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Preface
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exam. Finally, I just passed with an oral examination resulting in a 6. At the end of the oral
examination, J.L. Duarte asked me if! had made the right decision choosing for this capacity
group, which I certainly had. I was disappointed that I could not convinced him and that he
doubted my preference.

Low Power Electronics was one of the next courses I followed, given by M.A.M. Hendrix.
This special course could be completed with an oral examination which I gloriously passed
with a 9, in contrast to the marginal 6. This 9, offered me the opportunity to do my graduation
work at Philips Lighting B.V.. I worked under supervision of both gentlemen, which I will
not regret and certainly not forget. Every Friday, a meeting was planned to discuss the work
already done till that week. At the beginning, I didn't liked it due to the hard questions they
had. Among the other graduates, we funnily called it the "High Council" or "Inquisition" .
After a couple of months, I saw the meaning of these strenuous discussions. Actually, they
were trying to help me think deeply and elaborate anything on my own topic.

After 8 months, I went back to the university. Here, I could write my report in a silenced
room. Again, I met M.J.M. van Eerd a nice colleague, which I already knew from a previous
trainee ship. Having fun at the office must be a part of the job. After two months of working
I finally finished my report. Thanks to M.J.M. van Eerd for his support on the project,
including the free English course. Thanks to M.A.M. Hendrix for opportunities he offered
me and his support at Philips Lighting B.V. Last be not least, thanks to J.1. Duarte for the
patience and the times he spend explaining. I'm going to mis the phrase: "Komt goed!" .

"Nunc id est satis "....

Steven Kardinaal
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Nomenclature

<5 Duty cycle

7] Power efficiency of the converter

I Amplitude of the reference signal

W Angular line frequency

W r Angular resonant frequency of the resonant circuit during tres or mode 3

Wi Angular resonant frequency from the LC combination during inrush current response

¢ Angle between the current and the voltage of the first harmonic

BCM Boundary Control Mode, this is a converter mode

Cb External capacitor that must be placed at the base of the ESBT

Cds Internal drain-source capacitance

Cgs Internal gate-source capacitance

is Switching frequency of the converter

10 Offset between both inductor current, inductor current shift

hI Current delivered by £1 when diode starts conducting

h2 Current delivered by £2 when the diode starts conducting

zp,re! Reference signal to control the converter

lsI RMS value of the first current harmonic

Is RMS value of the input line current

P F Power Factor

T Line period

Ts Switching period

t s Storage time interval

to!! Switch off time
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Ton Switch on time

tres Time interval when neither the switch nor the diode is conducting

V1 Rectified input line voltage

Va Amplitude of the input line voltage

Vr Voltage ripple on the output voltage

Vel Voltage across capacitor C1

Yin,rms Rms input line voltage

Yin Ac input line voltage

Zi Characteristic impedance from the LC combination

BM Boundary-mode, this is a method to control the input current

Vin Dc input voltage

l uI "~"".."'"..,.,,e ~=oneCh~OIOg' viii



Abstract

T o meet the requirements for the input current distortion of lighting equipment, an active
Power Factor Corrector (PFC) is needed. This usually is a boost converter working in

boundary conduction mode which is controlled by an analog control IC. Higher voltages like
industrial inputs 340.. .480Vrms make it not possible to use a boost converter, if an output
voltage of 400Vde is required. Therefore, the Single Ended Primary Inductance Converter
(SEPIC) is chosen to step up and step down the output voltage. With micro controllers
becoming faster and cheaper, it is interesting to investigate the use of digital control in lamp
drivers. The main advantages of using a micro controller are a reduction of the number of
components and therefore probably lower costs, especially when the PFC and half-bridge
controller can be integrated in a single micro controller. Another advantage is that new
features or improvements can be implemented without needing additional components. The
common control method for a boundary conduction mode converter is peak current control.
This, based on the principle that a sinusoidal peak current reference will result in a sinusoidal
input current. For an ideal SEPIC converter this assumption is true, however, in practice the
THD of the input current is about 14%. Two control loops must be implemented to created
a power factor corrector. A slow outer control loop which controls the output voltage and a
second fast inner control loop which determines the turn off and turn on signals of the active
switch. Depending on the point of current measurement, two possible SEPIC PFC circuits
are proposed, each with its own properties.
A recently developed Emitter Switched Bipolar Transistor (ESBT) overcomes problems of
dealing with a voltage stress of ± 1200V and is used during the research. Problems occurs
when turning off the new device which can be overcome with a base current driver and a com
pensation theory. The SEPIC topology creates more distortion than the well known boost
converter. This due to the extra inductance and the coupling capacitor that must be added.
Non-linearities are calculated, which can be added to the controller to compensated for the
created increase of distortion.
A dSPACE controlled prototype is realized to verify the compensation theories. To be able
to control the SEPIC converter, additional control hardware (state machine) was designed to
overcome the lack of processing speed with the used dSPACE system. Test results show an
decrease of 12% THD if all the compensation theories are added. The power factor require
ment are easily obtained since it mostly depends on the created distortion. The efficiency
of the SEPIC PFC converter almost equals the boost converter. Soft-switching is added to
decrease the switching losses since they are proportional to the square of the voltage across
the switch. By leveling the switching frequency components can be designed less precisely
and the efficiency of the total system can be increased.

1



1
Introduction

T HE increasing interest for energy saving has motivated the research of high efficiency elec
trical systems and devices. In this context, lighting systems are very important loads to

be considered, because they are a representative electrical consumption. Fluorescent lighting
systems present high luminous efficiency and a long lamp life. However, they require an ad
ditional device, called ballast, to provide proper starting and electrical operating condition
to power lamps. High frequency electronics ballasts have been proposed [1] to overcome the
drawbacks of low frequency electromagnetic ballast, namely: size and weight, low efficiency
and flicker of the lamp. The electronic ballasts present some advantages due to their high
operating frequency. Decreasing size of the magnetic and capacitive devices is a very im
portant fact. Secondly, the flicker will be suppressed and luminous efficiency is higher [2].
However, regarding to the rectifier stage, international standards like IEC 61000-3-2 impose
limits to the Total Harmonic Distortion (THD) of the current drained from the mains grid.
So, this implies the use of a Power Factor Corrector (PFC) to correct the ac current to have
an acceptable harmonic content.

In principle almost any switching topology can be used to improve the power factor, and
limit the THD. In practice very few of them are normally used as power factor correctors.
Main reasons are linked to cost factors and or availability of suitable power switches. Nowa
days the most used and well defined PFC is the boost converter, where keywords are less
components and simple control. Higher voltages like industrial inputs 340,,480Vrms make it
not possible to use a boost converter as PFC, if an output voltage of 400Vdc is required.
Popular topologies which can both boost (step up) and buck (step down) the voltage are the
buck-boost, the fly-back and the non-isolated Single Ended Primary Inductance Converter
(SEPIC). The need of two different grounds makes the realization of the buck-boost more
complex and sometimes not acceptable. The fly-back converter can also be used to achieve
a satisfactory PFC, but can be expensive due to the transformer. The SEPIC converter
combines the benefits of most topologies discussed before. Like a boost converter it allows
continuous input current and due to the coupling capacitor no high inrush current is drawn.
Both inductors are fed by similar voltage waveforms, which implies that they can be wound
together on the same magnetic core; suppressing ripple on the input current [3]. A recently
developed Emitter Switched Bipolar Transistor (ESBT) overcomes problems of dealing with
a voltage stress of ± 1200V and is used during the research.

Designing a digitally controlled power factor corrector based on the SEPIC topology was
the main goal of the research. Using the topology in transition mode guarantees the need of
a good efficiency. Harmonic distortion must be limited to standards mentioned above. By

3
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implementing a digital control compared to analog, unique and intelligent algorithms can be
applied to overcome drawbacks of both the topology and the used switch (ESBT). This report
will point out how a SEPIC converter used as a power factor corrector will produce an almost
ideal input current. The operation principles will be given and extra features like THD and
ESBT compensation will be discussed.

Chapter 2 gives a detailed description of a PFC and gives answers to questions posed above.
Chapter 3 contains a topology study of the SEPIC converter, which results in a good insight
of the different modes and the input current distortion. The requirements and the boundaries
are well defined there. Chapter 4 gives a thorough look in the newly developed ESBT.
Both the benefits and the drawbacks are discussed. Chapter 5 explains the compensation
algorithm to overcome the THD and ESBT nonlinearities. Experimental results are shown in
chapter 6, where the verification of the design starts. The report ends with conclusions and
recommendations based upon the verification and validation already done so far.

luI '''"''K", """,.,.."e ~~:=GfTechnOl01Y 4



2
Power Factor Controlling

T HE power factor (PF) of an ac electric power system is defined as the ratio of the active
power (P) to the apparent power (S), and is a number between 0 and 1. Active power is

the capacity of the circuit for performing work in a particular time. Apparent power is the
product of the rms current and rms voltage of the circuit. Due to energy stored in the load
and returned to the source, or due to a non-linear load that distorts the waveform shape of
the current drawn from the source, the apparent power can be greater than the active power.
Low power factor loads increase losses and instability of the power distribution system and
result in increased costs. The significance of power factor lies in the fact that utility companies
supply their customers with apparent power, but charges them for active power. A power
factor circuit adjusts the vector f (achieving resistive behavior). When phasors if and fare
in phase as well as sinusoidal, the power factor reaches unity or 1, as shown in Fig. 2.1. In
general, for non sinusoidal current waveforms, the power factor is equal to

P lsi
Power factor = - = - . cos ¢,

S Is
(2.1)

where Is represents the rms value of the current, lsi the rms value of the first harmonic,
and ¢ the angle between the first harmonic content of the current and the voltage. In a
purely resistive ac circuit, voltage and current waveforms are in phase, changing polarity at
the same instant in each cycle. Where reactive loads are present, such as with capacitors or
inductors, energy storage in the loads result in a phase shift between the current and voltage
waveforms. This stored energy returns to the source and is not available to do work at the
load. Thus, a circuit with a low power factor will have unnecessary high currents to transfer
a given quantity of real power to the load. See (2.1).

1m

I I \ev
---i1&.L1__f/J_o__....) Re

V

Figure 2.1. Phasor diagram
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2.1 Total Harmonic Distortion

The amount of distortion i.e. harmonics in the voltage or current waveform (here the input
current), is quantified by means of an index called Total Harmonic Distortion or simply THD;
defined as

VL/~ I n
2

THD(%) = n-2 .100.
h

The IEC61000-3-2 standard, summarized in Table 2.1, deals with the limitation of the
amount of harmonic current injected into the public grid. It is applicable to electrical and
electronic equipment having an input current < 16A per phase and intended to be connected
to the public grid.

Table 2.1. Limits for harmonic current according to IEC6100-3-2.

