because buck converter and flyback have already been studied.

3.1

Half-Bridge Converter

The half-bridge converter is a DC-DC converter that shares similar characteristics to the
flyback. Both of them can supply lower or higher voltage than the input, and they provide
electrical isolation with a transformer. However, a half-bridge is a more complex system,
as shown in figure 7. The half-bridge can produce potential output power up to 500 W,
and utilize cheaper and smaller parts because it is designed to use a higher switching
frequency. [5.] In this project, the half-bridge will be working in an open-loop, and it is a
controller with an external PWM signal to simplify the design.

Figure 7. Half-Bridge converter schematic and a buck converter.
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As illustrated in the figure on the previous page, the first part of the converter is
capacitors. The capacitors are connected in series with the input voltage to generate a
capacitive voltage divisor in V1. Because both capacitors have the same value, and the
input voltage is controlled at 24 V, the medium point of the capacitors V1 will be at 12 V.
This serves the switching elements (MOSFET) because it needs to face half the voltage
that a similar forward converter. [5.]

The second parts are the switching elements. The MOSFETs switch the voltage back
and forth across the transformer primary winding in 500 kHz with a 50% duty cycle. This
means that when the MOSFET Q1 will be turned ON (Q1=1), the MOSFET Q2 will be
turned OFF (Q2=0). The inductor's terminal V2 will be connected directly to 24 V. After
that, the inverse procedure occurs. The MOSFET Q 1=0 and Q2=1 generate the
connection of the terminal V2 of the transformer to the ground. Finally, the voltage across
the transformers terminals is generated and illustrated in figure 8.

In a half-bridge, the MOSFETs cannot conduct simultaneously because it can lead to a
MOSFET failure or low efficiency. [1, p. 185.]

Figure 8. Half-bridge voltage.
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The next part is the transformer. The transformer will generate the electrical isolation and
different output voltages. On the primary side, there will be AC voltage from 0 V to 24 V
with an inter-medium voltage of 12 V. The secondary voltage can be increased or
decreased by the transformer turn ratio according to equation 3.
𝑽𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚 = 𝒏 ∗ 𝑽𝒑𝒓𝒊𝒎𝒂𝒓𝒚
𝒏 𝒊𝒔 𝒕𝒖𝒓𝒏 𝒓𝒂𝒕𝒊𝒐

(3)

Considering that the duty ratio is fixed, and the mean voltage across the primary is 12 V.
To generate 12 V and 5 V mean value outputs, the turn ratio is required to be calculated
according to equations 4 and 5.

𝒏𝟏 = 𝑽

𝑽𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚[𝒎𝒆𝒂𝒏]
𝒑𝒓𝒊𝒎𝒂𝒓𝒚_𝟏𝟐_𝑽 [𝒎𝒆𝒂𝒏]

𝑽𝒔𝒆𝒄𝒐𝒏𝒅𝒂𝒓𝒚[𝒎𝒆𝒂𝒏]

𝒏𝟐 = 𝑽

𝟏𝟐 𝑽

𝒑𝒓𝒊𝒎𝒂𝒓𝒚_𝟓_𝑽[𝒎𝒆𝒂𝒏]

= 𝟏𝟐 𝑽 = 𝟏
𝟓𝑽

= 𝟏𝟐 𝑽 = 𝟎. 𝟒𝟏𝟔

(4)
(5)

The advantage of a half-bridge converter is that they make the most out of the secondary
winding and the core flux. The half-bridge topologies are commonly used in DC-DC
converters. [5.]
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3.1.1

Half-Bridge Driver

The half-bridge converter is controlled with an external 3.3 V PWM signal. This external
PWM signal has not enough voltage and almost no current to drive the MOSFETs. These
MOSFETs are rated a maximum of 20 V, and the half-bridge is supplied with a 24 V.
Therefore, the supply voltage must be changed, and more current is needed. For this,
an LDO and a class B push-pull amplifier are a suitable option. The circuit is illustrated
in figure 9.

Figure 9. Driving circuit for MOSFET low side.

The LDO is used to drop the 24 V supply voltage to 12 V. The LDO output is connected
to a transistor emitter that is controlled with an external PWM signal. This will generate
the required 12 V PWM signal.

For amplifying the signal, driver circuits are generally utilized, but drivers are usually
expensive, and therefore, they are not used in this design. One cost-effective method is
a push-pull class B amplifier. The class B push-pull amplifier is constructed from two
matching NPN and PNP transistors. Both transistors receive the same input signal, but
the NPN transistor is designed to amplify during the negative half-cycle and the PNP
transistor during the positive half-cycle. The transistors generate a pushing and a pulling
effect, and therefore, it is called a push-pull amplifier. This is a very cost-effective way to
generate more current for the MOSFETs. [6.]
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The most significant disadvantage of this amplifier is the crossover distortion. The
crossover distortion occurs because the bipolar transistor requires measuring
approximately 0.7 V from base to emitter before it starts to conduct. This effect will
generate a 0.7 V area for negative and positive half-cycle where both transistors are
turned OFF. Thus, the amplifier requires fast switching from positive to negative to
minimize this effect. [6.]

3.2

Planar Transformer

The converters are getting smaller, more energy-efficient, and compact. Therefore,
planar transformers are more frequently used. The planar transformer's principle
eliminates practically all the shortcomings of the old-fashioned wire-wound transformers.
It has a shallow profile, significant thermal characteristics, low leakage inductance, and
excellent repeatability of properties. The planar transformer can be integrated into a
multilayer PCB, or it can be constructed as a standalone component, as shown in figure
10. [7.]

Figure 10. Standalone and integrates planar transformers [7].

Windings in the planar transformer are placed on a flat PCB surface, continuing outward
from the core center. Planar transformer cores are available in many different shapes
and can be changed per the specifications. Planar transformers will enable the transformer design for precisely the right switching frequency, voltage, and converters.
Therefore, planar transformers can be very cost-effective. Although a planar transformer
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sounds like a perfect option for everything, it has drawbacks, such as a large footprint, a
limited number of turns, and high intertwining capacitance because windings are stacked
closely and have a large surface area. [8.]

The planar transformer's main function is to store energy and discharge it. To understand
how the transformer functions, the magnetic field properties need to be studied. All
magnetic fields have only two components; Magnetic force (F) and magnetic flux (Ф).
Magnetic force is very straightforward because it can be directly compared to current.
One Amp of current flowing in a conductor is equal to one Amp of magnetic force.
Magnetic flux Ф can be represented as a pack of lines that show the strength of a
magnetic field. Flux lines do not have a start or an endpoint. Instead, they produce a
closed loop. Figure 11 shows how the flux and forces affect around the planar
transformer. [8.]

