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ABSTRACT

This study presents the design of a multiple-output flyback converter (MOFC) with
independently controlled outputs for a television power supply system. The proposed
converter is capable of independently controlling the output voltage and output cur-
rent of multiple outputs, allowing for efficient and precise power delivery to various
subsystems within the TV. The current of the backlight LEDs and the system supply
voltage are controlled independently, and the backlight LEDs are directly fed from the
same flyback transformer, eliminating the need for a buck or boost converter stage.
The 12V system voltage is regulated by an additional N-MOSFET. Thanks to the
absence of an extra converter stage and the use of small transformer sizes, both card
sizes and costs are reduced while achieving higher peak efficiency and power density.
The simulation and experimental designs of the proposed model are explained in de-
tail, and the results are shared. Regulation of both outputs is achieved and measured.
The worst regulation of the outputs is measured when the 12V output voltage ripple
level is %5.61 when both output loads are light. At full loading conditions, the ripple
level of 12V is measured %2.28. Thermal measurements are done in room conditions
at full loading conditions at an input voltage of 230VAC. The peak temperature is
noted 74.0 Celcius on the flyback MOSFET. Power card sizes are reduced by %28.8
and the BOM cost is decreased by 0.46 USD and the peak efficiency is measured

%90.85 which is increased by %1.35 in comparison to the conventional card.
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OZETCE

Bu caligma, bir televizyon gii¢ kaynagi sistemi igin ¢ikiglari bagimsiz control edilen
cok cikigh bir flyback déniistiiriicii tasarimimi sunmaktadir. Onerilen déniistiiriicii,
TV icindeki cesitli alt sistemlere verimli ve hassas gii¢ dagitimina izin vererek, ¢oklu
gikiglarin ¢ikig voltajini ve akimini bagimsiz olarak kontrol etme yetenegine sahiptir.
Arka 11k LED’lerinin akimi ve sistem besleme gerilimi bagimsiz olarak kontrol edildi
ve arka 151k LED’leri dogrudan ayni flyback trafosundan beslenerek bir disiiriicii veya
yikseltici dontistiiriicii agamasina olan ihtiyaci ortadan kaldirildi. 12V sistem voltaji
ek bir N-MOSFET tarafindan regiile edildi. Ekstra bir dontistiiriicii agamasinin olma-
mas1 ve kii¢lik transformator boyutlarinin kullanilmas: sayesinde, daha yiiksek tepe
verimliligi ve gii¢ yogunlugu elde edilirken, hem kart boyutlar1 hem de maliyetler
azaltildl. Onerilen modelin simiilasyonu ve deneysel tasarimi detayl bir sekilde an-
latilmig ve sonuglar paylagilmigtir. Her iki ¢iktinin regiilasyonu saglandi ve olgiildii.
Cikiglarin en kotii regiilasyonu, her iki ¢ikig yiki de hafitken 12V ¢ikig voltaji dal-
galanma seviyesi %5.61 oldugunda o6l¢iildii. Tam yiik kogullarinda, 12V dalgalanma
seviyesi %2.28 olarak 6l¢iildii. Termal 6l¢timler oda kogullarinda 230VAC giris voltajinda
tam yiik kosullarinda yapildi. En yiiksek sicaklik, flyback MOSFET’inde 74.0 Cel-
cius olarak not edildi. Geleneksel karta kiyasla gii¢ kart1 boyutlar: %28,8 oraninda
kiiciildii, BOM maliyeti 0,46 USD azald1 ve en yiiksek verimlilik %1,35 artarak %90,85

olarak ol¢iildii.
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Chapter I

INTRODUCTION

1.1 History of TVs

The engineer and inventor John Logie Baird invented the first television (TV) in the
1920s [1]. Since then, TVs have been developed worldwide. In the 1950s, with the
introduction of color TVs, they became a staple furniture item in households [2]. The

classification of displays is represented in Figure 1.

Display Technologies
Y
)
Classical Display Slim Display

catne Ray e

Emissive

(CRT)
_— Liquid Crystal Display
Projection TV Plasma (PDP) (LCD)
| —

Organic Light Emitting
Diode (OLED)

MiniLED

Figure 1 Classification of display technologies

(Classical displays primarily include CRT and projection TVs. CRT TVs utilize
electron guns at the rear to generate light. To accelerate the electrons toward the TV
screen, a flyback transformer generates a high voltage at the anode. The electrons
pass through the heated cathode tube and collide with the phosphor surface on the
screen, resulting in the illumination of the TV screen [3]. The basic structure of a
CRT is illustrated in Figure 2. CRT TVs offer advantages such as fast response times

and vibrant colors. However, they tend to be heavier, have lower resolution, and



consume more power compared to LCD TVs.

Phosphor Screen

Steering Magnets

Figure 2 Basic structure of CRT TV[23]

Projection TVs utilize the digital light processing (DLP) system, which employs
over a million micromirrors to direct light through the screen [4]. However, projection

TVs typically have lower contrast ratios and resolutions compared to LCD displays.

The structure of a projection TV is depicted in Figure 3.

Screen
Lens

omo™*

(Digital Micromirnor Device ™ )

Colour wheel

Figure 3 Basic structure of projection TV|[24]

In the slim display technology category, plasma TVs were among the most im-

pressive large-screen TVs available in the market due to their wide viewing angles,



fast response times, high dynamic contrast ratios, and thin form factor. Each pixel
in a plasma TV typically contains three electrodes: the scan (Y), sustain (X), and
address (A) electrodes, as depicted in Figure 4. These pixels work together to create
a full-color image, with individual subpixels for red, green, and blue [5][6]. However,

one disadvantage of plasma TVs is their relatively high power consumption.

>"_‘ —5
e [}
[} o
'8 _2
s ©
8 —
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”=J c
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©

@©
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(] =1
_m

Address Electrode (P}W pixel

Figure 4 Basic structure of plasma TV/[6]

The OLED display represents the most advanced display technology available
today, offering exceptional picture quality and installation flexibility. Unlike LCD
displays, OLED panels do not require a separate backlighting system. Instead, each
individual pixel emits its own light, resulting in vibrant and accurate colors. Further-
more, the self-luminous nature of OLED displays allows for deeper blacks, leading to
an outstanding contrast ratio. Figure 5 provides a comparison between the structures
of OLED and LCD displays, highlighting the differences between the two technologies.

LCD displays have been an integral part of our daily lives for over 40 years.
They find extensive use in various devices such as mobile phones, notebook PCs,
video equipment, TVs, and navigation systems [8]. In LCD TVs, LEDs serve as the
backlight units, as depicted in Figure 5, due to their efficiency, reliability, and ability
to facilitate thinner TV designs. The pixels of an LCD TV contains liquid crystals
that require energization to form an image on the screen. As the pixels do not have
a light source, the backlight LEDs illuminate them, allowing us to see the image

displayed on the screen. LED TVs offer compactness, low power consumption, thin
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Figure 5 OLED and LCD display structures|7]

profiles, and operation at low voltages. However, they do have drawbacks, including
lower contrast ratios and slower response times [9].

Currently, LED TVs continue to dominate the television market. LED panels are
extensively used in indoor and outdoor applications, ranging from 22” to 108" TVs,
as well as visual solution (VS) platforms. These LED panels are supplied power by
an isolated power supply card. The luminance level of the LEDs is determined by the
current drawn by them. Therefore, the power supply card is responsible for controlling
the supplied current to the LEDs. This thesis aims to investigate the design of a
power supply card specifically for LED TVs up to 43” in size. A novel design will be
proposed, accompanied by a detailed explanation of its working principles, operational
stages, and design considerations. The thesis will present simulation results as well

as hardware implementations and their corresponding outcomes.