Harmonic order Limits for Class A Limits for Class C Limits for Class D
(n) (A) % mA/W

2

3
5
7
9
11
13

15-39 (odd only)

1.08
2.3
1.14
0.77
0.4
0.33
0.21

0.15*15/n

2
30* >.

10
7
5
3
3
3

3.4
1.9
1.0
0.5
0.35
0.3

3.85/n

Lighting equipment with an active input power of more than 25W has to meet the limits
for Class C devices. These limits are relative to the amplitude of the fundamental frequency
component. Dimming the lamp is a very customary option, but even in this case the harmonics
may not exceed the limits defined at maximum load. If the active input power decreases to
below 25W the standards becomes less strict. From Table 2.1 it can be seen that these low
power devices must not exceed Class D, which limits the absolute value per watt.

The economic and simple rectifying circuit uses diodes for rectification which typically
produces a THD of about 170%. Since most low power devices are categorized as Class A or
B equipment, they will pass by keeping the absolute values of the harmonics below the limit.
Unfortunately lighting equipment is categorized as Class C, so a PFC will be needed.

2.2 Higher harmonics and interference

Using (2.2) it can be seen that the THD is defined till the 40th harmonic i.e. 2kHz. For
higher frequencies, limits regarding radiated and conducted interference are used, stated in
the CISPR15. The conducted interference above 9kHz is measured with an artificial mains
network and must be below the limits. So a line filter is placed between the SEPIC converter
and the external line to it, in order to attenuate interference. Above 150kHz the standards
become more strict, so it is preferable to keep the switching frequency below it when designing.

6



To prevent audible noise, the minimum switching frequency must be above 20kHz. Quite
some interference is a result of minimizing the switching losses. The unavoidable transient
area between an almost ON or OFF switch, certainly with soft-switching techniques, should
be as short as possible. Steeper transients correspond with higher harmonics. Sometimes a
capacitor is placed in parallel with the switch to attenuate the higher harmonics.

2.3 PFC converter implemented into a ballast

Most electronic applications have to be connected to the ac voltage system for the energy
that they need, with common frequencies of 50Hz or 60Hz and voltages between lOOVrms

and 480Vrms ' For nearly every application the alternating voltage has to be converted into a
direct voltage, so switches like MOSFETs, ESBTs and diodes can be used. Disregarding the
THD, the most economic and simple circuits use diodes for rectification and a large buffer
capacitor to smooth the half sine waves that result from rectifying a sinusoidal alternating
voltage. This rectifying circuit produces heavily distorted current spikes and will not pass
the standards applicable nowadays.

Figure 2.2. block diagram fluorescent ballast.

The mentioned high frequency ballast to drive fluorescent lamps also uses a ac-dc conver
sion stage. To make this conversion step a PFC converter must be added, Fig. 2.2 shows the
basic structure of a lamp driver. A line filter is used to attenuate Electro Magnetic Interfer
ence (EMI). The half bridge is used to alternate the polarity of the lamp current but will not
be further discussed. Nowadays both converters are independently controlled. By making the
PFC digitally controlled it can be implemented on the same micro controller. This can save
space and money.

7 / department of electrical engineering
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2.4 Boost versus SEPIC

Nowadays the most popular and well defined PFC is the boost converter, as shown in Fig. 2.3.
If an input voltage of 230Vrms is present and no isolation between input and output is needed,
a boost converter is an option. Higher input voltage ranges like industrial 340..480Vrms make
it fundamentally not possible to use a boost converter as PFC, when an output voltage of
400Vde is required. Increasing the output voltage would raise the cost for the output capacitor
or bulk capacitor dramatically. A SEPIC converter, contrary to a boost converter, can boost
and buck the output voltage, so the 400Vde can be maintained.

s,

Figure 2.3. The boost converter.

Unlike the boost converter, the SEPIC converter, shown in Fig. 2.4, needs two additional
components, namely G1 and L2 • The extra inductance can be wound on the same magnetic
core since the same voltage waveforms are applied to them throughout the switching cycle.
Coupling capacitor G1, lOOnF typically, 'isolates' the input from the output and provides
protection against a shorted load. The input stage of the SEPIC converter does not differ
from the input stage of the boost converter. It can be shown that all elementary dc dc
converters can be derived from one basic building block: The canonical switching cell [4].
They can be subdivided into 'direct' and 'indirect' converters. A boost converter is called a
direct converter because a dc current path exists between input and output. In contrast to the
SEPIC converter where such path does not exists, therefore it's called an indirect converter

L,

s,

Figure 2.4. The non-isolated SEPIC converter.

2.4.1 Inrush current

Including the coupling capacitor provides another benefit. Fluorescent lamp drivers which
include a boost converter usually can not avoid huge inrush currents due to a the large bulk
capacitor. When switching on the input voltage, the current charging the bulk capacitor is
only limited by inductor L 1 • The coupling capacitor in the SEPIC converter blocks a 50Hz
current surge and no inrush current can occur. The inrush current is not controllable by
means of active switches, just like a boost converter. The typical magnitude of the inrush
current on the other hand is different.

TU/
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L,

(a)

s,

c.~ r ~"~I +_
(b)

Figure 2.5. Boost inrush circuit (a) and SEPIC inrush circuit (b).

Fig. 2.5(a) illustrates both the boost converter and SEPIC converter parts used for inrush
current derivation. After Yin is connected or applied to the circuit, the diode is forward biased
and a current can flow. The boost converter forms a series LC combination with an angular
resonant frequency and characteristic impedance

(2.3)

After half a resonant period, referring to Fig. 2.6(a), the diode becomes reversed biased
and the current stops flowing. Capacitor voltage VCbulk equals Yin + VL1. The amplitude of
the (inrush) current is determined by the impedance of the LC combination and the provided
input voltage, resulting in an enormous current lasting half of the angular frequency period. A
SEPIC converter has two capacitors in series plus an extra inductance. The LC combination
is adapted which result in a factor 40 increase of the characteristic impedance, now given by

1
Wi = ----;==========

/(L + L )(-l. + _1_)-1V 1 2 C 1 Cbulk
( 1 + ] )-1'

Cl Cbulk

(2.4)

After half a resonant period, referring to Fig. 2.6(b), the diode becomes reversed biased.
In contrast to the boost converter, the LC combination without Cbulk keeps oscillating. Every
positive half period, the diode becomes forward biased and the Cbu1k is charged. Due to the
increased impedance the inrush current is significantly decreased.

Table 2.2. properties of SEPIC and boost converters

Converter Type Isolation

Boost No
SEPIC Yes

Control

Up
Up & Down

Short-Circuit proof Inrush current

No High
Yes Low

The output can be isolated from the input using a transformer. This is possible using the
SEPIC topology, whether it is not possible using the boost topology.
For each given input line voltage, the minimum switching frequency] happens at the peak

1 this topology uses variable switching frequency as defined later.

9 jdepartment of electrical engineering
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(a) Boost converter (solid line, left y-ax) and the SEPIC (dashed line,
right y-ax) converter.
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100 ~2

i
0""-=--'--------'---------'--------'---'--------'--------'--------"---'--------'0
o 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

t (8) X10-3

(b) Boost converter (solid line, left y-ax) and the SEPIC (dashed line,
right y-ax) converter.

Figure 2.6. Inrush current (a) and Vcbulk or V out (b).

of the ac line voltage, while the maximum switching frequency happens at zero crossing.
The ratio between the minimum and the maximum frequency during a half period will be
1:2.3, based on simulation, unlike the boost converter where the ratio is 1:5.3 [5]. Due to
this property, magnetic components can be designed smaller without extending the preferred
switching frequency bandwidth over 150kHz (Related to the EMI generation).

2.5 Converter Modes

A SEPIC converter can be used in different modes, depending on how the inductor current
iLl (t), in Fig. 2.4, flows. Different modes are possible:

1. continuous conduction mode (CCM)

2. boundary conduction mode or transition mode (BCM)

3. discontinuous conduction mode (DCM)

In continuous conduction mode the inductor current, iLl, flows continuously, that is
iLl> O. When the switch is on for a time duration, the switch conducts the inductor cur
rent. When the switch is turned off, because of the inductive energy storage, iLl continuous
to flow; now through the diode. CCM is usually applied in high power applications. The
switching frequency is constant and the shaped current is close to the average current, over
sized components are not needed. Disadvantages of this mode are the switching losses; both
the switch and diode are hard-switched.

10



Being at the boundary between continuous and discontinuous mode (BCM), by definition,
the inductor current iLl goes to zero at the end of the switching period. After that the switch
8 1 will turn on immediately. At this boundary, the average inductor current will be half of
the peak inductor current. At the same power level, the peak inductor current is smaller in
BCM than in a DCM converter, implying less over sizing of the components is needed. The
input current will not be continuous during the whole switching cycle, so the switching losses
will be lower at the expense of variable switching frequency.

In discontinuous conduction mode the inductor current stops flowing after the diode
8 2 stops conducting. After tres , this is a time interval when neither the switch nor the diode
is conducting, the switch will turn on and the next period starts. So the inductor current will
flow discontinuously, iLl 2: O. DCM is usually applied in low power applications. Switching
losses will be minimized due to soft turn on and off. A disadvantage are the peak values of
the current and voltage which are much lager then BCM, demanding oversized components.

2.6 Controlling the SEPIC PFC converter

To use a SEPIC converter as a PFC, a fast inner current control loop has to be implemented.
This control loop regulates the switch current in such a way that the the average line current
will be sinusoidal, i.e. creating the phasor f, illustrated in Fig. 2.1. While changing f the dc
output voltage must be maintained at a preferred value, therefore a second, slower, output
voltage control loop must be implemented.
The output voltage control loop produces a signal that is proportional to the voltage gain of
the converter. When changing the amplitude of f, by multiplying it with the voltage control
loop signal, the output voltage will vary. Small fluctuations of charging and discharging the
bulk capacitor by the load will cause a voltage error ripple of 100Hz and will be pointed out
in section 5.2. By keeping the bandwidth of the output voltage controller low e.g. at 10Hz,
the measured output voltage will not be affected. A typical control loop is shown in Fig. 2.7.

ip,ref (t)

Inner current control loop

Outer voltage control loop

Figure 2.7. typical PFC control scheme

A phase locked loop circuit is added to recover frequency and phase of the grid external
to it. To create a sinusoidal input current i.e. f, the fast current control loop generates
ip,ref(t) = 11 sin(wt + 4»1. The switch or measured current2 can be controlled in many ways,

2t he mentioned current here, can be iLl or (iLl + iL2) as discussed later.

11 / department of electrical engineering
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well discussed in [2]. The instantaneous measured current is constituted by a sequence of
triangles whose peaks are envelopped by ip,rej(t). The principle scheme is shown in Fig. 2.8,
where only one half period, 0 :::;: wt :::;: 7r, is considered.