Figure 11. Magnetic flux is illustrated in lines, and the magnetic force is shown in dash lines within the
planar transformers. [8.]
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3.3

Simulations

Before a new converter is constructed, functionality is checked in a simulation.
Simulations were made in LTSpice software made by Analog Devices. LTSpice is a
simulation software where you can view and simulate electronic circuits. [9.]

In this simulation, the functionality of the half-bridge and the driving circuit are checked,
and the planar transformer values are obtained. The simulation consists of a half-bridge
converter in an open loop that generates an isolated supply of 12 V, and an additional
supply of 5 V from a regulated input voltage of 24 V. Table 1 shows the obtained
maximum voltage and current values that the converter is designed to withstand.
Table 1. Maximum voltage and current values for the converter.

Parameter

Symbol

MIN

NOMINAL

MAX

Input Voltage

Vi

23.5 V

24 V

26 V

Vo1

12 V

--
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Vo2

5V

--

6V

IO1

300 mA

400 mA

IO2

66 mA

80 mA

fSW

--

Output Voltage 1
[12 V]
Output Voltage 2
[5 V]
Output current 1
[12 V]
Output current 2
[5 V]
Switching
frequency

500 kHz

--
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The half-bridge primary current and both secondary voltages are tested in the simulation,
illustrated in figure 12. The output voltages are stable and do not have high peak to peak
values. Additionally, figure 12 represents the values that are measured in the secondary
and primary windings of the transformer.

Figure 12. In gray primary voltage, in purple secondary voltage 5 V, in light blue secondary voltage 12 V, in
red rectified 5 V, in blue rectified 12 V, and in green primary current.
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In the simulation, the half-bridge driving circuit was tested. Figure 13 illustrates the
MOSFETs gate signals on a high and low side. The MOSFETs switch in a 50% duty
cycle very quickly and just barely not generating a short circuit. When there is no dead
time, there are fewer losses. The driving signal is crucial in this design because these
MOSFETs can cause a short circuit, if there is any delay in the driving signal.

Figure 13. The lower plot plane shows the measured signal in the MOSFETs gate and the upper shows
the measured signal between MOSFETs drain and source.
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4

PCB Design

Now that the functionality of the converter is studied and simulated, it is possible to start
to create the PCBs. The PCB design is generated in the Autodesk Eagle. Autodesk Eagle
is an EDA software where it is possible to create schematics, PCB routing and
component placement.

Every PCB design starts with the schematic where wires connect the components, and
the footprints are added in the board file. There are two type of methods to implement
components into the PCB: thru-hole and SMD (surface-mount device). The thru-hole
components will increase impedance and will decrease efficiency. Therefore, SMD
components are a more desirable option. Most parts already had footprints in the Eagles
library, but new footprints also must be designed. They are presented in figure 14 and
created utilizing information from the component datasheet.

Figure 14. Footprints for IC (left), transformer (center) and capacitor (left).

Before placing any PCB components, a few factors should always be kept in mind when
designing a high-frequency PCB. Firstly, the current flows in a closed-loop and it has a
return path. This means that the designer needs to know where the signal returns.
Secondly, the current will follow the path that has the lowest impedance. Usually, the
designer would think that the signal will follow the least resistance path, but this only
works in a low-frequency signal. The high-frequency signal is the signal that the designer
needs to worry about when designing a PCB and it follows the path of least impedance.
[10, p. 9.]
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In general, the shorter the trace, the better it is. Every transmission line is a copper trace
that has an impedance, inductance and capacitance. Understanding how impedance
affects the PCB design will help to make the PCB work for the first time and will be easier
to troubleshoot. Impedance is dependent on trace thickness, width, height among the
path, reference plane, and dielectric constant of the material used. When increasing the
trace width, the impedance decreases. When increasing the trace height above the
ground plane, the impedance will be increased. [11.]

This equation can help to understand impedance and how it affects PCB design. The
impedance of a transmission line is defined by the capacitance and inductance
distributed along the transmission line's length, as illustrated in equation 6. [12.]

𝐑 +𝐣𝛚𝐋

𝐙𝟎 = √𝐆 𝟎+𝐣𝛚𝐂𝟎
𝟎

𝟎

(6)

In the equation above, Z0 equals to the impedance, and its value will be ohms. jωL 0
equals the parasitic inductance, and the value is henrys per unit length. jωC 0 equals the
parasitic capacitance, and the value is farads per unit length. R0 skin effect loss. In many
cases, this can be ignored but not in very high-frequency designs. G0 is the loss in the
dielectric. To sum up, by changing the parasitic capacitance or parasitic inductance, the
transmission line's impedance will be affected. [12.]

Two parallel traces can generate unwanted coupling that is called crosstalk. This occurs
when a signal on one conductor couples into another conductor. Crosstalk can occur
only in the AC signal because DC signals do not couple. It is possible to reduce this
effect by increasing the spacing. The rule of thumb is to make the noisy trace's distance
three times the trace width. [11.]

The best possible PCB layout will maximize efficiency, prevent radiation and highfrequency resonance issues. Therefore, a lot of time should be used when designing
the layout. [13.] Although the best possible design is not always possible due to
mechanical and physical limitations, the PCB layout is always the best possible
compromise that is feasible. [14.]
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Both PCB designs use a two-layer structure. The bottom layer is only for the ground
(ground plane), and the top layer is used for components and traces. This is how
grounding will make the least number of issues for the layout, and it is possible to avoid
big ground loops. When starting the PCB layout, components are defined in groups. For
this, groups that were described in chapters two and three are used.

4.1

Flyback

As previously mentioned, the flyback controls the voltage by switching, and therefore,
generates high-frequency noise. It also has a control signal path, such as a feedback
loop that is sensitive to noise. [14.] In other words, the first thing is to find the high-speed
current paths and parts that are sensitive to the noise that it generates. The simplified
high-speed current paths are illustrated in figure 15. To minimize EMI and ensure clean
switching, it should be as short as possible. On the primary side, it includes an input
capacitor, a transformer primary, and a switcher (MOSFET). On the secondary side, it
has the output diode, transformer secondary, and an output capacitor. [13.]

Figure 15. Flyback high frequency circulating path [13].
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The yellow line drawn in figure 16 illustrates the high frequency circulating path on the
protoboard primary side. As mentioned before, this is a source of ringing, and it can
produce losses. Therefore, it is as short as possible, and it is kept away from the
feedback loop. [14.]

Figure 16. Primary side high frequency circulating path in yellow.

