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ABSTRACT

Power electronic devices with front- end rectifier are widely used in computer,
communication and electric vehicle industries. These rectifiers are nonlinear in nature
and generate current harmonics which pollute utility power. International harmonic
standards (e.g., [EC 61000-3-2 and EN 61000-3-2) have been put in place to confine
power pollution. These standards limit the current harmonics generated by loads to a
specified threshold depending on load power and application. In other words, a high

power factor is required.

Power supplies with active power factor correction (PFC) techniques are

becoming necessary for many types of electronic equipment to meet the harmonic
regulations and standards. However, classical PFC schemes have lower efficiency due to
significant losses in the diode bridge. Several bridgeless topologies have been introduced
to decrease diode bridge conduction losses. Most of the step-up PFC rectifiers utilize
boost converter at their front end due to its natural PFC capability.
In this thesis, a new bridgeless PFC topology based on Cuk converter is presented.
Similar to Cuk converter, the proposed topology offers several advantages in PFC
applications, such as easy implementation of transformer isolation, inherent inrush
current limitation during start-up and overload conditions, and lower electromagnetic
interference (EMI). These advantages make the proposed topology a viable solution for
high voltage DC loads such as electric vehicle battery charger.

Chapter III presents steady state analysis for the proposed rectifier. The rectifier
is analyzed only during the positive half of the line frequency due to symmetry. Design
procedure, simulation and measurements to verify the capability of the rectifier are
presented in Chapter IV. Harmonics content and efficiency of the proposed rectifier

versus conventional Cuk full bridge PFC rectifier are also presented.

Keywords: Full Bridge Rectitier, Bridgeless Rectifier, Passive and Active Power Factor Correction

(PFC). Boost Rectifier. Buck Boost Rectifier, SEPIC Rectifier, CCM. DCM and EMI.
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CHAPTER 1

Introduction

The dramatic growth of electronic equipment usage in recent years has resulted in a
greater need to ensure that the line current harmonic content of any equipment
connected to the AC mains meets regulatory standards .Nowadays. most electronic
equipment. including laptops, televisions and cellular phones (nonlinear load). need a
rectifier circuit. which produces a non-sinusoidal line current. As illustrated in Fig.1.1
these nonlinear load currents have a lot of harmonics that pollute the AC line voltage
by distorting the sinusoidal input voltage. Consequently, thermal stress of the
equipment would increase due to greater losses caused by non-sinusoidal waveform.
Therefore, the system efficiency and power factor are reduced, and the harmonic
content in the AC line current is increased, which has adverse effects like the heating
of transformer and induction motors. their life span reduction, the degradation of
system voltage wave-form, and the malfunctioning of certain power system

protection elements [1-3].

~-
P Nv— 3
/ ,il_:'jl -

P S S——

Nonlinear load

\ o

linear load Ry

Fig.1.1: The effect of a nonlinear load on the AC line voltage.



To addreSs the above problem a lot of attention is paid to harmonics generated by
rectifierS due to the wide Spread use of electronic equipment that uge front end
rectifierS. Therefore, the need for a high efficient, high power factor and low
harmonic rectifier 1s required to minimize harmonic levels. Standards have been put
in place to limit input current harmonics. High quality rectifiers should comply with
the harmonics’ international standard limit for power equipment. Power equipment
would include industrial motor drives, electrical vehicle battery chargers. electronic

ballasts™ fluorescent lamps, and office equipment power supplies.

1.1 Harmonic Standard Transitional Periods

The EN 50006 was established in 1975 as the first harmonic standard by the
European Committee for Electro-technical Standardization (CENELEC). Due to the
decadence of its power quality the EN 50006 was adopted by fourteen European
countries. In 1982 the Intemational Electro-technical Commission (IEC) dictated IEC
555-2 as a European standard. Then in1991 CENELEC approved IEC 555-2 to set the
levels for harmonic currents injected by loads back on to the network. In April of
1995, the IEC 555-2 was replaced by IEC 1000-3-2 after its revision. The IEC 1000-
3-2 has since been adopted as the EN 61000-3-2 European Standard, which defines
the practical rules and provides a clearer definition of equipment classes. All older
versions have expired since February 2009 besides EN 61000-3-2: 2006, which
introduces minor changes and clarifications of the requirements for the measurement

of harmonics and their limits[4-6].

1.1.1  Standard Application
All electrical and electronic equipment that is connected to the low-voltage AC public
mains up to the 16A maximum input current must comply with EN 61000-3-2 as of
January 2001.
This standard does not apply to (and has no limits for):
e Non-public networks

e Non lighting equipment with rated power of 75W or less



Equipment for rated voltages less than 230VAC (limit not yet been

considered)

Arc welding equipment intended for professional use

Professional equipment (not intended for sale to the general public) with

rated power greater than 1 kW

Heating elements with symmetrical control methods and input power less

than or equal to 200W

Independent dimmer for incandescent lamps with rated power less than or
equal to 1 kW. [6]

1.1.2  C(lassification and Limits
There are four different classes in the EN 61000-3-2, which have different limit
values:
Table 1.1: Harmonic classes with their respected applications [6].
Class application
A e 3-phase balanced equipment,
e Household appliances except class D equipment,
e Tools except portable tools,
¢ Incandescent lamps dimmers,
e Audio equipment,
e All other equipment except that stated in class A, B, C or
D.
B e Portable tools,f
e Arc welding equipment.
C e Lighting equipment.

PC,
PC monitors,

Radio,




e TV receivers,
e Electrical vehicles battery charger,

e Equipment with input power P<600W.

The limits for class D equipment are shown in Table 1.3 as a power related current

(mA/W) with a maximum permissible value given in Table 1.2.

Table 1.2: Limits for class A equipment [6].

Harmonic order Maximum permissible
Harmonic current
) A
Odd harmonics
? 2.30
- 1.14
/ 077
’ 0.40
H 0.33
- 0.21
15<n<39 0.15.22
Even hanmonics
: 1.08
4 0.43
2 030
)3 Sl 0.23.2




Table 1.3: Limits for class D equipment (6].

Harmonic order Maximum permissible Maximum pennissiblej
harmonic current per watt harmonic current

N mA/W A

3 34 2.30
5 1.9 1.14
7 1.0 0.77
9 0.5 0.40
11 0.35 0.33

18<n <40 3—:5— As in Class A

Among the class D equipment is the electrical vehicles’ battery charger, which
like other nonlinear equipment, suffers from high harmonics. In order to reduce the
harmonics and meet the class D limits, the power factor must be improved. The
definition of the power factor and some related facts are explained below.
Furthermore, the techniques used to improve the power factor and simultaneously

reduce the line current harmonics are discussed in general.

1.2 Power Factor Correction

The power factor is defined as the ratio of the real power measured in watts to the
apparent power, which is the product of the RMS voltage multiplied by the RMS

current as shown in the following relation, [1]

(averagepower)

s L,
(rmsvoltage)(rmscurrent)

powerfactor =

Ideally, with a linear resistive load, the power factor is unity regardless of the
harmonic content of the fundamental voltage. On the other hand, the nonlinear loads
draw more RMS current from the source because of their harmonic content, which

increases the losses. However, historically it has been defined in terms of a phase-




shift between the voltage and current waveforms, where liis the peak of the

fundamental current and the denominator is the total RMS value of the current:

I

PF =2 2l ol (cos((p —-6,)) n=3,5,7 1.2
: m 1 —6y)) i ik 2)

-

wl

Furthermore, the difference in phases between the fundamental components of
the line voltage and line current is described by(®; — 61). assuming that the line
voltage is not distorted. As the losses increase, the reactive power increases and the
power factor decreases, which increases the total harmonic distortion. The Total
Harmonics Distortion (THD) measures the ratio of the total RMS value of the

harmonic currents to the RMS value of the line frequency component.

