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ABSTRACT

With the increasing demand for power from the ac line and more strict limits

tor power quality. power factor correction has gained great attention in recent vears

Il basic power converter topologies. such as Boost. Buck. Buck-Boost. and their

variations. can be used to realize active PFC techniques.

In this research, a new bridgeless rectitier that operates with high power factor
and high efficiency is investigated targeting LED and battery charging applications.
['he new topology is a high-power-factor rectitier. which is suitable tor universal line
base on a moditied version of the single-ended primary inductance converter (SEPIC)
operating in Discontinuous Conduction Mode (DCM). The new contiguration also
allows the reduction of the losses associated to the diode reverse recovery current.
Furthermore. the proposed topology has wider gain than classical full bridge SEPIC

converter. higher etticiency and lower current harmonics.

Small signal analysis is used to model the variation aftfecting the rectitier
circuit. Current Injected Equivalent Circuit Approach (CIECA) is utilized in
modeling the small signal transfer function of the converter. Feedback control is
applied to regulate output voltage around the desired reference and to reduce the
effect of disturbances.  Simulated results of the output voltage as tunction of input

voltage disturbance and load change are presented.

The proposed topology is simulated using PLECS, PSPICE and MATLARB.
In addition. a 200\ prototype is built and tested to validate analysis and simulation.

Comparison between simulation and experimental results is also presented.
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CHAPTER 1

Introduction

In recent times. the increase use of rectifiers in clectrical equipment such as
computers. laptops, uninterruptable power supplies, telecommunications and bio-
medical equipment has become uncontrollable as its growth is rising exponentially.
Unwanted produced harmonics by these rectitier circuits are injected into the power
grid which results in many undesirable eftects [1]. To overcome this problem. some
international standards like IEC 61000-3-2 are introduced to control design of these
rectifiers to meet specitic harmonics percentage [2]. Most ot the power supplies use
conventional rectitier with a large filter capacitor at the end of rectification. This
causes excessive peak current. high harmonic distortion and low power factor [[-12].
With this increasing demand for power from the ac line and more strict limits for
power quality. power factor correction has gained great attention. A variety of circuit
topologies and control methods have been developed tor the PEC application [3-10].
All these converters can be used in either discontinuous conduction mode (DCM) or

continuous conduction mode (CCM).

1.1 Motivation

In general. oft-line switching-mode power supply shown in Figure. 1.1 consists of
the utility power source and a switched-mode power supply, which provides a
regulated DC power for the electric appliances and equipment by using a rectifier that
convert AC input voltage into DC voltage. In addition, a harmonics filter capacitor

and a switching power converter are used to improve the rectified DC voltage [26-



30]. However the conventional AC/DC power supply will generate impulsive current

with high harmonics distortion due to the interaction between diode rectifier and
¢l

capacitor tilter [3-10] [26-30)].

bndge
rectitier
iQll) | i) .
lity T |~
unhty power l = ST
! i 5 switching
Yall) \”\’ ! A v ()71 € power load

J ‘ = converner

o A sz

e e

ac/dc power supply

Figure 1.1: Off-line switching-mode power supply.

This causes the power factor to degrade, and thus leads to the increase of the current
flowing to the load. Energy losses on the power transmission lines thus increase.
Hence, the power company requires customers to maintain the high power factor of
their respective loads. Moreover, engineers often consider power factor as a figure of
merit to measure the efticiency of the power transmission |20]. As a result, the need
to eliminate high harmonics distortion to increase the power tactor of a power supply
system becomes a significant issue of cnergy savings and electricity quality
promotion. On the other hand. the switched-mode power supply, operating at higher
frequency for power conditioning, can reduce its size and keep cost down [3-11].
However. higher switching frequencies result in more switching losses and thus lower
the power efticiency. To overcome these drawbacks. the soft switching technique is
thus applied to reduce the switching losses [9-10]. The main aim of this thesis is to

desion PFC rectifier with high power factor and high power efficiency that will

reduce pollution on AC lines.



1.2 Electrical loads classifications

In general. electrical loads could be classitied according to different criteria. They
can be dived into two main sub-groups according to current or voltage ted to them.
I'he tirst group is AC Loads which is classitied into AC voltage loads such as (ac
voltage BUS, induction and synchronous motors in constant speed applications) and
AC current loads such as (induction and synchronous motors in constant torque
applications). AC loads are fed from utility mains using AC-AC cycloconversion that
involves converting an AC input voltage to a desired output voltage of controllable
magnitude and trequency or using DC-AC inverter if the source is DC such as
batteries or solar cells. On the other hand, DC Loads are the second group such as
(LED-based lighting. computers and radio). DC loads are classitied into DC voltage
loads such as (DC motor in constant speed applications. batteries during charging)
and DC current loads such as (DC motor in constant torque applications) [27-28]. DC
loads are fed from the utility mains using AC-DC rectitiers that convert the AC
voltage into a desired DC voltage or they could be ted from DC sources using voltage
regulators (DC-DC) converters which convert the source DC voltage to the desired
load DC voltage. The main concern in this thesis is the AC-DC rectitiers that are used
to supply DC electronic appliances with DC voltage. From an energy saving point of
view, a switching power rectifier is required to exhibit high power factor and high
power efficiency. Accordingly. many researches have been focusing on designing and
developing power rectitiers that can deliver the required power with higher power
factor. higher efticiency, lower cost, lower harmonic distortion and lower losses [3-

26). Furthermore loads could be divided into lincar loads such as (Resistive,



Capacitive and Inductive) and non-linear loads (such as computers, laser printers,
rectitiers. PLC, electronic ballast, refrigerator, TV ete). In linear loads. the voltage
and current waveforms are sinusoidal and the current at any time is proportional to
the voltage. Circuits containing purely resistive heating elements (filament lamps,
cooking stoves, etc.) have a power factor of 1.0 which means that the current is
following the voltage without any phase shitt as shown in Figure 1.2. Circuits

containing inductive or capacitive elements (electric motors, solenoid valves. lamp

ballasts and others) often have a power factor below 1.0 [24-27].

\atn)

tme (s)

Figure 1.2: Purely resistive linear load.

With the development of high-tech industry, most ot the electric appliances are
nonlinear. The nature of non-linear loads is to generate harmonics in the current
waveform as illustrated in Figure 1.3. This distortion of the current wavetorm lcads to
distortion of the voltage waveform. Under these conditions, the voltage way eform is
no longer proportional to the current. A detailed discussion on the influence of the

nonlinear loads is explained in the following section.



Figure 1.3 Non-linear load

1.3 The effect of a nonlinear load on the AC line voltage.

Electronic equipment such as communication. computers and its accessories
(printers and fax machines). mobile phones and televisions which are considered
nonlinear load produces a non-sinusoidal line current. These nonlinear load currents
have a high harmonics that pollute the AC mains and attect surrounding linear loads
[1-30]. Most of the electronic equipment connected to the electricity power grid
draws high peak discontinuous non-sinusoidal line current rather than smooth sine
wave current. This current is composed of number of harmonic currents. which tlow
through electricity power grid as well as in the equipment itselt. Theretore. the
svstem efficiency and power factor are reduced. and the harmonic content in the AC
line current is increased. which has negative impacts such as [24-30]:

e Interterence with other equipment.
e Overheating of distribution system equipment.
e Distortion of system voltage wave-form.

e Electromagnetic interference (EMI) problems.

()



e Overheating and fail of transtformer.

o Affecting power system protection.

o Increase the resistances of the conductors due to shin eftect and cause
an abnormal neutral-ground voltage difterence.

To avoid harmonics effects. a lot of researches were conducted on harmonics
generated by rectifier circuits used for electronic equipment. To minimize current
harmonic levels power factor correction techniques is used and developed [3-30]. In
addition. International Standards such as EN 61000-3-2 have been placed to limit
input current harmonics. There are four different classes in this standard. which have
different limit values. Table 1.1 shows a summary of these classes. Therefore. the
design of PFC rectifier circuits depends on the applications classes where each class
has a percentage of harmonics limitation that can’t be exceeded.

Table 1.1: Classification of EN-6100-3-2 standard [2]

Class Applications

Class A Balanced three-phase equipment

Single-phase equipment not in other classes

Class B Portable power tools
Class C All lighting equipment
Class D Single-phase. below 600 Watts

1.4 Power factor correction techniques

Due to the spread of non-linear loads in the power systems. current and voltage
harmonics are produced and affect the power grid. Therefore, the undesired
distortions should be compensated to minimize their effects on the distribution system

and as a result the efficiency will be improved. Several methods and approaches are



used nowadays to improve the power factor and to meet the international line

harmonics’ regulations. The most commonly used methods are passive and active
approach [28].

In passive PFC approach. an L-C filter is introduced between the AC line and
the input port of the diode rectifier of AC-DC converter. This filter causes the
harmonic current to be decreased. which means that the nonlinear device becomes
more linear [21-26] [28-32]. However, the line current will be drawn from the input at
only the peak of the sinusoidal line voltage, resulting in the “peaky™ input line current
that causes line harmonics On the other hand, in active PFC converter techniques,
power electronics DC-DC converter is used and operated at high frequency to shape
the input line current and make it follow the input voltage waveform. The most
common used topologies as DC-DC converter in active PFC converter are Boost.
Buck-Boost. Flvback, Cuk. ZETA or SEPIC topologies presented in [31]-[33]. [45].
[30]) and [61]. Buck and Buck derived converters, such as Forward. Halt-Bridge, Full-
Bridge and Push-Pull can be used to comply with some standards regarding low-
frequency harmonics in the line. but they cannot be used as ideal PFC. because
sinusoidal line current cannot be achieved using these converters. Furthermore. in
active PFC approach, the input power factor can reach approximately unity and the
rectifier input interface of power converter emulates a pure resistor which means that
input current follows input voltage [15-23]. The active PFC methods have many
advantages over the passive PFC techniques such as almost unity power factor,

harmonics reduction and size and weight reduction. Hence this research is focused on
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the arca ot active PFC converter to achieve near unity input power factor and hence to

decrease harmonic distortion.

The PEC control methods are classitied into two groups: Active control and
\utomatic control of line current. Active control method is associated with CCM of
the inductor current, so it is referred as CCM shaping technique. On the other hand.
the automatic control is used when converter operates in DCM |24-30]. For medium
and high power applications, CCM is suitable because of low EMI and better input

current wavetform. The DCM method is employed for low power applications. i.e.

300 W or less |3-8].

1.5 Thesis objectives:

The main goal of this thesis 1s to design a New Bridgeless power factor rectifier
topology that can:

i Minimizes the switching losses.

< Achieves nearly unity power factor.

» Maximizes the efticiency.

<+ Produces high gain at moderate Duty Cycle.

¢ Operates at universal-line voltage ranges (90-260V ).

[=

e Minimize input/output current ripple (reduce ENI eftects)

1.6 Thesis structure

This thesis is divided into eight chapters. Chapter | presents an introduction to the
main objectives of the thesis and shows the motivation behind developing existence
rectifiers in order to reduce Ac pollution. An extended literature review on several
fundamental factors has been considered for the improvement of rectitiers operation.

