BB e

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibllographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upori the
quality of the original thesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, rue Wellington
Ottawa (Ontano)

Youw figp VOUre 18ldreiw o

Owr bl Notre (otéren @

AVIS

La qualité de cette microforme
dépend grandement de la qu.alité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d’impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a l'aide d'un
ruban usé ou si I'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.




ANALYSIS, DESIGN AND CONTROL OF ZERO VOLTAGE SWITCHED
HIGH FREQUENCY PWM FORWARD CONVERTERS

Lautaro D. Salazar

A Thesis
in
The Department
of

Electrical and Computer Engineering

Presented in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philoscphy at
Concordia University

Montreal, Quebec, Canada

March 1995

@Lautaro D. Salazar, 1995



l * l National Library
of Canada
Acquisitions and

395 Weliington Street
Ottawa, Onlario
K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNER.SHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-612-05074-2

Canadi

Bibliothéque nationale
du Canada

Direction des acquisitions et
Bibliographic Services Branch  des services bibliographiques

395, rue Wellington
Qttawa (Ontano)

Your e Volire ralérence

Our e Nolre 1818rence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CI NE DOIVENT ETRE IMPRIMES QU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.




ABSTRACT
ANALYSIS DESIGN AND CONTROL OF ZERO VOLTAGE SWITCHED
HIGH FREQUENCY PWM FORWARD CONVERTERS

Lautaro D. Salazar
Concordia University, 1995

This thesis presents the analysis, design prccedure and experimental results
of a number of new high-frequency single-ended DC/DC forward converters
topologies, to be used in switch-mode rectifier or off-line switch-mode power
supplies. These proposed topologies are to supply load in the range of 1 kW to 10
kW with switching frequency, in the range of 20 kHz to 50 kHz. The main features
include, high frequency pulse width modulated control (PWM) with zero voltage
switching (ZVS), simplicity of the power circuit with minimum component count,
fast transient response, and improved reliability. The applications cover a wide
variety of AC/DC OR DC/DC switch-mode power supply for sensitive loads such
as, telephone systems, communication equipment's, computer systems, space
vehicles, factory automation, and other electronics systems nceding reliable
electric power in a form of DC voltage.

In order to reduce the switching losses, the voltage stresses, and the EMI
problems in HF PWM converters, several new single-ended forward topologies
with inherent active snubber circuit, providing zero-voltage-switching (ZVS)

performance for the main power switch, are proposed. To allow transformer flux




balancing and extended duty cycle operation, the resulting modes of operation for
each topology are thoroughly investigated. Systematic and comprehensive design
approaches are outlined in detail. Each design approach is subsequently employed
to design and to implement the respective power circuits.

The last part of this thesis reports the investigation of new output voltage
regulation methods, needed to compensate for the input voltage and the load
variations in HF PWM switching counverters. Finally, in order to establish the
feasibility of the proposed new converters topologies and control methods,

simulations and experimental results are presented.
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CHAPTER 1: INTRODUCTION

The objective of this thesis is to develop reliable, efficient and fast-response
DC/DC converters with pulse width modulation (PWM) control at ultrasonic
switching frequency (i.e. 20-40 kHz). To achieve this objective, several low-losses
single-ended forward topologies and control method are proposed and
investigated. They are intended to be used as the main modules in low-voltage (i.c.
24-48 V) one-quadrant switching power supply (SPS) or switch-mode rectifier
(SMR) systems for medium power applications (i.e. 1-10 kW).
1.1 Background

Switching power supply systems, with output power capability higher than
1 kW, are required to supply digital communication equipment, robotics, satellites,
digital control systems and computers. The new generation of power supplies for
these applications must meet stringent design specifications such as higher power
density, better efficiency, good reliability, stiff output voltage regulation, fast-
response, and lower cost. Due to the power switching operation, with sensitive
electronic primary control circuits, modern SPS must meet power quality,
environment and safety standards as well. There are several electrical institutes and
government agencies around the world such as the Institute of Electrical and
Electronics Engineers (IEEE), the Canadian Standards Association (CSA), the

Underwriters’ Laboratories (UL), the Federal Communications Commission
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(FCC), the Verband Deutscher Elektrotechniquer (VDE). They continuously
propose new regulations and standards for SPS or SMR concerning the harmonic
pollution to the AC power system, the input power factor, the surge withstand
capability, electric isolation level for safety, conducted-mode radio-frequency
interference (RFI) and Electro-Magnetic Interference (EMI) emission limits.

Fig 1.1 shows an application for a cellular telephone station. In this system,

23 kV 50 Hz
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Figure 1.1 Typical Power Supply System for a Cellular Telephone Station [5]



the digital telecommunication equipments arc supplied from several 2500-W, low-

voltage SPS's and two battery banks (24 V and 48 V DC bus). Table 1-I

summarizes the design specifications for such a SPS's system.

Table 1-1

Design Specifications for a 2500 W, 50 V SPS [6]

h B W N

10
11
12
13
14
15
16

17
18
19

Input

Input frequency range
Input surge

Isolation

Power factor

Input current harmonic distortion
Output voltage range

Parallel operation

Dynamic response

Voice frequency output noise
Output noise

Ripple

Efficiency

Line regulation

Current limit

Inrush current

Environment
EMI

Maximum Output Power

176 VAC to 265 VAC

47 Hz to 63 Hz

Up to 3000 V, 50 psec pulce, st. ANSVIEEE 62.41
3000 VAC between input and output side

>0.9 for three phase supplies, >0.95 for single phase,
between 50% and full load

<3% three phase, <5% single phase
Adjustable, 40 to 65 V

Any identical supplies will share foad when connccted in
parallel

Output will not vary by more than 5% and shall recover in
less than 2 msec for a load step change of 10% to 90% or
90% to 10%

Less than 22 Dbme

Peak to peak <250 mV (oscilloscope > 100 MHz)
Output ripple noise <100 mV RMS

>85%

Better than 1%

110% of rated load

Will not exceed 1.2% of the steady state input rated
current

0°Cto50°C
Compliant with FCC class A applications
2500 W, 50 A




1.2 Overview of Switch-Mode Power Supply Structures

The overall performance for the SPS described in section 1.1 strongly
depends on its own internal structure. In high power application, some intrinsic
reliability is required to select the basic topologies for the internal conversion stage
(AC/DC and DC/DC), including the control strategy to regulate the output voltage
[1]. This section presents a brief review and discussion of the main structure used

today to design SPS's or SMR's.
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Figure 1.2 The SPS Structure with an Input Rectifier [7].

1.2.1 The SPS Structure with an Input Rectifier
A typical PWM SPS has two conversion stages; an inpv* AC/DC stage in
cascade with an output DC/DC stage. The input stage consist of a diode rectifier

feeding a large electrolytic capacitor filter to build a DC bus. The output stage is a
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high frequency (HF) DC/DC switching regulator with current and voltage
feedback loops. This structure is shown in the Fig. 1.2 and it is usually called
direct off-line SPS or SMR [2-4]. The capacitor filter increases the DC conversion
ratio and reduces the HF harmonics generated by the output switching regulator
and the input rectifier. The RF input filter, which conducts RF and EMI (common
and differential mode), is required to meet the line regulation limit in noise due to
the switching phenomenon of the SPS’s power devices [4,5].

The main role of the HF DC/DC switching rcgulator is to maintain the DC
output voltage constant, despite circuit parameters, load and line input voltage
variations. For low voltage applications, this stage is designed by using a step-
down forward converter topology equipped with a HF isolation transformer |3].
Isolation is very important to meet safety regulation and to minimize the grounding
current loop. The HF transformer is usually designed with several taps to obtain
different output voltage levels required by the loads and the control circuits [6,7].

It should be noted that this structure does not have an isolation transformer
between the utility and the power switches. When this type of power supply is
used in & system such as in shown in Fig. 1.1 the robustness of the power
conversion stage becomes a very important issue. Since voltage perturbations are

normally present in the utility, they can affect the normal operation or damage the

power supply unit.
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The reliability and the efficiency of this type of power sinply can be
improved when single ended forward converters are used to design the internal
DC/DC conversion stage. This is so because a single ended topology has low
component count as compared with other topologies, and the transformer
impedance is always in series with the power switches. Since higher speed
switches, such as MOSFET, IGBT, etc., are available, with higher current and
voltage capability, new single ended topologies can be designed for higher power
and switching frequency, reducing further the size and the cost of the SPS.

On the other hands, investigation o' better control methods for higher power
and frequency is further motivated by the problems of higher input voltage and
load variations, the sensor required for higher level of DC current, the phase
lagging and the noise problems affecting the HF PWM feedback control loop [1,6-
8]. Improvements of the conventional control methods are required, or new control
approach need to be develop.

1.2.2 The Modular SPS Structure

Another type of SPS uses a modular structure to provide better input-output
performance [2,8-10]. Such a structure is shown in Fig. 1.3. To improve the input
characteristics, the input stage is a high frequency switchmode rectifier as the line
conditioner. The rectifier usually uses step-up boost topology to provide some

form of preregulated DC bus at a manageable voltage lcvel (e.g. 300 V, 600 V, and
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800 V). This input stage enhances the input power factor to near unity, achieving

almost sinusoidal input current waveform.

The DC/DC output stage, on the other hand, includes one or several HF
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Figure 1.3 The Modular PWM SPS Structure [2].
forward switching regulators connected in parallel to the DC bus, depending on the
number of different loads and the output power required. Paralleling provides
power supply redundancy to critical load, and the defective modules can be
replaced on line.
The modular SPS structure is meaningful because it provides builtin

expansion capability, reduces the design costs, improves line noise immunity, and




can be casily adapted to different levels of power and loads. However, there are
several problems that still need to be solved in this structure, notably the EMI, the
overall size, the switching losses, the cost and the robustness of the basic modules
1.2.3 The SPS Structure with Distributed DC/DC Converters

Distributed SPS structures with single ended quasi-resonant topologies have
been proposed [11,12] to minimize the main drawbacks of the SPS structure
shown in Fig. 1.2. In this approach, the output DC/DC switching regulators are
distributed and located close to the loads to minimize size and parasitic
inductances. This on-site DC/DC converter is optimized for maximum power
density, low switching losses and fast voltage regulation. However, this approach
is being used only for low-power high-density SPS (<1 kW) to supply satellite and
portable computer systems. New converter topologies for the distributed modules
with higher power capability need to be developed to take more advantages of this
structure in other applications {e.g. Fig 1.1).
1.3 DC/DC Single Ended Converter Topologies for High Power

Clearly, the overall performance of the above SPS's structure strongly
depends on the characteristics of the basic converter topology employed to design
the internal conversion stages. Therefore, most of the research and development
efforts are dedicated to improve the performance, decrease the cost and increase

the power density of the basic topologies. The trends to do this is by using high



switching frequency and fewer power components.

Single-ended forward topologies are very attractive to achieve these
requirements because the simplicity of the power circuit. The basic circuit
configuration uses only one power switch [3] so that only one polarity of the DC
input source is applied to the primary of the HF isolation transformer. Different
power conversion methods have been proposed to control the flow of power giving
origin to the following single ended DC/DC topologies:

1) Square-wave converter with PWM control [3,12,21];
2) Sinusoidal-wave resonant converter [16,18,37];

3) Quasi-resonant/multi-resonant converter {17];

4) Discrete converter [34] .

The single ended resonant, quasi-resonant/multi-resonant and discrete
converters have received considerable attention for designing HF SPS for low-
power applications [13-15,34,37]. Seme of the advantages in using such converters
are the EMI emission reduction, low switching loss, fast transient response and
high power density. However, most of those topologies hLave the following
practical limitations for medium or higher power applications:

1) The power switches conduct a much higher sinusoidal current pulse.

Consequently, a larger conduction losses exist as compared to its PWM

counterpart;
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2) They require a frequency variation to achieve the output voltage regulation,
which may cause filter design problems, as well as having an ill-defined
voltage feedback control loop.

3) The circuit components need kVA ratings that are far larger than the
converter rating, with the switching devices subject to high peak
current/voltage stresses.

Due to the above limitations, DC/DC converter with resonant switch
topologies do not yet offer good reliability and enough robustness for high power
applications. They are nsually used to design high density low power SPS (<1
kW).

A HF PWM forward converter presents better reliability for applications
higher than 1 kW. In fact, the peak voltage-current stresses for the power circuit
are lower than a resonant converter due to the squared current/voltage waveforms
generated by the PWM control. Also, this feature provides a better output-input
voltage DC conversion ratio, improving the utilization of the power switch.
However, the present single-ended PWM forward topologies have low efficiency
at high switching frequency and the isolation transformer requires special design
or flux resetting circuits to avoid saturation. The PWM square voltage and current
waveforms cause a hard turn-on and turn-off, increasing the switching losses and

the EMI problems.
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The main causes of switching losses are:

1) Power dissipation due to the non zero switching of the transistor: At turn-
off/turn-on, each transistor operates for a given time in the active region,
having both high voltage and high current at the same time. The shorter the
switching time of the transistor, the less the average dissipation will be.

2) The external reactances around the power transistor: The parallel
capacitances cause the stored CV*/2 energy to be dissipated on the switch at
each turn-on, and the stored LI%/2 energy in the series inductances at cach
turn-off. These power dissipations are independent of the transistor
switching times.

The most severe voltage stress in the forward topologies occurs during the
turn-off, due to the intrinsic inductances of the HF isolation transformer (leakage-
magnetizing inductances) and the parasitic inductance of the DC bus. All of these
are inductive loads requiring a large Safe Operation Area on the V-I characteristics
of the switches. Diodes with poor reverse recovery characteristics significant add
to this phenomenon which also produces EMI. To be able to withstand such large
stresses, power semiconductors devices would have to be de-rated.

Low frequency PWM converters incorporate dissipative diode-resistor-
inductor (turn-on) and Diode-resistor-capacitor (turn-off) snubber circuits to

alleviate the above problems [22]. Those circuits dissipate on a resistor most of the




energy that could be dissipated on the switch during the switching transition. This
decreases the operating temperature in the power transistor, requiring smaller
heatsinks and improving the reliability. However, the sum of the total stored
encrgy (CV2/2+L12/2) in the snubber circuits and parasitic components increases
approximately with the square of the converter power rating, and the amount of the
dissipated energy. Moreover, the power dissipated on the snubber resistors is
proportional to the switching frequency. Obviously, the overall efficiency of such
a converter system will decrease substantially when both power and switching
frequency are increased. Therefore, a dissipative snubber circuit is an unusable
solution for HF PWM converter technology in high power applications.

The first trend to reduce switching losses in HF PWM converters is to select
new available faster switches such as MOSFET or IGBT. However, due to the
faster on/off switching transitions, the parasitic L. of the wiring in series and the C
around the switch becomes more important, producing large di/dt and dv/dt, which
in turn increases the current/voltage stresses, the losses and the EMI problems.

1.4  Objectives and Scope of the Thesis

This thesis focuses on the analysis, design, and experimental testing of a
number of HF PWM single ended forward DC/DC converters for output power in
the range of 1kW to 10 kW and for output voltage in the range of 24 to 50 Volts.

They are intended to be used as the DC/DC modules for the SPS structures
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described in the section 1.2. The research objective is to develop single-cnded
topologies with one or more switches and by using a HF transformer without the
resetting winding.

This thesis investigates solutions to the switching losses and transformer
flux balancing problems by combining resonant and PWM technology. The
research trend is to keep the main power control features of the PWM and use
resonant circuits to shape the voltage/current waveforms only during the switching
transition, in such a way that voltage and current do not occur at the same time.
Such a nondissipative circuit provides a soft switching reducing EMI and switch
power dissipation allowing higher converter efficiency.

Zero voltage switching methods are investigated to remove the energy on
the parasitic and snubber capacitors in parallel with the main switch. Analytical
closed form solutions are obtained, and numerical method are applied to get the
steady state voltage/current solutions in the different modes of operation. The
design procedure for the proposed topologies are illustrated through examples.

Control of the output voltage is essential in most power supply systems,
either to compensate for input voltage, circuit parameters and load variations, or to
suit different load demands. This thesis proposes an unified design procedure to
design a PWM voltage mode control for the proposed forward converters.

Moreover, a new PWM control technique is investigated and is called here “PWM
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current assisted voltage mode control.” Finally, to verify the validity of the theory,
simulated and experimental result are presented.
1.5 Previous Work

High-efficiency single-switch HF PWM forward converter for power higher
than 2 kW, using two winding HF transformer, has not been reported before. For
output power lower than 1 kW, the conventional design is to use a forward
converter and a three winding transformer with a feedback diode and D-R-C
snubbers [3]. The drawback of this converter for HF high power applications are
the size and the complexity of the transformer, the limitation in the maximum duty
cycle (to avoid saturation of the HF transformer), the low efficiency due to the
dissipative snubber required, and the voltage stresses in the power semiconductor
devices (rectifier diodes and the main switch).

Sokal [14] proposed an auxiliary resonant circuit as alternative to reset the
core and reduce the switching losses. However, the analysis did not include the
effect of the load in the DC magnetizing current of the HF transformer, and the
experimental verification was for a low power unit (< 1 kW). No information was
given with respect to the efficiency, and how the value of the magnetizing
inductance can affects the maximum switch voltage.

Vinciarelli [15,16] proposed a method for transformer core resetting and

zero current switching for single-ended forward converters. An active snubber
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using an extra switch was connected in parallel with the transformer resetting the
core during the turn off. However, the ZVS feature was not identified and this
method can not eliminate the energy in any series parasitic inductance.

Single-ended quasi-resonant topologies have been also analyzed by F. C.
Lee [2] and L. Casey [18]. These topologies present low switching losses but the
peak current and voltage in the switch are high and they require frequency
variation to regulate the output voltage. Therefore, they are more suitable for low
power applications.

Control methods for DC/DC are widely discuss in the litterature, including
current mode and voltage mode PWM control [6-8,43-47]. However, these control
methods have been applied in very compact low power DC/DC converters and
there is not information about the performance in higher power applications.

1.6  Thesis Outline

This thesis has been organized in the following manner:

Chapter Two focuses on the analysis and design of 1kW, 20 kHz, single-
ended single-switch forward topologies with auxiliary quasi-resonant circuits to
reduce switching losses and to reset the core of the HF transformer. These are
forward topologies using a two-winding transformer with low component count,
improving the reliability and the utilization of the power circuit.

Chapter Three extends the research work toward series and parallel




connected single-switch topologies, to reduce voltage stresses and to increase
output power. A novel two switch single-ended topology is thoroughly analyzed.
The main feature of this topology is the simplicity and the reduced switching
losses. This configuration uses one resonant capacitor to provide zero voltage
switching transition for both parallel switches.

Chapter Four presents single-ended forward topologies coupled in a three
phasc core. They are proposed for output power applications higher than 5 kW.
Three different topologies are investigated regarding the flux balancing problem.
A design procedure is proposed for each of them and the advantages and
disadvantages are summarized. To verify the feasibility of each topology, a general
multiphase flux transformer model is proposed and used. Simulation results are
presented by using the PSPICE software package.

Chapter Five focuses on control methods. A design procedure for a PWM
voltage mode control is outlined and applied in a two-switch single-ended forward
converter with the extended duty cycle capability. A new PWM current assisted
voltage mode control method is proposed. It is shown that this control method has
features of both voltage and current mode control. Simulated and experimental'
results verify the predictions of the theory.

Finally, Chapter Six summarizes the conclusions. Directions for further

areas of research are identified.
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CHAPTER 2
SINGLE-SWITCH FORWARD CONVERTERS

2.1 Introduction

Single-switch single-ended forward converter topologies have some
important advantages over other types of topologies. These advantages include
good reliability, power circuit and control logic simplicity [1].

On the other hand, the following disadvantages are found :

1) Switch voltage stresses increase;

2) Transformer flux balancing is not inherent and therefore requires special
voltage clamping components;

3) Turn-off switching losses are particularly unfavorable for the power switch
due to the switch turn-off under maximum current and voitage conditions,
and the inability to recover the energy stored in transformer leakage and
circuit stray inductances. This energy must be dissipated either within or

around the switch.

In this chapter, two single-switch single-ended forward topologies with non
dissipate turn-off snubber circuit are described and thoroughly analyzed. The

snubber circuit are designed to provide zero voltage switching during turn-off and

flux reset for the HF transformer.
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Figure 2.1 The Single Ended Forward Converter with a LC Snubber Circuit

2.2  Topology I: Nondissipative LC Snubber Circuit

The subject topology is shown in Fig. 2.1. Similar schemes using the same
lossless LC snubber circuit have been described before for both a flyback
converter and a forward converter [14,23]. However, the application was for a low
power converter (< 1 kW). Also, it is unclear from these references how the LC
circuit ensurer transformer flux balance under various circuit parameters and
operating conditions. This thesis contributes to the previous works with a detailed
analysis of this circuit in order to know the effects of the load current, the leakage
inductances, and the magnetizing inductance on the switch maximum voltage
stress and transformer flux balancing condition. Identification of the topological

modes (TM's) during a switching cycle are also presented, along with the
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respective voltage/current expressions derived under stcady state operating

conditions. Finally, a design procedure is proposed and verified on a 1-kW 20-

kHz experimental unit.

2.2.1 Principles of Operation

The simplified power converter circuit diagram depicted in Fig. 2.1 shows
the DC supply voltage Vg, the HF transformer equivalent circuit with the
magnetizing inductance Ly, and the leakage inductances L) and Lj, the forward
and freewheeling HF rectifier diodes D} and Dy, the load current (through the
rectifier filter inductor) as current source Iy, the main switch and its integral anti
parallel diode Dq, the flux balancing and energy recovery resonant capacitor Cg,
the energy recovery resonant inductor Lg, and the two energy-recovery diodes D
and D,. The TM’s for a quasi-resonant mode of operation, identified in sequence
during turn-on and turn-off, are presented in Figs 2.2 and 2.3, respectively.
Operation of the circuit is illustrated with the aid of the waveforms depicted in Fig.
2.4. Initially, it is assumed that the capacitor C has a negative voltage V(0) = -
V. (Fig. 2.1) and the output current I, flows through diode D,y
A. Turn-On
1) Mode Tla, interval 0<t<ta: When the transistor Q is on, inductances L| and L2

begin to store magnetic energy because the transformer is connected to V¢ with
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the secondary in short circuit via Dy, Dy,, and Q. The rate of rise of the
transistor current is limited by Lt and L.

2) Mode TIb, interval 0<t<tb: In addition, when transistor Q is on, Cg is
connected in parallel with Lg through Q and D;. The V, polarity (VCs(0))
becomes reversed because of the resonant action of Lgand Cq,.