On the secondary side, the critical loop is the rectification loop shown in figure 17. This
loop should also be kept as short as possible, similarly to the primary side loop. Between
these loops, there is the transformer. Below the transformer should not be any
components. These components or signal lines can be affected by the magnetic flux.
[14.]

Figure 17. Secondary rectification loop inside the yellow square.
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The switching IC needs a clean and stable supply rail. The way to achieve that is to have
good bypassing or decoupling. [15, p. 49.] Therefore, the decoupling capacitor must be
near the switching IC power and ground pins, as shown in figure 18. [15, p. 48].

Figure 18. The decoupling capacitor is shown in the orange circle close to the IC supply and ground pin.

Transformer leakage inductance will cause a voltage spike when MOSFET is a turn-off.
The snubber circuit is made to avoid these significant transient voltages. As illustrated in
figure 19, the snubber circuits loop area should be made as small as possible. This will
minimize parasitic inductance in the trace and avoid problems. [13, p. 12.]

Figure 19. Snubber circuit in the yellow circle.

22

4.2

Buck Converter

The layout of the buck converters is similar to the layout of the flyback converts. The first
thing to keep in mind is the current paths and feedback. The current paths of the buck
converter are presented in figure 20 in red when the converter is in ON and OFF state.
As previously mentioned, during the ON state, the buck converter is supplied by the
capacitors and VIN. Most of the steep part of the current waveform is provided by C BYPASS
and then from a larger capacitance CIN capacitor. During the OFF state, free-wheel diode
D1 is ON, and the stored energy in the inductor is released to the output. C O is the output
capacitor that is used as a filter in the output. [16, p. 1.]

Figure 20. The current path when switching element is OFF (upper) and ON (lower) [16, p. 2.].

When the current paths are defined, it is possible to start the layout. Firstly, IC, input
capacitor, and free-wheel diode are placed on the PCB. As shown in figure 21, the
capacitors and diode are on the same layer as close as possible to the IC supply pin.
The bypass capacitor CBYPASS is placed first. CIN can be separated about 2 cm from the
bypass capacitor, if needed. The bypass capacitor will supply most of the pulse current,
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and therefore, it is more important to be close to the IC. In this case, both capacitors
were placed parallel and close to each other. [16, p. 1.] The free-wheel diode is placed
near the IC output. If there is a long distance between the free-wheel diode and IC output,
spike noises are induced due to wiring inductance, and this will be piled up at the output.
Placing the diode on the other layer will not help because the inductance will be
increased by via inductance. [16, p. 3.]

The inductor is placed close to the IC and free-wheel diode to minimize radiation noise
from the switching node. The path between the inductor towards IC is not expanded, if
not necessary. Usually, increasing the copper area will improve wire resistance and
thermal characteristics, but this path can work as an antenna and may increase EMI.
The last part of the high-frequency path is the output capacitor. This is placed close to
the inductor output to secure a smooth output signal. [16, p. 5.]

The feedback signal trace is the most crucial trace for the IC functionality. If there is
noise, an error will occur in the feedback signal, making the output voltage unstable. To
ensure a stable feedback signal, it should be far away from the inductor and switching
node, as illustrated in figure 21. The voltage divider is placed near the IC and the resistors
are in parallel. This makes it better for noise tolerance. [16, p. 7.]

Figure 21. Buck converters input capacitors in yellow, free-wheel diode in green, voltage divider in blue
and inductor in purple.
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4.3

LDO

LDO is the easiest part of this PCB layout. It has everything intergraded inside the IC.
Therefore, it does not have any switching paths that could affect the operation of the
converter. The LDO in figure 22 only requires a 1 cm2 copper at the collector for cooling,
and the input capacitors should be close to the input to avoid any increase in impedance.
The dropout LDO is directly affected by impedance in the supply pin.

Figure 22. LDO PCB layout.
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4.4

Half-Bridge

The half-bridge is an SMPS, such as the buck and the flyback converters, and therefore,
it has high-frequency current paths. The most critical current path is generated by the
switch node and constant mid-point capacitors.

The switch node appears in figure 23. The switch node is connected to the MOSFETs,
the buck inductor, and the planar transformer. This is the noisiest part of the half-bridge,
and therefore, it should not be close to any sensitive devices or traces. Any extra
capacitance from switch node to ground or input voltage will lead to added energy that
occurs in the MOSFET during turn ON, increasing switching loss. [17, p. 3.]

Figure 23. Switching node in the yellow circle.

The constant midpoint capacitors should be as close to the MOSFET as possible to
minimize parasitic inductance. Therefore, they are placed on the bottom layer of the PCB
shown in figure 24. [17, p. 2]

Figure 24. The constant mid-point capacitors in the red circle.
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On the secondary side, both 5 V and 12 V layouts are entirely identical. Everything should
be compact, and the rectifier current path should be minimized, as shown in figure 25.

Figure 25. The secondary side rectifier in the blue circle.

4.5

Planar Transformer

Before designing the planar transformer in the Autodesk Eagle, layer design and turn
ratio are defined. The aim is to develop a planar transformer with four winding layers (two
primary and two isolated secondaries) with 12 V and 5 V isolated supplies with the
specification illustrated in table 2.
Table 2. Specification for the planar transformer.

Parameter

Symbol

Peak to peak

RMS

Primary Voltage

VL1

24 V

12 V

Secondary 1 Voltage

VL2

24 V

12 V

Secondary 2 Voltage

VL3

10 V

5V

Primary Current

IL1

3.6 A

850 mARMS

Secondary 1 Current

IL2

800 mA

450 mARMS

Secondary 2 Current

IL3

200 mA

125 mARMS

Frequency

fSW

--

500 kHz
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4.5.1

Calculations

Electricity is flowing in the transformer, and therefore, core and copper losses occur.
These losses may induce temperature increases, and it is essential to keep temperatures
below the maximum allowed value. It is necessary to have the width, the length, and the
characteristics of the windings calculated to avoid any damage to the transformer or the
other parts of the circuit. [7.]

Table 3 depicts the electrical values of the PCB planar transformer based on the previous
simulations, calculations, and values obtained from TDK magnetic design tool.
Table 3. Electrical values for the planar transformer

Parameter

Symbol

Peak to Peak

Value

Input Voltage

Vin

24

V

Output Secondary 1

Vo1

12

V

Output Secondary 2

Vo2

10

V

OCL PRIM inductance

L1-2

5

µH

Leakage inductance

lk

0.55

µH

Coupling ratio

k

0.9

Turn ratio Secondary 1

N1-2

1:1

Turn ratio Secondary 2

N1-3

2.4:1

-

When electric values have been defined, the decision of a layer design has to be made.
The transformer is being built in a 6-layer PCB. The top and the bottom layers are used
for connection, and the primary and the secondary windings are divided into inner layers,
as shown in Table 4. For reducing the proximity effect, the primary and the secondary
layers require to be sandwiched. Due to thermal expansion, it is recommended that the
winding turns are divided into the outer layers symmetrically with the inner layers. To
keep the cost low, using a standard thickness such as 35 μm, 70 μm, or 105 μm for the
copper layer is recommended. There are safety standards for designing a PCB, such as
IEC 950, requiring a minimum of 0.4 mm distance through PCB material (FR-4). Also,
the traces need a 0.2 mm gap between the windings. [7.]
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Table 4. The layer design.