1.2 Motivation

The power supply card of a TV typically provides power to both the mainboard
and the backlight unit. The mainboard of the TV generally requires a voltage level
ranging from 12V to 13.2V, which is typically supplied directly by the main converter
transformer. On the other hand, the voltage levels required by the backlight unit
can vary based on the panel size and screen technology. The conventional power
supply cards for LED TVs utilize cascaded DC-DC converter structures, such as boost
converters and buck converters, to supply the backlight unit. This structure generates
the necessary voltage level for the backlight and regulates the current flowing through
the LEDs to achieve the desired luminance. However, this cascaded structure has
drawbacks, including reduced efficiency, increased space requirements on the power
card, and higher costs.

The primary motivation is to enhance efficiency while reducing the size of the
power card and the overall bill of materials (BOM) costs. This can be achieved by
proposing a new method to supply the TV backlight directly from the main converter

transformer, eliminating the need for an additional cascaded DC-DC converter block.



Chapter 11

LITERATURE RESEARCH

2.1 DC-DC Converters with Isolation

TV power supplies are required to adhere to safety and reliability standards, which
include the provision of electrical isolation. This isolation is crucial for protecting
end-users from electric shock hazards. As depicted in Figure 6, electrical isolation
in TV power supplies is typically achieved through the use of a high-frequency (HF)
transformer [10]. The HF transformer ensures that there is no direct electrical con-
nection between the input and output sides of the power supply, maintaining the
necessary safety measures.

DC-DC CONVERSION WITH ISOLATION

i ISOLATION
. BOUNDARY

DC

RECTIFIER | | REGULATED
+ Z —>
FILTER ; Vout

HF

DC :
UNREGULATED;

AC INPUT RECTIFIER
EMI FILTER +
FILTER

GATE OPTiCAL ERROR |
DRIVER ISOLATOR AMPLIFER .
5 : Vref
\, FEEDBACK

Figure 6 Isolated DC-DC power supply schematic

A conventional isolated DC-DC power supply typically comprises a rectifier, a
filter, a switching device, a transformer, and a feedback circuit. The specific com-
ponent count, ratings, switching frequency, magnetic elements, and filters can vary
depending on the chosen topology.

When designing a TV power supply, it is crucial to select the appropriate topology.



This selection process should begin with determining the power requirements of the
system. Table 1 presents various topologies based on power levels and certain ratings,

offering options for consideration. In this thesis, flyback topology is selected.

Table 1 Topology selection guide[11]

Parameters Flyback | Forward | Half Bridge | Full Bridge
Switch Voltage Rating 2Vin 2Vin Vin Vin
Switch Peak Current 4‘/]]\[ 2PIN/‘/IN 2PIN/‘/IN PIN/‘/IN
Diode Voltage Rating QVOUT 2VOUT 2VOUT QVOUT
Transformer Relative Core Size 1.62 1.4 1.00 1.00
Power Limit (W) 100 200 500 2000

2.1.1 Transformer Models

HF transformers used in DC power supplies serve two primary functions: provid-
ing electrical isolation between the primary and secondary sides and stepping up or
stepping down applied voltages and currents [12].

The cores of HF transformers are typically made from ferromagnetic materials.
The typical characteristics of a transformer core can be represented by the B-H loop,
as shown in Figure 7. In this loop, B, represents the maximum flux density limit that
the core can withstand before it saturates, and B, represents the residual magnetic
flux density that remains after demagnetization.

The magnetic flux density, represented by B, can be defined as the product of
magnetic permeability and the magnetic field intensity H. Mathematically, this rela-

tionship can be written as:

B =g % pp x H (1)

where H represents the magnetic field intensity, B is the magnetic flux density,
1o is the magnetic permeability of free space and p, is the magnetic permeability of

the medium.



Figure 7 B-H hysteresis of a transformer core[13]

When the excitation of the HF transformer is sinusoidal, the resulting magnetic
flux in the core also becomes sinusoidal. As the magnetic field intensity (H) increases,
as indicated by the arrows on the curve in Figure 7, the magnetic flux density (B)
rises until it reaches the saturation point (Bs,;). Then, as the magnetic field intensity
decreases, B follows a different path and approaches the residual magnetic flux density
(B,). Even when H reaches zero, the maximum flux density remains at B,. This
residual magnetic flux persists within the core material. Only a specific negative value
of H can fully eliminate this residual B. This characteristic behavior of magnetic core
materials is known as the hysteresis B-H loop [13].

The basic structure of a two-winding transformer and its equivalent circuit model
are depicted in Figure 8. In many power electronics circuits, the equivalent model
can be utilized by neglecting factors such as leakage inductance, core resistance,
and copper resistance. The equivalent model allows for the representation of the
transformer in the circuit. In this model, L,; represents the magnetizing inductance.
The input-output relationships can be expressed as follows:

u_ N

= — = 2
i A (2)
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Figure 8 Transformer representation: (a)two-winding transformer; (b) equivalent cir-
cuit model [12]

i Ny

1
RN n )
where V; is the number of turns of the primary winding and N, is the number of
turns of the secondary winding, and n is the turns ratio.

According to equations (2) and (3), the voltage ratio is the inverse of the current
ratio. This relationship arises due to the dot convention, as illustrated in Figure
8(b). The dots indicate the winding directions and represent the polarity between
the two windings. In the primary side, the dotted terminal is considered positive, and
correspondingly, on the secondary side, the dotted terminal voltage is also positive.
When the current enters the primary side through the dotted terminal, it can be said
that the current leaves the dotted terminal on the secondary side in accordance with
the turns ratio. This dot convention ensures that the voltage and current relationships

are consistent with the winding polarities and turns ratio of the transformer.

2.1.2 Flyback Converter

The flyback converter has been a popular choice for industrial applications for many
years. It is a commonly used topology for low-power DC-DC switch mode power

supplies (SMPS). The flyback converter offers several advantages, including simplicity



in design, low cost, good electromagnetic interference (EMI) performance, support for
multiple outputs, and high efficiency. It is particularly favored as a topology for TV
power supplies with power ratings below 80W.

The operation of the flyback converter is based on a coupled inductor that trans-
fers power from the primary side to the secondary side while providing electrical
isolation between the input and output. This characteristic makes it suitable for of-

fline converter applications[22]. A conventional Flyback converter is depicted below

Ini
< +
nq =:+C Vo1
[ ] 1 )
hvd

Figure 9 Conventional flyback converter circuit

in Figure 9. Basically, it contains a dc-link capacitor, transformer, switching mosfet,
rectifier diode, and output capacitor. Energy is stored in the magnetizing inductance
of the transformer during the primary switch is ON state. Primary current linearly
rises up since input voltage is constant. When the switch turns off, the stored energy
is transferred to the secondary winding. At this sudden, the diode is forward-biased
because of the polarity of winding, and the current flow is allowed to charge the out-
put capacitors. During the primary is ON state, the load is fed from charged output
capacitors[10][12].
In the flyback converter, the input-output voltage relationship is given in eq. 4.

ny D
Vor = Vip X — X
! np 1-D

(4)

where n, and n; are primary and secondary number of turns respectively. D is the

10



duty cycle which is the ratio of the primary switch on time to the switching period.
2.1.3 Forward Converter

Forward converter topology is also one of the most used topologies usually for low
and medium power applications. This converter is actually derived from a buck
converter topology[14]. The winding structure of a forward converter transformer is
quite different from a flyback converter transformer. As shown in Fig. 10, there are
three windings: n, and n, are transferring energy from primary to secondary when
the primary switch is turned on; n, is the reset winding that reduce the magnetizing

current to zero when the primary switch is turned off[12].

Dj
P
[ ]
nr I Lq
S _
] ° e D> +

] Vo1

vmd) Ip| )
Gate‘@D

.|||”.