— [Z%e2 1 rms

— n=3,57.. (1.3)

The reactive power can be reduced by adding a filter to compensate for the
low power factor. In the past a capacitor bank was used, but it cannot work with
systems that have high harmonic content because the overheating increases stress that
result in premature failure. Two methods can be used to improve the power factor in

non-linear loads: passive or active filtering [1].

1.2.1 Harmonics Line Current Reduction Techniques
Different techniques can be used to improve the power factor and to conform to the
international line harmonics’ regulations. The most commonly used techniques are

passive and active approach.

1.2.1.1 Passive PFC
Passive Power Factor Correction (PFC) is an expression used for harmonic line
current reduction using passive components. It is considered to be a simple way to

control the harmonic current where only passive components (inductor and capacitor)

6



filtering is used. This filter reduces the harmonic current. which means that the non-
linear device becomes more linear. Fig. 1.2a shows the input rectifier current without
a filter where the input current is only limited by the small input impedance. Fig.1.2b
shows that passive technique introduces high impedance for the harmonic. thus
smoothing the input current for the electronic equipments. The input current with
passive harmonic line current reduction shows a greater reduction in the input current
and its harmonic content than the input current without harmonic line current
reduction.

The disadvantages of this approach include high current and voltage stresses,
high cost and bulky when using large-value, high-current inductors and capacitors.

Furthermiore, the input current still contains harmonics. [5-8]

1.2.1.2  Active PFC

An active Power Factor Correction (PFC) is a power electronic system that controls
the amount of power drawn by a load in order to obtain a power factor as close as
possible to unity by using active switching. Bipolar junction transistors (BJT),
silicon-controlled rectifiers (SCRs), and Metal--Oxide-Semiconductor Field-Effect
Transistor (MOSFET) are examples of active devices. The active PFC controls the
input current of the load such that the current waveform is proportional to the voltage
waveform. In order to make the load appear purely resistive, meaning the apparent
power equals the real power; the power factor must be as close to unity as possible. In
other words, the voltage and current are in phase, and the reactive power consumption
1s zero as shown in Fig.1.2c. By comparing the three figures (1.2a, 1.2b and 1.2¢),
active PFC circuitry gives the best performance [6]). In addition, the active power
factor correction (PFC) has several advantages. Active switching makes the load
behave like a pure resistor or unity power factor, which means it reduces the
harmonics in the input line current. The dominant loss in the active approach is the
conduction losses of the bridge rectifier. Some types of active PFC include Boost,
Buck, Buck-Boost, Single-Ended Primary Inductance Converter (SEPIC), and Cuk.
It should be noted that the active power factor correctors can be single-stage or multi-

stage [S-11].



Ultimately, the aim of PFC is to shape the input phase currents so that they are

in phase with the input phase voltages.

Vin | /'\ vin |
/ m | Vin
tm | { lin .

[ | v _/ \ ‘

\ fr < N\ S 7
4 \ | [ N
J 1.2a \/ ¥ 11.2b 12

Fig.1.2: PFC effect on the input current: (a)Input current rectifier without filtering,
(b)Effect of the passive PFC on the input current rectifier,(c) Effect of the active PFC
technique on the input current.

Aim of this Thesis:

The main goal of this thesis is to design a step-up high efficiency AC-DC rectifier
(high voltage battery charger) with isolation capability for low power application, e.g.,
Electrical Vehicle. The rectifier i1s designed to meet EN 61000-3-2requirements. The
new rectifier is based on conventional Cuk topology with higher efficiency, a low
starting current and low EMI due to it is bridgeless configuration.

This work is intended for high voltage (250-300V) electric cart. The battery will be
charged from AC line. The line harmonic must meet EN 61000-3-2. Also this
application requires low EMI emission. Typically, a switch is added in between the
load and the AC line for safety reasons. Low inherent in-rush current is desired to

minimize the switch size.

Battery
charger

e

Fig. 1.3: Schematic draw for the battery charger.




CHAPTER 2

Literature Review

Generally, in most power electronics systems, the AC line voltage is rectified to
convert AC to DC power as a first step. Then another DC-DC converter stage is used
to regulate the output voltage in order to meet the load requirements. The major
problem with a power rectifier is harmonic pollution. Therefore. PFC converters are
used for AC-DC rectifiers to satisfy the International Harmonic Standards, which
require the harmonic content of the line current to stay below certain limits. as
explained in chapter 1. In this chapter different types of rectifiers are discussed [5-11].
Above, the active PFC and passive PFC are introduced as methods used to improve

the power factor, but because of their respective features, they can only improve the

power factor with some drawbacks.

2.1 AC-DC Passive Rectifier

The passive PFC can achieve a high power factor without losses but places stress on
the semiconductor components. Additionally, the volume of the rectification circuitry
is greater so the system cost increases [5-8]. Next, the full bridge rectifier without and

with a filter are introduced.

2.1.1 Full Bridge Rectifier without Filter

The full bridge rectifier or diode bridge rectifier, shown in Fig. 2.1,is the earliest
rectifier used to compensate for the line current harmonics. It is used as a peak
detection rectifier where, at the peak of the voltage waveform, short duration current
pulses with considerable harmonics occur. This is caused by the short conduction
interval of the rectifier diodes, as shown in Fig. 2.2(a).The output capacitor value has
a considerable effect on the line current harmonics, as displayed in Fig. 2.3(a), which

verifies that by reducing the capacity of the capacitor, the harmonic content in the line



current can be reduced without adding additional components. However, the output
voltage ripple is increased as shown in Fig. 2.3(b), compared with the output e

ripple in Fig. 2.2(a), where the diode conduction interval is wider than the Fig. 2.3(b)

-

D,

oz*
I\
D; D,
; %
e

Fig.2.1: Full bridge rectifier.
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V

(c)

Fig.2.2: Full bridge rectifier simulation results:(a) Input voltage and input current, (b)

The output voltage,(c) Zoomed area of input current.
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(o)

Fig.2.3: Effect of the output capacitor on line current harmonics: (a) Input current

with reduction in the harmonics, and (b) Output voltage.

® [EC Limits

B Input Current
Harmonics

3 5) 7 9

Harmonics order

Fig 2.4: IEC limits and simulated input current harmonics.

The drawbacks of the full bridge rectifier include high harmonic content in the
line current, a low power factor and a high THD (149%).The comparison between the
harmonic content of the full bridge rectifier and the IEC limits for class D is shown in
Fig. 2.4. As a consequence of the full bridge rectifiers’ low efficiency, the user should

install high voltage device, which are both bulky and costly. However, with a rectifier

il




nearly having a unity power factor, the available DC load power is almost twice the
available power of the peak detection rectifier. Nowadays. employing high quality

rectifiers in commercial systems has high priority [1].

2.1.2 Full Bridge Rectifier with Filter

The hanmonic content of the line current degrades the efficiency of the peak detection
rectifier. Therefore, the full bridge rectifier with a filter is used to compensate for any
distortion. One way is to add an inductor in series with the line voltage at the AC
side of the diode bridge, as shown in Fig.2.5. By this method the power factor is
slightly improved. The input current. input voltage and output voltage are each shown
in Fig.2.6.The harmonics content in the line current is reduced, as shown in Fig.2.6
(b). The harmonic of the line current are slightly reduced, as shown in Fig.2.7, and the

THD is 51.7 %. However, the DC output voltage suffers from the ripple, which

decreases the rectifier efficiency [1].

o> 0™

D; Dy

Fig.2.5: Diode bridge rectifier with AC-side inductor.
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Fig.2.6: Diode bridge rectifier with AC-side inductor simulation results: (a) Input
voltage and input current, (b) The zoomed area of input current, and (c) Output

voltage.
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® [nput Current
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Fig.2.7: Simulated input current harmonics with respect to the IEC limits.
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One of the methods used to compensate for the drawbacks of the passive approach is
to use an active PFC rectifier.