Next, the dimensions of the planar transformer windings are calculated. Additionally, the
currents and DC losses are checked, and it is essential to make sure that they stay under
recommended values. The planar transformer uses the E ferrite core. This E Core
E/18/10 has a 4.62 mm winding area where the copper traces are implemented. The
required specification for calculating the layer dimensions of the first planar transformers
are illustrated in table 5.
Table 5. Primary winding layers two and five.

Parameter

Symbol

Winding Area

bw

4.62

mm

Spacing

(S)

0.2

mm

Number of Windings

N1

5
105

m

IP

0.85

Arms

100

2.222976*10-8

/m

Copper Thickness
Primary Current
Copper Resistance at
100 C

Value

The width of the primary layer has to be calculated first.
𝑾𝒕 𝒑𝒓𝒊𝒎 =

𝒃𝒘 −(𝑵𝑰 +𝟏)∗𝑺
𝑵𝑰

= 𝟎. 𝟔𝟖𝟒 𝒎𝒎

(7)

This equation calculates the length of the windings when using the E Core E/18/10:
𝑾𝑳 = (𝟖. 𝟗 𝒎𝒎 ∗ 𝟐 + 𝟏𝟓. 𝟎𝟓 𝒎𝒎 ∗ 𝟐) ∗ 𝑵𝑰 = 𝟐𝟑𝟗. 𝟓 𝒎𝒎

(8)
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The resistance that the winding length and thickness causes at 100C:
𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) = 𝝆𝟏𝟎𝟎° ∗

𝑾𝑳
𝑻𝒉𝒊𝒄𝒌∗𝑾𝒕 𝒑𝒓𝒊𝒎

= 𝟎. 𝟎𝟕𝟑 𝜴

(9)

DC losses for the primary layers:
𝑷𝑫𝑪 𝑳𝒐𝒔𝒔 = 𝑹𝑫𝑪 ∗ 𝑰𝟐𝑷 = 𝟓𝟐. 𝟕 𝒎𝑾

(10)

The Primary current density (IPCD) is calculated. It is recommended to be at 10 A /mm²
maximum:
𝑰

𝒑
𝑰𝑷𝑪𝑫 = 𝑾 ∗𝑻𝒉𝒊𝒄𝒌
= 𝟏𝟏. 𝟖 𝑨/𝒎𝒎𝟐

(11)

𝒕

Appling both primary windings parallel will reduce the primary current density. The
currents remain the same, resulting in the same magnetic field strengths on both sides
of the layers. Therefore, the current can be divided, making the primary current density
acceptable:

𝑰𝑷𝑪𝑫 =

𝑰𝑷𝑪𝑫
𝟐

= 𝟓. 𝟗 𝑨/𝒎𝒎𝟐

(12)

Now the primary layer of the planar transformer is calculated. These calculations require
to be performed for every layer. Because the first secondary layer uses the same amount
of turns that the primary layer, previous calculations are utilized, and only losses and
current density are checked in the secondary 12 V layer. Table 6 shows the 12 V
secondary layer specifications.
Table 6. Secondary winding layer three.

Parameter

Symbol

Winding Area

bw

4.62

mm

Spacing

(S)

0.2

mm

Number of Windings

N2

5

Copper Thickness

Thick

105

m

Secondary Current

Is 12 V

0.45

Arms

100

2.222976*10-8

/m

Copper Resistance at
100 C

Value
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The DC losses are calculated for the 12 V secondary layer:
𝑷𝑫𝑪 𝑳𝒐𝒔𝒔 = 𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) ∗ 𝑰𝟐𝒔 𝟏𝟐 𝑽 = 𝟏𝟒. 𝟖 𝒎𝑾

(13)

The secondary current density (ISCD) is calculated for the 12 V secondary layer:
𝑰

𝟏𝟐 𝑽
𝑰𝑺𝑪𝑫 = 𝑾 𝒔∗𝑻𝒉𝒊𝒄𝒌
= 𝟔. 𝟑 𝑨/𝒎𝒎𝟐

(14)

𝒕

For the first transformer, the only information left to be calculated is the 5 V secondary
layer. In Table 7, the specification for the 5 V secondary layer is illustrated.
Table 7. Secondary winding layer four.

Parameter

Symbol

Winding Area

bw

4.62

mm

Spacing

(S)

0.2

mm

Number of Windings

N3

2

Copper Thickness

Thick

105

m

Secondary Current

Is 5 V

0.125

Arms

100

2.222976*10-8

/m

Copper Resistance at
100 C

Value

The trace width for the secondary 5 V layer:
𝑾𝒕 𝒔𝒆𝒄 =

𝒃𝒘 −(𝑵𝟑 +𝟏)∗𝑺
𝑵𝟑

= 𝟐 𝒎𝒎

(15)

The length of the secondary 5 V layer using the E Core E/18/10:
𝑾𝑳 = (𝟖. 𝟗 𝒎𝒎 ∗ 𝟐 + 𝟏𝟓. 𝟎𝟓 𝒎𝒎 ∗ 𝟐) ∗ 𝑵𝟑 = 𝟗𝟓. 𝟖 𝒎𝒎

(16)

The resistance that the winding length and thickness causes at 100 C:
𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) = 𝝆𝟏𝟎𝟎° ∗

𝑾𝑳
𝑻𝒉𝒊𝒄𝒌∗𝑾𝒕 𝒔𝒆𝒄

= 𝟎. 𝟎𝟏 𝜴

(17)

The DC losses are calculated for the 5 V secondary layer:
𝑷𝑫𝑪 𝑳𝒐𝒔𝒔 = 𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) ∗ 𝑰𝟐𝑺 𝟓 𝑽 = 𝟎. 𝟏𝟓𝟔 𝒎𝑾

(18)

The secondary current density (ISCD) is calculated for the 5 V secondary layer:
𝑰𝑺𝑪𝑫 =

𝑰𝑺 𝟓 𝒗
𝑾𝒕 ∗𝑻𝒉𝒊𝒄𝒌

= 𝟎. 𝟓𝟗𝟓 𝑨/𝒎𝒎𝟐

(19)
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To make four different variations of the planar transformer, two different winding ratios
are checked to ensure that they are also by the specification. Both of the secondary
windings will increase by one turn.