3) Mode T2a, interval ta<t<ton: Att=t, (Fig. 2.4), the current if 5 =Ij. After that
the output circuit (i.e., current source Ij) becomes connected to the HF
transformer. Hence energy is now delivered to the load from the supply.

4) Mode T2b, interval tb<t<tc: If V. is less than -V at t=0, the final voltage of the
capacitor Cg at t = tb becomes positive ard is clamped to V by both diodes D
and Dq.. After that, the magnetic energy still in Lg is returned back to the
source Vg via D; and D,.

B. Turn-Off

1) Mode T3, interval ton<t<tl: Att = t,,, the transistor Q is turned off, and the

collector current begins to fall at a rate limited only by the commutation speed of

the transistor. However, because of the inductive impedance of Lp,, Ly, and L,

the external current if 5 (Fig. 2.1) cannot change instantaneously. Instead, it flows

through C and D;. At this point, the Cg voltage polarity is positive (V<Vy).

Next, the capacitor voltage begins to vary slowly (towards changing polarity),

limiting the rate of rise of the collector emitter voltage; thus the transistor
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turn-off losses are substantially reduced. Note that in this mode, energy stored
in the capacitor flows to the load

2) Mode T4, interval ti<t<t2: Att > t;, diode D, takes the load current and the
secondary of the transformer becomes short circuited via conducting diodes Dy
and Dyp. Also, the capacitor absorbs the magnetic encrgy stored in the leakage
inductance's Ly, Ly, and partially from the magnetizing inductance L,,,. Thus
the polarity of V. change to negative.

3) Mode T3, interval 122<t<t3: Att=ty, i becomes zero. After that, the load I} is
effectively disconnected. The rest of the magnetic energy stored in L,, gets
transferred to Cg, and the voltage V, assumes its maximum negative value at t =
t3. Also at this time, the transformer flux reset condition is satisfied because the
magnetizing current is equal to zero.

4) Mode T6, interval t3<t<toff: If the period T of the control signal is larger than t;
and |V |>Vs, one oscillation begins via D between L, L, C,, and L, so that
some of the electric energy stored in the capacitor is sent back to the source.
Note that the magnetizing current become negative (Fig. 2.4).

2.2.2 Power Circuit Converter Analysis

In this section, the exact analytical expressions describing the converter
currents and voltages during a switching cycle are obtained. The analysis is based

on the following assumptions.




-

1) The switches and diodes are ideal;
2) Capacitor and inductors are lossless;

3) The transformer is considered linear and lossless;

4) The sources are ideal;

5) The transformer leakage-stray inductances are included in L and L.
A State Equations and General Solution
To obtain the state equations for all modes shown in Figs. 2.2 and 2.3, only
three circuits need to be considered. They are:
1) An inductor connected to a voltage source;
2) An L-C parallel circuit connected or disconnected to a current source;
3) An L-C series circuit connected to a voltage source.
Moreover, the currents and voltage expressions applicable to each mode
(Fig. 2.3) can be obtained by solving only the state equations of the basic circuits

1) and 2) above. By inspection, the independent state equations can be written as

g;iL(t) = % (2.2.1)
0o - 0
i[n(r)]= L, _[iL(t)]+ ~ 1y, [il(o)] (22.2)
dt st(t) _!__ 0 st(t) C; VCs(O)

C

s

where L. is the equivalent circuit inductance’ shown to the source or to the

capacitor Cq. The general solutions to (2.2.1) and (2.2.2) have the form:
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The general solution to circuit 3) is obtained from (2.2.4)-(2.2.6) by
applying the duality principle. The solutions are completed by using a dependent
state equation in all modes with all-inductor cut sets.
B. Current and Voltage Equations
In the following subsections the piece wise voltage and current solutions
(Fig. 2.4) regarding a quasi-resonant mode of operation are presented .
1) Turn-On:
a) Interval 0 <t <t,;, Mode la: The equivalent circuit is shown in Fig. 2.2 . From

12.2.3) an by using current division, the magnetizing current of the transformer is

shown to be




i (1) = %vsm,_mm)
|

where
P=LL, +LL,+L,L,

The dependent state equation is

d d

Lm a]Lm(t) = L2 a—t_lLZ(t)
Therefore,
. L .
i,(t) = ?’“Vst +i,(0)
|
i (t) = ‘Isgvst +iy,(0)
!
where
Lo=L,+L,
L L

VLm(t)= l;) : Vs
1

22.7)

(2.2.8)

(2.2.9)

(2.2.10)

(2.2.11)

(2.2.12)

(2.2.13)

b) Interval ty < t < tyy, Mode 2a: During this mode, the load current I} is supplied

from the transformer. The equivalent circuit is shown in Fig. 2.2. The respective

analytical expressions become

iLl(t) = %ta + iLl(ta)

i, () =1,
() =1,(t) -1,

where
L;=L; +L,

(2.2.14)

(2.2.15)

(2.2.16)

(2.2.17)



and with if g (0) =0

with u = 0, the respective solution becomes

C

S

,Ls . t
- Sin cos
L C-’ LsCs

ipy (1) =1, (1) =ig,(t)
im(t) =0
ig(D) =iy, (1) +i, (1) +i, ()

Vpi () =V, = v (D)

analytical expressions become

. V. )
i(t)= “'L—stb +14(ty)

v, (D =V,

T,=t—t,

2-11

t . t
t

(2.2.18)

(2.2.19)

¢) Interval 0 < t < tp, Mode 1b: The capacitor voltage V. undergoes a polarity

reversal oscillation. The equivalent circuit is shown in Fig. 2.2. By using (2.2.4)

_[z‘“(O)

i O)] (2.2.20)

(2.2.21)
(2.2.22)

(2.2.23)

(2.2.24)

d) Interval tp <t < to, Mode 2b: This mode occurs only if the capacitor voltage is

clamped to Vg att =t;,. The equivalent circuit is shown in Fig. 2.2 . The respective

(2.2.25)
(2.2.26)

(2.2.27)




Also,

and withif g (0)=0

2) Turn-Off:

nyLC,, ifve (1),

14
L,C,cos™ —

’h = 5
v (0)°

i (t)=0
ip(t)= ip,(t) = i5(t)

ig(t) =iy, (1) +ij, (1)

L..
t = Vles(tb) +1,

) ’C .t
1,(t,) = —v(0) Ei Sm‘—L\/—b—“é-

ifVCs(tb) =

VS

(2.2.28)

(2.2.29)
(2.2.30)

(2.2.31)

(2.2.32)

(2.2.33)

a) Interval to, < t < t], Mode 3: At t = tgp, the transistor Q is turned off and the

resulting effective circuit topology is shown in Fig. 2.3. The energy stored in the

capacitor flows to the load through diode D|. The respective analytical expressions

become

[ s Ty C, . Ty ]

co. - = sin—/—

rILm(t):I_ N ,-Cs Li ‘\’L[Cs l-il.m(ton)

_\}C, JL,C, LC, |
where

T] =t-ton

and

2-12

J+

[

L,

VG,

Ty

. T
"WILC,

(2.2.34)

(2.2.35)
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v§ LI

i (te) = o —I.I— (2.2.36)
Also

Vi ()= Ii Vg, (tg, ) cos——=— r—_L c (i (L) +1) \/L“‘C si \/IilC (22.37)

i, (1) =1 (2.2.38)

i, (1) =i, (1) +1, (2.2.39)

vo(1) =V, = v (1) (2.2.40)

Vpy (1) =V, (2.2.41)

i (£) = =i, () = =ip, (1) (2.2.42)

ip, (1) =i (t) =0 (2.2.43)

t, = L,C, tan"[ﬁ“—;’;‘)—ﬁ %‘] (2.2.44)

Relationships (2.2.39)-(2.2.42) remain applicable through modes 4 and 5. For
large values of L;,, the capacitor current is practically constant during this mode
(Fig. 2.4), so that the equivalent circuit can be simplified as shown in Fig. 2.3 .In
this case, the relevant voltages and currents expressions are found to be

i (1) i (t,) (2.2.45)

iLm(ton)-'- I

VCs(t) - : (t_ton) +st(ton) (2'2'46)

s

and

~ C st(ton)

YT () +

+t, (22.47)
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b) Interval t] < t < t3; Mode 4: In this mode the capacitor absorbs the energy
stored in the leakage inductance's L{, Lo, and some energy stored in L;y,. The
equivalent circuit is shown in Fig. 2.3. The expressions describing the respective

voltages and currents become

Ty C, . T
CoOs——== —=sin .
i (1) JL,C, L " JLC, [ iu()
= . (2.2.48)
st(t) L, . Ty T, 0
- /— sin cos
- C-’ Lt C.\' Lle 4
where
L =0 (2.2.49)
LO
T, =t-t, (2.2.50)
. 2 Cs : 2
lLl(tl)= st(ton)E'*'(le(ton)'*'Il) (2'2'51)
The independent state equation is
d . L, d.
Elm(tz) =f:d_tzl”(‘tz) (2252)

Therefore,

, Ly t .
i (1) = —L20 (i m(t) + Il)(cos \/f% - 1}+ iLm(t])  (22.53)
tvs

._LmLZ (iLm(t|)+I|) . Tz
Vim (1) = L, JLC TILC, (2.2.54)

ia (t) =iy, () —ig, (1) (2.2.55)
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Lol
ty = ,/Ltcscos*‘[l———L‘—]H] (2.2.56)

LmiLl(tl)
During this interval, the magnetizing current if ;, (t) remains practically constant
(Fig. 2.4). therefore, the equivalent circuit can also be simplified as shown in Fig.

2.3. The relevant expressions become
T
i, ()= (i, (t,,) +])cos——==——— 2.2.57
L1 L 1 \/(_Ll + Lz )CS ( )

LL, . 1,
+Sin
C, J(L, +L,)C,

Veo() = =(ip (L) +1)) (2.2.58)

The time t, at the end of the interval is determined by:

i . (t
t, ~ (L, + Lz)Cscos"'[(i-lLT':(—)‘”‘:)r]+t , (2.2.59)
Lm\‘*on 1)

c) Interval t) <t < t3, Mode 5. During this mode, the capacitor voltage v¢(t)
assumes its maximum negative value at t = t3, at which time the magnetic
transformer energy is zero. The equivalent circuit is shown in Fig. 2.3. The

respective voltage and current expressions become

co 5 Css' 2
) - —_[=—=sin )
FiLm(t)]_ Kool PR e [:Lm(tz)] (2.2:60)
Ves(D L; sin t; cos Ly Ves(ty) o
L. CS LiCs LiCs i
where
T3=t-1 (2.2.61)
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il.m(tZ) = il.l(tl)'flj‘o‘ll

m

st(tZ) = _\/(iii(tl)_ iim(tz))'é'L

and
L T L T
v, (t)=—="cos—=2=—1i,_(t,)——=2=sin—=2
R P e RN &

iLz (t) =0
i, (1) =i, (1)

_ iLm(tz)
Ves(ts)

ty, = LiCstan“'[

(2.2.62)

(2.2.63)

(2.2.64)

(2.2.65)
(2.2.66)

(2.2.67)

d) Interval t3 <t < T, Mode 6: The equivalent circuit is shown in Fig. 2.3. The

following voltage and current expressions have been obtained from (2.2.34) by

applying the duality principle.

-

cos—=2 & sin —=2 |
[iLm(t)]= L,C, L, JL,C, [ Utt3) ] N
Ve (2) _ f_L_a_ sin T, cos Ty Ve (23)
. C-" LaCs Y, LaCs _
where
Ty=t-13
La=Li+Ls
iLm(t3) =0
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- 4
VLG,
T4

Z St

COS
A VL, C,
(2.2.68)
(2.2.69)

(2.2.70)

2.2.71)

0
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.a L ,
st(t\)=\/l.l-.|||(t2).CT: +VZ‘;(‘2)‘%:‘ (2'2'72)
and

V(D)= Loy (V. + v (t,))cos i (2.2.73)

Lin La [ Cs\*3 Lacg phes

n=w 4 22
v, ()= L WV, +ve, (24))cos e (2.2.74)
Vo (1) =V, = v, () = v, (1) (2.2.75)
VDi(t)=VLI(t)+vLm(t)_st(t) (2‘2'76)
iu (t)= iLm(t) = ica (1) =i, (t) =-ip, (1) (2.2.77)
ip (1) =0 (2.2.78)

Finally, regarding the simplified equivalent circuit for modes 3 and 4, an

approximate expression can be

found for vg(t3)-

st(tJ) ~ —J(Ilz + 2IliLm(ton))

where

ty ~ LiCstan'l[

C. Discussion

L+L, 2.2.79)

L,L
+'2 t 1~m
ll,m( on) C

H s

irm(ton) ,L +L
= Lm : on Ll " Lm }_'_ tz (2-2-80)
\/11 +2yipp(ten) V1T 2

1) Equation (2.2.79) shows that the maximum negative capacitor voltage Viy(13)

can be decreased by reducing L, Ly, if m(ton) (using a transformer with a large

magnetizing inductance) and increasing C;. Furthermore, Vg(t3) is dependent

on the load current and is independent of Vcg(t,)-

2-17




2) The available turn-off time to reset the transformer t3-t,, (see 2.2.80) is reduced
when the load current increases. This is so because the capacitor voltage
changes faster during ty-typ.

3) The maximum transistor current during turn-on can be reduced by increasing
Lg. However, the available turn-on time, t,,-tp, decreases.

4) If t3=T and | Vs(t3) | > V,, the recovered energy during a switching period can
be calculated as follows.

a) The energy returned to the source is

1
ERV = —2— Cs!]VCs(t3| - \Is]2
b) The energy delivered to the load is

Ep =5 C(V)

N |

Fig. 2.4 illustrates also that, with these conditions, the magnetizing current at

t=T is negative, e.g., if Ef ; denotes the magnetizing stored energy, then

t,=T > 1Lm(ton)'t3<T

iLm(ton)
Hence
ELm(t3 =T) ) ELm(t3 (T)

Furthermore, if B | denotes the energy stored in leakage inductance then

C, I

E > E if
RL L1
L,+Ly Vg

Therefore, regarding the last two expressions one can conclude that
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VCs(tszT)’mo ) VCs(t.x:T)lmo ) vc.q(t1<T)|||>()

Which means that the maximum voltage across the capacitor occurs under light
load and decreases as the load increases. In fact, because the magnetizing

current becomes negative with t3 < T the total energy stored in the transformer
decreases.
5) If the resonant frequency, 1/,/L_C, , is large as compared with the switching

frequency (no-resonant mode), the elements of the trans:tion matrix (2.2.6) can

be calculated as follows:

2.2.3 Design Procedure and Example
A design procedure is presented in this section. The exact expressions
obtained in Section 2.2.3 are used. The design procedure is as follows.

1) The voltage and current equations are normalized and expressed in terms of
design parameters. These parameters are the circuit components, the loac
current, and the duty cycle.

2) The steady-state solutions for resetting the transformer at t3 =T are found. By
using these solutions, normalized operating-limit curves are obtained for

different design parameter values.
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3) Finally, the operating-limit curves together with a complementary set of
normalized design equations are used to design the circuit.
A Per-Unit Values and Design Parameters
To express the equations presented in Section 2.2.3 in per unit (p.u.) form,
the following quantities are chosen as respective base values.
Vb =V; \'
Ip =i A
Zy = Vp/lp Q
Wp = 2nfb rad/s
Lp =Vp/IbWb H
Cp =1Ip/VbWb F
Hereafter, the capital letters denote p.u. values and the following design
parameters will be used.
Leakage Inductance Factor :
Ki=L|/Lnp (2.2.81)
Ky=Ls/Lyy (2.2.82)
Magnetizing Current att =ty :
I1m () (from (2.2.36) in p.u.)
Load Transformer Current Ratio :

L

= —— 2.2.83
ILm(®) (22.83)
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Base Voitage :

L
V. =1,,(05) c— (2.2.84)

s

Duty Cycle :
t
o= % (witht,=T and 8=8_ ) (2.2.85)
B. Operating-Limit Design Curves

With t3 =T (8 = 8,2x) and under steady operating conditions, the circuit

(Fig. 2.1) may be characterized by using the following set of normalized functions

Ves() = f (Ves(8), Vi, K, K1, K2) (2.2.86)

6=f(Ves(8), Vs (1), K;, K, K3) (2.2.87)

V,=f©®, KK, K)) (2.2.88)
Also from (2.2.86),

Ve=f(Ves(d), Ves (1), K K, K7) (2.2.89)

In addition, by using (2.2.36), the function (2.2.88) yields

271d 1
V = — (2.2.90)
r /mes Kl(Kl.+l)+l

The function (2.2.86) and (2.2.87) are derived by using (2.2.51), (2.2.62), (2.2.63),
(2.2.72), and (2.2.44), (2.2.51), (2.2.56), (2.2.62), (2.2.67), respectively. To
illustrate the effect of the leakage inductances, the magnetizing and the load
currents, different solutions are obtained for K; = K3 =0 and K; = K, > 0 (0.0008).

1) K; = K5 = 0: The design functions (2.2.87) and (2.2.89) can be shown to be:
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&) If Ves () = Ve (1) <,

K

V sty (), K )1
r K,+05 (\() :>
. 2
-—V +E+t -|| ICS(B) J
SERR NS

b) f Vs ®) =1, -Ves(1) > 1,

0.5K, K, ]’ [
vr——K;+O.5vCS(1)+\A:K|+0.5VCS(1) +

V

5= . ,
V o+~ +tan” ) P
ro2 " (K, +DV,

The respective operating-limit curves are shown in Fig. 2.5(a) and (b). To
reduce the capacitor voltage under rated load, the ideal K; value has to be 2 20,
i.e., maximum magnetizing current iy (to,) < 0.05I1.. Fig. 2.5(b) depicts the
time restriction required to obtain the flux balancing condition at t3 = T. The
equal-volts-seconds area to L, is achieved earlier as Kj increases.
percent of duty cycle and with X; > 20, the maximum negative capacitor voltage

is 1.55 p.u. (2.55 across the switch). With the same duty cycle but with K; =0

MVes(1)? -1

(2.2.91)

(2.2.92)

(2.2.93)

(2.2.94)

(open circuit) this voltage becomes 2.25 p.u. (3.25 p.u. across the switch)

2) K; = K, > 0: Similarly, design functions have been obtained for this case. The

respective operating-limit curves are shown in Fig. 2.6 (a) and (b). As illustrated
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in Fig. 2.6 (b), increasing the load current increases the rate of voltage change
across the snubber capacitor C; So, the available turn-off time needed to
achieve the transformer flux balancing condition under rating load, is larger than
with K;=K»=0. For this case, at 50% of duty cycle and with Ki 2> 20, the
maximum capacitor voltage decreases to 1.25 p.u. (2.25 p.u. across the switch).

C. Design Equations

The maximum voltage V', maximum currents /, and the element values can

be calculated by using the normalized design equations outlined hereafter in Table

2.2-1.
Table 2.2-1
Design Equations
I _
11,(3) =% I, = nl,
I oom Iy + 1,(8) I i 1,8
. C &8 2
lis= F(—VCS(I)) Ipy=1c
LS
inI]'l'IALS IAD2=iIJ
Vee=-Vel1) V im= V(1)
Vo=V = I}Q [;Q='VC3(1)+1
216 1,.(5)
L, = =| Zm
" I @)K (1K) +D) < [—"V, ]Lm
2
L -~ (2n8min) 8 = Smax
£ C"
th
8min = ? Ib =7 Lth
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-
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Figure 2.5 Limit Operating Curves; Current Factor Ki as a parameter;
K11=K12=0. a) Voltage Vr versus maximum capacitor voltage
Vs(t3). b) (ton/T)pe=0max VErsus maximum capacitor voltage V(t3).

Ve P, T Ki
Kl1=Ki2e 0000 b

Ves(ton)el p.u.

I N
=Ves (1) poue

Figure 2.6

tonsT 1o+

b)

Kil=Ki2= . DGO9

Ves(ton)el p.u.

i
R

"3
~Ves(3eT) pou,

Limit Operating Curves; Current Factor Ki as a parameter;

K11=K12=0.0008 a) Voltage Vr versus maximum capacitor voltage
Vs(t3). b) (ton/T)pmax=8max VErsus maximum capacitor voltage V(t3).
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D. Design example
In this section a design example is provided. Expecrimental verification
follows in Section 2.2.4. The Single-Switch Forward converter shown in Fig. 2.1

is designed regarding the following specifications:

Output power: Pp = 10kW

Source voltage: Vg =150V
Switching frequency:fs = 20 kHz

Duty cycle: Omax = 0.5, &pin=0.1
Transformer ratio: n = 1.33

Leakage factor: K; = K,=0.0008

The respective base values are

Vp =150V
Iy =15A
wp = 2nfrad/s

C, = 0.796 pF
Ly = 0.0795mH
The maximum switch voltage is determined with light load. Therefore, from Fig.
2.6 (b), with 8,,,x = 0.5 and K; =0, it is found that
=V (ty) ==V (1)=2.25

From Fig. 2.6 (a), with K; =0 and -V, (t3) = 2.25, it is seen that
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V, =2.01
The maximum current values are calculated at maximum duty cycle with
maximum load. The maximum magnetizing current (I ,,(8nax)) is assumed to be
15 % of the maximum load current. The design is summarized in Table 2.2-I1.
2.2.4 Experimental Results

To establish the feasibility of the proposed converter topology and to verify
the selected theoretical results, a 1-kW prototype unit operating at 20 kHz
switching frequency was built and tested. The transformer uses an EE ferrite core
with a small air gap, the magnetizing inductance is 1800 puH, and the leakage
inductance is 2 pH (primary). The power switch is a Powerex KS524505,
50A/600V, single darlington BJT module.

The Table 2.2-II compares the theoretical and the experimental values. It
is shown that the experimental values are in some extension lower than the
theoretical values. These is an expected result due to the assumption of ideal
circuit components in the analysis and the practical component values selected to
implement the experimental setup.

