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Abstract

In recent years, power quality is very popular in the world.

Most power

converters and equipment are developed to have power factor correction
technology to improve their power factors.

In the past research,

switched-capacitor DC-DC converters were mainly used on low power
applications for converting the DC voltage.

They contain high switching

harmonic

this

current

in

the

supply.

In

thesis,

a

zero-current

switched-capacitor quasi-resonant AC-DC converter with power factor correction
(PFC) voltage to frequency controller is introduced.

The PFC circuits provide

zero-current-switching low current stress for switching components and improve
high power factor over 0.9.

The voltage to frequency controller for power factor correction is shown to
be stable.

The control algorithm, mathematical analysis, design equations, and

the circuits are discussed in details.

Experimental results using aforesaid

approach are demonstrated in the thesis to verify the behaviour of the design.
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Chapter 1

1.1.

Introduction

Background

This thesis studies power factor correction (PFC) zero-current switching
switched-capacitor quasi-resonant AC-DC converters with voltage-controlledfrequency technique.

This session introduces briefly the backgrounds of these

technologies.

1.1.1

Power Factor Correction Techniques

Most single-phase AC-DC switched-mode power converters operate
effectively with small size and light weight.

Due to these advantages, they were

widely used in commercial, industrial, aerospace, residential and military
applications recently [1.1].

It is known that an AC-DC power converter without

PFC connected to an AC main power supply introduces harmonic current.

It is

mainly because the proliferation of the AC-DC power converter draws pulsating
input current.

The harmonic current injecting to the AC main power supply

causes several problems such as

z

Reducing the capability of the power line to providing energy,

z

Leading to voltage distortion, and

z

Inducing heat and conduction losses on the switching components
[1.2-1.4].

1

1.1.2

Switched-capacitor Techniques

Switched-capacitor voltage converters accomplish energy transfer and voltage
conversion using capacitors [1.7].

Most of the two common switched-capacitor

voltage converters are voltage inverting circuit and the voltage doubling circuit as
shown in Fig. 1.3.

Switched-capacitor converters are widely used in switched

mode power supplies (SMPS) for power conversions, conditionings and are suitable
for custom IC implementation.

Regarding the voltage inverting circuit, the

switched capacitor, Cl is charged to the input voltage during the first half switching
cycle.

During the second half switching cycle, its voltage is inverted and applied

to the output capacitor C2 and the load.
input voltage.
current.

The average input current is approximately equal to the output

The switching frequency has a large impact the size of the resonant

capacitors [1.8].
capacitors.

The output voltage is negative to the

Higher switching frequency allows using smaller switched

The duty cycle is defined as the ratio of charging time for Cl to the

entire switching cycle.

It is usually near and less than 50% because that generally

yields the optimal charge transfer efficiency.

4

The voltage doubling circuit works similarly to the voltage inverting circuit;
however, the switched capacitor is configured in series with the input voltage during
its discharge cycle, thereby accomplishing the voltage doubling function.

The

average input current of this circuit is approximately twice of its average output
current.

There are certain advantages and disadvantages for the conventional
switched-capacitor voltage converters.

In addition, these circuits are simple.

Each circuit usually needs two or three capacitors only.

Obviously, the current

output is limited by the size of the capacitors and the current carrying capacity of
the switches.

However, they cannot maintain high efficiency for a wide range of

ratios of input to output voltages, unlike their switching regulator counterparts [1.9].
This is because the input to output current ratio is scaled according to the basic
voltage conversions. More additional capacitors are required for high conversion
ratio as the capacitors have equivalent series resistance (ESR) [1.11]. Practically,
all capacitors have equivalent series resistance (ESR) and equivalent series
inductance (ESL).

These parasitic may affect the ability of the capacitor to store

charge under high switching frequency. Also, ESR affects the overall efficiency
of the switched-capacitor voltage converter.

Various sources of power loss in

switched-capacitor voltage inverting and doubling circuits are inherent by the ESR
of the switched-capacitor, resistances associated with each switch, as well as the
ESRs of the filtering capacitors.

6

1.2.

Previous Researches

This section is going to review the previous research of basic operation of
PFC converters, switched-capacitor converters and zero-current switching
converters.

1.2.1

Zero-current and Zero-voltage Switching Converters

There are many soft-witching techniques available in literatures that mention the
improvement of the switching behaviour of dc-to-dc resonant converters.

The

intensive research in soft-switching is under way to further improve efficiency with
increased switching frequency of power electronic circuits.

Using the resonant

PWM switches to achieve zero-switching condition are very popular nowadays.
For simplicity, using the zero-switching techniques refer to DC-DC converters,
quasi-resonant converters while other topologies apply resonance to reduce
switching losses.

Two major techniques are generally employed to achieve low

switching losses, such as zero-current switching (ZCS) technique and zero-voltage
switching (ZVS) technique [1.13].

This session will focus on well-known types

of PWM resonant switches and their steady state analyses.

For ZCS techniques, the power switch turn-OFF at zero-current but at
turn-ON, the converter still suffers from the capacitor turn-ON loss caused by
internal conduction of the output capacitor of the power switch.

7

In general, most regulator converter switches need to turn ON or turn OFF the
full load current at high voltage, resulting in what is known as hard-switching. The
typical switching loci for a hard-switching converter are rectangular and this
implies higher loss.

For many years, high efficiency power processing circuits has been achieved
by operating power semiconductor devices in the switching mode, whereby
switching devices are operated in either the ON or OFF states as in the PWM
method.

In PWM converters, switching of semiconductor devices normally

occurs at high current levels [1.15].

Therefore, when switching at high

frequencies these converters are associated with high power dissipation in their
switching devices.

Furthermore, the PWM converters suffer from EMI caused

by high frequency harmonic components associated with their quasi-square
switching current and/or voltage waveforms with today's power semiconductor and
circuit technology, PWM converters can operate up to Mega Hz.

Unfortunately,

although the technological advancement of PWM switch mode converters has
resulted in faster switching devices, their operating frequency is limited by the
reasons mentioned above.

For both ZCS and ZVS techniques, the switching losses in the semiconductor
devices are avoided due to the fact that current through or voltage across the
switching device at switching instant is equal to or near zero.

The reduction in

the switching loss allows the designer to attain a higher operating frequency
without sacrificing converter efficiency.

By means of this approach, the resonant

converters are able to achieving performance that cannot be achieved by the PWM

8

converter. This is the design rule of thumb of small size and weight converters.
Currently, resonant power converters operating in the range of a few megahertz are
available.

Another advantage of resonant converters over PWM converters is the

decrease of harmonic content in the converter voltage and current waveforms
[1.16].

Therefore, when the resonant and PWM converters are operated at the

same power level and frequency, it is expected that the resonant converter will have
lower harmonic emission.

The major advantage of ZCS and ZVS quasi-resonant converters is that the
power switch is tuned ON and OFF at Zero-Voltage and Zero-Current respectively.
In ZCS topologies, the rectifying diode may also have ZVS or ZCS operation while
in ZVS topologies, the rectifying diode may also have ZCS or ZVS operation.

The second advantage is that both ZVS and ZCS utilize transformer leakage
inductance and diode junction capacitors and output parasitic capacitor of the
power switch [1.17].

The major disadvantage of ZVS and ZCS techniques is

that they require variable-frequency control to regulate the output.

This is

undesirable since it complicates the control circuit and generates unwanted EMI
harmonics, especially under wide load variations.

In ZCS, the power switch

turn-OFF at zero-current but at turn-ON, the converter still suffers from the
capacitor turn-ON loss caused by the output capacitor of the power switch.
However, it is suitable for handling high current operation.

9

1.2.2

Power Factor Correction Converters

Recently, PFC techniques and control strategies are very common for
application.

Power factor correction can be accomplished by any one of the

numerous power conversion techniques.

Nowadays, it is very common that

using boost topology operating in continuous conduction mode (CCM) for high
power applications and discontinuous conduction mode (DCM) for lower output
power applications.

The drawbacks of this approach are that the output voltage

of the boost converter must be greater than the input peak voltage and the input and
output of the circuit are non-isolated.

In flyback topology, the output voltage can

be greater than or less than the input peak voltage depending on the turn ratio of the
transformer.

A simple buck regulator has also been proposed for PFC and it

provides lower output voltage than the input voltage for non-isolated application
with sound results.

However, it still suffers from discontinuous current at the

input because the main switch is in series with the input.

In continuous inductor

current boost topology, fixed conversion frequency and current mode control are
usually used.

There are two common control techniques for PFC.
mode control and average current mode control.

They are peak current

However, conventional peak

current mode control is difficult to be implemented because it is necessary to add
slope compensation for stability over the wide range of duty cycles.

Average

current mode control can eliminate the need of slope compensation, and can
additionally optimize the dynamic response of the pre-regulator.
continuous current technique is hysteretic current control.
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Another type of

The inductor current

is switched to follow a peak and valley current level which tracks the sinusoidal
supply voltage shape and associated current.

The hysteresis can be a fixed

amount or proportional to the instantaneous average current.

