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ABSTRACT
AC-DC power factor correction (PFC) single-stage converters are attractive because of their cost
and their simplicity. In these converters, both PFC and power conversion are done at the same
time using a single converter that regulates the output. Since they have only a single controller,
these converters operate with an intermediate transformer primary-side DC bus voltage that is
unregulated and is dependent on the converters’ operating conditions and component values.
This means that the DC bus voltage can vary significantly as line and load conditions are
changed. Such a variable DC bus voltage makes it difficult to optimally design the converter
transformer as well as the DC bus capacitor.
One previously proposed single-stage AC-DC converter, the Single-Stage Buck-Boost Direct
Energy Transfer (SSBBDET) converter has a clamping mechanism that can clamp the DC bus
voltage to a pre-set limit. The clamping mechanism, however, superimposes a low frequency 120
Hz AC component on the output DC voltage so that some means must be taken to reduce this
component. These means, however, make the converter transient slow and sluggish.
The main objective of this thesis is to minimize the 120 Hz output ripple component and to
improve the dynamic response of the SSBBDET converter by using a new control scheme. In the
thesis, the operation of the SSBBDET converter is reviewed and the proposed control method is
introduced and explained in detail. Key design considerations for the design of the converter
controller are discussed and the converter’s ability to operate with fixed DC bus voltage, low
output ripple and fast dynamic response is confirmed with experimental results obtained from a
prototype converter.
Keywords: AC-DC power conversion, Power Factor Correction (PFC), Single-stage converter,
Converter modeling
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Chapter 1

Introduction

1.1.

Power Electronics

Power electronics is a field in electrical engineering that deals with converting an available form
of energy from a power source to the form required by a load. A power converter uses
semiconductor devices such as diodes, MOSFETs and IGBTs to achieve this power conversion.
Diodes are uncontrolled switches that turn on and conduct current when they are forward-biased
and turn off when they are reverse-biased; MOSFETs and IGBTs are controlled switches that can
be turned on or off by a switching signal at their gate (i.e. a high gating pulse is the turn-on
command and a low or zero gating pulse is the turn-off command). A power converter can be an
AC/DC converter, DC/DC converter, DC/AC inverter or AC/AC converter depending on the
application. Many types of power sources can be used for these converters, such as AC singlephase, AC three-phase, DC source, battery, solar panel, or an electric generator. This thesis will
focus on low power (< 100 W) single-phase, AC/DC converters.
Some sort of control method is needed to ensure that the output voltage of an AC/DC converter
is regulated to the desired DC voltage. In a closed-loop power converter, a sensing circuit is
responsible to send output voltage values (samples) to a controller circuit so that adjustments can
be made to the power converter; typically this means changing the converter’s duty-cycle. The
term “duty-cycle” (D) refers to the proportion of on-time to the period T of the switch and is
expressed in percent, with 100% as being fully on. It is by controlling the width of the on-time
gating pulse relative to the switching cycle that allows the output voltage to be regulated. Such a
1

control method is generally referred to as Pulse-Width Modulation (PWM) in the power
electronics literature.

1.2.

Power Factor and Harmonic Distortion

The input power factor of an AC/DC power converter is an important consideration as it is a
measure of how effectively the converter utilizes AC input power. Power factor is defined as the
ratio of the real power flowing to the load to the apparent power in the circuit [1] and can be
expressed as [2]
∑

where

are rms values of the nth harmonic of input current and input voltage,

and

respectively and

(1.1)

is the phase shift between them. Since the input AC voltage can be assumed

to be a pure sinusoid, the product of voltage harmonic terms and current harmonic terms are zero
with the exception of the product of fundamental voltage and current harmonics so that eq. (1.1)
can be simplified to be
(1.2)
where

is the rms value of primary component of the input current. As can be seen from

eq. (1.2), if the input current is a pure sine wave, then power factor can be defined as cosine of
the phase angle between input voltage and current waveforms. Power factor can range from zero
to one, with a power factor of one indicating that the input current is a purely sinusoidal
waveform that is in phase with the input AC voltage.
Another term that is used for measuring the power quality of electrical power systems is Total
Harmonic Distortion (THD). THD is defined as the ratio of the square root of the summation of
the square of all non-fundamental harmonics of a waveform to fundamental component of the
same waveform. For a current waveform, particularly the input current of a power electronic
converter, it can be expressed as
√

(1.3)
2

where

is the rms value of the nth harmonic of the input current.

1.2.1. Standards, Regulations and Limitations for Harmonic Distortion in a
Power Converter
The presence of non-fundamental input current harmonic components can have a negative
impact on the operation of an AC/DC converter. This is especially true as they do not contribute
to real power being delivered in the load, but they just circulate in the converter and create power
losses, additional component stresses, heat and Electro-Magnetic Interference (EMI); they also
limit the amount of power that can be delivered by the input AC source [2], [7].
The most negative effect that the input current harmonics of a power converter can have,
however, is that they can corrupt the input AC source voltage. Since electrical equipment,
household appliances, consumer electronics, lighting, computers, factory equipment, medical
equipment, etc. – in short, anything that is powered from an AC utility source – has some sort of
power electronic converter interface, and since all these generate input current harmonics that
can be injected into the grid, the AC utility voltage would become distorted (which would
negatively impact the operation of anything powered by it) were it not for the various standards
that regulatory agencies have mandated to limit the input current harmonic content of power
converters. One such regulatory agency is the International Electro-Technician Commission
(IEC), which has produced current harmonic standards such as EN61000-3-2 that are commonly
used to determine whether a particular electrical product can be sold in the marketplace [4]-[6].

1.3.

Power Factor Correction (PFC)

With the exception of low power converters (< 75 W), most AC/DC converters in commercial
products that are powered by the AC utility grid now have some sort of input Power Factor

AC
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Filter

Diode
Bridge

DC/DC
Converter
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d

Diode
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Bridge

(a)

Passive
PFC
Filter

DC/DC
Converter

(b)

Fig. 1.1 Passive PFC with the filter on (a) the AC side, (b) the DC side of the diode bridge.
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Correction (PFC). Input PFC techniques are needed to shape the input currents of AC/DC
converters so that they have acceptable harmonic contents with their fundamental harmonic
component in phase with the input AC voltage [9].
PFC techniques can either be passive or active. Passive techniques use passive elements such as
inductors and capacitors in a low-pass or band-pass filter structure to filter low frequency
harmonics [3]. These passive filters can either be placed at the converter’s input AC side, as
shown in Fig. 1.1(a) or in the intermediate DC link, as shown in Fig. 1.1(b) [10]. Although
passive PFC techniques are simple and inexpensive, they have one significant disadvantage,
which is their need for bulky capacitors and inductors. The size of these elements makes passive
PFC techniques unsuitable for most applications except for low-power applications with narrow
line voltage range.

1.3.1. Active Approaches for Power Factor Correction
Active PFC techniques are much more popular than passive PFC techniques. It is a generally
accepted standard practice to implement a second active converter at the front-end of an AC/DC
converter to perform input power factor correction as shown in Fig. 1.2. In other words, most
AC/DC converters are two-stage converters than consist of an AC/DC front-end converter that
performs PFC followed by a DC/DC converter that converts the output of the front-end converter
into the desired output DC voltage.
The front-end AC/DC converter has a filter capacitor Cstorage to smooth its output voltage and
make it DC so that it can be fed to the input of the DC/DC converter. AC/DC boost (step-up)
converters are typically used as front-end converters because of their relative simplicity and their
effectiveness in shaping input currents [8]. Flyback and forward converter topologies are

Diode
AC

Bridge

PFC
Converter

Cstorage

DC/DC
Converter

PFC Controller

Fig. 1.2 Two-stage AC/DC PFC converter.
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Fig. 1.2 Two-stage AC/DC PFC converter.
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Voltage Controller

typically used as DC/DC converter in applications that are < 200 W, which is the focus of this
thesis. The main drawback of two-stage converters is the cost and complexity that is associated
with operating two separate and independent switch-mode power converters. As a result, power
electronic researchers have been motivated to find alternative approaches to conventional twostage AC/DC converters.

1.4.

Single-Stage Active PFC Techniques

Single-stage PFC converters that combine PFC front-end converters and DC/DC converters into
a single converter stage are a cheaper and less sophisticated alternative to conventional two-stage
AC/DC converters [13]-[26]. They are operated with only a single controller to regulate the
output DC voltage as they just have one converter stage, which for low-power applications (<
200 W) has just a single active semiconductor switch (typically a MOSFET). This is in contrast
to conventional two-stage converters that have two controllers – one to regulate the output DC
voltage and the other to regulate the intermediate DC bus voltage that is the input to the DC/DC
converter.
Since single-stage converters do not have a controller to regulate the intermediate DC bus
voltage, this voltage can vary considerably as it is dependent on the input line and output load
conditions. Unless some means is used to limit this voltage, it can reach to levels of up to 1000V
in converters that are operating under high input line and light load conditions. The excessive
level and the variability of the DC bus voltage results in the need for components that can handle
high peak voltage stresses and that can operate under a very wide range of operating conditions.
Single-stage PFC converters can be categorized into the following three distinct types:
1) Single-stage converters with variable switching frequency
2) Single-stage converters with voltage feedback techniques
3) Single-stage converters with direct energy transfer
Each of these types is explained briefly below.
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Fig. 1.3 Popular IHQRR single-stage PFC converters, (a) BIBRED, (b) BIFRED.