Figure 10 Conventional forward converter circuit

Unlike the flyback converter, the dotted terminals are not inverse. When the
primary switch is turned on, the dotted terminal on the primary side is positive, so
the dotted terminal on the secondary is also positive which makes the D, forward-
biased. The primary current Ip increases linearly, and energy is transferred to the
secondary onto L; and ' filter block and to the load through the diode Ds.

When the primary switch is turned off, the polarity of the n, and n, voltages

reverses. Thus D, is reverse-biased, but D; and D3 are forward-biased. Ds is the

11



free-wheeling diode. Since D5 is forward-biased, the energy is transferred to the load
through the inductor L;. During the diode D; conducts, the magnetizing inductance
current flows back to the input and resets the core energy[15].

In the forward converter, the input-output voltage relationship is given in eq. 5.

V, = Vi x D x 8 (5)
np

The forward converter transfers the energy from primary to secondary when the
primary switch is closed. Unlike the flyback converter, the forward converter does
not store the energy in Lj;. So the magnetizing inductance of the forward converter
is not included in the input and output relationship[12]. Since the forward converter
does not store energy in the transformer, the transformer size may be smaller than

that of the same power-level flyback converter transformer|15].
2.1.4 The Push-Pull Converter

Fig. 11 shows the conventional push-pull converter circuit. A square-wave ac voltage
is produced at the input by the operation of the primary switches ()1 and (5. On the
secondary side, a center-tapped structure is used, thus there is only one diode voltage
drop during the operation.

When ) is turned on, diode D, is forward-biased, D; is reverse-biased, and
current [7; is linearly increase and charge the capacitor. When () is turned on,
diode D, is forward-biased, D is reverse-biased, and current I is linearly increase
and charge the capacitor. When both primary switches are turned off, there is no
current flow on the primary windings. Voltage polarity of the inductor L; is reversed
and D; and Dy are forward-biased. The current of the inductor L, linearly decreases
since the voltage across the L, is equal to the negative of the constant output voltage.

In the push-pull converter, the input-output voltage relationship is given in eq. 6.

V,=2x Vi x 22 %D (6)
np

where D is the duty cycle of each primary switch.

12
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Figure 11 Conventional push-pull converter circuit

2.1.5 Half Bridge Converter

The half-bridge converter is another isolated dc-dc converter that is widely used in the
industry. On the primary side, series coupling capacitors are located that minimize
the dc component of the return current to the primary as can be seen in Fig. 12, thus
the core saturation problems are minimized. Since the primary switches are driven
alternatively, the voltage of the primary winding is always half of the input voltage.
The voltage stresses of the primary switches are equal to the input voltage. Low
voltage rating transistors can be used in primary. The disadvantage of this converter
is, the source of the primary switch () is not at the ground level of the circuit,
but is at high-ac level. The gate driver of this transistor must be isolated from the
ground[14][15].

When ; is on and @) is off, the rectifier diode D, is forward-biased and diode
Dy is reverse-biased. The primary winding voltage is half of the input voltage, so the
primary current increases linearly and stores energy in the primary winding. Since

the D is forward-biased, energy is directly transferred to load over the inductor L.

13
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Figure 12 Conventional half-bridge converter circuit

When both primary switches @)1 and ()2 are off, same as the push-pull converter,

there is no current flow on the primary windings. Voltage polarity of the inductor
L, is reversed and D; and D, are forced to be forward-biased. The current of the

inductor L, linearly decreases since the voltage across the L, is equal to the negative

of the constant output voltage.
When @) is on and @) is off, the polarity of the primary winding voltage is

reversed, therefore the rectifier diode D; is forward-biased and diode D, is reverse-

biased. The primary current starts to build up and transfer the energy directly to

the secondary winding[15].
In the half-bridge converter, the input-output voltage relationship is given in eq.
(7)

7.
V,=Vin x 2 x D
np

where D is the duty cycle of each primary switch.
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2.2 Modes of Operation

HF transformer that is used in flyback circuits stores the energy in the transformer
during the primary switch is on as shown in Fig. 13(a), and transfers it to the
secondary when the switch is turned off as shown in Fig. 13(b). In Fig. 13 faded
lines represent there is no current flow, open circuit, solid lines represent there is a
current flow. The behavior of the inductor current determines the mode of operation.
If the inductor current does not decrease to zero and stays always positive, this mode
is continuous conduction mode (CCM). However, the inductor current decrease to
zero and beyond, this mode is discontinuous conduction mode (DCM). There is a
boundary between CCM and DCM where the inductor current decreases to zero and
raise up again at the start of the next cycle. This mode is called transition mode or

boundary mode.

%

i
alf

(a) (b)

Figure 13 Operation of a flyback converter: (a) primary switch is ON; (b) primary
switch is OFF

All operation modes are analyzed according to steady-state operation, input power
and output power are equal. Also, leakage inductance, stray capacitors, core losses,

and copper losses are neglected.
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2.2.1 Continuous Conduction Mode

In CCM, energy is stored in the transformer by the primary current ramps up during
on-time (DT'), then the energy is not fully dissipated during off-time (7" — DT).
There is still current in the transformer and never falls to zero. The inductor current
remains positive and flows continuously. The voltage and current waveforms of CCM
operation are shown in Fig. 14.

Average source current [g is related to the average of inductor current Iy,,. It
can be calculated from the triangle in the waveform of 75 as shown in Fig. 14. It’s
expressed in eq. 8.

I % DT
ISZ%ZILMxD (8)

The change in inductor current can be written as,

NP ()
Ly

The peak of the inductor current is expressed as follows;

Aipy
2

Irnrmaz = I + (10)

CCM mode of operation advantages are small ripple and RMS current, lower
switching loss, lower core loss, and smaller EMI filter and output filter. On the other
hand, difficulty control, low light-load performance, and higher voltage stress on the

secondary diodes are the disadvantages of it[16].
2.2.2 Discontinuous Conduction Mode

In DCM, the energy is stored in the transformer during on-time same as in CCM,
but it is dissipated by the load completely during off-time. The inductor current falls

to zero and stays zero before the start of the next cycle as shown in Fig. 15.
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Figure 14 CCM operation of a flyback converter

Since the inductor current start at zero, the required output power must be pro-
duced until the current reaches the peak value. This causes a higher RMS and peak
current than CCM. The peak inductor current is obtained from the area of the triangle

in the waveform of iy, shown in Fig. 14.

. VS x DT
[LM,max = Al = L— (11)
M

The average source current can be calculated from the area of the triangle in the

waveform of 73, shown in Fig. 15.

Vs x DT 1 1  VexDT
S X A DT x—x— =8 XPD 12
L %7 2ns (12)

Is
The advantages of DCM are ease of control, lower inductance allows small trans-
former design and no diode reverse recovery losses. The disadvantages of DCM are

large ripple and peak current, higher switching losses, higher core loss, and large EMI

filter and output filter[16].
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Figure 15 DCM operation of a flyback converter

2.2.3 Boundary of CCM and DCM

In boundary mode, the inductor current falls to zero at the end of the switching
period and the next switching cycle begins at this instant. In boundary mode, the
voltage and the current waveforms are shown in Fig. 16.

From the waveform in Fig. 16, the average inductor current,

1 Ve x DT

It QAZLM 2L ( 3)

The advantages of boundary mode are no diode reverse-recovery losses, lower
inductance that allows the designing of a small transformer, and ease of control.
Besides these, the disadvantages of boundary mode are large ripple and peak current,

high core loss, high switching loss, large EMI filter, and output filter[16].
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Figure 16 Boundary mode operation of a flyback converter

2.3 Multiple Output Flyback Converter

The power supply system of a television (TV) is responsible for delivering reliable and
precise power to various subsystems within the TV, such as the display, audio, and
control circuits. Conventional power supply designs often utilize multiple transformers
and voltage regulators to provide isolation and voltage regulation for each subsystem,
resulting in a complex and costly system.