Chapter 3 focused on the steady state analysis of the proposed rectifier and the DCM

8



operation of the rectifier and its advantages over CCM. After that. in chapter 4., the
components of the proposed rectitier circuit will be designed according to the analysis
of chapter 3: these components will be designed to ensure that circuit on operating in
DCM. Moving to chapter 5, a small signal model of the rectifier will be built using
current injected approach since the circuit is operating in DCM, then according to the
model a feedback control will be designed to regulate the output voltage around a set
point. Next, a comparison between simulation and experimental result at specified
operating point are conducted in chapter 6. A comparison between the proposed
circuit and a tull-bridge topology are presented in chapter 7. Finally, a summary of

the work done is presented in chapter 8.
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CHAPTER 2

Literature Review

2.1 Power factor and harmonic distortion

Presently, there is increasing demands of unity power factor and low total
harmonic distortion of the current drawn from the power utility. Significant efforts
have been made for the improvements of the PFC converters. Power tactor correction
rectifiers’ main objective is to shape the input current of power supplies in order to
maximize the real power available from the mains [3-9]. Ideally. the electrical
appliance should present a load that emulates a pure resistor: therefore the reactive
power drawn by the device will be zero. The input current harmonics will be reduced
because the current is following the input voltage protfile and is exactly in phase with
it. Furthermore. the current drawn from the mains to meet the load requirement will
be reduced: as a result the losses (l:R) and costs associated will be minimized. The
reduction of harmonics will also reduce the interference with other devices that are
being powered by the same source [24-30]. Power tactor correction is simply defined

as the ratio of real power to apparent power:

PF — Real Power (Watts) 2.1)
ApparentPower (VA)

Where the real power is the average value (averaged in a line period) of the
instantaneous product of current and voltage and the apparent power is the product of

the rms value of current and the rms value of voltage [28].



For linear load (resistive. inductive and capacitive) the power factor is one. if

both current and voltage are sinusoidal and in phase which is the ideal case. The
power factor is the cosine of the phase angle between voltage and current it both of
them are sinusoidal and not in phase [26-28]. A unity power factor implies that 100%
of the current is contributing to power in the load while a power factor of zero
indicates that no current is feeding the load. On the other hand. the gencral cquation
governing power factor relation in switched-mode power supplies which present non-

linear impedances as a result of the input circuit which consists of halt wave or full

wave bridge rectitier [26-28]:

power fuctor = | ————=— (cos((p‘ -8 ))

= (Distortion factor X Displacement factor )

Where:

1,2 RMS value of the fundamental component of the input current.
1,: DC component of the input current.

1,: nth component of the input current.

), The phase angle of the fundamental component ot the current.

@,: The phase angle of the AC input voltage.

Distortion factor is defined as the ratio of the rms fundamental component of the
current and the total rms value ot the current, while displacement factor is detined as
the cosine of the angle between the fundamental components of the voltage and

current waveforms [28). It is known that higher power factor leads to lower



harmonics. In the case of switch-mode power supphes the displacement tactor 1s

almost unity. so the relationship between harmonic distortion and power ftactor is;

V2"
THD(%)= ‘I— x

I’];:; (24)

J1+ (THDY?

Where THD represents the total Harmonic Distortion which is the ratio of the rms

value of the waveform not including the fundamental. to the rms fundamental

magnitude.

2.2 Circuit operation modes

Since the 807s. several power factor correction topologies have been proposed
such as Boost, flvback. Buck. SEPIC. Cuk and ZETA converters. These topologies
could be used in either DCM or CCM according to the application. It is known that a
DC-DC converter operates in CCM. it inductor current never reaches to zero or kept
constant within part of the switching cycle. while it operates in DCM. it inductor
current reaches zero or remains constant for part of the switching period. For higher
power level applications. CCN operation mode is preterred while the DCN operation
mode is used in applications of less than 300 watts [34-38]. The proposed topology is
designed to work in DCM 1o achieve almost unity pow er tactor and low THD of input
current. Furthermore. the DCM operation gives additional advantages such as: zero
current turn-on in the power switches. zero-current turn-oft in the output diode. and
reduces the complexity of the control circuitry [7-8]. Furthermore. the Boost. Buck-

Boost. Cuk and SEPIC converters operating in DCM have the automatic “Voltage



follower™ properts which means that the iput current naturally follow the iput
voltage profile and thus achieve a sinusoidal input current [38-40]. Therefore. it is
possible for these circuts o use one control loop at the output (voltage or current) to

achieve a unity power factor.

2.3 PFC rectifiers” topologies

As mentioned betore many PEC rectifier topologies have been proposed. In
this section several topologies will be discussed and the advantaces and
disadvantages of them will be shown.

2.3.1 Boost PFC rectifier

The PFC Boost rectifier is the most well-known topology because of its low
cost and high pertormance in terms of efticiency and simplicity. Boost rectifier is
shown in Figure 2.1. The Boost converter is the common power conditioning
interface [36-38] [42-44]. Conventional Boost PFC converters are composed of a full
bridge AC to DC diode rectitier followed by a Boost converter. [t's a nonlinear load
because two diodes of the bridge rectifier lie in the direct power path for either the
positive or negative half-cycle of the input ac line voltage. The Boost converter
contains basically a diode. a transistor as switch and at least one energy Storage
element. Capacitors are generally added to output so as to perform the function of
reducing output voltage ripple and sometimes inductors are also combined with. Full
bridge Boost rectifier has many advantages such as: continuous input current due to
the existence of input inductor. low voltage- and current-stress. high performance in

terms of efticiency, voltage step-up capability and simple structure [7-9][24-28][36-



38]. Although Boost PFC recutfiers has many advantage. several disadv antaves are
g : Qes ¢

aftecuing the extent of Boost recuifiers such as: production of high eain at narrow duty

cvele. high losses due to diode bridge. higher DC output voltage than the peak input

voltage which limits Boost usage in high voltages (above input line voltage). ditticult
implementation ot input-output isolation and high start-up in-rush current |3-9].

[ D
211k I Pt

Figure 2.1: Conventional Boost rectitier.

23.2 SEPIC PFC rectifier

Several topologies have been proposed to compensate tor the disadvantages of’
PFC Boost. SEPIC rectitier displaved in Figure 2.2 1s one of the famous rectifiers that
can replace Boost rectifiers due to their advantages such as: the output voltage of
SEPIC converter can be either higher or lower than the input voltage so SEPIC offer
voltage step up and step down properties which makes it suitable in wide output
voltage range applications. Moreover. SEPIC offers easy implementation  of
transtformer isolation and inherent in-rush current limitations during the startup and
overload conditions [7-8] [17] [45-47]. Furthermore. by observing Figure 2.2 the two
inductors can be coupled in the same magnetic core. therefore the input current ripple

can be reduced theoretically to zero which will leads to reduction in the input filter

(theoretically eliminated) [9-10. 47]. However. SEPIC topology compared to Boost
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topology. has the following disadvantages: tligh losses due to diode bridge. high
output ripple because of the discontinuous output current and the voltage and current

stresses on the active and passive switches are high.

i
S

Figure 2.2: Conventional SEPIC rectifier.

2.3.3 Modified SEPIC rectifier

Since SEPIC PEC rectitier has plenty of advantages. a lot of researches have
been conducted on SEPIC topology to come up with a rectitier that has high
cfticiency. lower harmonic distortion and almost unity power factor. A high-power-
tactor rectitier suitable for universal line based on a moditied version of SEPIC is

shown in Figure 2.3 [§].

Q b, '

Figure 2.3: Modified SEPIC rectifier.
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In this topology. the voliage multiplier technique is applied to the
conventional SEPIC circuit. obtaining new operation characteristicg. The voltage
multiplier technique was used for a Boost converter in order to increage the gtatic gain
with reduced switch voltage [8. 48[, Furthermore. the multiphase Boost was improved
by voltage doubler in [49] tor a universal input HPF rectifier. in order to get high
static gain at lower input voltage. Integrating the voltage multiplier cell with a
conventional SEPIC was used [8] in order to obtain a high step-up static gain
operating with low input voltage and a low step-up static gain for the high input
voltage operation. The modified SEPIC could be considered as an  motivating
substitute for the universal input high power factor rectitier or wide input voltage
range applications. operating with high etficiency. However, this topology shown in
Figure 2.3 has some disadvantages such as higher losses due to diode bridge and
higher circuit complexity than the classical Boost converter. Also, Moditied SEPIC
converter doesn’t have the possibility: of avoiding large current passing through the
inductors and the diodes it an overload takes place (as in the case of the Boost
converter). NMoreover. it has the same start-up problems as the Boost converter and.
also as the Boost converter. galvanic isolation cannot be implemented (the converter

obtained by replacing L., with a transtormer does not have galvanic isolation).

2.4 Feedback control

There are several control strategies that can be used in Power Factor
Correction (PFC) rectifiers operating in - Continuous Conduction Mode or

Discontinuous Conduction Mode. After components design of the PFC rectifier a



feedback control must be used to ensure that the rectifier is correctly regulating the
output voltage. Mainly, there are two parameters that should be taken care by
feedback control. The input current should tollow the input voltage to emulate a
resistor and the output voltage should be regulated around the desired set point. As
mentioned previously in this chapter, an ideal PFC should emulate a resistor on the
input side while maintaining a properly regulated output voltage. In the case of
sinusoidal line voltage, the converter must draw a sinusoidal current from the utility;
for the sake of that, an appropriate sinusoidal reference is generally nceded and the
control abjective is to torce the input current to tollow this current reference [28]. The
input current in PFC rectifiers operating in CCM doesn’t follow the input voltage. so
the current loop must be used to control switches in a way that let the input current
follow the input voltage. While in PFC rectitiers operating in DCM, the input current
follows the input voltage naturally [50]. Therefore, the control system is simplified
since the current loop could be avoided.

The controller could be designed using one of the well-known controllers such
as lead compensator, lag compensator, PID. neural network, LQR method or sliding
mode [28. 50. 61-69]. Using one of the mentioned control method, the output voltage
of an AC/DC converter is regulated to the desired DC voltage. In a closed-loop power
converter. to regulate the output voltage the main objective of the controller is
adjusting the converter’s duty-cycle in order to control the converter switches [28].
The term “duty-cycle™ (D) refers to the proportion of on-time to the period T of the
switch and is expressed in percent. with 100% as being fully on [28]. The output

voltage is regulated by controlling the width of the on-time gating pulse relative to the



switching c¢vele. This me is T A - :
1g cycle. This method s generally referred o as Pulse-Width Modulation

(PWM),
2.4.1 Small signal analysis

I'o make the design of the control loop of a switching converter it is required

to have the system transter Functions with good approximation representing the
dynamic behavior of the rectifier. Among the various techniques existing for

obtaining suitable model, small signal modeling is normally used [28. 61-68]. The
small signal modeling is linearizing the nonlinear behavior of the rectifier around an
operating point, obtaining representative models to small perturbations [28, 51-38].
There are many known methods to build small signal models for example. the method
of the state space averaging developed by Middlebrook [51, 53] and the method of
the equivalent circuit of the injected current developed by Chetty [52. 54-56]. The
equivalent circuit method of the injected current applied to rectitiers operating in
continuous conduction mode has proven to be the most suitable to modeling rectifiers
operating in discontinuous conduction mode [37].