Variable frequency

operation of the switch is required to accommodate the hysteresis, which may
require synchronization and also some careful filter design consideration

PWM for PFC converters have advantages such as simple configuration, low
voltage and current stress, ease analysis and control.

This approach requires the

switching component operating at PWM mode with high frequency so that the size
of the AC-DC power converters is small.
PFC circuit.

Therefore, it is extensively used in

Combining PWM PFC techniques in the resonant converter, PFC

with soft-switching or zero-current switching can be achieved.
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The resonant double mode switched-capacitor converter can obtain the high
efficiency compare with the conventional type of switched-capacitor converter and
this technique has to control the charged and discharged of the resonant capacitors
in fixed periods.

Fig.1.4(b) shows the resonant circuit and its operation is very

similar to that of the conventional double mode on Fig. 1.4 (a).
and S2 are turned on and off alternatively.

The switch S1

The operation is explained here by

When S2 is turned on, D1a are forward biased.

using the topology of Fig. 1.4.

C1a is in series resonance with Lr through D1a and C1a is charged by Vin.

When S1 is turned on in the second-half switching cycle, D1a is reverse biased
and D2a is forward biased.

Hence, C1a is connected in series with Lr. and source

Vin to charge the output capacitor C2a in double of Vin

Both S1 and S2 are turned

on and off under zero-current switching to reduce the switching stress of the
switching device of the converters.

Fig. 1.4 shows the circuits of the conventional and resonant double mode
step-up

converters.

The

main

shortcomings

of

the

conventional

switched-capacitor converters are that the switching devices of the converters
operate under very high current stress [1.7].

It is because the capacitors are

connected directly to the charging source and output filtering capacitor during
charging and discharging respectively.

The number of the switching devices of

converters is large if the switched-capacitor converter is designed for high voltage
conversion ratio [1.7].

Hence, the converters efficiency is low and control of the

device is more extensive.

Moreover, most conventional switched-capacitor
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converters circuits have an inherent drawback such that their efficiencies much
decrease when their output currents increase.

Some operations of the

conventional switched-capacitor converter are based on the transistor working in
non-saturation mode in order to regulate the voltage and therefore the loss of these
converters is high.

These converters are therefore usually used only for low

power and operating at lower efficiency.

The efficiency also deteriorates

seriously as the switching frequency increases.

The conventional switched-capacitors converter is usually designed in an
uncontrolled manner of leakage inductance in the circuit, as a result, high current
stress and spikes problems can be observed and it causes high electromagnetic
interference (EMI) of the voltage source when the switched-capacitors are being
charged and discharged.
components.

These kinds of converters have no magnetic

They use capacitors for storing energy so that the size of the

converter is small. Also, it can be fabricated in integrated circuit chips or very low
profile system.
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1.3.

Outline of Thesis

The background of the design techniques and previous converters operation
topology has been introduced for developing the new proposed power factor
correction of zero-current switching quasi-resonant switched-capacitor AC-DC
converters with voltage-controlled-frequency control technique.

The main

results and contribution of this thesis are outlined as follows: -

(i)

Propose the step-up zero-current switching quasi-resonant switched-capacitor
DC-DC converters had been analysed and introduced in Chapter 2.

The

converters are operated under zero-current condition and quasi-resonance.
In Chapter 2, the operation principles, the mathematical analysis and the
simulation results will be explained as well as the experimental tests of the
prototype circuit will be provided.

(ii) In Chapter 3, a new concept and the operation principles PFC techniques in
zero-current switching quasi-resonant switched-capacitor AC-DC converters
will be introduced.

(iii) In Chapter 4, the design methods, switching devices operation conditions,
selection of components rating and power losses analysis will be explained for
PFC zero-current switching quasi-resonant switched-capacitor AC-DC
converters.

The mathematical analysis will be introduced for design and

further discussion.
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(iv) In Chapter 5, a new controller for improving the power factor in zero-current
switching quasi-resonant switched-capacitor AC-DC converters will be
explained.

A high power operation of the proposed PFC zero-current

switching quasi-resonant switched-capacitor AC-DC converters will be
experimented and discussed.

Mathematical analysis and computer

simulation will be carried out for discussion.

(v) Conclusions and recommendations will be provided in Chapter 6.

The

further study and research for the PFC quasi-resonant switched-capacitor
AC-DC

converters

with

voltage-controlled-frequency

recommended.

16

technique

are

Chapter 2

Zero-current

Switching

Quasi-resonant

Switched-capacitor DC-DC Converters

2.1.

Introduction

In recent years, switched-capacitor converters are widely used in switched
mode power supplies (SMPS) for power conversions and conditionings in low
power applications.

It is because the conventional SMPS are consisting of large

magnetic components, such as inductors or transformers for energy storage and
conversions.

Hence, the weight and the size of the converter structure are

usually reduced as well as the component profile.

In this chapter, a step-up zero-current switching switched-capacitor resonant
converter is presented.

These converters have both the advantages of

conventional SMPSs and switched-capacitor converters.

The circuits consist of

only two switching devices, some diodes and a number of switching-capacitor cells,
which can improve the aforesaid problem.

All switching devices inside circuit

are switch-ON and switch-OFF under zero-current switching condition by the
resonance of the switched-capacitors and a very small resonant inductor.

The

resonant currents of the proposed converters are used as assisting zero-current
switching in quasi-resonant manner [2.1].

The capacitor charging and

discharging currents are half sinusoidal waves.

Hence, the current spike problem

can be solved [2.2].
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Fig. 2.2 shows equivalent circuits of each state of operation of the triple-mode
switched-capacitor resonant step-up converter.

(i)

State I [t0 – t1]
S2 is switched on and S1 is switched off in this state.

C1a and Lr resonate

together with Vin while C1b and Lr resonate together with C2a.

They all start

resonating at t0 from the current equal to zero in sinusoidal manner.

Since the

current increases gradually at t0, S2 is switched on under zero-current switching
condition.

They stop resonating when the current reaches zero again at t1 by the

reverse biased D1a and D1b. Let Lr = L and C1a = C1b = C.

C2a and C2b are

assumed to be large enough to keep the voltage to be constant, and the circuit is
assumed to be lossless.

(ii) State II [t1 – t2]
Both S2 and S1 are still switched off in this state.
The inductor current is equal to zero.
unchanged.
switched off.

The resonance stops at t1.

The voltages of C1a, C1b and C2a are

C2b discharges to the load.

At t2, S1 is switched on and S2 is

Hence, S2 is switched off under zero-current condition.

(iii) State III [t2 – t3]
S1 is switched on and S2 is switched off in this state.

Lr and C1a resonate in

series together and connected with source Vin to C2a while Lr resonates with C1b
and connected together to C2b and the load.
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Similar to State I, the resonant

currents are in sinusoidal manner.

They increase from zero at t2 gradually so that

zero-current turn-on of S1 is achieved.

The current reaches zero at t3.

The

resonance stops by the reverse biased diodes D2b and D2a.

(iv) State IV [t3 – t4]
In this state, both S1 and S2 are still switched off.
resonance stops at t3.

Similar to State III, the

The instantaneous inductor current is equal to zero.

voltage of C1a and C1b is unchanged.
is switched on and S1 is switched off.

C2b discharge to the load again.

The

At t4, S2

Hence, S1 is switched off in zero-current

condition.

2.2.2

(i)

Mathematical Analysis

The equations of State I [t0 – t1] can be derived by classical circuit equation: Voltage source Vin = Vs

v C 1a

3
= VS − I oTS ω 0 Z 0 cos ω 0 (t − t0 )
4

3
iLr = I oTS ω 0 sin ω 0 (t − t0 )
4
vC1b = 2VS −

3I o TS ω 0 Z 0
cosω 0 (t − t0 )
4
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(2.1)

(2.2)

(2.3)

Where,

ω0 =

(2.4)

1
2 LC

(2.5)

L
Z0 =
2C

(ii) The equations of State II [t1 to t2] are: -

vC1a = VS + I oTSω0Z0
vC1b

(2.6)

ITω Z
= 2VS + o S 0 0
2

(2.7)

iLr = 0

(2.8)

(iii) The equations of State III [t2 to t3] are: -

vC1a = VS +

3
I oTS ω 0 Z 0 cos ω 0 (t − t2 )
4

3
iLr = − I oTSω 0 sin ω 0 (t − t2 )
4
vC1b

3I T ω Z
= 2VS + o S 0 0 cos ω 0 (t − t2 )
4
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(2.9)

(2.10)

(2.11)

(iv) The equations of State IV [t3 to t4] are: -

vC1a = VS − I oTSω0 Z 0
vC1b = 2VS −

(2.12)

I oTS ω 0 Z 0
2

(2.13)

i Lr = 0

(2.14)

2.2.3. Simulation Results

The simulation result of the triple-mode step-up converter is shown in Fig. 2.3.
The result is provide that the input voltage is 40V, output power is 100W, switching
frequency is 200kHz, C1a and C1b are 0.22μF, Lr is 1μH and C2a is 50μF.