To address these issues, multiple-output flyback converters have been proposed
as a potential solution for TV power supply systems. These converters utilize a
single flyback transformer and multiple control loops to provide electrical isolation
and power conversion for multiple output rails. The ability to independently control
the output voltage of each rail allows for efficient and precise power delivery to the

various subsystems within the TV.

The MOFC (Multiple Output Flyback Converter) is one of the most used SMPS
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structures for low-power and isolated applications. The MOFC has wide usage areas
such as TVs, computer power supplies, electric vehicles, military applications, and
telecommunication systems [17]. However, in general, the main output is regulated
and the other output is not regulated tightly. The non-regulated output tracks the
regulated output, so it is acceptable only for light loads or it must be used with a

post regulator or an additional converter structure.
2.3.1 Conventional MOFC Model

The block diagram of the conventional model is shown in Fig. 17. This conventional
model consists of a flyback and a boost converter stage. The LED winding output
of the flyback converter which is the input of the boost converter is non-regulated.
To get a regulated and controlled LED current, there is used boost converter and
controlled by LED driver IC. The flyback is controlled by the feedback of the main

12V system output voltage.

Non-regulated DC Boost Regulated DC
Converter LED Output
Non-regulated DC Stage
176-265V Rectifier and Flyback 1
AC Input Filter Converter
Regulated DC =~ —————
12V System
Output

Figure 17 Conventional MOFC Block Diagram for TV Power Supply

The luminance level of the screen depends on the amount of current that flows
through the LEDs of the TV backlight unit. LEDs’ current is controlled by the
LED driver controller IC. In conventional MOFC, the LED driver stage is a boost
converter to get demanded regulated current and voltage for the LEDs. As shown
in Fig. 18, the boost converter contains an inductor, a MOSFET, a diode, and an
output capacitor.

The working principle of conventional MOFC is the same as conventional Single-

Output Flyback Converter. The main output is regulated by monitoring the output
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Figure 18 Conventional MOFC schematics for TV Power Supply

voltage, and the controller generates a PWM signal for the primary switch. Other
outputs are not regulated and they only track the main output regulation, so they
are affected by load changes on the main output. Energy is stored in the magnetizing
inductance of the transformer during the primary switch is ON. Primary current
linearly rises up since the input voltage is constant. When the switch turns off, the
stored energy is transferred to the secondary and tertiary windings. At this instant,
secondary diodes are forward-biased because of the polarity of windings, and the
current flow is allowed to charge the output capacitors.

Due to one of the outputs being non-regulated, the conventional MOFC is used
with an extra converter stage. This additional converter stage regulates and controls
the LEDs’ current of the TV Backlight. However, it decreases the efficiency while
increasing the card sizes, the number of component count, and costs.

Several methods are presented to regulate the MOFC outputs fully. In [18] inde-
pendent control of two outputs with two transistors is presented. One controller, one
diode, and one switching device are needed for each regulated output, which means
a high component count and cost. In [17] GaN HEMTs are used as SRs instead of
diodes. The number of components is low and converter efficiency is %86.9. However,

since they have no current regulated output, both presented methods are incompatible
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with supplying controlled current to the LEDs of the TV backlight unit.

This thesis proposes a new design of MOFC for TV power supply with indepen-
dently controlled two outputs for better efficiency and higher power density. The
proposed model is designed to supply a LED TV, therefore one of the outputs that
supply the TV backlight LEDs is current controlled, and the other output that sup-

plies the 12V TV system voltage is voltage controlled.
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2.3.2 Proposed MOFC Model

Fig. 19 shows the block diagram of this new model that proposes a one-stage flyback

topology to supply a LED TV with independently regulated outputs.

( \ Regulated DC
LED Output
: Non-regulated DC
176-265V Rectifier and Flyback
AC Input Filter Converter
Regulated DC
12V System
Output

Figure 19 Proposed MOFC Block Diagram for TV Power Supply

As shown in Fig. 20, in the proposed model the boost bobbin, the boost MOSFET,
and the diode are out of the circuit which are marked with the dashed red line.
An extra N-MOS is added to the circuit to regulate the 12V system voltage which
is marked with a solid green line. It is placed right after the diode of the 12V
system winding output. The proposed model ensures that two outputs are regulated
independently. Only one magnetic component is used and there is no need post
regulator or an extra converter stage to supply a controlled current to the LEDs and

12V system voltage.

i Boost Converter

.|||||

Figure 20 Proposed MOFC schematics for TV Power Supply

In the proposed model, FAN6300 PWM Controller is used on the primary side
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to control the primary MOSFET. On the secondary side, the MP4657A 4-String
LED driver and system voltage controller [19] is used for individual control of both
LED current and 12V system voltage. MP4657A outputs a gate signal to control the
system MOSFET (Qg) and regulates the 12V system voltage, and it also outputs a
feedback signal to control the primary MOSFET (Qp) through an opto-coupler.
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Figure 21 Switching Sequence of Proposed MOFC Model

The switching sequence is shown in Fig. 21. During DxT's, where D is the
duty cycle of Qp and where the switching period T's is equal to ¢, — ), @p is
ON, energy is stored in the magnetizing inductance of the transformer, and primary
current ramps up. Since Qg is OFF, energy is firstly transferred to the LED winding,
and LED winding current linearly decreases. The controller monitors the minimum
LED current and compares it with the set reference value, so it can control the flyback
power and regulates the LED current. 12V system output is monitored by an external

voltage divider and compared with a different reference value, and further regulates
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the system voltage through the duty cycle control of the (g. Since Q)5 is ON, the rest
of the energy is transferred to the 12V system winding. During D, xT's, the current
linearly decreases. The gate signal of the Qg is synchronized with Qp. Therefore,
(s turns off when the primary switch turns on. At this instantaneous, the secondary
side current should be zero to achieve soft switching and avoid voltage spikes.
Working in DCM is the best option in order to ensure soft switching of system
MOSFET. Because in DCM, the inductor current is discontinuous and it falls to zero.
Switching a MOSFET when there is no current flow through on it, provides too low

switching losses which increases the converter efficiency.
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Chapter III

ANALYSIS AND DESIGN OF MODEL

3.1 Stages of Operation

The transformer of the proposed model contains 3 main power windings, the primary
winding that stored the energy during )p is ON, secondary LED winding, and sec-
ondary system winding. Since the topology operates in DCM, there are three main

intervals and one constant OFF time interval. The stages of the operation are shown

in Fig. 22.

? + .
) ny “Tol ) L P
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ny D, L= Vo2 D To2
° 1 Cz7 - 4 -
~ = v
(a) (b)
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Figure 22 Operation stages of Proposed MOFC: (a) interval-1(to-t;). (b) interval-
2(t1-t2). (c) interval-3(ta-t3).