A comparison between averaging method and the current injected equivalent
circuit approach was done in [39]. The small signal model of the novel HPFC
converter operating in DCM was built using both approaches and the transter
functions (control to input and output to input) derived by the averaging method
coincide with those derived by the current injected equivalent circuit approach. Based
on the model which was built using Current injected equivalent circuit approach, a Pl

controller was designed to regulate only the output voltage in the presence of the line



voltage and load variations since the rectitier was operating in DCM which means
¢ 0] ans

that the input current naturally follows the input voltage.

2.4.2 Method of the equivalent circuit of the injected current

The equivalent circuit method of the injected current applies in both
converters operating in continuous conduction mode and discontinuous conduction
mode. It has great advantage when it is used to model converters operating in
discontinuous conduction mode over other methods of small-signal modeling. CIECA
modeling applied to PWM DC-DC converters operating in discontinuous conduction
has been presented by Chetty [36]. A summary of the steps used to obtain the
mathematical model of PFC rectifier is discussed below.

Step |: Identification of lincar and nonlinear elements in PFC rectitier
Step 2: Identitication of the equations of the rectifier.
Step 3: Averaging rectifier equations over a half-line cvcle.

Step 4: Small signal perturbation and linearization.

Step 3: Obtaining dynamic properties (Transfer Function) and equivalent circuit.
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CHAPTER 3

Proposed circuit

3.1 Circuit description

As mentioned in the previous chapter. many researches have been conducted
n developing PFC rectitier in such a way that it can operate with high efficiency.
unity power factor and reduced level of harmonic distortion. A group of authors
tocused on improving PFC rectifier by introducing bridgeless PFC rectifier instead of
conventional full bridge rectitier that has conduction losses problem. In the
conventional PFC circuit. the front stage is normally a tull bridge AC-to-DC diode
rectifier circuit followed by a PEC circuit of variable characteristics such as (Boost.
Buck. SEPIC, Flyback and Cuk) [3-8. 28]. Therefore. the power flows through at
least three power semiconductor devices. including two rectifier diodes and at least
one active switch. Recently. a PFC circuit has been developed which combines the
rectifier diode bridge and the main PFC circuit into a so-called bridgeless PEFC circuit
in which the power tlows through only two power semiconductor devices and
therefore reduces converter conduction loss [3-8. 24-30]. Several bridgeless Boost
topologies were presented and the overall performance of the rectifier was improved
since conduction losses due to diode bridge is reduced [8. 17. 45-47. 58]
Furthermore. since conventional rectifier based on SEPIC PFC circuit has many
advantages compared to conventional Boost. many authors had developed new
bridgeless topologies based on SEPIC circuit [17. 47].The bridgeless PFC rectifier

decreases the conduction losses by reducing the number of Semiconductor
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components n the hine current path. Furthermore. it increases efticiency and improve
the overall performance. Therefore. it has gained popularity as a high-etticiency NC-
DC rectitier compared to the conventional PFC bridge rectitier.
| ately. some researches are focused on applying voltage multiplier in PEC rectitier to
improve its operation [8].The use of voltage multiplier will otter the following
advantages: the higher static gain for the operation with the loswer input voltage range,
lower switch voltage operation, higher efficiency operation with the lowest input
voltage, lower input current ripple and easy integration with a regenerative snubber.
In this thesis a combination of the previous studies were gathered and applied
on conventional bridge SEPIC PFC rectifier to come up with a new circuit that has
better specifications. The new topology is a bridgeless SEPIC PFC rectifier with
voltage multiplier as illustrated on Figure 3.1. SEPIC PFC circuit was selected due its
advantages such as easy implementation ot magnetic coupling that will reduce input
current ripple. The bridgeless configuration will reduce the conduction losses since
the diode bridge i1s removed. as a result the overall etticiency will increase. The
voltage multiplier will add higher static gain for the operation with the lower input

voltage range. lower switch voltage operation and higher eftficiency.
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Figure 3.1: The proposed rectifier circuit
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The proposed circuit consists of two SEPIC PFC circuits with multiplier D, or
D> with C; connected in a symmetrical contiguration. Fach configuration will operate
in a half-line cycle, as depicted on Figures 3.2 and 3.3. By implementing two line
frequency diodes Dy and Dy, the output ground is connected to the terminals of AC
mains directly in the whole AC line cycle, which stabilizes voltage potential of output
ground and reduces Common Mode EMI gencration. Furthermore, the cfficiency is
improved by using line frequency diodes instead ot using the relatively high forward
voltage MOS's body diodes as a part of the current following path. Furthermore the
inductors can be magnetically coupled into a single magnetic core to attain an input
current having very low current ripples. Moreover, the symmetrical operation of the
proposed simplifies the switches Q, and Q- drive circuits. In the positive half-line
cvele, Qp will be derived by a logic circuit and Q> will be oft. While on the negative
halt-line cvcle Qa will be derived with the same logic circuit since Q, is oft. Note
that. by referring to Fig. 3.1, there are maximum three semiconductors in the current
flowing path compared to the modified SEPIC rectifier illustrated in Figure 2.3 where
four diodes are on at maximum condition; hence, the conduction losses, as well as the
thermal stresses on the semiconductor devices, are further reduced. and the circuit
efficiency is improved compared to the conventional moditied SEPIC rectitier. The
proposed topology is designed to work in DCM to achieve almost unity power factor
and low THD of input current. Furthermore, the DCM operation gives additional
advantages such as: zero current turn-on in the power switches and zero-current turn-
off in the output diode. In SEPIC PFC circuit the input current follow the input

voltage naturally and thus achieve a sinusoidal input current. Theretore, the

[S5]
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complexity of the control circuitry is reduced since only output voltage control loop

will be built to achieve a unity power factor results.

3.2 Operation of the proposed bridgceless PEC circuit

The same techniques and approximations for the steady-state analysis of the
continuous conduction mode with a few moditications could be applied to the
discontinuous conduction mode [4-9, 28]. This is duc to the source is to be considered
as constant through switching cycle (switching cycle is less than line cvele) so the
changes in AC source in line cycle appears like constant in the switching cycle.

I. Inductor volt-second balance: The DC component of the voltage applied to an

inductor must be zero.

< vy >T$:TLSJ‘(;"SUL (t)dtZO (31)

| 29)

Capacitor charge balance: The DC component of current applied to a

capacitor must be zero.

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

regardless of the operating mode.

3. The input voltage v, is considered to be an ideal rectitied sine wave,

Vac()= Vi sin(mt), where Vi is the peak amplitude and @ is the line angular

trequency.

4. The switching frequency (f5) is much higher than the ac line frequency (fi), so
that the input voltage can be considered constant during one switching period

(Ty).

5. All components are ideal; thus, there are no losses. The efficiency is 100%.

o
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6. All the capacitors are big enough such that their switchine voltage ripples are

negligible during the switching period T,

t=

Due to the symmetry of the operations. the positive halt-line cyele 1s anulycd
through the three distinet stages of DCM operation Volt-second balance 1s applied
for cach inductor voltage and charge balance for cach capacitor current in the
network. The switching ripple in the output capacitor voltages is ignored while the

inductor current switching ripple is considered.
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Figure 3.3: Equivalent rectitier circuit during negative half-line period.
3.3 Principle of operation
Betore going through the analysis of the discontinuous current mode three
stages of the proposed circuit. additional assumptions should be used to simplity the
analysis. The assumptions of V¢; and Ve are necessary since they are used in

iguring out the output-input gain ratio relationship. Th assumptions cat
tiguring out the output-input gain ratio relations! ['hese aSsumptions can be
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Justitied by considering the following three loops at positive half line cyele (0 <t <
[/2) shown in Figure 3.2.

Loop I (Ve L. Crll. C3)

By applyving KVIE on Loop | and it 1s known that within a switching period inductor
voltage is zero [28]:

< v (8) >75=< V() >75=< vo(t) >7=0 (3.3)

I he following equation can be extracted

ver(t) = ves(t) — vac(t) 3.4
Loop 2: (L;, C, Lo, C3):

The same procedure is repeated to loop 2. therefore the following relation can be
figured:

Ve (t) = ves(t)

—_
(98]
'

~

Loop3: (C;, Co, C3)

Finally. by applying KVL on Loop 3. the following equation can be extracted:

Vo (t) = ves(t) + vy (L) (3.6)

By placing equations (3.4) and (3.5) into equation (3.6). the relationship between

capacitor voltage and input and output voltages can be presented as tollow:

vey (1) = (FLeD) (3.7)
vey(t) = (Fectirold) (3.8)

The same steps can be applied at the negative half line cycle to get relation between
capacitors voltage and voltages of input and output. Since the proposed circuit is
ssmmetric the analysis at the positive half line cycle will be considered only. Figure

3.2 show the equivalent circuit at the positive half line cyvcle that will be analyzed in
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the following sections. The proposed circuit was designed to operate in DCM which
has a lot of advantages as mentioned previously. Analysis of this mode consists of
three stages during switching period. On the first stage. switch Q; will be on while
diodes Dy and D, are off. On the second stage. diodes D, and D, are on while switch
Qu is oft. Diodes Dy and D, and switches are off on the last stage. Finally, diode D, is
always on during the three stages. A detailed analysis of each stage is shown in the
following sections.

3.3.1 The first stage

During this subinterval, switch Q is turned on by the control signal and both
diodes Dy and D, are oft. Multiplier diode Dy is reversed biased due to capacitor C;
voltage, while output diode D, is reversed biased due to the subtraction of capacitors
Ci and C, voltages (V¢o-Vei). Diode Dy will be forward biased by the sum of
inductors current (ipy(t) and i2(1) and diode D, will be reversed biased by input
voltage. The equivalent circuit representing the first stage is shown in Figure 3.4

[ o]
Cs I

“0

Figure 3.4: Topological stage during switch Q, on time over sw itching cycle.

Using Figure 3.4 and equations (3.4). (3.5), (3.6) (3.7) and (3.8). the Inductor voltages
can be expressed as follow:
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"1,(1'):"/:(”:"l,.(’):Vm(’) (3.9)

In this stage. the three-inductor currents increase linearly at a rate that is proportional
P - (8
to the input voltage voe. The rate of increase of the three inductors current is given by-

di, (1) v, (1)
di - L 2 ¥ (3‘0)

n

=
Il
9
9

In addition the current through ecach capacitor can be written in terms of inductor
current using Figure 3.4.

» Capacitor C,

i () =1, +i,,(1) (3.1
» Capacitor Ca
by (1) =—iy, (1) (3.12)

» Capacitor C;

I5() =i, (1) (3:13)

~ Capacitor C,

i(“(:)_-"R (3.14)

Since the switch Qy is on. its voltage is zero and current during first subinterval is:
I (1) =10,,(0) +i,,(1) +1,,(0) (3.15)
Referring to Figure 3.4. the switch current is equal to the sum of the three inductors’

currents. Thus, the rate of change of switch current is given by:

di (1) v, (Y
dt L

e

(3.16)




The peak current of the switch within this interval is:

\

—

/ dT, (3.17)

Ol peak = T
Where 1y 1s the peak amplitude of the input voltage vy dy is the switch duty cvcle at
the fist stage, and L, is the parallel combination of inductors Ly. Ly and L, Multiplier
diode Dy current is zero, while the voltage can be expressed at this interval.