1.4.1. Single-Stage Converters with Variable Switching Frequency
The Integrated High-Quality Rectifier-Regulator (IHQRR) [28] is one of the earliest types of
single-stage AC/DC converters to be proposed. A DCM AC/DC boost converter (Discontinuous
Conduction Mode, where the current of the input inductor reaches zero by the end of each
switching cycle) and a DC/DC converter that operates in CCM (Continuous Conduction Mode,
where the inductor does not discharge completely in any switching cycle) are combined in this
topology. Fig. 1.3 shows an example of a BIFRED (Boost Integrated with Flyback
Rectifier/Energy storage/DC-DC) converter and an example of a BIBRED (Boost Integrated
with Buck Rectifier/Energy storage/DC-DC) converter, which are the most popular
configurations of the IHQRR converter family.
Although the converters in this family operate with a nearly sinusoidal input current, their
components suffer from high voltage stresses. To overcome this issue, the use of variable
switching frequency control in BIFRED and BIBRED converters to reduce the voltage stress on
the storage capacitor Cs was first proposed in [17]. The basic principle is that varying the
converter switching frequency for varying load can affect the energy equilibrium that exists at
the DC bus so that the DC bus voltage can be reduced. Operating with varying switching
frequency can be complicated, however, and it is also difficult to design the converter
components to operate over a very wide range of switching frequencies.
6

1.4.2. Single-Stage Converters with Voltage Feedback Techniques
To reduce the high voltage stresses on the semiconductor devices in IHQRR type single-stage
converters so-called Single-Stage Isolated PFC Power (S2IP2) converters were proposed by
R.Redl et al. [15, 16]. Fig. 1.4(a) shows the boost/single-switch flyback converter, the most
popular topology of this family. The main characteristic of this family is that both the AC/DC
PFC section and DC/DC section operate in DCM. Although S2IP2 converters have a lower DC
bus voltage than IHQRR converters, this voltage can still be greater than 500V.
The DC bus voltage in S2IP2 and IHQRR converters can be reduced if some sort of DC bus
voltage feedback technique is used, as shown in Fig. 1.4(b) [29-31]. In this technique, an
auxiliary feedback winding that is coupled to the transformer is added to the converter. This
winding acts as a negative feedback by preventing the full input voltage from appearing across
the input inductor. Since less energy is stored in the input inductor when the converter switch is
on, less energy is pumped into the DC bus capacitor when the switch is turned off. This affects
the energy equilibrium of the DC bus capacitor so that the DC bus voltage is reduced; this
voltage can be made to be less than 450V, which is considered to be a commonly accepted
voltage due to the size of the DC bus capacitor. Although the DC bus voltage feedback technique

Cs

L
o
a
d

Cs

L
o
a
d

AC

(a)

AC

(b)
Fig. 1.4 (a) boost/single-switch flyback converter (b) DC bus voltage feedback in S2IP2 converters.
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does decrease the DC bus voltage, it introduces distortion in the input AC current around its
zero-crossing regions. This distortion is due to dead-band regions that must exist when the input
voltage is low as no current can flow through the input diode bridge when the input voltage is
less than the voltage across the auxiliary feedback winding.
A load current feedback technique in which an additional winding is added parallel to the
transformer was later proposed in [32]. This technique is based on the same concept as the DC
bus voltage feedback technique, but with a slight difference. This technique directly senses
output power and adjusts input power at different loads, but in the DC bus voltage feedback
technique, the input power is adjusted after DC bus voltage is increased because it feeds back
output power indirectly using the DC bus capacitor voltage.

1.4.4. Single-Stage Converters with Direct Energy Transfer
In single-stage AC/DC converters with direct energy transfer, some of the power from the input
source is processed only once in the converter, as shown in Fig. 1.5. As a result, these converters
can operate with higher efficiency than other single-stage converters since some power from the
input is processed only once instead of twice. A number of single-stage converters have been
proposed [33-41] and Fig 1.6 shows a converter of this type that is based on a buck-boost input
Storage Capacitor

input power

Stage 2

Stage 1
direct energy transfer

+

output power

Fig. 1.5 Parallel PFC power processing diagram
T1

D3

D1
Co

n:1
D2

AC
Cb

T2

S
n:1

D4

Fig. 1.6 Buck-boost single-stage PFC with direct energy transfer.
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section that is proposed by N. Golbon et al. in [39]. The difference between the converter shown
in Fig. 1.6 and a buck-boost single-stage converter without direct energy transfer is the addition
of a second transformer to the circuit, T1.
The main drawback of single-stage converters with direct energy power transfer is that their cost
and complexity approach those of conventional two-stage AC/DC converters.

1.5.

Control Approaches for Single-Stage PFC AC/DC Converters

The main challenge in operating single-stage PFC converters is the availability of only one
control variable to achieve tight output voltage regulation and sinusoidal-like input current shape
simultaneously. As a result, a tradeoff needs to be considered between output voltage regulation
and input power factor in the design of the controller. Many control techniques have been
designed for single-stage PFC converters [43]-[55]. They can generally be classifed as follows:
1) Peak current control
2) Hysteresis current control
3) Average current-mode control
Each of these control techniques is explained briefly below

1.5.1. Peak Current Mode Control
In peak current control, the positive slope of the input inductor current is controlled to be equal
to a reference value in each switching cycle, regardless of other operating conditions. The switch

Fig. 1.7 Peak current control scheme on a boost PFC converter [42].

9

is turned off when the instantaneous current reaches the reference value. This limit point is
defined based on the output voltage and input current status in each switching cycle. However,
peak current control is inherently unstable when the duty ratio of the converter exceeds 50%. To
stabilize the current feedback loop, a ramp signal (equal to the negative ramp of the input
inductor current in a switching cycle) has to be added to the sensed current signal. This ramp
should be calculated separately for each converter topology, based on circuit parameters and the
output voltage.
Fig 1.7 shows peak current control implemented on a boost PFC front-end AC/DC converter (the
same control scheme can be used for single-stage converters). The sinusoidal current reference is
the product of the voltage compensator output and the sensed input voltage, and it is used to keep
the input current in phase with the input voltage. This forces the voltage feedback loop
compensator to have a low bandwidth so that 120 Hz low frequency ripple in the output voltage
does not distort the input current reference waveform. In this scheme, the main switch is turned
on with a constant frequency at the beginning of the switching cycle and is kept on until the sum
of the sensed input current ramp and external ramp reaches the sinusoidal current reference.
The main advantages of this control scheme are that no current compensator is required for the
controller and the switching frequency is constant. Peak current control, however, suffers from
high sensitivity to noise because any noise spike in the input current can turn the switch off
immediately. Furthermore, at high line and light load conditions where the control scheme is
fully stable, the fixed compensating ramp signal can cause input current distortion.

Fig. 1.8 Hysteresis current control on a boost PFC converter [42].
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1.5.2. Hysteresis Current Control
This control method was first proposed in [57] and is based on restraining the input inductor
current to be a preset hysteresis band. The switch is turned on when the inductor current goes
below the predefined lower value and is turned off when the inductor current goes above the
upper value; this forces the converter to operate with variable switching frequency [58].
Fig. 1.8 shows that two sinusoidal current references are required for this control technique - one
for the peak of the input current and the other for its valley. To achieve smaller distortion in the
input current, a smaller hysteresis band can be considered, but this leads to a higher switching
frequency that increases switching losses [59]. The advantages of this control technique are an
input current with little distortion and the lack of need of a compensation ramp; its main
drawbacks are variable switching frequency operation and sensitivity to noise spikes.
There is a particular type of hysteresis control called “borderline current control” in which the
switch on-time is kept constant during the line cycle [42] and the lower input current reference is
set to zero. This allows the switch to be turned on when the input inductor current reaches zero
and to be on until the input inductor reaches the upper reference value. With this control method,
the converter operates at the boundary between CCM and DCM operation, instead of operating
in CCM as in the original hysteresis control. Boundary mode operation results in lower switching
losses because the switch is turned on at zero current. This control technique, however, has the
same problems of variable switching frequency operation and sensitivity to noise spikes that the
original hysteresis control technique has.

1.5.3. Average Current-Mode Control
The control methods reviewed in the previous sections all suffer from high sensitivity to
commutation noise. The technique of “average current-mode control” in Fig. 1.9 addresses this
issue by introducing a current compensator in the current feedback loop that allows a more
sinusoidal input current in the converter. The inner current loop compensator in this control
technique attempts to minimize the error between sensed input current and the current reference.
This ensures a unity power factor and the reduction of higher order input current harmonics.
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Since the input current tracks an average reference signal, the PFC converter operates in CCM
with this control technique.
Like peak current control, the current reference in average current-mode control is the product of
input voltage and the outer voltage loop compensator. As a result, the bandwidth of the voltage
loop compensator should be very low (in 10-20 Hz range) to keep the output voltage ripple from
distorting input current reference. The bandwidth of the input current loop compensator,
however, should be very high (in 8-10 KHz range) to increase the accuracy of tracking higher
order harmonics in the input current [60].
The main advantages of this control technique over previous approaches are more sinusoidal
input current waveforms, fixed switching frequency and less sensitivity to noise, but it does
require the design of additional compensation and it has a slow dynamic response because of low
bandwidth of voltage feedback loop, like the other approaches. Nonetheless, average current
mode control is generally considered as the best control approach for AC/DC PFC converters
especially single-stage PFC converters.

1.6.

Thesis Objectives

The main objectives of this thesis are as follows:


To develop a mathematical model for the AC/DC single-stage PFC converter shown in

Fig. 1.9 Average current mode control on a boost PFC converter [42].
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Fig. 1.6 so that an appropriate compensation network for the voltage and current
feedback loops can be designed.


To introduce a new control technique for this converter that will allow it to have a faster
transient response, with tight output voltage regulation and with an input current
harmonic content that is within the limits set by the IEC EN 61000-3-2 standard.



To confirm the feasibility of the proposed control scheme with results obtained from
computer and from an experimental prototype converter.

1.7.