15 AC-DC Active PFC Rectifier

The active PFC employed in a low voltage application achieves a unity power factor.
However, it produces high conduction and switching losses in heavy loads [8]. The
bridge and bridgeless rectifiers with active PFC circuits are introduced in the

following sections. They are used to enhance the overall performance of the rectifier

circuit in contrast to the passive approach [12-15].

2.2 Full Bridge PFC Rectifier

Full Bridge rectifiers have relatively low efficiency due to the number of silicon
components in the current path of each stage [16-25]. One well known bridge rectifier
is the conventional Cuk rectifier, where the current flows through three power
semiconductor switches during each switching cycle. During the switch on-time, the
current flows through two rectifier bridge diodes and the power switch, as shown in
Fig. 2.8(b). while it flows through two rectifier bridge diodes and the output diode
(Do) during the switch off-time, as shown in Fig.2.8(c). The forward voltage drop
across the bridge diode causes significant conduction losses, resulting in more severe
thermal stresses. Therefore, it is suitable for a low power application. The RMS

current flowing through each input diode during line period is

v Pout (2.1)
IDBridge_rms "~ V2nVac_rms

The power dissipation in the bridge rectifier is given by

4V[Pout

Poriage = 4Vle_Bridge_rms = 7 -_—

where Vg is the forward voltage.

14



For example, if V¢is 1V and V,c= 80 Vi then the power dissipation in the bridge
rectifier 1s

Pyriage = 3.5%Pin (2.3)

Eq. (2.3) shows that the power dissipation in the bridge rectifier consumes about

3.5% of the total input power.

(b)
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e g

(c)
Fig.2.8: (a) Conventional Cuk PFC rectifier: (b) On state, and (c) Off state.

Therefore, the bridgeless PFC circuit combines the rectifier circuit with the
PFC circuit. This combination decreases the conduction losses by reducing the
number of semiconductor components in the line current path. Moreover, it increases
efficiency. reduces costs, and enables simplicity and high performance. As a result it
has gained popularity as a high-efficiency AC-DC rectifier compared to the
conventional PFC with either half or full bridge rectifier [26-35].

2728 Bridgeless Rectifier

Ideally. the bridgeless PFC rectifier i1s more efficient than the conventional bridge
rectifier. Considerable research has been directed towards maximizing the efficiency
of the bridgeless rectifier such as in [32]. The control technique is used to sense both
the voltage and current on the AC side of the bridgeless PFC rectifier. Using this
technique high efficiency is achieved, the power factor correction function is
improved and the circuit noise is controlled. Furthermore, the THD is reduced by
eliminating the current harmonics caused by the input voltage [38]. In addition, since
the bridgeless PFC rectifier has fewer switching devices than the full bridge rectifier
in the current path, it results in lower conduction losses, higher efficiency and cost
savings. However, bridgeless rectifier emits high common mode (CM)

electromagnetic interference (EMI) noise due to the pulsating of the output voltage in

16



the ground [35]. There are Several bridgeless topologies that have been propoged cuch
aS BooSt, Buck-Boost. Single-Ended Primary Inductance Converter (SEPIC). and
conventional Cuk rectifier among others [36-58]. All of these rectifiers can be uged in
either DiScontinuouS Conduction Mode (DCM) or Continuous Conduction Mode
(CCM). The rectifier can operate at a fixed duty cycle in the DCM to correct the input
power factor. but in CCM it requires a control circuit [56].

The bridgeless PFC Boost rectifier is the dominant topology because of its
low cost and high performance in terms of efficiency and simplicity [36-41]. That is
why it is so widely used. The input current of the DCM Boost rectifier is
discontinuous, which requires an extra passive filter to shape the input current toward
a sinusoidal waveform. But in the case of SEPIC and Cuk rectifiers, the input current
is continuous due to the existence of two inductors in each rectifier.

The DCM Boost rectifier has shown in Fig. 2.9 has a number of advantages,
such as an inherent PFC function, simple controllability, soft tum-on of the main
switch, and reduced diode reversed-recovery losses. However, the major drawbacks
of the bridgeless Boost rectifier include a higher DC output voltage than the peak
input voltage. a difficult implementation of input-output isolation, a lack of current
limitation during the overload conditions. high switching losses and a high start-up
in-rush current. The high start-up in-rush current is considered a serious drawback in
the Boost rectifier, which requires a huge switch as shown in Fig. 2.10. In addition, a
more robust input filter is required to control the high peak ripple currents and
voltages. This increases the overall weight and cost of the rectifier. On the other hand,
the Cuk rectifier reduces the in-rush current. This is because the input inductor is
connected to the energy transfer capacitor instead of directly to the output bulk
capacitor as in the boost converter [40]. The in-rush current during start-up for the
Cuk rectifier is shown in Fig. 2.11[55].

The bridgeless Boost rectifier with coupled inductor technique and two
additional diodes as shown in Fig. 2.12 reduces the conduction losses. It also
alleviates the reverse-recovery problem. Furthermore, it achieves zero—current tumn-
off of the output diode and the reverse-recovery currents of the additional diodes are

slowed down to reduce the diode reverse-recovery losses [41].

17
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Fig.2.9: Conventional Bridgeless Boost rectifier.
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Fig. 2.10: Start-up in-rush current of Conventional Bridgeless Boost rectifier.
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Fig. 2.11: Start-up in-rush current of Conventional Bridgeless Cuk rectifier.

Fig. 2.12: Bridgeless Boost rectifier.

One of the possible solutions used to reduce the conduction losses is the
bridgeless Buck-Boost PFC rectifier [42-43]. Bridgeless Buck-Boost PFC rectifier
shown in Fig.2.13 improves the efficiency and is suitable for use in the wide input
voltage range. Also, the conduction semiconductor components are reduced but still

higher than the Cuk rectifier, where there are three switching devices in the current
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path during every T, period. The maximum voltage stress is always lower than that of
the Boost PFC rectifier. Furthermore. it avoids the in-rush current problem that occurs

in the Boost PFC at start-up [43]. But it requires an isolated gate driver like Buck
rectifier [44- 45].

L D,

TT™ T

Qs

Co S~
=1 B

|
L

e, 5= —

Fig.2.13: Bridgeless Buck-Boost PFC rectifier.

Two recent bridgeless PFC rectifiers, the SEPIC rectifier and the bridgeless
PFC Cuk rectifier, are presented [46-58]. The two rectifiers are suitable for step—up /
step--down application and reduce the conduction losses and thermal stresses. These
improvements are shown in terms of higher circuit efficiency [52], lower cost,
considerable size due to coupled inductors, and reduction in the power switch current
stress. Furthermore, they offer several advantages unlike the Boost converter in the
PFC applications. These advantages include easy implementation of transformer
isolation, inherent in-rush current limitations during the startup and overload
conditions. lower ripple on the input current and less electromagnetic interference
(EMI). However, the SEPIC rectifier shown in Fig. 2.14 suffers from high output
ripple because of the discontinuous output current similar to the Boost rectifier [35].
In addition, it requires an additional gate-drive transformer [8)] and is intended for low

voltage applications but the circuit in this paper is intended for high voltage
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applications, so the Bridgeless Cuk step-up rectifier is used. It has a lower conduction
loss than the conventional Cuk, which is shown in Fig. 2.8, due to the reduction of
silicon switches in the current path. Also. the output current is continuous unlike the

SEPIC rectifier due to replacing the diode (D;) with an inductor (Lo;) [51-57].

C, D,
R <
L C1 Dl R|_
500 . 2 '

1L

+ = | Va Q; | i

Q| . e

- 1

+ Lig L Co Coz -
—+

Fig.2.14: Bridgeless SEPIC rectifier.
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CHAPTER 3

Modeling of Bridgeless DCM Cuk Rectifier

The proposed bridgeless PFC rectifier shown in Fig. 3.1 which is based on Cuk
topology offers several advantages, such as inherent in-rush current limitation during
start-up and overload condition because of its Cuk configuration. Other advantages
include low EMI emission due to its input-output filter and higher efficiency as a
result of the bridgeless design. In addition, the rectifier reduces the complexity of the
controller so that one control signal is required. Also, it reduces the conduction loss as

well as the thermal stress on the semiconductor device because there is one

semiconductor in the current path.