26



interval-1 [ty<t<t;] [see Figure 22(a)]: During DxT's = t; — ty, Qp is ON,
and input current flows through the dotted terminal of the primary winding, so the
polarity of the dot is positive. Since the dot is positive, there is no current flowing
through the secondary windings because the rectifier diodes are reverse-biased. In this
interval, energy is stored in magnetizing inductance, and the primary peak current is
expressed as,
~ Vi x D x T,

[p,peak =1, = Asz — L— (14)
M

Since the input voltage is constant, the primary current ramps up linearly. During

Q)p conducts, the voltage across the magnetizing inductance is expressed as,

V;nXLM

Vim(t) = ——
LM( ) LM + Lleakage

(15)
Where Licqrage is the leakage inductance of the primary winding, but it is negligible
for this design since it is too small relative to magnetizing inductance. Therefore
Vim(t) is equal to Vj, during this interval.
Input power P, is equal to the multiplication of the input voltage V;, and the
average input current I, gyerqge- From the current waveform in Fig. 21, I, sperage 1S
calculated in eq. 16, and then P;, is expressed as follows,

Vinx DxT, DxTs 1  VyuxD*xT,

I — L Vi X P X s 1
p.average L Ty T 2% L (16)

V2 x D? x T,

1

Pin = V; X ]p,average =

Derived from the eq. 17, the duty cycle D, can be expressed as,

PmXQXLM
D=,/ ———— 18
\/ V2 xTs (18)
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interval-2 [t;<t<ty] [see Figure 22(b)]: When Qp is turned off at ¢;, the
stored energy is transferred to the secondary windings. Since Qg is OFF, firstly LED
winding is energized during Dy xT's = t, — t;, and current flows through the output
capacitor C'y. In this interval LED current is controlled, therefore output is regulated
successfully. Throughout this interval, no current flows through the system winding
and the load of the system winding, which is the mainboard of the TV, is supplied by
output capacitance Cy. During D xT's, the voltage across magnetizing inductance
Ly is expressed as,
Vim(t) = Vo X — (19)
As can be seen from eq. 19, the output voltage is reflected to the primary side
with respect to the turn ratio. And, the reflected voltage is negative because of the
winding direction.
The average magnetizing inductance current I, during D, xT's over a period is
calculated from the area under ir,,(t) as shown in Fig. 21, and expressed as follows,
I, + 1

1
[LM,average = 9 X Dl x T's x T_S (20)

The average LED winding current I,;, and the output voltage V,; during D, xT's

over a period can be written as follows,

n 1, + I, n
L1 = 10 average X —2 = — x Dy x £ 21
1= Loataverage X - 5 ol (21)
I, + I

Vor =101 X Ry =

x Dy X M o Ry (22)
n

Derived from the eq. 21, the duty cycle of the LED winding Dy, can be expressed

as,
2 X Iol 1

= 2
]a+]b nyp ( 3)

1

As can be seen from the formula, D; depends on the peak of the system winding

current [,. Calculation of the I, will be given in the interval-3.
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interval-3 [to<t<ts] [see Figure 22(c)]: Qs is turned on at time ¢, then the
rest of the stored energy is transferred to the system winding. Once (g is turned
on, it stays ON state until Qp turns on. During Dy xT's = t3 — ts, the rectifier
diode of LED winding is reverse-biased and there is no current flow through the LED
winding. Only system winding is energized, and current flows through the system
voltage output capacitor Cy. In this interval, the voltage across the magnetizing
inductance is also reflected output voltage with respect to the turn ratio, and the

sign is also negative because of the winding direction. Vp,/(t) can be written as,

Vim(t) = =Vor X — (24)
Since Vo is constant during Dy x7T's, magnetizing current decreases linearly as
shown in Fig. 21, and the peak of the system winding current, [, is expressed as,

‘/OQXDQXTS ny
e S A VA

I, = (25)

Ly n2
As can be seen from eq. 25, I, depends on the duty cycle Dy. To get Do, firstly
we need to calculate the average system winding current I, which can be found from

the average magnetizing current during Do xT's over a period,

1, 1
ILM,average = Eb X D2 X T's X T_S (26)

The average system winding current /.5, and the output voltage V5 during Dy xT's

over a period can be written as follows,

n I n
Lo = I M averace X — = — X Dy x -2 27
2 = Liataverage X 5 = 5 X Do X (27)
The output voltage V,5 can be expressed as follows,
[b ny
‘/OQZIOQXRQZ—XDQX—XRQ (28)
2 No
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By substituting eq. 27 to eq. 28, V,, is re-written as,

D T.
Vor X Dz x 1, SXEXDQXEXRQ (29)
No

Vo =
2 LM %)

Duty cycle Dy is derived from the eq. 29 as follows,

2 LM N9
Dy == x 22 5 (22 30
SR (30)

As can be seen from the formula, D, which is the duty cycle of the Qg depends
on the load, the magnetizing inductance, the period of the switching, and the turns
ratio.

interval-4 [ts<t<t,]: Since the flyback works in DCM, the inductor current
must fall to zero when the energy is transferred completely. As shown in Fig. 21,
at ts instant, the energy transfer is done and therefore inductor current stays zero
during t3<t<t; interval. This interval is set by the controller for 1us as a constant
turn-off time to ensure the DCM mode of operation. However, the gate signal of Qg

is still high until Qp turns on.

3.2 Design Consideration

Design specifications of the proposed Flyback converter are given in table 2. This
proposed model is designed to operate in a wide voltage range of 176 - 264VAC.
The line frequency range is 50 - 60Hz. Output power is defined according to the
requirements of the TV structure. TV backlight unit requires 83V 500mA, and the
mainboard of the TV requires 12.5V 2.5A for full load condition. The total output
power P,,; which is the sum of backlight unit output power P,,; ; and system output
power P, o is about 73W. Estimated efficiency, n is the ratio of total output power

to input power as given in eq. 31.

_ Pout _ Pout,l + Pout,Q
b P;

(31)
In this design, 7 is taken 0.9. P, is calculated 81W according to eq. 31.
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Table 2 Design Specifications

Input Voltage Range, Vi, | 176 - 264 VAC
Line Frequency, fjine 50 - 60 Hz
Estimated Efficiency, n 0.9
Output Power, Py 73W
Output 1, Vy, 0.5A 83V
Output 2, Vo 2.5A 12.5V
Switching Frequency, fgw 88kHz

In the very beginning of the design, DC input voltage range should be determined
first. Minimum and maximum DC input voltage calculations are given in eq. 32 and

eq. 33 respectively.

Pin X (1 . dcharge)
Cin X fline

Where Vcmin 18 the minimum AC input voltage, fin. is the line frequency of AC

VDC’min — \/2 X Vijin - (32)

input voltage, Cj, is the input DC link capacitor, and deparge is the DC link capacitor

duty ratio, which is generally assumed as 0.2.

VDCma:p = \/5 X VACmaw (33>

In this design, Vpemn is calculated 195V, and Vpomae 1s calculated 375V.
The voltage stress on the primary MOSFET depends on maximum input voltage,
reflected voltage from secondary to primary, and voltage spikes due to parasitic effects.

In flyback converter topology, the maximum drain-to-source voltage of the primary

MOSFET Vpgmas is expressed in eq. 34.

VDSmaa; - VDC’maw + VR + V;pike (34)

Where Vpemer is the maximum DC input voltage, Vg is the output voltage re-

flected to the primary, and V. is the voltage spike that occurred when the MOSFET
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turned off instant due to parasitic effects of leakage inductance of the primary wind-
ing and parasitic capacitance that is the total capacitance on the primary MOSFET
drain node.

Choosing Vjy is a trade-off between voltage stresses of primary MOSFET and
secondary diodes [20]. Too high Vg means higher turns ratio and Vpguq, but lower
secondary diode stress. Too low Vi means lower turns ratio and Vpgna, but higher
secondary diode stress [21]. Vg is defined as 105V at first.

Vpike is assumed 60V for this design. Note that Vpgmaes is below %90 of the rated
voltage of the primary MOSFET for safe operation. So that Vpgne is 540V, the

primary MOSFET should be chosen voltage rating 600V or higher.
3.2.1 Determination of D,,,, and L),

In DCM operation, the maximum duty cycle must be determined at minimum DC

input voltage at full loading condition.