Further

to the simulation result, assuming the output capacitor, C2b, is very large to
maintain constant output voltage.

As the result, the capacitance of C1a is equal to

that of C1b such that the circuit has no power loss in the circuit.
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t0 t1 t2 t3 t4
Fig. 2.3

(Input Voltage = 40V, Switching Frequency = 200kHz)

Simulation waveforms of triple mode switched-capacitor resonant
converter
Table 2.1 Variable of the simulation waveforms

Vg1

Switch S1 gate signal

Vds2

Voltage between the drain and
source of switch S2 (FET)

Vg2 Switch S2 gate signal

Vc1 Voltage of the capacitor C1a

iLr Current of resonant inductor Lr

Vc2 Voltage of the capacitor C2a

Vds1

Voltage between the drain and
source of switch S1 (FET)

Vo Output Voltage
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2.2.4. Experimental Results

In this chapter, the triple-mode step-up resonant converter shown in Fig. 2.1(b)
and 2.3 has been tested.

The circuit is very similar to the circuit diagram that

shown in Fig. 2.1(b) and 2.3 except that a filtering capacitor Cin was added to
eliminate effects from the inductance of the conduction line between the power
source and the input of the converter.

For output voltage ripple less than 2%,

specification of prototype of the circuit is shown in Table 2.2.

Table 2.2 Specification of Prototype of Triple-mode Converters
Descriptions

Model Numbers

Values

Units

Input Voltage

/

40

V

Expected Output Voltage

/

120

V

Switching Frequency

/

215

kHz

Output Power

/

10-90

W

S1 and S2 (Switching Device)

IRF530

/

/

D1a, D1b, D2a and D2b (Diode)

MBR10100

/

/

C1a, C1b

/

0.22

μF

C2a

/

50

μF

C2b

/

100

μF

Lr

/

1

μH

25

Since the main power flows through both C1a and C2b in the resonant state, the
equivalent series resistance of these capacitors should be very low.

High ESR

may lead to high power loss and high temperature of the capacitors which may
exceed the rated temperature of the capacitors.

For this reason, polyester

capacitors were chosen for these switched-capacitors and the experimental result of
prototype triple-mode zero-current quasi-resonant switched-capacitor converter
shown in Fig. 2.4.

(a)Upper trace: Gate signal of S1, 20V/div, Lower trace: IL, 5A/div

( b)Upper trace: Gate signal of S1, 20V/div, Middle trace: Vds of S1, 40V/div
Lower trace: S1 current, 5A/div
Fig. 2.4

Measured waveforms of triple mode switched-capacitor resonant
converter
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(c) Upper trace: Gate signal of S2, 20V/div, Middle trace: Vds of S2, 40V/div
Lower trace: S2 current, 5A/div

(d) Upper trace: Gate signal of S1, 20V/div, Lower trace: VC1a, 40V/div

(e) Upper trace: Gate signal of S2, 20V/div, Lower trace: VC1b, 40V/div
Fig. 2.4

Measured waveforms of triple mode switched-capacitor resonant
converter
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(f) Upper trace: Gate signal of S1, 20V/div,
Lower trace: Output Voltage, 40V/div
Time base = 5μs/div for (a) to (e)
Fig. 2.4

Measured waveforms of triple mode switched-capacitor resonant
converter

Measured waveforms of the triple-mode step-down zero-current switching
quasi-resonant converter operating with 90W output power are shown in Fig. 2.4.
From both Fig. 2.4(a) and (b), they show that the switching devices S1 and S2 are
zero-current switching during switching on and off in a sinusoidal manner.

The

Fig. 2.4(d) and (e) shows the voltage of C1a and C1b. It can be seen that there is a
dc component of Vs and 2Vs on the voltages of C1a and C1b respectively.

The

resonant component is small as expected. The amplitude of the resonant voltage
and current have been examined and confirmed that they agree with the equations
derived, with a small deviation because of the energy loss in the circuit.

The

waveforms agree with the simulation as shown in Fig 2.3 and the graph of
characteristic of efficiency shown in Fig. 2.5 and Table 2.3, it can be seen that the
efficiency of the converter is around 90% at 90W power output.
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96
94
92

Efficiency (%)

90
88
86
84
82
80
78
76
11.6

23.9

34.7

46.8

56.9

67.1

78.5

87.8

98.8

103.3 106.3

Output Power (W)

Fig. 2.5 Measured efficiency and output power of the triple mode switched-capacitor
resonant converter
Table 2.3 Measured efficiency, input and output value of the triple mode
switched-capacitor resonant converter
Input

Output

Efficiency

Volt(V)

I(A)

P(W)

Volt(V)

I(A)

P(W)

%

40

0.35

14

120.9

0.1

11.6

82.9

40

0.65

26

118.4

0.2

23.9

91.9

40

0.95

38

116.5

0.3

34.7

91.3

40

1.24

49.6

115.8

0.4

46.8

94.4

40

1.55

62

113.8

0.5

56.9

91.8

40

1.84

73.6

112.6

0.6

67.1

91.2

40

2.15

86

111.8

0.7

78.5

91.3

40

2.44

97.6

110.1

0.8

87.8

90

40

2.78

111.2

109.3

0.9

98.8

88.8

40

2.88

115.2

108.5

0.95

103.3

89.7

40

3

120

107.4

1

106.3

88.6
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2.3.

Discussion

The design of step-up zero-current quasi-resonant switched-capacitor
converters resonant is very simple.
referring to the experiment result.

The efficiency of the converters is high
Hence, the high efficiency is obtained by the

quasi-resonant zero-current switching.

In the conventional switched-capacitor

converters the output voltage cannot be regulated or controlled by controlling the
charging and discharging periods of the switched-capacitor.

But the both

zero-current quasi-resonant switched-capacitors converter circuits have to be
control the charged and discharged of the switched-capacitor in fixed periods, half
resonant period for zero-current switching.

The zero-current switching

technique applying in the quasi-resonant switched-capacitors converter reduces the
switching loss of switching devices greatly.

Unfortunately, the drain-to-source

junction capacitors of the transistors contain the switching loss.
loss is directly proportional to the switching frequency.

The switching

For higher fraction and

higher multiplication conversion ratio of the both step-up and step-down resonant
switched-capacitor converters, more diodes are needed for routing the charging and
discharging current.

Efficiency of the converters will be lower because of

forward voltage of the diodes.

In practical, schottky diodes may be used for this application.
forward voltage is from 0.5V to 0.8V, depending on their ratings.

Their

The higher

number of diodes leads to higher conduction loss due to their forward voltage.
also leads to the higher voltage drop of the output voltage.
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It

When higher

multiplication of the voltage conversion ratio is obtained, number of stages is
higher.

Number of filtering capacitors is also higher.

The size of the

converter will be higher because not only the total size of the diodes is higher but
also that of the capacitors is higher.
capacitors are electrolytic capacitors.
small size and light weight.

However, in practical, the filtering
They have high capacitance values with

The total size of the capacitors will not much

increases.

Because of the discontinuous discharging current of the switched-capacitors to the
load, comparing with a continuous mode traditional SMPS, the capacitance value
of the output capacitor is higher.
electrolytic capacitor.

In practical, the output capacitor is an

The size of the capacitor is slightly bigger than that in a

traditional SMPS.
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2.4.

Summary

The switched-capacitor circuits of zero-current switching quasi-resonant
step-down converter are introduced in this chapter.

The circuit of zero-current

switching quasi-resonant step-up converter is operating under zero-current
switching and there is only a very small inductor providing resonance in each
circuit and no large inductor is needed for energy storage.

Thus, the inherent

shortcoming of high current stress in transistor has been eliminated and also the
number of transistors for switching has been reducing to two.

The equations and

analysis of the triple-mode zero-current switching quasi-resonant step-up converter
circuits have been provided and presented.

The computer simulation and the

experiments result of triple-mode switched-capacitor converters with 100W
prototype had been tested and analysis.

Besides, the result shown all switching

transistors has been operate under zero-current switching condition for all
transistors.

Both switching loss and EMI have been reduced. High efficiency

can then be obtained. From the experiment, it shows that the efficiency of the
converter can be around 90%. Also, current spike problem does not exist in this
circuit.
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Chapter 3 Principles of Power Factor Correction Techniques in
Zero-current

Switching

Quasi-resonant

Switched-capacitor conversion

3.1

Introduction

Nowadays, the PFC techniques are widely applied in many conventional
converters to shape the converter input current waveform to nearly sinusoidal and
in phase with the input supply voltage in order to improve the power factor and
efficiency of the conventional converters.

In this chapter, the new concept of the PFC techniques applying zero-current
switching quasi-resonant switched-capacitor converters is introduced. The study
also includes the operation principle and voltage control frequency technique.

3.2

Concept of Power Factor Correction Techniques in
Zero-current Switching Quasi-resonant Switched-capacitor
Converters

The operation principle, different states, equivalent circuits and
mathematical analysis of step-up and step-down PFC zero-current switching
quasi-resonant switched-capacitor DC-DC converters are already discussed and
analysed in chapter 2.