3.1 Principle of Operations

The DCM bridgeless PFC Cuk rectifier in Fig. 3.1(a) 1s formed by connecting two
DC-DC Cuk converters, one for each half-line cycle of the input voltage. During the
positive half-line cycle, the elements Ly, Q), C;, Ca, Loi, Lo, Coi, Co2 and Dy are
conducting as shown in Fig. 3.1(b). On the other hand, the current flows through L,
Q.. C1, C, Loi, Lo, Coi. Co2and Dy during the negative half-line cycle as shown in
Fig.3.1(c). The capacitor voltages over the positive and negative cycle are shown in

Fig.3.1 (b) & (c) and given by:

Vort) =v, +V,; =» (0=t <T})

(3.1)

Ver(8) ==V 4V, > (0=t < T;)

where Ty represents the cycle of the line voltage.
Note that the capacitors are fully charged by input voltage and biased by half the

output voltage. (Note: The capacitor voltages are always positive for gain > 2).

22



Aicn-icaz " fs@'\
Al .
9 U2 % J/ [ L. R,
oll Lar ’2}1“\ Pt
‘i“ Ll T 3 Lol
l"rjjyd—ﬁ i L aa D - 2z
0 ac ' ) — 7
B % Doy B Ca Va Coﬂt Va
\rac C\b ) i - -
Voo : .
Vi : g t Doz |
6—17-2*\? > O 7 !
3.1(c)

Fig.3.1: (a) Proposed bridgeless Cuk rectifier. (b) Positive half-line cycle. and (c)

Negative half-line cycle.
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3.2

Analysis of the Proposed Cuk Converter

The same techniques and approximations for the steady-state analysis of the

continuous conduction mode with a few modifications may be applied to the
discontinuous conduction mode.

1.

)

“.

Inductor volt-second balance: The DC component of the voltage applied to an
inductor must be zero.

Ts
<y, >= Tlsfo v (t)dt =0 (3.2)

v

Capacitor charge balance: The dc component of current applied to a capacitor

must be zero.

1 Ts .
<ip>= Tisfo ic (t)dt =0 (3.3)

These assumptions must be held for any circuit that operates in steady state,

regardless of the operating mode.

3.
4.

Input voltage is sinusoidal.

The input voltage is considered constant over one switching cycle (T;) since
the switching frequency (f;) is much higher than the line frequency (fy).
Output capacitors Co; and C,o are large enough such that the voltage across
them is constant over the line cycle.

Energy transfer capacitors C, and C» voltages are constant over the switching
cycle and follow the input voltage profile within a line cycle.

All components are ideal; thus, there are no losses.

Due to the symmetry of the operations, the positive half-line cycle is analyzed

through the three distinct stages as shown in Fig. 3.2 to 3.4. Volt-second balance is

applied for each inductor voltage and charge balance for each capacitor current in the
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network. The switching ripple in the output capacitor voltages is ignored while the

inductor current switching ripple is considered.

3.2.1 First Stage: |t,, t;]
During the first subinterval. the transistor conducts for 0 < t < D;Ts. and diode Dy, is

reversed-biased by the capacitor voltage (V¢)). The output diode Dg: is reversed-

biased by capacitor voltage (V¢3).The converter circuit elements are connected as in

Fig. 3.2. The inductor voltages are given by:
I'Lnl = l'fl o ,'nl (34)

It can be inferred from inductor voltage equation Eq. (3.4) that the inductor
voltages are equal to the input voltage by substituting Eq. (3.1) in Eq. (3.4), yielding

V1o1= vac and Vo2 = V. The capacitor and inductor currents are related by:

i (1) = ~110 (1)

(3.5)

b (1) = i, 5 (1)

The capacitors C, and Co2 supply the load current during the first stage, where the

output capacitor currents equals the inductor current minus the load current.

v,

iCol(’) = iLol(’) . R

(3.6)

N/
i(‘(,: (f) = _IL(:Z (,) - ?0
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Fig. 3.2: First stage of operation.

The current passing through node Q, is the summation of the three inductor
currents, and the voltage across the diode is the input voltage plus half of the output

voltage as shown below.

Toy =1y + 11,3 +1

(3.7)

o V. — 0\ 1
lDol_ lC’I_ Vac l01

3.2.2 Second Stage: [t;, t,]

The second stage starts at the instant t;, where switch Q, tumns off and diode Dy,
conducts to find a path for the inductor currents during D;T< t <( D;+D)T;
simultaneously. The circuit then reduces to Fig.3.3. During this stage the inductor
currents supply the load and recharge the capacitors. The diode D, is reversed-biased
by the capacitance voltages (V¢ + V). The stage ends when the summation of the
inductors current is zero and D, becomes reverse biased. Hence, diode Dg is

switched off at a zero current.

26



Fig.3.3: Second stage of operation.

The inductor voltages are given by:

The energy transfer capacitor currents are given below:

i(|(’): i[((’)+iL,,3(l)

icg (6) = igy2 (1)

The output filter capacitor currents are:

V
f(‘ol(,) = iLol(’) - _Ro_

: : Vo
IC()Z (t) = -,L02 (t) - 7
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(3.9)
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The current and voltage stress over the switcheg are given by:

Vor=Vey = v, + Vai

@1l

[DO|=ILOI+IL03+1LI

3.2.3 Third Stage: [t2, t3]
The diode Do becomes reverse-biased at time t = (Dy + D2) Ts, when the diode

current becomes zero. Then the circuit is shown in Fig. 3.4 with both transistor and

diode in the of f state.

Lo!
i b
I o
Ry
c, L o+ |
Ll 2 T = \ o +
= — -+
. Lac s Va CoiF Voo
V..®) + .

(13

Fig.3.4: Third stage of operation.

The capacitors C; and C: are being charged by the inductor currents i o and
1Lo2. The inductor behaves as a current source, which keeps the current constant
during the third subinterval (D, + D») T,< 't < T, and therefore, the inductor voltage

must also be zero in accordance with the relationship ', (1) = Ldi, (1)/dr . As a result,

the network equations for the third subinterval are:

Viv =V =¥pa =V =0 (312)
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The transfer energy capacitor currents are given by:

ia()=—ig, () =i (1)=0

3.13
fea (1) =iy, (1) ' )
and the output filter capacitor currents are:
; . V
ic () =iy, ()~ ?‘)
(3.14)
Icoa (1) = =iy (1) - ?O
The current and voltage stress over the switches become.
Vor =Va
(3.15)

J Dol = =} ol

The total volt-seconds applied over one switching cycle must be zero in the
steady-state. In order to reach the steady-state, positive volt-seconds are applied to the
inductors during the first stage, and negative volt-second must be applied during the
second stage. Therefore, the inductor voltages are equal to the input voltage during
the first stage but only equal to half of the output voltage during the second stage,
which must be negative as shown in the inductor voltages waveform Fig. 3.5. Hence,
V, is greater than v, or in other words, the DC output voltage is greater than the

input voltage.
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Fig.3.5: Inductor voltages waveform for the proposed DCM Cuk rectifier.

3.2.4 Stepl: Steady State Analysis

Applying total volt-seconds to the inductors over one switch cycle result in

<Vu>r=vVe =VeyDy =0
<V >r,=Ve1Dy =V =0 (3.16)
< I.L,,g 2. = Vor =VeyDy =Vey =0

Assuming ¥, =V, +V,,andV, =V,, =%I'o, the three equations are solved by averaging

-

the inductor voltages over one switching cycle. This yields the expression for the

output voltage (V,) as function of the duty cycle as shown in the equation:
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iy (3.17)

The input voltage is defined as.

vu( = \'m Sin( [U’) (3] 8)

where Vp, is the peak amplitude of the v, function and w is the line angular
frequency. The voltage conversion ratio M is the ratio of the output to the input

voltage of a DC to DC converter. It follows from Eq. (3.17) that the voltage

conversion ratio 1s will be

, 2
M=—2=""lin(w) (3.19)

v, D

where D) and D- are defined as the duty cycle when the switch is in position 1
and position 2, respectively, during one switching cycle. The duty cycle when the

switch is in position 2 is given by

2D
D, =A—1'sin((or) (3.20)

3.2.4.1 Control Input Duty Cycle (D)

The following inequality is required to operate at DCM
D, +D, <1 (3.21)

The control input duty cycle D, as a function of M can be found by eliminating the

value of D2, which is given in Eq. (3.20).