Here is the calculation for the 5 V secondary side when there is one turn more. The
specifications stay the same as in the previous 5 V secondary, just increasing the number
of windings (N3) by one, shown in table 8.
Table 8. Secondary winding layer with three windings.

Parameter

Symbol

Winding Area

bw

4.62

mm

Spacing

(S)

0.2

mm

Number of Windings

N4

3

Copper Thickness

Thick

105

m

Secondary Current

Is 5 V

0.125

Arms

100

2.222976*10-8

/m

Copper Resistance at
100 C

Value

The trace width for the secondary 5 V layer:
𝑾𝒕 𝒔𝒆𝒄𝟑 =

𝒃𝒘 −(𝑵𝟒 +𝟏)∗𝑺
𝑵𝟒

= 𝟏. 𝟐𝟕𝟑 𝒎𝒎

(20)

The length of the secondary 5 V layer using the E Core E/18/10:
𝑾𝑳 = (𝟖. 𝟗 𝒎𝒎 ∗ 𝟐 + 𝟏𝟓. 𝟎𝟓 𝒎𝒎 ∗ 𝟑) ∗ 𝑵𝟒 = 𝟏𝟒𝟑. 𝟓𝟐 𝒎𝒎

(21)

The resistance that the winding length and thickness causes at 100 C:
𝑾

𝑳
𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) = 𝝆𝟏𝟎𝟎° ∗ 𝑻𝒉𝒊𝒄𝒌∗𝑾

𝒕 𝒔𝒆𝒄

= 𝟎. 𝟎𝟐𝟒 𝜴

(22)

The DC losses are calculated for the 5 V secondary layer:
𝑷𝑫𝑪 𝑳𝒐𝒔𝒔 = 𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) ∗ 𝑰𝟐𝑺 𝟓 𝑽 = 𝟎. 𝟑𝟕𝟓 𝒎𝑾

(23)

The secondary current density (ISCD) is calculated for the 5 V secondary layer:
𝑰

𝑺𝟓𝑽
𝑰𝑷𝑪𝑫 = 𝑾 ∗𝑻𝒉𝒊𝒄𝒌
= 𝟎. 𝟗𝟑𝟓 𝑨/𝒎𝒎𝟐
𝒕

(24)
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Next, the effect of increasing one turn in 12 V secondary is calculated. In Table 9, the 12
V secondary layer specification is illustrated when one turn is increased.
Table 9. 12 V secondary increased by one turn

Parameter

Symbol

Winding Area

bw

4.62

mm

Spacing

(S)

0.2

mm

Number of Windings

N5

6

Copper Thickness

Thick

105

m

Secondary Current

Is 12 V

0.45

Arms

100

2.222976*10-8

/m

Copper Resistance at
100 C

Value

The trace width for the secondary 12 V layer:
𝑾𝒕 𝒔𝒆𝒄𝟔 =

𝒃𝒘 −(𝑵𝟓 +𝟏)∗𝑺
𝑵𝟓

= 𝟎. 𝟓𝟑𝟔𝟕 𝒎𝒎

(25)

The length of the secondary 12 V layer using the E Core E/18/10:
𝑾𝑳 = (𝟖. 𝟗 𝒎𝒎 ∗ 𝟐 + 𝟏𝟓. 𝟎𝟓 𝒎𝒎 ∗ 𝟑) ∗ 𝑵𝟓 = 𝟐𝟖𝟕. 𝟒 𝒎𝒎

(26)

The resistance that the winding length and thickness causes at 100 C:
𝑾

𝑳
𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) = 𝝆𝟏𝟎𝟎° ∗ 𝑻𝒉𝒊𝒄𝒌∗𝑾

𝒕 𝒔𝒆𝒄𝟔

= 𝟎. 𝟏𝟏𝟑 𝜴

(27)

The DC losses are calculated for the 12 V secondary layer:
𝑷𝑫𝑪 𝑳𝒐𝒔𝒔 = 𝑹𝑫𝑪(𝟏𝟎𝟎𝑪) ∗ 𝑰𝟐𝑺 𝟏𝟐 𝑽 = 𝟐𝟐. 𝟖𝟖 𝒎𝑾

(28)

The secondary current density (ISCD) is calculated for the 12 V secondary layer:
𝑰𝑷𝑪𝑫 =

𝑰𝑺 𝟏𝟐 𝑽
𝑾𝒕 ∗𝑻𝒉𝒊𝒄𝒌

= 𝟕. 𝟗𝟖𝟓 𝑨/𝒎𝒎𝟐

(29)
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All necessary information has been obtained to draw the planar transformer windings.
Additionally, the currents and DC losses are checked that they stay under the
recommended value. Now it is possible to design four different variations in Autodesk
EAGLE. Figure 26 shows one finished planar transformer in which the windings are
drawn in the layers, and holes for the ferrite core are drilled.

Figure 26. A complete planar transformer designed (upper) and transformer winding design (lower).
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5

Testing

The first part of the test is to check whether the protoboard operates as expected and
produces the right amount of current and voltage. Later, PCBs are tested in conducted
emission, thermal, and efficiency tests.

When measuring isolated converters, it is important to keep in mind that there are two
grounds, and the isolation should not break. When measuring with an oscilloscope, it is
possible to connect these grounds, if regular single-ended probes are used. Because of
this, a voltage differential probe is used to measure on the secondary side. A voltage
differential probe enables measuring between two reference points. [18.]

5.1

Functionality

The functionality test is to verify that the converter can deliver stable voltage at its all
outputs under three different battery voltage levels. The outputs are tested with two
separate loads of low and high load. But before the tests can begin, both boards must
operate.

5.1.1

New Design Issues

When the new design was tested, the MOSFETs were conducting simultaneously and
generating a short circuit. The issue was caused due to the slow gate signal that drives
the MOSFETs represented in figure 27. When the MOSFET gate was measured, an
increase in the duty cycle was seen. However, the duty cycle should remain the same
throughout the amplifier circuit.

Figure 27. Gate signals in blue and yellow.
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The first suspicion was parasitic capacitance of the transistor. The parasitic capacitance
can be ignored in many cases, but in high-frequency circuits, it may cause problems.
The capacitance can affect the turn ON and turn OFF times. These effects are usually
seen when the signal is turned OFF and ON as a smooth rounding. But when the
capacitance of the transistor was checked in the datasheet, the internal capacitance was
minimal, and the gate signal did not look like a capacitance issue. Therefore, this could
not be the main issue.