Furthermore, the output diode Do has similar voltage shown in equation (3.18)

Uim (/) + \'”(I)
V() = vy, (1) = S e (3.18)

3.3.2 The second stage

During this subinterval, switch Q; will be off by the control signal and both
diodes Dy and D, will conduct simultaneously providing a path for the three inductor
currents. The equivalent circuit representing the second stage is shown in Figure 3.5,

Using Figure 3.5 the three inductors voltages can be written as follow.

S
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Figure 3.3: Topological stage during switch Q, oft time over switching cyele.
v, () =v, () =V, (1) ==y (D) (3.19)
In this stage, the three inductor currents decrease lincarly at a rate that is proportional

to the capacitor voltage V. The rate of decrease of three inductors’ currents are

given by




(II.,,,,(’) — _V: I(,)

=123
dr I n=1,2.: (3.20)

“n

'hen the current through each capacitor is written in terms of inductor current usine

Figure 3.5.

» Capacitor C,

~,

/() =10+ 1,60 -0,,(1) (3.21)

» Capacitor C,

ieo(1) = =150 65.2.t)
» Capacitor C;

Ie3(0) =iy, (O + 1,5 (0) -ip, (1) (3723}
» Capacitor C,,

. . v, (1

i. (1 =/H,/l)-L (3.24)

i
At this stage the switch Qy is off. so the current through it zero and its voltage is:

v, () +v, (1)
)

Vol =

Multiplier diode D and output diode D, voltage is zero. while the current was gotten

by capacitor charge balance that is shown in the following section.

. : 2 . .
i (0) = i, () = = (i (O + 1,0 + i, () (3.26)

The diodes Dy and Do current is equal to halt the sum of the three inductors’ currents.

Thus, the rate of change of diodes current is given by:




dip, () _dip () v (1)

dt dt 2L, (3.27)
The peak current of the two diodes within this interval is:
L =1, = Yo g
DI Do = A d,T (3.28)

Where Vi is the peak voltage ot capacitor C; and d- is the diodes duty cvele (diodes
D and D, during the positive halt-line cycle and diodes D, and D, during the
negative half-line cycle). The second stage ends when both diodes are reversed biased

and the third stage begins.
3.3.3 The third stage

During this subinterval. switch Q remains oft” while both diodes D, and D,
reverse biased and turned off. The equivalent circuit representing the first stage is
shown in Figure 3.6. The three inductors behave as current sources, which keep the
currents constant. The voltage across the three inductors is zero. During this interval,
only the diode D, conducts to provide a path tor iy, and ip>. Capacitor €y is being
charged by the inductor current iy, Capacitor Cz is being charged by the inductor
current ;> and capacitor C5is being charged by the inductor current iz, Using Figure

3.6 the inductors voltage can be written as follow.
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Figure 3.6: Topological stage during DCM over switching cycle.
vi,(D=v..(t)=v,,()=0

(3.29)
The capacitors current are written in terms of inductor current
» Capacitor C,
i () =—i, (t)=-1, (3.30)
» Capacitor C,
(==, ()=-1 (3.31)
» Capacitor C;
Ies()=—1o)=-1, (3.32)
» Capacitor C,
y v, (1)
e (1)=- (3.33)
Voltage stresses on the switch during the third stage are:
Vo (O=v, (1) (3.34)
Finally. Voltage stresses on both diodes Dy and D, during the third stage are:
Vi, (1) = Vp, ()= v, (1) (3.33)




I'his period ends when switch Q) is turned on. Figure 3.7 shows the theoretical DCM
waveforms during one switching period 7' for the proposed rectifier.
3.4 Inductor volt-scecond halance

[he principle of inductor volt-second balance allows determination of the DC
voltage components in any switching converter [28]. In steady state, the average
voltage applied to an inductor must be zero. In this section, inductor volt-second
balance will be applied to three inductors Ly, Ly and L, to get a relation between the
switch duty cycle at the first stage dy and the switch duty cycle at the second stage d-
that will be used to get the voltage conversion ratio in terms of circuit parameters.
The average voltage of each inductor during a switching period is zero. Since the

voltage ot the three inductors are the same, inductor L will be used:

<v,()>,=0 (3.36)

Where <vi(1)>1, is the average voltage of Ly during a switching period. Substituting

equations (3.9). (3.19) and (3.29) that represent (v 1) at each subinterval:

2sin(ar)

. L (3.37)
M —smn(er)

Where conversion ratio M is detined by:
-

M = 2 (3.38)
} AL
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Figure 3.7: Theoretical DCM wav eforms during switching period for the proposed rectitier

98]
(%)




3.5 Capacitor charge balance

I'he principle of capacitor charge balance allows determination of the D¢
components of the inductor currents in a switching converter. In steady state. the
average current applied to a capacitor must be zero [28]. As mentioned before. the
capacitor charge balance is used mainly in this section to get current relation of output
diode and multiplier diode that was used in section 3.3.2.

The derivation of diodes current is shown below:
I =<1 +1)) (3.39)

Where I. I, and I, are inductors 1., Laand L3 current during stage three.

Applying charge balance on capacitor C,, C> and C;

d(i,M)+i ) +d,(1,O)+i,,)-ip®))+d,(-1,)=0 (3.40)
d(-i,(1)+d,(—i,(t)+d,(-1,)=0 (3.41)
d(—i o) +d, (i, (D+i,(O-i, (1) +d,(-1,)=0 (3.42)

Then by placing equations (3.39) (3.40) and (3.41) into cquation (3.2). the diodes
current relation can be expressed as in equation (3.43). At stage two the current
through output diode and multiplier diode when they are forward biased is:

i, (O+i,0)+1,,()
9

i (D=1p (D)=
3.6 Voltage conversion ratio

The voltage conversion ratio A = F, I’y in terms of circuit parameters can be
found by using several techniques such as applying power balance principle by
assuming 100% efticiency and equating input power and output power [5-8, 28]. This
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method is hard to be applied here so another technique is used to obtain voltage
canversion ratio by evaluating the average diode 1), current /e during half line cyele
of the ac input voltage.

From Figure 3.1. the average current of output diode is

[y, O g =0 0] g + Ty, 0] (3.44)

It is known the average current (DC) passing through the capacitor is zero. which
means that output diode average current is equal to average load current

) (1
[, 0= 0], = ‘;e—) (3.43)

1

Average diode current over half-line cycle is:

| T, 2-
= —_— l T
A 77 [ i di (3.46)
Where T, is the period of the line voltage. The symbol " denotes the average

value during one switching cyvele 7. From Figure 3.8 the average output diode
current over a switching cyvele is given by:

— | .
¥ ZFL iy (1)di (3.47)

.

This integration can be expressed in another form (the area under the curve) which is

the triangle area:
T: TL[ IE (hase)(height) | (3.48)

The base represents the second stage of the switching cycle (d2T5) and the height of

the triangle represents the peak output diode current:

(9%}
w




e == T
D,-pk — CF;

2L ‘ (3.49)

Substituting equation (3.49) into equation (3.48) to get average output diode current
over a switching cycle:

]
%73 Ly (3.50)

iDo(I)
=Vl (,)

2L,

dT d.T dSTS time

< | >

Figure 3.8: Output diode current over a switching cycle.

Subsequently. the average output diode current over a half line cycle can be obtained

by substituting equation (3.50) into equation (3.47).

_diTV,, .‘[l}: sin”* (cwr) i 3.51)

© T L, Y M -sin(wr)

The integration shown in equation (3.78) is difticult to be solved: so long division is

used to simplify it:

(e S Aoy :j“ B ) — e | (3.52)
o M = sin(or) 0 M —sin(wr)

Using CRC Book (Standard Mathematical Tables) [60], the average output diode

current over a half line cycle is given by:

d'Tyv,, M’ 7r

[, =—1—+*M _M—i+~———~ —+tan"[;} (3.53)
‘ L, 2 7w gyM?*-1|2 M2 -1
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\s mentioned previously the integral of the steady -state capacitor (', current over one
- )

line-cyele integration period 1s zero, the average value of the diode D. current during
one hine cxcle is equal to the average current through the load Ri. Thus. by equating

(3.45) and (3.53), the relationship between duty cyele dy and conversion ratio is.

;= M )
I i (3.54)
W here:
25
S = (3.55)

Foik

b N2
aM)=——-—-M+ o

/4 b | -
— | —+ tan" | =——— (3.56)
4 aNM? 12| 2 YM? -12

Equations (3.54. 3.55 and 3.56) show that relationship between duty cycle and
conversion ratio is nonlinear and it is ditficult to get conversion ratio explicitly. Two
techniques were used to simplify the relationship around operating point. The first
method is curve fitting using Microsoft Excel in which equation (3.56) which is

representing non linearity replaced by a second order equation:

(99
‘N

a(M)= 0.30IM - 1.75IM + 2.761 (3.57)

Figure 3.9 shows both curves that represent the actual values equation (3.56) and the
approximated values equation (3.57). The second approximation was done by using
curve fitting tool box in Matlab to approximate equation (3.56) in the following

simple form:

d

F(x)=

—_
‘w
‘N
o<

~

X—




""" Approximated curve |
Actual curve

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

Figure 3.9: The first approximation curve

Ditterent values of (a and b) were tested and the best approximation was shown in
equation (3.59) which was used in [57].

0.48

= - 8.59
M -0.92 ( )

F(M)

A comparison between the two methods was done around the same operating point
where M ranges from | to 3. The second method was selected because the eyror was
below 2% while the error in the first method was higher. In addition, this form is
easier to be used in output diode current to get the relation M(d,.K). Table 3.1 shows
the comparison between these techniques. So, the average output diode current can be

rewritten in the following form that will be used in the following sections:

_diTV, (048 J (3.60)
2L, \M-0.92
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Figure 3.10: The second approximation curve
Table 3.1: Comparison between approximation methods
M a(M) Method | Error % Method 2 Error %
1.2 1.696 1.093 35.529 1.714 -1.095
1.4 0.977 0.900 7.926 1.000 -2.354
1:6 0.694 0.730 -5.188 0.706 -1.718
1.8 0.540 0.584 -8.234 0.545 -1.014
2 0.443 0.463 -4613 0.444 -0.421
22 0.375 0.366 2.556 0.375 0.062
24 0.326 0.292 10.267 0.324 0.456
26 0.288 0.243 15.559 0.286 0.782
2.8 0.258 0.218 15.501 0.255 1.054
3 0.234 0217 s ) 0.231 1.285

Rewriting the average output diode current formula (3.60) and equating it with the
average output current Vo/R , to get the voltage conversion ratio, the duty cycle can

be rewritten in the following form

d = j— (3.61)
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W here the following coetficients (3 and K) represent:

g 048

(A -0092) (3.62)
. 2L
. R T (3.63)

Rearranging equation (3.60) to be in quadratic form that can be easily solved to get

the conversion ratio:

.\13—0.921/—0.48%:0 (3.64)

3

Where the emulated resistance (Re) is
R === (3.65)
[ D)

