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Electrical Isolation AC Charger System in 0.5um 500V BCD Process
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Degree Program of Electrical and Computer Engineering
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ABSTRACT

Electronic devices in-all-kinds of fields have been requested to run after perfection in
terms of every aspect in recently. Nowadays, most of household appliances and portable
devices in use are directly connected to the supply via plugs and sockets to get activated or to
charge its built-in battery. With the rapid growth in the consumer electronics, rechargeable
mobile battery bank has proved to be the most compatible for portable devices. The proposed
open-loop regulator is a high efficiency and low cost solution for power applications, and it is
also a high input voltage isolated charger compatible with AC supply. However, the biggest
difference between the proposed and general regulators is that the proposed has no direct
feedback loop to obtain output information. Hence, it’s a major challenge to precisely detect
the battery voltage from auxiliary winding, and thus to accurately control the entire system.

This proposed open-loop regulator charger excludes non-ideal effects from the practical
battery. Besides, the proposed technique detects battery voltage precisely without any
feedback network and has all control paths stabilized and switched smoothly under constant
voltage and constant current modes. Valley switching and dynamic frequency switching are
both set and applied in the constant voltage mode in order to pursue high efficiency and

performance.
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Chapter 1

Introduction

Nowadays, portable devices in use are connected to the AC power supply via plugs and
sockets to get activated or to straightly charge its built-in battery. The voltage accuracy of the
battery is especially significant because it greatly influences battery life [1]-[3]. Unfortunately,
it is not easy to have electrical isolation with highly accurate feedback information in the
conventional ways. If resistive feedback network is.employed, the output information is going
to be directly transferred to the controller without electrical isolation. As a result, devices are
susceptible to perturbation from AC power source. If photo-coupler and TL431 network is
chosen, ‘the result would be totally opposite. That is, good electrical isolation with worse
accuracy of output information. Consequently, in this paper the proposed trans-predictor in an
open-loop control can pursue the co-existence of high aceuracy and electrical isolation by
auxiliary windings originally used to supply the controller to get the battery voltage. Besides,
cost advantage can be achieved due to the removal of photo-coupler and TL431. Moreover,
chargers can be made more compact because it is no more bulky as it was. The proposed
trans-predictor for charger systems can achieve as high as 99.65% voltage accuracy, 11% PCB

area reduction and 5% cost advantage due to the removal of photo-coupler and TLA431.



1.1 The Basic Concept of the Isolated Converter

The switching mode charger can be classified according to system topology. The most
important distinction 1is isolated converters and non-isolated ones. Most of the electrical
equipment needs the isolation for high-voltage safety consideration. The advantages about
isolation such as the separation of direct contact from input to output, and the improved
common-mode voltage rejection from input source. Moreover, there are some standards
defined by different institutions in different countries such as the U.S. specifications (UL,
CSA) and the European specifications (IEC, EN). Every product on the market must be
approved by these institutions.

The isolated power converters have many different topologies according to the
application of output power range. Fig. 1. shows some common isolated topologies that apply
in different output power range. Each topology has different designed complexity and
conversion efficiency. TABLE I shows different types of isolated converters and their
characteristics.

According to the operation of the isolated converter, there are two types of isolated
topologies like asymmetrical and symmetrical. The asymmetrical type uses only one switch to
transfer the energy from primary side to output side-through the transformer such as flyback
and forward. The symmetrical types always use an even number of switches. Compare with
asymmetrical converters, it exploits the transformer’s magnetic circuit better than in
asymmetrical converters. Therefore, smaller size and weight can be achieved. In other words,
if the same size of transformer is employed, the symmetrical type could supply more output
power than asymmetrical ones. The three most common symmetrical structures are push-pull,

half bridge and full bridge.
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Fig. 1. Isolated power topologies with complexity and efficiency

TABLE I

Different types of isolated converters.

5-300

0-250

0-250 1.2 5-500
100-200 60-200
100-1000 1.75 50-1000

0-2000 >2.0 50-1000
400-5000 >2.0 50-1000




1.1.1 Architecture of Asymmetrical Isolated

Converters

One of the most common asymmetrical and isolated converters is flyback converter.
[4]-[5] The flyback converter is used in both AC/DC and DC/DC conversion with galvanic
isolation between the input and any outputs: More precisely, the flyback converter is a
buck-boost converter with the inductor split to form a transformer, so that the voltage ratios
are multiplied with an additional advantage of isolation. When driving for example a plasma
lamp or a voltage multiplier the rectifying diode of the buck-boost converter is left out and the
device is called a flyback transformer.