The advantage of zero-current switching quasi-resonant

switched-capacitor converters is to provide high efficiency of fixed conversion
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ratio and overcome the low efficiency. Besides, switching loss in classical
switched-capacitor converters was improved.

The energy processing for

resonant switched-capacitor is not required to process the total energy stored in
the converters but only a small portion whereas the classical switched-mode
power supplies (SMPS) are required to have the total or a large portion of energy
stored in the reactive components processed [3.1].

Therefore the power

efficiency cannot be very high in the classical SMPS.

The method to apply

the PFC in switched-mode power converters such as Buck, Boost and Buck-boost
has been reported by many researchers.

It is proposed to apply the resonant

switched-capacitor concept for use in PFC.

Therefore the main advantage of the

resonant switched-capacitor conversion can be integrated with the PFC.

A new concept of voltage control frequency technique has been developed
to control the switching devices.

It is because the conventional

switched-capacitor converter is drawing a pulsating input current.
the power factor is lower and the harmonic is large.

In this case,

This technique is to control

the switching frequency by the reference input voltage signal to overcome the
shortcoming and achieve the nearly sinusoids input current.

This PFC

controller can generate the variable switching frequency similar to the VCO to
drive the switching device of the converter.

The switching frequency range of

the VCO is preset at around 100 kHz to 200 kHz depending on the reference
sine-wave input voltage amplitude.

So, the VCO switching frequency will

equal to 100 kHz when reference sine-wave input voltage amplitude is equal to
zero voltage.

Such that, the VCO output frequency is proportional to the

reference sine wave input voltage amplitude.
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In the converter all components

are set as 200 kHz resonant frequencies.

Properly controlling the transistors S1

and S2, all the currents resonate from zero and finish at zero values.

Therefore

zero-current switching can be attained. At low switching frequency periods the
reference sine wave input voltage amplitude and current draws by the converter
are also lower.

In this case, the input current of the converter is lower

otherwise the input current is rise against the high reference sine wave input
voltage amplitude and high switching frequency generate by VCO.

As the

result, the zero-current switching quasi-resonant switched-capacitor converters
will draw an input current in nearly sinusoidal and in phase with the input supply
voltage.

On the other hand, the zero-current switching capability can also be

maintained.

3.3

Principle of Power Factor Correction Techniques in
Zero-current Switching Quasi-resonant Switched-capacitor
Converters

The zero-current switching quasi-resonant switched-capacitor converters
operate under high switching frequency.

This new control circuit strategy uses

50Hz input supply AC voltage amplitude as a reference signal to control the
switching frequency of the converters.

The operation block diagram is shown in

Fig. 3.1.
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This controller circuit output frequency is similar to the voltage control
oscillator (VCO) shown in Fig 3.2.
signal voltage is equal to zero.

At initial state, the reference sine-wave

At the same time the PFC controller start to

oscillate at a low frequency, which is preset at 80 - 100 kHz as shown on Fig. 3.2.
Meanwhile, the input AC voltage increases from zero in sinusoidal manner and the
PFC controller will increase the output frequency to drive the switching devices
according to the 50Hz input voltage amplitude.

This PFC controller continues to drive the switching devices and the output
frequency varies according to amputates of input reference sin-wave voltage.
Assuming that each time period is fixed, Fig. 3.2 shows the frequency and
reference sine-wave relationship accordingly.

In this approach, the input current amplitude of the converter is depending on
the reference voltage amplitude and switching frequency.

For example, the

lower reference voltage amplitude will generate the low output switching frequency.
In this case, the current draw from the input will lower.

Otherwise, the high

input current will obtain during the reference voltage at peak value.

The detail

input current waveform as show in Fig 3.3.

The proposed PFC zero-current switching quasi-resonant switched-capacitor
AD-DC converters can be developed into the step-up, step-down and inverting
mode as shown in

Fig 3.3, 3.4 and 3.5 respectively.
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3.4

Family of Quasi-Resonant Switched Capacitor PFC circuits

The non-inverting step up version as shown in Fig 3.3 is simply changed the
input stage from a DC voltage into an AC source.

The transistors S1 and S2 are

also switched alternative manner with 50% duty ratio of a switching period. The
frequency of switching period is regulated with the input 50Hz amplitude.

For the

step-up circuit, the input current is a summation of current through S1 and S2.

It is

bipolar before the bridge rectifier and is unipolar after the bridge rectifier.

For

the step-down circuit as shown in Fig 3.4, the input current before and after the
bridge rectifier is given by the current through S1. During S2 conducting, its
current does not pass through bridge rectifier and therefore only half of the
quasi-resonant cycle is reflected in the bridge rectifier.

For the step-down inverting circuit as shown in Fig 3.5, the input current is
defined by the current through S2.

During S1 conducting, it’s current only flow

to the right hand side of the circuit and does not flow through the input. Therefore
the input current is dependent on the half of the resonant current of Lr.
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where vin = Vin sinωt
At vin = 0 which is the time at zero current of the sine wave,
G1 =

Vo
Vstack

and G1G2=1

(3.4)

For ideal power flow and assume the input current is:
iin = Iin sin ωt
The input and output power balance gives:

Po =

Vin I in
= Vo I o
2

(3.5)

The power handling for the switched-capacitor converter is:
Ts

P1 = ∫ (Vin sin ωt + Vstack ) I in sin ωt dt = Po (1 +
0

4Vstack
)
πVin

(3.6)

The power handling of the DC/DC converter is:
Ts

P2 = ∫ (Vstack ) I in sin ωt dt = Po (
0

4Vstack
)
πVin

(3.7)

It can be seen that the power processing by the DC/DC converter is zero and
in deal case, there is no loss by the DC/DC converter. It is just used to help the
shape the switching profile of the power factor correction circuit.

The amplitude of Vstack is not necessary to be higher than Vin. However, it is
better to make them close to each other in order to make the current shaping to be
more sinusoidal.

Because of the regulation of the input current depends on the

input voltage, the resultant voltage goes to the switched-capacitor converter is a
sum of sine wave and a DC that is just a level shift to more positive and hence the
current shaping near the zero-crossing is improved.
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3.6

Summary

In this chapter, the zero-current switching quasi-resonant switched-capacitor is
introduced for use in AC-DC converters. The proposed circuit is able to perform
power factor correction and is regarded as a method that has been sued for SMPS.
Discontinuous mode is used for the current control. This is also the only method
that is feasible for the zero-current switching quasi-resonant switched-capacitor
because its current is also discontinuous. The current shaping is realised by the
frequency control such that near the zero-crossing of the 50Hz sine input voltage, a
low switching frequency is applied whereas for the peak and trough of the input
sine wave, high switching frequency is applied.
by the voltage control oscillator (VCO).

This control circuit is realised

The main advantages of this circuit are

very simply and maintaining the zero-current switching of the switched-capacitor
converters.

Of course, the design rule of thumb is that the maximum switching

frequency generated by the VCO is set at slightly lower than the resonant
frequency of the switched-capacitor resonant tank in order to ensure zero-current
switching can be fulfilled all the time.

The separately controlled stack-up

DC/DC converters are sufficient for producing a regulated DC output voltage of the
designed PFC converters and shaping the input source current.
design and analysis is presented in next chapter.
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The detailed

Chapter 4 Mathematical Analysis of the Power Factor Correction
Zero-current Switching Switched-capacitor AC-DC
Converters

4.1

Introduction

The equations governing the switched-capacitor converter under AC-DC PFC
condition is different from the DC-DC conversion as shown in Chapter 2.

For

the present development, the AC-DC converter has an input of sine wave and there
exists three frequencies in the circuit.

One is the resonant tank frequency,

switching frequency and the AC source input frequency. The resonant frequency
and the switching frequency are very close in quantity whereas the AC source
frequency is very low as compared to the switching frequency.

Therefore in

each switching cycle, the input AC voltage can be considered as constant. The
original frequency as shown in Chapter 2 and appendix for the basic DC-DC
counterpart is reformatted in order to meet the AC-DC conversion concept.

In

this chapter, the mathematical analysis, design criteria and generalised analysis will
be presented.
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4.2

Initial Analysis On Single Stage Step-up PFC Circuit

4.2.1

State Equations of the Step-up Circuit

The application of the ZCS switched-capacitor converter is firstly tested for
the mathematical analysis based on the single stage circuit, the non-inverting
double mode circuit. The circuit is given in Fig 4.1. The following assumption
is used for the analysis.

Fig 4.1

Schematic of the power factor correction circuit using double mode
step-up version
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a)

The output capacitor connected to the load RL is large and its voltage is
assumed to be constant. Therefore for double mode circuit, C2a is large.

b)

There are no losses in the switching device (Transistor and diode).

c)

The ESR for the resonant inductor Lr and resonant capacitor C1a, are small.

d)

The switching period is small when compared to the input period of the AC
source.

The switching period again can be divided into four stages of operation as
shown in Fig 4.2.