Then. by solving equation (3.64). the conversion ratio (M) can be expressed as a

function ot the duty cyvcle and the coefticient (k):

a

M(d,, K)=0.46+ \/o_zlz #0487 (3.66)

Since equation (3.64) is quadratic. there were two solutions. but the negative solution
is neglected because output voltage in SEPIC topology is always positive. The
conversion ratio is defined according to the specitic application. while the load
resistance R; is dependent on the output power level. With the specitied power and
voltage demands. the inductance is designed according to the desired range of” duty
cyvcle and switching frequency. Moreover. the larger the switching trequency is. the

smaller the inductance. In order to design a smaller inductor with purpose of
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obtaining smaller size and weight. a higher switching frequency s preterred
Flowever, the higher the switching trequency is. the higher the switching loss would

be As a result. a tradeott between the size of inductor and the switching loss should

be taken into account in the design process [3-9)
3.7 Boundarices between CCM and DCM

As mentioned in the previous chapter, the PEC rectitier circuit can operate in
CCM or DCM. Since the proposed topology was designed to operate in DCM. the
dimensionless coefticient (K) that was mentioned in equation (3.55) must be designed
in such a way that ensures DCM operation of the proposed circuit. Reterring to the
diode D, current waveform in Figure 3.8, the DCM operation mode requires that the
sum ot the switch duty cvele and the normalized switch-OFF time length be less than
one:
d, <l-4d, (3.67)
I'hen. by replacing d> by its value shown in equation (3.37). duty cycle d; can be
represented by:

B < M —sin(er) (2.68)
M +sin(en)

After that. substituting duty cycle cquation found previously using second
approximation (3.61) in equation (3.68) to get the following relation:

K<K (3.69)

critical

,

K _ M —sin(wr) [ﬂj (3.70)
el A sin(or) ) LM




Where the dimensionless conduction parameter A was defined in equation (3.53) and
Kero 18 the cnitical value ot K operating at. DONL that has maximum value and
minimum value depending on the input line angle.

#» When ot =0 or 180

[}
teab=\ar = \_l (371 )

» When ot =90 or 270

, Y M-1Y
K === 5
teal=Am ( A \/ gl (37&)

For values of K' < Keqpyearann. the proposed rectitier operates in DCM and it operates
in CCM for values of K > K. qiicamax- However, for values Keigicai-min < K < Keritical-Max
the converter operates in both modes. i.e.. in CCNI near the peak value of the input
line voltage and in DCM near the zero crossing of the input line voltage. These
relations will be used in circuit design section to ensure that rectifier clements and

duty cvcle are selected in a proper way.

3.8 Large signal model

As mentioned in section 2. one of the advantages of designing the rectifier to
operate in DCM is that input current follows input voltage profile which means that
the rectifier appears as an emulated resistor and the power factor is almost unity. The
following analysis will proof that the low frequency components of the switch
network nput port obey Ohm’s law. The wavetorm of the switch network terminal

voltage and current over a switching cycle is drawn in Figure 3.11.
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g () \(,(t) (1)
7 —
1, (U
V.
a1 d?l\ d.T time
'E = o

I's
Figure 3.1 1: Switch Q, terminal voltage and current.

\ccording to Figures 3.2 and 3.11. during the second operation stage (d>Ts). the

t=

average switch voltage over a switching cycle can be expressed as
(Vo ()., = (Vo (D)), (3.73)
The average switch current over a tirst stage of switching cycle (d, Ty). is derived by

integrating the switch current waveform as depicted in Figure 3.1 1 during the whole

switching cycle

1
- ; 3
I (1) ; J;_‘\(/)(// : v, (1), (3.74)
Then. by dividing equation (3.73) and equation (3.74):
Vorl7) v, 1) 2L .
— = = — = — = 1\) (375)
I () d-T d T
‘ s ; v,.(1)
2L

According to equation (3.74). over a switching cycle switch Qy average voltage is

proportional to average current. In other words. switch QQ; emulates a resiStor with




resistance K. The wavetorm of switch Q, network terminal voltage durmne a

switching eycle 1s dravwn in Figure 3.11.

Vooll) V (1)
Vo
o' ! N (21
d T, d, 1 d.T,
< | >

Figure 3.12: Output Diode terminal voltage and current

Similar procedures are applied to output diode D, terminal voltage and current to tind
the average voltage and the average current of output diode D, over a switching
cycle. Using Figure 3.12. average diode voltage and current can be expressed.

respectively, as

Vo (D)), = (v (D) (3.76)

: 7 (v, (),
l [i,,, (0)dt g St (3.77)
i - 4L, (v (1)

in,(D).. =

I'hen. by multiplying equations [(3.76) and (3.77)] and plugging R, value from

t=

equation (3.73). the equivalent power out of the diode can be expressed as:

, (v, (I)/,3 (P(1))
(v @), (ip, @), =2t - X~ T (3.78)
5~ 2R 2

According to equation (3.78). The output diode D, behaves like a controlled power

source. the power of which is equals to half of power consumption of the equiValent
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resistor Retddy). Thus. the switch network could be modeled by a loss-free resistor and

a dependent power source as shown in Fieure 3 13, Since Dy and D, have similar
- (3
voltage and current wavetorm

v (1) : P ‘

v

<>
kY o
'_\’n<> R(

Figure 3.13: loss-free resistor model

In addition, the multiplier diode D, behaves like a controlled power source, the power
of which 1s equals to halt of power consumption of the equivalent resistor R.. The
cquivalent circuit of the topology in the steady state can be modeled by replacing the
switch network with its averaged model. In steady-state condition. in which the
inductor and capacitor can be. respectively. replaced with short circuit and open
circuit as shown in Figure 3.14.

p.(1)

o —— %

ll | / Il)\\

Vae R\, % e ng 2
P>

O -
Figure 3.14: loss-free resistor model at steady state (L. is shorted and C is opened)

=
N




CHAPITER 4

Design procedure

4.1 Power stage specihication

\ simplitied design procedure s presented in this section to determine the
component values of the proposed rectifier. To design the PFC rectifier. the following
power stage specifications are assumed:

1. Input voltage: 120 V at 50Hz

2. Output voltage: 400 V

(oS}

Output power: 200 W.
4. Switching frequency fi= 50 kHz
5. Maximum mput current ripple Ai; =10% of tundamental input current.

6. Output voltage ripple Av,=2% V,

FFrom the aforementioned data and assuming that the efticiency is 100%. the values of
the circuit components are calculated as follows.

Ihe load is resistive and 1ts value is given by:

g = 3007 _ 000 (%.1)

200
The conversion ratio is calculated using previous assumption of input voltage and
output voltage:

400

Vv2(120)

2

6 (4.2)

¥9)

M =-
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Fhe constant f8 is required to caleulate (Ko iq) that 1s needed to define the mode of

operation:
0.48
f=—— - =0.333 :
= 3e 00z - 0 (4.3)
0333Y 2.36-1) :
K — | — =231 1x107°
(236 L:_smlj L

o ensure that proposed rectifier is operating in DCM the dimensionless coetticient A
should be less than Keyucor v
K =083*K =19.65x 107 (4.5)

o tcal=\lm

The duty cyvcele that ensures DCM operation is:
dy = |—— =037 (4.6)

From this result. the constant L. can be calculated
L, =3884uH 4.7
4.2 Inductors design
I'he inductor values are calculated using inductor current ripple equation
shown below:

\7 = ‘jﬂ(/,/ (48)

I'he maximum inductor current ripple can be calculated from the peak input current:
Al e 109 ()I:“ sk — 0.236 (4.9)

Ihen. inductors L.; and L.» are equal and given by inductor ripple equation consSidering
maximum condition:

L =L, =266mH (4.10)
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L 180441
| | | 411

4.3 Capacitors design
Capacitors Cy and C» are designed under the tollowing constraints:
1) These capacitors are designed to present nearly constant voltage value durine
switching eyele.

2) Capacitors voltage should follow the input voltage profile during line cycle.

The resonant frequency between (L. Cy, L. and C3) during stage | of the switching
cycle shown in Figure 3.4 must be much greater than the line frequency to avoid input

current oscillations at every line halt cycle:

S e Wy > Wy (4.12)
\(tL1+Lo)(c1+c3))

The resonant frequency between capacitor C and inductor 1., must be lower than

switching frequency to assure constant voltage in a switching period.

Wyy = S . Wy > Wy, (4.13)

V(€1 (Lo)
Several values for resonant frequency were tried to match these constraint and the

best result was by selecting:

C,=C, =C3=12uF (<h.15)
fL =50Hz (4.16)
frg = —eme . = 2000 Hz 4.17)

2n\f((L,+Lo)(C1+C3))
fu < fr1 < fs constraint (1) is acheived
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- . 1 u "
fra = 2m(LoCy) LiKHz (+4.18)

fu < fr» < f; constraint (2) is acheived
Output capacitor C, is calculated by using power balance equation (P, — P,) to vet

output diode current equation:

vo (0 (1) v ()i (1) (4.19)
Using equation (4.19), the output current can be expressed as:

_ P, (1-cos2ar))

(1) =

(4.20)

n)li 2
S

Where P, represent the peak power (P, = Iy.Va). Using Figure 4.1 and applying
nodal analysis on the output node, the relation between output capacitor current and

output diode current is as tollows:

LA =i (=1 (+.21)

Substituting equation (4.20) into equation (4.21). output capacitor current can be

expressed by:

AT ey
P (I =cos(2mr)) s (4.22)
'z .

I8 i) =

All' AC current goes through capacitance and the DC current are blocked.

Lodv (1)
° i

i ()=« =—[,cos(2wtl) (4.23)

At switching cycle level:
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3/

I s
\\j,(l)=: J'(i,,(/)—/,,l/l

(4.24)
1“8
W here the output diode current at switching frequency level is given by
(1) | DT, )
i — vo(r o
‘ z ) (4._3)
4 l l( |

'oo(t) lo=Vo/ Ry
-==3 ===
Pt
W) ]
=== \/ [
(—‘0 O % {I,

Figure 4.1: Nodal analysis at output side.

The limits of integration in equation (4.24) was selected integrating equation (4.23) to
get output capacitor voltage ripple. then the limits was defined according to the

maximum and minimum values of the ripple:

/ :
v ((()=1—= ~ U( sin(2awt) (4.26)
2

Output capacitor voltage ripple (Avg,) will be maximum at zero crossing of i¢,(t)
shown in Figure 4.2 and that is when 2cor = 272 . The upper limit of the integration can
be defined as t:=3T;/8. On the other hand. the minimum value of output capacitor

voltage ripple (Avgo) will be at the second zero crossing of ico(t) as shown in Figure
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4.2 and that is when 2ax =37z/2. The lower limit of the integration can be defined as

t,=T./8.

icalt)

Figure 4.2: Integration limit identification

By solving equation (4.24). the capacitor output voltage ripple is shown as below

2 72 e
Av,. (1) = L l—d' I.Vy (T_/+ T/_)__L" (T_/) 4.27)
cC\4 LV, \ 8 4rx

Using power stage specification to calculate output capacitor voltage ripple, and using
equation (3.7) to calculate the pack value of the capacitor C; voltage then plug both

values in equation (4.29) to get output capacitor value

Av. (1) = 2% V“ =8V (4.28)
Ol 1 l dle;V\-/ (ﬁ +T_/J_ V” (ﬂ] ~ 250#F (429)
*“Avo\4 LV, \8 4r) R 4
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4.4 Semiconductor stresses

[he semiconductors voltage and current stresses for the proposed rectitier are

calculated using on-state and off-state equations discussed in section 3. The peak
voltages and currents are considered in the calculation since they represent worst

condition.