Fig. 2 shows the structure of flyback converter [6]. When the switch is closed, the
primary of the transformer is directly connected to the input voltage source. The primary
current and magnetic flux in the transformer is increasing, and storing energy in the
transformer. The voltage induced in the secondary winding is negative, so the diode is
reverse-biased (i.e., blocked). When the switch is opened, the primary current and magnetic
flux drops. The secondary voltage is positive, forward-biasing the diode, allowing current to
flow from the transformer. The energy from the transformer core recharges the capacitor and
supplies the load. The output capacitor supplies energy to the output load. The operation of
storing energy in the transformer before transferring to the output of the converter allows the
topology to easily generate multiple outputs with little additional circuitry, although the output
voltages have to be able to match each other through the turns ratio. Also there is a need for a
controlling rail which has to be loaded before load is applied to the uncontrolled rails, this is
to allow the PWM to open up and supply enough energy to the transformer. If the turns ratio
of the transformer n=Np/Ng and D means the duty cycle of on-time, the conversion ratio of

Viv and Vp 1s shown below. Flyback regulators are mainly used for an output power ranging

4



from SW up to 250W. Flyback topology is dedicated to multiple low cost output switch mode

power supply as there is no filter inductor on the output.

P
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D, g
s C :: Vo ‘:RL
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| -
VO _l D
N @ VIN I’l 1_D
D, +
S Co== Vy 2R;
® <
1K

Fig. 2. Flyback converter.

The forward converter as shown in Fig. 3 is a DC/DC converter that uses a transformer
to increase or decrease the output voltage (depending on the transformer ratio) and provide
galvanic isolation for the load [7]. With multiple output windings, it is possible to provide
both higher and lower voltage outputs. It operates in a manner similar to the flyback converter,
but is generally more energy efficient. A flyback converter stores energy as a magnetic field in
an inductor air gap during the time the converter switching element (transistor) is conducting.
When the switch turns off, the stored magnetic field collapses and the energy is transferred to
the output of the flyback converter as electric current. The flyback converter can be viewed as
two inductors sharing a common core. In contrast the forward converter (which is based on a
transformer) does not store energy during the conduction time of the switching element -
transformers cannot store a significant amount of energy unlike inductors. Instead, energy is

passed directly to the output of the forward converter by transformer action during the switch



conduction phase. The demagnetization and primary windings have to be tightly coupled to
reduce the voltage spike more than the theoretical 2Vin occurring at turn-off across the power

switch. Besides, forward regulators are commonly used for output power up to 300W.
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Fig. 3. Forward converter.

1.1.2 Architecture of Symmetrical Isolated

ConvertersSrthere are three types of symmetrical isolated converters will be



introduced below. Firstly, push-pull has two switches and two diodes as shown in Fig. 4. S
and S, switches are alternately turned on. The push—pull converter is also a type of DC-to-DC
converter, a switching converter that uses a transformer to change the voltage of a DC power
supply. The distinguishing feature of a push-pull converter is that the transformer primary is
supplied with current from the input line by pairs of transistors in a symmetrical circuit. The
transistors are alternately switched on and off, periodically reversing the current in the
transformer. Therefore current is drawn from the line during both halves of the switching
cycle. This contrasts with buck-boost converters, in which the input current is supplied by a
single transistor which is switched on and off, so current.is only drawn from the line during
half the switching cycle. During the other half the output power is supplied by energy stored
in inductors or capacitors in-the power supply. Push-pull converters have steadier input
current, create less noise on the input line, and are more efficient in higher power

applications.
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Fig. 5 shows‘the PWM half bridge DC-DC converter, which contains two transistors, a
transformer and a rectifier. It main advantage is that the voltage stresses of the transistors are
low and equal to the maximum dc input voltage of converter. Another advantage is that the
core saturation problems are minimized because the dc component of the current through the
primary is zero due to the coupling or blocking capacitors in series with the primary. This

topology can be used for an output power capability up to SOOW.
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Fig. 6 shows the structure of full bridge converter. Because of the number of components,
the full bridge is for high power applications, ranging from 500 up to 2000W. Sometimes,

power transformers are paralleled to provide higher output power. Switch pairs §; and S3, S>



and S, are alternately driven. The full bridge provides twice the output power of the half
bridge circuit with the same switch ratings. Nevertheless, this topology requires four switches
and clamping diodes.

Many types of isolated converter are designed for different application according to the
output voltage and load current. And the power supply designs are often tailored to specific
applications. For the lower power application such as LED tube and notebook, the flyback

converter is used in this thesis.
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Fig. 6. Full-bridge converter.
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1.2 Motivation

Electronic devices in all kinds of fields have been requested to run after perfection in
terms of every aspect in recent years. Not only public awareness of environmental issues has
been raised, also more compact, stylish, slim designs the end-products are, the more attraction
can be drew. Nowadays, most of household appliances and portable devices in use are directly
connected to the supply via plugs and sockets to get activated or to charge its built-in battery
as illustrated charger system in Fig. 1. The charging voltage accuracy of the battery is
especially significant because it greatly influences battery life. Flyback converter is usually
adopted owing to the characteristic of electrical i1solation and is easy to design in wide range
voltage difference between input and output. Unfortunately, it is not easy to have electrical
isolation . with highly accurate feedback information in:the conventional designs at the same
time. The transformer consists of primary side, secondary side, and auxiliary side which is
mainly used to supply power to the controller. Pros-and cons of conventional feedback
networks are depicted in the Fig. 7. If resistive feedback network is employed, the output

information is going to be directly transferre

d to the controller without any electrical isolation [8]-[9]. As a result, devices are
susceptible to perturbation from AC power source. On the other hand, if the feedback network,

composed of photo-coupler and TL431, is chosen, the result would be totally opposite. In

11



other words, it is good electrical isolation but worse accuracy of output information. It causes

the output voltage accuracy is seriously affected.