Key experimental waveforms for a quasi-resonant and a non resonant mode
of operation are shown in Figs. 2.7 (I), 2.7 (II), 2.8 and 2.9, respectively The
resulting experimental waveforms are in close agreement with the analvtical

waveferms shown in Fig. 2.4. In particular, Figs. 2.7 (I) and 2.7 (II) illustrate a set
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Table 2.2-11

Summary of the Design Example
Vs=150 V, Po=1 kW, Vo=50 V, fs=20 kHz

Variable Design Experiment
p.u. Value Actual Value

n - 1.33 1.33

L, 20.944 1665.000 pH 1800 pH
Cs 0.093 0.074 uF 0.100 nF
L 0.430 34.190 uH 20.000 pH
i 1.000 15.000 A 15.900 A
i, 1.300 25.000 A 25.000 A
T im 0.150 2.250 A 2.000 A
i 1.150 17.250 A 15.500 A
ip 1.150 17.250 A 15.500 A
i 1.046 15.696 A 12.500 A
I 1.046 15.696 A 12.500 A
i 0 2.046 30.690 A 26.100 A
Vo 2.250 487.500 \ 440.000 \'
Vs 2.250 337.500 \ 290.000 \'
Vim 3.250 337.500 \' -

V by 3.250 487.500 \Y 440.000 \Y
Vo 3.250 487.500 \' 440.000 \'

Maximum voltage are with light load, e.g. 4 A. Maximum current are at rated load, e.g. 20 A

of experimental converter voltage and current waveforms for light load (4 A) and
rated load (20 A). As predicted, the maximum voltage in the switch was higher at
light load than at rated load (e.g. 440 V and 400 V respectively). It is also verified

that the switch voltage stresses and the DC magnetizing current decreases as the
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load increases. In addition, as was predicted in the discussion of 2.2.3 C., when
the load increases the maximum switch voltage is achieved early, e.g. at a time t3 <
T (flux reset condition, see Fig. 2.4).

Figs. 2.7. (I) and (II) (c) and (d) illustrate the snubber capacitor voltage and
current. It is shown how the resonant LC circuit takes the energy from the
transformer inductances during the tumn-off increasing the capacitor voltage. Them
how this voltage is inverted during the turn-on until it gets clamped to the input
voltage (150 V).

Figs. 2.7 (I) and (II) (¢) show the resonance current through the Ls
inductance during the turn-on and Figs. 2.7 (I) and (II) (e) (f) show the input
converter current with the energy recovery "notch" during the turn-on. (energy
flowing to the input source).

Figs. 2.8 (a) and (b) depict the collector-emitter voltage and current during
turn-off and turn-on and these prove that the switching losses are minimized
(ZV5). For load power variation from 0.2 to 1 p.u., the experimental measured
efficiency was higher than 93%. It is observed a high frequency oscillation during
the turn-off transition, mainly due to the resonance between the parasitic
inductance and the parasitic capacitance of the diodes D1, D2 of the LC circuit..

These oscillations can be minimized with a better layout of the power circuit, by
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using schottkys diodes in the output rectifier and ultrafast soft-recovery diodes in
the LC circuit.

Finally, Fig. 2.9 illustrates experimental results using a large capacitor Cg
(non resonant mode of operation) and a resonant inductor Lg equal to the
magnetizing inductance L. In particular, Fig. 2.9 (a) reveals that the collector-
emitter voltage is now reduced to two times V. However, in this mode of
operation the turn-off losses increase and the HF transformer shown saturation

when the duty cycle is changed.
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10a¥ N

(@) Io=4 Amp (II) 10=20 Amp

Figure 2.7 Experimental Converter Voltage and Current Waveforms
Ls=20pH, Lm=1800puH, Cs=0.1pF, Vs=150 V, Vo=50 (20 A).V, D=50%
Voltage scale 100V/Div., current scale 10 Amp./Div. Time scale 10us/Div.
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VQ

Figure 2.8 Transistor Losses During a Switching Period
a) Turn-on: time scale 1 ps/Div., current scale 10 Amp./Div b) Turn-off: rime
scale 500 ns/Div., current scale 20 Amp./Div. Voltage scale 100 V/Div.

vQ
0—
iLs 00—
Figure 2.9 Experimental Waveforms in a Non-resonant Mode

Voltage scale: 100v/Div., Current scale 2 Amp./Div., Time scale: 10us/Div.
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2.3 Topology II: Complementary-Switch and Active Snubber Circuit

The forward single-switch converters with a demagnetizing winding are
widely used in low power applications (P, < 1 W). For medium and high power
applications, the design of this HF transformer is more difficult and expensive
when it must be designed for higher voltage, frequency and extended duty cycle
operation. A typical solution for medium power applications is the two-switch
forward converter shown in Fig. 2.10. However, it has the following
disadvantages:

1) It requires two main switches and two transformer flux reset diodes.

2) It requires one isolated gate driver

3) The associated HF transformer operates with a DC flux component.

4) It cannot operate with more than a 50% duty cycle.

5) Because of the parasitic inductance of the DC bus, special shunt capacitors
are always required to prevent reverse biased-second breakdown.

The proposed single ended forward converter topology shown in Fig. 2.11
needs only one main switch and one auxiliary switch, and it has none of the
aforementioned disadvantages. Moreover, because there is only one high-power
switch in series with the source (i.e., IGBT), this topology yields less conduction
losses and therefore better cfficiency. One intrinsic disadvantage, however, is that
the voltage rating of these two switches, depending on the maximum operating

duty cycle, input voltage, and load current variation. On the other hand, step
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Figure 2.10 Typical Two-Switch Single-Ended Forward converter
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Snubber Circuit
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change in the duty cycle may produce low-frequency oscillations in the
magnetizing current. which can saturate the HF transformer core The oscillation
problem is solved if a current mode type of control is used with the current sensor
in series with the main switch.

The principle of transformer flux balancing through the use of a
magnetizing-energy-trap capacitor and an auxiliary switch was proposed in
references [1] and [15]. The circuit realization presented in [15] has the
disadvantage of not providing a means for recovering the energy stored in the
parasitic cj-cuit inductances. Several schemes, which could solve this problem, are
discussed in [1], but no analysis and design procedures have been reported. One
important feature no identified before is that, due to the negative magnetizing
current, this topology provides ZVS during the turn on and turn off switching
intervals. This is an important advantage as compared with the previous topology
with the LC snubber circuit which can not provides ZVS during the turn-on.

The performance of the proposed topology depends mainly on the capacitor
Cs value. With a large Cg value, the capacitor voltage during turn off (V)
becomes practically ripple free, thus emulating a DC voltage source. This
topology, therefore, works in a non resonant mode of operation. In this mode, the

switches have lower voltage stresses, but the time response is slow. With a small
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Cg value, the initial turn-off capacitor voltage V¢ becomes equal to the input
voltage V, and the topology now works in a quasi resonant mode of operation.
The circuit has a faster transient response, but the voltage stresses across the
switches increase to more than twice the bus voltage.

In both modes of operation discussed above, the capacitor Cg stores all the
reactive energy of the parasitic, leakage, and magnetizing inductances and protects
the switches from switching over voltages. In addition, the capacitor blocks the DC
component of the leakage and magnetizing inductance currents, which means that
the energy stored during the turn-on is sent back from the capacitor to the source
through the same inductances during the turn off, thus keeping them magnetically
balanced. Moreover, energy associated with stray circuit inductances is also
returned to the DC source.

In both modes of operation, a very low-power auxiliary switch can be used
to conduct the reverse current. This is because for a practical forward converter,
the RMS value of this current is very small (almost magnetizing current) compared
with the rated load current. However, the maximum voltage of the auxiliary
switch is equal to the main switch. Also, the peak current of the diode D2 is almost
equal to the load current, but only during a very short interval at the beginning of

turn-off (see Fig. 2.11 b)).
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The transformer flux balancing condition with zero DC component can also
be achieved if the auxiliary switch is replaced by a suitable resistor Rg (Fig. 2.11
(c)). This is a DRC snubber circuit but is proposed here for the first time to operate
in a quasi-resonant mode to reset the transformer core and to minimize the losses
during turn-on due to parasitic capacitance of the switch. The capacitor Cg is
designed to resonates with the magnetizing inductance of the transformer. Similar
to the conventional DRC snubber, the circuit provides ZVS during the turn-off,
although the turn-on losses associated with Rg and the main switch increase since
the capacitor Cs need to be discharged each time the main switch is turned on.

This section presents the analysis of the DC/DC converter shown in Fig.
2.11. The active snubber circuit is analyzed operating in a non-resonant and quasi-
resonant mode. The DRC snubber circuit is analyzed operating in a quasi-resonant
mode. Design procedures are proposed and illustrated by examples. Finally, to
verify the theory, experimental results from a 1 kW, 20 kHz prototype unit are
presented.
2.3.1 Doscription and Principles of Operation

The simplified circuit diagram is shown in Fig. 2.11 (a). It includes the
supply voltage V,, the HF transformer magnetizing inductance L,, the parasitic
and leakage inductances L, and L,, the forward and free-wheeling HF rectifier

diodes D and Dy, the load current (through the rectifier filter inductor) as current
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source [}, the main high-power switch Q; and its integral diode D, the auxiliary
low-power switch Q, and its integral diode Dy, the flux balancing and energy
recovery capacitor Cg, and the switch control logic circuit.

The waveforms shown in Fig. 2.11 (b) illustrate the steady-state non
resonant mode of operation, assuming ideal switches and neglecting the effects of
L, and L;. The switches Q; and Q; are operated according to the control signal
s(t). At time zero, the converter ON interval begins by turning switch Q; on and
Q; off. During this period, Vy is applied across L, causing the magnetic flux of
the transformer's core to change with the time, as dictated by Faraday's law. The

concurrent change in the magnetizing current is given by

Al =y

e SL-:, (23.1)
At time tp (Fig. 2.11 (b)), the main switch Q) is turned off, and the auxiliary
switch Q, is turned on, initiating the OFF converter interval. The load current is
transferred to diode D5. The total current ig(t) is equal to the magnetizing current
iLm, and it is positive (ip p(ty) =+ Ipg). Thus, it(t) flows through D, and C;. The
voltage across the switch is clamped to the capacitor voltage V.. The voltage
across the magnetizing inductance L, is now the difference between Vg and VIt
has a negative value so that the slope of the magnetizing current is also negative.

During the interval t3 > t > t5 (Fig. 2.11 (b)), the magnetizing current charges the

capacitor C;, and the associated energy is gradually transferred from the
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transformer to the capacitor. During the interval tg > t > t3, if(t) = i, (1) (Fig. 2.11
(b)), and it becomes negative. Thus, it(t) flows via Q; and discharges C,. The
stored energy is now transferred back from capacitor C to the transformer core
and the input source via Q. Since V, remains practically constant during the OFF
period, the magnetizing current changes linearly. The total change in the current is
given by

t, —t
Al = —V)—————(4 2)
m c A

(2.3.2)
off Lm

By equating the magnitude of the current change during the ON period (2.3.1) to

the corresponding current change during the OFF period (2.3.2), it follows that

1 i
Vo=V 15 (2.3.3)
where 8 is the duty cycle which is given by
t
5=-2 2.34)
‘4

Therefore, in order to maintain practically zero DC magnetizing current when the
duty cycle changes, the capacitor voltage V, (t3) will be adjusted automatically to
reset the transformer at t = t,.
2.3.2 Power Circuit Analysis

This section presents the analysis for both topologies shown in Fig. 2.11 (a).

It is assumed ideal switches, a lossless transformer operating in linear flux mode,
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but with parasitic-leakage inductances Ly and L. The analysis is concerned with
the identification of the topological modes (TM) during a switching cycle, the
solution of the state equations in each TM, the operating modes and the
transformer flux balancing conditions.
A. State Equations

The analytical expressions describing the converter currents and voltages
for each mode of operation are obtained by solving the following independent state
equations:
Turn on

d -1
Et-ch(t) =-——V_

e Ve (only DRC snubber circuit) (23.5)

d v
@) =1 (2.3.6)

e

Turn off

-R -1
. -_— — . 1 .
dlii(z L i;(t — i (0
_[ L )]= . L [ L( >]+ V. [ L( )] 237
dz|ves(T) — 0 ves(t) 0 ves(0)
Cs
where L is the equivalent circuit inductance seen by the source and the capacitor

Csand R must be zero for the case of the active snubber circuit operating in both a

non-resonart mode and a quasi-resonant mode. Equation (2.3.5) represents the
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discharge of the capacitor C during turn on when a DRC snubber circuit is used is

used.
B. Voltages and Currents solutions

The Fig. 2.12 shows the respective TM's identified in sequence during a
switching cycle. The Fig. 2.13 illustrates the sequences of topological mode that
occur in each mode of operation for the two topologies. For the non-resonant mode
the TM sequence is always the same. However, for the quasi-resonant modc
(active or DRC snubber circuit) the TM sequence could be different depend on the
initial voltage of the capacitor Vc at the beginning of the turn-off cycle.

The voltage/current solutions for (2.3.6) and (2.3.7) arc found for the DRC
snubber circuit (more general case) operating in a quasi-resonant mode. These
solutions are presented below.

Turn on
Mode | : 0< t <t}, D,; on, D,y on, Q;on, Q3 off D; off

The resulting voltage and current equations are:

iy (t)=1,(0) + LVS (2.3.8)
Lel
il
wes()=ves(0e R 0 (1 (1, (2.3.9)
ic®="52 011, (23.10)

where
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AU -ina(0)

n=p S 2.2.11)
L=L,+L, (2.3.12)
P=LL,+LL,+LL, (2.3.13)
P,
| 3.
a=g ) (23.14)

Mode 2 : t] <t<typ Dyjon, Dy)off, Q1 on, D) off

iy, (t) = iu(t,)+£—'vs (2.3.15)
p
where
L,=L,+L, (2.3.16)
T, =t-t, (2.3.17)
Turn off

Mode 3 : t,, <t<ty D,jon. D,;off, Q;off Djon
1
i (N =1L1(ton)cos0T2 +Z—1(Vs —veslton))sinoyty  (2.3.18)

ves() = ip1(ton) 2y sinwyy = (Vy — veg(ton)) cosm T2 +V(2.3.19)

where
T,=t-t (2.3.20)
] —I[VS _st(ton)]
th =—tan | —————= |+¢ 2.3.21
2 o i11(ton) 2 on ( )
Z Ly
i C. (2.3.22)
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Figure 2.12 Topological Modes in a Quasi-resonant Mode with a DRC Snubber
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é)—»@»@»@»@g
(a)

...... YS Yo,
Maximum duty cycle

Na<yn
Maximum duty cycle

oo

ve Ve

-y

(©)

Figure 2.13 Different Modes of Operation a) Active Snubber, Non Resonant
Mode. b) Active Snubber, Quasi-Resonant Mode ¢) DRC Snubber, Quasi-

Resonant Mode.
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“=\eL,

Mode 4 : ty <t<t3, Dpjon, Dy on, Qpoff, D) on
. . 1 :
i (1) =ip{tz) cosmyT3 +'22“(Vs —ves(fp))sinwyts

ves(D) =i (12)Z sinwaty - (Vg —veg(t3)) coswp T +V

where
T, =t—t,
ZZ = Lel
C,
and
7,~2, L+L,
Lm
1
0, =
CL

1 K i r1(t9) 2
L] e .,
Wy K> Ve —ves(ta)

L
K, =(iu(’2)‘i1.2(’2)fs‘)zz

m

Ky = @aili (t2)} + (¥, vy (1))

Mode 5 : t3<t<ty D,joff D,yoff, O;off D;on

, . 1 .
ip)(t) =ipy(t3) coswty + Z(Vs -vcs(t3))sinoyty
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(2.3.23)

(2.3.24)

(2.3.25)

(2.3.26)

(2.3.27)

(2.3.28)

(2.3.29)

(2.3.30)

(2.3.31)

(2.3.32)

(2.3.33)




ves(t) =i ()2 sino g = (Vy —ves(13)) cosopy
where

1 —-ip1(t3)2
7 =—tan"'[——-——-“( 3)4 ]+t3
()| Vs—st(tf})

Mode 6: ty<t<ts, D,y off, Dy off, O off, Dyon

1
in@= 7T(V ~ves(ta))e ™™ sinw, s
“r

ves(ty = Vg = (Vs = ves(t4)) - e"E’"S(COSﬂ)rlTs - 3f‘~sinwms

rl
where

Zrl = o‘)rle

t -l—t [co ]+t
%]

Mode 7 : ts<t<tg D,y on, D,y on Q;off Dy off

i, () =5 (A,sin® T4 + iy, (t5) cos0,,T4)
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(2.3.34)

(2.3.35)

(2.3.36)

(2.3.37)

(2.3.38)

(2.3.39)

(2.3 40)

(2.3.41)

(23.42)

(2.3.43)

(2.3.44)

(2.3.45)



r
-E 2 . . .
ves(8) =V~ 2Zqe ’2T6{Al(cosm,216 + 52 smm,z'c6)+ 1“(!5{(:27 COSM,2T g — smm,.zr(,)}

ra

r2

where
Vs =ves(ts) &2
Ay =—2—=22 i (t5)
1 Z, Lils o,
Te=t—1;
R
&, oL,
® 1
@ CsLel

Z,=w,L,

Mode 8. tg< 1<ty Dyjon, Dyyon, Qjoff, Dyon
in(t)=igi(tg)cosmyty +“212‘(Vs —ves(tg))sinwaty
ves (1) =i1(tg) 2y sinwyty — (Vs —ves (i) cosmaty +V

where

t, = T (switching period)
T,=l-t
in(t) €0

st(’6) ( VS

(2.3.46)

(2.3.47)

(2.3.48)

(2.3.49)

(2.3.50)

(2.3.51)

(2.3.52)

(2.3.53)

(2.2.54)

(2.3.55)
(2.3.56)

(2.3.57)

Finally, the total solution is obtained by using the following expressions :
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\
|
i, ()= iy, (E)+1,5(1) (2.3.58)
|

dil,m diLZ
Ly~ =L — (2.3.59)

C. Steady State Solution

The voltage and current solutions X(t) = [iL, vc]T outlined in Section 2.3.3
were normalized, and a computer program was written to calculate the steady state.
The program selects the respective equations for each mode of operation according
to the sequences shown in Fig. 2.13 and modifies them by using R; = 0 in TM's 5
and 6 (Fig. 2.12) when the auxiliary switch is considered. The steady-state
solutions for different circuit parameters, duty cycles, and load currents are
determined by solving

X(0)-X(T)=0 (2.3.60)
To solve (2.3.60) a Broyden algorithm [25] has been used. The algorithm is
described in Appendix Al. Relevant steady-state waveforms at 50% duty cycle for
the three cases are illustrated in Fig. 2.14.

The modes of operation depend on the initial condition of the capacitor
Ves(ton), the characteristic impedance Zy (Z;), the load current, and the duty
cycle.

1) Non-resonant Mode with the Active Snubber: Fig. 2.14 (a) shows the
waveforms for this mode. The topology operates in a non-resonant mode if in

steady sate, Vg(ton) is always larger than V for any duty cycle and load current.
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-/ .,\l-/.,\yl.}/ PR NG
 — ——-——f’\lL o

Figure 2.14 Steady-State Voltage/Current Solutions. I, I, and V a) Non
Resonant Mode by using the Active Snubber. b) Quasi-Resonant Mode by using
the Active Snubber. ¢) Quasi-Resonant Mode by using the DRC Snubber.

47 -
Ii=l pu Duty Cycle 2!’ Duty Cycle
07 5 ; 07
305 P 8:25 " 4-4- g‘g’
0.55 2 0.55
: Qs 04s
34 ' /04 3.54 04
/ 03 03
0.3 0.3
v 028 0.25
2.5 _ g 0.2 al 02
/
R
21 __/ 2.5-
%
3 i
l = Tu
Pd
1 ez L $ + — 1.5 / A R .
@ S 18 1S 20 25 3@ 18 15 28 25 38 35 48 4S
(a) 1 pu 11 pu

(b)

Figure 2.15 Maximum Snubber Capacitor Voltage VCs as a function of the
Characteristic Impedance ZI. Duty Cycle as a Parameter. a) Non-resonant Mode
with the Active Snubber. b) Quasi-resonant Mode with the DRC Snubber
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D.  DC Magnetizing Current and Modes of Operation.

As is shown in Fig. 2.13, the TM's sequence is always the same. The effect
of Z; on the maximum capacitor voltage for different duty cycle (rated load) is
illustrated in Fig. 2.15 (a). Each curve gives the range of values of Z; for a non-
resonant mode. The line L; indicates the boundary between this mode and the
quasi-resonant modes.

The value of Z; should be chosen with regard to the minimum duty cycle,
the maximum voltage of the capacitor (switches), and the time response (Z; large
as possible). Fig 2.16 illustrates the operating characteristics for Z; = 5 pu.
Because the DC component of the leakage inductances current, during the turn off,
can not circulate through the capacitor, there is always a small negative DC
component in the magnetizing current, which changes with the duty cycle and the
load current (Fig. 2.16 (d) and (e)). The magnitude of this DC compcenent
decreases as the duty cycle increases and increases if the load current increases.
Fig. 2.16 (f; shows the maximum capacitor voltage as a function of duty cycle and
load. As can be seen, this voltage is independent of the load current and it is in
close agreement with (2.3.3) (V. = V¢max)-

2) Quasi-resonant Mode with the Active Snubber : The Fig. 2.14 (b) shows the
waveforms for this mode. In this case, Vg(to,) is practically equal to Vg for any

duty cycle and load current (steady state). As can be seenl in Fig. 2.13, the TM's
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sequence may be different this mode, depending on the final value of the capacitor
around Vg at t = T. Moreover, if the TM's sequence is extended more than TM 6,
negative magnetizing current is trapped in the transformer, and the TM's can
oscillate between 7 and 4'.

3) Quasi-resonant Mode with the DRC snubber: The Fig. 2.14 (¢) shows the
waveforms ‘or this mode. In this case, V¢(ty,) is always equal to zero, and
V(T) is selected to be equal to V for any duty cycle and load current. The range
of values for Z; that ensure this operation are presented in Fig. 2.15 (b). A
minimum value of Z; (to limit Vgpax) must be chosen at maximum duty cycle
and rated load; the boundary is indicated by the curves L;.

Operating characteristics for this mode with Rg = 10 and Z; = 30 pu are
shown in Fig. 2.17. It should be noted that for this particular value of Ry, a zero
DC component in the magnetizing current is obtained at 60% duty cycle and I = 1
pu (Figs. 2.17 (d) and (e)) and the maximum voltage in the capacitor is a function
of the load (Fig. 2.17 (f)).

2.3.3 Design Procedure and Example
A Design Procedure
Converter design procedure, based on the analysis method presented in

Section 2.3.3, is as follows :
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1) A transformer with a minimum leakage inductance and a maximum
magnetizing inductance must be used.

2) From Fig. 2.6, a value is determined for the characteristic impedance Z;.

3) The value of capacitor Cy is calculated by using (2.3.22).

4) With the values determined in steps 1) to 3), steady-state solutions for different
duty cycles and load currents are determined by solving (2.3.59).

5) For each solution in 4) above, the iRMS, IDC, imax, and VCspax values are
computed (moreover, an optimum value that eliminates the DC magnetizing
current at maximum duty cycle can be found in this step).