7 Switch Q,

The voltage stress is detined as off state voltage, which occurs at stage 2 (switch is

of’f)

Vo1-Max === (4.30)

The current stress is the summation of current passing through all inductors as shown

in stage | mentioned in section 3.

i) =1,()+i,,(1)+i,,(1) 4.31)

» Diodes D, and D,
I'he voltage stress of both diodes are the same and it 1s calculated at stage | (diode is
oft)

At —

Diodes peak current stress is half inductors current summation:

1 .
[ ()= ;((i, () +i,5(0)+1,,(1) (4.34)



I'hen, using output diode current wavetorm shown in Fieure 3.8

0—1/ -w
slope . e 0l
D.T 21

—_—

H

09
'h

Finally. diodes current stress is

-)[4 \l

(4.36)

7 Line frequency diodes Dy and Dy,

At positive line cyele, Dy is conducting while Dy 1s not conducting. On the other
hand, D, will be turned oft and D, will start conducting at negative line cycle. So
voltage stress will be the same in magnitude

=pert=1

!

(4.37)
I'he current stress is calculated using output power and assuming 100% etficiency

Moy I[l/ \I:\(,) i

7]

(4.38)
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CHAPTER 5

Feedback control

S.1 Small signal modelling

F'o make the design of the control loop of a switching rectifier. it is required to
have a transfer function with good approximation representing the dvnamic behavior
of the converter. The small signal modeling method was used to build a rectifier
mathematical model. Since the proposed circuit was designed to operate in DCM.
method of the equivalent circuit of the injected current “CIECA™ was used to
construct the system model [36] and [52]-[36]. The equivalent circuit method of the
injected current steps mentioned in chapter 2 were applied on the proposed circuit to
obtain the mathematical model

Step 1: Identification of linear and nonlincar elements in PFC rectifier.

In the first stage of modeling. the linear parts are inductors and capacitors. while

nonlinear part is represented by switches and diodes.
Step 2: Identitication of the equations of the rectifier.

The second step of the modeling is to write the equations of the rectifier which was
done in chapter 3. The main equation that is needed in this section is the average
output diode current equation over a half-line cycle which is rew ritten again in this

section:

. 0.48 J
I, = =h) wf) |
2, M-092

w
8 %




Using power balance principle and assuming 100% efficiency the averave input

current over ahalt-line cycle can be represented by the followine relation

L \ M -0.92

i/‘ I P 048

(5.2)

Input current and output current were averaged over half ac line cycle to get rid of the
second and higher harmonic components.

Step 3: Small signal perturbation and linearization.

To construct a small signal ac model at a quiescent operating point, some assumptions
must be considered such as the input voltage. output voltage, duty cycle and output

current are equal to a given quiescent value plus some superimposed small ac

variation:

‘h
o

V.=V, +v,,v. =V +v,, d = D+d1- i,=1 +i andi, =1, +1i, (
For the previous assumptions, the ac variations are small in magnitude compared to
the DC quiescent values

v, <<V, v, <<V, dl << D, 1;‘ <<l and I, <<i, (3.4)

The linear result of the input current after perturbation and neglecting DC terms and
the non-lincar terms resulting trom the product of small signal perturbations is a

function of the three variables (v, v, and dy):

= ) (

‘N
'
R

Linear equation of input current can be written in a canonical form by using three-
dimensional Taylor series expansion about the quiescent point (V. V. di) [28]

- : |-
For = /1‘/| T8Vt o Y (3.6)
r
1

N
o




Where the coefficients (j;. g, r;) can be calculated by

Of (Ve ¥y ddi) 2, 0.48
/i 3 V.l ! {5 '7)
dd, l P o—-0.921, o
A U ()‘()2,, ' ‘ ()4X(I| / lA\ | r} 0.48d; / Vo | \
o (v, v "‘/')l L \ L
B et e |{5.8
; v (V. —0.921,) \,( :
(0.48d°T [ (0.44)d’T ‘
(v, 0920, ) a1, H‘ Na\ 1, i
I f(v,.v,.d), { 5 A L
b I - —== ‘ (5.9)
n ov, (¥, -0.921,,)

Also, the linear result of the output current after perturbation is a tunction of the three
variables (v... v, and d)):

i =oiv. v.d) (3.10)
Using the three-dimensional Tavlor series expansion about the same quiescent point

(V. Vo. D)), the linear equation of input current can be written as follow:
[27 r
i L & g N S

Where the coefticients (2. g2. r2) can be calculated by:
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ofs(v, v .d) d T 0.48 \
ey Vit = . (5.12)
éd L, v, —0.92v,

. \ (1' —0.92) l 04841V, ‘ "\ (0.22)d’TV
_gh,.v,.d) | f / I /
I\ o \ (V. —0.921,, riwii’ e ‘(D.l 3)
| 3(v,.v,.d) 048471V i
g v 2L (V- 0.921,) (3.14)

Step 4: Obtaining dynamic properties (Transter Function) and equivalent circuit

At this stage it is possible to obtain from the set ot equations described above the
transfer tunctions output-input and output-control. Furthermore, using theses
equations the equivalent linear circuit of the proposed circuit can be drawn as
illustrated 1n Figure 3.1 which represents the small-signal properties of the input and

output stages for low frequencies.

Figure 5.1: Small-signal equivalent circuit tor the proposed rectifier.

Mainly the svstem is modeled using Figure 3.1; the mathematical model consists of
three transfer functions (Output-to- Control, Output -to-Input and Output impedance).

Each transter function is constructed as follows:




a) Output-to-Control transter function:

I'he transter function i » N ean: S s . o o
¢ unction 1s in the form show in cquation (3.13) by ignoring input voltage

b=

variations

v ()

Gu(5) (5.15)

d(s)
Using Figure 5.1, by shorting voltage sources and opening current sources and then

applying KCL on the equivalent circuit shown in Figure 5.2, the transter function can

be shown as following:

0
= = —
" |
. . / N . ‘; A <
':Ll lK\T ) l: o ( o V - 5 }{[

Figure 3.2: Equivalent circuit to get Output-to-control transter function

: IR, ) G, .
(. (5) — : - (3. | 6)
l+5(C (R, /r)) l+slw,
I'he output to control transter tunction is a first order system with a static gain of Gyo
and a time constant of” 1/w,. Using operating point mentioned betore in circuit design
in chapter 4, the transter function is

815.15 (5.17)

b) Output-to-Input transter function
lhe transfer function is in the form show in equation (5.24) bv ignoring duty cvcle

variations



v (5)
vo(s)

e (5) (5.18)

Same procedures are repeated in Figure 5.1, by shorting voltage sources and opening
current sources and then applying KCL on the equivalent circuit shown in Fioure 5.3

the transfer function can be shown as following:

g.(R, /1) G

- (3.19)

G (5) -
I +s(C,(R, /[ 1ry) 1+5leo,

Fhe output to input transter function is also a first order system with a static gain of

Ggo and with a similar time constant of” 1/w,,

i,
)
+
. Lot - Sall -, ({
gV {t) ¥ C7 ¥, =R,
A

Figure 3.3: Equivalent circuit to get output-to-input transter function

Using the same operating point mentioned before in circuit design in chapter 4, the

transfer tunction is

235 (5.20)

G (y)=— -
l+s5/15

¢)  Output impedance transter function

Finally. Output impedance transfer function is also required to perfectly model the
proposed circuit.

\.'(\)
7 g)=rmliels (
! (5)

v}
19
~—




Same procedures are repeated in figure 3.1, by shorting voltage sources and opening
- - t =) - (¢ -

current sources and then applying KCL on the equivalent circuit shown in Fieure 3 4

the transter function can be shown as tollowine:

Figure 5.4: Equivalent circuit to get output impedance transfer function

T i r /RI L G, (5.22)
L +5C (rn/1R)) I+5/o, -

'he Output impedance transter tunction is also a first order system with a static gain
of G, and with a time constant of 1/w,,. Using operating point mentioned betore in

circuit design in chapter 4, the transter function is

Z (s)=——

—_
(V]
19
(99

TR

It is clear that the three transfer functions are consisting of one stable pole
with no right half plane zeros or poles. The three transter functions were simulated in
Matlab using steady state operating point and compared with switch model result to
ensure that the approximated mathematical modeling of the rectitier is accurate.
Firstly, a small variation step was applied to the duty cycle and the output voltage
waveform was plotted in Figure 5.5 for both mathematical model shown in equation

5.17 and switch model. It is obvious that both curves have the same specification
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which means that output to duty cycle transfer function shown in equation 5.17 is
accurate approximation for switch model response to duty cycle variation. Secondly,
a small step variation was applied at the input voltage and system response of the
mathematical model shown in equation (5.20) and the switch model was plotted in
Figure 5.6. This tigure clearly shows that both curves are almost identical which
ensures that approximated mathematical model shown in equation (5.20) is correct.
Finally, a small disturbance was applied at the load to check the validity of the output
impedance mathematical model shown in equation (5.23). By observing Figure 5.7,
the estimated output impedance small-signal model results and switch model
simulation results are consistent. Therefore, simulation results have shown the

validity of the design approach and small-signal model presented.
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Figure 5.5: Output voltage waveform with small duty cycle variation.
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Figure 5.6: Output voltage waveform with small input voltage variation.
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Figure 5.7: Output voltage waveform with small load variation.

From the previous transfer functions, the output voltage is a function of input
voltage. duty cycle and load current as illustrated in Figure 5.8. In AC-to-DC
rectifiers it is desired to produce a regulated output voltage and an input current that
follows input voltage profile. so that it appears as an emulated resistor from the input
side to ensure almost unity power factor. The output voltage must be constant with

small accepted fluctuations around the steady state value in spite of the disturbances
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in input line voltage or load current. The source of disturbances and variations
affecting the output voltage are many. however only two of them will be discussed in
this section: input voltage variation and load variation. Actually, if the rectifier circuit
Is operating in open loop with a fixed duty cycle, any disturbance would affect the
output voltage. Therefore, a negative feedback should be used to adjust the duty cyele
of the switches to acquire the desired output voltage with higher accuracy regardless
of available disturbances. The input current naturally tollows input voltage because
the circuit was designed to operate in DCM, so the current control loop is neglected.
Figure 5.8 depicts the tunctional block diagram ot teedback svstem tor regulation of
the output voltage.

Disturbances

v/t

Error ! Duny

signal g rcet Rectitier e

Controller > Py > NMaodel >
\easured
Onrput 1olrage
Sensor £

Figure 5.8: The block diagram representing the feedback system.