The next suspect cause of the failure is resistance. This issue can be caused because
of too much resistance in the transistor base limiting the current. There is not enough
current for quick switching, which will generate a delay. These can be seen as an ingress
in a duty cycle. All resistors shown in figure 28 were modified for lower resistance value
to pull more current to the transistors and switch the transistors faster.

Figure 28. Low side gate driving circuit.

The enhanced signal is seen in figure 29, showing how the gate signals overlap and
generate a short circuit. Although the resistance values made the driving signal better
and more similar to the simulation, the issue remains.

Figure 29. Gate signals when resistance values changed on the left, the starting point on the center, and
simulating signal on the right.
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Although this implementation method is certainly not impossible, the driving circuit needs
more in-depth problem solving and more significant changes. This is an excellent
example of when something works in the simulation but not in the real world. Transistors
have multiple variables, and they may cause unexpected issues, especially in highfrequency design. Nevertheless, due to a lack of time, the driving circuit was removed
and replaced with a driver. The driver schematic is illustrated in figure 30.

Figure 30. New driver for the MOSFETs

When the driver was placed on the PCB, the gate signals were tested. The tested gate
signals are represented in figure 31. Now the signal is clean, and there is no delay
generated.

Figure 31. New gate signals on the low (red) and the high side (blue).
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5.1.2

Output Voltage Test

Now both converters are in working condition, and output voltages can be compared.
First, the winding ratio must be decided for the planar transformer used in the new
design. All four planar transformers were tested under maximum load. The primary
current, primary voltage, and both secondary voltages were measured. The results are
shown in figure 32. The X-axel shows the simulation results and different turn ratios
starting from five primary turns, five secondary turns, two secondary turns, five primary
turns and so on. The Y-axel shows the currents and voltages. Primary voltage remains
the same regardless of the turn ratios. The primary current will increase when the turn
ratio is raised in the 12 V secondary due to increased voltage demand. But which of
these would be the best option for a new converter?

The secondary side voltage matters the most in the choice of the transformer. The
closest to the simulation values were transformer 5525, and the best options for
comparison are 5525 and 5625. These transformers will generate the right amount of
voltage for the secondary side. Three turns on the 5 V secondary are causing too much
voltage, and therefore, they cannot be used as it is. Of course, voltages could be adjusted
with a resistor to generate a voltage drop, but it will affect efficiency and costs.

Primary Current

Primary Voltage

900

12.5
12.4
12.3
(V)
12.2
12.1
12

800
(mA) 700
600
500

5525 5535 5625 5635 SIM

5525 5535 5625 5635 SIM
Transformer Turn Ratio

Transformer Turn Ratio

Secondary 12 V

Secondary 5 V
7.5
7
6.5
(V) 6
5.5
5
4.5

14.5
14
13.5
(V) 13
12.5
12
11.5
5525 5535 5625 5635
Transformer Turn Ratio

SIM

5525 5535 5625 5635

SIM

Transformer Turn Ratio

Figure 32. The Planar transformer characteristics were tested in the real world and in the simulation under
a maximum load.
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Now the transformer turn ratios are determined, and the comparison test may begin. The
test is performed with two different loads that are applied to all outputs. Load values are
illustrated in table 10. The 12 V outputs are supplied with an electronic load, and the 5 V
output is provided with a resistive load. 5 V load remains the same on the high and low
load test.
Table 10. Different load in the outputs.

Outputs

Low Load

High Load

12 V HV (Secondary)

100 mA

400 mA

12 V LV (Primary)

100 mA

300 mA

5 V HV (Secondary

110 Ω

110 Ω

Figure 33 shows the 12 V secondary side test results under a high and low load. The
new and current design output voltage differences on the secondary side are visible
under both loads. The 5625 design is the closest option for the current design.

When the high load is applied in the new design, almost a one-volt voltage drop occurs.
The current design output voltage stays stable under both loads. The new design also
requires a load to be applied in the output because if there is no load, it will have a 24 V
output voltage.

Output Voltage
Secondary 12 V (HV)
Low Load

15.5
15
(V)14.5
14
13.5
13
12.5
12

Output Voltage
Secondary 12V (HV)
High Load
15.5
14.5
(V) 13.5
12.5
11.5

9V

13,5 V

18 V

Input Voltage
New Design 5625
New Design 5525

Current Design

9V

13,5 V

18 V

Input Voltage
New Design 5625

Current Design

New Design 5525

Figure 33. Output voltage on the secondary side under low and high load.
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The one voltage drop issue was measured, and the issue point was found to be a
rectifying circuit. The rectifier diode can cause problems. The diodes need to have a fast
recovery time, and forward voltage should be minimized. These can be a significant
cause of losses in the diode. In this design, Schottky diodes are used, and these have
nonexistent recovery times and low forward voltage characteristics. Therefore, the diode
is unlikely as the main cause of voltage drops. [19.] The issue can also occur because
there is too much resistance in the RC snubber.

The peak to peak was measured on the 12 V secondary side under a high and low load.
Figure 34 shows the test result. Peak to peak is too high on the new design, around 700
mV. In the previous simulation, there was around 12 mV of a peak to peak. The issue is
created because there is not enough capacitance in the output. The output peak to peak
was measured when capacitance was increased with two 4.7 µF capacitors. This
decreased the peak to peak by half. Unfortunately, increasing the output capacitance will
increase the price as well.

Peak to Peak
12 V Secondary (HV)
Low Load
600
500
400
(mV) 300
200
100
0

Peak to Peak
12 V Secondary (HV)
High Load
1000
800
(mV)

600
400
200
0

9V

13,5 V
Input Voltage

New Design5625
New Design 5525

18 V

Current Design

9V

13,5 V
18 V
Input Voltage

New Design 5625

Current Design

New Design 5525

Figure 34. Peak to peak on the secondary side under low and high load.
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Primary side output voltages were tested as well, and the results are illustrated in figure
35. These values are stable under high and low loads. The transformer turn ratio will not
affect the results because the flyback supplies the voltage. This voltage can be changed
by changing the voltage divider resistance values in the flyback converters feedback, if
needed.

Output Voltage
12 V Primary (LV)
Low Load

Output Voltage
12 V Primary (LV)
High Load

15.5
15
14.5
14
(V)
13.5
13
12.5
12

15.5
15
14.5
14
(V)
13.5
13
12.5
12
9V

13,5 V
Input Voltage

New Design 5625

18 V

9V

Current Design

13,5 V
Input Voltage

New Design 5625

New Design 5525

18 V

Current Design

New Design 5525

Figure 35. Primary side 12 V output voltage results under high and low load.