Vr
Doz < ——— 35
Ve + Vbemin (35)

From eq. 35, D,,. should be chosen lower than 0.35. Once the D,,,, is defined as

0.34, the minimum primary inductance of the transformer L,; is calculated as

(VDCmin X Dmaw)Q
2 % Pzn X fS’W

Switching frequency fsy is 88kHz as given in table 3, P, is specified in eq. 31,
Vbemin and Dy, are specified in eq. 32 and eq. 35, respectively. The minimum L,
is calculated as 308uH.

The peak primary current I, pe.; can be obtained in minimum DC input and full
loading conditions. Since the inductor current falls to zero in DCM, I, ,eq is equal to

Aviryr and it is expressed as

VDCmin X Dma:p
Ly X fsw

Ip,peak = AZLM = (37)
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From the eq. 37, estimated maximum primary peak current, I, pe.; is calculated

2.44A.
3.2.2 Transformer Parameters

In order to choose the proper core type and size, manufacturers’ core catalogs are
helping a lot. The proper core should be selected according to the input voltage
range, output power, number of converter outputs, and switching frequency. In this
project, EQ3014 core is chosen.

Applying the transformer core parameters B,y is the saturation flux density in
tesla, and A, is the cross-sectional area of the core in mm? which are given in Table 3,
the minimum number of turns for the primary winding to avoid the core saturation
is expressed as

Ly x Ip,peak

Np min = m X 106 (t’U,TTLS) (38)

Here ny, i, is calculated 29 turns. After some iterations, the number of turns for
the primary winding is chosen 32 turns. With the chosen n, and chosen core, the
magnetizing inductance Lj; is obtained 325uH. The chosen core structure and the

complete flyback transformer are depicted in Fig. 23 below.

(b)

Figure 23 Flyback transformer: (a) EQ30 core structure; (b) the complete flyback
transformer
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Once the number of the primary winding turns is defined, the number of secondary
winding turns can be calculated as

Ny VR
p_ TR 39
n1 Vo1 + Viiode (39)

Where Vyoqe is the forward voltage of the rectifier diode and Vg is the LED output
voltage reflected to the primary. The number of LED winding turns n; is determined
as 22 turns, and the turn ratio between the LED winding and the system winding is
expressed as

ny  0.85 X (Vo1 + Vigiode)

= 40
no ‘/02 + Vdiode ( )

Here %15 margin is advised to ensure DCM operation and for better compensation
and reliable system operation [19]. From the eq. 40, number of system winding turns

ne is obtained as 5 turns.

3.2.3 System MOSFET Ratings

After turn ratios are defined, the voltage stress on the (Js must be considered to select
the proper MOSFET. The maximum voltage stress on the (Js occurs at the maximum
input AC voltage. Considering the parasitic effects and derating of the MOSFET,
%20 margin is advised for more safe operation. The maximum voltage rating of Qg
is expressed in eq. 41.

Vacmaz X Mo

— ACmar = T2 (41)

Vinaz. Qs 0.8 X1
: p

Vinaz,0s 1s calculated as 52V. The average current flow through g is equal to
the output current which is the system current of 2.5A. But this current is a pulse
waveform, its RMS value is 1.5-2 times of the average current. For choosing the
proper MOSFET), the current rating must be 2-3 times the RMS current. To calculate
Irus, gs, firstly we need to get Dy and I peqi- Ds is calculated from eq. 30, as 0.528.

To calculate I,2 peqk, Iy must be known. I, is calculated from eq. 25, as 1.477A.

34



Table 3 Design Parameters

Primary Inductance, Ly 325uH
Transformer Core EQ30
Saturation Flux Density, Bgat 0.25T
Cross-sectional Area of the Core, A, 108 mm?
Number of Primary Turns, n, 32

Number of LED winding Turns, n; 22

Number of System Winding Turns, n 5

Primary MOSFET, Qp 600V 20A N-Channel
System MOSFET, Qg 100V 50A N-Channel

The peak of the system winding current I, ycqr can be expressed and calculated

as
Loz pea = I % Z—;’ = 1.477 x 35—2 — 0.454 (42)
Irus, s can be calculated from the triangular shape shown in Fig. 21, as expressed

in eq. 43.

| D 10.528
[RMS,QS = Inlpeak X ?2 =9.45 x T = 3.96A4 (43)

The switching loss of this MOSFET is too low because of the soft switching.
However, conduction loss should be taken into account due to Rpg on. In this design,
100V 50A N-Channel D-PAK MOSFET is used with Rpgon is 10.2mOhm. The

conduction power loss of system MOSFET is calculated as,
Pioss.as = Ipus.os X Boson = 3.96% x 0.0102 = 160mW (44)

In order to validate the design calculations, calculated duty cycles, peak currents,
and output powers are compared to the measured and simulated values in table 4.

All calculations are done at the 320VDC input voltage and full loading condition.
3.2.4 Circuit Schematic of Proposed TV Power Supply

The proposed power supply circuit is drawn in the Xpedition Designer package pro-

gram of Mentor Graphics. The circuit schematic of the proposed model is given in
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Fig. 24. AC-DC rectifier block, flyback transformer and MOSFET, controller ICs,
outputs, and feedback structure is shown separately.

EMI filter is used at the AC input to avoid electromagnetic radiation. The AC
input voltage 176-264VAC is rectified by the bridge rectifier and the DC voltage is
charged to the bulk capacitors.

The primary side of the transformer has two windings; one is the main primary
winding which transfers the energy, second winding is the auxiliary winding which
supplies 12-18V to the flyback controller IC. Thus the auxiliary winding has a low
number of turns. The secondary side of the transformer has two windings; one is the
12V system winding and the other one is the LED winding.

Flyback MOSFET is driven by the flyback controller IC. Following the source of
the MOSFET there are current sense resistors that are 1206 size SMD and parallel
to each other. The primary current is monitored by the controller CS pin from the
voltage that occurred on the current sense resistors during the primary switch ON
time. CS pin data contributes to the generation of the PWM signal with the feedback
data and also over current protection (OCP).

On the secondary side, the 12V system output is rectified by three parallel ultra-
fast diodes and has a system MOSFET for regulation. The LED output is rectified
by two ultra-fast diodes. The LED driver and system voltage controller IC is supplied
by the 12V system output. It monitors the out voltages of two winding and returning
currents of the LEDs. According to monitored current and voltage levels, IC outputs
a gate signal to control the system MOSFET which regulates the 12V system voltage,
and feedback signal OPT which is sent to the primary flyback controller IC by an
optocoupler. This IC can control the LED’s current by using digital PWM dimming.
According to the applied duty ratio of the PWM signal, it adjusts the amount of

current that flows into LED pins.
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Chapter IV

RESULTS

4.1  Simulation Results

The proposed model is simulated in the Simulink package program of Matlab. The
proposed model circuit is constructed as given in Fig. 25 according to design specifi-
cations and design parameters which are given in table 2 and table 3 respectively.
The input voltage is set to 320VDC. The system winding output supplies 12.13V
@2.502A to the mainboard of the TV which is modeled by a resistor. 1000uF elec-
trolytic capacitor is preferred to reduce output voltage ripple. The LED winding
output supplies 83.17V @0.501A to the backlight of the TV which is modeled by a
resistor. 560uF electrolytic capacitor is preferred here because the current drawn by

the LEDs is not quite large. The rectifier diodes and MOSFETSs are modeled ideally.
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Transformer winding currents are given in Fig. 26. When the primary switch is
turned on, the primary current ramps up as marked with the black line. After the
primary switch is turned off, the stored energy is transferred to the LED winding
since the system MOSFET which is modeled as Qsys in the simulation model is
off. The orange line represents the LED winding current. This current is rectified
by the diodes and the output capacitor is being charged. When the Qsys is turned
on, the rest of the stored energy is transferred to the 12V system winding. The 12V
system winding current is represented by the red line. The peak values of the winding

currents and the duty ratios are given in table 5.