The output voltage is measured using a sensor (H) which is practically a

L

voltage divider. The sensor is represented by a gain of (3/80) that ensures getting |
volts to be compared with a reference of 15 volts. Vp represents the peak v alue of the

modulating signal used in PWM and it was selected to be 15. Therefore the main

objective is to make output voltage of the sensor equal reference signal regardless of
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disturbances which means reducing error signal. The small signal model of the

proposed circuit mentioned previously is used to design the teedback system and to
study its effects with existing of disturbances. The loop gain T(s) is defined as the
product of the small signal gains in the forward and feedback paths of the feedback
loop [28]. The output voltage variation can be expressed as a linear combination of

the three independent inputs: the input voltage variation. control input variation and

the load current variation as follows:

v.(s)=G, /(A\')l‘/, (+G,, (A\')\i'm (s)—Z

ot (SN 100 (S) (5.24)
Adding a feedback controller will increase the value of the loop gain that will cause
reduction in the disturbance ettect. The transter function from disturbance to the

output voltage will be multiplied by the factor (1/ (1+T(s)). In this case, the output

voltage variation can be rewritten in the form shown by the tollowing equations:

v(s)= —m——o‘ Gy Vs Vo (x)+»—£‘x—_ \:m(s)———?““" /:/,,m,(.\') ()
|+ HG.G, /¥, " 1+ HG.G, 1) 1+ HG .G,V
Where G is the controller gain and the loop gain can be defined as:
T(s)=H(s)G (5)G,(s)/V, (3.26)
Consequently. the output voltage variation including a compensator is:
v (s) = v, (5)+ - v Ls);—igﬂi-ﬂ(md(s) (5.27)

H1+T l+7 1+7T
Theretore, when the loop gain T is large in magnitude. the ettect of the disturbance
on the output voltage will be reduced. In addition, a large loop gain will cause the

output voltage to be close to the reference input. In the following section the

controller will be designed using loop gain and bode plot.
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5.2 Close loop analysis

Adding a feedback loop could aftect the system stability. A method given by
the Nyquist stability theorem called the phase margin criterion is used for stability
checking 28], When the phase margin of the loop gain T is positive, the system is
stable. From equation (3.27) it is clear that it the loop gain is large the disturbance

cftect will be small.

(s} Load current
l variafion

ic line
variation

Putse-width

Compensator
— : modulation

v

G.(s 1'Vy 3 G5 = N

Error Duty cycle Outpul voltage
stgnal variation variation
Rectifier power stage

Reference
l"f‘ ut

H(S

Sensor gain

Figure 3.9: Complete block diagram ot voltage regulator system using smail signal model

5.2.1 Controller design

The Lag compensator was selected to be used to close the loop of the
proposed circuit such that the output voltage is better regulated in the presence of the
variations in line voltage and load resistance. The transter tunction of the lag

compensator 1s:
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Where Geo, s the high frequency gain of the compensator and o 15 the comer

frequency. Using Figure 3.9 and assuming Ge=1, the uncompensated loop gain (T )

can be represented as following:
(3.29)

Where Toi, is uncompensated loop gain DC gain and o, is the system pole. As
mentioned in the previous section the controller will be designed using Bode plot
method. The Bode plot for the uncompensated loop gain is shown in Figure 5.10. The
phase margin tor the unco npensated loop gain is +119° which means that it is stable,
I'he cross over frequency is the frequency when the magnitude of the gain is 0 dB and
tor this system it is (w. = 25.4 rad/sec). From Figure 5.8 and including lag
compensator equation and uncompensated loop gain shown previously, the
compensated loop gain can be represented by:

s B A (5.30)
Compensated loop gain asymptotes can be approximated at high frequencies:

¥ G 1
7] = ~2eC= (5.31)
)
@

Crossover frequency is selected to be well below twice the line frequency, to avoid
excessive second-harmonic injection from the output voltage into the input current

(resulting in third-order harmonic current) 33, 45].
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Figure 5.10: Magnitude and phase of uncompensated loop gain.

[t 1s known that at cross over ftrequency the gain is unity (0 dB). therefore the

compensator gain G, can be calculated from equation (5.3 1):

A

G. = = (5.32)

Using equation (3.32) and selecting crossover over frequency around 10 Hz, the lag
compensator is represented by:

100
G((\)~2LI+ (

N

o
)
—

)
As mentioned in the previous sections, stability is affected by adding a feedback
control. The phase margin criterion is used for stability check including the lag

compensator.
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Figure 5.11: Magnitude and phase of compensated loop gain.

It s clear that the system is still stable due to positive phase margin at the
crossover frequency, despite the drop in phase margin compared with the

uncompensated loop gain in Figure 5.10.

5.3 Feedback control for the switch model

The proposed circuit was built using PLECS 3.4.1 software to test its operation
with feedback control loop. As mentioned in the previous sections that controller is
used to regulate the output voltage around the desired set point and to remove
disturbances caused by load variations and input voltage variations. In this section
four cases of variations will be discussed to test the controller performance on the
switch model of the proposed circuit displayed in Figure 5.12. The first case 1s
dropping the load by 30%. the second case is load increase by 25%. the third case 1s
input voltage increase by 20% and the last case is voltage decrease by 13%. Several

issues are discussed in each case, mainly the effect of each variation condition on the
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output voltage and mput current. Furthermore, the role of the compensator to modify

the duty ratio of the switches 1o regulate the output voltage and to reduce the ettect of
the variations. At cach case four wavetorms will be shown (The input voltage and
current, the output voltage and current, the control signal and finally. the switching
signal fed to the switches. The power balance (P, = P,.) is proven at each case.
Moreover, the input current was kept following the input voltage protile which means
unity power factor and Harmonics reduction. The circuit was built using the

following operating point:

. Input voltage: 120 V at 50Hz

2. Output voltage: 400 V
3. Output power: 200 W.
4. Switching frequency f; = 50 KHz

Figure 3.12: Switch model with teedback control.

5.3.1 Case 1: Power drop
The power was changed from 200 watt to 100 watt and the ettect of this
variation was illustrated in the following tigures. From Figure 5.13. it is clear that the

input current follows the input voltage profile even w hen it was dropped. Comparing
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the eftect of load drop on the nput side at Figure 5.13 and on the output side at

Figure 5.14, the power balance is attained since the input current reduced due to

output current reduction.
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Figure 5.13: Input voltage and current Figure 5.14: Output voltage and current

wavetorms

The compensator worked properly by changing the control signal shown in Figure
5.15 and it regulated the output voltage around 400 V and the eftect of the load
variation was reduced. The switching signal that controls the switches is illustrated in
Figure 5.16 at normal operation while the switching during load variation is depicted
in Figure 5.17. It is obvious that the duty cvele was reduced from 0.37 to 0.28 to

compensate for the applied variation.
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3.2 Case 2: Load rise

25% since the proposed circuit was designed to

'he load was increased by
operate in DCM which means it is applicable at low power load less than 300 watts.

theretore the load was increased to 250 watt and the eftect of this increase 1s the

opposite of load drop is shown in the tollowing figures. The load current increased




because load resistance has dropped and the input current increased to achieve power

balance.
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Figure 5.18: Input voltage and current Figure 5.19: Output voltage and current
wavetorm waveform

Figure 5.20 shows the control effort of the compensator, it is clear that the
control signal increase to compensate tor the load rise and this causes the duty cycle
to increase to about 0.41 to increase current drawn from the source as presented in

Figure 3.21.
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5.3.3: Case 3: Input voltage increase
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Figure 5.21: Duty cycle during variation

To simulate the input voltage variation. the voltage peak value increased by

20% trom 170 V to 200 V. then the eftect of this variation was depicted as follow.

%)

Figure 3

shows that input current was reduced as a result of the input voltage

variation. The compensator reduced the control signal as shown in Figure 5.24 to

compensate for voltage variation and as a result the duty cycle is reduced to about

0.27 as illustrated in figure 5.23.
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5.3.4 Case 4: Input voltage drop

I'he last case was simulated by reducing the voltage peak value from 170 V to
130V and then the eftect of this variation was shown as follow. Since the input
voltage dropped the input current was increased to keep power balance as shown in
Figure 5.26. The output voltage was dropped and then the compensator modified the
duty cycle to compensate for the applied disturbance and regulate the output voltage
around the reference voltage (400 V) with about 0.05 settling point as presented in

Figure 5.27.
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Figure 5.26: Input voltage and current Figure 5.27: Output voltage and current
wavetorm wavetorm

In this case the controller increase the control signal in order to increase the duty
cvele to (0.46) that control the switches to allow the circuit to draw more current from

the input source to preserve power balance as shown in Figure 5.28 and Figure SEo)
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CHAPTER 6

Simulation and experimental resultg

In this chapter. the rectiier was implemented based on the design considerations
explained in chapter 4. The designed components are simulated to check the proposed
circuit performance and to validate the design criteria. Then, experimental test was
conducted using the same components used in simulation to check the validity of the
simulation results. The simulation was done using PLECS 3.4.1 sottware. All
components were modeled with losses, to make the simulation close to the practical.
I'vpical rectifier waveforms are presented for both simulation and experimental. As
mentioned in chapter 3. the circuit consists of two parallel contigurations that are
symmetrical. one configuration operates in positive cyvcle and the other operates in
negative cycle. As a result. the simulated and experimental result of some

components will not be shown due to the similarity.

6.1 Input voltage and current

One of the main objectives of the proposed circuit was to make the mput current
follow the input voltage profile to ensure unity power factor. The simulated
waveform of input current and voltage are shown in tigure 6.1 and it is clear that the
input current follows the input voltage. A validation of the simulation result is

illustrated in Figure 6.2. The experimental result is so close to the simulated result.
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Figure 6.1: Simulation results: Input voltage and input current.
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Figure 6.2: Experimental results: Input (voltage in blue and current in red) and output
(voltage in green and current in purple).
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6.2 Output voltage and current

I'he circut was designed to produce 400 V and a current of 0.3 AL Figure 6.3
clearly shows that the designed components assure achieving the operating point in
simulation. turthermore the experimental result presented in Figure 6.2 validated the

simulated results.
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Figure 6.3: Sumulation results: Output voltage and current.

6.3 Inductors current

In this section inductors current will be presented at both line cycle level and
switching level. Since the circuit was designed to operate in DCM. the current ot all
inductors should be fixed at switching period. In addition. the three inductors are

being charged by the input when switch Qy is operating. however the three inductors
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are discharging through the output capacitors when the switch 1s turned oft- and

diodes D). D5 and D, are conducting.