Figure 36 shows the 5 V secondary voltage test results. On the secondary 5 V, the load
remains the same on high and low loads. Still, around a 0.2 V voltage drop can be seen
in the new design. Again the current design remains stable under both loads.

Output Voltage
5 V Secondary (HV)
High Load

Output Voltage
5 V Secondary (HV)
Low Load
5.4
5.3
5.2
(V) 5.1
5
4.9
4.8

5.4
5.3
5.2
(V) 5.1
5
4.9
4.8

9V

13,5 V

18 V

Input Voltage
New Design 5625
New Design 5525

Current Design

9V

13,5 V

18 V

Input Voltage
New Design 5625

Current Design

New Design 5525

Figure 36. 5 V secondary output voltages under high and low load.
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5.2

Efficiency

The efficiency test is an essential part of choosing which converter design is more
suitable, especially when the converter is used in a battery power device. Energy loss is
always unavoidable, but a well-designed converter can make the losses low and achieve
an efficiency of high 90s. The efficiency loss is generated as heat and, therefore, can
cause thermal issues and damage components. The primary sources of efficiency loss
in a switch-mode power supply (SMPS) are in switching elements (FET or MOSFET),
inductors, transformers, capacitors, diodes and PWM controllers. The inductor and
capacitor losses are more notable, mostly when incredibly low-cost components have
been used because they mainly have higher resistance. [19.]

Efficiency is possible to calculate by using the component's operation characteristics
found in the datasheet. On the other hand, when the converter starts to have hundreds
of parts, this becomes challenging and inaccurate. In order to know the efficiency of
these converters, they have to be tested.

The test was performed, applying the maximum load to all outputs. After that, the current
and voltage were measured in all outputs and inputs with an oscilloscope. These values
were used to calculate the input and output power. The test was performed under a
different supply voltage to see if this will affect the efficiency. This measuring method is
not the most accurate, but it is a useful solution for comparing different converters.

The efficiency test results are presented in figure 37. The current design is approximately
10% more efficient. There are no considerable efficiency variations when different turn
ratios are used, taking the measuring method into account.

5625

Efficiency

0.85

Current
Design

0.80

(η) 0.75

5525

0.70

5635

0.65

9V

13,5 V
Input Voltage

18 V

Figure 37. Efficiency under high load.
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5.2.1

MOSFET Efficiency

MOSFET conduction losses are calculated to estimate power losses in MOSFET-based
power electronics converters. These losses can be critical in the half-bridge converter
and therefore, they are calculated. To estimate these losses, MOSFET characteristics
are obtained from simulation and in the component datasheet. The MOSFET
characteristics are shown in table 11. [20.]
Table 11. MOSFET characteristics are obtained from the datasheet and in the simulation.

Parameter

Specification U3

Specification U1

Value

MOSFET

MOSFET

RDson

120

120

mΩ

ImosRMS

0.86

0.53

A

fsw

500

500

kHz

VDS

12

12

V

tr

8

8

ns

tf

3

3

ns

iturn_OFF

2.7

1.5

A

iturn_ON

1.2

1.2

A

To deter losses in a MOSFET, these formulas are used:

𝑬𝒐𝒏 = 𝑰𝒕𝒖𝒓𝒏𝒐𝒏 ∗ 𝑽𝑫𝑺

𝒕𝒓+ 𝒕𝒇
𝟐

𝑷𝑺𝑾 = 𝑬𝒐𝒏 𝒇𝒔𝒘

(30)
(31)

Conduction losses are calculated using datasheet on-state resistance RDson and
simulated RMS value of the MOSFET on-state current ImosRMS [20].
𝑷𝒄𝒐𝒏𝒅 = 𝜤𝟐𝒎𝒐𝒔𝑹𝑴𝑺 ∗ 𝑹𝑫𝒔𝒐𝒏
𝑷𝒄𝒐𝒏𝒅𝑼𝟑 = 𝟖𝟖. 𝟕𝟓𝟐 𝒎𝑾
𝑷𝒄𝒐𝒏𝒅𝑼𝟏 = 𝟑𝟑. 𝟕𝟎𝟖 𝒎𝑾

(32)
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Switching losses are calculated using MOSFETs rise time t r and fall time tf that are in the
component datasheet. Switching losses are computed during the transition to the ON
and OFF states. [20.]
𝟏

𝑷𝑺𝑾𝑶𝑵 = 𝟐 ∗ 𝑷𝑺𝑾𝑶𝑵𝑼𝟏 = 𝟑𝟗. 𝟔 𝒎𝑾

(33)

𝟏

𝑷𝑺𝑾𝑶𝑭𝑭 = 𝟐 ∗ 𝑽𝑫𝑺 ∗ 𝒊𝒕𝒖𝒓𝒏𝑶𝑭𝑭 ∗ (𝒕𝒓 + 𝒕𝒇 ) ∗ 𝒇𝒔𝒘

(34)

𝑷𝑺𝑾𝑶𝑭𝑭𝑼𝟑 = 𝟖𝟗. 𝟏 𝒎𝑾
𝑷𝑺𝑾𝑶𝑭𝑭𝑼𝟏 = 𝟒𝟗. 𝟓 𝒎𝑾
𝑽𝑫𝑺 ∗ 𝒊𝒕𝒖𝒓𝒏𝑶𝑵 ∗ (𝒕𝒓 + 𝒕𝒇 ) ∗ 𝒇𝒔𝒘

(35)

𝑷𝑺𝑾𝑶𝑵𝑼𝟑 = 𝟑𝟗. 𝟔 𝒎𝑾
Finally, all the values are combined to get MOSFETs total losses [20].
𝑷𝒍𝒐𝒔𝒔 = 𝑷𝒄𝒐𝒏𝒅 +𝑷𝑺𝑾_𝑶𝑵 + 𝑷𝑺𝑾_𝑶𝑭𝑭

(36)

𝑷𝒍𝒐𝒔𝒔𝑼𝟑 = 𝟐𝟏𝟕. 𝟒𝟓𝟐 𝒎𝑾
𝑷𝒍𝒐𝒔𝒔𝑼𝟏 = 𝟏𝟐𝟐. 𝟖 𝒎𝑾
One of the first fix to improve MOSFET-based converter efficiency is to utilize MOSFETs
with low RDson and quick switching transients. The losses in the MOSFET were calculated
above, and they were around 300 mW. To ensure the calculations, the efficiency was
tested with different MOSFETs to see if the MOSFET will decrease efficiency loss in the
real-world test. There was only a slight improvement in total efficiency by changing the
MOSFETs, as shown in figure 38. The MOSFET is not the primary source of the losses
in this design, as the calculations showed.