Portable devices

100

Comparison table
of chargers with different feedback

=) Charger System

AC Source . . .
Electrical isolatio

.............. -

VBA T

AC-DC
IController|

£

~....

' . Feedback Accuracy Electrical
' V/Ib_V E network isolation
' ! 0 :

a | AR
p | Ko :

' . ! | Photo-Coupler Low Yes
= t]  +TL431

E Proposed h E Proposed Hioh Yes

! trans-predictor Photo-Coupler + T1.431 ¢ |trans-predictor g

Fig. 7. Pros and cons of conventional and the proposed feedback network in the charger system.
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1.3 Thesis Organization

For containing all the advantages in two feedback networks, the flyback converter with
the proposed trans-predictor guarantees the electrical isolation and voltage accuracy at the
same time in the charger system due to the imple entation of trans-predictor. This paper is

Proposed are_described in. Chapter 2. The circuit
ha ter 3. The system stabi S @ ed in Chapter 4.

works are made

organized as follows
implementations /
Experimental result:

in Chapter €
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Chapter 2

The Charger System with the Proposed

Trans-Predictor

From the previous discussion, most of household appliances and portable devices in use
are directly connected to the supply via plugs and sockets to get activated or to charge its
built-in battery. The charging voltage accuracy of the battery is especially significant because
it greatly influences battery life Flyback converter 1s usually adopted owing to the
characteristic of electrical isolation and is easy to design in wide range voltage difference
between input and output. Unfortunately, it is not easy to have electrical isolation with highly
accurate feedback information in the conventional designs at the same time. For containing all
the advantages in two feedback networks, the flyback converter with the proposed
trans-predictor guarantees the electrical isolation and voltage accuracy at the same time in the

charger system due to the implementation of trans-predictor.
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2.1 The Non-Ideal Effect of Practical Battery

As illustrated in Fig. 8(a), the charger system directly connected to the AC power
supply charges the battery by the secondary-side discharging current /g through an electrical
isolation which is composed of a transformer. Rgsg and C¢ are equivalent series resistance and
capacitance existing in a practical battery, respectively. Parasitic resistance along the path
from the charger system to the battery includes contact resistance Rcons Wire resistance Ryigg,
and printed circuit board (PCB) resistance Rpep. Vpar indicates the output node of the charger
system. In contrast, the real battery voltage is denoted by Ve as shown in Fig. 8. The
foregoing parasitic elements cause non-ideal effect as shown in (1), and can be simplified as
(2), where Rpp is short for build-in-resistance representing the total parasitic resistance along

the charging path between charger and device.

Viar = LgX(Rpgp + Rppy + Rype + Reon) + Ve (1)

ESR PCB

17 ¥ i ISX(RBIR) o A ()

The charger system sees the value of Vgur rather than the real battery voltage Ve The
whole charging process will be affected due to the voltage difference between Vgsr and V.

That is to say, built-in resistance (BIR) in Li-Ion battery charger systems should be carefully

15



solved for accurate and safety charging [10]-[14]. As we know, the battery cannot keep

healthy and the device tends to be crashed or collapsed if the BIR can’t be alleviated

Not only the BIR but also the non-ideal diode will influence the voltage accuracy as
depicted in Fig. 8(b), and the overall influence is called drop effect. The forward voltage of
diode, Vp, is a function of the secondary-side discharging current /s and can be expressed as
Vp(Is). That is, Vp(ls) varies with /s during every single discharging period. Vs and V4 are the
secondary-side and auxiliary-side voltages, respectively. The relationship between Vg and V,4
can be expressed as (3) where Ny and N4 are the winding ‘turn ratios of secondary and
auxiliary sides, respectively.

N
V, =V N—A where V =V, (I, )+ I Ry, + V. 3)

S

The proposed trans-predictor technique can derive an accurate battery voltage from the
auxiliary-side voltage V4 because V, contains the real battery voltage information V.
However, the equation (3) includes the non-ideal drop effect caused by the discharging
current /. That is to say, the secondary-side discharging current /s will decrease the charging

accuracy.
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Fig. 8. The practical battery with the charger system directly powered by AC input. (a) The real
battery compositions and the BIR ‘effect along with the charging path. (b) The causal relationship

between drop effect and state of charge (SOC).
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2.2 The Principle of the Proposed Charger System

with Trans-Predictor

Fortunately, the drop effect can be eliminated when Is falls just to zero as shown on
the right side of Fig. 8(b). When the system starts to discharge, the secondary voltage Vi
begins to ramp down until the discharging current diminishes to just zero. At the zero-current
moment, the real battery voltage V¢ can be precisely extracted as noted by point B. The
equation (3) can thereby exclude any non-ideal drop effect manifesting Vi is completely equal

to Vc.