Thesis Outline

This thesis is comprised of five more chapters. Below is a summary of each chapter:
 Chapter 2: The single-stage AC/DC PFC converter with direct power transfer that was
presented in Section 1.4.3 is the main focus of this chapter. This converter will
henceforth be referred to as the Single-Stage Buck-Boost Direct Energy Transfer
(SSBBDET) converter. In this chapter, the operation of the converter and its various
modes of operation are explained in detail and key component values are selected by a
design procedure. These component values were used in a prototype converter from
which experimental results were obtained, as discussed in Chapters of this thesis.
 Chapter 3: A small-signal state-space model of the SSBBDET converter is determined
in this chapter to be used for designing the voltage and current compensators of the
proposed control scheme. In this chapter, the general approach for modeling PWM
converters with one inductor operating in discontinuous conduction mode (DCM) is
explained and is used to develop a new method of performing averaged state-space
modeling for a PWM converter with multiple inductors operating in DCM, such as
single-stage PFC converters. The main idea behind this new approach is that the averaged
state-space model of a PWM converter with multiple inductors can be derived by first
considering each inductor separately using the general averaged state-space model for
PWM converters with one inductor, then adding all these separate models to obtain the
model for the whole converter. It is shown how a small-signal model and key transfer
functions can be extracted from the average state-space model of such a converter. The
output to input small-signal transfer functions of the SSBBDET converter are used to
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keep the small-signal values at zero so that the states of the system can operate at their
pre-defined steady-state conditions.
 Chapter 4: A control strategy for the SSBBDET converter is proposed in this chapter. In
this chapter, the conventional average current mode control approach that is generally
used for single-stage PFC converters is discussed and its drawbacks are reviewed. A new
control strategy based on conventional average current mode technique is introduced and
a mathematical analysis of this technique is performed. The results of this analysis are
used to select appropriate parameter values that ensure the proper operation of the
SSBBDET converter with the new control scheme.
 Chapter 5: In this chapter, experimental results obtained from a prototype of the
SSBBDET converter, implemented with the proposed control scheme described in
Chapter 4 are presented. It is confirmed that the converter can operate with an excellent
transient response and an acceptable input current harmonic content when implemented
with the new control scheme.
 Chapter 6: In this chapter, the contents and results of the thesis work are summarized,
the conclusions that have been reached as a result of this research work are presented, the
main contributions of the thesis are expressed and possibilities for future research work
are stated.
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Chapter 2

A Low-Power AC-DC Single-Stage Converter with Reduced DC Bus Voltage
Variation Using Direct Energy Transfer Technique

2.1.

Introduction

The Single-Stage Buck-Boost Direct Energy Transfer (SSBBDET) converter that was presented
in Section 1.4.3 of the previous chapter is the main focus of this chapter. The outstanding
features of the converter are that it can operate with a sinusoidal input current and with a low
primary-side DC bus voltage that is much less variable than that of other single-stage converters.
In this chapter, the operation of the converter and its various modes of operation are explained in
detail and key component values are selected by a design procedure. These component values
were used in computer simulations and in a prototype converter that is discussed in the later
chapters of this thesis. It should be noted that the contents of this chapter are taken from the work
of N. Golbon and G. Moschopoulos in [39].

2.2.

Converter Operating Principles and Modes of Operation

The SSBBDET converter (Fig. 2.1) consists of a diode bridge rectifier, a power switch S,
transformers T1 and T2, a DC bus capacitor C, an output capacitor Co, and rectifier diodes D1 to
D4. T1 and T2 have turns ratios of n1 and n2 and magnetizing inductances of Lm1 and Lm2,
respectively. The leakage inductances of T1 and T2 are negligible.
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Fig. 2.1 Proposed buck-boost single-stage PFC with direct energy transfer.

The input current is discontinuous and is bounded by a sinusoidal envelope so that it is
essentially a sinusoidal waveform with high frequency harmonic components. The magnetizing
current of each transformer can be either discontinuous or continuous. To simplify the design, it
is assumed that these currents are discontinuous so that both transformers are fully demagnetized
by the end of the switching cycle.
The converter has two modes of operation, depending on the DC bus voltage VC. In the first
mode, transformer T1 acts like an inductor (i.e. it stores an amount of energy during an interval
and transfers this energy into another primary-side component on the next interval) while T2 acts
as a flyback transformer (i.e. it stores energy during an interval and transfers the stored energy to
the secondary-side on the next interval). In the second mode, both transformers act like flyback
transformers. Both modes are described in this section as following.
A. Mode 1: Single Flyback Transformer Mode of Operation
The converter operates in this mode when DC bus voltage VC is less than n1Vo, which is the
reflected output voltage on the primary side of transformer T1. As a result, diode D3 does not
conduct and no energy is transferred to the output through transformer T1; therefore, T1 becomes
like an input inductor. In this mode, T2 is the only transformer that actually operates as a flyback
transformer. When operating in this single flyback transformer mode, the converter operates in
the following two intervals. Typical converter waveforms and equivalent circuit diagrams are
shown in Figs. 2.2 and 2.3:
Interval 1 [t0 –t1] (Fig. 2.3(a)): At the beginning of this interval, power switch S is turned on. As
a result, the rectified input line voltage |Vin| is applied to the magnetizing inductance of
16

Fig. 2.2 Typical converter waveforms describing
single flyback transformer mode.

Fig. 2.3 Equivalent circuits in single flyback transformer
mode (a) Interval I (b) Interval II.

transformer T1, Lm1. Current through Lm1, iLm1, begins to flow and increase linearly. Also during
this interval, DC bus voltage VC is applied across the magnetizing inductance of T2, Lm2, through
D2, causing its current iLm2 to increase linearly. During this interval, there is no power transfer to
the load and it is just supplied by Co.
Interval 2 [t1 –t2] (Fig. 2.3(b)): Switch S is turned off at the beginning of this interval. As a
result, all the energy that was placed in T1 during Interval 1 is transferred to bus capacitor C, and
all the energy that was placed in T2 during Interval 1 is transferred to the output through D4. At
some instant t = t2, both T1 and T2 become fully demagnetized and remain in this condition until
the beginning of the next switching cycle.
B. Mode 2: Dual Flyback Transformer Mode of Operation
The converter enters this mode of operation when the DC bus voltage reaches n1Vo. Ideally, VC
can never exceed n1Vo because otherwise, diode D3 starts to conduct and allow energy (which
normally is supposed to charge the DC bus capacitor) to be transferred to the output. During this
mode, both transformers T1 and T2 act like flyback transformers and demagnetize through their
17

Fig. 2.4 Typical converter waveforms describing
the dual flyback transformer mode.

Fig. 2.5 Equivalent circuits in dual flyback transformer
mode. (a) Interval I (b) Interval II (c) Interval III

secondaries when switch S is off. Part of the stored energy in the magnetizing inductance of T1
goes to the DC bus capacitor after S has been turned off. When operating in the dual flyback
transformer mode, the converter operates in the following three intervals with typical converter
waveforms and equivalent circuit diagrams shown in Figs. 2.4 and 2.5, respectively.
Interval 1 [t0– t1] (Fig. 2.5(a)): The converter operates in the same way as the first interval of
Mode 1 and transformers T1 and T2 are charged linearly.
Interval 2 [t1 –t2] (Fig. 2.5(b)): Switch S turns off at t1 at the beginning of this interval. The
converter operates in the same way as in the second interval of Mode 1 and the energy stored in
T1 is transferred to C. Also during this time interval, all the energy that was placed in T2 in
interval 1 is transferred to the output through D4. The DC bus voltage reaches n1Vo at t = t2 while
T2 is not yet fully demagnetized.
Interval 3 [t2 –t3] (Fig. 2.5(c)): At t = t2, VC is equal to n1Vo and D3 begins to conduct as it
becomes forward biased. This releases the remaining energy stored in T1 to the output. Also
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during this time interval, just as in interval 2, the rest of the energy that was placed in T2 in
interval 1 is transferred to the output through D4. At different instants in this interval, T1 and T2
become fully demagnetized and remain in this condition until the start of the next switching
cycle.
The advantages of the converter over conventional single-stage PFC converters are as follows:
1) The voltage stress on the main switch in this single-stage PFC converter is significantly
lower than conventional ones. Regardless of operation mode, the maximum voltage that
is placed across switch S occurs while T2 is demagnetizing and is
(2.1)
2) There are two mechanisms that make the DC bus voltage less variable in this converter
compared to previous single-stage PFC AC/DC converters. One is substitution of the
input inductor with a flyback transformer, which helps clamp the DC bus voltage. The
second is that the input section is based on a buck–boost converter instead of boost
converter. In this case, the variation in the DC bus voltage can be reduced so that when
the input line voltage is low, the buck-boost input section produces a DC bus voltage that
is higher than the peak input voltage, and when the input line voltage is high, the DC bus
voltage is lower than the peak of the input voltage. This is due to the nature of buck-boost
topology (which can step-up and step-down voltage) as low input line operation requires
larger duty-cycles, which makes the input section act as a boost converter. On the other
hand, high line operation requires smaller duty-cycles, which makes the input section
operate as a buck converter. The combination of these two mechanisms reduces potential
voltage variation.

2.3.

Steady-State Analysis and Converter Design

There are four key parameters that should be determined for the converter: the magnetizing
inductances for transformers T1 and T2, Lm1 and Lm2, and their turns ratios, n1 and n2. In this
section, these four parameters are determined as well as the voltage conversion ratio of the
converter (i.e. output DC voltage to input AC voltage). This can be achieved by performing a
steady-state analysis of the converter then using the results of the analysis to develop a procedure
that can be used to design the converter and select appropriate component values. Since such an
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analysis has already been performed in [39], the analysis and design procedure is replicated from
that work.
To simplify the analysis presented in [39], the following assumptions were made:
1) The converter is lossless.
2) The duty ratio of the converter is kept constant throughout the entire line cycle.
3) The switching frequency is much higher than the line frequency.
4) The leakage inductances of transformers are negligible.
5) Despite of slight changes in DC bus voltage, it is considered to be constant during each
line cycle.
To derive the voltage conversion ratio of the converter, the balance between the input power and
the output power should be considered. The converter peak input current Iin(t) can be
approximately expressed by the following equation, which is an equation of the voltage across
the magnetizing inductance of transformer T1, Lm1:
(2.2)
where

is the peak value of the input voltage,

the converter and

is the line frequency, D is the duty ratio of

is the switching time period. Since the switching frequency is much higher

than the line frequency, the input voltage can be considered constant at each switching cycle.
(

means the voltage in kth switching cycle). As a result, the average input current in

kth switching cycle,

, can be derived as follows:
∫

(2.3)

The average power during kth switching cycle can be determined to be
(2.4)
and the average input power during half line cycle can be defined to be
∫

(2.5)

20

where

is the line time period and

is the switching frequency.