Fig 4.2

Equivalent circuit during 4 stages of operation
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(i)

State I [t0-t1],
Transistor S2 is turned on, the resonant tank Lr and C1a starts to resonate as the

same manner as the DC-DC resonant switched-capacitor converter (See Chapter 2
or [4.1]).

v in = Lr

The state equations are given as below: (4.1)

di Lr
+ v C1a
dt

dv
i Lr = C1a C1a
dt

(4.2)

where v in = Vin sin ωt

(4.3)

and ω is the AC source frequency

The solutions are

v C1a = Vin sin ωt − I A Z cos ωo t

(4.4)

i Lr = I A sin ω o t

(4.5)

Lr
C1a

(4.6)

1
= 2π
Lr C1a To

(4.7)

where Z =

ω0 =

(ii)

State II [t1-t2],

At t = t1 to t2, the resonant current iLr and voltage vc1a remain unchanged: -

v C1a = Vin sin ωt + I A Z

(4.8)

i Lr = 0

(4.9)
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(ii)

State III [t2-t3],
Transistor S1 is turned on, the resonant tank formed by Lr and C1a starts to

resonate as the same manner as the DC-DC resonant switched-capacitor converter
(See Chapter 2 or [4.1]). The state equations are: -

v in = Vo − Lr

i Lr = C1a

(4.10)

di Lr
− v C1a
dt

(4.11)

dv C1a
dt

The solutions are

v C1a = (Vo − Vin sin ωt ) + I B Z cos ω o ( t − t 2 )

(4.12)

i Lr = − I B sin ωo (t − t 2 )

(4.13)

(iv)

State IV [t3-t4],
At t=t3 to t4, the resonant current iLr and voltage vc1a remain unchanged:

v C1a = (Vo − Vin sin ωt ) − I B Z

(4.14)

i Lr = 0

(4.15)

IA and IB are the amplitude of the resonant current in the State I and II
respectively.
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4.2.2

Continuity Analysis and Energy Equation

Eqns (4.1) to (4.13) cannot be solved as described in Chapter 2 or [4.2].

It

is because t4 in State IV and to at State I are not continuous mode. However, t2 in
State II and t2 at State III are operating in continuous mode.

Eqns (4.8) and (4.12)

can therefore be solved as follows: -

v C1a |t =t2 = (Vo − Vin sin ωt ) + I B Z = Vin sin ωt + ZI A

(4.16)

It follows that: -

IB − I A =

2Vin sin ωt − Vo
Z

(4.17)

Another condition is based on the current of iin. iLr is formed by iin’ and the
train of inductor current, iLr. Therefore, the average current of iLr appeared at iin’
is then given as follows: -

I A + I B 2To
k = I in sin ωt
π
TS

(4.18)

where k is a VCO variable and is a function of t. Iin is the amplitude of iin. It
represents the conversion of the voltage, Vin, to switching frequency, which use to
drive the S1 and S2. To and Ts are the period of resonant tank as shown in Eqn (4.7)
and period of switching frequency.
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Another condition is based on the energy conversion. The input and output
energy is conserved and hence: -

I in =

(4.19)

2Vo I o
Vin

Eqns (4.17-4.19) can be solved and give: -

1 ⎛ I sin ωtπTS 2Vin sin ωt − Vo
I B = ⎜⎜ in
+
2⎝
2To k
Z

⎞
⎟⎟
⎠

(4.20)

It could also be noted that the voltage rating of the transistors S1 and S2 are
equal to source voltage of Vin The voltage ratings of all the diodes are also
approximately equal to Vin

52

The operation state equations are shown as follows: -

vin = Lr

(4.21)

diLr
+ vC1a + Vstack
dt

(4.22)

dv
i Lr = C1a C1a
dt
v C1b = v C 2 a − Lr

(4.23)

di Lr
dt

The solutions are: -

vC1a = Vin sin ωt − Vstack − I A Z cos ωo t

(4.24)

i Lr = I A sin ωo t

(4.25)

v C1b = v c 2a − I A Z cos ωo t

(4.26)

where Z =

ω0 =

Lr
2C1

(4.27)

1
2π
=
2 Lr C1 To

(4.28)

C1a and C1b are assumed to be the same and are equal to C1

State II [t1-t2]

(ii)

At t = t1 to t2, the resonant current iLr, voltage vc1a and vc1b remain unchanged:-

vC1a = Vin sin ωt − Vstack + I A Z

(4.29)

i Lr = 0

(4.30)

v C1b = v c 2 a + I A Z

(4.31)
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(iii)

State III [t2-t3],
Transistor S1 is turned on, the resonant tank is formed by Lr , C1a and C1b start

to resonate.

The operation principle of the step-up triple circuit is similar to that

of the DC-DC resonant switched-capacitor converter (See [4.2]). The state
equations are given as follows: -

vin − Vstack = vC 2 a − Lr
i Lr = C1a

diLr
− vC1a
dt

(4.32)

(4.33)

dv C1a
dv
+ C1b C1b
dt
dt

(4.34)

di
v in = Vo − Lr Lr − v C1b
dt

The solutions are: -

vC1a = (vC 2 a − Vin sin ωt + V stack ) + I B Z cos ω o (t − t 2 )

(4.35)

i Lr = − I B sin ωo (t − t 2 )

(4.36)

v C1b = (Vo − Vin sin ωt ) + I B Z cos ωo (t − t 2 )

(4.37)

State IV [t3-t4],

(iv)

At t = t3 to t4, the resonant current iLr , voltages vc1a and vC1b remain unchanged: -

vC1a = (Vo − Vin sin ωt + Vstack ) − I B Z

(4.38)

i Lr = 0

(4.39)

vC1b = (Vo − Vin sin ωt + Vstack ) − I B Z

(4.40)

Again, IA and IB are the amplitude of the resonant current during the State I
and II respectively.
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4.3.2

Continuity Analysis and Energy Equation

Eqns (4.21) to (4.40) cannot be solved like in [4.1] and [4.2]. It is because t4 in
State IV and to in State I are not operated in continuous mode. However, t2 in
State II and III are also operated in continuous mode. Therefore, Eqns (4.29), (4.31),
(4.32) and (4.34) can then be solved.

It is noted that VC2a is not a constant voltage.

The Capacitor C2a is not large and the voltage of C2a includes the component of AC
source frequency and DC voltage. The detail is given as follows: -

vC1a |t =t2 = Vin sin ωt − Vstack + ZI A = vC 2a − Vin sin ωt + Vstack − ZI B

(4.41)

vC1b |t =t2 = vC 2 a sin ωt + ZI A = Vo − Vin sin ωt + Vstack − ZI B

(4.42)

The voltage on C2a can therefore be obtained: -

vC 2 a =

Vin sin ωt − Vstack + Vo
2

(4.43)

Another condition is again based on the current of iin. iin is formed by iin’ and
the train of current of iLr. Therefore, the average current of iLr appeared at iin’ is: -

I A + I B 2To
k = I in sin ωt
π
TS

(4.44)

Another condition is based on the energy conversion. The input and output
energy is conserved and hence: -

I in =

(4.45)

2Vo I o
Vin
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The operation principle is also divided into 4 stages for analysis.

The

equations for the 4 states are given as follows: -

State I [t0-t1]

(i)

v C1a = Vin sin ωt − I A Z cos ωo t

(4.48)

i Lr = I A sin ωo t

(4.49)

vC1 j = vC 2 j − I A Z cos ωo t

(4.50)

where j=a, b, .., n-1;

(ii)

State II [t1-t2]

v C1a = Vin sin ωt + I A Z

(4.51)

i Lr = 0

(4.52)

v C1 j = v C 2 j + I A Z

(4.53)

(iii)

State III [t2-t3]

vC1 j = ( vC 2 j − Vin sin ωt ) + I B Z cos ωo (t − t 2 )

(4.54)

i Lr = − I B sin ω o ( t − t 2 )

(4.55)

vC1n −1 = (Vo − Vin sin ωt ) + I B Z cos ωo (t − t 2 )

(4.56)

(iv)

State IV [t3-t4]

vC1 j = ( v C 2 j − Vin sin ωt ) − I B Z

(4.54)

i Lr = 0

(4.55)

v C1n −1 = (Vo − Vin sin ωt ) − I B Z

(4.56)
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Impedance and resonant frequency are given by: -

Z=

Lr
( n − 1)C1

(4.57)

1
2π
=
( n − 1) Lr C1 To

(4.58)

ω0 =

The voltage on vC2j is

vC 2 j =

jVo
n − j −1
Vin sin ωt −
n −1
n −1

where j = a, b, ….

(4.59)

Because there are n-2 C1 capacitors, therefore j is

equivalent to count for n-2 alphabets.