Figure 2.8. Current pulses within a half period of the sinusoidal supply voltage [5].

2.7 Assignment

Chapter 2 gives a general description of improving the power factor, and introduces some
possibilities of dealing with interference and control modes. The next chapters describe the
SEPIC PFC converter based on the assignment given by Philips Lighting B.V. Bottom line
requirement specifications are listed in Table 2.3.

Table 2.3. requirement of the SEPIC PFC

SEPIC PFC

Vin,rms
Vout

Output power
Total Harmonic Distortion
Power Factor

T/
Control method

12

340..480Vrms

400Vdc

200W
< 10%
> 0.9
> 90%
BCM



3
Topology Study

T o gain more insight into how the SEPIC converter works, a thorough look at the state of
the switches is necessary. A state of the switches is called a mode, the SEPIC topology

switches between these modes. Therefore, it is also known as Switched-Mode Power Supply
(SMPS)

3.1 State of switches

The SEPIC converter circuit Fig. 2.4 is defined by the state of the switches as given in Table
3.1. This topology contains only two switches, so four modes are possible. These modes are
cyclical in time, and in steady state their order of appearance during one period of operation
does not change (steady state). Mode 4 is possible but is very unwanted because it yields
current spikes and therefore, unnecessary energy dissipation. The input and output voltage
are assumed constant.

Table 3.1. switch modes of the SEPIC converter [4].

Mode Switch Diode Duration

1
2
3
4

ON
OFF
OFF
ON

OFF
ON

OFF
ON

Ton

to!!
t res

unwanted

Figs. 3.1 to 3.3 show the mentioned switch modes. During mode 1 the switch is ON,
the voltage Yin is applied to £1. At the same time the voltage across the coupling capacitor,
which equals Yin, is applied to £2. Due to this capacitor voltage, point A (Fig. 3.1) become
negative because point B is grounded. Therefore, the diode becomes reversed biased. As a
consequence, iLl and iL2 ramp upward through the switch.

+

Figure 3.1. SEPIC converter during mode 1.
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When the switch is OFF, during mode 2 in Fig. 3.2, the currents iLl and iL2 force the
diode to conduct and both charge the bulk capacitor. In contrast to the previous mode, VCbulk

+ VCl > Yin, so the voltage across both inductances becomes negative. As a consequence,
iLl and iL2 ramp downward.

Figure 3.2. SEPIC converter during mode 2.

When the sum of iLl and iL2 decreases to 0 the diode stops conducting and becomes
reversed biased. Neither the diode nor the switch is conducting and switch mode 3 starts, as
shown in Fig. 3.3. During mode 3, the inductances and capacitors l form a resonant circuit.
As defined later the zero voltage switching principle (ZVS) needs this resonance. When the
resonance reaches its minimum value, the zero voltage sense triggers and mode 3 is ended.

+
v;. L,

+

Figure 3.3. SEPIC converter during mode 3.

3.2 Conversion ratio

To make the mathematics simpler, the converter with constant Yin is used to derive the
conversion ratio functions, to show what changes at the output while changing the input.
The following assumptions are made.

1. The SEPIC converter can operate in either BCM, CCM or DCM [6]. In these cases the
conversion rati differ. Because it is considered the more interesting situation, BCM is
used for the derivation.

2. Two current values are introduced, I bI and I b2 , being the current when the diode starts
conducting.

3. In this case, mode 3 can be omitted, switch mode 1 starts immediately after mode 2
has ended.

TU I ,,,"",,,..,....,•.
I e ~~:.."';onoch~oloD' 14
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Model Mode]

Figure 3.4. Both inductors currents during mode 1 and mode 2

During mode 1, see Fig. 3.4, both inductor currents are given by

. +Vin . ()
2£1 = T .t + 2£1 a and . +Vc1 . ()

2£2 = ----y;:; .t + 2£2 a ,0 :S: t :S: Ton. (3.1)

At the end of mode 1, when the diode starts conducting the inductor current iLl becomes

. - I + Vin - ~1 - Vout t - I Vout t2£1 - b1 • - b1 - -- .
L 1 L 1

,O:S: t :S: tOff· (3.2)

At the same time, the inductor currents i£2 becomes

Defining the duty cycle as 8 = Ton/(Ton + toff), the voltage gain becomes

8
1-8

(3.3)

(3.4)

Equation (3.4) proves that the output voltage can be either higher or lower than the input
voltage.

lcapacitor Gin and Gswitch participate and added to Fig. 3.3

15 I department of electrical engineering



PHILIPS

3.3 Boundary-mode control principle

During this analysis, two periods are defined. The line period T and the switching period
T s , illustrated in Fig. 3.5. If a variable is time dependent, parameter (t) is present. If the
parameter is not present, the variable is constant during Ts , but can vary during T. As defined
in chapter 2, the current regulator uses the boundary-mode (BM) principle of the measured
inductor current to shape the input current. For current measurement, two different positions
for the shunt resistor are considered. Each has different characteristics as listed in Table 3.2.
In the control approach, the switch is turned off when

i meas = iLl = ip,ref

i meas = iLl + iL2 = ip,ref

boundary-mode control A,

boundary-mode control B.

(3.5)

By changing the shape of the waveform ip,ref(t) the measured current, e.g. the inductor
current, can be shaped. The switch is turned on when the voltage across the switch will be
zero (ZVS). The voltage across the switch becomes zero after the diode stops conducting,
hence idiode = O. During mode 2, the diode was conducting both inductor currents, therefore
(3.6) is satisfied when the sum of both inductor currents becomes zero, as

idiode = iLl + iL2 = O. (3.6)

This implies that the diode will be soft switched. To satisfy (3.6), the inductor currents
can both be zero. However, this is practically not possible due to the coupling capacitor that
first has to be charged by iL2. The inductor currents will not be both zero at the time of
turning on the switch. Therefore, a current shift Io(t) occurs [7], as shown in Fig. 3.6.

imeas(t)

, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,, ,
: : ".--/
i ,,~/

i..//

Tit) Tit)

ip,ref(t)

1
, , ,, , ,, , ,, , ,, , ,

; __ -l------'-- __ ~~ __ i
,-

T

Figure 3.5. The measured current envelope during a line period when the switching period
is exaggerated
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In contrast to the boost converter, the extra coupling capacitor and inductor cause the
inductor current shift, which changes along the line period and is depending on several vari
ables. Due to this current shift some disadvantages occur. The drawn input current, for
BM control B, will not be sinusoidal without compensation. The inductor current iL2 flows
continuously during a line period, while iLl goes to zero and becomes negative, see Fig. 3.10.
Most of the designs use zero current switching (ZCS) of the inductor current iLl because it
is easy to measure. In this case, ZCS is not useful because (3.6) is not satisfied resulting in
neither the switch nor the diode being soft switched. As a result, converter mode BCM is
difficult to implement and puts some constraint on the inductors ratio. The following section
shows these properties more in detail in the ideal SEPIC PFC converter, where the following
assumptions are made:

1. The input line voltage is sinusoidal. No voltage drop or losses will be considered in the
bridge rectifier.

2. The output voltage of the converter is assumed as a constant dc value Vout . The 100Hz
frequency ripple and the switching frequency ripple are omitted.

3. Compared to the line frequency of 50Hz, the voltage control loop is selected to be
relatively slow. So during a line period the instantaneous measured current imeas(t) is
enveloped by a rectified sinusoidal ip,ref(t).

Table 3.2. Boundary-mode control properties

Boundary-mode control ig,avg(t) ~meas Figure

A sinusoidal
B sinusoidal

sin(wt)
sin(wt)

Fig. 3.7
Fig. 3.11

,t

Model
T,

Model

: : t
---------~---------------- ----, ,, ,

iLl

Figure 3.6. Both inductors current with the inductor current shift.
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3.3.1 Boundary-mode control option A

+

Shllnt

T'~

---+- tIII
i""ikh

Figure 3.7. Schematic for BM control A.

The input line voltage Yin = Va sin(wt) must be rectified. The rectified voltage and ip,rej(t)
become

and ip,rej(t) = Ip,rejl sin(wt) I· (3.7)

The measured current, during a line period, equals

imeas(t) = iLl (t)

imeas(t) = iLl(t)

when the switch is ON,

when the switch is OFF.
(3.8)

So, it can be seen that iL2(t) will not participate in the current measurement. When the
switch is turned on the inductor current iLl increases linearly, assuming the rectified input
voltage VI (t) constant during a switching period,

. VI
2L 1 = - . t ,0 :s: t :s: Ton.

L I
(3.9)

After the interval Ton, the inductor current iLl equals ip,rej (see Fig. 3.8). Therefore, Ton
during a line period can be obtained from

(3.10)

Because ip,rej(t) and VI(t) are both rectified sinusoidal, (3.10) shows that the switch on
time is constant during a line period. To further evaluate the switching frequency the switch

luI ==UnlweBilllle UnlwrsllYofl!C~~~loao 18
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Figure 3.8. high frequency currents during a switching period.

off time can be calculated using the diode current. The initial conduction of the diode current
equals2 2· ip,ref (see Fig. 3.8). As a consequence, the diode current can be written as

i· (t) = (V1(t) . T. + VCl(t) . T. ) _ (Vout . t + Vout . t) ,0 <_ t <_ tOff.
dwde £1 on £2 on £1 £2

Since VCl(t) ::::; V1(t), now toff can be obtained,

t (t) = TonVI (t)
off V;.

out

(3.11)

(3.12)

In theory, the switching period Ts(t) is the sum of Ton and tOff(t) , the switching frequency
is then described as

1
fs(t) = T. (1 + Vl(t))'

on Vout

(3.13)

It can be seen that the switching frequency changes along with the line input voltage in
the converter in BCM mode. An attentive reader might notice the difference between Fig. 3.6
and Fig. 3.8 where Io(t) is left behind. Io(t) does not affect the amplitude of the inductors
current and the switching frequency. However, it does affect the input current as described
later.