107 T

==TInput Current
==12V Winding Current
- 8 LED Winding Current
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=
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Time

Figure 26 Simulation of transformer winding currents

12V system output voltage and its ripple are given in Fig. 27. In the simulation
the system output supplies 12.13V @2.5A. There is a small overshoot and then the
voltage reaches its steady-state level in 200ms. The output voltage ripple is around
15mV. Output ripple may be affected by the output capacitor and its inner resistance
and inductance values which are known as equivalent series resistance (ESR) and
equivalent series inductance (ESL) respectively. Here in the simulation capacitors are
ideal. Fig. 28 shows the system output current and its ripple. The current ripple

behavior is the same as the voltage ripple since the load is resistive.
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Figure 27 Simulation of 12V system output: (a) 12V system output voltage; (b)
system output voltage ripple
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Figure 28 Simulation of 12V system output: (a) 2.5A system output current; (b)
system output current ripple

LED winding output voltage and its ripple are given in Fig. 29. In the simulation
the LED output supplies 83.17V @0.5A. The overshoot at the start-up is acceptable
and it reaches the steady-state level in 300ms. The output voltage ripple level is
around 10mV. Fig. 30 shows the 500mA LED output current and its ripple.

Both the 12V system output voltage and the LEDs current are regulated well as
seen in the simulation results. Fig. 26 shows that the 12V system winding current

peak value is way higher than the others. This means thermal problems may occur
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Figure 30 Simulation of LED output: (a) LED output current; (b) LED output
current ripple

since the load needs 2.5A continuously. That’s why the rectifier diodes of the 12V
output must have a low forward voltage drop and the system MOSFET must have a
low drain-source on resistance. To avoid thermal problems three pieces of ultra-fast
diodes are used in parallel in the hardware implementation. And MOSFET is chosen

with the on-resistance of 10mOhm.
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4.2 Experimental Results

The experimental setup is set in the VESTEL laboratory. The drawn schematic
circuit of the proposed model in Fig. 24 is printed on PCB. Hardware implementation
of the proposed model is constructed according to design specifications and design
parameters which are given in table 2 and table 3 respectively. The complete design

of the proposed power supply card and the measurement setup is shown in Fig. 31.

Figure 31 Proposed power supply and the measurement setup

The power supply card is supplied from an AC Variac. At the outputs, Prodigit
electronic load is used for loading 2.5A from the 12V system output, and LED strings
of a 43”7 TV panel are used for loading 83V 0.5A from the LED output of the power
supply card.

In order to make sensitive measurements Tektronix DPO 7104C oscilloscope whose

sample rate is up to 20GS/s is used. All measurements are done at room temperature.
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The transformer winding currents are measured as given in Fig. 32.
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Figure 32 Measured transformer winding currents

Channell (C1, Blue): The LED winding current

Channel2 (C2, Red): The primary winding current

Channel3 (C3, Green): The 12V system winding current

As calculated and simulated previously, the primary current rams up during on-

time, and the LED winding current is created when the primary switch is turned off,

there is no energy transfer to the 12V system winding since the system MOSFET is

off. The 12V system winding current starts conduction when the system MOSFET is

turned on. There is a constant 1 micro-second off-time for the primary switch before

the start of each switching cycle to ensure DCM mode of operation.
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Figure 33 Measured 12V system output voltage and current at start-up

Channel3 (C3, Green): 12V system output voltage

Channelj (C4, Pink): 12V system output current

12V system output voltage is measured as 12.48V at full loading condition as

given in Fig. 33. In the hardware, a 1000uF electrolytic capacitor with a low ESR

value is used to get a low ripple at the output. No over-shoot occurred at the start-up

instant of 12V in laboratory measurement.
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Figure 34 Measured LED output voltage and current at start-up

Channel2 (C2, Red): LED output voltage

Channelj (C4, Pink): LED output current

The LED output voltage and current are measured at the start-up instant at full
loading condition as given in Fig. 34. This voltage level may vary a few volts because
the LED’s forward voltage is affected by the temperature. Due to the nature of the
LEDs, there appears a small overshoot at start-up. In the hardware, 1 micro-Henry
bobbin is used to avoid electromagnetic radiation. And, a 560uF electrolytic capacitor

with a low ESR value is used to get a low ripple at the output.
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Figure 35 Measured LED output voltage ripple

Channel3 (C3, Green): LED output voltage ripple

The ripple measurement of LED output voltage is given in Fig. 35. Peak-to-peak
1.14V ripple is measured at the LED output voltage. This level corresponds to %1.36
ripple level.

The drain-source voltage of the primary switch and primary current waveforms
are given in Fig. 36. The voltage appears on the switch when the switch is off. There
are two clamp levels; one is around 440V which is the sum of the input voltage and
reflected voltage of LED winding during system MOSFET is off, and the other one
is 400V which is the sum of the input voltage and reflected voltage of 12V system

winding during system MOSFET is on.
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Figure 36 Drain-source voltage of primary switch and primary winding current

Channel3 (C3, Green): Drain-source voltage of primary switch

Channelj (C4, Pink): Primary winding current

The voltage stress on the primary switch is measured from the drain to the source

of the MOSFET. The maximum voltage is measured as 528V when the switch is

turned off. As given eq. 34 in section 3, voltage spikes and oscillations occur because

of leakage inductance and parasitic capacitances. To decrease this stress, the leakage

inductance is decreased by rearranging the transformer windings each other. The

distances were taken into account to decrease parasitic effects during designing the

layout of the PCB.
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Figure 37 Gate-source voltage of system MOSFET and 12V system winding current

Channel3 (C3, Green): Gate-source voltage of system MOSFET

Channelj (C4, Pink): 12V system winding current

The gate-source voltage and 12V system winding current waveforms are given in
Fig. 37. The rest of the stored energy transfer starts when the system MOSFET is
turned on. However, the switch is still on even if the energy transfer is done when
the current decreases to zero. Because the turn-off time of this switch is synchronized
with the turn-on time of the primary switch. So the system MOSFET is turned off

when the primary switch is turned on.
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Figure 38 Drain-source voltage of system MOSFET and 12V system winding current

Channel3 (C3, Green): Drain-source voltage of system MOSFET

Channelj (C4, Pink): 12V system winding current

The drain-source voltage and 12V system winding current waveforms are given in
Fig. 38. The maximum voltage stress of the system MOSFET is calculated in eq. 41
in section 3. In the laboratory, the maximum level is measured as 32.7V. The clamp

voltage level of 20.8V appears during the switch is off. This voltage is the reflected

voltage from the LED winding.

20



o i o ] s e e s o e
VT T T T T T

e e | vetn | | T | ity | esr | s | s | o | s | s | s | v [
VT T T T T T

Figure 39 12V system output voltage response to the change in LED current when
12V is loaded 2500mA (a) Duty of PWM dimming is %25; (b) Duty of PWM dimming
is %50; (c) Duty of PWM dimming is %75; (d) Duty of PWM dimming is %100

Channel2 (C2, Red): 12V system output voltage

Channel3 (C3, Green): PWM signal

Channelj (C4, Pink): LED output current

The response of 12V output voltage, when 12V is loaded 2500mA, is given in Fig.
39 according to the different duty ratios of PWM dimming signals applied to the

PWM input of the LED driver and system controller IC.
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Figure 40 12V system output voltage response to the change in LED current when
12V is loaded 500mA (a) Duty of PWM dimming is %25; (b) Duty of PWM dimming
is %50; (c) Duty of PWM dimming is %75; (d) Duty of PWM dimming is %100

Channel2 (C2, Red): 12V system output voltage

Channel3 (C3, Green): PWM signal

Channelj (C4, Pink): LED output current

The response of 12V output voltage, when 12V is loaded 500mA, is given in Fig.
40 according to the different duty ratios of the PWM dimming signal. In this test, we
can see that the converter can regulate both 12V output voltage and LEDs current.
The ripple calculation of each loading is given in table 4. 12V regulation in light loads
is not as tight as the full load. When the 12V output is loaded 500mA and the LED
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current is dimmed by %50, the ripple level of 12V is +%5.61 which is the worst case.
The best regulation is provided as +%2.28 when 12V output is fully loaded and the

LED current is driven with the %100 duty of the PWM signal.