The amplitude of the resonant currents

during the State I and State II are: -

V ⎞
n
⎛
Vin sin ωt − o ⎟
⎜ I sin ωtπT
1
n −1⎟
S
I A = ⎜ in
− n −1
2⎜
2To k
Z
⎟
⎜
⎟
⎝
⎠

(4.60)

V ⎞
n
⎛
Vin sin ωt − o ⎟
⎜ I sin ωtπT
1
S
n −1⎟
I B = ⎜ in
+ n −1
2⎜
2To k
Z
⎟
⎟
⎜
⎠
⎝

(4.61)
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4.5

Design Methods

4.5.1.

Conditions of Zero-current Switching

To achieve the operation of zero-current switching, which is similar to the
circuits as described in Chapter 2, iL needs to resonate to zero in both state I and III
for all stages and in all the switching cycle over the 50Hz period.

Let d1 and d2

be the duty ratios of gate signals of the transistors, S1 and S2, respectively, and
assuming the circuits are lossless, conditions of obtaining zero-current switching of
all circuits in the family are: -

d 1TS >

π
ω0

(4.62)

d 2TS >

π
ω0

(4.63)

and

4.5.2

Selection of Resonant Components

The resonant components can therefore be calculated by angular frequency
and impedance from the following equations: -

ω0 =

Z=

(4.64)

1
( n − 1) Lr C1

(4.65)

Lr
( n − 1)C1
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The resonant capacitor C1 and inductor Lr as given as follows: -

C1 =

Lr =

1
= 0.22 μF
2 Zω 0

Z

ωo

4.5.3

= 1μH

Rating of Components

The voltage rating of S1 and S2 is Vin. The voltages rating of all diodes are
also equal to Vin.

The voltage rating for C2j is variedd with j and can be

calculated by the following equation: -

vC 2 j =

jVo
n − j −1
Vin +
< Vin + Vo
n −1
n −1

(4.66)

The voltage rating for C1 is: -

v C1a = Vin + I A Z
v C1 j =

(4.67)

jVo
n − j −1
Vin +
+ I AZ
n −1
n −1

(4.68)
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4.6

Discussion

The circuit waveforms of the AC-DC converters using quasi-resonant
switched-capacitor techniques have been analyzed. It has been found that C2 is
not a “pure” DC as in the case of the DC-DC conversion and it consists of the low
frequency, ω, and the voltage, Vo.
of low frequency ω and ωo.

However, for C1 case, C1a is the combination

For C1b, C1c,.., there is also a fraction Vo with the AC

components appeared on their voltages.

The amplitude of the resonant current is expressed as IA and IB in the State I
B

and II respectively. IB is usually larger than IA. They are the functions of resonant
B

frequency, switching frequency, output voltage and VCO variable k.
resonant current is regulated by k to control the shape of the input current.
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The

4.7

Summary

This chapter describes the operation of the step-up circuit and its application
in the AC-DC power conversion. The analysis of the circuit is different from the
DC-DC counterpart because the driving signal varies with the frequency of the
input voltage (i.e.50Hz). The zero-current switching can be attained with the use
of the switching components, transistors and diodes and the current waveforms
provided from the components are all sinusoidal.

Properly controlling the

transistor S1 and S2, all the currents resonates from zero and finish at zero values.
Therefore zero-current switching can be attained.

The circuit is also so-called

continuous mode because the input current is formed by trains of continuous
resonant inductor current.

In each switching period, the resonant current raises

from zero and finishes at zero.

The frequency of appearing of the switching

period is to control the shape of the input current which is realised by VCO.
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Chapter 5 Control of Power Factor Correction Zero-current
Switching Switched-capacitor AC-DC Converters

5.1

Introduction

The concept of proposed PFC controller applying in zero-current switching
quasi-resonant switched-capacitor converter has been introduced in Chapter 3.
The practical PFC controller circuit diagram will be developed and analysed in this
chapter.

5.2

Controller Design

The gate drive and the controller for the AC-DC PFC circuit are shown in Fig
4.1. Table 5.1 shows the specification.

Table 5.1 Design specification of Controller
Controller IC

CD4046

Signal Inverting IC

CD4093

Controller Supply Voltage

15V

Output Frequency

100 kHz - 200 kHz

Reference Sine-wave Voltage

0V – 25V (50Hz)
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The transistor gate signal output including the duty ratio and frequency is
programmed according to the voltage amplitude as discussed in chapter 3.

Fig.

5.2 has shown the relationship between the main input voltage amplitude and the
PFC controller gate signal frequency.

In this simulation, the relationship

between the main input voltage amplitude and the PFC controller gate signal
frequency was analyzed for detailed demonstration (Fig. 5.3 – 5.5).

Fig. 5.3 PFC controller gate signal frequency at main input voltage equal to 0V
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Fig. 5.4 PFC controller gate signal frequency at main input voltage equal to 20V

Fig. 5.5 PFC controller gate signal frequency at main input voltage equal to 40V
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The relationship between the main input voltage amplitude from 0 to 40V and
resonant inductor current iLr was shown in Fig. 5.6 – 5.10.

Fig. 5.6 Resonant current at main input voltage equal to 0V

Fig. 5.7 Resonant current at main input voltage equal to 30V

68

Fig. 5.8 Resonant current at main input voltage equal to 40V

Fig. 5.9 shows the conduction relationship between the resonant inductor
current iLr, switching frequency of PFC controller, main input voltage amplitude
and output voltage.

The simulation results show that the resonant inductor

current iLr conducts continuously at difference main input voltage amplitude. Fig
5.10(a) - 5.10(d) shows the simulation results of the converters. It is observed that
the waveforms pattern is consistent with the theoretical prediction.
achieved. It confirms that the proposed theory is followed.
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ZCS can be

Fig. 5.9 Relationship of resonant current, main input voltage and switching
frequency of PFC controller

Fig. 5.10(a)

Outline of the simulation result for Triple-mode PFC ZCS

quasi-resonant switched-capacitor AC-DC converter
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Fig. 5.10(b)

Outline of the simulation result for Triple-mode PFC ZCS

quasi-resonant switched-capacitor AC-DC converter

Fig. 5.10(c) Outline of the simulation result for Triple-mode PFC ZCS
quasi-resonant switched-capacitor AC-DC converter
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Fig. 5.10(d)

Outline of the simulation result for Triple-mode PFC ZCS
quasi-resonant switched-capacitor AC-DC converter
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Table 5.2 Specification and component values of prototype power factor
correction zero-current switching switched-capacitor triple-mode
quasi-resonant AC-DC converters
Input voltage

AC 25V(RMS)

Output voltage

75V

Output power

10W - 100W

Switching frequency

100 – 200 kHz

Q1 and Q2

IRF630

D1 and D2

MBR10100

C1a and C1b

0.22μF

C2a and C2b

100μF

Lr

1μH

5.4.2

Operation Under DC condition

The PFC controller generates the variable frequency to control the switching
devices.

The circuit is firstly examined under DC input condition to examine the

circuit components. Fig. 5.12 has indicates the resonant inductor current in
different switching frequencies under fixed supply voltage.

It is observed that the switching capacitor resonant tank is found to perform
zero-current switching when the excitation frequency is varied up to 200 kHz.
This confirms the variable frequency operation for the system.
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(a) 200 kHz ,Time base = 1μs/div

(b) 160 kHz ,Time base = 1μs/div

(c) 140 kHz ,Time base = 1μs/div

(d) 110 kHz ,Time base = 1μs/div

(e) 100 kHz ,Time base = 2μs/div

(f) 83 kHz ,Time base = 2μs/div

Upper trace: Gate signal of S1, 20V/div, Middle trace: Gate signal of S2, 40V/div,
Lower trace: Lr current, 5A/div
Fig. 5.12 Measured result of resonant inductor current at difference switching
frequency
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5.4.3

Initial Examination of VCO

The frequency variation with respect to the input voltage amplitude is
illustrated in Fig 5.13. It is clear that the switching frequency of the gate signals
varies from very low (near the zero-crossing) to high value (near the peak or
trough).

Upper trace: Gate signal of S1, 20V/div,
Middle trace: Input Voltage of Vin, 40V/div,
Lower trace: Input current of iin, 5A/div
Fig. 5.13 Measured relationships between the main input voltage and PFC
controller gate signal frequency

5.4.4

Examination of the AC-DC converters under various operation

Fig 5.14 and Fig 5.15 shows the experimental waveforms of the AC-DC
converter. It can be seen that the input current is a continuous with a sinusoidal
waveforms.

The waveforms are needed to filter by a low pass filter and DC/DC

converter circuit in order to eliminate the low order frequencies and shaping the
input current.
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(a) Non-filtering, 50W power output

(b)

Non-filtering, 70W power output

(c) Non-filtering, 90W power output
Upper trace: Gate signal of S1, 20V/div, Middle trace: Input Voltage of Vin, 40V/div,
Lower trace: Input current of iin, 5A/div
Fig. 5.14 Measured Non-filtering input voltage and current of triple-mode PFC
zero-current switching quasi-resonant switched-capacitor AC-DC converter
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(a) Filtering, 70W power output

(b) Filtering, 100W power output
Upper trace: Gate signal of S1, 20V/div,
Middle trace: Input Voltage of Vin, 40V/div,
Lower trace: Input current of iin, 5A/div
Fig. 5.15 Measured Filtering input voltage and current of triple-mode PFC
zero-current switching quasi-resonant switched-capacitor AC-DC converter

After applying the filtering circuit the power factor of the converter is over 0.9
at wide range of output power as shown in Fig. 5.18 and the efficiency and voltage
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conversion ratio has been measured as shown in Fig. 5.16 and 5.17.