2if both inductors have the same inductance.
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During Ton, the coupling capacitor is charged by iL2, and discharged by iLl during tOff.
The charge balance during a switching period is satisfied by the inductor current shift [7], see
Fig. 3.6. The charge balance on the coupling capacitor in a switching period can be written
as

(3.14)

The inductor current shift, lo(t), can be obtained by solving (3.14)

(3.15)

It changes along with the line period and shifts both the amplitudes (gives a positive
and a negative dc-offset) of the inductors current per period, as can be seen in Fig. 3.9. For
example, if £1 = £2 then loG) = -0,11. The inductor currents becomes

and (3.16)

I shiH.
0.4,------------,---~---_._____--_

0.3

0.2

L1 .. 4l2------------* -----_ _-

-0.3

.0.40·'--------P~V4---~.lc-2------c3p~i!4-------l

III (re.dls]

Figure 3.9. Inductor current shift/dc-offset during a line period, for several inductor ratio

By changing the inductor ratio, the inductor current shift can become negative3 . This
causes the inductor current iL2 to flow continuously, therefore, iLl flows negatively during a
line period, as can be seen in Fig. 3.10. During a line period, iLl is enveloped by a rectified

. 2
sinusoid and iL2 by a l~~in function. By solving (3.15) a minimum value for lo(t) can be
found. If the inductor current shift is minimized, converter mode BCM can be reached and

3assuming Yin =480 Vrms and Vout = 400 V
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the current shift in 2L1 IS almost neglectable. The inductor ratio, to assure BCM mode
operation, becomes

(3.17)

116.00114.00

'(L1)

3.00

200

'00

00

-'00

I{L2}

2.50

2.00

1.50

1.00

0.50

0.0

-0.50

11000 "2.00
Time (ms)

Figure 3.10. Both inductor currents during a line period for inductor ratio £1 = £2' Now,
the current shift is easy to see.

Assuming this, the average inductor current equals half the inductor current and the
average input current becomes approximately

iin,avg(t) ::::::; ~iLl (t). (3.18)

As a consequence, the input current is proportional to ip,ref(t), that is,

iin,avg(t) = Ip,ref sin(wt). (3.19)

By keeping Ton constant over the line period, the filtered input current will be a sine with
the same frequency and phase as the input voltage, as given by

iin,avg(t) = 2(£1 II ~2) . Ton sin(wt). (3.20)

The input current drawn equals the input current of the boost PFC converter [5].
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3.3.2 Boundary-mode control option B

BM control option B can be explained by relocating the shunt resistor, so that iL2(t) will
participate in the current measurement, see Fig. 3.11.

+

Shum ~

--+-
'11

Figure 3.11. Schematic for BM control B.

The measured current, during a line period, equals

imeas(t) = iLl(t) + iL2(t)

imeas(t) = 0

when the switch is ON

when the switch is OFF,
(3.21)

In contrast to BM control A, the switch is turned off when

imeas = iLl + iL2 = ip,rej' (3.22)

In contrast to BM control A iL2(t) will participate in the current measurement. When
the switch is turned on both inductor currents increases linearly, assuming the rectified input
voltage Vl (t) constant during a switching period,

and
. Vel
~L2 = -- . t ,0::; t ::; Ton.

£2
(3.23)

After the interval Ton, both inductor currents equals ip,rej, see Fig. 3.12. Therefore, Ton
during a line period can be obtained from

(3.24)

TUj ,,,."'.,,'"~",, ..,
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Figure 3.12. high frequency currents during a switching period.

According to the assignment, Ton must be constant during a line period. Therefore,
ip,rej(t) must be the same rectified sinusoidal as defined in the previous section, so

ip,rej(t) = Ip,rejl sin(wt)I (3.25)

and (3.24) is satisfied. Due to this, the switching frequency is increased but the induc
tor current shift will not differ from BM control A. The analysis already done can still be used.

Equation (3.22) causes the difference. For a line period and by rewriting (3.22), follows

(3.26)

It can be seen that iL2(t) is enveloped by a l~~:n function during a line period. However,
ip,rej(t) is rectified sinusoidal. Therefore, the inductor current iL1(t) becomes distorted and
is not proportional to ip,rej(t) anymore, see Fig. 3.13.

By using the inductor current shift, the average input line current during a line period
can be calculated.

23

(3.27)
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!(Ll)

1.50

1.25

1.00

0.75

0.50

0.25

0.0

-0.25

i(L2}

200

1.50

1.00

0.50

0.0

-050

'10,00
Time (ms)

Figure 3.13. Both inductor currents during a line period for inductor ratio L 1 = L 2 .

The inductor current shift is given from (3.15) as

1 V1(t))
L 1 V1(t) + Vout .

(3.28)

Rewriting (3.28) gives

(3.29)

Combining (3.27) and (3.29) gives

(3.30)

The average input current can be obtained

(3.31 )

TU/
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By further simplification and using (3.23) and (3.22), it becomes

i. t = ~I . sin(wt)
m( ) 2 p,ref 1 +~ sin(wt)'

out

(3.32)

It is shown that the current is sinusoidal when VVa approaches 0, but will be distorted
out

as V
Va

. increases, see Fig. 3.14. This means, when using BM control B, the SEPIC PFC
out

converter can not achieve unity power factor performance without adapting ip,ref(t).

VaNout.O,001

O.B

O.B

j 0.2

0.

~ 0

1
~ -0.2

g
-0.4

-0.6

-0.8

-1

pi/2 pi
Ws[radJs]

3pi/2 2pi

Figure 3.14. Average line input currents for various input output ratios, disregarding the
input power.

This chapter has given a topology study of the SEPIC PFC converter. Both circuits,
hence BM control A,B, endure the same inductor current shift or dc-offset. If BM control
B is used, the input current will be enveloped by a 1~~:n function resulting in distortion.

When the ratio between both inductors is L 1 = v{;t L 2 , the inductor current shift minimized.
Then Boundary Conduction Mode (BCM) of th~ inductors current is assured for both cir
cuits. If BCM mode of the converter is disregarded, the ratio between both inductors may
have any value. According to the inductor current shift, see Fig. 3.9, the input current flows
continuously (for a part during the line period) if L 1 > v-e::t L 2. As a consequence, iL2(t)

flow discontinuously4. When it's the other way round, L 1 < v-B;;,t L 2 , the input current flows
discontinuously resulting iL2 to flow continuously.

For BM control B, the switching frequency depends on both inductors, according to Eqs.
(3.24) and (3.13) whereas BM control B only depends on inductor L1. The dimensions and
the resulting effect of coupling capacitor 0 1 will be explained in chapter 5.

4becomes negative during a line period
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4
Emitter Switched Bipolar Transistor

T HE main performance trade offs in the design of power switching devices devoted to high
voltage (> lOOOV) and high frequency applications, are the breakdown voltage, the on

state forward voltage and the switching speed. Many switching devices have been proposed
during the years. IGBT devices are used in a large variety of high power applications due
to their good properties in respect to MOSFET and BJT. However, in order to cover more
specific low power applications, i.e. <500W, but still with high voltage and relative high
frequency, a new switching device has been proposed.

In contrast to the boost converter, the SEPIC converter places a higher voltage stresses
on both the switch and the diode. This means, according to the assignment, that the volt
agel stresses are higher then l200V. For most diodes this high voltage can be withsodd in
the reverse direction without breaking down. Nowadays, the majority of the high voltage
MOSFETs, have a maximum allowable drain-source voltage of around 800V. By placing two
devices in series the voltage stresses could be withstood. Nevertheless, this means a cost
inefficient and difficult solution, which is not desirable.

4.1 MOSFET and BJT in cascade

Various approaches have been carried out in order to combine the most desirable features of
the MOSFET and the BJT [8]. A good solution is represented by a cascode of a low voltage
fast MOSFET and a high voltage slow BJT [9]. This connection, with two separated expensive
devices, are already available for a long time. STMicroelectronics designed a monolithic
cascode structure to be implemented in their new Emitter Switched Bipolar Transistor
(ESBT). It represents a cost effective, single device alternative, see Fig. 4.1.

c

:~:
B BJT

G
MOSFET

S

(a) (b)

Figure 4.1. ESBT symbol (a) and equivalent circuit (b).

lexact voltage stresses will be calculated and defined later.
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s

(a) (b)

Figure 4.2. ESBT on state (a) and ESBT off state (b).

Referring to Fig. 4.2 the operation of the cascode can be better understood. As soon
as the MOSFET switches on, Fig. 4.2(a), current can flow from the emitter towards the
source of the MOSFET. Still no collector current can flow because the BJT is unbiased. Base
current must be provided to switch the BJT on; in order that a collector current can flow.
After the MOSFET switches off, as can be seen in Fig. 4.2(b), the collector current stops
flowing through the emitter. It causes a reverse base current through the BJT due to the
open emitter and charges Cb. Eventually, the BJT stops conducting collector current and the
on off cycle starts over again.

At turning on the BJT, the capacitor Cb discharges adding to the base current. At turning
off the BJT, the capacitor charges. The charge that is needed to bias the BJT equals the
charge to unbias it. Therefore, a small voltage ripple arises across the capacitor. Due to this
no energy is lost and is not decreasing the power efficiency of the system. Thus significantly
reducing the current feeding by the driving supply.
The need for a large blocking voltage in the off state and a relatively high current carrying
capability in the on state is the reason to use the BJT. With a vertically oriented four-layer
structure [10] of alternating p-type and n-type layers, it minimizes the on state resistance
and thus the power dissipation in the devices. By making one of the layers very thick in
contrast to the others, the breakdown voltage is increased. Due to the layer structure of
the BJT where no isolation layer exists but just alternating p-type and n-type, the internal
capacitance are insignificant. Therefore the ESBT internal capacitor is determined by the
MOSFET. As a consequence, differently from a high-voltage MOSFET, the ESBT turn on
and turn off switching depend on both the gate resistance and the gate-source capacitance.
The gate-source capacitance is relatively more observable due to Miller effect [11]. This in
turns means for the low-voltage MOSFET part of the ESBT reduced gate charge requirements.
This ESBT combines the voltage performance of the BJT and the speed and ease of control
of the MOSFET.
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4.2 Base current driver

From the basic description of how the ESBT works, given in the previous section, it can
be questioned how both MOSFET and BJT should be switched for proper operation. The
MOSFET is normally switched by a 5V logic level signal, and because hence Cgs and Cgd are
small, no gate driver is needed. In contrast to the MOSFET, switching the BJT is rather
difficult, and needs a dedicated driver circuit.

collector current sense

Base
current
driver

T
Logic level signal

s

Figure 4.3. Schematic diagram with ESBT.

This circuit2 delivers a dedicated base current for switching on (biasing) the BJT. When
the collector current increases, the base current is increased too. It ensures linear operation,
avoiding oversaturation of the BJT, in every load condition. The typical layer structure of the
BJT causes the current gain (3 = k to be rather small, typically 5 - 10. This is a drawback
at high power application, where a large collector current results in a large base current, see
Fig. 4.4.

I; =lA

~~
Ie -0.8A

I~
Ie 0.6A

II..-- le=OAA

fI --f Ie =O.2A

f~,
I

IC(A)

8

6

4

2

o 0.5 1.5 2 2.5 vesey)

Figure 4.4. Output characteristic.