Efficiency
5525 78SQ231

0.70
0.69

(η)

5525 original

0.68
0.67
9V

13,5 V

18 V

5525 771PMV65

Input Voltage
Figure 38. Efficiency tested with different MOSFETs.
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5.3

Thermal Camera Test

To specify where the significant efficiency losses are made, thermal pictures were taken.
The efficiency losses that are made in the converter will be generated as heat. Therefore,
the thermal camera pictures will show very clearly where the most significant losses are
made. Figure 39 shows the current design. This converter is not generating a
considerable amount of heat. The hottest areas are on the primary side, where the
MOSFET is the hottest, around 56 degrees. The buck converter and rectifying circuit will
generate the most heat on the secondary side, but this side is significantly cooler. The
LDO is cold because it will only generate 250 mW of power.

Figure 39. Thermal pictures from the current design on the left, primary side on the middle and
secondary on the right.

In figure 40, a new design with a 5625-planar transformer design is shown. This design
is generating the most amount of heat. The non-isolated flybacks coupled inductor is the
hottest, around 104 degrees. Due to a higher demand for current for the planar
transformer, the non-isolated flyback needs to work harder.

Figure 40. Thermal pictures from the new design (5625) on the left, the flyback on the middle, and
the half-bridge on the right.
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In figure 41, the new design with a 5525-planar transformer is shown. When the
transformer's turns are decreased by one turn on the secondary 12 V side, the current
demand decreases. This will cool the hottest point on the flyback, approximately 20
degrees.

Figure 41. Thermal pictures from the new design (5525) on the left, the flyback on the middle, and
the half-bridge on the right.

In figure 42, the planar transformer core temperatures are shown. Planar core
temperatures are affected when the 12 V secondary side turn ratio increases, such as
previous thermal pictures shows. These core temperature increases can be seen as an
efficiency loss, but they are not so significant in the new converter design.

Planar Transformer Core Temperature
55
49

50
45.5

50

45.7

45
(°C)
40
35
30
5535

5525
5635
Transformer Turn Ratio

5625

Figure 42. The planar transformer core temperatures were measured inside of a planar transformer
ferrite core.
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As the thermal pictures present, the most significant amount of heat is generated in the
new converter design and in the non-isolated flyback section. Therefore, the non-isolated
flyback efficiency was measured separately. Efficiency results are shown in figure 43.
The efficiency of the non-isolated flyback was around 80%.

Non-isolated Flyback
0.9

(η) 0.8

0.7
9V

13,5 V

18 V

Input Voltage
Figure 43. The non-isolated flyback efficiency test.

Now it is possible to calculate the half-bridge efficiency by using equation 37.
𝜼𝒕𝒐𝒕 = 𝜼𝒇𝒍𝒚𝒃𝒂𝒄𝒌 ∗ 𝜼𝒉𝒂𝒍𝒇−𝒃𝒓𝒊𝒅𝒈𝒆
𝜼𝒉𝒂𝒍𝒇−𝒃𝒓𝒊𝒅𝒈𝒆 = 𝜼

𝜼𝒕𝒐𝒕

𝑭𝒍𝒚𝒃𝒂𝒄𝒌

𝟎.𝟕

= 𝟎.𝟕𝟗 = 𝟎. 𝟖𝟗 ≈ 𝟗𝟎%

(37)
(38)

It is clear that most parts of the losses are generated in the non-isolated flyback,
approximately 20%. To improve the non-isolated flyback, the coupled inductor requires
to be changed. Two fundamental phenomena can describe coupled inductor losses, core
and winding loss. The core loss depends on the magnetic properties of the inductor, and
winding loss is generated by the DC resistance (DCR).
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5.4

Conducted Emission Test

EMC testing ensures that the electronic or electrical devices do not emit too much
electromagnetic interference (EMI) and could be used under many electromagnetic
appearances. EMC testing is mandatory in every electronic device, and regulatory
bodies have made boundaries on how much electromagnetic interference it can
generate. [21.]

Figure 44 shows the three components of an EMC problem. EMC problems always have
a source of electromagnetic energy, such as an electric motor, a coupling path, such as
a cable, and a victim that cannot operate correctly due to electromagnetic energy, such
as an IC. When problems occur, each of these three elements are presented, although
they are not easily recognizable in all situations. Therefore, when solving the EMC
problem, at least two issues must be identified, and one of them eliminated or
attenuating. [22.]

Figure 44. Elements of an EMC problem [10].

Two different EMC Pre-Compliance tests exist, radiated, and conducted. A conducted
emission test is typically performed first in the process for EMC Pre-Compliance. This
test checks undesired signals that the DUT causes on the AC mains. Conducted radio
frequency emissions are electromagnetic interference generated by electrical activity in
a conductive material, for example, data, signal, or power cables. The conducted
disturbance can couple into another component or another device separated from the
converter and provide unwanted signals that create problems. [23.]
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The conducted emission test bench has a spectrum analyzer, a line impedance
stabilization network [LISN], a limiter, an electrically insulated table, and a DUT. [23.]

The test was performed for the positive supply from 10 kHz to 120 MHz, illustrated in
figure 45. Figure 45 shows that the current converter operates better on the high
frequency, and the new power converter works better in lower frequency. Unfortunately,
these are not comparable results.
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Figure 45. New converter 5525 (left) and current converter (right) positive supplies measurements.
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The new converter has too many external devices, such as a half-bridge driver and a
function generator that creates the PWM signal to the driver. Figure 46 shows when the
function generator is turned OFF and disconnected from the DUT. It is possible to see
how much noise this produces when the device is not even ON from 35 kHz to 10 MHz.
All external devices should be replaced with internal devices to perform any comparable
EMC tests result.

Figure 46. Removing devices.
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6

Summary

The goal of this project was to design two PCB protoboards. One from the existing design
and one new design. The new design was expected to be cheaper, have better EMC,
and more shallow options without losing power and controllability capabilities. Both
protoboards were brought into operation, and the comparable test could be performed
for others except EMC due to an external device. Therefore, it is impossible to know yet
whether improvements have been made in EMC.

The test results showed that the new design is not good enough to replace the current
converter. The disadvantages of the new designs were low efficiency, no stable output
voltages with different loads, more parts, and external devices. All of these
disadvantages are located, and it is possible to improve and eliminate them. However,
the new design is significantly cheaper and a potential alternative for the current
converter. Therefore, the development work should not be stopped here. By further
developing the converter, it is possible that the new design is going to be a better option.
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