Greater

than 90% efficiency can be obtained for power handling from 20W to 90W.

The

switching frequency of the VCO is programmed to vary from 100 kHz to 200 kHz.
The conversion ratio of the converter is shown in Fig 5.16. It indicates that the
regulation of the converter is not very good because the VCO has not been
optimised.

The measured efficiency of the converter is shown in Fig 5.17.

The

efficiency is quite good and achieves over 90% for higher power.
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Fig. 5.16 Measured voltage conversion Ratio and output power of triple-mode
PFC zero-current switching quasi-resonant switched-capacitor AC-DC converter
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Fig. 5.17 Measured efficiency and output power of triple-mode
PFC zero-current switching quasi-resonant switched-capacitor AC-DC converter
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Fig. 5.18 Measured power factor and output power of triple-mode

THDr

PFC zero-current switching quasi-resonant switched-capacitor AC-DC converter
50
45
40
35
30
25
20
15
10
5
0
0

20

40

60

80

100

120

Output Power (W)

Fig. 5.19 Measured THD and output power of triple-mode
PFC zero-current switching quasi-resonant switched-capacitor AC-DC converter

Finally, the input current should be fulfilled by a low-pass filter in order to
remove the high frequency components.

Fig 5.15(a) and 5.15(b) shows the

filtered input currents. A sinusoidal input current is observed.

The measurable

current is very quite sinusoidal with some distortion near the zero-crossing. This
is a common feature for single phase AC-DC power converters. However, the
result shows a high portion of distortion and can be further improved by proper
tuning of the VCO, low pass filter design and DC/DC shaping circuit.
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The high efficiency is mainly obtained by the quasi-resonant zero-current
switching.

This type of converter, same as the zero-current switching

quasi-resonant DC-DC converters, can control the charge and discharge of the
switched-capacitor in each half resonant period.

Using variable switching

frequency and DC/DC convert shaping circuit, the current waveform at the input
side can be shaped appropriately.

The result has been shown in Fig.5.12.

The

zero-current switching technique applying in the converter can reduce the
switching loss of switching devices.

But the drain-to-source junction capacitors

of the transistors introduce switching losses and are directly proportional to the
switching frequency.

However, higher fraction and higher multiplication

conversion ratio [4.2, 5.1] of the converter require more diodes for routing the
charging and discharging of the capacitors current.
of the converters will be lower.
voltage of the diodes.

As the result, the efficiency

This problem is mainly due to the forward

So, the schottky diodes were used in this converter to

reduce the higher conduction loss and diode forward voltage.

Fig. 5.9(a) and 5.9(b) will shown the conduction relationship between the
resonant inductor current iLr, switching frequency of PFC controller, main input
voltage amplitude and output voltage value.

The simulation result shown the

resonant inductor current iLr conducted at continuously at difference switching
frequency by adding the DC/DC converter shaping circuit otherwise, the input
current stops flowing to the bridge rectifier and converter was caused by the
reverse bias of the diodes.

Thus, the input current shape of the measurable result

is continuous form shown in Fig. 5.15. The input voltage and current of the
converter has been programmed to be in phase and hence high power factor as
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shown in Fig. 5.15.

The input current is found to be nearly sinusoid wave after

LC filter circuit has been added between the main input supply and bridge rectifier
for removal of the switching pulses.

It is confirmed that the proposed PFC

controller can provide easy way for PFC in zero-current switching quasi-resonant
switched-capacitor converters. The measured 0.99 power factor and the measured
total harmonic distortion after the filtering is 8 % at 70W output power. This is a
promising figure for a simple approach of PFC.

5.5

Summary

In this chapter, a voltage control frequency technique using in PFC controller
for triple-mode zero-current switching quasi-resonant switched-capacitor converter
has been examined based on 110W output power experimental results.
Mathematical

modeling,

generalized

experiments have been presented.

equation,

computer

simulation

and

There is only a very simple PFC controller

using voltage-control- frequency technique applying in the zero-current switching
quasi-resonant switched-capacitor converter circuit.

Thus, no complicated

circuit topology is required in this PFC controller. No current mode sensing is
needed and the controller is basically operates under open current loop with
continuous inductor current manner.

All switching devices in these circuits are

under zero-current switching condition.
reduced.

Both switching loss and EMI have been

High efficiency can then be obtained.

From the experiment, it

shows that the efficiency of the PFC converter can be around 90%.

Also, the

power factor is improved significantly as compared to simple capacitive type
bridge rectifier.
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Chapter 6 Conclusions and Recommendations

6.1

Conclusions

The contributions have been concluded in the study as follows: -

(i)

The step-up zero-current switching quasi-resonant switched-capacitor
DC-DC converters have been proposed.

The converters produce

different step-up voltage conversion ratios and all switching devices of the
converters are under the zero-current switching condition to reduce the
current stress of the transistors and to provide high power applications other
than the conventional switched-capacitor converters.

(ii)

Mathematical analysis provides equations for triple-mode zero-current
switching quasi-resonant switched-capacitor DC-DC converters circuits
systematically.
zero-current

The step-down inverting circuit and step-up triple-mode
switching

quasi-resonant

switched-capacitor

DC-DC

converters are also simulated by computer and tested in laboratory to verify
the switching devices that are under zero-current switching and obtain high
efficiency characteristics of the converters.

(iii)

A power factor correction controller design concept and operation principle
has been developed.

The variable switching frequency control technique

for zero-current switching quasi-resonant switched-capacitor AC-DC
converters has been proposed.

The controller switching frequency is
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depending on the reference input voltage amplitude.

According to this

concept, the designed PFC controller can achieve high power factor.
Besides, input voltage and current are in phase with sinusoid shape.

(iv)

The proposed circuit of PFC controller for step-up, step-down and inverting
mode zero-current switching quasi-resonant switched-capacitor converter
has been introduced.

The practical PFC controller circuit diagram has

been developed and analysed. Mathematical analysis provides generalized
equations for n-mode PFC controlled step-up circuits systematically.

The

step-up triple-mode PFC circuit of zero-current switching quasi-resonant
switched-capacitor AC-DC converters have been simulated by Saber circuit
simulator and tested in laboratory to verify the zero-current switching, high
efficiency and power factor of the converters.

(v)

The simulation result shown the resonant inductor current iLr conducted at
continuously at different switching frequencies by adding the DC/DC
converter shaping circuit otherwise, the input current stops flowing to the
bridge rectifier and converter was caused by the reverse bias of the diodes.
Thus, at the design state, the DC/DC converter converted the stack-up
voltage connected to the ac power source in order to shaping the input ac
current nearly sinusoidal.

Finally, the low pass filter also applied to

filtering the input of the converter.

The experiment has verified that the

relationship between the amplitude of resonant inductor current iLr and
switching frequency of PFC controller, main input voltage amplitude and
output voltage value.
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(vi)

A proposed PFC triple-mode step-up zero-current switching quasi-resonant
switched-capacitor AC-DC converter has been analysed and examined.
The

experimental

results

have

confirmed

that

the

voltage-controlled-frequency technique applying in PFC control can obtain
high power factor and efficiency.

6.2

Recommendations for Further Researches

Regarding the PFC triple-mode step-up zero-current switching quasi-resonant
switched-capacitor AC-DC converter, areas of further study are recommended as
follows: -

(i)

Develop a zero-voltage switching circuit to reduce the switching loss and
obtain the soft-switching.

(ii)

Develop a PWM controller for power factor correction applying in
zero-current switching quasi-resonant switched-capacitor AC-DC converter.

(iii)

Develop a more precise model, such as non-linear modeling for power
factor correction controller for computer simulations.

(iv)

Investigate the range of the switching frequency in different reference input
voltages related to the voltage conversion.
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(v)

Perform higher power level testing for step-up zero-current switching
quasi-resonant switched-capacitor AC-DC converter.

To analyze the

efficiency in high power application with respect to power loss of each
component.

(vi)

Perform higher voltage input level testing for step-up zero-current
switching quasi-resonant switched-capacitor AC-DC converter.

(vii)

Study the resonant current conduction period related to the switching
frequency in high power output.

(viii) Study the PWM control applying in the voltage-controlled-frequency
technique for PFC zero-current switching quasi-resonant switched-capacitor
AC-DC converter.

(ix)

Study the THD method applying for PFC controller to reduce the harmonics
of the converter.
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required for changing the voltage conversion ratio.