6) Finally, from these data, operating characteristics cur.es in term of design
parameter are obtained. Those curves are used to determinate the maximum
voltages and currents in each element of the circuit.

B. Design Example

In order to illustrate the design procedure, design examples example arc
provided in this section. The F1S topology shown in Fig. 2.11 will be designed
with the active snubber to operate in the non-resonant mode, and with the DRC
snubber to operate in the quasi-resonant mode.

1) Design Specifications :

Maximum output power : Po=10kW

Maximum output voltage : Vo=50V
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Maximum source voltage : Vgmax = 150V

Minimum source voltage : Vgmin = 140V

Operating frequency : f=20kHz

Duty cycle : Omin = 0.3, Opax = 0.6
Transformer inductances : L, =1800 uH, Ly =L, <2.0 uH
Open loop voltage regulation : Re=5%

2) Transformer ratio : The transformer ratio is calculated as follows :

Vprimary _ Vs mindmax

= = =1.6
Vsecondary  Vo(1+Re)
3) Base Values :
Vb = Vgmax =150V
Ip =I11max =15A
oy =2nf
Hence
Iy
Cy = =0.796 uF
b®b
Vb
Ly = =0.0795 mH.
Iyoy
4) Design :

a) Active snubber, non-resonant mode : From Fig. 2.15 (a), with i, = 0.3, a

maximum value for Z is
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Zimax = 13 pu
and with Z . = 13 pu and 8,34 = 0.6. Vegmay iS

Vcsmax = 2.51 pu.
b) DRC snubber, quasi-resonant mode . From Fig. 2.15 (b), with 8,,,x = 0.6 a
minimum value for Z is

Zimin =30.5 pu.
The design is completed by using (2.3.22) and Figs. 2.16 and 2.17. The resulting
components, voltages, and current values for both modes of operation are

summarized in Table 2.3-1.

Table 2.3-1
Summary of the Design Example
Active Snubber in a NR mode and DRC Snubber in a QR Mode.

PU VALUES ACTUAL VALUES
ACTIVE SN. DRC SN ACTIVE SN DRC SN Unit
L1 0.025 0.025 <2 <2 pH
L2 0.025 0.025 <2 <2 pH
Lm 22.640 22.640 1800 1800 puH
Cs 3.769 0.024 3 0.019 WF
VCsmax 2.400 3.300 360 495 \'/
VQimax 2.400 3.300 360 495 \'
VQ2max 2.400 3.300 360 495 \Y
ICsmax 1.070 1.075 16.050 16.120 A
ICSrms 0.080 0.090 1.200 1.350 A
IQ I max 1.070 1.100 16.050 16.120 A
IQ1rms 0.800 0.810 12.000 12.150 A
IQ2max 0.070 - 1.050 - A
ID 1 max 0.070 0.075 1.050 1.125 A
ID2max 1.070 - 16.050 - A
ILmmax 0.070 0.075 1.050 1.125 A
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2.3.4 Experimental Results

In order to establish the feasibility of the proposed converter topology and
to verify the selected theoretical results, a 1-kW prototype unit operating at 20 kHz
switching frequency was built and tested. The TOSHIBA IGBT module
MG25N2YS1 with two switches was used to implement the power circuit.

Relevant experimental waveforms at 55% duty cycle are shown in Figs.
2.18, 2.19, and 2.20. These results are in close agreement with the theoretical
waveforms shown in Figs. 2.14. In particular, Figs. 2.18 (a), 2.19(a), and 2.20 (a)
illustrate the capacitor currents and voltages. The peak capacitor current at the
beginning of the turn off corresponds to the leakage-parasitic-inductance energy
stored for the capacitor. After this time, the capacitor current is equal to the
magnetizing inductance current. It is clearly shown that the magnetizing current is
almost zero for the three cases.

With the active snubber circuit, the non-resonant mode of operation was
achieved by using a capacitor of 3 pF. The Fig. 2.18 (a) shows that the capacitor
voltage becomes practically constant and is 2.1 times the input voltage. The quasi-
resonant mode was achieved by using a capacitor value equal to 0.40 puF. The Figs.
2.19 (a) verify that the capacitor voltage becomes sinusoidal during the turn-off
with a peak value equal to 2.66 times the input voltage. As was predicted, at the

end of the resonance this voltage is equal to the input voltage.
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Fig. 2.20 (a)) shows the experimental results with the DRC snubber circuit
operating in a quasi-resonant mode. In this case the peak voltage becomes 3.10
times the input voltage.

The Figs. 2.18 to 2.20 (b) illustrate the switching losses of the main switch
during turn on for the three cases under study. The experimental results proof that
the highest turn-on losses occur with the DRC snubber circuit, and they are
negligible with the active snubber circuit operating in the non-resonant mode (Fig.
2.18 (b)). In order to provide ZVS during the turn-on in this case, a dead time of 1
us was introduced between the signal of the main switch and the complementary
switch. During the dead time both switches are off and the negative magnetizing

current is used to discharge the parasitic capacitance of the main switch.

Similarly, Figs. 2.18 to 2.20 (c) illustrate the switching losses of the main
switch during the turn off. These losses are neglected with the DRC snubber
circuit due to the ZVS feature. For the case of the active snubber is seem that the
losses increases. This is so because wiring need to be added to measure the current
through the switch, increasing the parasitic inductance in series. It should be noted
that the ZVS in this case is provided by the parasitic capacitance of the main
switch. Experimental values of the converter efficiency (n%) for the three modes

of operation with 1 and 0.5 pu output load are presented in Table 2.3-II.
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Figure 2.18 Experimental
Results with Active Snubber,
NR Mode.

Voltage scale: 100 V/div.
a) Current scale: 1A/div.
Time scale: 10us/div.

b) Current scale: 10A/div.
Time scale: lus/div

c) Current scale: 10A/div.
Time scale: 1us/div.

Turn-on

Turn-off

Figure 2.19 Experimental
Results with Active Snubber,
QR Mode.

Voltage scale: 100 V/div.
a) Current scale: SA/div.
Time scale: 10us/div.

b) Current scale: SA/div.
Time scale: lus/div

c) Current scale: 5SA/div.
Time scale: lus/div.
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Figure 2.20 Experimental
Results with DRC Snubber,
QR Mode.

Voltage scale: 100 V/div.
a) Current scale: SA/div.
Time scale: 10us/div.

b) Current scale: SA/div.
Time scale: lusdiv

¢) Current scale: 5A/div.
Time scale: lus/div.




Table 2.3-11
Experimental Efficiency (%)
D=50%, Vo=50 V

A CTIVE SNUBBER DRC SNUBBER
LoAD NON-RESONANT QUASI-RESONANT QUASI-RESONANT
0.5pu 95.00 94.30 93.00
1.0 PU 94.00 94.60 92.36

24. Summary

In this Chapter, two HF single-switch single-ended forward DC/DC
converter topologies with ZVS, transformer flux balancing, and extended duty
cycle capability have been thoroughly analyzed. A simple HF transformer which
does not require a third winding to reset the core is used. Those features Icad to a
better current utilization of the power switch, provide better utilization of the
transformer core and improves the efficiency of the single-ended forward
converters.

In Section 2.3, a complete analysis and design procedure of an improved
single-ended Forward converter using a nondissipative LC-type snubber circuit has
been presented. The main advantages of this topology are the reduction of
switching stresses and increased efficiency through the use of a quasi-resonant
energy recovery subcircuit. However, this circuit can not provide ZVS during the

turn-on. This is an important requirement to improve the efficiency at higher
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frequency and by using MOSFET. In addition, the energy stored on the parasitic
inductance of the DC bus can not be recovered. This means that an extra RC
snubber must be used in parallel with the input DC bus or with each recovery
diodes to dissipate the energy and to minimize the resulting voltage spike in the
DC input bus. It has been also proof that with this topology, the resulting
maximum switch voltage is 2.93 times the supply voltage Vg at 50 percent duty
cycle and the worst case for the voltage occurs under light load operating
condition.

In Section 2.4, a topology with an active snubber has been proposed to
solve the problem of the parasitic inductance of the DC bus and to obtain ZVS
during turn-off. It is found that by using a combination of a main switch, a low-
power switch and a small capacitor connected in series with the primary of the HF
transformer, a practically zero DC transformer magnetizing current can be
achieved at rated load. This topology can be operated at duty cycles larger than
50% without loss of the aforementioned characteristics. Moreover, it can be
designed to operate in a non-resonant and quasi-resonant mode and in both modes
the proposed converter presented an efficiency larger than 93% at a 55% duty
cycle (see Table 2.3-II). However, the property of ZVS during turn-off and turn-
on diminish at low duty cycle due to the DC magnetizing current becomes positive

as shown in Figs. 2.16 (d).

2-61



The structure shown in Fig. 2.12 suggests that complementary p an n types
of transistor switches could be integrated into a single block so that a common
gating signal could be applied to both switches. Such a block would have three
power terminals and two control terminals, thus considerably simplifying the
overall converter hardware. Finally, the theoretical results have been verified

experimentally on 1 kW 20 kHz laboratory prototype units.
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CHAPTER 3
TWO-SWITCH FORWARD CONVERTERS
3.1 Introduction

The main drawback of the single-switch single-ended forward topologies
analyzed in the Chapter 2 is the voltage stress of the main power switch. When a
L-C snubber or an active snubber circuit is designed to reduce the switching losses
and to provide transformer core flux balancing, the maximum switch voltage at
50% duty cycle can be 3.25 times the DC input voltage (quasi-resonant mode), or
higher if the duty cycle is increased. This constraint limits the application of these
topologies for higher voltage. However, to obtain higher power capability, a
single ended forward converter can be designed employing two power switches,
connected in series or in parallel, thus reducing stresses by 50%.

Fig. 3.1 shows the simplified power circuit of a conventional two switches
single-ended DC/DC forward converter. This topology is designed by using two
power switches connected in series, and each switch with a DRC snubber
connected in parallel. The diodes D; and Dy are incorporated to reset the flux of
the HF transformer by connecting the DC input voltage source Vs in reversed
polarity during the turn-off. This topology is widely used for power applications in
the range of 1 to 5 kW [2]. In comparison with the half-bridge and full-bridge
topologies, this converter yields more reliable performance because of the

inductances of the HF transformer (HFT) limit the di/at of any short circuit current
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through the power switches. In addition, as compared with the high-power
resonant converter, the power switches are subjected to lower voltage and current
stresses [1,2,18]. However, it cannot operate with more than a 50% duty cycle and
the associated HFT operates with a DC flux component. Also, it requires DRC
snubber circuit and the transformer resetting diodes D3,D4. These two diodes do
not allow to recycle the energy stored in the parasitic inductance of the DC bus.

The aforementioned drawbacks means, increased size of the HFT core and
higher losses at high frequency due to the increased losses in the semiconductor
devices required to protect the switches against overvoltage. Moreover, the two
switches usually operate with a nominal duty cycle less than 50% to allow
instantaneous output voltage regulation without saturating the HFT core. This
implies a low utilization of the power circuit.

Lossless L-C snubbers for the topology shown in Fig. 3.1 have been
proposed in [2,24,26] to reduce the turn-off switching losses and to clamp the
voltage spikes across the switches. However, these solutions require extra
elements, and they do not remedy disadvantages mentioned before.

In this chapter, a new single-ended forward converters (SEFC) with two
power switches in series, and for output power higher than 1kW, is investigated.
The reduction of the switching losses, extended duty cycle of operation, and better

utilization of the HF transformer are the main features of the proposed
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configurations. Moreover, a novel two-switch zero-voltage switching single-ended
forward converter is proposed and thoroughly analyzed.
3.2 Topologies I: Two Switches in Series

Two variations of the SEFC topology shown in Fig. 3.1 arc studicd in this
section; the proposed power circuits are shown in Fig. 3.2. To improve the
performance, the resetting diodes, D; and Dy, have been eliminated, and the main
switches have been replaced by the switching structures analyzed in Chapter two.
Fig. 3.2 a) shows the resulting topology (F2SA) with the complementary n and p
transistors and Fig. 3.2 b) shows the resulting topology (F2SB) with the quasi-
resonant DRC snubber. This section presents an extended analysis of these
structures. Moreover, a design procedure for each of them is proposed and
illustrated with examples. Finally, the analytical predictions are substantiated by
using a 4-kW, 40-kHz experimental unit.
3.2.1 Principle of Operation

The combination of the main switches (Q;, Q7), the inductances of the
transformers (Lp,, L, L), and L}, in series with each Quasi-Resonant Auxiliary
Circuit (QRAC) shown in Fig. 3.2, constitutes a bi-directional low current boost
converter, which provides transformer flux balancing and extended duty cycle
operation. This boost converter operates first with the leakage inductances of the

HF transformer (unidirectional current) and then with the magnetizing inductance
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(bi-directional current). Indeed, during the turn-oft cycle, the capacitors C and C»
store first the energy from Ly, L L, and then, from L,;, during turn-on. After that,
this energy is sent back to L, again, and toward the input voltage source V. As a
result, the HFT can be operated with practically no DC flux at rated load which
means that a reduction in the size of the transformer core is possible. Morcover,
the capacitors, C; and C; are connected in parallel with the respective main
switch, providing ZVS (during the turn-on and turn-off), and reducing thc switch
voltage stress.
3.2.2 Power Circuit Analysis

The analysis presented here assumes ideal switches and a lossless
transformer operating in a linear flux mode. A 'T' equivalent circuit is uscd to
model the HFT. The output filter and load are represented by a current source
(continuous current). This circuit is reflected to the primary side of the HFT, as

shown in Fig. 3.2. The main objectives of the analysis are :

1) To identify the topological modes (TM's) or states of the circuit during
one switching cycle and the resulting modes of operation

2) To find the voltage-current equations for each TM.

3) To find the steady-state solutions and the boundaries for cach mode of

operation.
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To maximize the use of the analysis and design results derived here, all the
components values and current-voltage ratings hereafter will be referenced with
respect to the following base values:

Vpase = Vs :input voltage
=1] :rated load current reflected to the primary side of the HFT

Ibase

fhase =1fs :switching frequency

V 14

Hence = base =3
’ base | I

base 1

L _ " base
base = 5op
ase  2mf, base

1
2nf, base Zbase

Cbase

Because the design specifications are usually given to the input/output terminals of
the converter, and there are more than one resonant circuit, the value of Zpage in
this section has been defined as the ratio of the input voltage to the maximum load
current.
A. Topological Modes

The various topological Modes (TM) during one switching cycle (steady
state), are shown in Fig. 3.3 (F2SB). The sequence corresponds to the more

general case (i.e. DRC designed in a quasi-resonant mode of operation).
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B. Normalized Voltage-Current Equations
To facilitate the circuit analysis and the design, normalized parameters with

respect to base values are defined as follows :

D normalized on time

Dn  normalized limit time for interval n

0 angular variable

On  normalized limit angle for interval n

ky resonant frequency of modes M3 and MS

ko  resonant frequency of mode M4

k, resonant frequency of mode M6

Z, characteristic impedance of modes M3 and M5

Z,  characteristic impedance of mode M4

Z,  characteristic impedance of M6

K;  primary inductance factor of HFT

K,  secondary inductance factor of HFT

Q 'Q' factor of the resonant circuit M6
With the above parameters, the angular form of the normalized state-equation
solutions (V. and I ;) for each TM (F2SB) can be shown to be
ModeMI: 0£08 < 0y

1
Ip, @) =1y, (0)+—Z—2-k29 (3.2.1)
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Mode M2: 8; o 6 < 0)

1
Iy, ©=11, O+ 5-k1(0-6)) (3.2.2)
Mode M3 : 8) < 0 < 03

2 2 2 2
V.(0)-1 1
Iy ©)| + —C————} =[1 C] )] +[——-} 3.2.3
[L, } [ Z, L, (02 Z: ( )

Mode M4 : 63 < 0 < 04

2 2 2 2

V. (0)-1 1- V(0

[ILl(B)] +[ C(z) } =[ IL,(93)} +[—Zi(i)J (3.2.4)
2 2

Mode M5 : 64 <6 < 05

2 2 2 2
[ILI(G)] +[V°(Ze)'l] =[ ILI(64)} +[L"V—Z°-@—4l] (3.2.5)

1 1

Mode M6 : 65 <0 < 04

2 2 2
Ve® =17 _[1-V,05)
[IL'(G)] +[ Zy } —-[ Z, ] PO (29
Mode M7 : 065 <0 < 2n
[, (0)=0, Vc(0)=1, I, (6¢) (3.2.7)

where

2

R
-5k, (0-0,) R R
p(B) =e Z (l + 422 sinzk,(e— 95)-!- -2—2-—s1n2kr(9 - 95 )J (328)
r r

I; -1 (O
91=ki; a=21tk2D1=[1 ;'&]Zz (3.2.9)

2




92 =91+‘IEB_; B:znkl(Dz_Dl)
1

|
03 =0, +'Y—; y=2nk;(D3 -Dj); tangy=

kj 1L (82)Z)
1+K
5 I, @3- 1
04 =03+-—; 8=2nk,(Dy—Dj3);cosd = 2
k2 [, 03)
L (04)2Z
05=04 +—; e=2nk,(Ds—Dy); tang=-—1 "'
ky - V.(04)

27,
86 =05 +k£; C=2nk, (Dg— Ds); tanc———[z—

,
t

O=ot=2n—=21D
T

z
Q=-Ri where R=2R;=2R,

C, G
22

1
k= where C=
b oL a+K)

1 N 1 _ k,
JCL, " JCL (K, +K;) JK,+K,

1 2
ko=t 1|

Z, =kL (1+K)=,/5L1Ctlﬁlz\[%

2, =k (L= KKK ) e
C(K, +1) e

k, =
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(3.2.10)

3.2.1D

(3.2.12)

(3.2.13)

(3.2.14)

(3.2.15)

(3.2.16)

(3.2.17)

(3.2.18)

(3.2.19)

(3.2.20)

(3.2.21)



2
Z, =k, (1+K) =2, 1-[%} (3.2.22)

L
K, = L, (L) including Ly), K, =—=% (3.2.23)

L Ly
Equations (3.2.1) and (3.2.2) represent the linear charge of the inductance circuit
during turn on. Equations (3.2.3)-(3.2.6) represent the resonant TM's during the
turn-off. Finally, the dependent inductance current solutions iy, and ij» in each

TM are found using the following expressions :

K

i, ) =17 K Aiy, (0)+ip,(6,) (3.2.24)

iLz,,,, ©)= iuh, (®)- ime(G) (3.2.25)
where

Aipy  @)=ip;,  ®)-iL10¢) k=07 (3.2.26)

C.  Modes of Operation and Boundaries
Depending on the value of Z; for each topology shown in Fig. 3.3, two
modes of operation are identified during turn off. The sequence of TM's for each
of them is summarized in Table 3.2-I. Only the modes of operation that minimize

the DC component of the magnetizing current are considered.

Table 3.2-1
Topological Modes (TM) and Modes of Operation (MO)
Topology Z1 pu T™ MO
F2SA: Complementary 5 MI, M2, M4, M5 MOI, non-resonant
switch 30 MI, M2, M4, M5, M7 MO2, quasi-resonant
FS2B: DRC snubber 40 M1, M2, M3, M4, M5, M6, M7 MO, quasi-resonant
<40 M1, M2, M3, M4, M5 MO2, non practical
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Mode M1; [0,6, ] Mode MS; [0, 64]
L1

Vs —. Lm L2

Vs — Lm L L1

Mode M3, [92, 93]
L1

Y Y Y™\

|

|
v

Lm IL

Figure 3.3 Topological Modes (TM) during a switching cycle. Quasi-resonant
mode of operation with a DRC snubber circuit.
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The normalized voltage-current equations presented in section B and the
TM's presented in Table 2.2-1 show that the circuit can be characterized by the

following normalized functions :

F2SA
V =V (0.) f(Zl’kl’ll’Dz’Ker)
C - c 5 f(Zl>k1:[])D2’Kl ’K27Q)

max F2SB

Therefore, the respective design problem is solved by finding the steady-
state solution of these functions in the different modes of operation for the
different parameter values Z;, K, K5, Q and for different operating conditions: k;,
1), D;. A computer program using a Broyden algorithm (Appendix Al) was
written to find the solutions and the respective boundaries. Fig 3.4 shows the
solutions on the state plane and Fig. 3.5 shows the resulting current-voltage
waveforms for the different modes of operation. The performance is similar to the
topology II studied in Chapter 2. However, to better understands the operation of
the circuit, the analysis will be extended here after as follows:

F2SA topology

a) Nonresonant mode by using a low value of ZI (MOI): The maximum values of
the capacitor (V¢1+Vy = Vi (05)) in term of Z1 are shown in Fig. 2.15 (a). It
follows that for a low value of Z; (Z; < 5 pu), the capacitor voltage is almost
constant during turn-off and it is only a function of switch duty cycle. Therefore,
it is not affected by the load current and can be calculated by using the typical

expression for a boost converter [3]. However, under transient conditions, a low
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value of Z will produce low frequency resonance between Ly, and C with a high-
amplitude magnetizing current and capacitor voltage. On the other hand,
increasing Z| will increase the maximum capacitor voltage, which becomes more
dependent on the load, and circuit parameter values, but it also improves the
transient response. A good compromise is to use Z) close to 5 pu.
b) Quasi-resonant mode by using a high value of ZI(MO2): The initial condition
in the capacitor C; (C;) at the beginning of turn-off is equal to 0.5 pu (V/2). This
mode of operation is a good compromise between time response and overvoltage.
It should be noted that the two above modes of operation provide ZVS
during turn-on and turn-off while the magnetizing current remains negative at the
end of the turn-off. A dead time between the control signal of the main switch and

the complementary switch is required.

F2SB topology

a) Quasi-Resonant mode by using a high value of Z1(MOI): The initial condition
in the capacitor C; (C5) at the beginning of turn-off is equal to zero. Therefore,
this topology provide zero voltage switching transition during the turn-oft

b) Quasi-resonant mode by using a low value of ZI (MO2): This mode of
operation produces a positive DC magnetizing current, high voltage across the

switches, and high switching losses. Therefore, this operation must be avoided.
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3.2.3 Design Example

The design example presented in this section provides a guideline for

determining the components values and the current-voltage stresses of the power

semiconductor devices.