D, +£)lsin(ax)<l (3.22)
M
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Operating in the worst case, the following condition for DCM i

M
AM+2 (3.23)

D, <

3.2.4.2 Inductor Currents Waveform

In order to compute the dc component of the inductor currents, the inductor currents’
waveform are Sketched in Fig. 3.6. During the first stage, the three inductor currents
increase linearly at a rate that is proportional to the input voltage v,.. The rate of

increase of the three inductor currents are given by,

dip, Vo ' N
o where L, =L,,L,.L,, (3.24)
ar

n

During the second stage, the equivalent inductor current rate begins
decreasing when the diode Do, conducts. The rate of decrease is equal to half of the

output voltage as shown in Fig. 3.6 and given below.

(3.29)

The inductor current ripple magnitude A varies with the applied voltages
rather than the applied currents, as shown in Fig. 3.6. The ripple magnitude is the
function of the applied voltage (Vac) the inductance (L) and the transistor conduction

time (D;Ts), but it is not a function of the load resistance (R),

apr, (3.26)

The equivalent inductor current ripple through the three inductors becomes,
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(3.27)

where L, =1,//L, /L, is an equivalent inductance of the three inductors. The

converter operates in the discontinuous conduction mode when the sum of the input
and output diode current becomes zero. Referring to the waveforms in Fig (3.6), the

average input current over one switching cycle is

by =il = "’Zl DITS[DI +D:]+1\ (3.28)

“~

Furthermore, the average output currents over one switching cycle can be written as:

iz0) =%D1TS[D1 +D1]

“&ol

(3.29)
i1 =T"Z_C_D1TS[DI +D2]‘1\.

<%0l

where o1+ iLo2 = 2 1o

The sum of the three waveforms shown in Fig. 3.6 and expressed by Eqs.

(3.28) and (3.29) result in the equivalent waveforms (iLeq(t)) shown in Fig. 3.6.
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Fig.3.6: Inductor currents’ waveform for proposed DCM Cuk rectifier.
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The average of the equivalent inductor currents is found by integrating the ILeq(t)

waveform over one switching cycle.

7

, : : e
I *Tige Flpey = _T_ .['ch(r)d, (330)

s 0

|
=501k (D, +D,)

Referring to Fig. 3.2. the switch current (iq,) is equal to the sum of the three
inductor currents. Its waveform begins the switching stage at zero and then increases
with a constant slope. which is given by the input voltage divided by the equivalent

inductance as shown in Fig. 3.6. Thus, the switch current peak Ig;.pk is

1 1 4
I =+ T+ 7—WeDiT, =25 DiT, (3.31)

02 eq
Substituting the value of Iqipk. 1n Eq. (3.30). and taking D, as common factor yields

D\ T,

D5
in it =757 Va DI(I+F-) (3.32)
1

VA

eq

3.2.5 Step 2: Voltage Conversion Ratio M(D,, K) and the Critical Conduction

Parameter

Considering 100% efficiency. P,y = Pou,

<V D<ify >=V,i, (3.33)

Solving for the current ratio by using Eq. (3.17) and Eq. (3.33) gives

35



] (3.39)
The 1nput line current is defined by finding the value of the output current.

3.2.5.1 OQutput Current

The connection of the output resistor to its adjacent components is detailed in Fig.

3.7 . The node equation of this network is

. . Vo
1ol (= Icol (’) +?

(3.395)

Fig. 3.7: Connection of the output capacitor Co; to adjacent components.

By applying the charge balance on output capacitors Co; and Co2, the net
change in capacitors charges is found. Therefore, the load current must be supplied by
the direct inductors Ly, and Ly connected to the load current as shown in Eq. (3.36).

In particular, the DC component of the inductor current must equal the load current as

given in Eq. (3.37).
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- ; ¥, ¢
<’c,”(l)>r(='L,.|(’)~70(D, +D, +D;)=0& Loy = Yo

R
; (3.36)
<ic,()>r =i ()-—2(D,+ D, +D,) =01, , =10
R = ’ Lo2 R
As a result,
;,
1 o =1 02 = —
el TR, (3.37)
3.2.5.2 Input Current
Substituting Eq. (3.30) in Eq. (3.32) yields
; ' DT, D,
iy, +2i, =31l‘"‘*] \'u(.D|(1+-E) (3.38)
Then factoring i, result in
2. DT, D,
im(l+7) = 2,, N +E) (3.39)
Furthermore. substituting Eq. (3.34) in Eq. (3.39) produces,
i,,,(]+&)=%vucD,(]+22—) (3.40)
D’ 2L, D,

Simplifying Eqg. (3.40) gives
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(3.41)

1S

7 (3.42)

where input current iy, is equal to the inductor current i, and the emulated input

resistance equals

2L,

R, =——
BT (3.43)

The input current 1,, is in-phase with input voltage v, at any given operating point;

thus the input current obeys Ohm's law as shown in Eq. (3.42).

3.2.5.3 Voltage Conversion Ratio M(D;, K)
The voltage conversion ratio can be found by solving Eq. (3.33), where the input and

output power are:

1 % )
<P (1) >p = — [vpe <iy(N)>7 (3.44)
T, o )
1 DT, T 5
<B,) > =———%D [v, dt
g TL 2 eq 0

TR, g
< F,(1)>r oL D=
o R

(9]

pots (3.45)
° R

. resulting in
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The voltage conversion ratio as a function of the conduction parameter K is given by,

; D
‘\I(Dl.l\)=ﬁ (3.47)

where K is a unit-less parameter and can be expressed as:

2L,

e =
RT, (3.48)

Moreover. solving for D, yields
D, = My2K (3.49)

3.2.5.4 Critical Conduction Parameter (K, )
Inserting Eq. (3.23) into Eq. (3.49) and simplifying results in the following condition
for K.ry as a function of M to operate in DCM:

s T (3.50)
2(2sin(er) + M)~

where K., is the critical value of K operating at DCM, which is a unit-less parameter.

3.2.5.5 Large Signal Model
The switch network input port is designed by Eq. (3.42) shown in Fig. 3.8 and the
switch network output port is modeled by Eq. (3.37). Otherwise, it could be designed

by finding the output power, which is equal to the input power as shown in Eq. (3.51).
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(vae )7,

(o @)z, {v0 ), = =(p(0);, (3.51)

e

In other words. the lossless power states that the input and output powers are

equal:

R, R (3.52)

2R (3.53)

— -
{ L

Fig. 3.8: Large signal model of the general averaged Equivalent circuit in a converter

operating in DCM.

3.3 Stresses

The current stresses on the Q, and D, equal the summation of the inductor currents

as given in Eq. (3.7) and Eq. (3.11) and displayed in Fig. 3.6.The voltage stresses
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over the switching are shown in Fig.3.9. The voltage and current stresses of the
converter components are shown in Table 1. All stresses are normalized with respect

to the output voltage and load current.

VQl » \-.C + \-01

DT T : Dyl

Fig.3.9: The semiconductor switch and the diode voltage stresses.

Table 3.1: Current and voltage stresses.

Voltage Current
Q.. Q: 2+ M M
2M
Dt j 2+ M M
oM
By e 2+ M gl
oM 2
Ccl« Co! l l
B 2
L 1 M
]
Loh Lol l x 1 l‘
> 2
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CHAPTER 4

Design, Simulation and Measurements

4.1 Converter Parameters Selection

The Cuk rectifier is designed with the following characteristics:

Table 4.1: Specifications of the prototype.