However, if the extracted point of Vs is not the zero-current moment, it will have a
great impact on the battery life time and further affect the safety problem. State of charge
(SOC) corresponding to relative positions of extracted points, which makes big difference.
That is, if the extracted point is above V¢, battery would never be fully charged because the
drop effect still influences the end voltage judgment in the charger system. On the other hand,
if the extracted point is below V¢, the charger system would think the battery has not been
fully charged yet, and battery probably crashes or collapses because of all-the-time
overcharging status. In summary, the importance of optimal extracted voltage V¢ can be
obviously observed. Thanks to the help of trans-predictor, precisely detect the real battery

voltage without any type of feedback network in charger system.
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2.3 The Basic Operation of Flyback-based Controller

in Charger System

The architecture of flyback-based electrical isolation charger system with the proposed

trans-predictor is illustrated in Fig. 9. The charger system is directly connected to the AC

source, and the use of a transformer provides not only step-down output voltage Vzar, but also

power supply Vppg to the charger controller. Thanks to the aid of the proposed trans-predictor,

the charger system can work correctly without any type of feedback network.
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Fig. 9. The architecture of flyback-based electrical isolation charger system with the proposed

trans-predictor without any type of feedback network.
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The trans-predictor utilizes V4yx derived in (4) to get the output voltage information.

R
VAUX :VA L AUXB (4)

RA UXA + RA UXB

Substitution of (4) into (3), V¢ in (5), which contains non-ideal terms caused by the

discharging current Is, is obtained.

N
VC :kTP 'VAUX —[VD(IS) +IS 'RBIR]’ where kTP :FSXL (5)

To eliminate the non-ideal drop effect, the trans-predictor samples and holds the value
of V4ux when the secondary-side discharging current /s falls to just zero. Therefore, non-ideal
drop effects can be discarded in (5) and thus (6) can be derived without being affected by the
secondary-side discharging current. In other words, the real battery voltage can be precisely

designed because the constant kis known.
Veus kip - Vix ©)

After the processing of the trans-predictor, the output voltage of error amplifier Vgg v
represents the output load situations without any physical feedback network and non-ideal

effects as shown in (7). Therefore, the voltage loop is formed.

VER,V <V,

ref _V _VﬂLV (7)
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Consequently, high voltage accuracy can be obtained because the proposed
trans-predictor excludes any non-ideal effects to fetch real battery voltage information V¢
with the advantage of electrical isolation as well. Besides, the removal of conventional
feedback network further improves the area efficiency up to 11% of total PCB area to make
the charger system as tiny as it could be. Moreover, the cost reduction can be achieved up to

5%.

The charger system with the proposed trans-predictor was fabricated in 0.5 um 500V
UHYV process. Due to the 500V UHV process, the chip can be powered on directly by the AC
source. After the power-on sequence, the supplying of the chip is controlled by the auxiliary

windings rather than the AC source. That is, the chip works functionally.

2.3.1 The Operation of the Flyback System

The operation of flyback-based charger system is shortly explained in Fig. 10. In Fig.
10(a), Ip, Is, and Iyppy are primary side charging current, secondary side discharging current,
and power supplying current to the controller, respectively. There are three timing slots in one
switching cycle, that is, the charging period T, discharging period Tpis and the resonant
period Tgg, respectively. In the charging status, the charging current Ip flows through R¢s to

ground and generate Vs signal to feedback the input current information to the controller. In
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the discharging status, Vy is mainly affected by the drop effect because discharging current /g

flows through diode D; to deliver energy to battery. Simultaneously, the auxiliary side

windings provide the power source Vppp to the controller. Besides, Vs is in proportional to Vi,

the auxiliary side not only provides power source to the controller as it did originally, but also

feeds the output information Vjyx back to controller. In the resonant status, Vs and V), start

resonating because the input power has nowhere to go. The primary side Np and the parasitic

capacitance of power MOSFET form the LC tank and thereby the resonant phenomenon is

induced. In Fig. 10(b), when the charger system enters into 7pys, the secondary side starts to

discharge energy to the battery. The drop effect continuously affects the detection of the

battery voltage until the discharging current is just equal to zero. Therefore, an optimum V¢

point exists when the Is is equal to just zero since all non-ideal effects can be ignored.