With T2 being fully demagnetized at the end of each line cycle, the average output power during
a half line cycle can be determined based on the voltage across its magnetizing inductance. Since
the DC bus voltage is constant during each line cycle, the following equations can be derived:
(2.6)

=

∫

(2.7)

(2.8)
Considering the power balance in the circuit (i.e.
the DC bus voltage,

), the following relation between

, and the peak input voltage,

can be obtained based on (2.5) and (2.8):
√

√

(2.9)

√

The standard voltage transfer ratio equation of a flyback converter (if assuming that T2 is
working in boundary level of being fully demagnetized and not) can be applied to find the
relationship between the DC bus voltage and output voltage as follows:
(2.10)
where n2 is the turns ratio of the transformer T2. Using equations (2.9) and (2.10), the desired
voltage conversion ratio of the converter can be determined to be
√
√

(2.11)

To find the key converter parameters (Lm1, Lm2, n1, n2), the following considerations should be
taken into account:
1) The converter should operate with a completely discontinuous input current bounded by a
sinusoidal envelope.
2) The maximum duty ratio during each line cycle should not exceed 0.5.
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The above parameters will be designed for a converter with the following characteristics:
Input voltage: Vin = 85~265 Vrms
Output voltage: Vo = 48 Vdc
Maximum output power: Po = 100 W
Switching frequency: fsw = 100 kHz
A: Selection of magnetizing inductance of transformer T1, Lm1
Lm1 should be sufficiently low so that the magnetizing current of T1 does not become continuous,
which leads to Discontinuous Conduction Mode (DCM) operation of the converter. According to
eq. (2.5), the maximum value for Lm1 can be determined as
(2.12)
where

is the maximum duty ratio (i.e. 0.5) corresponding to minimum AC input voltage,
. Substituting the parameter values into eq. (2.12) gives
(

Lm1 =

√ )

(2.13)

is selected for the prototype converter that is used in simulations and experimental

works.
B: Selection of turns ratio of transformer T1, n1
Turns ratio of transformer T1, n1 determines the voltage level when the converter enters Mode 2,
the dual flyback transformer mode, as stated in Section 2.2. It also defines the maximum voltage
stress across the main switch as expressed in eq. (2.1). As a result
(2.14)
which results in
(2.15)
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If the maximum voltage stress on the main switch is considered 500 V, maximum turns ratio of
transformer T1 can be found by substituting appropriate parameter values in eq. (2.15), which
gives the following equation:
√

(2.16)

n1 = 2.5 is chosen for the transformer T1 of the prototype converter incorporated in computer
simulations and experimental works.
C: Selection of magnetizing inductance of transformer T2, Lm2
Lm2 needs to be sufficiently high in order to transfer an appropriate amount of energy directly to
the output. Low magnetizing inductance of transformer T2 leads to more direct energy transfer
intervals in the converter’s operation; more direct energy transfer from transformer T1 means
more low frequency ripple on the output voltage, which is not desirable. Considering eq. (2.9),
the minimum value of Lm2 should be
(

)

(2.17)

Substituting the parameter values into eq. (2.17) gives the minimum value for Lm2
(
Lm2 =

√

)

(2.18)

is selected for the prototype converter.

D: Selection of turns ratio of transformer T2, n2
The value of n2 should be low enough to guarantee that the transformer T2 is fully demagnetized
at the end of each line cycle. The turns ratio of transformer T2 can be selected using the voltage
conversion ratio of the converter as in eq. (2.11). To determine the lowest possible value for n2,
low line converter operation should be considered, which means the input voltage is 85 Vrms.
Substituting the parameter values into eq. (2.11) gives
√

√
√
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(2.19)

2.4.

Conclusion

In this chapter, the single-stage PFC AC/DC converter that is being considered in this thesis, the
SSBBDET converter, was discussed. The main advantage of this converter is that its DC bus
voltage variation is significantly less than that of other single-stage PFC converters, which
allows smaller size components specially DC bus capacitor to be used. This is the result of buck–
boost type input section and clamping of VC to n1Vo by the secondary winding of T1. In this
chapter, the operation of the converter and its various modes of operation were explained in
detail and key component values were selected by a design procedure. These component values
were used in a prototype converter from which experimental results were obtained, as will be
shown in Chapter 5 of this thesis.
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Chapter 3

Averaged State-Space Modeling and Small-Signal Analysis of the Single-Stage
PFC Converter

3.1.

Introduction

A small-signal state-space model of the Single-Stage Buck-Boost Direct Energy Transfer
(SSBBDET) converter is determined in this chapter to be used for designing the voltage and
current compensators of the proposed control scheme. In this chapter, the general approach for
modeling PWM converters with one inductor operating in Discontinuous Conduction Mode
(DCM) is explained and is used to develop a new method of performing averaged state-space
modeling for a PWM converter with multiple inductors operating in DCM, such as single-stage
PFC converters. The main idea behind this new approach is that the averaged state-space model
of a PWM converter with multiple inductors can be derived by first considering each inductor
separately using the general averaged state-space model for PWM converters with one inductor,
then adding all these separate models to obtain the model for the whole converter. It is shown
how a small-signal model and key transfer functions can be extracted from the average statespace model of such a converter. The output to input small-signal transfer functions of the
SSBBDET converter are used to keep the small-signal values at zero so that the states of the
system can operate at their pre-defined steady-state conditions.

25

3.2.

Averaged State-Space Modeling of PWM Converters with One Inductor
Operating in DCM

Several approaches have been proposed to model the dynamic behaviour of PWM converters
operating in discontinuous conduction mode (DCM) [63]-[67], with the most popular approach
being averaged state-space modeling. The general form of an averaged state-space model is
̇

(3.1)

where x is a vector representing the states of the system, u is the vector of the control inputs of
the system, and A and B are numerical matrices that are dependent on the parameter values of
the converter. In the averaged state-space modeling approach for PWM converters, the averaged
current of each inductor and the averaged voltage of each capacitor are considered as the states
of the system over a switching cycle. The model is then determined using KCL (Kirchhoff’s
Current Law) and KVL (Kirchhoff’s Voltage Law) equations for the inductors and capacitors.
The input inductor of a low power PWM boost converter like the one shown in Fig. 3.1 generally
operates in DCM. In order to develop an averaged state-space model for a DCM PWM converter
with one inductor such as the boost converter shown in Fig. 3.1, three time-intervals can be
considered for each switching cycle, as indicated by

,

and

in Fig. 3.2. A

piecewise-linear state-space model can be written for each time-interval in a switching cycle as
follows:

where

̇

for

(3.2)

̇

for

(3.3)

̇

for

(3.4)

is the only input of the DCM operating PWM converter and
Input Inductor

DC

Fig. 3.1 DC/DC Boost Converter
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is the time period of

each switching cycle. An averaged state-space model can be applied to equations (3.2) - (3.4) to
obtain the averaged model of the converter operating in DCM as
̇
where

[

]

[

]

(3.5)

denotes the average value of the states of the system over a switching cycle. Equation

(3.5) is the general form of averaged state-space model of a PWM converter operating in DCM,
but the average value for inductor current determined by eq. (3.5) is not necessarily the true
average value of the state variable. The average value of the inductor current based on the statespace model, expressed by eq. (3.5) can be compared with the average obtained from the actual
value of the charge in the capacitor to determine that eq. (3.5) does not result in a true average
value. This can be shown as follows:
Based on the waveform in Fig. 3.2, the average of the input inductor current operating in
discontinuous mode over a switching cycle can be written as
(3.6)
where

is the peak value of inductor current in a switching cycle. Full details on how eq.

(3.6) is derived from Fig. 3.1 can be found in Appendix A.
Consider the case in which a capacitor is connected to the input inductor when the switch is on.
The averaged state-space model in eq. (3.5) implies that the charging current of the capacitor
over a switching cycle,

, is

, and substituting eq. (3.6) in it results in

iLpk

iL
Ts
d1Ts

d2Ts

d3Ts

Fig. 3.2 Time intervals of inductor current in a DCM operating converter.
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(3.7)
On the other hand, to obtain the average value of the charging current over the capacitor using
KCL expressions, the average charge that the capacitor receives from the inductor in a switching
cycle is
∫

(3.8)

which determines the actual average charging current of
(3.9)
The actual average charging current in eq. (3.9) obtained from the KCL equations is different
from the value in eq. (3.7) obtained from averaged state-space model. This implies that the
averaged state-space model of eq. (3.5) is somehow deficient in representing the actual
behaviour of the PWM converter.
One approach to improving the accuracy of the model is to divide the inductor currents in eq.
(3.5) by

as this term is the difference between the actual average value and the

average value in the state-space model. In order to divide the inductor currents by
state vector should be rearranged as

[

] where vectors

and

the

contain the inductor

current and all the capacitor voltages, respectively. The averaged state-space model in eq. (3.5)
can then be rewritten as
̇

[

]

[

]

(3.10)

in which M is

[

⏟

⏟

which now represents the true average value of the inductor.
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]

(3.11)

For the model represented in eq. (3.10) some modifications still need to be made so the model
can be used to design the control system of PWM converters with a single inductor that operates
in DCM. For such a converter, the only control variable that is used for output voltage regulation
is the duty-ratio

. This means that

should be replaced by an expression of

in the averaged

state-space model of the converter; the peak value of the inductor current can be used to
determine such an expression.
In general, if the voltage across each inductor in a PWM converter is

when the switch is

turned on, then using the inductor current equations for the first time-interval (inductors
generally store energy during the first time-interval in PWM converters), the peak value of the
inductor current can be expressed as
(3.12)
Substituting this into eq. (3.6) results in
(3.13)
in which

is an expression of

and can be replaced in eq. (3.10). Substituting (3.13) into

(3.10) results in the general averaged state-space model of a converter with one inductor
operating in DCM as follows:
̇

[

(

)

(

(
(

3.3.