The F2S topologies shown in Fig. 3.2 (a) and (b) are

designed in the operating mode MO1 with the following specifications :

Output power,

Output voltage,

Input voltage,

Py = 4kW
Vo = 50V
Vg =300V

Operating frequency, fs = 40 kHz

Extended duty cycle, 9§, = .55

Efficiency, n>85%
The base values are
V, =V =300/
S
P 4000
= = 0 = =1
'p =11 =77 5= 085-300-055 ~ 2524
_ s 300
Zy = I, ~2852° 10.52Q2
Hence
Ly = 41.85 uH
Cp = 0.38 pF

Assuming 5% regulation (Re), the turns ratio n for the transformer is
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vprimary _ Vsd _300-0.55
- Vo(l +Re) ~ 50-1.05

=3.14

vsecondary
Other data of the HFT are
L= 43.00 pu (1800 puH)
K; = 0.002, K =0.001

Hence, the maximum magnetizing current for both topologics is

V .
ipn(0y) zi—s—nDz = Z%'n -0.55=0.040 pu, i.e.,042A.

m

The voltage stress and component values are determined as follows :

1) F2SA: For MO1 from Fig. 2.15 a) with 8=0.55

Zy=5pu

Vo1 + Voo =Vimax =22 pu
Hence, Vo1 =V = VQ1 = VQ2 = VQ3 = VQ4 = 1.1 pu, i.e.,, 330 V. The capacitor
value C is obtained by using (3.2.20) as follows :

L (1+K))
c=—ﬂ‘—2—-—‘—=1.72pu

Z)

Hence, C; =Cp =3.44 pu, i.e., 1.31 pF.

2) F2SB: Similarly, for MO1 from Fig. 2.15 (b) with 6 =0.55 on Li
Z,=40pu

Ve1 + Ve2 = Vemax = 2.75 pu




Ve1 + Ve2 = Vemax = 2.75 pu
hence, V| = Vg = Vo1 = Vg2 = Vp1 = Vp = 1.38 pu, i.e,, 414 V. By using
(3.2.20), the capacitor value C is

C=0.027 pu
Hence Cy =Cy =2C =0.054 pu, i.e., 0.020 u F. By using (3.2.16) with Q = 4, the
resistor value is

R=Z;/Q=10pu
Hence, Ry =Ry =R/2 =5 pu, i.e., 52.6 Q. The power dissipated in Ry or R is
obtained considering the energy stored in C; (C,) and the power dissipated in R,
(R;) due to the negative magnetizing current flowing through the DRC snubber
circuit during the turn-off. Therefore, by using the following expression :

2 ; 2
L [7, (i (8)
PraGH AT

Hence,

P, =0.5-0.020-107°-150% - 40-10° +(0.42% /12)-52.6 =9.77TW

3.2.4 Experimental Verification
Relevant experimental waveforms at 55% duty cycle for the F2SA topology
working in a non-resonant mode (MO1), and for the F2SB topology working in a

quasi-resonant mode (MO1) are shown in Figs. 3.6 to 3.8, respectively. In
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particular, Figs. 3.6 and 3.7 (a) illustrate the capacitor currents and voltages. It can

be seen that the theoretical and experimental waveforms are in close agreement.
Figs. 3.6 (b),(c), and 3.7 (b),(c) illustrate the switching losses of the main switch
during the turn-on and the turn-off for both topologies. Figs. 3.6 (b).(c) show that
for the F2SA topology (active snubber) the losses are negligible during the turn-on
(ZVS performance) but not during the turn-off. This means that the speed of the
switch and the parasitic capacitance in parallel are not enough to provide ZVS
during the turn-off. The parasitic inductance in series, added when a sensor is used
to measure the switch current, must also be reduced to reduce these losses.

Figs. 3.7 (b),(c) show that by using the quasi-resonant DRC snubber circuit
(F2SB) switching losses exist during the turn-on but they are negligible during the
turn-off. Experimental data for the regulation and efficiency measured on the
experimental prototype for F2SB in MOI1 are shown in Fig. 3.8(a) and (b),
respectively. The average value of the voltage regulation for high load is 5.5%
(open loop), and the maximum efficiency is 90% at 0.42 pu load (duty cycle 55%).
For the F2SA topology the efficiency was 91% in MO1 and 92% in MO2 for the

same load.
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—VQl

........................

Turn-off

Figure 3.6. Experimental waveforms with the complementary switch topology.
Non-resonant Mode design. a) Capacitor C1: Top: Icl, 2 A/Div.; bottom: Vci, 100
V/Div,; Time: 10 ps/Div. b) Main switch Q1, Turn-on: 1Q1, 20 A/Div; VQi, 100
V/Div.; ¢) Main switch Q1, Turn-off: IQ1, 20 A/Div.; VQ1, 100 V/Div.
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b)

Turn-on

Turn-off
Figure 3.7. Experimental waveforms with the DRC snubber topology. Quasi-
resonant Mode design a) Capacitor C1: Top: Icl, 10 A/Div; bottom: Vcl, 100
V/Div; Time: 10 ps/Div. b) Main switch Q1,Turn-on: IQ1, 20 A/Div.; VQI1, 100
V/Div.; c) Main switch Q1, tum-off: IQ1, 20 A/Div; VQI, 100 V/Div.
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Figure 3.8 Experimental output voltage and efficiency in term of the load current.
DRC quasi-resonant design. a) Output voltage regulation. b) Efficiency n%.
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3.3  Topology II: Two-Switch Hybrid-Bridge

In this section a novel HF-ZVS-PWM single-ended forward DC/DC
converter for medium-power application is proposed. The circuit diagram is shown
in Fig. 3.9. This topology is called here two-switch hybrid-bridge torward
converter. This converter works with two switches in paralicl during most of the
turn-on cycle, thus controlling more power than the typical single-switch
converter. Further, it has the combined advantages of a quasi-resonan’ boost and a
PWM forward converter. The main features include near-zero switching losses, a
reduced component count, fixed frequency PWM operation, and a low-average
switch current. This section presents the analysis of this converter when cither a
half-bridge or a full-bridge rectifier is used on the secondary of the HFT. The
performance of this converter operating in a discontinuous current mode is
investigated and a design procedure is proposed, and illustrated by an cxample.
Finally, to verify the theory, simulated and experimental results are presented for a
1 kW, 40 kHz prototype unit.
3.3.1 Principles of Operation

Figure 3.9 shows a simplified version of the power circuit using the 'T'
modeling circuit for the HF transformer. The inductor Lm represents the
magnetizing inductance, while L1 and L2 represent the primary and secondary
leakage inductances and any other inductance in series with them. In this modecl,

the output rectifier, the output filter, and the load are reflected to the primary side.
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Figure 3.9 The proposed two-switch hybrid-bridge single-ended forward
converter. A fuil-bridge or a half-bridge rectifier is used on the secondary of the
HF transformer.
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The two power switches, Q1 and Q2 (BIPOLAR or IGBT), are connected in serics
with the two HF diodes, D1, D2, and the primary of the HF transformer. Both
switches are controlled by the same PWM gating signal. The Lr is a low value
output filter inductance, and Cr is the snubber capacitor.
A Converter Operation Using a Half-Bridge Rectifier

The different topological modes identified in sequence for this case are
shown in Fig. 3.10 (a). Typical current waveforms illustrating the time-interval for
each of them are shown in Fig. 3.10 (b). The operation of the converter is
described hereafter.
Mode M ! Interval t =[0,t1]: At t=0, the initial voltage across the capacitor Cr
is negative, and all the inductors have zero currents. At this time transistors Q1 and
Q2 are turned ON and the voltage across the switch becomes zero. Since Cr has a
negative initial voltage, both switches start conducting in series. The inductors L1,
L2, and Lr produce a high frequency series resonance with the capacitor Cr. The
output filter capacitor Co does not affect the frequency of this resonance because it
is much larger than Cr. As a result of this resonance, the current through the
switches increases from zero sinusoidally, reducing switching losses during the
turn-on. At the same time, the voltage across the capacitor Cr decreases also
sinusoidally. Finally, at t=t1 the two diodes D1, D2, and the internal diodes of the

switches are forward biased by the reversing polarity of the capacitor, so that they
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Figure 3.10 Topological Modes and analytical current waveforms during a steady
state switching cycle when a half-bridge rectifier is used.



clamp the voltage across the capacitor Cr close to zero volt.

Mode M2 Interval t =[t1,t2]: After t = t1, switches Q1 and Q2 are connected in
parallel through diodes D1 and D2, and the current through Cr is zero. Energy is
transferred from the source to the load as in a forward converter, but with both
switches carrying only half of the load current.

Mode M3 Interval t = (12,¢t3]: Immediately after t =t2, switches Q1 and Q2 arc
turned off, and diodes D1 and D2 are connected in series with Cr thus conducting
the load and the magnetizing current of the HF transformer. The voltage across
the capacitor Cr changes to a negative value with a limited slope, depending on the
values of Cr, L1, Lr, L2, and the load current. This process provides a ZVS
transition for both switches thus minimizing the switching losses during turn-off.
In addition, the energy stored in L1, Lr, and L2 is transferred to the load, Co, and
Cr as in a resonant-boost converter.

Mode M4 Interval t = [t3,t4]: Immediately after t = {3, Diode D4 starts
conducting and the output voltage of the transformer is clamped to zero until all
the energy stored in L1 and L2 is transferred to the capacitor Cr after which Diode
D3 is off.

Mode M5 Interval t =[t4, t5]: Diode D4 assumes the role of a free-wheeling diode
at t = t3 in Mode 4, allowing energy stored in the output filter inductance Lr to be

transferred to the output filter capacitor and the load. In order to avoid high peak
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currents during Mode 1, the energy in Lr should be eliminated before t = T
(discontinuous current in the output filter).
Mode M6 Interval t =[t5, t6]: After t = t4, the HFT is disconnected from the
output filter and the magnetizing energy is storage on the resonant capacitor Cr.
Before the end of the switching cycle, the magnetizing current is zero (16 < T).
After that, diodes D1 and D2 stop conducting and the capacitor voltage, VCr (t6), is
at its maximum value.
B. Converter Operation Using a Full-Bridge Rectifier

The main difference between using a half-bridge rectifier (HBR) and a full-
bridge rectifier (FBR) is that, with the latter, most of the magnetizing energy is
sent to the load during the turn-off cycle. As a result, lower switch overvoltages
(almost twice the input voltage) can be obtained. The TCM's identified in sequence
for this case are shown in Fig. 3.11 (a). Typical current waveforms illustrating the
time-interval for each of them are shown in Fig. 3.11 (b). Modes M1, M2, M3,
and M4 are identical to these already described in the previous section , the
differences begin in mode M5.
Mode M5 Interval t =[t4, t5]: The output rectifier is a short circuit while the
energy stored in Lr is being transferred to the load. As a result, the magnetizing
current free-wheeling through the secondary of the HFT until t = t5 when the

current through Lr becomes equal to the magnetizing current.
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Figure 3.11 Topological Modes and analytical voltage/current waveforms during a
switching cycle when a full-bridge rectifier is used.
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Mode M6 Interval t =[15, t6]: Diodes D1, D2, D5, and Dé start conducting, and
diodes D3 and D4 are off. The magnetizing current circulates now through
capacitor Cr and the inductances Lr and L2 until t = t6.

Mode M7 Interval t = [16, t7]: Aftert =16, iLr(t)=0 and diodes D3, D4, D5 and D6
are off. Therefore, the output filter and the load are disconnected from the
secondary of the HFT, and all the magnetizing current circulates through Cr.

Mode M8 Interval t = [t7, t8]: Att=t7, the two diodes D5 and D6 of the output
rectifier are forward biased. Therefore, the filter and the load are connected again
to the secondary side of the HF transformer. The magnetizing current circulates
toward both the load and Cr. When all the energy stored in L1 is transferred to the
capacitor Cr, diodes D1 and D2 are off, and the voltage across the capacitor Cr is at

its maximum value.

Mode M9 Interval t = [18, t9]: Only diodes D5 and Dé are ON, so that the
secondary of HF transformer is connected to the output circuitry and the primary is
an open circuit. Therefore, the rest of the magnetizing energy is sent to the output
filter capacitor and the load as a flyback converter.
3.3.2 Power Converter Analysis

The state equations and the respective voltage and current solutions for all
TM's identified in Sections 4 and B above are obtained hereafter. It is assumed that

the circuit includes a linear transformer without losses, ideal switches and diodes,
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and a ripple-free constant output voltage. Also, to account for the variable
structure of the circuit during a switching cycle, two switching variable, 81 for the
rectifier and 82 for the switches, are introduced. These variables assume the values

1,0,-1. Hence, from Fig. 3.9

iLr(t) =i2(t)31 (3.3.1)
VI(t) = Vi-vs(t) (3.3.2)
ity = Crvs(t) (3.3.3)
ver(t) = vs(t)82 (3.3.4)
iCr(t) =i1(t)52 (3.3.5)
iLm(t) = i1(t) + i2(t) (3.3.6)

The state equation modeling the transformer with the output rectifier, and filter

included is shown to be

L1+ Lm Lm dril Vi- vs(t) (33.7)
Lm  L2+Lm+Lrd} | dt [i2 | Vos, o
Integration of (3.3.7) with Vs(t) = 0 gives the solution of the non-resonant modes.

This solution is shown to be

L2+Lm+ Lr®®  Lm |

HONS A ~ AT [ Vi ] [il(tn)]
z'2(t)]— _é@ Li+Lm | Vod, * i2(tn) (3.3.8)

Al Al

where Al is the determinant of the inductance matrix in (3.3.7) and is given by

2

Al=(L2+ Lm+ LrB3 (L1 + Lm) - Lm® = L1L2 + L2Lm + (L\ + Lm)Lrb% + LmL1 (3.3.9)
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The vector [il(tn), i2(tn)]T are the initial inductances currents. To obtain the state
equations for the resonant modes, i2 is eliminated from (3.3.7), then by using

(3.3.2) and (3.3.3), it is found that

L2+ Lm+ Lrd} 2
d [il(l)J_ 0 Al il(t)} [L2+L'"+ Lrb, —ﬂ}[ Vi ](3.3.10)

— = : +
de|vsty| | 1 0 vs(f) a4 & [ |rodt

Cr

Therefore, the independent solution for each resonant modes becomes

. 1 . 1 .
[11(1)]=[ coswl —Esincot:'.[’l(t")]+[Esinmt —-;-sincot J[ Vi :| (3.3.11)
vs(O) | Zsinot  coswor | LM |1 cosor  A(coswr—1) | LV0O!

With 1=t I:

L 1 fLel Al

Where Lsl= L2+ Lm+ Lr

With 61 = 0:
Lm 1 Le2
A-A2=L—S2, m=m2=\/_L_e_2_C7’ Z=ZZ‘/—5 (3.3.13)
A2
Where Le2 = 12’ Ls2=L2+Lm, and A2= Al

In the case of a resonant mode with i2(t)=0 (the secondary of the HFT is open
circuited), the solution is obtained from (3.3.11) by making L2 an infinitive value,

and 81 = 0. Therefore, (3.3.11) is reduced to
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. L. T [
[Li((tt))]=|i cos 3t _—Z_gSlnm3tJ-[ll(t’1)1+[E5Smw3tJ'Vi (3.3.14)

Z3sinw3t cos w3t vs(tn) 1 - cosw3t
where w3= 1 Z3= 1’_[‘_62 and Le3=Ll+Lm (3.3.15)
~ JLe3Cr’ Ve - T
A Design Parameters

For simplicity, the following design parameters are introduced :

Ll
K1=L—m (a) (3.3.16)
L2
K2=E (b)
KoL
"= Im ©
_ Lel _ K1K2+K2(K1+1)Kr + K1
Kel =1 = K2+ Kr+1 @) (3.3.17)
Le2 KIK2+ K2+Kl
K= = k241 ®)
Le3
Ke3=m=K1+l (c)
ksi=2 ko ke (a) (3.3.18)
Lm
Ls2
Ks2=7—=K2+1 (b)
K2+ Kr
= ' 3.19
Bl= o ke (@) (3.3.19)
B2 = K2 (b)
T K2+1
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K1

B3=
K2+ Kr ©
Lm
Zn= & (a) (3.3.20)
m = 1 (b)
® LmCr

Therefore, the characteristic impedance and the resonant frequency of the

resonant modes can be expressed in terms of the above parameters as follows

Z1=Zm Kel (a) (3.3.21)
Z2=ZmJKe2 (b)
Z3=Zm- Ke3 (©
om
1= 3.3.22
P kel @ (33.22)
om
2 = b
® ~ Ke2 ®)
03 = o (c)
JKe3
and for the non-resonant modes
Zr = 2mkr 2% (2) (3.3.23)
r =27 - a 3.
Zm
Zs1=2nLs1=2n (K2 +Kr +1)— (b)
om

With these arrangement the parameters to design the circuit are reduced to K1, K2,

Kr, Zm and omn.
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B. Normalized Equations

The current and voltage equations including component values are

normalized with respect to the following base values :

1 pu voltage = input voltage : Vi=Vy,
1 pu current=maximum average load current:  Io=Ip
1 pu frequency=switching frequency : fs= % = fb
V, VA
: _b_Vs - b o
Hence : Zb = , =T Lb= mfs Cb= 2mtsZb
t f
d=—T-, G):F:Fs’ Z=L pu

The respective normalized voltage and current equations are summarized in

Appendix A2

3.3.3 Design Procedure

The design is reduced to find the optimum values for K1, K2, Kr, Zm, oy,
and a maximum duty cycle for given values of input-output voltage and output
current upon the following constraints :

1) Discontinues output filter current;

2) Zero transformer magnetizing current at the end of the switching cycle;

3) Minimum peak-voltage across switches during turn-off.
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A. Using a Half- Bridge Rectifier (HBR)

To illustrate the performance of the proposed converter with a HBR the set
of equations presented in Appendix A2 have been solved regarding the above
constraints and different values of Zm and Kr. It is assumed that K1=K2=0.00017,
wm=0.42, Vo=0.8Vi. The results are summarized in Table 3.3-I, Fig. 3.12 and
3.13. On can conclude that in order to obtain a minimum maximum-switch
voltage at | pu output current, Zm must be in the range 19<Zm<24, and Kr in the
range 0.010<Kr<0.016. With Zm=23.7 and Kr=0.015 the maximum duty cycle
(d2max) at 1 pu load (ILravg) is 0.55, and the maximum-switch voltage (VQmax) is
equal to 3.09 times the input voltage, but the average current through each switch
(IQavg) is only 41% of the load current which is the main advantage of the

proposed converter.

Table 3.3-1

Converter Design Using a Half-Bridge Rectifier, Values are in pu

Zm 375 23.70 18.75

Kr 0.017 0.015 0.008

d2 0.40 0.50 0.55 0.40 0.50 0.55 0.40 0.50 0.55

ds 0.63 0.77 0.84 0.65 0.79 0.86 0.62 0.76 0.83

dé 0.67 0.78 0.83 0.80 0.92 0.97 0.84 0.95 1.00
VQmax | 3.39 3.86 4.11 2.64 2.94 3.09 2.38 2.65 2.78

IQmax. | 073 08 088 | 097  1.08 1.13 151 167 175
IQavg | 019 028 034 [ 025 035 041 029 056  0.66
Vdmax. | 339 38 411 | 264 294 309 | 238 265 2.8
Idlmax | 1.22 146 158 | 149 175 188 | 244 287  3.09
ILravg. | 049 071 084 | 062 088 103 | 098 141  1.65
ILrrms | 066 087 098 | 083  1.07 1.19 134 173 194

Vo=0.8V1, K1=K2=0.00017, 0>p,=0.42
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Control to Output Current DC Characteristic
Vo=0.8Vi, K1=L1/Lm=k2=L2/La=0.80817
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Figure 3.13 Output Characteristics of the two-switch forward topolpogy with a
half-bridge rectifier.
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The effect of Kr and duty cycle on the maximum-switch voltage and output
average current (Zm=23.7) are illustrated by the surfaces shown in Fig. 3.12. One
can see that increasing Kr reduces the maximum switch-voltage (Fig. 3.12 a)), but
the average output current decreases (Fig. 3.12 (b)). Moreover, the control to
output current characteristic for three different values of Kr are given in Fig 3.13
(a). It shows that the ron-linearity is insignificant for a Kr>0.012. Finally,
increasing Kr also decreases the ripple factor of the output current which is shown
in Fig. 3.13 (b).

B. Using a Full-Bridge Rectifier (FBR)

The propcsed PWM converter with a FBR can be designed to support a
maximum switch voltage equal to VO+Vi by selecting the parameters K1, K2, Kr,
Zm, om to generate the sequence of modes M1, M2, M3, M4, M5 and M9 (Fig.
3.11) at the rating load and maximum duty cycle. The respective voltage and
current equations regarding the above conditions are presented in Appendix A2. It
is found that with, a small difference between Vo and Vi, the maximum voltage
across the switch becomes close to two times the input voltage, and the peak
current during Mode 1 is reduced. This is an important design requirement in this
configuration because Kr must be small to minimize the duration (d5-d4) of Mode
5 during the turn-off time.

It should be noted that the circuit can be designed to operate in a buck mode
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if Vo<Vi, a boost mode if Vo>Vi or in a 'neutral' mode if Vi=Vo. Table 3.3-I1
summarizes the results obtained with Vo=0.9Vi, K1= K2=0.00017, Kr=0.0045, ®m

= (.42, and different Zm.

Table 3.3-11

Converter Design Using a Full-Bridge Rectifier, Values are in pu

Zm §.00 10.00 12.00 14.00 16.00 18.00 20.00
ILmpax 0.15 0.12 0.10 0.09 0.07 0.07 0.06
IQmax 3.76 3.01 2.51 2.15 1.88 1.67 1.50
Idmax 6.32 5.06 422 3.61 3.16 2.70 2.43
lLfavg 2.22 1.77 1.47 1.26 1.11 0.98 0.89

d2max=0.4, output load =1pu
Vo0=0.9, K1=K2=0.00017, Kr=0.0045, Wm=0.42

One can see that, to obtain 1 pu load current, Zm must be less than 19 pu. Also,
due to Mode 5, the resulting maximum duty cycle is less than 50% (d2=0.40).
However, as compared with the previous case, the maximum voltage across the
switches is only 1.9 times the input voltage which is one important
advantage of this configuration.
3.3.4 Design Example and Simulation Results
To illustrate the results of the analysis, a design example is worked out
based on the following design specifications :
1)  Input voltage Vi=100 V
2)  Input voltage Vo=50 V

3)  Output power Po=1000 W
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4) Switching frequency fs=40 kHz

In order to use the results presented in Table 3.3-1 and Table 3.3-11 it is
assumed a buck mode of operation, and a voltage reflected to the primary side
Vo=80 V with a Half-Bridge Rectifier, and Vo=90 V with a Full-Bridge Rectifier.