2also designed by STMicroelectronics.
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Switching off the BJT involves removing all of the stored charge in the BJT. This could
be accomplished by reducing to the base current to zero. However, this would take far too
long, so the base current is driven negatively by the external circuit. This process is initiated
at t = 0, when the base current is changed to a negative value and the MOSFET has been
switched off, as indicated in Fig. 4.5. For the time interval labeled t s (storage time), the
collector current remains flowing. After the ts interval, when all stored charge has been
removed, the collector current stops flowing and the voltage ~s begins to rise. The storage
time can be set by the external circuit, but can be significantly shortened by the collector
current. However, most of the charge is removed by the collector current and not by the
negatively increased base current. This enhances the switching off speed of the BJT and let
us controlling it. This property of the BJT and thus the ESBT is not very helpful with a
varying collector current during a line period and makes the turn off decision more difficult.
When the ESBT should not conduct current any more, the collector current still flows for a
time t s and ~s can not rise, which means the next mode can not begin. By adapting the
reference current to this property, good results are achieved. The ESBT compensation theory
is based upon this adaption, and will be derived in the next chapter.

idl)
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Figure 4.5. BJT current waveforms and voltage waveforms turning off proces [10].

4.3 Soft-switching

Further development of switching converters are restricted by parasitics of the components
to frequencies between 50kHz and 200kHz. Those high frequencies are being considered
to reduce the size and the weight of transformers and filter components. Obviously, this
results in a reduction of the cost as well as the size and weight of the power converter. The
volume of the power converter is not only determined by the size of the components but
also by the dissipation in the power converter: the losses. If the losses are equal but the
volume is decreased, the temperature rises and the expected life of the components decreases.
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Therefore, the losses must be decreased also. Fig. 4.6 illustrates a high frequency hard
switched transition which causes losses [4].

V

t
E

t

i V

------.x~

_t_

Figure 4.6. Switching transition [4].

The switch is turned off, which causes a decreasing current. At the same time the voltage
rises and the simultaneous presence of current and voltage means that energy is dissipated.
The same overlap appears when turning on the switch. Both this overlaps occur in every
switching period and the total loss is thus proportional to the switching frequency.
A practical model of a switch, ESBT or MOSFET, contains a internal capacitance which have
a typical value of 200pF. If, e.g. ,the MOSFET is hard-switched the capacitance causes losses.
The capacitance must be charged and discharged to Vswitch every high frequency period. The
following calculations shows what the losses will be.

Ezoss = it Vswitch i(t) dt = Vswitch it i(t) dt = V';;witch Qzoss

The power losses are proportional to the switching frequency, therefore

PZoss = Ezoss is = Vswitch Qzoss is.

During a high frequency period the capacitance holds an amount of charge equal to

Using (4.2), the switching losses are

(4.1 )

(4.2)

(4.3)

(4.4)

The switching frequency for the converter will be 55kHz on average. The voltage across
the switch::::; 1200V. Assuming a typical capacitor value of 200pF, the losses become 7.9W as
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a result of hard-switching.

The loss can be decreased by lowering the the slope of the voltage rise or fall. It can be
done by connecting a capacitor3 in parallel to the switch. However, the capacitor has to be
discharged before the next period starts, for which purpose a resistor can be added. This is
called a dissipative snubber circuit. The snubber circuit, obviously causes losses. Therefore
the switching losses are moved from the switch to the snubber and this will not lead to a
overall reduction of the losses.

Another way to decrease the switching losses of the switch is Zero Voltage Switching or
soft-switching the switch. This can be achieved by turning the switch on or off at the moment
the voltage across the switch is zero. As defined in chapter 3, the resonance that starts in
mode 3 is needed by ZVS circuit to provide zero voltage switchings. Therefore, the converter
also is known in the literature as a quasi-resonant converter. The ZVS circuit senses when
the voltage across the switch is zero, after that, a signal is given to the current regulator.

v t
1350 +---+~-+-----+~-+-~~-+-~j--+-~+----i

V'r 'l $ \ I :\1/ iV\J .

2 4 ___ t = 1,,-6 s

Figure 4.7. Resonance of the voltage across the switch

Fig. 4.7 illustrates the resonance of the voltage across the switch during ires or mode 3. If
the resonance crosses the zero voltage line, an ordinary comparator will be enough to detect
a zero voltage crossing. To cross the zero voltage line, the amplitude of the resonance must
satisfy

Vswitch = Vout + Va ~ 2Va. (4.5)

According to the assignment, the maximum input voltage is 480 .J2 = 676V. The output
voltage is 400V, this means that (4.5) is not satisfied and therefore an ordinary comparator

3 t his is not the internal capacitance of the switch
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will not work. As shown in Fig. 4.7, the resonance waveform is found to be

1
1J;.es(t) = "2 ~witch cos(wrt) + Va· (4.6)

By calculating the derivative of (4.6), the offset (Va) is deleted. Especially this voltage
waveform, see Fig. 4.7, alternates around the horizontal zero volt line and becomes negative.
When the voltage waveform becomes positive, or has the highest gradient, 1J;.es reaches its
minimum during that high frequency period. This point can be detected more easily in
contrast to the former voltage waveform. The derivative becomes

(4.7)

If a small capacitor is added in parallel to the switch, the derivative can be created. The
current through the capacitor is the derivative of the voltage waveform applied to it:

I = C d1J;.es
c dt· (4.8)

A resistor is added to oppose and control the charge and discharge current of the capacitor.
Charging this capacitor must be faster then the period of the resonance frequency, therefore
Rand C become,

v; TT (_....!....)
C = vres exp RC, (4.9)

where T equals a time constant. If the capacitor is to be charged in T = 300ns, then it
results in R = lkO and C = 22pF. The resulting ZVS circuit is illustrated in Fig. 4.8.
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Figure 4.8. ZVS electrical circuit.

Fig. 4.9 illustrates a high frequency period when the switch is turned on. It can be seen
that a gate signal is given to the ESBT when v;.es is almost minimized.

10 -l .....

~.
°1=::::::::::::::::-1

0.2 1.2
-~ t = le-6 s

Figure 4.9. A switch is turned on when the voltage across the switch is minimized. Note,
the upper most waveform has a different time axis
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5
Current distortion and compensation theory

As discussed in Chapter 3, the SEPIC PFC converter can add to the line disturbances by
distorting the grid waveform due to harmonic currents injected into the grid. Fig. 3.14

illustrate the problems with the input current, using an ideal converter with BM control B.
One approach to minimize the problems is to filter the harmonics and the EMI produced.
An alternative is to design the current controller such that the harmonic currents and the
EMI are prevented or minimized from being generated in the first place. After that, the most
severe harmonics can be compensated.

A distortion is the alteration of the original shape of an current or voltage waveform.
Waveform distortion can be subdivided into three forms of distortion: amplitude distortion,
phase distortion and frequency distortion. Because for this occasion frequency distortion is
the most interesting, it is defined more closely. This form of distortion occurs when different
frequencies are amplified by different amounts, mainly caused by a combination of active
devices or components. Every periodic waveform can be written as a sum of sine and cosine
functions of different frequencies, this is the basic idea of Fourier analysis. For example the
square wave, can be written as the Fourier series

()_ i ~ sin((2k - l)t)
Xsquare t - 1r L..J (2k - 1) .

k=l

(5.1 )

Eq. (5.1) shows that if more waveforms are summed, the fundamental sinusoidal waveform
becomes more distorted and might even become a square waveform, which obviously is not
the intention of a PFC. Fig. 5.1 shows the difference between a sinusoidal input current and
a input current which is distorted by adding 3th and 5th harmonic currents.

5.1 Input current distortion for an ideal SEPIC PFC converter

For the ideal converter using BM control A, shown in Fig. 3.7, the input current is propor
tional to iporej(t) = [porej sin(wt), in contrast with the ideal converter using BM control B,
shown in Fig. 3.11. The harmonic distortion is increased due to the current controller which
generate a rectified sinusoidal ip,rej (t). By adapting this, harmonic currents are prevented
from being generated, and thus the distortion is minimized. The adapting theory is based
upon

(5.2)
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Figure 5.1. Distorted input current waveforms.

Both iLl(t) and ip,ref(t) are known. So, first iL2(t) must be derived from the inductor
current shift1 as

(5.3)

After rewriting, it becomes

(5.4)

By further simplification and using (3.23) and (3.22), it becomes

i t = ~1 . Va. sin(wt?
L2() 2 p,ref V; 1 + V; • ( t)'

out ~ SIn w
(5.5)

It can be seen that iL2(t) is enveloped by a l~~:n function during a line period. This is
confirmed by Fig. 3.13. The new iLl.new(t) that should be generated equals

iLl,new(t) = Ip,ref sin(wt), (5.6)

1 a complete derivation is found in the appendix B
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to minimize the distortion. Now, using (5.2),(5.5) and (5.6), ip,rej,new(t) can be derived.

iLl,new(t) = ip,rej,new(t) - iL2(t)

equals,

(
. 1 Va Sin(wt?)

Ip,rej sin(wt) = Ip,rej sm(wt) + 2Ip,rej V
out

. 1 + J:~t sin(wt) -

1 Va sin(wt)2
2Ip ,rej

' Vout . 1 + v.Va sin(wt)'
out

Which results in

. . 1 Va sin(wt)2
Zp,rej,new(t) = Ip,rej sm(wt) + -Ip,rej-- . v.. .

2 Vout 1 +~ sm(wt)

(5.7)

(5.8)

(5.9)

A remark should be made here if ip,rej(t) changes to ip,rej,new, shown in Fig. 5.2. The
switch on time Ton will change too and is not constant anymore during a line period. As a
result, iL2(t) changes and iLl,new(t) is not perfectly sinusoidal. Looking closer to (5.9) shows
that the first term becomes dominant over the second term if Ip,rej increases. Therefore, a
perfectly sinusoidal iLl,new(t) is almost obtained.

- ~P.roI(t)
09 _.- 'p,rel,new(l)

Figure 5.2. Both waveforms generated by the current controller.
Ip,rej, Va and Vout being constant.

Assuming
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5.2 Input current distortion for a practical SEPIC PFC converter

The analysis done in the previous chapters is based upon an ideal converter. Assumptions
were made having ideal components and transitions. Adding an input line filter and extra
capacitors makes the converter more practical and realistic. However, it influences the con
verter's behavior and the input current becomes distorted. Assuming a practical converter
using BM control A, three topics cause distortion and will be treated separately:

1. A resonant circuit is formed when neither the switch nor the diode is conducting during
mode 3.

2. The output voltage will not be constant, as the amplitude of the ripple is depending on
G bu1k

3. The coupling capacitor's voltage differs from the input voltage, this high frequency
ripple causes distortion.

Table 5.l. Used components.