Output power P, 125W
Output voltage V, 250V
Input voltage vac 100 sin (2750t)V
Switching frequency f 5S0kHz
Output Resistance, R 500Q2
Input Current ripple Al,, 10% I
Output voltage ripple AV, 0.6% V,

The voltage conversion ratio is:

L.
M((D)= ol =25
100

The critical conduction parameter can be evaluated from Eq. (3.50)

K,,, =2469x107

To assure DCM operation, the K < K, is chosen to be:

K=49x107

42

4.1)

(4.2)

(4.3)




The control input duty cycle D, is found by Eq. (3.49):

D, = M\2K =0.248 (4.4)

The input current ripple as given in the specification shown in Table 4.1 is:

2P
Af = l0°faV— =0.25

m

(4.5)

4.1.1 Inductors Design

The design of the input inductor i1s completed by using the desired ripple value of the
input current. Therefore, L, can be obtained considering the maximum current ripple

as given by:

L =220 = 3 i (4.6)

L]

where Aly; i1s the same as AL,

An equivalent inductance L.q is affected by the conduction parameter as

shown in Eq. (3.48). Thus, evaluating this equation gives:

= ks = 24.5 M (4.7)

ra

/e

The output inductor Ly, and Ly, are equal and can be found using the following

equation:

[*)

ol 0

L,=L Lii=50pH (4.8)

4.1.2 Energy Transfer Capacitors Design
The capacitors C; and C: are designed under two constraints in order to have the

proposed topology operates as a true PFC converter. The voltage across C; and C; are
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within a switching cycle and to follow the input voltage profile within a line cycle.
They are very important elements in the proposed Cuk rectifier because their values
have a significant influence on the input current waveform. The resonant frequency of
C), Ca, Ly, Loy and Ly> must be much greater than the line frequency to avoid Input
current oscillations at every half-line cycle and lower than the switching frequency to

assure an almost constant voltage in a switching period. The C, and C: designed
equation is given by:

e
@t )" (Ly + L)

(4.9)
where C)=Coand f; < f, < f§

Different capacitance values are chosen as shown in Table 4.2 to study their
effect on the input current and their capacitor voltages. The first capacitance value is
selected to be close to line frequency, and the third one is selected to be close to
switching frequency, while the second one is selected to be in between. The influence
of the three capacitors’ values on the input current and their voltages is shown in Fig.
4.1 and Fig.4.2. The input current signal is not in-phase with the input voltage when
the resonant frequency is either near to the line frequency or switch frequency as
shown in Fig. 4.1(a) and Fig. 4.1(b). Furthermore, the capacitor voltage has higher
peak value than that shown in Fig. 4.2(c), which means the capacitor voltages cannot
be considered constant in a switching cycle. In other words, the capacitor voltage in
Fig. 4.2(a) is charging very quickly, but it is slowly charging in Fig. 4.2(b). As a
result, the best value for the energy capacitors C; and C are calculated based on Eq.
(4.9) by applying a resonant frequency greater than the line frequency and less than

the switching frequency with a value of 1uF [46, 57].

Table 4.2: Effect of the resonant frequency on the energy transfer capacitor values.

f, (Hz) Cl=C2 (uF)
1000 12
3515 1
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10.000

0.12

Considering a resonant frequency (f;) of (

3515 Hz), the energy transfer capacitors are
given by

]
Cl =C2 = = 3 :)n
(2735155 (2x107* +50%10°°)

(4.10)

100 V

S0A

100V

800 ms 810 ms 820 ms
(a)C,=C,=0.1 pF

830 ms

Time |msec]

100 V

S0 A

[Vae and i)
(—]
>

-50 A

~100V

800 ms

810 ms 820 ms 830 ms
(b)C,=C,=12.356 pF

Time |msec]
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100V

Vaetl)

|V“ and 'ml
/<

-100V

800 ms
(C) C|= C: =1 ]JF

810 ms 820 ms 830 ms

Time |msec|

Fig. 4.1: Effect of the energy capacitors on the input current: (a) Input current is
distorted, (b) Input current and input voltage are out of phase, and(c) Input current

and input voltage are in-phase.

250\

128V

[Veyand Vel

ov

800 ms 810 ms 820 ms 830 ms
(a)C=C,=0.1 puF

Time |msec|
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|Vepand Ve,

[Vepand V|

250V

128V

oV
800 ms 810 ms 8§20 ms 830 ms
(b)C,=C, =12 356 uF
Time |msec|
250V |
125V
0V
800 ms 810 ms 820 ms 830 ms

(C) C1= C: =1 |JF
Time |msec]|

Fig. 4.2: Effect of the energy capacitors on their voltage: (a) V¢, and V¢, with

600Vpeak, (b) Vi and ch with 230Vpeak, and (c) V¢, and ch with 250Vpeak-
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4.13 Output Capacitors Design

Output capacitors Co; and C,; are utilized to filter the load voltage. Thus. the output
capacitors are inversely proportional to the output voltage ripple AV, as shown in Eq.
(4.11) and verified by the simulation result shown in Fig. 4.3 [46].

The output capacitor Co; and Cop2 values, which are required to maintain a peak-peak

output voltage ripple of 0.6%0 of V,, is given by

Cii=Cy = (i, -1, )dt (4.11)

where |, is given in Eq. (3.37) and i, is found from Eq. (3.36) to be

i, R
i, =——2=sin’ (ex) (4.12)
R,M?

Substituting the values of I, and i, and solving the integration will yield,

:TLH{ 1 ﬂ(iﬁglj_i} (4.13)
2Av, | RM*\m 2) R
By evaluating Eq. (4.13 ), C,, and C, are:

C, =C,, = 2200 uF (4.14)

Table 4.3: The relationship between the output capacitor and output voltage ripples.

Co1=Co2 (uF) Avo (V)
550 14.46
636.5 S
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265 25
: =
250 258
800 810 820 830 800 810 820 830
(a) CQ‘= Ca:\_ =220 MF (b) C0|= C02 =6365 p.F
254.3 7\
:
2528 \/ v L
800 810 820 830

(c) C01= COZ =2200 “F

Time [msec|

Fig. 4.3: Influence of the output capacitors on the output voltage ripple: (a) AV, =15V,
(b)AV,=5V,and (c) AV, = 1.5V.

4.1.4 Proposed Rectifier Components

Table 4.4: List of the components used in the proposed rectifier.

Component Value/Model
Ly 2mH
Loy 50 uH
Lo2 50 uH
Ci 1uF
Ca 1pnF
Col 2200 pF
Co> 2200 pF
Q irfb4332pbf
Q- irfb4332pbf
D DINS402
Do DIN5402
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The Cuk rectifier is designed for the following power stage specifications: peak input
voltage of 100V at 50 Hz, output voltage of 250V, switching frequency of 50 kHz.
and output power of 125W.In addition, actual semiconductor devices are used in the
simulation; DINS402 are used for the diodes and irfb4332pbf for the power switches.
The circuit components used in the simulation are chosen as follows: L,=2mH, L, =

L,>= 50pH and Co =Cq= 2200pF, which are shown in table 4.4. Moreover, an

equivalent series resistor (ESR) of 10 mQ is placed in series with all the inductors.

4.2 Simulation Results

Simulation studies were performed using ORCAD software package, to verify the
analysis results. As mentioned previously, the C, and C; values affect the input
current. Thus through simulation, C; and C; are chosen to be (1uF), which is well-
matched with the designing value. The input voltage and current are in-phase as
shown in Fig. 4.4(a).The total harmonic distortion in the line current is 0.17% and the
efficiency is 94%. The output voltage and the output current are shown in Fig. 4.4(b)
and 4.4(c). The Q, is conducting over the positive half-line cycle, while the Q:
conducts over the negative half-line cycle, as shown in Fig. 4.5(a) and (b). Also, it

shows the voltages of Do and Dg; over the line cycle.