Sampling and holding the V¢ can accurately detect-the battery voltage. Therefore, the charger

system can detect the real battery voltage through the detection of Vi at the point where the I

is equal to zero. In other words, at the junction between the two transitions of foregoing

effects is the real battery voltage V.
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Fig. 10. The principle of the flyback-based charger system and the phenomena. (a) Charging

period. (b) Discharging period. (c) Resonant period. (d) The drop effect and the resonant effect.
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2.3.2 The Output Current Calculation

In addition, Vj is in proportional to Vy. Ippk, Ispx and Vp indicate the peak current of

the charging current, discharging current and the forward voltage of diode, respectively

In order to estimate the average output current, the current sensing information is sent
by the V. Beside, charging current /p and discharging peak current Ispg are obtained in (8),
where Np/Ns 18 winding turns ratio of primary and secondary side. Thus, the average output
current /o 4 18 derived in (9). Substitution of (8) into (9), f,uy, 1S obtained in (10) with three
unknown variables. It’s recommended that switching period 7y is kept constant. In other
words, CC mode is operated with fixed switching frequency. As to the rest of the variables in
(10), the system has to generate the relation that Vg pk is reciprocal to Tps. That is to say, if

the equation (11) holds, the system is guaranteed to operate in a fixed average output current.

V N
Iy = R_Z , I px :IP,PKXN_: ®)
I. .. XV 1
A i okt AN 9
S.avg ( 2 ) Tg ( )
\% N
;S'PK XNivarms 1 (10)
i — ( () S )X—
S,avg 2 TS
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Vi ok XVips =1, Where n is constant (1D

2.3.3 The Constant Current Loop, Constant Voltage

Loop and Switching Frequency

For the charger system design, the constant current (CC) mode with a rated output
current 1A and the constant voltage (CV) mode for battery voltage regulation are both needed
[3], [10]. The system uses the CC mode to fast charge the battery by a large charging current
for shrinking charging time when the output voltage is lower than Vps7. In contrast, the CV
mode s selected to charge via smaller output current for ensuring a regulated and stable
battery voltage. As illustrated in Fig. 11, the charger system operates at a fixed switching
frequency when the CC mode is sclected. However, the dynamic frequency i1s adopted in the
CV mode to reduce switching power loss for enhancing efficiency at light loads. When the
battery is nearly full to.some extent; the system enters into deep green (DG) mode. The
operating frequency is at most 50kHz in the CC mode and linearly decreases during the CV
mode to reduce switching power loss. Finally it reaches the minimum 2kHz switching
frequency to avoid any needless switching power loss. Thus, the efficiency can be kept at

light loads.
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Fig. 11. An overview of the charger system in terms of operating mode and switching frequency

from battery low to battery high.

Thanks to the flyback-based converter characteristic, the trans-predictor can inherently
exclude the non-ideal drop effect when the discharging current is just equal to zero, and the
real voltage V. which excludes the non-ideal effects is extracted. Due to the aid of
trans-predictor and the built-in 500V UHV process, the charger system can be directly
connected to AC input to get activated with high voltage accuracy. Without any type of

feedback network, the charger system can save as much as 30mm? i.e.; around 11% of PCB

area. Besides, 5 % cost reduction can be achieved.
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Chapter 3

The Circuit Implementations

In this chapter, the circuit.implementations including trans-predictor, current-trans runner,
input power protections, and other protection mechanism will be illustrated and explained
with corresponding conceptual wave view, respectively. Due to the high voltage input
environment, high voltage process should be used. The chip is fabricated in 0.5um 500V

UHYV process.

3.1 The Trans-Predictor Circuit

As illustrated in Fig. 12(a), the circuit implementations of the proposed trans-predictor
technique and the timing diagram of its operation. V4yx signal delivered by the auxiliary
windings is processed to generate a delay signal, Vpse. 15, and T, are on-time and off-time
periods in one switching cycle, respectively (assume Txg is zero because the first valley of the
resonant effect is picked). The detection signal, Vsyg, the difference between Vapyx and Vpgg,
can be used to tell the trans-predictor when to sample exact V¢ for high accuracy. Vyg, setting
as a virtual ground with a fixed relative reference DC value, is used to compare with Vgyp to

predict the battery voltage. Vyg has the same DC value with Vgyp when neither V,yx nor Vpgg
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is generated. As illustrated in Fig. 12(b), as long as the output current stops discharging, i.e.,

the discharging current is just equal to zero, sharp slope occurs at V4yx. Consequently, the

drastic change at the Vsyp, Vpse-Vaux, makes the trans-predictor trigger the sampling signal,

Vsu, which means the output information is caught and Vj_y is sent to the controller

concurrently. At the same moment, is essentially useful in CC mode

operation is obtaine S, @ a9 n be extracted. The
trans-predicto

to fetch output

informati
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Fig. 12. The circuit implementations of (a) the proposed trans-predictor technique and (b) the

timing diagram of its operation.
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3.2 The Current Trans-Runner Circuit

In an isolated structure, the output current information can’t be straightly obtained.
Therefore, it is analytically to use equation (10) to estimate the output current information. It
is mentioned before that.the system needs to operate in fixed frequency under CC mode to
guarantee the average output current maintains at fixed value. Therefore, it is desirable to
create the relations between Vs px and Vipgs as shown in (11). As illustrated in Fig. 7, the
circuit implementations of the current trans-runner and the timing diagram of its operation.
Vrpis represents the discharging time and can be obtained from the trans-predictor circuit. The
peak value of current sensing Vs can be transferred to Vi, ¢ which sends to error amplifier to

generate Vg ¢. Therefore, the equation (12) holds.