Component Value Component Value

Vin 480Vrms G 100nF
Vout 400Vdc L 1mH
L 1 4mH Gin 100nF
L 2 4mH Gswitch 200pF
G1 100nF Gbu1k lOOp,F

A resonant circuit can be formed by component capacities or impedances that are addi
tionally added to the circuit. For example, the Boost PFC converter topology, well defined by
[9]. The input current will be different from perfect triangles, due to the resonant circuit that
has been formed. After mode 2, mode 3 or ires will start, instead of mode 1. This increases
the distortion with 12%. So, if the duration of mode 3 can be minimized, the distortion will
be decreased. The used standard Zero Current Switching (ZCS) was not very applicable,
since it took too long to end mode 3. For that matter, the expected distortion using a SEPIC
PFC converter and ZVS should be lower. The following section describes the period ires,

from the transition between mode 2 and 3 until the transition between mode 3 and 1. It
shows which components influence the resonant circuit and create distortion, assuming the
output capacitor and the coupling capacitor not to change value. Therefore their addition to
the THD, for this part, can be omitted.

Fig. 5.3 shows the converter without parasitic components added. In contrast to the
Boost PFC converter, a series resonant circuit is already formed without adding additional
components. The circuit is formed due two conducting diodes of the bridge rectifier and
the internal impedance of the voltage source. Omitting the internal impedance the resonant
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Figure 5.3. Resonant circuit formed.

frequency equals

(5.10)

The resonant frequency equals 7.9kHz, corresponding to a period time (Tr ) of 126JLs. The
ZVS circuit triggers after a :l of the period time. Therefore, t res equals

1
t res = "4 .Tr = 32JLs. (5.11)

This extra time will severely decrease the switching frequency, which may not become less
then 20kHz. The extra time creates distortion resulting in a THD of 6.1 %.

L

C"1Iik RloiJd

Figure 5.4. Resonant circuit formed by including line filter.

Fig. 5.4 shows how the resonant circuit changes if a LC combination line filter is added to
the circuit. Now, the high frequency current can flow through the capacitor and the voltage
source. Capacitor C is placed in parallel with impedances L 1 , L 2 and C1 , which results in a
parallel resonance circuit. The resonance frequency can be obtained from

1
W r ~ ,:::::::::=:=======

/( LI L 2 + L). GIGV Ll+L 2 Gl+G
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The resonant frequency ~ 15.9kHz, which has a period time (Tr ) of 63f.Ls. At resonance
frequency, the circuit has its maximum impedance. In contrast to the series resonant circuit,
where the impedance is minimum. The parallel resonance circuit can be excited just after
a zero crossing of the voltage source occurs. Due to the high impedance of the resonance
circuit, large voltage waveforms appear with the resonant frequency. As a consequence, the
THD is increased to 21 % and the time tres is much to long.

L

+-

Figure 5.5. Resonant circuit formed by adding input capacitor.

Fig. 5.5 shows how the resonant circuit changes if condensator Gin is added to the circuit.
The capacitor is needed to attenuate the ripple on the rectified input voltage, caused by the
high frequency switching of the converter. So, it provides protection against voltage spikes
caused by inductor L 1 . However, slow diode bridges are not capable of switching the high
frequency currents. A more interesting part appears looking at the adapted resonant circuit.
During time tres, the rectifier bridge is blocking since VCin 2 Vin. Therefore, the line filter
and the voltage source are not participating in the resonant circuit anymore. As a result the
resonant circuit cannot be excited anymore by a zero crossing of the voltage source. The
resonance frequency can then be obtained from

1
(5.13)

Now, the resonant frequency ~ 22.5kHz, which gives a period time (Tr ) of 44 f.LS. The
ZVS circuit triggers after llf.Ls, therefore the maximum switching frequency equals 90kHz.
The created THD decreases to 5.2%. During a line period, the capacitor voltage follows
the rectified input voltage. It is charged when the rectified input voltage is increasing and
discharged when it is decreasing. This causes a phase shift of the input current waveform with
respect to the input voltage waveform. This phase shift can be compensated by calculating
ip,rej(t) such that the average inductor current L 1 is equal to a sine wave minus the capacitor
current. It becomes

. () I . ( ) G dVin (t)
Zp,rej,Cin t = p,rej sm wt - in dt ' (5.14)
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which equals

ip,rej,Cin(t) = Ip,rej sin(wt) - Gin W Va cos(wt). (5.15)

Eq. (5.15) shows how a component can be compensated with a small transformation of
ip,rej' However, the created distortion is small and can be omitted. Therefore, the transfor
mation needs no more attention.

5,

Figure 5.6. Resonant circuit completed by adding a internal switch capacitance.

Adding capacitance Gswitch completes the practical model of the converter, shown in Fig.
5.6. It represents the internal capacitance of the switch which have a typical value of 200pF.
In practice there can also be a capacitor in parallel with the switch to reduce the conducted
emissions of the SEPIC PFC converter. In that case Gswitch will be the sum of both. The
resonant circuit changes by adding an extra parallel capacitor. The resonance frequency can
be obtained from

1

with

(5.16)

(5.17)

Note that G eq ~ Gswitch when G1 » Gswitch and Gin» Gswitch, therefore the resonant
frequency does not depend on Gin and G1. The resonant frequency becomes 355kHz, which
has a period time of 2.8/1s. The ZVS circuit triggers after 700ns, which is quite fast. Due
to the detection of these kind of signals, it could have been a small glitch instead of a 'zero
voltage' event. Therefore, the prototype ZVS circuit is limited to sense signals, which have a
minimum time period of 1.5/1s. The created THD is decreased to 4.1%.
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The output voltage of the converter is not constant, shown in Fig. 5.7. The thick
line shows the output voltage if no capacitor is added, in contrast to the dashed line where
a capacitor is added to the converter. During part a, Vin > VCbulk and the capacitor will
be charged. Energy is delivered by converter to the load and the capacitor. During part b,
because Vin < VCbulk the capacitor delivers some of its energy to the load and discharges.
These fluctuations occurs four times per line period, as result a voltage ripple of twice the
line frequency appear at the output voltage. The energy needed is delivered by the grid. The
energy fluctuations will result in distortion of the drawn line current.

a b

Figure 5.7. Voltage ripple on ~ut during a line period [4].

Table 5.2. Distortion for multiple output capacitors for both BM control A and B.

22
100
147

120
20
10

THD (%) (A)

4
3.2
2.7

THD (%) (B)

14.3
13.0
10.5

It can be seen in Table 5.2 that a large ripple on Vout causes distortion. Using BM control
A, the voltage ripple is not the most overriding factor that causes distortion. At the expense
of a bigger and more expensive capacitor, the distortion can be decreased. Using BM control
B without the adapting theory, the generated distortion is much more accentuated, which
can be explained by using the input current already defined.

i· t - ~l . sin(wt)
m( ) - 2 p,ref 1 + ?- sin(wt)

out

(5.18)

It shows, that the input current e.g. the distortion, depends on the output voltage. By
defining the output voltage ripple the input current then becomes

. 1 sin(wt)
1in (t) = "2 [p,re! . ---~v;;-;--'----'----

1 + (Vout+Vrasin(2wt) sin(wt)
(5.19)

Fig. 5.8 shows what happens to the input current if the output voltage ripple increases.
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Figure 5.8. Contribution to the current waveform for multiple voltage ripples during a line
period.

Coupling capacitor C l will obviously cause the most non linearities. It causes the
inductor current shift defined in Chapter 3. Due to this, the two inductors do not have
exactly the same voltage, see Fig. 5.10. Therefore, this voltage difference results in a difference
between the input voltage and the coupling capacitor voltage. This effectively is the switching
frequency voltage ripple, across the capacitor. Summarizing, during a line period

(5.20)

The value of C l may be selected by imposing the voltage ripple ~VCl across it. Consid
ering a voltage ripple of 250V, results in a 100nF capacitance. The voltage ripple [12J can be
calculated using

1
(5.21)

Eq. (5.21) shows that if I p .rej increases, especially at the top of the input voltage the
voltage ripple increases fast. The capacitor voltage ripple cannot become to large since

11; > ~VCl
tn,ma.x - J2
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(5.22)
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must hold. If the voltage ripple becomes larger than the input voltage, it becomes negative
before the next high frequency period starts. Now, the inductor voltage across L 1 becomes
negative too, which is not possible. The converter will stop working properly.

V_switch

UOK

1.25K

1.00K

0.75K

0.50K

0.25K

O.OK

-0.25K

V_C1
800.00

600.00

400.00

200.00

00

VJine

050K

O.OK

-0.50K

10000 10500 110.00
Time (ms)

115.00 12000

Figure 5.9. Voltage ripple on coupling capacitor C1 during a line period, which will affect
the voltage across the switch.

Due to the capacitor voltage ripple, the voltage across the switch, Vswitch, will increase.
This must be considered when a switch is selected, otherwise it can exceed the maximum
voltage rating. During a high frequency period, the maximum voltage across the switch will
be

Vswitch,max = V out + Yin + ~VCl' (5.23)

The voltage across the switch will not be a perfect rectangle during a high frequency
period, illustrated in Fig. 5.10.
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Figure 5.10. Voltage ripple on coupling capacitor Cl during a switching period, which will
affect the voltage across the switch.

Voltage ripple on coupling capacitor
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Figure 5.11. Voltage ripple on coupling capacitor for various capacitances. Tested at
Vin=480Vrms, Vout =400Vdc and Po=100W.

It is difficult to define or calculate what the contribution of C1 to the distortion is. Since
changing the capacitance, influences the resonant circuit as well as the voltage ripple across
the capacitor.
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5.3 The ESBT compensation theory

The ESBT compensation is needed to achieve good THD results. Because of the physical
structure of the BJT charge is accumulated near the base region, illustrated in Fig. 5.12.
Capacitance Cds designate the internal drain source capacitance of the MOSFET. Since a
ESBT type of switch contains a small MOSFET, the capacitance is low (50pF). This differs
from Cswitch defined in the previous, which represents a capacitance equivalent for a BJT and
MOSFET combination.

C

B
~

E

TC

' blc
•

Figure 5.12. ESBT with its stored charge in base region.

TUrn-off of the BJT involves removing all of the stored charge in the BJT. The collector
current remains at its on-state, for a storage time interval, while the excess stored charge is
removed. This interval, ts , starts after a turn off decision is given by the current regulator.
It is depending on the collector current which varies during a line period. A correct turn off
decision for the ESBT is therefore difficult to determine. The collector current now differs
from ip,ref(t). The input current becomes distorted and the THD is increased with 7%. The
extra storage time can be obtained from the charge that can be stored and transferred during
a time t s , as given by

(5.24)

The collector current consists of both inductor currents, L = L 1 II L 2 , which can transport
an amount of charge equal to

its its Va 1 Va 2
Qss = Ip,ref dt = - . t s dt = - - t s '

o 0 L 2 L

The total stored charge becomes

(5.25)
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(a) Charge distribution.
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(b) Increased Ie.

Ie ~Ip,rel _

(c) Increased Yin.

Figure 5.13. Stored charge in the ESBT.