Table 4 Percentage of 12V ripple for different loading conditions

Load of 12V output
Duty of PWM (%) 500mA | 2500mA
25 +%4.78 | +%4.45
50 +%5.61 | £%4.28
75 +%5.61 | £%4.78
100 +%2.95 | +£%2.28

4.2.1 Thermal Measurements

Thermal measurement of the proposed power supply card is done in room conditions
as an open frame as shown in Fig. 41. The power supply card output is fully loaded
73W with an input voltage of 230VAC, and the measurements are done after one hour
because the temperatures can reach a steady point around one hour generally since
there is no airflow in the ambient. The temperature of the flyback transformer and

the flyback mosfet is measured at 69.4 and 74 in Celsius respectively.

Figure 41 Thermal measurement of proposed power supply card: (a) top side; (b)
bottom side
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4.2.2 Validation and Comparisons

In order to validate the proposed model, calculated duty cycles and peak of the

transformer winding currents are compared to simulated and measured values in

table 5.
Table 5 Calculated, Simulated, and Measured Values
D Dl D2 [p,peak (A) In2,peak (A) Pout,l (W) Pout,2 (W)
Calculated | 0.21 | 0.18 | 0.52 2.34 9.45 41.4 31.43
Simulated | 0.20 | 0.18 | 0.52 2.31 9.51 41.67 31.35
Measured | 0.20 | 0.18 | 0.52 2.28 9.50 41.9 31.3

The design parameters of the proposed model are first calculated, then it is simu-
lated in Matlab Simulink, and finally implemented in hardware. The results in Table
5 are quite similar. This validation is supported by simulating and measuring the
transformer winding currents waveforms. Apart from the oscillations observed in the
measured waveforms compared to the simulation waveforms, the model is verified and
validated.

Thanks to the lack of a boost converter stage on the secondary side, the peak
efficiency increases while card sizes significantly decrease. Conventional model card
sizes are 170mm x 118mm x 15mm which are length, width, and height, respectively.
This card is designed to supply about 73W output which corresponds to the power
density of 0.242 W/ecm?. The peak efficiency of the conventional model is measured
%89.5. The proposed model is also designed to supply about 73W output power by
the decreased sizes to 130mm x 110mm x 15mm. As a result, the proposed model is
%28.8 smaller than the conventional model which is capable of giving the same output
power. And, power density is increased to 0.340 W/em? while the peak efficiency is
increased to %90.85.
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Figure 42 TV power supply cards: (a) Proposed power supply card; (b) Conventional
power supply card

4.2.3 Cost Comparison

The cost comparison between the conventional and proposed models is given in table
6. The table includes only the components that make a price difference. Due to the
boost converter stage being out of the circuit, the prices of the boost bobbin, boost
diode, and boost MOSFET are out of the BOM list. Thanks to the lack of the boost
converter, PCB size decreased by %23, so the price of it decreased as well. The main
transformer core is smaller which helps decrease the costs. LED driver ICs have the
same number of pins, but MP4657A is a bit cheaper. In the proposed model side,
only the system MOSFET is extra. As a result, the proposed model is 0.46$ cheaper

than the conventional existing model.
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Table 6 Cost comparison between the conventional and proposed models

Models Conventional Model Proposed Model
Components
0.33% 0.27$%
PCB (FR1, 200.6¢m?) (FRL, 143cm?)
Transformer 4" o
(EFD43 Core) (EQ30 Core)
' 0.30$ 0.20$
LED Driver I1C (AL3066) (MP4657A)
. 0.17$
Boost bobbin (25uH 20x20x10mm?) ]
. 0.025
Boost diode (DO201 3A/200V) ]
0.20%
Boost MOSFET (FDD390N15 21A /150V) )
0.30%
Sytem MOSFET ; (FDD86110 50A/100V)
Total 1.83% 1.378
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Chapter V

CONCLUSION

In this project, the design of a multiple-output flyback converter with independently
controlled outputs for a TV power supply is presented. A 437 LED TV needs a
power supply card that can supply the mainboard system and LED backlight of the
TV. Generally, the mainboard system of TVs requires 12V, while the LED backlight
requires a controlled current supplied within the range of 40V-100V, which can vary
based on the LED structure and TV size. Conventional power supply cards are ca-
pable of providing 12V from the flyback transformer. However, they achieve voltages
of 24V or 36V by doubling or tripling the main winding and then boosting it to
the LED voltage level using an additional converter stage cascaded after the flyback
stage. This extra converter stage increases the card sizes and costs while decreasing
the overall efficiency. In the proposed model, the mainboard system and the LED
backlight are supplied from the flyback transformer directly.

The proposed model is analyzed, simulated, implemented in hardware, and tested.
In Section 2 and Section 3, operation stages and design considerations are explained
in detail. According to calculated values, the simulation setup is prepared in Matlab
Simulink. The proposed model is simulated according to design specifications and
design parameters which are given in table 2 and table 3, respectively. The simulation
results are reported and current and voltage waveforms are given. Simulation results
verify the working principle of the proposed model.

After the model is verified with the simulation, the schematic of the model and
layout is drawn in the Xpedition Designer program. The circuit is printed to PCB,

and the components that are used in hardware implementation are chosen according

o7



to calculated limitations. The experimental setup is set in the VESTEL laboratory.
The proposed power supply card is energized and tested in different loading condi-
tions. Measurements are reported in detail in Section 4. Measurement of transformer
winding currents verifies the working principle of the proposed model. The peak cur-
rents, duty cycles, and output powers are compared in table 5. Measurements are
quite similar to the calculated and simulated values.

The independent control of the outputs is achieved for a TV power supply. To
measure the regulation, 12V output voltage is observed in detail with different loading
situations. At first, 12V output is loaded 500mA for light loading conditions. Then
the ripple level of 12V is measured for four different duty ratios of the PWM signal
that is applied to the LED driver IC PWM pin to determine the LED’s output
current level. The worst regulation is obtained as +%5.61 for PWM duty ratios of
%50 and %75. Then 12V output is loaded 2500mA for full loading conditions. The
best regulation is obtained as +%2.28 for PWM duty ratio of %100 which drives the
LED’s current fully.

The thermal performance of the proposed power supply is obtained in room con-
ditions. The power supply is fully loaded at the input voltage of 230VAC. The flyback
transformer is measured 69.4 Celcius. The flyback MOSFET is measured 74.0 Cel-
cius. These measurements are quite acceptable for a TV power supply card. There
is no abnormal temperature has occurred.

The peak efficiency of the proposed card is measured %90.85. The power density
of the proposed card is 0.340 W/ecm?®. By comparing to the existing conventional
model, efficiency is increased by %1.35, and power density is increased by %28.8.
The costs of the boost converter are out of the BOM list, and also smaller PCB and
transformer reduced the BOM costs. As given in table 6, the overall power card cost
is reduced 0.46$ which corresponds to %11.8 cost reduction. A more compact power

supply card design for a TV with higher efficiency and lower cost is achieved.
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Figure 45 Bottom side placement of layout of proposed power supply card
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Figure 46 PCB layout paths

Figure 47 Bottom side of proposed power supply card
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Figure 48 Top side of proposed power supply card
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