VeV,
1% — Lcs g UTpis
ne=R e, (12)

Substitution of (11) and (12) into (10), the equation (13) can be obtained, which
manifesting the constant current can be guaranteed because all the elements in (13) are

known.

1 1 N
= X—X—LXR XC, XV, .=constant
S.avg 2XT:S~ RCS NS 1 2 mH_C (13)
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Fig. 13. The circuit implementations of (a) the circuit implementation of current trans-runner

and (b) the timing diagram of its operation.
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3.3 The Loop Selector

In order to guarantee the smooth transitions between CC mode and CV mode, the loop
selector as depicted in Fig. 14 is designed in the proposed charger system. Vgg, the output of

the loop selector, decides.the dominance of either CC loop or CV loop in (12).
Vg =min(Vig Vi ) (14)
With the help of the loop selector, the transition between CC loop and CV loop is

rather smooth. There is no perturbation form the transition result in Vgg signal. Therefore, the

system stability can be guaranteed when the switch of modes occurs.

VDD

Fig. 14. Loop selector for transitions between CC mode and CV mode.
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3.4 The Protection Mechanisms

As illustrated in Fig. 15, the protection mechanisms include the over power supply
Vppu protection, over voltage protection (OVP) about the output voltage Vza7, and over
current protection (OCP) about charging current are shown. Vppy and Vg are both coming
from outside of the controller. That is, the controller exposed itself to high voltage
environment. Once either of the two signals exceed their limit value Vps and Viyr,
respectively, Vpr will trigger to shut down power MOS to protect system from burning down.
In addition, Vj, v is used to protect system from output over voltage. Once the Vj, v exceeds

Vove, Vpr also triggers to protect the system.

Over Power Supply Propection

------ -V
Ves A AN ™T ¢ VCS 0
Vep LN 5 ¢ Viur
VpC I__> t

Power compensation

-——-Vovpr
V/»_vL;,t Vfb % r 3
Ven mlll[llm[lm_ » ¢ J = V CMP,
V()Vp__i__> t orp P
Over Voltage protection

Fig. 15. The protection mechanisms.
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3.5 The Power Compensation

As mentioned before, the charger system is directly connected to the power source via
plugs and sockets. Consequently, the protection mechanisms are inevitable and indispensable
in the circuit design for safety. Besides, because the charger system is made to be adaptive to
universal input, the input' AC power source ranges from 90V to as high as 264 V. Therefore,
the input power protection should be adaptive also. Vjy and 4y is the direct current (DC) input
voltage of the alternating current (AC) source and input current, respectively. Assume the
maximum input power equals to constant and equation (15) can be obtained. Vjy is inversely

proportional to /;y. Therefore, the /;y limit should change according to V.

P

IN ;max

=Vy X1y .« =constant (15)

As'illustrated in Fig. 16(a), Vyr 1s adaptive input power limit. If the maximum input
power remains unchanged, Vi decreases linearly as Vue increases. As illustrated in Fig
16(b), the input power information I4yx changes along with V4yx during the charging state.
The higher the V¢ is, the more the I,y and the lower the Vi, voltages are. Therefore, the

charger system is able to adaptive to a universal input voltage range.
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Chapter 4

System Stability Analysis

The proposed charger system supports universal plug and play (uPnP) for the
mainstream portable devices. Therefore, the frequency response analysis is supposed to put
into discussion separately. That is, the charger with battery and the charger without battery
respectively. On the other side, the open-loop controller is composed of CC mode and CV
mode according to the load situations. Consequently, the frequency response analysis of each
mode is not the same. In the CV mode, the closed loop is formed only at the very moment
where: the discharging current 1s just to zero and the voltage information is caught
simultaneously. In other words, the stability analysis can be discussed in that split second.
However, in another aspect, the output current in CC mode is processed through current
trans-runner to estimate and calculate the averaged output current. That is to say, the output
current information does not feedback over to controller straight. The controller indirectly
modulates the output current by estimation. As a result, the frequency response analysis in CC

mode can be ignored due to the open-loop control method.

As illustrated in Fig. 17(a), an equivalent small signal model based on the architecture

of the charger system in CV mode without battery is shown in Fig. 3 (a). The equivalent small
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signal model incorporates control-to-output transfer function G¢o with output-to-control

transfer function Goc [15]-[19]. As depicted in Fig. 17 (b), the Goc contains parameter of

trans-predictor and compensation network GC which is contributed by Ccp, Rcp and Royr.

Rour 1s the output impendence of the error amplifier. The output voltage Vgar is the product of

the averaged output current /g, and the output impedance Z, which contains C,,; and the

dummy load Rpy.