Fig. 5.13 shows the stored charge for different t. If the collector current increases Fig.
5.13(b), the stored charge can be removed faster and the storage time is decreased. Logically,
the shaded area stays the same but becomes more thin and higher. When Va increases (see
Fig. 5.13(c)), the gradient is increased and the storage time in decreased as well. The second
order equation (5.26) can be solved with analytical methods but this results in a rather
sophisticated solution2 for is. Therefore, an estimation can be made by using parameter
fitting of some test results. Variables Va and Ire! are both reciprocal proportional to is. The
estimation becomes

(5.27)

The equations dimensions' must agree, therefore a constant 'K' is added. Using a loga
rithmic fitting, parameters a and b are found to be reasonable approximated by

(5.28)

Rewriting, (5.28) results

(5.29)

5.3.1 ESBT compensation for boundary-mode control A

The defined storage time is depending on Ip,re! which is different for both control options.
Therefore, they are derived separately. When is is known, it easy to calculate what the

2This solution is too complex for a software implementation.
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contribution during t s for the inductor current will be

Combining (5.30) and (5.29) gives

· KVa
ZL1 s = .

, L JVa Ip,ref

(5.30)

(5.31)

Now, the addition to the current during a line period can be defined. Equation (5.31)
becomes

· () K Va sin(wt)
ZL1 s t = -=-~~=:==;==:=~::::::::::===:==;==;:

, L VVa sin(wt) Ip,ref sin(wt)

Rewriting gives

Which results in

· K Va
ZL1,s(t) = L' vV': I

a p,ref

(5.32)

(5.33)

(5.34)

(5.34) shows that the ESBT compensation term becomes a constant during a line period.
The ESBT causes an extension which must be compensated by the current regulator.

Using (5.34), Ip,ref,ESBT,A(t) becomes

ip,ref,ESBT,A(t) = ip,ref(t) - iLl,s(t), (5.35)

Fig. 5.14 shows the result. The extension terms causes problems near W s = 0 and W s = 2?T

since ip,ref(t) is negatively shifted. A negative current can not be made, therefore the current
regulator keeps a positive small dc offset near zero crossing. The majority of the power is
distributed is around W s = ?T. The distortion created by this small variation is insignificant.
Due to the ESBT compensation theory the THD is decreased.
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Figure 5.14. Contribution to the current waveform to compensated an ESBT property.

5.3.2 ESBT compensation for boundary-mode control B

This compensation terms differs from (5.35). The amount of charge that is accumulated near
the base region will not change, because the ESBT experiences no physical changes. However,
charge distribution will certainly differ from the charge distribution defined in BM control A.
The collector current consists of two separate currents which differ from the collector current
in BM control A. Referring to Fig. 5.14, the storage time is depending on ip,rej(t) which is
more complicated when BM control B is used. Therefore, if multiple current measurements
are taken, parameter fitting can be used to calculated the ESBT compensation term for BM
control B. Nevertheless, a satisfying solution is not found since neither the measurements nor
data converge.

5.4 Harmonics current compensation

Another way to decrease the distortion, is to compensate the most disturbing generated
harmonics. The harmonics compensation method can be used with or without the ESBT
compensation method. When both methods are used the THD can be decreased to less
then 1% otherwise the THD can be minimized to 6%. The harmonics compensation method
actually is an active filter. It basically works by detecting the harmonics components from the
distorted current. By adding these harmonic current components with the same magnitude
but opposite phase to ip,rej(t), the harmonic current components generated, can be eliminated.
The input current is measured without the compensation model. After that, it is used to
calculate the frequency, power and phase spectrum of the input current. Multiple current
measurements must be done the calculate the variance of the phase shift. Finally, when the
phase ('P) and amplitude (0) of the 3th and 5th are known, ip,rej (t) can be calculated. This
will reduce the contribution of these harmonics which is tested with prototype.

ip,rej,harm(t) = ip,rej(t) + 01 sin(3wt + 'PI) + 02 sin(5wt + 'P2) (5.36)
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Multiple harmonic compensation terms can be added to (5.36). Calculations are made till
the 40th harmonics of the input current, compensation of these higher harmonics seems useless
considering their marginal contribution to the THD. Multiple periods must be measured
to be sure the correct phase of a harmonic current is known. The converter topology and
components will not vary during multiple periods. However, a randomly distorted line voltage
will. This can change the phase shift of a specific harmonic during multiple line periods. An
incorrect phase shift increases the THD, which is obviously not the intention. Therefore, the
mean phase shift of a harmonic current for multiple line periods is added to (5.36). If the
variance of a phase shift is too large, it can be considered not to add this to the compensation
term. Otherwise, it will cause an increase rather than a decrease of the THD. Fig. 5.15 shows
the measured input current for 6 line periods.

Transient Current itt)
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Figure 5.15. Multiple line periods of the input current.
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Figure 5.16. Frequency spectrum of the input current. 'x' illustrates the IEC 6100-3-2
standards, ,*, the odd and '0' the even harmonics.

The spectra illustrated in Fig. 5.16 and Fig. 5.17, are generated from a PSIM model and
afterwards computed with MATLAB. If a prototype is build, a Power Analyser can also be
used to determine the amplitude and phase spectrum to validate the PSIM model.
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Figure 5.17. Phase spectrum of the input current. '*' illustrates the odd and '0' the even
harmonics.

5.5 Compensation overview

During Chapter 5 different compensation terms have been defined. An overview of the defined
terms and their variables is given in Table 5.3 and Table 5.4.

Table 5.3. Adaption terms for the ideal SEPIC PFC converter.

Adaption BM control A BM control B

Input current not needed ./
ip,rej,new(t)

Table 5.4. Compensation terms for the practical SEPIC PFC converter.

Compensation BM control A BM control B

Gin ./

ip,rej,new,A(t)
./

ip,rej,new,B(t)

ESBT ./

ip,rej,ESBT,A (t)

Harmonic ./
ip,rej,harffi (t)
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Multiple compensation terms

Control A

Control B

* ;;: verified in simulation

** ;;; not defined jet

Inner current control loop

Outher voltage control loop

Figure 5.18. Typical PFC control scheme with extended current controller.

5.6 Future techniques

A technique that is not tested during the project but could be useful, is the ripple steering
technique [13]. Note that identical voltages are applied to both the inductors at all times
throughout the switching period. This permits the inductors to be coupled by winding them,
with equal turns, on a single magnetic core. Referring to Fig. 5.19, the coupled inductor
is designed so that its leakage inductance, LL, is located in series with inductor L 1 at the
input. Leakage inductance L L must be designed to be e.g. 10 % of the inductance of L I .

The high impedance of LL in series L 1 opposes the ripple current, forcing the most of it
into winding L 2 , which has only the low impedance of C1 in opposition. The high frequency
current through L 2 is increased with a factor. As a result, the high frequency through L1
is reduced with the same factor. This ripple steering technique is greatly reducing the input
noise filtering requirement.

LL

L,

T,

c,

Figure 5.19. SEPIC converter circuit with coupled inductors.
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6
Experimental Results

A Prototype for the SEPIC PFC converter in BCM for 250W was build. It can be used to
verify the simplified PSIM model and evaluate the circuit performance. The prototype

is controlled by a dSPACE system, which has a MATLAB SIMULINK interface to the end
user. Control algorithms and compensation terms can easily be implemented and converted
into real voltage waveforms. The maximum feasible sample frequency of the dSPACE system
is much lower than the switching frequency of the converter. Therefore, additional hardware
had to be designed to be able to control the converter with dSPACE.

The input voltage and current are measured with a LeCroy oscilloscope. A Yokogawa
power analyser is added to the circuit to calculate the THD, the amplitude of the harmonics
and the efficiency of the converter. The input voltage is supplied by a grid simulation system
in order to measure with a non distorted sinusoidal input voltage. The chapter starts with the
measurements done at the converter without any compensation. The difference between both
BM control A and B is defined as well as both the THD measurements. Finally, separated
losses for each component are calculated and verified with an efficiency plot.

6.1 Input current quality measurement

Table 6.1 gives the bill of materials for the most important components used in the prototype.

Table 6.1. Extra components to build the converter prototype.

Component

ESBT switch
Diode
ESBT driver

Type

STC08IE150HV
RGPlOJ
STESBOl

Component

Bridge rectifier
Output load R

Type or value

GBU4M
200 - 2000 [2

The quantities that indicate the quality of the input current like power factor, THD and
crest factor, were measured at constant load and for different input voltages. The crest
factor or peak-to-average ratio (PAR) is a ratio that equals the peak amplitude of a current
waveform divided by the RMS value of the same current waveform. This ratio must satisfy S
1.5. Higher crest factor are not allowed since they can damage luminous lamps. The reported
quantities in Table 6.2 are measured with a power analyser.

Table 6.2 gives a broad insight of the converter's capabilities without any compensation.
If asked output power increases the drawn input current increases too. Its important to
measure what the input current distortion will be under different output power conditions.
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Table 6.2. Quality of the input current, without any compensation for both boundary mode
A and B. Output power = 200 W

A Yin (Vrms ) PF THD (%) Crest Factor

100 0.992 10 1.25
175 0.986 10.6 1.26
350 0.984 11 1.28
425 0.979 11.4 1.3
480 0.964 12.6 1.39

B

100 0.984 11.1 1.30
175 0.974 11.9 1.31
350 0.951 13.8 1.42
425 0.944 15.6 1.52
480 0.931 16.8 1.60

The converter must be capable of dealing with a variable load without crossing specified
limits. This situation occurs for example when a lamp is dimmed and less output power is
needed.
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Figure 6.1. THD versus output power test for BM control A (a) and BM control B.

Fig. 6.1(a) shows the THD for BM control A with increasing output power. It can be
seen that the THD increases when less output power is needed. This can be explained by
assuming that the ESBT is better suited for higher power ratings. Therefore it becomes more
non-linear in these kind of power region resulting in an increase of the THD. The switching
frequency increases when the output power decreases, which can result in more distortion. If
the compensation terms are added, the THD can be decreased and minimized.

Fig. 6.1(b) shows the THD for BM control B. As expected, the THD is more than BM
control A. If the adaption term is added, the THD almost equals the THD from BM control
A. The other compensation terms are not calculated/implemented, therefore they cannot be
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measured on the prototype.

Control A ESeT Vln=480 Vi Voot=400 V Control B ESBT Vln= 480V; Voul=400V
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Figure 6.2. PF versus output power test for BM control A (a) and BM control B.

6.2 Power losses and efficiency

In Chapter 4, a method to decrease the switching losses was introduced. Nevertheless, losses
in the converter due to switching are inevitable. By summing all the mayor loss factors, a
good estimation of the prototype's efficiency can be made. After that, it can be verified with
the power analyser. The mayor loss factors are listed in Table 6.3. Test condition were: Yin
= 480Vrms , V out = 400Vdc and Po = 225W.