T 7\ | 2sevi

f>

100V ‘

f00ms R10 m; £ ms 830 ms $00ms S10ms 820 me 830 ms
|3“’ [b \
Time [msec)

Fig. 4.4: Simulation results for the proposed rectifier: (a) Input current and voltage,

(b) Output current, and (c) Output voltage.
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20V

[ Voil

I \,()ZI

SOOm% 840ms
(b) Time [msec|

400V

l vl)oll

Fe
>
=
<

Ivllull

800 ms . 840 ms
(d)
Time [msec|

Fig. 4.5: Switching signals over the line cycle: (a)Q, (b) Qa, (¢) Doj,and (d) Do>.
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Fig. 4.6 presents the diode Do, current and the gating signals over a switching
cycle. It should be noted that the diode starts conducting after the switch is turmed off
and the current goes to zero before the end of the cycle which ensures DCM. Fig. 4.7
shows the capacitor voltages V¢ and Vca. Both voltages are in accordance with Eq.
(3.1). The voltages over the output capacitors C; and Coz, which are equal to the half

of the output voltage, are shown in Fig. 4.8. This proves the analysis given in Chapter
3.

20A 1 i
3
H
= 10A
3 k
3

i

885.30 ms 885.32 ms 885.34ms 885.36 ms

Time [msec]|

Fig. 4.6: Q, and Do, over the switching cycle.

250V r

125V

[ Veyand Vel

ov

800 ms 810 ms 820 ms 830 ms
(c)
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~
'‘n
=
-~

100V

Ivnc and V()I

0V

-100 V

800 ms 810 ms 820 ms 830 ms
(d) :
Time [msec|
Fig. 4.7: The energy capacitor voltages over the line cycle: (a) V¢, and V¢, and

(b) Input and output voltage.

150V
~ 125 vbw
-
=
<
=
oV
800 ms 810 ms 820 ms 830 ms

Time [msec]

Fig. 4.8: The output capacitor voltages (Vo and Vco2) over the line cycle.

The currents of Ly, and Ly over the line cycle are shown in Fig. 4.9, while Fig. 4.10
shows the three inductor currents over a switching cycle. It should be noted that the
inductor currents have proportional slopes over the three different stages of a

switching cycle. Thus, the three inductors can be coupled which leads to lower costs
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and smaller size. In addition, the three inductors are being charged by the input
voltage when Q, is conducting, but when the diode D, is conducting; the three

inductors are discharging through the output capacitors. Thus, Fig. 3.6 is verified.

10A

(—}

=,
=
P

[yor and Il

-10A

800 ms 810 ms 820 ms

(b)

830 ms

Time |msec|

Fig. 4.9: Inductor currents over the line cycle: (a) ILo1, and (b) Iro2.



20A i

10A

0A

204

Inductors and switch currcents

-10A

885.30 ms $85.32ms 885.34ms $85.36ms
(b) Time |msec]

Fig. 4.10: Three inductor currents over the switching cycle.

Fig. 4.11 shows that the capacitor C is discharging through the inductor Lo>
over the first stage when Q, is conducting. However, it is charged by the inductor Lo>
during the second stage and equals to zero over third stage which is compatible with
analysis presented earlier in the chapter3. The proposed rectifier satisfies the EN

61000-3-2 regulations as shown in Fig. 4.12.
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Fig. 4.11: The energy capacitor (Cz) current over the switching cycle: (a) Gating

and diode signal, and (b) Ica.

@ |EC limits

B Input current
Harmonics

5

7
Harmonics Order 9 J

Fig.4.12: Comparison between IEC limits and simulated input current harmonics of

the proposed rectifier.
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4.3 Experimental Results

The bridgeless DCM Cuk rectifier prototype test is validating the analysis and the
simulation result. The prototype is implemented depending on the following:V,. =
100sin(2n50t)V , f;=50kHz , P=125W , I;5, <10% 1/, , where the
components are chosen to be similar to the simulation one. Fig. 4.13(a) verified that
the input current is in-phase with input voltage, where the output current and output
voltage are shown in Fig. 4.13(b). The switching voltage waveforms for: Q,, Qz, Do,
and D, over the line cycle are shown in Fig. 4.14(a) and (b), which are consistent
with the simulation results. In addition, the switch-gating signal Vg, over the

switching cycle, which conducts over the positive half line cycle, is shown in Fig. 15.

\_f \q_ﬂ" f—: E—

@ ey 5. Oms/div §.0maidiv
9 10kay (a) (b)

Fig. 4.13: Experimental results for the proposed rectifier: (a) Input current and

voltage, (b) Outputand input voltage.
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200V/div 5.0ms/div
@7 200V/div

200V/div 5.0ms/div

@ 200V/div
(b)

Fig. 4.14: Switch-gating signal and diode voltages over the line cycle: (a) Vg, and
Vq2, (b) Vpo and Vpoa.
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&3P 100Vidiv
@7 100Vidiv S.0ms/div

Fig. 4.15: Input voltage and Gating signal V.

4.3.1 Experimental Results for the Capacitor Voltages

The capacitor voltage waveforms are consistent with the simulation and analysis
results as shown in Fig. 4.16. Hence. the energy capacitor voltages follow the input
voltage and are shifted up by half of the output voltage. The output capacitor voltages

are equal to half of the output voltage.

&P 100Vidiv S.0ms/div

@7 100V/div
(a)
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&P 20.0vidiv
@TP 20.0Vidiv

S.0ms/div

(b)
Fig. 4.16: The energy capacitor voltages and output capacitor voltages over the

line cycle: (a) V¢ and Vea, (b) Ve and Vg

4.3.2 Experimental Results for the Inductor Currents

The inductor currentl,, and I, waveforims over the line cycle are shown in Fig.
4.17(a). The inductor currents I;; and [ 02 over as witching cycle are shown in Fig.

4.17(b), while Fig. 4.17(c) shows I,,; and I o waveforms.

S.0A/div 5.0ms/div
@ 5.0A/div

(a)
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9 2.0A/div
& 5.0A/div 5.0ms/div

m 5.0A/div 5.0ms/div

@ 5.0A/div (c)

Fig. 4.17: Inductor currents over the line cycle: (a) I o1 and I} o2, Inductor currents

over the switching cycle: (b) IL; and 1,2, (¢) Io; and 102,
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4.4 Conventional Cuk Versus the Proposed Cuk Rectifier

The efficiency for the conventional Cuk is 88% while it is 94% for the proposed Cuk

rectifier. Moreover. the THD is 10%, which is high comparing with THD for the

proposed Cuk. The simulated input current harmonics of the Conventional Cuk is
shown in Fig. 4.18.

B [EC limits

l
|
\ Harmonics Order

Fig. 4.18: Comparison between IEC limits and simulated input current harmonics of

the conventional Cuk rectifier.

The comparison between the conventional Cuk and the proposed Cuk rectifier
is shown in Table 4.5. The proposed bridgeless topology has fewer semiconductors in
the current conduction path. However, it has one additional switch compared with the
conventional Cuk. Nonetheless, the switching losses are the same because only one
switch is active over a switching cycle. Also, the proposed rectifier has a floating

switch which requires additional gating circuitry.
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Table 4.5: Comparison between conventional and bridgeless Cuk rectifier in DCM

mode.
, Proposed
Conventional
Cuk
Cuk
Rectifier
; 4 slowand |
Diodes 2 fast
fast
Switch 1 2
Current
) 2 slow
conduction

path in stage

diodes and 1

1 body diode

and 1 switch

switch
1
Current .
. 3 diodes(2
conduction ]
. slow and 1 fast diode
path in stage
1 fast)
2
Current
conduction 2 slow
path in stage diodes
3
# of
10 I
components
Integrated One core for | One core for
magnetic 2 inductors 3 inductors
Deriver 1 floating
1 non-
circuit and 1 non-
floating .
complexity floating
Ground Non-floating Floating
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CONCLUSION AND FUTURE WORK

In this thesis. a brief PFC correction review has been presented. The advantages and
disadvantages of several bridgeless topologies have been discussed. The case for a

low inrush current and a continuous input/output current AC-DC rectifier has been
made.