))
(

))

]

[
]

(

)

(3.13A)

Averaged State-Space Modeling of the Single-Stage PFC AC/DC
Converter with Direct Energy Transfer

Previously proposed averaged state-space models for PWM converters with multiple inductors
can be generally categorized into two major classes:
1) Reduced-order averaged models in which one of the inductor currents is eliminated from
the final averaged model when there are multiple inductors in the converter structure.
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2) Full-order averaged models in which all inductor currents and capacitor voltages are
retained in the model.
The major drawback of the reduced-order approach when used in the modeling of single-stage
PFC AC/DC converters (in which two inductors are used, the input inductor and the magnetizing
inductance of the transformer) is the elimination of the input inductor current, which is the main
variable to be considered in input current shaping. Full-order models are therefore more accurate
than reduced-order models for modeling single-stage PFC converters. A full-order model is
developed in this thesis work to model the behaviour of the SSBBDET converter.
The magnetizing inductances of the two transformers (T1 and T2) of the SSBBDET converter can
be considered as the inductors of the converter and their currents (

,

) waveforms are

shown in Fig. 3.3. It can be seen from this figure that four time-intervals (
) occur during a switching cycle. The modified averaged state-space model in eq. (3.10) that is
generally used to model PWM converters with one inductor in their topology cannot be used in
the modeling of the SSBBDET converter. The SSBBDET converter has four time-intervals in a
switching cycle (Fig. 3.3), but only three time-intervals are considered in the modified averaged
state-space model in eq. (3.10). As a result, a new scheme for modeling the SSBBDET converter
is proposed in this section; this scheme is basically a modification of the modified averaged
state-space model in eq. (3.10). The main idea behind this new scheme is that the modified
averaged state-space model in eq. (3.10) is derived for each inductor in the converter and all

iLm1
iLm1pk

iLm2
iLm1pk

t1
d1Ts

t3

t2
d2Ts

d3Ts

Ts
d4Ts

Fig. 3.3 Magnetizing inductances current waveforms.
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these derived models are merged together to obtain the averaged state-space model for the
SSBBDET converter with multiple inductors that are all operating in DCM.
The currents of the magnetizing inductances (

,

) of the transformers (i.e. that are

assumed as the inductors of the converter) and the voltages of the capacitors (

are

considered as the states of the converter to be used in the averaged state-space model. According
to the operation modes of the converter discussed in Section 2.2, the state equations of the
converter for each time-interval can be written as follows:
A: Switch is ON, 0 < t < t1
(3.14)
(3.15)
(3.16)
B: Switch is OFF, t1 < t < t2
(3.17)
(3.18)
(3.19)
C: Switch is OFF, t2 < t < t3
(3.20)
(3.21)
(3.22)
D: Switch is OFF, t3 < t < t4
(3.23)
In order to use the modified averaged state-space model in eq. (3.13A) for each inductor, matrix
M should be defined. As the average values in equations (3.7) and (3.9) were obtained based on
the general current waveform of a DCM operating inductor, these values are also applicable for
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any inductor operating in DCM in a PWM converter with multiple inductors such as the
SSBBDET converter. As a result matrix M can be rewritten for the SSBBDET converter as
follows:

[

⏟

⏟

]

(3.24)

which results in:

[

]

(3.24A)

By substituting equations (3.14) – (3-23) and eq. (3.24A) into eq. (3.10), the averaged state-space
equations for each state inductor and state capacitor can be written as follows:
(3.25)

(3.26)

(3.27)
In order to define the modified averaged state-space model in eq. (3.13A),
defined as an expression of

and

should be

as it is the only control variable that is used for output voltage

regulation. In order to obtain the average values of the inductor currents based on eq. (3.6), the
peak values of

and

must be determined first; these can be written using eq. (3.12) as

follows:
(3.28)
(3.29)
and using eq. (3.6) for the average values of the inductor currents results in
(3.30)
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(3.31)
As a result, substituting eq. (3.29) into eq. (3.31) defines

as a function of

as
(3.32)

then substituting eq. (3.28) and eq.(3.32) into eq. (3.30) gives
(

as a function of
)

(3.33)

Substituting eq. (3.32) and eq. (3.33) into equations (3.25) – (3.27) results in
(3.34)

(3.35)
(
In single-stage PFC AC/DC converters,

)

(3.36)

is the only variable that can be used to regulate the

output voltage and shape the input current. On the other hand, the only controllable variables in
averaged state-space models are the inputs of the system. As can be seen in equations (3.34) –
(3.36),

appears as a parameter in matrix A and can be used as a control variable if it is

separated from this matrix and placed as an input of the system. To separate

from the matrix, a

linearization method in which a multivariable function is linearized around an equilibrium point
is used. For example, the linearization equation around the equilibrium point of
variable function

, can be written as
|

where ̃

for a two-

and ̃

̃

|

are small-signal values of

̃

(3.37)

and , respectively.

For the SSBBDET converter, the equilibrium point can be determined by solving averaged statespace equations (3.34) – (3.36) when ̇

. To obtain a solution for these equations, the

following parameter values obtained in Chapter 2 can be substituted into equations (3.34) –
(3.36):
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,




,




,




(3.38)

Solving ̇

, the equilibrium point of the previously discussed single-stage converter can be

determined to be




(3.39)

The linearization equation (3.37) can be applied to each multivariable term in the averaged statespace equations (3.34) – (3.36) by using the values in eq. (3.38) and eq. (3.39). As a result, the
small-signal state-space equations of the converter can be derived as follows:

̃

̃

̃

̃

̃

(3.40)

̃

̃

̃

̃

(3.41)

̃

̃

̃

̃

(3.42)

It should be noted that since the input voltage is assumed to be constant during each switching
cycle, its small-signal value is considered to be zero in the small-signal state-space model of the
converter.
In a converter represented by linearized small-signal state-space model, these small-signal values
of the states have to be kept at zero to maintain the converter in its pre-defined steady-state
condition. As a result, the small-signal state-space model and the small-signal transfer functions
(output to input) of the converter should be considered to design the controller for the SSBBDET
converter.
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The small-signal state-space model of the converter can be derived based on eq. (3.13A) using
equations (3.40) – (3.42) as follows:
̇

̃
][ ̃

[

̃

]

[

] ̃

(3.43)
In order to derive the small-signal transfer functions of the converter (outputs to the input), the
outputs of the system should be defined. In a small-signal state-space model, the outputs are
defined by
̃

̃

̃

(3.44)

For the SSBBDET converter, these outputs are the output voltage and the input current of the
converter since the control system is designed for these variables. To determine the outputs in eq.
(3.44), the following considerations should be made:
1) The output voltage is also one of the states of the system.
2) The input current is equal to

in the first time-interval and is zero for the rest of the

switching cycle.
Using linearization equation (3.36) with equations (3.38) and (3.39), the small-signal state-space
equations for the outputs can be written as
̃
[ ]
̃

̃
[

][ ̃

̃

]

[

]̃

(3.45)

Equations (3.43) and (3.45) are the small-signal state-space representation of the SSBBDET
converter and can be used to derive the output to input transfer functions.
In order to derive the output to duty ratio transfer functions of the system, a frequency domain
representation of the converter should be obtained by applying the Laplace transform to
equations (3.43) and (3.45); this yields
(3.46)
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where

is the 3-by-3 identity matrix, s is the Laplace operator and Y(s) and D1(s) are the

Laplace transforms of the output vector (control outputs) and duty ratio (control input),
respectively.
Based on equations (3.43) and (3.45), matrices A, B, C and D can be determined as follows:
[

]

[

]

[

]
[

]

(3.47)

Substituting matrices in eq. (3.47) into eq. (3.46) results in the output to control (duty ratio)
small-signal transfer functions
̃

(3.48)

̃

(3.49)

in which the variation in the input voltage during each switching cycle is ignored. These transfer
functions can be used to keep small-signal values of the output voltage and input current at zero
so the converter can work at its pre-defined steady-state condition.

3.4.

Conclusion

A small-signal state-space model of the SSBBDET converter based on a new averaged statespace model was determined in this chapter. Conventional approaches fail to accurately model
the behaviour of single-stage PFC converters such as the SSBBDET converter because of
multiple inductors in their structure (the magnetizing inductances of transformers). A new
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scheme for the averaged state-space modeling of a single-stage PFC converter with multiple
inductors was proposed based on the modification of conventional approach for PWM converters
with one inductor. The main idea behind this new scheme is that the general averaged state-space
model for PWM converters with one inductor can be applied to each inductor separately and then
all these separate models can be merged together to form the averaged state-space model for the
SSBBDET converter. A small-signal state-space model and output to duty ratio small-signal
transfer functions of the converter was extracted from the new averaged state-space model. This
model and the transfer functions will be are used later in this thesis to keep the small-signal
values at zero so the converter can operate at its pre-defined steady-state condition.
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Chapter 4

New Control Scheme for Single-Stage PFC AC/DC Converters Employing
Direct Energy Transfer

4.1.

Introduction

A control strategy for the Single-Stage Buck-Boost Direct Energy Transfer (SSBBDET)
converter presented in Chapter 2 is proposed in this chapter. In this chapter, the conventional
average current mode control approach that is generally used for single-stage PFC converters is
discussed and its drawbacks are reviewed. A new control strategy based on conventional average
current mode technique is introduced and a mathematical analysis of this technique is performed.
The results of this analysis are used to select appropriate parameter values that ensure the proper
operation of the SSBBDET converter with the new control scheme.
4.2.

Limitation of Conventional Average Current-Mode Control Structure
for the Proposed Single-Stage PFC Converter

Figure 4.1 shows a general diagram of the SSBBDET converter, implemented with the average
current mode technique described in Section 1.5.3, which is the most popular control method
used for single-stage PFC converters. In this technique, two control feedback loops, one for the
output voltage and one for the input current, are connected in cascade with each other. The inner
feedback loop is an input current feedback loop that makes the input current track the current
reference signal as much as possible during each switching cycle. The outer feedback loop is an
output voltage feedback loop that regulates the output voltage.
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Fig. 4.1 Single-stage PFC converter with conventional average current-mode control.

In order to achieve a high input power factor, the current reference signal must be in phase with
the input voltage. This can be ensured by generating the current reference signal from the
product of the output of voltage feedback loop (which determines the amplitude of current
reference signal) and the input voltage (which can be used as a template to determine the phase
of the current reference signal relative to the input voltage and to determine the shape of the
current). In order to minimize the effect that the two feedback loops may have on each other, the
bandwidth of each loop should be set so that it does not overlap with that of the other loop. The
bandwidth considerations of each loop can be summarized as follows:


Input current feedback loop bandwidth: The function of the current feedback loop
compensator is to make the input current follow the current reference during each switching
cycle. As a result, the current loop bandwidth must be higher than the voltage loop
bandwidth since more precise tracking is required and a bandwidth of 8 – 10 kHz is usually
set for the current feedback loop [73]. It should be noted that it is not the input current
waveform itself that is actually used to track the current reference, but a rectified version of
it, with the negative portion of the original waveform flipped over to become positive so that
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the reference that is actually used is a 120 Hz waveform consisting of positive sinusoidal
humps.