6.3.1 Current passing through inductors at line scale

Figure 6.4 represent the simulation result of inductors 1y, L> and Ly It is clear
that inductors L and L operate within half line ¢ycle inductor 1., operates at positive
halt” line cyvele while inductor |5 operates at negative half line cycle. However.
inductor Ls operates in the whole line cycle since it is common in both ssmmetrical
configurations mentioned above. The experimental results of the three inductors
current are shown in Figures 6.5 and 6.6. Both experimental results and simulation

results are identical.
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Figure 6.4: Simulation results: Inductor line-cycle level current.
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Figure 6.5: Experimental results: Inductors line-cycle level current (L, in red and L; in

purple).
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Figure 6.6: Experimental results: Inductors line-cycle level current (L, inred and L, in

purple).
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0.3.2 Cwrrent passing through inductors at sw itching-time scale

[he simulation result of the currents passing through the three inductors L . |
and 1, during switching cxcle 1s depicted m Figure 6 7. This figure proves that the
used components were well designed and the circuit s operating in DOM. The

verification of the simulated result was done by the experimental results shown in

Figure 6.8 and Figure 6.9.
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Figure 6.7: Simulation results: Inductors L,. L, and L, switching level current.
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Figure 6.8: Experimental results: Inductors switching level current (L, in red and L; in

purple).
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Figure 6.9: Experimental results: Inductors switching level current (L, inred and L, in

purple).
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0.4 Voltage across capacitors
In this section, the simulati sults of
L ’ ! 1o > S R I Ao AN el s . 1 .
aton results of the voltage across capacitors C,. Cs
and Cy are shown in Figure 6.10 15 compared with the experimental results shown
in Figures 6.11 and 6.12. As mentioned in chapters 3 and 4, the capacitors were
designed to be low enough to follow the input waveform. The following three

figures clearly show similarity between simulated and experimental results

0.26 0.27 0.28 0.29 0.30 0.31 0.32
time(s)

Figure 6.10: Simulation results: Capacitors C,, C;and G5 line-cvele level voltages.
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Figure 6.11: Experimental results: Capacitors line-cycle voltages level (C, in blue and C, in

green).
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Figure 6.12: Experimental results: Capacitors line-cycle voltages level (C; in blue and C, in

green).
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6.5 Switch Q, voltage and current

This section is divided into two subsections. The tirst subsection is about
switch voltage and current during line cyele while the other subsection focuses on
switch voltage and current during switching period. The proposed circuit consists
of two switches Qp and Q- as shown in Figure 3.1. Each switch operates in half
line cycle. Switch Q, conducts at positive half’ line cvele, whereas switch
conducts at negative halt line cycle. Since the circuit is symmetrical, the two
switches will have the same voltage and current stresses. Therefore. switch Q,

voltage and current waveforms will be mentioned.

0.5.1 Switch Q linc-cvele level voltage and current

At positive halt line cvele, switch Qg will turn on by input duty cycle (0.37)
causing charging of the energy storage clements (inductors and capacitors).
Figure 6.13 illustrates the simulation result ot switch Q, voltage and current. By
observing current wavetorm, it is clear that the switch is conducting in half line
cycle. Figure 6.14 shows the experimental result of switch Q voltage and current

which is similar to the simulated result.
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Figure 6.13: Simulation results: Switch Q, line-cycle level voltage and current.
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Figure 6.14: Experimental results: Switch Q, line-cycle level voltage in blue and current in

red.
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6.3.2 Switch Qy switching level voltage and current

At swatching level. the aperation of switch Q; consists of three stages. Firstly.
at stage one (dy 19) the switch Qi is wrned on causing its voltage to be zero while the
current is anereasing with positive slope. Secondly. at the second stage (d-T) the
switch Qy is turned oft resulting in zero current. Finally. at the third stage the switch
will remains off. Figures 6.15 and 6.16 represent the simulation result and the

experimental result ot switch Qy voltage and current.

250+
200
150+

VQI (V)

100
50+

6

1Q1 (A)

18275 1.8277 1.8279 x le-1
ume (s)

Figure 6.15: Simulation results: Switch Q, switching level voltage and current.
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Figure 6.16: Experimental results: Switch Q, switching level voltage in blue and current in

red.

6.7 Diodes voltage

Similar to switches Q; and Q.. the proposed circuit contains three diodes

Diodes Dy and D, operate at half line cycle due to symmetrical configuration,

whereas diode D, conducts for the whole line cycle.

6.7.1 Line-cycle level voltage

It is obvious from Figure 6.17 that diode D, conducts during the positive half

line cycle, while D2 conducts during the negative half line cycle. The simulation

result was verified by experimental result show in Figure 6.18.
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Figure 6.17: Simulation results: Diodes D, and D, line-cycle level voltage.
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Figure 6.18: Experimental results: Diodes line-cycle level voltage (D, in blue and D; in

green).
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6.7.2 Switching level voltage

During switching level, diodes aperation is dived into three stages. When the
switch Q) is on the diodes are off during stage one. Then. diodes conduct at the
second stage resulting in zero voltage. Finally, diodes turned oft at the last stage.

Simulation and experimental result of the three stages are shown in Figures 6.19, 6.20

and 6.21.
3001 300
2801 250
260 260
2401
20] ] () ;;g.“
2 200+ I
_ 1804 180
> 1601 S 160-
3 140 é’uo
> 1207 > 1201
100 100
80 80
60 604
10 401 |
20 201
0 LJ - - 0 - L J
-20 - T - -20 - v .
24122 24123 24124 24125 24126 2.4127 x le-1 21116 21117 21118 2119 2.1120 2112} *le-]
time (s) tme (s)
Figure 6.19: Simulation results: Switching Figure 6.20: Simulation results: Switching
level voltage diode D,. level voltage diode Do.
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Figure 6.21: Experimental results: Diodes switching level voltage (D, in blue and Ds in

green).

Finally. simulated and experimental harmonic spectrum for the input line
current is also presented in Figure 6.22 and compared with IEC 61000-3-2 Class D
standard. The Fourier components of the input current at odd harmonic order were
plotted and compared with |IEC standards as shown in Figure 6.22. Clearly, the

proposed circuit reduced the harmonics well below the IEC standards.
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Figure 6.22: Simulated and experimental harmonic spectrum for input line current of the

proposed circuit compared to IEC 61000-3-2 class D standard.
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CHAPTER 7

Simulation comparisons

A comparison between the proposed circuit and the moditied full bridge
SEPIC rectitier presented in [8] have been done at different output power levels (350
watt, 100 watt and 200 watt) to study the improvements of the proposed circuit. At
cach power level a range of input voltage was used to compare efficiency, total
harmonic distortion and power factor. Both circuits were drawn in the previous
sections. In section 2, Figure 2.3 illustrates moditied full bridge rectifier, while the
proposed rectifier was shown in Figure 3.1.

Each circuit was designed at the same operating point used in designing the proposed
circuit which is:

7 Vin=170 sin (»t) where line frequency is (f; =30 Hz)

7 P,=200 watt

V=400V

» t=50kHz

The modified SEPIC was designed properly to ensure working at discontinuous
current mode. So. at each power level, the equivalent inductor L. was calculated for
operation in DCM, as given in subsection 3.7.

Where L, tor each circuit is:

Proposed circuit: 1/Le= (/L) + (1/1.2) + (1/L,) (7.1

Modified SEPIC: 1/Le = (1/L1y) + (1/L,) (7.2)
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Both circuits (the proposed rectifier and modified SEPIC) were designed properly and
ensured operation under DCM. Then, using the selected components several
simulations were done for each circuit using ORCAD PSPICE under a range of input
voltage (100. 120, 140, 160, 180 and 200) volts at different power level (50, 100 and
200) watts. The THD, PF and efficiency were calculated for each circuit then the
results were plotted to show the improvement that the proposed rectifier had.
7.1 Total current harmonic distortion as a function of the input voltage
variation.

The THD variation as a function of the input voltage of both circuits was
calculated at a three power level. For each input voltage level, the THD% was gotten
from the simulation result for each circuit and then plotted using Microsoft Excel as

shown in Figures 7.1, 7.2 and 7.3.

") -
25 ® Proposed Rectifer
| # Modified SEPIC
20 A
15 4
2
2 10 4
[
5 4
pla 100 140 200
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Figure 7.1: THD% as a function of input voltage at Power = 50 watt
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Figure 7.2: THD% as a function of input voltage at Power = 100 watt
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Figure 7.3: THD% as a function of input voltage at Power = 200 watt.

It is clear from the previous tigures that the proposed rectitier circuit produces
the least amount of THD and this is mainly due to bridgeless configuration of the
proposed circuit. Furthermore, the circuit was designed to operate in DCM in which
the current naturally follows the input voltage, so the input current is almost

sinusoidal.
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7.2 Power-factor variation as a function of the input voltage variation

The PF variation as a function of the input voltage of both circuits was
calculated at three power level. For each input voltage level, the power factor was
calculated using simulation result for each circuit and then plotted as illustrated in
Figures 7.4, 7.5 and 7.6.

1

PF =
J1+(THDY?

(7.3)

® Proposed Rectifier |

# Modified SEPIC |

100 120 140 160 180 200
Input voltage

Figure 7.4: Power factor as a function of input voltage at Power = 50 watt
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Figure 7.5: Power factor as a function of input voltage at Power = 100 watt
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Figure 7.6: Power factor as a function of input voltage at Power = 200 watt
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Since the power factor is inversely proportional with THD from equation (7.2)
and the proposed rectifier circuit produce lower amount of THD. the power factor

will be higher as shown in Figures 7.4, 7.5 and 7.6.

7.3 Efficiency % as a function of the input voltage variation:

The efticiency curves as a function of the input voltage of both circuits was
calculated at three power level. For each input voltage level, the efficiency was
calculated using simulation result for each circuit and then plotted as illustrated in

Figures 7.7. 7.8 and 7.9.
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97.0

100 120 140 160 180 200
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Figure 7.7: Efficiency% as a function of input voltage at Power = 50 watt
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Figure 7.9: Efficiency% as a function of input voltage at Power = 200 watt

By observing the Figures 7.7. 7.8 and 7.9, it is obvious that the efficiency has been

improved for the proposed rectifier compared with the bridge circuit.
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CHAPTER 8

Conclusion and future work

8.1 Summary and conclusion

A new topology based on moditied SEPIC was presented in this thesis. The
circuit was designed to operate in discontinuous inductor current mode due to its
advantages, such as unity power factor and simple control. Furthermore, the circuit
configuration is symmetrical which means that the circuit operation in the positive
half line cyvcle is identical to the operation in the negative half line cvcle as mentioned
in chapter 3 which simplities the analysis.

The power factor was proven in chapter 3 that it is almost unity since the input
current follows input voltage profile and the switch network behaves like an
equivalent resistor with resistance R,. Also. the switch network was modeled by a
loss-free resistor and a dependent power source as shown in Figure 3.13. In chapter 4,
the circuit components were designed properly to ensure operation in DCM. After
that a lag compensator was designed in chapter 3 to regulate the output voltage and
reduce the effect of input voltage and load disturbances.

A comparison between simulation results done by PLECS and experimental
results was done in chapter 6. The comparison showed that both results are almost the
same. In addition, a comparison between the proposed circuit and 1EC 61000-3-2
standard was done to show the reduction in total harmonics distortion. Finally, the

proposed circuit was compared ith the tull bridge moditied SEPIC considering three

power level and a range of input voltage at each power level. Both circuits were
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compared according to the total harmonics distortion, power factor and efficiency. In
chapter 7. 1t was showed that the proposed circuit had a higher power factor and

efticiency and a lower total harmonics distortion.

8.2 Future work

Stress analysis of the converter components and switches is also required.
Experimental results of the closed loop system with the derived controller are needed.
Comparison between the simulated and the experimental results to evaluate the
designed controller would improve the presented work. Finally, design several
controllers with difterent control methodologies such as sliding mode control, fuzzy

logic and optimal control.
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