A high step-up Cuk bridgeless AC-DC rectifier has been detailed. The
proposed step-up DCM bridgeless Cuk rectifier has been analyzed in DCM mode.
The current and voltage stresses of the proposed topology are presented. The gain of
the converter as a function of the control signal has been derived. An example of the
design procedure for the converter is shown step by step. A comparison study
between the full-bridge PFC Cuk rectifier and the proposed bridgeless rectifier is
presented. It has been verified that the studied rectifier has fewer silicon components
in the current path versus the full bridge rectifier. Hence, there are less conduction
losses as well as a higher efficiency. The proposed rectifier has an efficiency of 94%
versus an efficiency of 88% for the conventional rectifier.

The converter has been simulated using an ORCAD software package. The
simulation results matched the analysis. Real component models have been used in
the simulation. The capability of the proposed topology has been built and tested in
the lab for a 125 W output power. The experimental results supported the simulation
results. The input current harmonics has been compared to the EN 61000-3-2
standard requirements. The efficiency of the proposed rectifier at 125W and full load
is 94% with THD being 0.17%. The input current THD is lower than the EN 61000-
3-2. In addition. the rectifier is controlled by one signal. The proposed rectifier meets

the requirements presented at the beginning of chapter 3.

Future work
The proposed objectives of this research were successfully accomplished. Design a
feedback controller for load voltage regulation and confirm power factor under load

conditions is recommended for future work.
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APPENDIX A

ORCAD PROGRANM

Vac 10 sin(0 100 50)

Lal P 2m

RL1I 23 0.01

Gl 34 lu

XS1 31011 irfb4332pbf

Vph 150 PULSE (0120 In In 5.u 20u)
vpl 16 0 pulse(0 1 0 In In 10m 20m)
vpn 170 pulse(O 1 10m In In 10m 20m)
Evsp 1011 VALUE { V(15,0)*V(16.0)}
XS2 01211 irfb4332pbf

Evs2 12 11 VALUE {V(15.0)*V(17,0)}
@ 35 lu

Dol 04 DINS402

Do2 50 DINS5402

L2 48 50u

RL2E'H 0.01

L3 56 50u

RL3 67 0.01

Col 70 2200u

R 79 500

Co2 90 2200u

************ﬁnﬂﬂaﬁon*********************

*Analysis directives:

.PRObe

.TRAN 0.1u 900m 500m 0.1u UIC

3 3k 3k 3k 3k 3k ok ok ok % ok ok 3k 3k 3k 3k ok ok %k ok %k %k %k %k %k %k %k %k %k %k %

.MODEL DI _PDS3200 D ( IS=51.7u RS=11.3m BV=200 IBV=10.0u
+ CJO=630p M=0.333 N=2.21 TT=14.4n)

.MODEL Dmod D (IS=3.44523e-06 RS=0.01 N=1.99899 EG=0.965769
XTI=4 BV=200 IBV=1e-05

+ CJO=1.12334e-10 VJ=0.4 M=0.291003 FC=0.5 TT=4.54449¢-08 KF=0
AF=1)
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-MODEL DSTTH5L06 D (IS=494.98E-9 N=2.2603
IKF=.30782 CJO=127.22E-12 M=.42266

+VJ=3905 ISR=10.010E-21 NR=4.9950 FC=0.5 TT=24.000E-9)

RS=14.292E-3

.MODEL DINS5402 D(IS=2.68E-12)

*MODEL DIN5402 D(IS=2.68E-12 RS=0.0073] N=1.17 TT=144E-5
CJO=1.24E-10

*+VJ=0.6 M=0.333 BV=266 IBV=1E-5)

*IXKK85N60C NMOS model 600V, 85A, 35mohm, Rg=2.2 Ohm

.MODEL IXKK8SN60C NMOS ( LEVEL=3 L[=2.0000E-6 W=860
KP=1.0387E-6 RS=10.000E-3

+ RD=19.626E-3 VTO=3.4544 RDS=12.000E6 TOX=2.0000E-6
CGSO=11.628E-18 CGDO=729.90E-15 CBD=80.669E-9

+ MIJ=1.1673 PB=3 RG=10.000E-3 IS=21.329E-6 N=2.3569 RB=1.0000E-9
GAMMA=0 KAPPA=0)

SUBCKT irfb4332pbf 1 23

* SPICE3 MODEL WITH THERMAL RC NETWORK
2k 5k 3k 2k 3k 3%k 3k dk 5k %k &k 5k %k %k &k 5k 5%k %k 2k 3k 5%k 3k >k 5%k %k %k 3k >k 5%k %k %k %k >k 5k %k %k %k %k

¥ Model Generated by MODPEX  *
Copyright(c) Symmetry Design Systems*
o All Rights Reserved *

1 UNPUBLISHED LICENSED SOFTWARE *
* Contains Proprietary Information *

i Which is The Property of  *

5 SYMMETRY OR ITS LICENSORS  *
Commercial Use or Resale Restricted *
by Symmetry License Agreement *

3k 5k 2k 5k 2k 5k 3k 3k %k %k % %k 3k 3k %k %k kK 3k >k 3k %k 3k >k 3k >k %k 3k >k >k 5k %k % % %k % *k %k *k

* MODEL FORMAT: SPICE3

* Symmetry POWER MOS Model (Version 1.0)
* External Node Designations

* Node | -> Drain

* Node 2 -> Gate

* Node 3 -> Source

M19788MML=100u W=100u

.MODEL MM NMOS LEVEL=1 IS=1e-32

72



+VTO=5.2452 LAMBDA=1.44034 KP=495.593
+CGS0=5.57997e-05 CGDO=3.6051e-07

RS 830.0118129

D131 MD

.MODEL MD D I1S=1.06456e-08 RS=0.00128288 N=1.36378 BV=250
+IBV=0.00025 EG=1 XTI=2.31736 TT=le-07

+CJO=7.7726€-09 VJ=0.5 M=0.776144 FC=0.1
RDS 3 1 le+07

RD910.017856

RG274.09017

D2 4 5 MDlI

* Default values used in MDI:

* RS=0EG=1.11 XTI=3.0 TT=0

*  BV=infinite IBV=1mA

.MODEL MDI D IS=1e-32 N=50
+CJO=3.36828e-09 VIJ=0.5 M=0.9 FC=1e-08
D305 MD2

* Default values used in MD2:

* EG=1.11 XTI=3.0 TT=0 CJO=0

*  BV=infinite IBV=ImA

.MODEL MD2 D IS=1e-10 N=0.400101 RS=3e-06
RLS101

FI2 79 VFI2 -1

VFI2400

EVI6 100971

CAP 1110 3.36828e-09

FI1 79 VFII -1

VFI1 1160

RCAP6101

D406 MD3

* Default values used in MD3:

* EG=1.11 XTI=3.0 TT=0 CJO=0

* RS=0 BV=infinite IBV=1mA
.MODEL MD3 D IS=1e-10 N=0.400101
.ENDS irfb4332pbf

************************************************************

.OPTIONS ITL2=200
.OPTIONS CHGTOL=10N
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OPTIONS ITL5=0 :*TOTAL ITERATION LIMIT
.OPTIONS LIMPTS=0 ;*MAXIMUM POINT ALLOWED

.OPTIONS ITL4=100 ;*ITERATION LIMIT PER POINT
**** Real Tolerance ****

.OPTIONS RELTOL=0.001
.OPTIONS VNTOL=1E-6
.OPTIONS NUMDGT=6
.OPTIONS ABSTOL=I1E-6
four 50 I(Vac)

.END
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