Table 6.3. Prototype components which cause the major power losses.

Component Estimate loss (W)

ESBT
Diode
Shunt
Bridge rectifier
EMC input filter
Inductors

3.6
3 * 0.68

1
1

1.5
2 * 3

The ESBT losses are difficult to define. The ESBT has an equivalent on-resistance, which
produces losses due to the rms value of the current flowing trough it. Obviously, this as
sumption will not give a proper loss estimation since the ESBT suffers from switching losses
too. These losses are difficult to determine since the switching frequency is variable and the
quality of the soft-switching technique is unknown. A practical method to define the total
ESBT losses can be done with a temperature comparison. A current source is connected to
a resistor, imitating the prototype set up. It dissipates all the energy into heat. By leveling
the temperatures from both the ESBT, as working in the converter and the resistor, hence
the other set up, the delivered energy to the resistor is a good estimation of the ESBT's total
dissipated energy.
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The majority of the losses are dissipated in both inductors. Under these conditions, the
inductors produce two kinds of losses namely: Core and Winding losses. The first one can be
subdivided into Hysteresis and Eddy current losses. The second one causes losses due to dc
resistance of the windings selected. If all the important parameters are known, the program
MagTool can be used to calculate1 the total inductor losses for each inductor.

The maximum breakdown voltage of diode 81 equals the maximum voltage across the
E8BT. The selected diode, RGPlOJ, has a breakdown voltage of 600 V, by placing 3 diodes
in series the breakdown voltage is increased. When it is forward biased, the voltage drop,
(Vd) is 1.05V and the dynamic resistance(rd) is lOOmn. If the average and the rms output
current are known, the power dissipation on 81 can easily be calculated using

(6.1)

The other components' individual losses are not precisely calculated since their contribu
tion is negligible. Assuming a forward voltage drop of 2 . 0.7V across the diodebridge every
half line period, the losses are small. The shunt resistance just produces heating losses which
is easy to determine. For this specific test, the total power losses are 15.1W, referring to
Table 6.1. The test results for different power ratings can be seen in Fig. 6.3

Effiency ESBT Voul=400V

90

100,--~,--_,--~----~----- --,
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95 ---- -----i-- ---- --i-- -" -------i--
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, , ,
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~I 4, ,~~~~~~-LuW:: uuu~u

F+-Pout = 75 W

~POUI=150W

50045003530050200150100

85+------_---+---~----_+_--+_--'------'

50

Vin (Vrms)

Figure 6.3.

Component power losses are not proportional to the total output power, resulting in
relatively bigger contribution to the efficiency when testing at low output power. Therefore,
the converters' efficiency testing at 75W will be lower then testing at 150W.

IThis is not done during the project.
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6.3 Variable switching frequency

The minimum switching frequency happens at the peak of the line voltage, while the maximum
happens at the zero crossings2 It is important to know what the ratio between the minimum
and the maximum frequency will be during half a line period. If the switching frequency
ratio is minimized, the switching frequency during a line period is almost constant. Due to
this property, magnetic components can be designed smaller and the control will be easier to
implement. The ratio was already defined in Chapter 2, this is verified by the tests.

°o;;--;Co.;OcOO,'------;o""OOC;-,-co~.c:o;;;c, ----;:-;0.004~' ----;cO.OO;;;;;5c-:O"".~:;--;O:-:O.~c:-, ----Oo~oo"",----;:-;oooC::'-----,JO.O·1
time (5)

(a) Vin =480V (bl); Vin =240V(r); P o =200W

,;-:'',--0'~_,--------rS_~_""--='"'r-"'-'--""_"'=r-'d'_"".::...,'~'"--='pe_"""--.-------,~__,__----,

°oL--:co.o=o,"----'o-::.oo::-,--:o:-:Oooc:-,~0.004:::--:-0oo=,----;Co""ooo;--;o"".ooC:-,-o~.oo;;;c, ----;:-;0.009=---"JO.01
time(s)

(b) P o =200W (bl); P o =150W (r); Vm =480V

Figure 6.4. Switching frequency for different input and output conditions, implementing
control A, Vout=400Vdc'

x 10~ S¥L'ik:hing frequency during a line period
'F-"--~------,-'----~'---,-'----,--------r--.-_

00;--;;-0~oo,:--;;o:;:;;.oo::-,--'0"'.00"-'~o0;;;'04----;COOO=5'----':0.""0Q6;----'0"".00C:-,-0~.008::---;:-:O.0=09~O.01
time(s)

(a) Control A (bl); control B (r)

x 10~ Swilching frequency during a Un13 period
,r"--~--~-__=r_'----:,--'---,--,--------r--.-----,

00 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time (8)

(b) With ESBT comp (bl); without ESBT comp (r)

Figure 6.5. Switching frequencies for different control (a) and the switching frequency by
adding compensation term. Vin=480V, Vout=400Vdc Po=150W.

2This is theoretically determined and not showed in the figures. The prototype is restricted near zero
crossings.
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6.4 Current source

The output voltage is maintained at the preferred value by the slow outer control loop. By
removing this control loop, hence open loop, the properties of the converter change from a
voltage source behavior to a current source behavior. The output voltage and the output
current are now determined by the connected load according to Ohm's law. This ideal output
current source behavior could be applicable since a high pressure lamp must be powered with
a dedicated current. The problem occurs after turning on the lamp, since its ohmic resistance
changes along with the lamp's temperature. This early increase of the resistance could result
in extreme high voltages which damage the lamp. Therefore, the converter must maintain
the preferred dedicated current disregarding the connected load. Measurements are done to
test the prototype's behavior, illustrated in Fig. 6.6

Converter Illl currant 80urce Vln:480V

Figure 6.6. Converter tested its currents source behavior, red = ideal current source, blue
= control A, green = control B.

Fig. 6.7 illustrates the input current(bl) measured before the diode bridge. The voltage
after the diode bridge(gr), ip,ref (t) (r) and the high frequency i L1 (t) (y). Both compensation
methods are applied to it.

Figure 6.7. Waveforms during a test. Vin=480Vrms ; Vout =400Vdc; P o=100W.
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6.5 SEPIC PFC schematic

The next circuit Fig. 6.8 shows the sample circuit created by STMicroelectronics to show
the abilities of the ESBT. This SEPIC PFC (BM control A type) is based upon the analog
control by an L6562 IC. The new prototype that is build, referring to Fig. 6.9 contains the
same base current driving circuit, whereas the other parts of the circuit are replaced.

6.6 MATlAB SIMULINK software implementation

The following section shows the created software in SIMULINK. All the calculated compen
sation theories, referring to Fig. 5.4, are shown. The labels under the showed pictures refers
to control parts in the overall circuit Fig. 6.10. Simulink block 'SEPIC' just contains the
connections with the dSPACE system.
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7
Conclusion and recomnlendations

T He objective of the graduation work was to investigate how the SEPIC topology can be
used as a Power Factor Corrector, in succession to the well known boost PFC converter.

Can it be the all-purpose PFC, using digital control that can easily be adjusted to every-
body's demands. Of the many possible improvements, like efficiency, cost and space, the
reduction of the THD of the input current was chosen as the main subject. A converter using
the boundary-mode control methods already showed the most cost effective and least THD
possibility [5].

The ideal SEPIC PFC cannot produce a sinusoidal input current without distortion, in
contrast with the boost PFC converter. This is due to the extra inductor and capacitor that
form a resonant circuit during mode 3. BCM mode was chosen, which puts constraints on the
inductor design. By replacing the single shunt resistance, two different topologies arise, each
with its own control method. BM control A results in the best THD performance, however, if
the adaption theory is implemented, BM control B equals it's performance. For both control
methods, the switching frequency changes during the line period. BM control A results in
a smaller ratio between the minimum and maximum frequency. BM control B results in a
ratio of 1:2.2, which is a reduction in contrast to the boost converter's ratio of 1:5.3. Due to
this property, magnetic components can be designed smaller without extending the preferred
switching frequency. Both control methods are tested on their output current source behav
ior. Control A's behavior is almost equal to an ideal current source, which is applicable for a
dedicated output current. This behavior becomes unpleasant if a slow outer control loop is
added. It puts more constraints on the control loop. Control B shows a more steady output
voltage if the load is increased. This can be explained because both inductor currents are
controlled resulting in a different dynamic behavior of the converter.

A dSPACE system was used to test the new adaption and compensation terms. To be
able to control the SEPIC PFC converter with dSPACE , additional control hardware must
be added to overcome the speed shortcoming of dSPACE. Nevertheless, dSPACE proved to be
a useful tool for testing digital control methods. Measurement with the prototype confirmed
that the adaption and compensation terms work. The THD is reduced from the worst case
16.8% to less than 2%, if all the adaption and compensation are used in series. This is
tested for both the BM control circuits A and B with the prototype. If 10% THD is allowed,
compensation terms can be deleted to simplify the software implementation.

A newly developed ESBT is used to overcome the high voltage across the switch. Problems
arise when the switch must be turned off. An ESBT compensation term is proposed and
tested. After implementation, the created distortion equals the simulation model's distortion
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including an ideal switch. This means the distortion is caused by the ESBT. However, the
THD is decreased at the expense of a higher switching frequency ratio, illustrated in chapter 6.
The prototype built delivers 225W output power. At this power level the ESBT works proper
and as expected, for either an increase or decrease of the load. For a power level < 25W,
the ESBT behavior becomes unpredictable and the prototype stops working properly. This
implies that the ESBT chosen, was not suitable for switching small currents. Nevertheless
the ESBT shows a cost effective solution but is difficult to implement.
Finally, the efficiency of the prototype is analyzed and measured. At normal operation,
hence 225W, the efficiency becomes 94.5%. The majority of the losses are determined by
the inductors. If the inductors are optimized for these conditions, instead of standard of
the shelf, the switching frequency can be increased for the same ratings and the losses are
reduced. After that, they can be wound on the same magnetic core which can decrease the
losses and component count cost. The switching losses for the ESBT and diodes are small
but differs from the calculations made if the ZVS was not used. Therefore, this implies the
ZVS principles results in loss reduction.

7.1 Recommendations

• As defined in Chapter 5, the ripple steering technique can lead to a decrease of the
THD. More important are the inductor that can be wound on the same magnetic core,
resulting in a reduction of the losses.

• Because of the 'slow' dSPACE system, additional hardware was needed to control the
switch. If a fast FPGA system is implemented the switch can be controlled directly.
This result in a much easier control.

• The efficiency can be improved by adding distortions to the current controller. If the
switching frequency does not change during a line period, it can contribute to a reduction
of the switching and inductor losses.

• For BM control B, both the ESBT compensation and the harmonic terms are not
defined. This can be done by using the same method explained in chapter 5.
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