Assuming a 90% efficiency (n) the components values and the ratings of the

circuit are obtained as follows :

Half bridge rectifier Full bridge rectifier
Base Values
Vo 80 90
lo = L2 1000 _ 3.8 1990 1234
nVo 0.9-80 0.9-90
Zb = Yo B0 _ 57 2729
Io 13.88 12.34
Lb 22.921H 29.00pH
Cb 0.69uF 0.55pF
Inductances, primary side
Zm 23.7 18.0
=— —— = 56.43 —— = 42.85
L) = o 0.42 0.42

Lm(uH)=Lm(pu)-Lb
Lr=KrLm

Resonant Capacitor

1
Zmom

Cr(pu) =

56.43-22.92=1293pH

0.015-1293=19.39pH

———=0.10
23.7-0.42

3-42

42.85-29.00=1242uH

0.0045-1242=5.58uH

1

—— = (.13
18.0-0.42




Cr(uF)

Switches and Diodes
IQmax.

IQavg.

ID 1 max.=ID2max.

VQmax=VD1imax.

Transformer ratio and

Maximum duty cycle
_ Vo
Vout
o

Simulation results (PSPICE) for both cases are shown in Figs. 3.14 and
3.15. It shows that, when a FBR is used instead of a HBR for the same output
power, the maximum currents through the switches and diodes are 31% higher,
the average current through the switches and diodes are 20% higher, but the
voltage stresses are 39% lower. Moreover, Fig. 3.16 illustrates that, in the case of

using a full-bridge rectifier, the DC current gain (ILravg./liavg.) can be increased

0.10-0.69=0.069pF

1.13-13.88=15.68A
0.41-13.88=5.69 A
1.88-13.88=26.09 A

3.09-100=309 V

0.55

0.13-0.55=0.072pF

1.67-12.34=20.60 A
0.55-12.34=6.82 A
2.70-12.34=33.32 A

90+100=190 V

substantially by decreasing the value of the magnetizing inductance.

3.3.5 Experimental Verification

To establish the feasibility of the proposed converter topology and to verify

the selected theoretical results, a 1-kW prototype unit operating at 40 kHz
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switching frequency, with both a HBR and FBR, was built and tested. Key

experimental results are shown in Figs. 3.17, and 3.18. The results are in close
agreement with the predicted and simulated waveforms. However a ringing
oscillation exist in the switch current due to the parasitic inductance of the switch-
diode path which must be minimized. The experimental maximum-switch-voltage
using a HBR was 3.2Vi and using FBR was 2.2Vi. It verified also that the turn-on
and turn-off switching losses are very low. Maximum experimental efficiency was
91% with a HBR and 90% with a FBR, at 0.8pu load.
3.4 Summary

In the first section of this Chapter, the active snubber circuit analyzed in
Chapter two have been used to build a modified low losses two-switches single-
ended forward topology without the feedback diodes. If the n-p complementary
switch is used, the converter can be designed to operate in a non-resonant or in a
quasi-resonant mode. The non-resonant design provides the lower voltage stress to
the switches. However, the switching losses during turn off may not be minimized.
The quasi-resonant design reduces the switching losses almost to the half, but the
voltage stresses in the switches are higher. On the other hand, a quasi-resonant
mode with ZVS feature is possible for the proposed topology by using the standard
DRC snubber properly designed.

Furthermore, these circuits have been designed to minimize the DC

magnetizing current of the HF transformer and to provide extended duty cycle
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Figure 3.16 Simulated voltage/current waveforms showing the performance of the

two-switch forward topology with a full-bridge rectifier and a HF transformer with
reduced magnetizing inductance (Lm=180 pH).
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Turn-on

Current scale: 20 Amp/Div. Current scale: 5 Amp/Div.
Voltage scale: 100 V/Div. Voltage scale: 100 V/Div.
Time scale: 10 us/Div. Time scale: 0.1 us/Div.

{]

Turn-off
Current scale: S Amp/Div. Current scale: 5 Amp/Div.
Voltage scale: 100 V/Div. Voltage scale: 100 V/Div.
Time scale: Sus/Div. Time scale: 0.lus/Div.

Figure 3.17 Experimental voltage/current waveforms of the two-switch forward
topology by using a half-bridge rectifier.
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Turn-on
Current scale: 20 Amp/Div. Current scale: 10 Amp/Div.
Voltage scale: 100 V/Div. Voltage scale: 100 V/Div.
Time scale: 5 us/Div. Time scale: 0.5 us/Div.

Turn-off
Current scale: 10 Amp/Div. Current scale: 10 Amp/Div.
Voltage scale: 100 V/Div. Voltage scale: 100 V/Div.
Time scale: Sus/Div. Time scale: 0.5us/Div.

Figure 3.18 Experimental voltage/current waveforms of the two-switch forward
topology by using a full-bridge rectifier.
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operation. As a result, a reduction of the size of the transformer corc becomes
possible. Moreover, due to the extended duty cycle capability the utilization of the
power circuit is better as compared with the widely used two switch forward
converter.

In the second part of this Chapter, a novel ZVS SEFC has been proposed.
The performance of this converter with a Half-Bridge Rectifier and a Full-Bridge
Rectifier in the secondary of the HF transformer have been cxamined, and
different modes of operation have been identified. This new configuration
successfully solves the problem of minimizing switching losses of two switch in
parallel increasing the power converter capability. The proposed topology is
tailored for HF, constant output voltage and medium power applications where two
switches in parallel are needed. Finally, the converter presents high efficiency,

and requires only one capacitor to provide ZVS during the turn-off.
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CHAPTER 4
MULTI-SWITCH FORWARD CONVERTERS
4.1 Introduction

Half-bridge and full-bridge forward topologies (Fig. 4.1) have been widely
used to design DC/DC converters for medium power applications (power higher
than 5kW). The main disadvantages of these topologies are the short circuit path
between the complementary switches and the possible saturation of the HF
isolation transformer. I high power applications the importance of the reliability
increases thus making the use of more reliable topologies mandatory. One typical
solution is to use a number of two switches single-ended forward converters
connected in parallel [2, 3] as shown in Fig. 4.2, This solution however, results in
low magnetic-core utilization of the HF transformer and output filter, an increased
number of components, and the need for a synchronized current type of control to
share the output load current.

In this Chapter, three single-ended forward converter (SEFC) topologies
using several switches and three-phase half-bridge or full-bridge rectifier are
proposed and analyzed. The proposed forward converters are derived coupling
typical single-switch forward converter on a common three-path magnetic core,
and then eliminating the redundant components. A significant reduction in the
weight, volume and amount of materials can be achieved as compared with the

solutions shown in Fig. 4.2. To compare and verify the operation of the proposed
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topologies and their performance, a generalized linear mutual inductance model
for the HF transformer is developed and implemented on the PSPICE software
package (Appendix A3). Finally, based on the above model, key design
information and simulation results are presented.
4.2 Topology I: Six-Switch SEFC with a Half-Bridge Rectifier

This topology consists of three two-switch SEFC coupled on & common
three-leg magnetic core. The power circuit diagram is shown in Fig. 4.3 a).
4.2.1 Principle of Operation

A three-phase half-bridge rectifier is used at the secondary side of the HF T
to obtain the DC output current. It should be noted that the free-wheeling diode is
not necessary. Six ultra-fast feedback diodes, D1, D2, D3, D4, DS, and D6 are
required at the primarv side to reset the core during turn-off, and to provide a path
for the leakage inductance energy.
4.2.2 Power Circuit Analysis

The different states of the power circuit during a switching period are
illustrated in Fig. 4.3 b). The output filter and load arc represented as a current
source and it is assumed that the switches are ideal. The respective circuit states
regarding phase a are explained below.
1) Turn-on process: During turn-on, the circuit has a single state of operation

which corresponds to State 1. Switches Q1 and Q4 are tumed on, diodes D3, Ds,
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and D7 are on, and all other switches and diodes are off. During this state coils a
and c arc connected in parallel to the input voltage source, Vin. The energy is
transferred to the load through phase a. Coil a stores magnetic energy from Vin,
instead phase ¢ releases energy to Vin through diodes D3 and D6, resetting the
limb ¢ of the HFT core.

2) Turn-off process: During turn-off the circuit presents the States, I/ and I11.
State II: Diodes D1, D4, and D7 are on, all the other switches and diodes are off.
Immediately after switches Q1 and Q4 are turned off, diodes D1 and D4 start
conducting. Thus, coil a is reversed with respect to input source Vin. In this way,
all of the energy stored in the leakage inductance’s is sent back to Vin.

State I1I: Diodes D7, D8, and D9 are on, all the other switches and diodes are off.
Once the leakage inductance energy is eliminated from the HFT, the primary side
becomes disconnected from the input source. After that, the magnetic energy
induces a positive voltage in coils b' and ¢' that forces diodes D8 and D9 to
conduct. Thus, the three secondary coils, a', b', ', are now connected in parallel,
trapping the magnetic energy and sharing the load current, I, during the rest of the
turn-off time. The sequence of the states are similar for the phase b (state IV) with
switches (Q2, Q5), and the phase ¢ with switches (Q3, Q6).

4.3 Topology 1I: Six-Switche SEFC with a Full-Bridge Rectifier.

The previous topology has the following drawbacks :
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1) Each time whea two switches are turned on, two primary coils are
connected in parallel and opposing one with the other, thus reducing the
utilization of the primary coils;

2) The magnetizing current presents a DC component. thus reducing the
utilization of the core;

3) Each secondary coil operates with a DC current proportional to the load
current I, thus reducing the utilization of the secondary coils.

Those drawbacks are eliminated by using a Full-Bridge Rectifier in the sccondary

side of the HF transformer. The power circuit diagram is shown in Fig. 4.4 a).

4.3.1 Principle of Operation

The volt-second balance is achieved now at the secondary side of the HFT.
The rectifier circuit and the output filter operate as a current source inverter which
transforms the DC load current [, into an AC current source in each secondary coil.
This transformation is the dual of the typical voltage source six-switch full-bridge
inverter. Therefore, the utilization of the HFT of this converter becomes
comparable to the typical six-switch full-bridge three-phase forward converter,
with the additional advantage of better reliability since there is no short-circuit

path through the switches.
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4.3.2 Power Circuit Analysis

The respective circuit states for phase a are depicted in Fig. 4.4 b). The
sequence is the same for phase b and c.
1) Turn-on process: During turn-on, the circuit operates only in State . Switches
Q1 and Q4 are on, the diodes D7, D11, and D12 are on, all the other switches and
diodes are off. When switches Q1 and Q4 are on, secondary coils b' and ¢' become
connected in parallel sharing the load current (I/2). This current flows in the
negative direction through each of these coils. At the same time coil a', which is
connected in series, conducts the total load current, I, but in a positive dircction.
Notice that in this case, the magnetizing energy corresponding to phase ¢ docs not
circulate through the feedback diodes D3 and D6 as in the previous topology. The
magnetizing current is divided among all the phases. The magnetizing current
provided by phase a circulates on the primary side, and the magnetizing current
corresponding to phase b and c circulates on the secondary side through diodes
D11l and D12.
2) Turn-off process: Corresponds to the States II and Il shown in Figs. 4.4 (b).
State II: Diodes D1, D4, D7, D11, D12 are on, all the other switches and diodes
are off. Similarly, immediately after switch QI and Q4 are turned off, diodes D1

and D4 start conducting. Thus, the primary coil a is now reverse connected to the
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input source Vin. In this way, all the energy stored in the leakage inductance’s is
sent back to Vin.

State lII: The diodes D8, D10, D11, and D12 are on, all the other switches and
diodes are off. Once the lcakage inductance energy is eliminated form the
transformer the magnetic energy induces a negative voltage in coil a', and positive
voltage in coils b' and ¢'. The diodes D8, D10, D11, and D12 are conducting and
the three secondary coils become connected in parallel trapping the magnetic
cnergy during the rest of the turn-off time. The load current circulates through
diodes D8 and D11.

4.4 Topology I1I: Three-Switch SEFC with a Full-Bridge Rectifier.

The power circuit diagram is shown in Fig. 4.5 a). This circuit reduce the
number of power switches in series and it does not need the feedback diodes,
although a more complex transformer is required. The proposed topology can be
used for low voltage applications.

4.4.1 Principles of Operation

The circuit consists of three single-switch forward converters coupled on a
common three-phase core. A zig-zag connection is implemented by using the six
coils on the primary side. The zig-zag connection provides a means of
magnetically resetting the respective limbs of the transformer core each time a

switch is turned on. A full-bridge rectifier is implemented on the secondary side to
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obtain the DC output current. The rectifier also provides a path during the turn-off
cycle for both, the HFT magnetizing and the output filter load current. However,
snubber circuits are required (not shown) to handle the leakage inductance energy
of the HFT.
4.4.2 Power Circuit Analysis

The respective states of the power circuit during a switching cycle are
illustrated in Fig. 4.5 b). The description of these states with regard to the
operation of switch Q2 is presented below.
1) Turn-on process: Correspond to the State I, when Switch Q2 is on, D1, D5,
and D6 are on, all the other switches and diodes are off. At the primary side, the
load and magnetizing current circulate through coils al, bl and switch Q2. Thus
the magnetic flux increases in limbs a and b. At the secondary side, the load
current flows through coils al’, bl', and diodes D1 and DS. The coils bl', and c1'
to bl' through diodes D5 and D6, thus decreasing the flux in limb c.
2) Turn-off process: Corresponds to States II and III shown in Fig. 4.5 b).
Diodes D2, D4, and D5 are on, all the other switches and diodes are off. Once the
leakage energy is eliminated from the transformer, the coils al' and b1' becomes
connected in parallel trough diodes D4 and D5, trapping the magnetic energy
during turn-off. The current IIf circulates through diodes D2 and D5. The states of

the circuit are similar when the switches Q1 and Q3 are turned on.
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4.5 Design Example and Comparison

This section presents the design equations and a numerical evaluation of the
proposed topologies. Design examples arc provided to illustrate the relative
performance of each topology for a particular application. Finally, in order to
verify the theory, simulation results are presented by using the PSPICE program.
The typical four-switch full-bridge converter and the two-switch converter are

included for comparison proposes. The topologies are identified as follows:

TOP.A Fig. 4.1
TOP.B Fig. 4.2
TOP.C Fig. 4.3.
TOP.D Fig. 4.4.
TOP.E Fig. 4.5.

A. Design equations

In a practical DC/DC converter, the losses are low and the switching
frequency is high as compared with the break frequency of the input and output
filters. Thus, the voltage and current in each branch can be assumed to be a
combination of square and triangular waveforms. With this assumption simple
design equations can been derived. Those equations are presented below.
a) Effective Transformer Turns-ratio: The effective transformer turns ratio, Ne,

is calculated for 90% overall converter efficiency (1), the maximum converter
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duty cycle (Do) for the respective topology, the minimum dc input voltage value
Vin, and the total transistor (Vce) and diode (Vdf) voltage drop. The final

expression yields :

Ne = 0.9-Do-(Vin—- Vce)
= Vo+ Vdf

4.1)

h) Peak Magnetizing Current: The peak magnetizing current is taken as 10% of
the maximum output current at the maximum switch duty cycle (Ds). Referring to

the primary side the final expression yields .

0.1-P
Ipm= ————— (4.2)

A
where Po is the maximum output power and Vj, is the maximum DC input filter

voltage.
c) Primary and Secondary Self Inductances : The self inductance in the primary
side (Lp) is calculated considering the maximum magnetizing current value Ipm as

follows

_(Vin-Vce)-Ds

43
Ipm- fs (4.3)

Lp

The secondary self inductance (Ls) is calculated to accommodate the turns ratio Ne
give by (4.1). Hence from the Appendix A3

Kc?
Ls= ﬁ;z_ Lp 44
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d) Branch RMS Values : The RMS values of the voltages and currents in the

mains branches of the converter are evaluated by using the following expressions:

For a square waveforms : IRMS = Imax- (Ds)o'5 4.5)
VRMS = Vmax- (Ds)? (4.6)

ps10->
For a triangular waveforms : IRMS = Imax [—3—] 4.7)

e) Transformer Volt-Amp ratings : The transformer volt-amp rating is calculated

using the following general expression :

Total VA = D, VRMS, - IRMS, (4.8)

i=1
For comparison purposes, a core magnetizing VA ((V-A)m) is evaluated by using

the following expressions:

(V-A)mp = 1.154 - Dsmax - Ipm - Vin 4.9)

(V-A)mp = 2.308 - Dsmax - Ipm - Vin (4.10)
(V-A)mc = 3.464 - Dsmax - Ipm - Vin (4.11)
(V-A)mp = 1.154 - Dsmax - Ipm - Vin (4.12)
(V-A)mE = 3-(Dsmax - (4- Dsmax—1))% . Ipm- Vin (4.13)

Therefore the total VA for the coils is evaluated as follows:

(V-A)w = (V-A)m + (V-A)I + (V-A)F (4.14)




where (V-A)I is the VA regarding a ideal converter (no ripple in the output filter),
and (V-A)F is the VA due to the output filter current ripple. The resulting

expressions for each topology are :

V-Alw, ={V=-A)mi, +(%+1)-Po+(V—A)FA (4.15)
V-A)wg =(V-A)mg +1414 -(%+1)-P0+(V - A)Fg (4.16)
V-A)we =(V-Alm¢ +l.4l4-(nl+1)-Po+(V—A)Fc (4.17)
V-A)lwp ={(V-Almg +[nl+1)-Po+(V—A)FD (4.18)
V-A)wg =(V-Amg +1.732-(;1'-+0.707)-Po+(V—A)FE (4.19)

where the (V-A)F depends on the output filter specifications
B. Design Example

To comparatively evaluate the different converters configurations using the
above equations, a design example is presented hereafter regarding the following

design specifications:

Output power Po =10 kW
Output Voltage Vo =200V
Input Voltage Vin =800V
Switching frequency fs =40 kHz
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The output filter is designed to meet a 2% maximum inductance ripple
current and a 2 kHz break frequency requirements.
C.  Comparison

Table 4-1 summarizes the final values calculated for the different
parameters obtained. The Four-Switch Full-Bridge topology requires two external
fast diodes for each switch in order to allow high frequency operation, increasing
the conduction and switching losses. The power circuit does not provide inherent
protection for short circuits through the top and bottom switches. A fast current
mode type of control is necessary to avoid both, switch short circuits and
transformer saturation. The single-ended forward topology minimizes the short
circuit problem because the HFT leakage inductances limit the rise time of the

short circuit current through the switches.

Table 4-1
Design Example: P=10 kW, f;=40 kHZ, V;,=800 V, V=200 V

Topology Transformer Switch Filter Components
D: Diode
Dy Ne Lp-Lg (V-Am-(V-Aw  Iqmax - 19rms Vamax  Lf-Ct S: Switch
ﬁxH] [uH] - [uF]  T: Transf
F: Filter

A 046 328 6079-565 641 -25993 17.13-10.78 Vin 200-32 10D+4SHIT+HIF
B 046 1.64 6079-250 1282-31338 17.13-10.78 Vin  400-64* 8D+4S+2T+2F
C 029 3.1 7665-792 1213 -31135 17.13-9.28  Vin 133-22  9D+6S+I1T+IF
D 029 3.11 3832-396 780- 16169 17.13-9.28 1.5Vin 133-22 12D+6S+IT+IF
E 029 3.11  3832-396 780- 32339 17.13-9.28 3Vin  133-22 6D+3S+IT+IF

* Requires two inductances and two capacitors in the output filter
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The parallel Two-Switch Single-Ended topology (TOP.A) presents a low
HFT turns-ratio, i.c. increased value of the secondary inductance. The (V-A)m is
two times higher and the (V-A)w required is 20% higher as compared with the
Four-Switch full bridge scheme. Two HFT's, two output filter reactors, and two
capacitors are also required. The total HFT area product (Ap) of the magnetic core
and the size of the output filter is 200% larger as compared with the full bridge.
Moreover, it requires a synchronized current mode control in order to share the
output load current.

The three-leg core provides a 25% reduction of the Ap as compared with
the parallel Two-Switch Single-Ended topology and the size of the output filter is
reduced 31% as compared with the Four-Switch full-bridge topology (TOP.B).
Also, the Ig)pg current of the switch is reduced 14%.

The Six-Switch Single-Ended topology with a half-bridge rectifier (TOP.C)
requires a VA rating 6% less magnetizing as compared to the parallel Two-Switch
forward topology. Moreover, the secondary inductance Ls and the leakage
inductance are reduced 64%. However, because two primary windings are
connected in parallel each time the two-switch are on, this topology requires a
higher primary inductance to get the same maximum flux. This drawback is

eliminated with the Six-Switch Single-Ended full-bridge topology (TOP.D). This
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new type of forward converter necds a transformer VA rating almost similar to the
conventional three-phase full-bridge forward converter with six switches.

The Three-Switch Single-Ended topology (TOP.E) requires low primary
and secondary inductances. Also, the (V-A)m value is only 22% higher as
compared with a full bridge. However, the voltage stress of each switch is high
and the utilization of the winding of the transformer is low.

D. Simulation Results

The transformer models described in the Appendix III have been
implemented on the circuit analysis program PSPICE. As a reference, the full-
bridge and the parallel two-switch forward schemes shown in Figs. 4.1 and 4.2 are
included in the analysis. The parameter values presented in Table 4-1 have been
used in the simulation.

The Fig. 4.6 shows the simulation results for the fourth-switch full-bridge
forward converter (TOP.A). One can see an oscillation of the input current duc to
the offset of the DC component of the magnetizing and load circulating current in
the secondary windings during turn-off. A capacitor connected in series with the
primary of the HFT, or current control with the current sensor in the input terminal
is necessary to eliminate this difficulty, and to avoid transformer saturation. The
negative peak of this current corresponds to the leakage inductance energy which

circulates through diodes D2, and D8 or D4, and D6 (Fig. 4.1).
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Fig. 4.7 shows the operation of the typical two-switch forward converter
(TOP.B, one unit). The magnetizing and leakage energy circulates through the
feedback diodes D3, and D4 immediately after the two switches, Q2 and Q3 are
turned off.

Fig. 4.8 illustrates the operation of the six-switch forward topology with a
half-bridge rectifier (TOP.C). The leakage energy flows through the feedback
diodes (for example D1 and D4, Fig. 4.3) immediately after the respective
switches are turned-off (Q1 and Q4, phase a, Fig. 4.3). It should be noted that in
this case, the transformer magnetizing energy becomes trapped in the secondary
through the rectifier diodes during turn-off (Figs. 4.8 f), g) and h)). However, the
magnetizing energy corrzsponding to phase a is returned to the input filter through
diodes D1 and D4 when both switches, Q2 and Q5 are turned on (Figs. 4.8 b), ¢),
and d). As a result, two HFT primary coils become connected in parallel during
the turn-on time thus increasing the slope of the input current (Fig. 4.8 a)).