Output voltage feedback loop bandwidth: As mentioned in Chapter 2, when the converter is
operating under high line conditions, it is very likely that the DC bus voltage will try to
exceed the pre-set voltage limit so that the input flyback transformer will directly transfer
energy to the output. Since the voltage and current waveforms at the output of the diode
bridge rectifier are rectified sinusoidal signals, they will have a 120 Hz component. This 120
Hz component will appear as a similar component of the same frequency at the output,
which can be reduced by increasing the amount of the output capacitance, but this will result
in a very slow dynamic response [71] - [72]. If a 10-20 Hz low-pass filter is added to voltage
feedback loop to make the bandwidth of the output voltage feedback loop low, then a faster
response can be achieved, but it will still be sluggish.

The major drawback of the average mode control scheme shown in Fig. 4.1 is the sluggish
converter transient response due to the presence of a low-pass filter in the output voltage
feedback loop. Increasing the bandwidth of voltage feedback loop to make the response faster,
however, causes a considerable 120 Hz voltage ripple component to appear in the output of
voltage feedback loop. This 120 Hz ripple component can distort the input current reference
waveform and thus ultimately distort the input current waveform as well. This distortion in the
line current may be so significant that the single-stage PFC converter may not comply with
harmonic standards like EN61000-3-2. As a result, another control scheme is needed for the
SSBBDET converter.

4.3.

A Control Strategy for the Single-Stage PFC Converter with Direct
Energy Transfer

In this section, a new control scheme is proposed for the SSBBDET converter. Before
introducing the new control scheme, the basic principles behind it is reviewed here first. The
SSBBDET converter can have considerable output voltage ripple when it is operating at high
input line voltages because this is when the mechanism used to clamp the voltage across
capacitor Cb, transformer T1 and diode D3, is most likely to be active. When the clamping
mechanism is active, energy is transferred away from Cb to the output so that Cb is not charged
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above the clamping limit, which is set by the turns ratio of T1. Since the voltage of the input
diode rectifier bridge and the current flowing out of it are rectified sinusoidal waveforms, each
with a significant 120 Hz component, a 120 Hz component will also be superimposed on top of
the output voltage as a result of the link between input and output sections due to T1 and D3
clamping mechanism. As a result, the output capacitor Co must be made larger to try to filter out
the 120 Hz component to make the output voltage as flat and as purely DC; this increases
converter size and slows down converter transient response.
Since the 120 Hz component that appears at the output is most significant when the input current
is sinusoidal, it can be reduced if the input current reference is intentionally distorted so that the
input current is distorted as well. The main idea behind this approach is that decreasing the
pulsating output power leads to output voltage ripple reduction. Since there is a balance between
the pulsating input power and pulsating output power, this can be done by decreasing the
pulsating input power. One solution to reduce the pulsating input power is to distort the input
current.
Since the input current is intentionally distorted in a way that allows the input current to
approximate the reference waveform that would result if a fast voltage loop without filtering is
implemented in the conventional scheme, the converter can track the reference with a faster
response. This is because of its natural and inherent tendency to follow the reference as quickly
as possible. This is to be contrasted with the fact that the converter becomes unstable if the
conventional average current mode approach is implemented without a low-pass filter.
The main idea behind the proposed scheme is to intentionally distort the input current reference
in an appropriate manner so that the output voltage ripple can be significantly reduced. The
proposed scheme is a modified version of the conventional average current mode control
technique and is based on the work that was presented in [68], which first introduced the concept
of input current distortion that is the main focus of this work. The main difference between the
proposed scheme and the one proposed in [68] is that the converter under study for this work is a
single-stage PFC converter with a buck-boost input section while the converter examined in [68]
was an AC/DC boost converter. As a result, some changes must be made in the analysis and
implementation of the control scheme from [68] for the converter studied in this work.
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It should be noted that the implementation of the proposed control approach to the SSBBDET
converter results in a single-stage converter with a fixed primary-side DC bus voltage (voltage
across capacitor Cb in Fig. 4.1), an improved dynamic response to load and line variations with
little output voltage ripple, and an input current harmonic content that can comply with EN
61000-3-2 Class D standards. No previously proposed single-stage converter has this
combination of features.
A. Control Scheme Analysis
In order to define the exact amount of harmonic distortion that must be introduced into the input
current, the effect of the output voltage ripple on the input current waveform must be analyzed.
The first step is to assume that the input voltage and input current of the power stage in Fig. 4.1
are as follows:
|

|

(4.1)
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Fig. 4.2 Proposed control strategy on the single-stage PFC converter.
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|

where

is peak amplitude of input voltage,

output of the voltage feedback loop and

|

(4.2)

is the angular frequency of the line,

is

is a constant determined by the current loop

controller to compensate for the amplitude of input current. Note that the input current reference
signal is dependent on the product of the output of voltage feedback loop,

(which determines

the amplitude of current reference signal), and the input voltage (which is used as a template to
determine the phase of the current reference signal relative to the input voltage and to determine
the shape of the current).
If the low-pass filter is eliminated, then voltage

will have more ripple and this will affect

. Eliminating the low-pass filter in the voltage feedback loop allows voltage

to be

written as
(4.3)
(4.4)
where

is the DC error of output voltage,
is the peak amplitude of

and

is the AC component of the output voltage,

is its phase lag angle as defined by the delay time of

the controller (i.e. if the delay time is assumed to be

then

is

). Note that only the

frequency component that is twice the line frequency (the 120 Hz component) is considered in
the output voltage ripple as this component is the only significant harmonic in the voltage ripple
of the SSBBDET converter.
The next step in trying to determine the effect of the output voltage ripple on the input current
waveform is to determine the output voltage ripple components. The output voltage is the
product of the output impedance and the output current (

‖

, where

‖

is the

impedance of the output stage). As a result, the output voltage ripple is proportional to the output
current ripple. For the purpose of simplicity, the output current ripple is considered instead of the
output voltage ripple. Therefore, In order to determine the output voltage ripple, the output
current waveform and its harmonic components should be determined at first.
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The instantaneous input power,

, is a product of

in eq. (4.1) and

in eq. (4.2)

and can be expressed as
(4.5)
Substituting equations (4.3) and (4.4) into (4.5) gives
(4.6)
where

is the ratio of the peak amplitude of the AC component of

to its DC component and

can be expressed as
(4.7)
Like the instantaneous input power, the instantaneous output power can be determined by
multiplying the output voltage

and the output current

as follows:
(4.8)

Assuming that the converter is ideal and has no power losses, equating the instantaneous input
power and instantaneous output power (i.e.

) results in
(4.9)

is the DC error of the output voltage and is uncontrollable. Since the main purpose is to
control the output voltage ripple and the input line current, the output current and the input
current expressions have to be independent of

.

With the instantaneous output current determined in (4.9), the next step is to express the output
current waveform independent of

. This can be done by considering the average input power

and output power. The average value of the input power,

in a half line cycle can be written

as
∫

(4.10)
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where

is the line time period. The average DC output power delivered to the load is
(4.11)

Equating the average input power and DC output power results in
(4.12)
Considering eq. (4.12), the output current in eq. (4.9) can be rewritten as
(4.13)
Equation (4.13) describes the output current of the converter. It will be used later to determine
the relative amplitude of the output voltage ripple.
While the output current is required for measurement of the output voltage ripple, input current is
also needed for measuring the harmonic distortion. Substituting equations (4.12), (4.3) and (4.4)
into eq. (4.2) results in the following expression for the line input current,

(

:
(4.14)

)

Equation (4.14) describes the input current when the low-pass filter in the voltage feedback loop
is eliminated, which improves the transient response of the converter, but leads to harmonic
distortion in the input current. As can be seen in eq. (4.14), parameters

and

have a strong

influence on the input current waveform and thus on its harmonic contents.
The harmonic contents of the input current and output current can be written by separating the
harmonic component frequencies from equations (4.13) and (4.14):
(4.15)
(4.16)
where

is the main component with the frequency of 60 Hz (line frequency,

,

is the third harmonic component with the frequency of 180 Hz (three times the line
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frequency,

),

is the DC value of the output current and

is the ripple component

of the output current (and the output voltage) with the frequency of 120 Hz (twice the line
frequency,

). The harmonic components of equations (4.15) and (4.16) can be written as

follows:
[

]

(4.17)

(4.18)
(4.19)
[

]

(4.20)

To find the change in the input current distortion while the low-pass filter is added to voltage
feedback loop, input current expression should be incorporated with the filtering considered. In
this case, the input voltage and current of the power stage can be written as
|

|
|

where

|

(4.21)
(4.22)

(i.e. the voltage error) is a DC value due to use of a low-pass filter in the voltage loop.

It should be noted again that the input voltage assumed as the input current reference in these
equations. Multiplying equations (4.21) and (4.22) gives the instantaneous input power as
(4.23)
To determine the input current independently of

, similar to what was done for the case

without the low-pass filter, the balance between average input and output powers should be
considered. The average input power over a half line cycle can be expressed as follows:
∫

(4.24)
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The DC output power is the same as eq. (4.11). Equating the average input power and the DC
output power results in
(4.25)
Substituting eq. (4.25) into equations (4.22) gives
|

|

(4.26)

Based on eq. (4.26), the input line current can be written as
(4.27)
According to equations (4.15) and (4.16), the harmonic contents of input current can be written
as follows:
(4.28)
(4.29)
Considering eq. (4.14) as the input line current when the low-pass filter is eliminated (which
leads to improved transient response and undesirable input current distortions), and eq. (4.27) as
the input line current with the low-pass filter in control loop (which has slow transient response
and acceptable input current distortion), it can be understood that if the input current reference in
the second case is assumed to be
(4.30)
which basically can be determined by dividing eq. (4.14) to eq. (4.28). As a result, the input line
current can be rewritten as
(4.31)
This is exactly the same equation as eq. (4.14) except that the harmonic distortion in this case is
intentionally injected into the reference signal and is controlled.
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B. Control Scheme Design
In order to select values for parameters

and

that will result in an appropriately distorted

input current waveform, some harmonic standard must be considered. For this work, the
EN61000-3-2 Class D harmonic standard is considered as it is the most widely used standard for
converters like SSBBDET converter. The amplitude of the third input current harmonic can be
determined in eq. (4.18) and can be written as
(4.32)
Substituting eq. (4.11) into eq. (4.32) results in
(4.33)
According to the EN61000-3-2 Class D standard, the limit on the amplitude of each harmonic in
the input current is proportional to the converter’s input power and the ratio of the amplitude of
third harmonic to the rms value of average input power should be less than 3.4 mA/W. This can
be expressed as
√

(4.34)

√

This inequality can be evaluated by different values of

and

. Fig. 4.3 indicates the

Fig. 4.3 Area of compliance (grey area) for the SSBBDET converter.
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compliance area (the grey area) which is a graph of

for different values of

eq. (4.34), the converter does not comply with the harmonic standard when
and

and

. According to
is between

is higher than 0.87 at the same time.