N w/o battery
-0o— W/ battery

v Var
Vref_V‘)é‘? I/KTP v

Bl I I |

Rour
Compensation
network G¢

(b)
Fig. 17. The small signal model with (a) the block diagram and (b) the compensation

network.
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As derived in (9), the equation can be transformed into (16), where f{Vgg v) represents

the switching frequency.

TDIS ><IS PK
IS,avg :( 2 : )Xf(VER_V) (16)
From Fig. 5, the switching frequency decreases linearly when the battery is from low
to full. Therefore, the switching frequency f{(Ver v), the reciprocal of the switching time and a
function of Vgg y, can be approximated to a linear function in (17), where K and C are
constant. That is, the switching frequency is controlled by the error signal Vg y in the CV

mode.

F Vg )= KXV +C (17)

As depicted in Fig. 18, one switching cycleperiod can be divided to three timing slots
Ty, Tpis and Tge. Ty, and Tpis can be obtained by the slopes of the charging and discharging
current. Besides, the slopes can be estimated by the components employed in the system. 7,,,
Tpis and I pgx can be obtained in (18) to (20), respectively where L, is the inductance of the

primary side windings.

L 1
T, =V y X—=X— (18)
IN RCS
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Fig. 18. The analytical wave view in one switching cycle.

Substitution of equations (18) to (20) into (16), Is .., can be expressed in (21).

(KXVy ' +CxVyy V2)><L
Save 2X Vi X R

BAT

p

1

39

19)

(20)
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In order to obtain the small signal analysis, linearization at the quiescent operating
point can be derived (22). Then, the small ac current variation at the secondary side flowing
through the impedance Z, determines the perturbation of Vz4r as expressed in (23).

I =a, Ve v +a, Vi

S,avg

(22)

(23)

), which

(24)

On the other hand, the | transt ion Goc(S) can be derived in

(25), where the transconductance of error amplifier EA in Fig. 11 (b) is g,,. Hence, the transfer

function Goc(s) contains one pole wp; and one zero wyz;.
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R 1+ sR
Goe(5) = —"= = 8wlour o 1T crCoer 25)
VBAT KTP 1+ SROUT CCP

Without battery, the compensation pole wp; is set to be the system dominant pole in
proposed charger system. In addition, the zero wz; is designed to cancel the load-dependent
pole wpp of Geo(s). After the compensation, the system bandwidth is designed at about 1kHz
which is far away from the switching frequency and the system transfer function 7(s) is

shown in (26).

T(s) = Gepls)XGpe(s)

= ﬂx 1 X(ngOUT X 1-l_SRCP(jCP J (26)

L SXCoy Kpp  145R5:Cop
m

where m = 1/R,,, —a,

As. depicted in Fig. 19, the bode plot of the proposed charger system is presented. If the
charger is without battery, the dominant pole is @wp; and wz; has to be designed at the place
where wpy appears. at the lightest load condition. On the other hand, if the system is
battery-connected, the dominant pole is decided by the equivalent capacitance of the battery

itself. As a result, the system becomes a one-pole system.
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Fig. 19. The bode plot of the proposed charger system w/i and w/o battery.
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Chapter 5

Experimental Results

In this chapter, the design specifications are shown in section 5.1. The chip micrograph

and PCB prototype are presented in section 5.2.

5.1 Design Specifications Chip Micrograph and PCB

Prototype

The proposed flyback-based charger system with trans-predictor and current
trans-runner was fabricated in 0.5pum 500V ultra-high voltage (UHV) process. The chip
micrograph with an active area of 4.75mm” is shown in Fig. 20(a) and the prototype with the
dimensions of 45mm by 40mm is shown in Fig. 20(b). The efficiency of the experimental
results is in Fig. 21. Due to the GM mode, the efficiency can achieve 85% and 80% in light
load condition at 90V ¢ and 264V 4c, respectively. The peak efficiency is 93.1% under the

conditions of 4W output power and 90V sc.
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Fig. 21. The efficiency of the experimental results in charger system.

The input AC source from 90 to 264V, ¢ and the rated output voltage Vgaris 4.2V. The

primary side, secondary side and auxiliary side inductance of transformer are 700pH, 4.86puH,
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specifications are listed in Table I in more details.

and 49.7uH, respectively. That is, the winding turns ratio N,: N,: N, is 12T: 1T: 3T. Design

Table II: Design specifications

Technology 0.5um 500V UHV
Input Line Voltage Range (V,,,,5) 90~264
Output Voltage (V) 4.2
Output Power (W) 4.2
Constant current output (A) 1
Switching Frequency (Hz) 2K-50KHz
Maximum Efficiency (%) 90.2@V =264V
Chip Area (um?) 1900 x 2500
Table III : Comparison table
This work [3] [4] [5]

Technology 0.5um 0.5pm 0.5um 0.5pum
Input Voltage(V) AC90-264 | DC3-43 DC 60 DC 10