Since in both TOP.B and TOP.C, the magnetizing current is zero at the end
of the turn-on, these two circuits do not present instability in the input current.
Therefore, they do not need current control to avoid saturation. However, in both

cases the magnetizing current has a DC component.
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Fig. 4.9 shows the operation of the six-switch topology with a full-bridge
rectifier (TOP.D) and verifies that the magnetizing current does not circulate
through the feedback diodes. Also, as shown in Figs. 4.9 ), g), and h), the load
current becomes an AC type of current through the three secondary windings
during turn-on thereby improving the utilization of the iransformer. However,
when a full-bridge rectifier is used on the secondary side, the peak input current
could change in each period due to the offset of the DC component of the
magnetizing current of the respective phase.

Fig. 4.10 illustrates the operation of a three-switch forward converter with a
full-bridge rectifier (TOP.E). Similarly in this scheme, as shown in Fig. 4.10 a),
the input current does not present instability. Figs. 4.10 e), f), and g) show that the
magnetizing current in each phase is zero at the end of the of turn-on cycle because
the zig-zag connection resets the respective limbs of the core each time one switch
is turned on.

4.6 Summary

A three-leg core has been proposed in this chapter to implement multi-
switch single-ended forward DC/DC converters with increased reliability in
medium power applications. A generalized linear matrix inductance model has

been developed and used for simulation. The model has been implemented on the

PSPICE software package.
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Three forward DC/DC topologies have been analyzed; two with six
switches and one with three switches. Since to all of them are single-ended type of
converters, the magnetic flux balancing of the HFT core must be accomplished in
the final circuit configuration in order to avoid saturation. Each switch must be
operated 120° phase shifted, and the maximum ideal duty cycle for each switch
cannot be larger than 33%. As compared with the typical parallel two-switch
forward configuration the reduction in magnetic material can be 25% for the
transformer, and the output filter size is reduced three times. However, the current
switch utilization is lower due to the limitation in the maximum duty cycle.

The utilization of the HFT core and windings in the proposed six-switch
forward topology is improved when a full-bridge rectifier is used on the secondary
side. This new converter is practically the dual of the typical three-phase full-

bridge voltage inverter.
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CHAPTERSS
CONTROL OF FORWARD CONVERTERS
5.1 Introduction

The output voltage of a forward converter can be regulated by using current
mode control or voltage mode control.

Current mode control consists of a HF minor current feedback loop, which
is inside the major voltage feedback loop via the error amplifier. This current loop
applies directly to the PWM comparator an instantaneous output filter current
sample. This is a fast feedback current loop transforming the output filter
inductance in a current source, reducing the order of the converter and providing
short circuit protection. However, the duty cycle is modified in terms of the peak
value of the output filter current and not in terms of its DC value, which means
that a DC error is always present in the control loop. In addition, above 50% duty
cycle the performance of the circuit shows an unstable low frequency mode of
operation. A ramp compensation technique is necessary to minimise the DC error
and to ensure stability [6-8,19,20]. Also, to reduce the output impedance of the
converter, feed-forward of the load current is required. The feedback and the feed-
forward current signals directly define the duty cycle of the control pulse, so that
the performance and the reliability of the converter depends mainly on the stability

and quality of those two current signals.
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Current mode control in constant frequency and peak value sensing, is
widely used in small-size low-power switching converters [7-8]. This is because
the power and the control unit can be designed on a common circuit board with
very short distances between components. Therefore, it is not difficult to obtain a
good-quality current signal to ensure stability. In addition, it is not necessary to
scale down the DC level of the output current. Instead, in high-power HF DC/DC
converters, the level of the output current is high and must be scaled down
decreasing its slope. Moreover, the current sensors are far from the control circuit,
and the problems of saturation, DC off-set due to temperature variation, common
signal noise, and parasitic components in the HF current loops could produce
random intersections in the comparator and an extra phase shift. All of those
drawbacks decrease the reliability for hi-power applications.

In voltage mode control, a triangular constant frequency waveform is used
to define the switching frequency and to provide PWM. The duty cycle is defined
by the comparison of this waveform with the error signal after the controllers. Two
controllers in cascade (current and voltage) are usually designed. The output
voltage feedback signal can be obtained by using a simple differential amplifier
and resistors. These features provide better noise immunity. Moreover, this control

method provides a higher DC converter gain and a lower output impedance than a



current control method. However, due to the second order output filter it is
difficult to achieve a good bandwidth for the converter.

In this Chapter, two PWM control systems for HF forward converters are
investigated. The first one is an improved voltage mode control system proposed
for the forward converter with extended duty cycle capability analysed in chapter
three. The second one is a new current-assisted voltage mode control which has

some features of current mode control and can be used in any forward converter.

5.2 System I: Improved PWM Voltage Mode Control

This section presents the design and evaluation of a single-loop and a dual-
loop feedback voltage mode control system for the two-switch forward converter
shown in the Fig. 5.1. To improve the regulation at HF, the bandwidth of this
converter is increased by reducing the output filter inductance. This reduces the
output impedance but increases the ripple of the output current and reduces the
damping ratio. Therefore, a fast output voltage control is required. The proposed
controllers are designed to improve the output voltage regulation of this converter
above the resonance frequency of the output filter. The design requires an
improved converter model to predict the delay at HF in the voltage loop. To do
this, an all-pass constant-time delay filter in cascade with the linear transfer

function of the converter is proposed.
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5.2.1 Power Circuit

A 2-kW experimental breadboard circuit (Fig. 5.1) was designed to provide
DC output power at 40 kHz switching frequency. The DC input voltage is 300 V
and the maximum output voltage is 50 V. The converter uses pulse-width
modulation (PWM) to control the output voltage. Quasi-resonant snubbers are
incorporated to provided extended duty cycle capability and to minimise both the
DC magnetising current of the HFT and the switching losses. The maximum duty
cycle for maximum output voltage is equal to 0.6.
A Output Filter Design

The output filter is designed in terms of the inductance rippie current Iy,
and the damping ratio & for a constant output ripple voltage Vyi. The following
design equations are derived

_(1-D)-Ro

Inductance : Tl (5.2.1)
S " 'ri
Capacitor : Co= L (5.22)
) 8‘fS'R0'Vri o
Also, the damping ratio and the resonant frequency of the filter yields
J2:(1-D)- Vi
Damping ratio : = (5.2.3)
Ly
Resonant frequency : fr= . -0 fg . (5.24)
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Figure 5.1 The two switch forward DC/DC converter with extended duty cycle
capability. a) Power circuit, Li=100 pH, Ci=1000 uF, R=50 Q, C1=C2=C=0.033
uF, b) PWM modulator and gating signal generator.
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where fg is the switching frequency. It must be noted that the values of L, Cy, fr,
and £ become a function of Iy, Vi, and D. Moreover, from (5.2.1) and (5.2.4),
shown that increasing the duty cycle decreases the value of inductance and
increases the resonant frequency of the output filter. However, based on (5.2.3),
higher duty cycle operation with higher ripple current, means lower damping ratio
for the output filter. Table 5.2-1 summarises the design of the filter with Vi =
0.13%, duty cycle D = 0.6 and different values for Iyj. Fig. 5.2 illustrates the
variation of the damping ratio with the ripple current for two values of duty cycle :
D=0.4 and D= 0.6.

Table 5.2-1
Output Filter Design
Vri=0.13%, D=0.6, Ro=1pu

Iri pu & LouH CopF
0.01 3.22 1250 19.2
0.02 1.61 625 38.5
0.03 1.07 417 57.7
0.04 0.81 312 76.9
0.05 0.67 250 96.2
0.06 0.54 208 1154
0.07 0.46 179 135.0
0.08 0.40 156 153.8
0.09 0.36 139 173.1

0.1 0.32 125 192.3

B.  Open-Loop Performance
Figure 5.3 shows the experimental DC output voltage characteristic without
feedback. The DC output impedance is higher at low load (I < 0.3 pu) and

decreases as the load cuzrent increases. From this data, one can assume an open
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loop voltage regulation equal to 3% for the power circuit. Fig. 5.4 shows
simulation waveforms for 50% step change in the resistive load. These results
correspond to Iyj = 4%, I = 8%, and Vy; = 0.13% for the circuit without feedback.
The resonant frequency of the output filter is 1 kHz. A step change decreasing the
load produces much higher variation in the output voltage. The resulting output
over voltage is 50% with Iy = 4%, and 30% with I = 8%. A larger step change in
the load will also produce discontinuous current and settling time larger than 5 ms.
The aforementioned values are not acceptable for critical load. The controllers
presented in this sections are designed to improve the regulation of this converter
to less than 0.5%, to provide a settling time less than 0.5 ms with I; = 8%, and to
limit the overvoltage to less than 10% under 50% transient load variation.

5.2.2 Control-Output Transfer Function

The linear control-output transfer function for the converter is given by the

following expression :

H.(s) =Hg - H{(s) - Hy(s) (5.2.5)
where Hy is the dc gain of the converter including the PWM circuit, H;(s) is the
output filter transfer function, and Hy(s) is an all-pass filter transfer function. All
of them are described in the following sections.
A. The DC Gain Hy
The circuit diagram of the PWM gating signal generator is shown in Fig.

5.1(b). A 3524 integrated circuit (IC) is used to generate the gating signals with a




maximum nominal duty cycle equal to 0.6. The range of operation of the PWM is

1.5 V for maximum duty cycle and maximum load. Hence the DC gain yields

AV 50
0
H =———=—=3333. (5.2.6)
0 AVPWM 1.5

The internal amplifier of the IC is used as a buffer for the error amplifier. The
controllers are implemented externally by using other IC containing HF
opcrational amplifiers. Limiting voltage circuits are incorporated to clamp the
maximum duty cycle, and the error signal under transient condition.

B. The Output Filter, H;(s)

The transfer function for the output filter is given by

as+a
Hy(s)= —5— (5.2.7)
bzs +bls+b0

where apg=1

a] =RCo

b0=1

b]=R°R°:{R:_Rl;+RORI-CO+R iR L,

0" 1 01
R +R
b, ==—L.L C

2 R +R_ 070
R] +R 0
R, and R are the equivalent series resistance (ESR) of the output filter capacitor

and the equivalent DC series resistance of the converter. The ESR of the output

filter capacitor is assumed to be R, = 0.02 Q. Moreover, from Fig. 5.3 the
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equivalent DC resistance of the converter becomes Rypy;,= 0.08 Q for 0.3 < I <1
pu and Rjpax = 0.5 Q for Ig < 0.3 pu. The output filter is designed to operate with
Iri = 8% and Vi = 0.13% at maximum load (Rypin= 1.25Q). Therefore, from
Table 5.2-1, the respective component values of the filter are Cy = 150 pF and L

~ 156 uH. The resulting zero and poles of the output filter yields :
Zero -333. 103 rdn/s
Poles : Rypax =2.5 Q (~1.643+6.41i)-10% rdn /s
(~1.643-6.41i)-10°rdn /s
Romin = 1.25 Q (~2.94+6.01i)-103 rdn/s

(-2.94-6.01i)-10% rdn /s
C. The All-Pass-Constant-Time-Delay Filter
Delay in the voltage loop arise due to:
1) The current commutation between the leakage inductance of the
transformer and the output filter inductance during the ON-OFF and OFF-
ON switching,
2) The storage time of the power transistor,
3) The parasitic delay in the driver and PWM control circuit, and
4) The sampling process of the switching converter.
The total delay is usually modelled with a zero-order hold or, more recently, with a

so-called "equivalent hold". The zero-order hold is usually approximated by using

5-11




~T/2s This approach predicts excessive phase lagging at

the exponential term e
frequency close to half of the switching frequency. The "equivalent hold" is used
to transform the small-signal response of the discrete model to a response that is
measurable. This approach is accurate but very complicated and is only formulated
for ideal converters. In this Thesis, an all-pass-constant-time-deiay filter is
proposed to model the sampling process of the converter and the total delay in the

voltage loop. The general transfer function for this type of filter is given by

82 —a.s+a

H,(s) = 5————= (5.2.8)
S +bls+b0

This transfer function can be easily loaded in any software package for

control analysis because it is defined as a ratio of polynomials. To affect only the
phase, the coefficients a, and by, are obtained as follows : a; = 6 w4, ag = 20)5,
by =ay, bp = ag, where wy =27n-kq - f. The constant ky depends on the amount
of delay to be considered. Its value is calculated to be kg = 0.318. Fig. 5.5 a)
compares the resulting bode diagrams for H.(s) using the proposed model, the
zero-order hold model, and the average model.
5.2.3 Design of the Controliers

A third-order controller is designed to implement the single-loop system.
This controller is then modified, becoming a dual-loop control system by adding

current feedback. The current signal is taken from the output filter capacitor using
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a small current transformer. The circuit diagrams for both controllers are shown in
Fig. 5.6.
A. Differential Amplifier

A differential amplifier is used to provide the output voltage feedback
signal for the controller. This type of amplifier minimises the common signal
noise present in both output terminals. From Fig. 5.6, assuming Rs = Rg, R7 =Rg,
the DC transfer function for this amplifier yields

R, Rg
Hy~ —L= (5.2.9)
Rs Rg

The resistance's values are found by using (5.2.6). Hence,

_ 1 1 Ry
Hy 333 R

Hy (5.2.10)

Assuming input resistance Rs = Rg = 100 kQ, then R7; =Rg =3.3 kQ
B. Loop Transfer Function
To design the controller the evaluation of the loop transfer function must be
done. The loop transfer function without the controller is given by
Ty(s)=Hp - Hy(s) - Hy(s) - Hq (5.2.11)
The loop transfer function (5.2.11) is evaluated by using (5.2.5)-(5.2.10) and the
MATLAB computer analysis program. The respective Bode diagrams for 0.5, and

1 pu load are shown in Fig. 5.5 (b). The controllers are designed to have a loop
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cross-over frequency f; at 4 kHz. Hence, from Fig. 5.5 (b), the necessary gain G at
f. =4 kHzat 0.5 pu load is 22.5 db (G = 13.33).
C. The Single-Loop Control System with a Third-Order Controller

The single-loop control system with the PWM circuit generator is shown in
Fig. 5.6 (a). The transfer function for a third-order controller is

a 82+a s+a

H_(s) = 32 A - (5.2.12)
bBS +b25 +bls+ 0

where
ag =]

a1 =RyC+HR +R3)C3
2= (R} *R3) RyC,C3
bp=0
b =(C1+C2)Ry
by =[(C; + C2)C3R3 +RyCCy ] Ry
b3 = R3C3RyC,R(Cy
The factored form of (5.2.11) is
(1+R,C,8)-(1+®, +R,)C,s)

Ha(3)= (

172
. . a 14, 1 —
R (C,+C,)s- (1+R,Cp9) B R, ciC, s

(5.2.13)

The third-order controller is designed by using the "K factor method" proposed in

[20]. This method does rot require trial-and-error effort to obtain the required
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maximum boost phase at f; Using this method the zcros and poles of (5.2.13) are

located as follows: Two zeros are located at the frequency w, = 2nf./ VK. Hence,

1 1
W = =
z” R,C, (R,+R,)C,

= 2nf/VK

Two poles are located at the frequency wp =2nfy/VK . Hence,

1
W=R C - CC =2nf/JK
373 p 12
2 C1 + C2
Factor K is obtained from the following expression
K= {tan [(B/4) + 45] } (5.2.14)
where B in (5.2.14) is the required phase boost at f; and is given by

B=M-P-90° (5.2.15)

where P = modulator phase shift and M = phase margin. The component values

for the control circuit are obtained as follows :

1
R;=10kQ Cy= Efc_Gli—l— (5.2.16)
JK
= 2. = Cy(K- 5.2.18
Ro= e G210 CI=Ced) (5:2.18)
Ry= —2i_ (5219) Ci=—— (5.2.20)
37 k-1 - 3 2nf VKR, -

where G is the gain at f;. Fig. 5.7(a) illustrates the bode diagram of (5.2.13) for f;

=4 kHz and G = 13.33 and different phase margin M. It follows that a large
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phase margin reduces the gain at low frequency and increases the resonant peak of
the filter (fp= 1 kHz). The phase margin is selected to be 60°. From Fig. 5.5 b) the
value of P at f= 4 kHz is -182°. Therefore, {rom (5.2.15) the required phasc boost
B = 152° and from (5.2.14) the K factor is 66.33. Finally, the synihesis of the
control circuit is done by using (5.2.16) to (5.2.20). Table 5.2-1I presents the

component values of the control circuit

Table 5.2-11
Summary of the Control Circuit Design

fc=4kHz Ro=1.25Q RI=0.08Q2 Rc=0.02Q2
Lo=156 uH Co=150 uF Hd=1/33.33 Ht=0.1Q

Component RikQ R2kQ R3kQ  RekQ CinF  C2nF  C3rF

Single loop 10.0 16.6 0.2 10.0 19.5 0.3 32.0
Dual Loop C2=0 10.0 33.0 32,0 7.6 4.8 - -
C220 10.0 16.6 15.6 6.1 19.5 0.3 -

Fig. 5.8 (a) shows the Bode diagram of the transfer function. The Bode diagram of
the loop transfer function for 0.5 pu load including this controller is shown in Fig.
5.8 (b).
D. The Dual-Loop Control System

The third-order controller in the single-loop control system has the problem
of an increased number of capacitors (3) whose values can change during the time
and the temperature variation, modifying the required minimum phase margin for
stability. Moreover, under a large transient operation condition the control loop

could be temporarily open and the capacitors of the control circuit could be
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overcharged providing a false correction of the output voltage when the loop is
again able to resume functioning. To minimise the above problems the single-loop
control system is modified in a dual-loop control system including current
feedback. The circuit diagram is shown in Fig. 5.6 (b). The current loop provides
a direct information of the derivative of the output voltage, which means that C;
can be removed (see Fig. 5.6 (a)). To design the controller for this system, an
cquivalent single-loop voltage transfer function is derived. Two cases are
examined : without C,, and with C, (see Fig. 5.6 (b)).

Equivalent Single-Loop Voltage Transfer Function without C,: The voltage across

the capacitor C, is

1
VCo (s)= m - Vo(s) (5.2.21)

Hence, the current through C, is Igg(s) = CosVco. Therefore, the signal provided

by the current transformer is

_ _ R
Vin(s)=He1,(6) = Hy - Cos Vo (9= Hy 1 - Vo) (5.2.22)

The output control signal V(s) is a function of the current ICo(s) and the output
voltage Vy(s). Hence it is given by

V(s)=H(s)Hi1co(s) + Hy(s) HyVo(s) (5.2.23)
where Hj(s) is a transfer function for the current signal and Hy(s) is a transfer

function for the voltage signal, both defined as follows :
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(1+R,,Cls)
Hi(s)= ——— (5.2.24
R3 (S
(1+R2C]s)
Hv(s)= R Cs (5.2.25)

Therefore, from (5.2.21) to (5.2.25) the following equivalent single-loop voltage
transfer function is obtained :

HtRl
(1+R2CIS) 1+ Ijl—li*+R C‘o

d 3
Cs(1+R C s)

Hb(s)= (5.2.26)

Close examination of {5.2.26) shows that, with the current loop the zero in the
transfer function (5.2.7) is eliminated. Then, without the pole I/R.C,, (5.2.26) 1s
equivalent to a proportional plus integral plus derivative type of control (PID).
However, one can take advantage of (5.2.26) to design this control system in the
frequency domain as follows. The two zeros of (5.2.26) are considered equals and
to be located close to the resonant frequency of the filter (f= 1 kHz). This will
reduce the resonant peak of the loop transfer function and will provide phase boost
above the resonant frequency of the output filter. With these conditions and by

using (5.2.26) the following design equations are derived :

2 H R G
R H R +R Co = 27t—f (5.2.27)
HtRl
HdR3 + Rc 0= R2C] (5.2.28)
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1
o =2nf =
2 2 R,C

(5.2.29)

where Ry = 10 kQ f, =4 kHz, G=13.33, Hy = 1/33.33, H; = 0.1, C;, = 150 pF, and
R. = 0.02 Q . Therefore, once f; (wz) is selected, the component values of the
control circuit can be calculated by using (5.2.27) to (5.2.29). Figure 5.7 (b) shows
the Bode diagrams of (5.2.26) for different values of f,. Table 5.2-1I and Fig. 5.8
(a) summarises the design of the control circuit for £, = 800 Hz. Fig. 5.8 (b) shows
the loop transfer function including the controller. It follows that with the zeros
located close to the resonant frequency of the output filter the lows-frequency gain
is higher and the resonant peak of the loop transfer function is lower as compared
with the previous design.

Equivalent Single-Loop Voltage Transfer Function with C5: The capacitor C; can
be added to eliminate high-frequency component and to minimise noise problem in
the voltage loop. Following the same method of the previous section the current

and voltage transfer function are

(1+R,C;s)
Hi(s)= CC (5.2.30)
172
R3(C1 +C2){1+R2 C] +Cz s]
(1+R2Cls)
H,(s)= CC (5.2.31)
12
R, (C, +C2)-[I+R2 C,+C, s]
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Therefore, by using (5.2.23), (5.2.30), and (5.2.31) the equivalent single-loop

voltage transfer function yields

(1+R2C]s)-(l {Hv‘}—m ]c s]

Hy (s)= (5.2.32)

( cc, )
R, (€ +Cz)s'(HRccos)'Ll+R:z C,+C, J

Expression (5.2.32) has a similar form to the third-order controller (5.2.13). Thus,
to design this controller the zeros can be located both at the same frequency. The
frequency of these zeros can be selected to be close to the resonant frequency of
the output filter or it can be calculated by using the K factor method. The first
method is a better design, however to compare the performance with the control
system presented in the Section 5.2.3 C the last method will be used. Hence, the
component values for R}, Ry, C, and C; are identical to these already calculated
in Section 5.2.3 C The value of Ry is obtained by using (5.2.28). The design is
summarised in Table 5.2-II. Fig. 5.8 (a) shows the resulting bode diagram of
(5.2.32) and Fig. 5.8 (b) shows the Bode diagram of the loop transfer function.
5.2.4. Simulation Results

Simulation results of the transient response with a 50% step change in the
load using the single and dual-loop control system are shown in Figs. 5.9 and 5.10,

respectively. The results show that the model and the design procedure predict and
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and load current. c) voltage error.
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cnsurc well the stability of the system even for large variation of load. The dual

loop shows a lower overshoot in the output filter current

5.3 System II: A New Current Assisted Voltage Mode Control

This Section presents a novel approach to the regulation of the output
voltage in high-power forward converters. The proposed control scheme
implements a fast AC current loop by sensing the current through the output filter
capacitor with a small transformer as is shown in Fig. 5.11. Load current
feedforward is inherent, saving one current sensor. The control loop forces the AC
current component of the output filter to be synchronised with a symmetrical
triangular waveform defining the switching frequency. Fig. 5.12 shows a typical
waveform at 50% duty cycle. The proposed control technique has properties of

both CMC and VMC. In fact, the following features can be achieved.