This means that switching

devices and drive circuits for additional switched-capacitor cell can be fixed.
Hence the manufacturing cost and transistor drive loss decrease.
D2n

C1n

C2n

Fig. A3

Switched-capacitor cell for step-up mode

Principles of Operation

Four operation states of the proposed inverting 1/2-mode step-down
zero-current switching quasi-resonant switched-capacitor DC-DC converter shown
in

Fig. A4 and the equivalent circuits of each state of operation of the inverting

1/2-mode switched-capacitor resonant step-down DC-DC converter.
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(a) State I
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(b) State II
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(c) State III
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(d) State IV

Fig. A4

States of operation of inverting -1/2-mode switched-capacitor
resonant step-down converter
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(i) State I [t0 – t1]
At the time state t0, Q1 is switched on while Q2 is switched off.

The

charging current from the source passes through the components Db, D1, Lr and
charging the C1 and C2 in series.
discharged to the load.

At the same time, output capacitor C0 is

Zero-current switching-on of Q1 is achieved by the

inductor current iL resonating with C1 and C2 in a sinusoidal manner.

Hence, the

resonant inductor current decreases from zero at t0, to the negative peak, and then
increases from the peak to zero.

As the result, it reaches zero again at t1.

inductor current iL reaches zero and the input current are equal to zero.
the diodes Db and D1 stop the resonance at time t1.

The
Then,

At this time, C0 is discharged

to the load resistor RL.

(ii) State II [t1 – t2]
In this state Q1 keep on and Q2 is still off.
iL reaches zero.

At time t1, the inductor current

The resonance stops by the reverse bias of the diodes.

At

this time, the current maintains at zero and the output capacitor C0 is discharged to
the load resistor RL.

(iii) State III [t2 – t3]
After State II, the switch Q1 is switched off and Q2 is switched on at time t2.
The inductor current iL is zero at time instant t2 when Q1 is switched off.

At

the time t2, the Q2 is zero-current switched on while Q1 is zero-current switched off.
At the same time, C1 and C2 are discharged to the load through Lr, Da, Db and D2.
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This is most similar to State I, the resonant current starts at time instant t2 in a
sinusoidal manner and hence, Q2 is switched on under zero-current switching
condition.

The inductor current iL starts decreasing from zero at t2 to the peak

and then increases to zero at t3.

(iv) State IV [t3 – t4]
This state is similar to state II.

The switch Q1 is off and Q2 is on.

The

resonance inductor current iL is stopped by the reverse bias of the diodes.

So,

the inductor current is zero in this operation state and the output capacitor C0 start
discharging to the load as the same time.

That means the switching component

Q2 is switched off under zero-current at t4.

Mathematical Analysis
(i)

The equations of State I [t0 – t1] are: -

VS = Lr
iL = C

diL
+ 2vC
dt

(A1)

dvC
dt

(A2)

By solving the differential equations (2.1) and (2.2),
VS VS − 2VC 0
−
cosω 0 (t − t 0 )
2
2

(A3)

V S − 2VC 0
sin ω 0 (t − t 0 )
Z0

(A4)

vC =
iL =
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where VC2 is the voltage of C at t2.
The angular resonant frequency of this state is: 2
Lr C

ω0 =

(A5)

The resonant impedance of this state is: 2 Lr
C

Z0 =

(A6)

(ii) The equations of State II [t1 – t2] are: vC = VC1

(A7)

iL = 0

(A8)

(iii) The equations of State III [t2 – t3] are: vC + Lr

diL
+ V0 = 0
dt

iL = 2C

dvC
dt

(A9)

(A10)

The solution of these two differential equations (2.9) and (2.10) are: vC = −V0 + (V0 + VC 2 ) cos ω `1 (t − t 2 )

(A11)

V0 + VC 2
sin ω1 (t − t 2 )
Z1

(A12)

iL = −

where VC2 is the voltage of C at t2.
The angular resonant frequency and the resonant impedance of this state are: -
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ω1 =

1
2 Lr C

(A13)

Z1 =

Lr
2C

(A14)

(iv) The equations of State IV [t3 – t4] are: vC = VC 3

(A15)

iL = 0

(A16)

Experimental Results for 1/d mode DC-DC Switched capacitor converters

In this chapter, the both circuits of Inverting 1/2-mode step-down and resonant
converter shown in Fig. A5 has been tested.

The circuit is very similar to the

circuit diagram that shown in Fig. A5 except that a filtering capacitor Cin was added
to eliminate effects from the inductance of the conduction line between the power
source and the input of the converter.

For output voltage ripple less than 2%,

specification of prototype of the circuit is shown in Table A.1.
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Table A.1 Specification of Prototype of Inverting 1/2-mode Converters
Descriptions

Model Numbers

Values

Units

Input Voltage

/

60

V

Expected Output Voltage

/

30

V

Switching Frequency

/

215

kHz

Output Power

/

10-60

W

S1 and S2

IRF630

/

/

D1a, D1b, D2a and D2b

MBR10100

/

/

C1a, C2b

/

0.22

μF

C2

/

50

μF

Lr

/

1

μH

Since the main power flows through both C1a and C2b in the resonant state, the
equivalent series resistance of these capacitors should be very low.

High ESR

may lead to high power loss and high temperature of the capacitors which may
exceed the rated temperature of the capacitors.
capacitors were chosen for these switched-capacitors.
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For this reason, polyester

(a)

(b)

Upper trace: Gate signal of S1, 20V/div, Lower trace: IL, 5A/div

Upper trace: Gate signal of S1, 20V/div, Middle trace: Vds of S1, 100V/div
Lower trace: S1 current, 5A/div

(c) Upper trace: Gate signal of S2, 20V/div, Middle trace: Vds of S2, 100V/div

Lower trace: S2 current, 5A/div
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(d) Upper trace: Gate signal of S1, 20V/div, Lower trace: Voltage of VC 1,40V /div

(e) Upper trace: Gate signal of S2, 20V/div, Lower trace: Voltage of VC 2,40V /div

(f) Upper trace: Gate signal of S1, 20V/div, Lower trace : Output Voltage of VO, 10V /div

Time base = 1μs/div for (a) to (e)
Fig. A.5 Measured waveforms of the inverting 1/2-mode switched-capacitor
resonant step-down converter
97

Measured waveforms of the inverting 1/2-mode step-down zero-current
switching quasi-resonant converter operating with 60W output power are shown in
Fig. A.5(a) shows the resonant inductor current IL.

Fig. A.5.

Fig. A.5(b) and

Fig. A.6(c) shows the currents and drain to source voltages Vds, of the transistors S1
and S2.

By comparing the output waveform of Fig. A.5(b) with Fig. A.5 (c), it

can be observed that the resonant inductor current consists of the transistors S1 and
S2 currents.

The output voltage of the converter is shown in Fig. A.5(f). The

measured output voltage of the converter was 23.45V when the output power is
60W. The measured output voltage is lower than the expected output voltage (30V)
and the practical simulated output voltage because of the drain to source resistance
of the transistors and the voltage drop of the diodes in forward bias.

The

resistance of wires and inductors, and the equivalent series resistance (ESR) of all
capacitors cause an output voltage drop and power loss in the circuit.

To

minimise the influence of the ESR of the capacitors, polypropylene capacitors,
which have low ESR, are used as the switched capacitors.

Fig. A.5(b) and Fig. A.5(c) show that the transistor currents resonate in a
sinusoidal manner.

The resonance stops when the current reaches zero while the

drain to source voltage of the corresponding transistors is zero.

The transistors

are switched off when the currents are equal to zero so that zero-current switching
condition is obtained.

This is very similar to the simulated waveforms.

Fig.

A.5(d) and Fig. A.5(e) shows the voltages of switched capacitors C1a and C2b.
The voltage waveform of C1a is almost the same as that of C2b.

The amplitude of

voltage of switched-capacitor is lower than those in simulation waveforms because
of the voltage drop of the transistors, diodes and the wires.
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Fig. A.6 shows the graph of the relationship between efficiency and output
power of the converter.

By testing the circuit with the output power between

10W to 60W, the efficiency varied around 61% to 90% at both 10W and 60W
output power to 90% at 14W output power.

Fig. A.7 shows the graph of voltage

conversion ratio against output power of the converter.

The voltage conversion

ratio varies between 0.48 at 14W output power to 0.31 at 60W output power.

Fig.

A.6 shows that the efficiency was highest when the output power was 14W.

At

light load, power loss of the circuit is mainly due to the diodes, which have voltage
drop in forward bias.

At heavy load, the power loss is mainly due to

drain-to-source resistance (Rds) of the transistors.

Besides, power loss occurs in

the manner of switching loss of the transistors, and conduction losses of the
conductor, inductor and the equivalent series resistance (ESR) of the capacitors.
On the other hand, Fig. A.7 shows that the voltage conversion ratio decreases
when the output power increases.

Other than the voltage drop on the diodes,

when the current increases, the voltage drop on both transistors increases, and,
voltage conversion ratio decreases.
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Fig. A.6 Measured efficiency and output power of the inverting 1/2-mode

Voltage Conversion Ratio

switched-capacitor resonant step-down converter
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Fig. A.7

Measured voltage conversion Ratio and output power of the inverting
1/2-mode switched-capacitor resonant step-down converter
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