Resistor | Resistor Resistor
External Feedback NO

Divider Divider Divider
Electrical Isolation YES NO NO NO
Output Voltage Range (V) 2.7-6 4.2 4.2-58.8 2.1-4.2
Voltage Accuracy (%) 99.65 99.57 NA NA
Switching Frequency(Hz) 2K-50K NA NA 2.2M
Efficiency (%) 93.1 90 92 86
Chip Area (mm?) 4.75 NA 0.37 1.6
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5.2 Experimental Results

Experimental results are as follows. Input voltage is AC 110rms. In Fig. 22, the
switching period can be divided into 7,,, Tp;s and Tgg as shown. When the period 7,, starts,
the current sensing Vg begins to increase. On the other hand, the system starts to resonate
after Tpys ends at zero.current of Is. Vpram, the drain terminal of the power MOS, reflects the
secondary voltage Vg to-as high as hundreds voltage. Therefore, the VIS 500 UHV fabrication
is adopted. The switching period can be divided into 75, Tpis and Tge as shown. When the
period 7,, starts, the current sensing Vg begins to increase. On the other hand, the system

starts to resonate after Tp;s ends at zero current of Is.

As shown in Fig. 23(a), the output Vpar is the rated voltage 4.2V. Vgp'is proportional to
Viar all the time and Vp,r 18 pretty close to the rated voltage; 4.2V within +0.35% variations
under all kinds of situations. In Fig. 23(b), the drop effect and resonant phenomenon can be
apparently observed during every off-time period. Thatis, the Vj4px signal is with a ramped
slope before Is decreases to zero. Then, an extremely sharp slope occurs right after the
zero-current point happens. The accuracy of the battery voltage can be guaranteed because the
proposed trans-predictor is to sample and hold the Vi when the discharging current is right
down to zero in every single cycle. Therefore, the Vg tightly attaches to the same value of the

Vaux where the discharging current is down to zero owing to the operation of the
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trans-predictor. That means the trans-predictor is capable of capturing the real battery voltage

Ve without any disturbance of the drop effect or influence from resonant phenomenon.

As shown in Fig. 24, the different loading conditions are shown and the Vs represents

the sampling signal. In Fig. 24(a), the system can precisely capture the zero-current point of

Vaux which represents the real battery voltage V. without any non-ideal effect at 500mA

loading. Under the same test bench except the loading change to 1000mA, the Tk shrinks a

lot, which means the average output current is raised. The result shows that the proposed

trans-predictor can sample and hold at the zero-current point of Viyx no matter the change of

the output current Is.

L il
c4 | imebase -16.0 psg
2.00 Vidiv 100 Vidiv| 200 mVidiv| 5.00 psidiv
-3.400'Y ofst) 65.00V ofst) -770.0 mv| 500kS 1.0GS/s

(b)

Fig. 22.The measurement result shows the power-on sequence of the charger system.
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Fig. 24. The measurement results at different conditions of load. (a) The charger system at

500mA loading. (b) The charger system at 1000mA loading.

As shown in Fig 25, the constant current is obtained at 1A as long as the output

voltage is less than the target voltage. The switching frequency is always the same when the
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charger is operating under CC mode. Therefore, the proposed charger can correctly operate

under CC mode.

Vear 3y . 1vDIvV

H

10V/DIV

S00mA/DIV

Fig. 25.The measurement results of constant current mode. (a) The output voltage is 3V. (b) The

output voltage is 4V.

As shown in Fig. 26, the measurement results of accuracy variation is presented. After

a large amount of measuring samples, the result shows that the real battery voltage is pretty
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near to value Vp, y sampled and hold by the proposed trans-predictor circuit. The variation is

within + 0.35%.
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Fig. 26.The measurement results of accuracy variation.

The comparison between the proposed trans-predictor charger system converter and prior
arts is listed in Table II. The proposed charger system can directly connect to AC power
source because of the built-in UHV power MOSFET. Besides, the proposed trans-predictor
technique provides high accuracy of battery voltage regulation without any type of feedback

network.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

The test chip was fabricated in VIS 0.5um 500V UHV Process. Owing to the 500V
ultra-high voltage device, the chip can be powered on directly by the AC source. After the
power-on sequence, the supplying of the chip is controlled by the auxiliary windings and the
function of the trans-predictor can work correctly. 99.65% of the voltage accuracy is achieved
by the proposed trans-predictor in electrical isolation charger applications. The proposed
trans-predictor enhances area efficiency and cost advantage by 11% and 5%, respectively. In

contrast, conventional feedback network occupies at least 30mm>.

6.2 Future Works

This thesis proposed a technique to realize the isolated charger with high voltage
accuracy and excludes all the non-ideal effects. However, the constant current regulation is
still operating in constant frequency. It will make the efficiency poorer than CV regulation
duo to the constant switching frequency. How to remain in constant current with dynamic

frequency becomes an interesting topic.
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