The output voltage ripple amplitude is proportional to the output current ripple amplitude in eq.
(4.20) and can be written as
√

(4.34)
To find appropriate values for

and

, these parameters should be such that the output current

ripple amplitude in eq. (4.34) is as low as possible. Fig. 4.4 shows the relative output voltage
ripple amplitude for different acceptable values of
and
be noted that

and

. As indicated in this figure, when

=0.87, a minimum output voltage ripple amplitude can be achieved. It should
cannot exceed this value because it will exit the compliance area. By

substituting these values into eq. (4.30), the input current reference signal can be expressed as
(
Note that as the term

(

))

is a constant value, it can be considered in the compensator gain

(4.35)
in

the current feedback loop and eliminated from the reference signal. As a result, the reference

Fig. 4.4 Relative Output voltage ripple amplitude for different designs of PFC converter.
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signal for the input current for this new control scheme can be written as follows:
(

(

))

(4.36)

To generate this reference signal, a phase lock loop (PLL) needs to be incorporated into the
control scheme to extract the input voltage phase and thus the input current in phase with the
input voltage.
As shown in eq. (4.10),

(DC error of output voltage) depends on the square value of the

peak amplitude of the input voltage for a given average input power. Since the single-stage
converter under study operates with a universal line input voltage range (85 Vrms – 265 Vrms), a
feedforward loop should be added to the input current reference signal generator to compensate
for line voltage variation effects on the voltage feedback loop [74]. Fig. 4.5 shows the designed
control scheme for the SSBBDET converter with the input current reference signal generator and
the feedforward loop. As shown in this figure, the pulsating input power in this case can be
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Fig. 4.5 Designed control scheme for the single-stage PFC converter employing direct energy transfer.
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written as
(4.37)
The dependency of

and the voltage feedback loop on the input voltage peak amplitude is

now eliminated.
The block diagram of the designed control system is shown in Fig. 4.6.
gains of the sensing circuits, and

and

,

,

are the

are the transfer functions of the converter that

were derived in Chapter 3 and can be written as follows:
(4.38)

(4.39)
As previously discussed, the bandwidth of the voltage loop compensator is designed to be 10 Hz
and the bandwidth of the current loop compensator is selected to be 10 kHz. Unlike with the
conventional control scheme, having a voltage loop with a 10 Hz bandwidth does not result in a
sluggish transient response because the current reference signal is designed in a way that the
transient response is exactly the same as the case without any filtering in the voltage loop.
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Fig. 4.6 Block diagram of the designed control system.
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4.4.

Conclusion

A control strategy for the single-stage PFC presented in Chapter 2 was proposed in this chapter.
In this chapter, the conventional average current mode control approach for single-stage PFC
converters was discussed and it was explained that it results in very slow converter transient
response. The proposed control scheme was proposed to address this issue by purposefully
distorting the input current reference in the conventional average current mode approach. A
mathematical analysis of this technique is performed and the results of this analysis were used to
select appropriate parameter values that ensure the proper operation of the SSBBDET converter
with the new control scheme. The parameters that were selected were implemented in a
prototype converter that was implemented with the proposed control scheme. The experimental
results that were obtained from this prototype will be discussed in the following chapter of this
thesis.
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Chapter 5

Experimental Results of the Single-Stage PFC AC/DC Converter with
Proposed Control Scheme

5.1.

Introduction

In this chapter, experimental results obtained from a prototype of the SSBBDET converter,
implemented with the proposed control scheme described in the previous chapter, are presented.
The converter was implemented with the design parameters that were determined in previous
chapters of this thesis. The parameters for the actual converter circuit were determined in
Chapter 2 while those for the control scheme were determined in Chapters 3 and 4. It is
confirmed that the converter can operate with an excellent transient response and an acceptable
input current harmonic content when implemented with the new control scheme.

5.2.

Experimental Results of the Implemented Single-Stage PFC Converter

An experimental prototype of the SSBBDET converter was implemented with the proposed
control scheme described in the previous chapter. According to the design procedure presented in
Chapter 2, the prototype was implemented with the following specifications:


Input voltage 85 ~ 265 Vrms



Output voltage 48 Vdc



Switching frequency 100 kHz



Maximum output power 100 W
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The two transformers had magnetizing inductances of Lm1=194 H and Lm2 =85 H and a turns
ratio of n1=n2=2.5:1. The converter capacitors were DC bus capacitor Cb=560 F and output
capacitor Co=47 F. The transformers were designed to be fully demagnetized by the end of each
switching cycle and the clamping mechanism was set to clamp the DC bus voltage (the voltage
across Cb) at about 120 V.
The components that were used in the prototype are as follows:


Main MOSFET switch: Fairchild Semiconductor’s IRF840



D1 – D4 diodes: Fairchild Semiconductor’s RHRP1560



Bus capacitor Cb: 560 F, 200 V



Output capacitor Co: 47 F, 65 V



Voltage transducers: ADJ202N



Current transducer: LA25-NP



MOSFET driver: UCC27321P

The proposed control scheme was implemented using a TMS320F28335 DSP microcontroller.
The microcontroller’s built-in A/D (Analog to Digital) converter was used to get sensed input
voltage, output voltage and input current values. Figs. 5.1 and 5.2 show the sensing circuits that
were used for the voltages and the input current. These circuits were designed so that all the

Fig. 5.1 Input voltage and output voltage sensing circuit
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voltages and currents were scaled into a range of 0V-3V for the A/D converter. As can be seen in
Fig. 5.1, resistors R3 and R15 are voltage division resistors that were used to scale the voltages
into the appropriate range for the A/D converter.

Input Current Waveforms and Harmonic Content
Fig. 5.3 and Fig. 5.4 show typical input current waveforms taken at the full output load of 100W.
It can be seen that the input current is much more distorted at Vin = 230 V than at Vin = 100 V.
This is because at Vin = 230 V, there is more 120 Hz component at the output that needs to be
eliminated as more direct power transfer happens due to the DC bus voltage clamping
mechanism. Since there is more output voltage ripple that needs to be considered at this voltage,
more distortion needs to be introduced into the input current. Fig. 5.5 and 5.6 show the input
current harmonic content for Vin = 100 V and Vin = 230 V. It can be seen that the EN61000-3-2
Class D standard is satisfied, as it should be since the distortion that is introduced in the input
current was intentionally pre-set as was designed in Chapter 4.
It should be noted that an operating point of Vin = 230 V and full load represents the worst-case
operating condition. If the EN61000-3-2 Class D standard can be satisfied under this condition,
then it can be satisfied for other operating conditions.

Fig. 5.2 Input current sensing circuit
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Fig. 5.3 The input current using the proposed control scheme Vin=100 V (t:
120s/div, I: 2A/div)

Fig. 5.4 The input current using the proposed control scheme Vin=230 V
(t: 40s/div, I: 2A/div)

Fig. 5.5 Harmonic content of the input current at
Vin=100V and EN61000-3-2 limitations

Fig. 5.6 Harmonic content of the input current at
Vin=230V and EN61000-3-2 limitations
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Output Voltage, Transient Response and Efficiency
Fig. 5.7 shows the output voltage for Vin = 230 V over two 60 Hz line cycles (four 120 Hz
cycles), with the converter operating with the proposed control scheme. It can be seen that the
output voltage ripple in Fig. 5.5 is around 3 V so that the output voltage is about 48 V ± 5%,
which is an acceptable tolerance [69]. It should be noted that since more energy is transferred
directly to the output when the converter is operating at high input voltage line conditions, the
output voltage ripple is at its maximum level under these conditions.
Fig. 5.8 shows how the output voltage reacts when the load is changed from full load to 50%

Vo, DC

Fig. 5.7 Output voltage of the single-stage PFC converter with the proposed control scheme
at Vin=230 V (t: 1ms/div, V: 5V/div)

Fig. 5.8 Transient response of the controller with a load change from full load to half load
(Vin=100V, t: 10ms/div, V: 20V/div)
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load. It can be seen that the settling time is around 6 ms, which compares favorably to what has
been reported for conventional converters, which is around 350 ms [75],[78].
The DC bus voltage was measured to be about 120 V ± 10% for all line and load conditions. The
maximum converter efficiency that was obtained was approximately 80% under high line and
full load conditions. This was comparable with other controlled single-stage converters [37],
[75]. When it is considered that smaller capacitor sizes were used in the DC bus (due to the
clamping mechanism) and the output of this converter (due to the new control scheme) compared
to what are typically used in conventional single-stage PFC converters [69], [76], [77], then the
SSBBDET converter with the proposed control scheme becomes a very attractive option for
AC/DC power conversion.

5.3.

Conclusion

Experimental results confirming the feasibility of the SSBBDET converter operating with the
proposed control scheme were presented in this chapter. It was shown that the new control
scheme allows the converter to operate with tight output regulation and with an acceptable
harmonic content as per EN61000-3-2 standards. Moreover, the transient response of the
converter was much quicker than what is typically found in single-stage PFC converters
implemented with conventional control schemes. The efficiency of the converter compared
favorably to that of other previously proposed single-stage PFC converters, especially since it
can operate with smaller capacitors in the DC bus and the output compared to what are typically
used in conventional single-stage PFC converters,
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Chapter 6

Conclusion

6.1.

Introduction

In this chapter, the contents and results of the thesis work are summarized, the conclusions that
have been reached as a result of this research work are presented, the main contributions of the
thesis are expressed and possibilities for future research work are stated.

6.2.

Summary

AC/DC power conversion is typically done with two converter stages – an AC/DC front-end
converter followed by a DC/DC converter that takes the output of the front-end converter and
converts it to the desired output voltage. The front-end AC/DC converter is typically
implemented with some sort of power factor correction (PFC) technique to make the input
current sinusoidal and in phase with the input voltage. In order to try to reduce the cost of this
two-stage AC/DC conversion process, researchers have proposed so-called single-stage
converters that can perform AC/DC conversion with just one converter that can simultaneously
perform input PFC and DC/DC conversion of an intermediate DC bus voltage.
Single-stage converters are typically implemented with only a single controller to regulate the
output voltage. As a result, the intermediate DC bus voltage is unregulated, unlike the
intermediate DC bus voltage that is the output of the AC/DC front-end converter of a two-stage
converter, which is controlled by the front-end converter. Since this voltage is unregulated, it is
dependent on the input line voltage and the output load and thus can vary considerably, which
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can create problems in the design of the converter when universal input line (85Vrms-265Vrms)
applications are considered. One of these problems is that the converter components must be
selected so that they can operate over a wide range of voltages. This is particular true of the DC
bus capacitor and the main power transformer. In the case of the DC bus capacitor, sufficient
capacitance is needed to filter out high current harmonics in low line applications, yet withstand
high voltages in high line applications.
A single-stage converter that was proposed by N. Golbon and G. Moschopoulos in [39], which
has been referred to as the Single-Stage Buck-Boost Direct Energy Transfer (SSBBDET)
converter in this thesis can operate with a fixed intermediate DC bus voltage, due to a clamping
mechanism that can transfer energy away from the DC bus capacitor (so that this capacitor is not
overcharged above a preset limit) to the output. This helps reduce the size of the DC bus
capacitor as smaller capacitors with lower voltage ratings can be used. The DC bus voltage
clamping mechanism, however, increases the output voltage ripple as it superimposes a 120 Hz
AC component on top of the output DC voltage, so that output capacitance needs to be increased
to filter out this AC component. This is especially true when the converter is operating under
high line conditions and the converter is most likely to be in need of the clamping mechanism
and transfer energy to the DC bus. The 120 Hz component corresponds to the output voltage and
current of the input diode bridge rectifier, which are rectified sinusoidal signals with 120 Hz
components.
Increasing the size of the output capacitor to filter the 120 Hz component at the output, however,
results in slowing down converter transient response and thus some other means must be used to
reduce output voltage ripple. This cannot be done with conventional controllers since an
appropriately designed controller must have a low bandwidth voltage loop to prevent the 120 Hz
component from distorting the input current; this makes the transient response to be sluggish. If,
however, the input current is already distorted, then there is less need to be concerned about
output voltage ripple distorting it so that the means that are typically used to keep output voltage
ripple from distorting the input current, which slow down transient response, become
unnecessary, thus enabling a quicker transient response.
The main objective of this work was to reduce the output voltage ripple of the SSBBDET
converter without compromising on transient response. This was done by developing a new
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control technique that was based on modifying the conventional average current mode control
that is typically used in PFC converters as described in [62]. The main principle behind this
technique is that output voltage ripple can be reduced by intentionally distorting the input current
as described above. The contents of this thesis can be summarized as follows:
In Chapter 1, basic power electronic concepts that were relevant to this thesis were explained, a
literature review of single-stage converters and of commonly used control techniques was
performed and the thesis objectives and outline were given.
In Chapter 2, the operation of the SSBBDET converter was discussed. Most of the contents of
this chapter were a review of the work presented by N. Golbon and G. Moschopoulos in [39]. In
this chapter, the converter’s modes of operation were reviewed, an analysis of the converter’s
steady-state characteristics was presented and several key component values were selected. The
main advantage of this converter is that its DC bus voltage variation is significantly less than that
of other single-stage PFC converters, which allows smaller size components specially DC bus
capacitor to be used. This is the result of buck–boost type input section and clamping of VC to
n1Vo by the secondary winding of T1. In this chapter, the operation of the converter and its
various modes of operation were explained in detail and key component values were selected by
a design procedure. These component values were used in a prototype converter from which
experimental results were obtained, as will be shown in Chapter 5 of this thesis.
In Chapter 3, a small-signal state-space model of the SSBBDET converter based on a new
averaged state-space model was determined. Conventional approaches fail to accurately model
the behaviour of single-stage PFC converters such as the SSBBDET converter because of
multiple inductors in their structure (the magnetizing inductances of transformers). A new
scheme for the averaged state-space modeling of a single-stage PFC converter with multiple
inductors was proposed based on the modification of conventional approach for PWM converters
with one inductor. The main idea behind this new scheme is that the general averaged state-space
model for PWM converters with one inductor can be applied to each inductor separately and then
all these separate models can be merged together to form the averaged state-space model for the
SSBBDET converter. A small-signal state-space model and output to duty ratio small-signal
transfer functions of the converter was extracted from the new averaged state-space model. This
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model and the transfer functions was used later in this thesis to keep the small-signal values at
zero so the converter can operate at its pre-defined steady-state condition.
A control strategy for the SSBBDET converter was proposed in Chapter 4. In this chapter, the
conventional average current mode control approach for single-stage PFC converters was
discussed and it was explained that it results in very slow converter transient response. The
proposed control scheme was proposed to address this issue by purposefully distorting the input
current reference in the conventional average current mode approach. A mathematical analysis of
this technique was performed and the results of this analysis were used to select appropriate
parameter values that ensure the proper operation of the SSBBDET converter with the new
control scheme. The parameters that were selected were implemented in a prototype converter
that was implemented with the proposed control scheme.
Experimental results confirming the feasibility of the SSBBDET converter operating with the
proposed control scheme and with the design parameters selected in previous chapters were
presented in Chapter 5. It was shown that the new control scheme allowed the converter to
operate with tight output regulation and with an acceptable harmonic content as per EN61000-32 standards. Moreover, the transient response of the converter was much quicker than what is
typically found in single-stage PFC converters implemented with conventional control schemes.
The efficiency of the converter was measured and was found to be similar to that of other
previously proposed single-stage PFC converters. It should be noted that the SSBBDET
converter can operate with smaller capacitors in the DC bus and the output compared to what are
typically used in conventional single-stage PFC converters.

6.3.

Conclusions

Based on the results provided in Chapter 5, the following conclusions can be made:
1) Distorting the input current in an appropriate manner can result in an excellent output
transient response. This is because distorting the input current allows the input current to
follow the reference signal more quickly and this leads to faster transient response.
2) The amount of distortion that needs to be added to the input current is not enough to
make the input current harmonic content of the SSBBDET converter not comply with
EN61000-3-2 class D standards.
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3) The worst-case for input current distortion occurs when the SSBBDET converter is
operating under high input line and maximum output load power. It is under these
circumstances when the amount of energy that is directly transferred from the DC bus to
the output through the clamping mechanism that the output voltage ripple is at its peak
and thus more input current distortion is needed to reduce it.
4) When designing the controller, the key parameters that need to be considered are
and

where

is the ratio of the DC error of the output voltage over the AC output

voltage ripple and

is the phase-delay of the controller. These parameters should be

designed so that the output voltage ripple is minimized. It was found that values of
and

gave the best results.

5) The maximum converter efficiency was obtained was approximately 80% under high line
and full load conditions. This was comparable with other controlled single-stage
converters, especially considering the fact that smaller capacitor sizes are used in DC-bus
and output of this converter.

6.4.

Contributions

The major contributions of this thesis work are as follows:
1) An averaged state-space model of the SSBBDET converter was obtained as well as a
small-signal model and the transfer functions of input current and output voltage to the
duty cycle were provided. A necessary part of designing a controller for any power
electronic converter is to accurately model its behaviour by deriving various models and
transfer functions. With this information, an appropriate controller can be designed,
whether it is the proposed control scheme or more conventional schemes.
2) The method that was used to determine an average state-space model for a single-stage
PFC converter with multiple inductors, like the SSBBDET converter, is novel to the best
of the author’s knowledge.
3) A new control scheme based on distorting the input current was implemented on the
SSBBDET converter. Although the idea of distorting the input current is not in and of
itself novel (having been first proposed in [68]) what is novel is the application of the
idea to the SSBBDET converter, which is a more sophisticated converter than the front-
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end AC-DC boost converter under study in [68]. The basic principle was introduced with
favorably comparable performance with other conventional control schemes. The control
technique achieves fast transient response and considerable output voltage ripple
reduction while the input current is compatible with EN 61000-3-2 class D standards.
4) The feasibility of the proposed control strategy was confirmed using computer
simulations and experimental work obtained from a prototype converter.

6.5.

Proposal for future work

The following suggestions can be considered for potential future work:
1) The proposed averaged state-space modeling method and the proposed control scheme
were only applied on the SSBBDET converter. For future work, it can be applied to other
single-stage converters to confirm their superior performance over previously proposed
state-space modeling and control methods.
2) For this thesis work, the proposed control strategy was implemented based on average
current-mode control. For future work, the proposed control scheme can be implemented
with other control schemes such as peak current mode control to see how it performs.
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Appendix A
Average Value of the Current Flowing through an Inductor Operating in
Discontinuous Conduction Mode (DCM)

In this section, Eq. (3.6), which depicts the average value of the input inductor current of a
converter operating in discontinuous conduction mode (DCM) is derived. The current waveform
of a DCM operating inductor is shown in Fig. A.1. The following equation can be used to derive
the average value of a function over an interval
∫

(A.1)

In order to apply this equation to the waveform in Fig. A.1, the waveform should be separated
into three separate functions that together form the waveform. These three functions are
that express slopes
and

and

and

as indicated in Fig. A.1, and the third function has a zero slope.

can be determined as follows:
(A.2)
(A.3)

Replacing (A.2) and (A.3) into (A.1) gives

ipk
P1

P2

i
Ts
d1Ts

d2Ts

d3Ts

Fig. A.4. Current waveform for an inductor operating in DCM.
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∫

∫

(A.4)
Solving the two integrals (A.4) gives

∫

∫

∫

(A.5)

∫

(A.6)
Substituting (A.5) and (A.6) into (A.4) results in

(A.7)
which matches Eq. (3.6) that is used in Chapter 3.
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