1) Constant frequency operation

2) Low-output impedance

3) No dc error in the current loop

4) Fast transient responses for step change of the load

5) Synchronous operation of power stages in parallel

6) Stable current mode of operation by using a standard PI control

7 AC input voltage feedforward
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Figure 5.11 The propossed current assisted voltage control method
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Figure 5.12 Principle of the synchronous ripple current and PWM control
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This Section presents the analysis and cvaluation of the proposed control
tcchnique using a buck converter. A small-signal model is derived, and the
stability of the current loop by means of characteristic equation of the system is
discussed. Bode diagrams for the current and voltage loop are derived to design
the controllers. Finally, simulation and experimental results are presented to
illustrate the main features and to verify the theory.

5.3.1 Principle of Operation

Typical forward converters require the output filter be designed to meet a
maximum output voltage ripple, usually less than 1%, and with a resonant
frequency much lower than the switching frequency of the converter. Because of
this, and also due to the action of the voltage feedback loop, the capacitor behaves
as a dc voltage source. Thus, it is practically a short circuit for the HF AC current
component of the output filter inductor. The approach proposed here takes a
sample proportional to this almost triangular AC current by using a small
transformer and compares it with a symmetrical reference triangular waveform
(RTW) as is shown in Fig. 5.12. If the slope of the RTW is much higher than this
current, the ripple of the output inductor current is synchronised with the RTW.
Hence, the current loop directly defines the turn-on and turn-off time of the power
switches whenever the AC current sample reaches the rising of falling values of

the RTW. Moreover, in the proposed control method the duty cycle is affected by
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both slopes of the inductor current (double-edge PWM control). and there is no de
error in the current loop. The duty cycle can be further modified by introducing a
dc signal in series with the current loop (i.e., the voltage error). Since thc AC
current is synchronised with the RTW. the switching frequency can be modified by
changing the frequency of the RTW. However, to provide switch short-circuit
protection in the proposed control method, current sensors (T1 and T2) connected
in series with the power switch are required, as is shown in Fig. 5.11.
5.3.2 DC Characteristics
The circuit elements in Fig. 5.11 are assumed to be ideal. From the
geometry of waveforms shown in Fig. 5.12, and by assuming a linear output
inductor current variation, the following equations can be derived. The reference
waveform, it(t) is
i) =my-t T22t> 0 (5.3.1)
if(t) =-mg-(t-T) T2t> T/2 (5.3.2)
where T is the switching period. Also, mq is the slope of the RTW and is given by
| mg = 2-fo Iy (5.3.3)

The sample of the AC current, ig(t) is

ieON(t)=m1'(t-t|)+I] h2t2t (5.34)
leoFF() =m(t-t)) +I t32t>ty (5.3.5)
=t +T (5.3.6)
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where m; and m, arc the positive and negative slopes of the output filter
inductance current. These slopes depend on the maximum input voltage of the

output filter V;, the average value of the output voltage V, and the output filter

inductance, L, as follows .

m, = ——" (5.3.7)
fo
V0

m, = -7 (5.3.8)
fo

For synchronous ripple operation mj<m; and my>-m;. Unde: these operating
conditions the average duty cycle D yields

t,—t
D=-2_1 (5.3.9)

and _p=-3_-2 (5.3.10)

The DC characteristics are derived by using (5.3.1)-(5.3.10). In fact, from these
cquations the following boundary conditions are obtained :

my-D + my-(1-D)=0 (5.3.11)

m, -(1-D)

e 2-f

S

and I (5.3.12)

Also, from (5.3.7) to (5.3.12) it follows that

D=—2 . 5.1 (5.3.13)
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The foregoing expressions show that by using the proposed AC current forward
loop, the ratio of the inductor current slopes m| to my is unique. This means that
there is only one steady state for each value of the duty cycle. Moreover, (5.3.13)
illustrates that if the difference Vi-V, increases, the duty cycle decreases.
Therefore, it is not strictly necessary to compensate for AC input voltage variation.
5.3.3 The Small-Signal Converter Model

In this section a small-signal continuous lincar model is developed for the
pulse width modulator (PWM) including the current loop and the power circuit of
the converter.
A. PWM Modulator with the Current Loop

Assuming that f; and m; are constant, the PWM transfer function can be
obtained from (5.3.13) by using the concept of a small perturbation around of an
operating point. Hence,

(V, +AV,) 2.
(V, +AV.) = (Vy + AV,) m, (U -Al) (5314

(D+ AD) =

After eliminating the small term products, the DC components products, and by

using (5.3.3), the following expression is obtained :

D 1 1
AD = —AIe .—lt—ﬁlm;_l—AvO‘—{/i(—l—_D—)—_Avi m (5.3.15)
Therefore, the respective AC PWM gains for the different variables are
AD D 1 ,
T S1-D'1 (5.3.16)
€ tm
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AD ] D

AV, “V(-D)” V. (1-D) (5.3.17)
i 0
AD D D2
(5.3.18)

AVi~ Vi(1-D) ~ Vy(1-D)
Notice that a DC component needs to be added to the current loop otherwise the
PWM modulaior will be saturated to the maximum duty cycle. The DC operating
point is given by (5.3.13). The DC component l¢ is provided by the voltage loop

or by a DC reference (I;).

B. Converter Model
A three-port large-signal model for the converter is given by the following
expressions :
ig(t) = ij(t)-8() (5.3.19)
vi(t) = vg(0)-8(t) (5.3.20)
with vy(t) = ny-vg(t) and ig(t) = (ig(t)/ny), where ny is the high-frequency transformer
turns ratio (HFT) and 8(t) is a switching function. The small-signal continuous

linear model for the converter is derived form (5.3.19) and (5.3.20) as follows :

Ig + Alg = (I; + Al}) - (D + AD) (5.3.21)
Vi + AV;= (Vg +AVy) - (D + AD) (5.3.22)
Hence: Aly=I;- AD+D- £ (5.3.23)
AVi=Vg-AD+D - AV, (5.3.24)
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C. Filter Transfer Function
Assuming a lossless capacitor and inductor, the respective function for the

capacitor current and voltage in Laplace domain are

-8
H.(s) = 1®) Mo 5.3.25)
PN T2, T 1 3.
Ricf Lfocfo
H (s)—VL(S—)-—-—l——-H (s) (5.3.26)
v _Vi(s) "s-Cfo i =

The resuhing linear model of the system is shown in Fig. 5.13.
5.3.4 Dynamic Performance

The dynamic performance of the converter using the proposed current
control loop are discussed in this section. The respective loop gains are
determined assuming that the line input voltage perturbation, Vg (s), is set to zero
and the output voltage perturbation due to the input voltage is minimised by the
current loop (i.e., AVg = 0 in (5.3.15)). A signal flow gruph of the system is
shown in Fig 5.14. The minimum internal loops are clearly illustrated in this
diagram. It will be used hereafter to determine the characteristic polynomial of the
system and the voltage/current transfer functions.
A. The Current and Voltage Transfer Function

From the signal flow graph shown in Fig. 5.14 (a) three loops are identified.

The respective gains are
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Figure 5.13 Block diagram representation of the PWM control system including
the current loop. Continuous average linear model.
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Figure 5.14 Signal flow graph of the system. a) Current loop with a DC
refer.  b) Current- voltage loop including a PI controller.
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1
T =- 3 (5.3.27)

1 fo
R D
___m Y
r,= L TDs (5.3.28)
(o]
1 1
T, =- — (5.3.29)
37 7L, C. §2

where R, = (K2V(¢/Dlyy,). By using Mason's gain formula the characteristic
polynomial of the system is obtained as follows :

A=1-(T1+T2+T3..)+(T Ty ..). (5.3.30)

The products T;T, ... are all zero, hence the characteristic polynomial of the

system including the current loop yields

+ .
Rlcfo Lfo I-D fono

Equation (5.3.31) shows that the current loop introduces the factor Ry,-D/(1-D)L¢,.

R
s2D=sz+( 1 m D J-S+L1 (5.3.31)

Thus, the position of the poles of the system are modified as follows :

1( 1 R_p J 1 J( 1 R_ p }2 4
sl=-— + . = + . - (5.3.32)
2 Rlcfo Lfo I-D)" 2 Rleo Lfo 1-D CfoLfo

From (5.3.32) one can conclude that the current loop increases the dumping ratio
of the system. Notice also that with a large value of R, (R;,/Lgo) - (D/1 - D) >>
(1/R1C¢,)- Thus, the position of the poles becomes almost independent of the
load. As an example, current and voltage transfer functions have been obtained

with Lg, = 85 pH, Cg, = 200 pF, R,y = 3, D = 0.5, and R; = 3 Q. The Bode
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diagrams of the open loop and current and voltage transfer functions are shown in
Fig. 5.15 (a), and the Bode diagrams closing the current loop are shown in Fig.
5.15 (b). A comparison of Fig. 5.15 (a) to Fig. 5.15 (b) verifies that the current
loop eliminates the resonant peak of the open-loop voltage transfer function and
the resulting poles are real.
B. Voltage Loop with PI Control

The current loop reduces the output impedance and increases the damping
ratio of the system but does not provide DC output voltage regulation. Because
the system with the current loop has two distinct real poles, which can be located
quit separated (see Fig. 5.15 (b)), a good regulation can be achieved by using a
proportional-integral controller (PI) in the voltage loop. Furthermore, since one
pole is located at high frequency, the PI controller can be designed with a large
gain to obtain a fast transient response. The respective signal flow graph of the
system with a PI controller is shown in Fig. 5.14 (b). The transfer function of the
PI control is given by

K
H s)=K,, +—2% (5.3.33)
(&) =K, +— 3.

Therefore, the gain of the voltage loop yields

K, Ry D I[Ku'”KlzJ

K, L, '1-D'c 3

T4

(5.3.34)

aud the characteristic polynomial of the system (closed loop) is
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Figure 5.15 Bode Diagram of the voltage and current transfer function. a) Open

loop, b) closing the current loop. ¢) Overall voltage transfer function with a PI
controller and the propossed current loop.
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S D=S + + . . §° . R . . l .
[R,Cro L, 1-D L¢Co m= K, }—D+ S+ Lw(Cp

K,
DK (5.3.35)

One can see that the location of the poles can be further modified by the
parameters of the PI control, i.e., Ky and Kj5. A systematic method to calculate
K1 and K3 is to use the open-loop voltage transfer function including the current
loop. The following procedure is proposed.
Step 1 The output filter is designed with a high cut-off frequency but with a low-
output voltage ripple, according to the load specification.
Step 2 The characteristic equations of the system including the current loop is
derived (see (5.3.31)).
Step 3 The parameter Ry, is calculated to have two different real poles or a
damping ratio (&) higher than 1 (see (5.3.32)).
Step 4 The Bode diagram of the open-loop voltage transfer function including the
current loop is obtained (see Fig. 5.15 (b)).
Step 5 The zero of the PI control is calculated to cancel the low frequency pole
obtained in step 3.
Step 6 By using the Bode diagram obtained in step 4, the high-frequency gain of
the PI control is calculated to provide a maximum crossover frequency

with a phase margin higher than 60°.
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C. Using a PI Controller in the Current Loop

A PI controller in the current loop and the reconstruction of the output
voltage by integrating the current signal provided by the current transformer were
also examined. The PI controller in the current loop improves immunity to noise
and the low-frequency gain but reduces the output current feed-forward feature.
3.3.5 Design Example

To verify the effectiveness of the proposed control technique and design
procedure, a design example for the schematic circuit shown in Fig. 5.11 is
presented in this section. The circuit is to be designed with a PI control in the
voltage loop regarding the following specifications :

Maximum output power P, =40 kW

Minimum input voltage Vg= 500V

Maximum output voltage V,=250V

Transformer turnsratio  n, = 1

Maximum voltage ripple r, = 0.0025

Maximum currentripple r; =0.23

Steady-state dutycycle D = 50%

Switching frequency f; = 40kHz

Current sensor factor K5 =0.03

Voltage sensor factor Ky =0.01

5-41



The high operating voltage and frequency suggest that isolated-gate bipolar

type of transistor (IGBT) could be used as power switch.

A Inductor Design
The output filter inductor is calculated regarding the maximum ripple and

load al 50% duty cycle as follows. The load for maximum power is
R, = V2/P_=156W.Hence,
1 o o

% =05 L% o478 ul 85 uH
fr. °~40-1000.023 o+78uH (e, 85 uH).

s 1

L, =(1-D)-

B. Capacitor Design

Similarly, the output filter capacitor yields

o r, _ 0.23 N
fo“s-fs-R]-rV"8-40-1000-1.56-0.0025"

1843 WF (i.e., 200 pF)

with Ly, = 85 pH, Cg, =200 pF ,and Ry = 3, the poles of the filter yields
Poles s1,52=892.2 + 7617.6i rad/s
Damping ratio £=0.116

Resonant frequency w, ~ 1221 kHz

The Bode diagrams of the open-loop current and voltage transfer functions are

shown in Fig. 5.15 (a).
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C. Reference Triangular Waveform (RTW)
The maximum peak value of the triangular waveform (RTW) is calculated
assuming a maximum slope in the inductor current with a drop in the output

voltage equal to 0.4 V,. Hence,

)VS—0-4V0K __500-0.4-250
tm” L -2.f 2" 85-mH-2-40-kHz

I +0.03=1.76

Hence, a practical value must be Iy, > 2. The final value depends on the required

damping ratio or poles location both defined by the gain of the current loop.

D. Current Loop
The current loop introduces the factor R,,, which is used to modify the
complex poles of the open-loop transfer function in two distinct real poles. Table

5.3-1 summarise the real poles calculated for different R, at 50% duty cycle.

Table 5.3-1
Poles of the Open Loop Voltage Transfer Function Including the Current Loop
Lfo=85 ph, Cfo=200 pF, RL=3 Q

Current Loop Damping Real Poles
Rm Itm 2 s1,52x10" rdns/sec
3.00 5.00 241 s1=-3.53, s2=-0.17
3.75 4.00 298 s1=-4.45, s2=-0.13
5.00 3.00 3.94 s1=-5.95, s2=-0.10
7.50 2.00 5.86 s1=-8.92, s2=-0.07
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E. Design of the PI Controller

The PI controller in the voltage loop is designed following the procedure
presented in Section 5.3.4 as follows. With the current loop and by using Iy, =5
from Table 5.3-1, the real poles are

51 =-1667 rad/s or f,) =265.30 Hz
52 =-35290 rad/s or f;; =5616.57 Hz.

The Bode diagrams of the open-loop voltage transfer function closing the current
loop are shown in Fig. 5.15 (b). The circuit synthesis using analogue technology is
as follows. Transfer function of the PI controller is

1+sCR, R, K
H_(s)= === =K, +—2. (5.3.36)

sCRl Rl sCR] 11 S

Therefore, the zero of the PI controller is

()

P S Kp
z 27tCR2 21tK“

(5.3.37)

The zero of the PI controller is located to cancel the low-frequency pole, si =
265.30 Hz. Hence, from (5.3.37) with C = 0.1 uF (practical value),

1 1

R, = 2nCE_~ 2n-0.14F-265.30

=6 kQ
From (5.3.36) the high-frequency gain of the PI controller is

R
=K

=2
Gy = R~
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From the Bode diagram shown in Fig. 5.15 (b) the maximum crossover frequency
for a phase margin equal to 60° is f, ~ 3kHz. To achieve this frequency the loop
gain must be increased to 21 dB. Hence,

20 log(Ghp)=21dB or Gpe=11.22.

R
. _ 2 _ 6k
Hence, R1 = th 1122~ 534.75Q

The resulting Bode diagrams of the open-loop voltage transfer function including
the PI controller are shown in Fig. 5.15 {c).
3.3.6 Simulation and Experimental Results
A Simulation Results

The PSPICE software package has been used to perform transient analysis.
Simulation results for a step change up and down in the load are shown in Figs.
5.16 and 5.17. The results shown in Fig. 5.16 (a) correspond to the open loop case
and illustrate the oscillation in the output voltage and current due to the low
damping ratio in the output filter. The action of the current loop is illustrated in
Fig. 5.16 (b). Tt is clearly shown that when the current loop is closed the
oscillation in the output current and voltage are eliminated. The performance of
the PI controller is shown in Fig. 5.17. Since the PI controller has been designed
to provide a high crossover frequency (above the resonant frequencv of the output

filter), a fast transient response is achieved. Moreover, despite a large perturbation
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in the load, the system presents a good regulation. The settling time is close to 200
ps and the perturbation in the output voltage is less than 5%.
B. Experimental Results

To verify the feasibility of the proposed control method and based on the

design given in Section 5.3.5 a breadboard has been implemented (Appendix A4)
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Figure 5.16 Simulated transient response. RLmax=5 Q, Rlmin=1.5 Q, output
filter current and voltage waveforms. a) Open loop, b)closing the current loop.
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Figure 5.17 Simulated transient response with the current loop and a PI voltage
controller. RLmax=5 Q, RLmin=1.5 Q, a) Refernce triangular waveform and error
signal (ie(t)).b) Output filter current and voltage waveforms.
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i.e. scale down to Vi=50 V, K1 =0.1, K7 =0.3). An extra switch in series with a
low-value resistance load has been used to provide load transicnt. The results are
shown in Figs. 5.18 and 5.19. These results are in close agreement with the values
of the design and the simulation results shown in Figs. 5.16 and 5.17.

5.4. Summary

The control problems of the forward converter have been addressed in this
Chapter. A fast voltage mode control and a new current assisted voltage control
sysiems have been proposed and thoroughly analysed.

The first control system is proposed to improve the transient responsc of a
high-frequency two-switch forward DC/DC converter with extended duty cycle
capability. The small signal linear transfer function of this converter presents a low
damping ratio and a fast voltage control loop is required to stabilisc the output
voltage. An all-pass constant-time delay filter has been used to model the
converter at HF and a single and a dual control feedback loop have been proposed
to regulate the output voltage.

It shows that the single feedback loop with a third-order controller provides
excellent performance. With 8% filter inductance ripple current, 0.13% output
ripple voltage, and 50% step change in the load, an overvoltage lower than 5% and
a settling time less than 0.3 ms have been achieved. With the dual-loop control
system the settling time is higher but the dual loop is less sensitive to control

parameter variation and it minimises the capacitor overcharge in the control
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a) b)

Figure 5.18 Experimental results. Output filter current and voltage waveforms. a)
Open loop, b) Closing the current loop, Vi=50 V, D=50%, RLmax=5 Q,
RLmin=1.5 Q, Lfo=90 uH, Cfo=200 pF, K1=0.1, K2=0.3, Fs=40 kHz. Top:iLfo,
Vertical: 5Amp/Div; bottom:VCfo, Vertical: 1V/Div AC, horizontal:0.2 ms/Div.
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a) b)

Figure 5.19 Experimental results using the inner current loop and PI controller in

the voltage loop. a) Triangular waveform (RTW) and error signal, Vertical: 2
V/Div, b) Output filter current and voltage waveforms. a) Open loop, b) Closing
the current loop, Vi=50 V, D=50%, RLmax=5 Q, RLmin=1.5 Q, Lfo=90 pH,
Cfo=200 pF, K1=0.1, K2=0.3, fs=40 kHz, C=0.1 pF, R1=535 Q. Top:iLfo,
Vertical: SAmp/Div; bottom:VCfo, Vertical: 1V/Div AC, horizontal: 0.2 ms/Div.
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circuit under large transient operation condition. It has been shown that the dual-
loop control system eliminates the zero of the control-output transfer function of
the converter. It is designed in the same way that a single-loop control system by
using an equivalent single-input/single-output voltage control transfer function like
a PID or third-order controller.

The second control system is new in a way that an AC current signal is
directly applied to the comparator of the PWM circuit. By sensing the current of
the output filter capacitor, a synchronous ripple-current forward loop has been
implemented in series with a voltage loop. The current loop modified the damping
ratio of the transfer function. In fact, it was found that the voltage loop has two real
poles, one at low frequency and other at high frequency. The low-frequency pole
is a dominant pole and it can be removed with a standard PI controller. This
controller can be designed to provide a crossover frequency above the resonant
frequency of the output filter. The power converter presents a fast transient
response and low sensitivity to load perturbation. This novel control technique is
simple and offers increased reliability for high-power applications. Simulation and

experimental results confirm the theory.
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CHAPTER 6: CONCLUSIONS

In this thesis, several new single-ended ZVS PWM forward converters with
low component count and improved performance have been studied. They are
intended to be used as DC/DC modules in switch-mode power supplies in the
range of 1 to 10 kW and for low voltage applications (i.e. 25-48 V). The thesis
work provides a thorough understanding of the analysis procedure, design method
and control of the proposed topologies. Lossless and active snubber circuits to
reduce the switching losses and stress of these converters with PWM control at
ultrasonic switching frequency (20 to 40 kHz) have been proposed and thoroughly
analyzed.

The main contributions of the thesis can be summarized as follows:

1) New single-ended forward topologies were proposed. The research work
included single-switch, two-switch, three-switch and six-switch power
circuit structures.

2) Single-switch single-ended forward topologies with optimized switching
losses were studied. All of them used a low cost HF transformer (ferrite
core). As compared with the conventional single-switch forward converter,
non r :setting winding and diode were required to reset the core during the
turn-off. Experimental validation was done by using darlington BJT and

IGBT power switches in a 1 kW prototype unit. First, a lossless LC snubber




3)

circuit was designed and thoroughly investigated to reduce switching losses
during the turn-off, limit switch v .tage stresses and avoid transformer
saturation. Secondly, an active snubber circuit implemented by using a
complementary auxiliary switch, in parallel with the main switch, was
studied and tested. It was shown that this circuit provides ZVS during the
turn-on and the turn-off, minimizes the DC magnetizing current in the HF
transformer, and eliminates the energy stored in the parasitic inductance of
the DC input Bus.

Single-ended forward topologies with two switches were investigated. They
were designed to be applied in the range of 2 to 5 kW by using the
darlington BJT or IGBT power switches available today. The first
configuration used two complementary switches in series. The circuit was
proposed as a better alternative to the conventional two-switches forward
converter. It is found that the two feedback diodes were not required to reset
the HF transformer and the energy stored in the parasitic inductance of the
DC bus was controlled to avoid overvoltage spikes across the power
switches at high switching frequency. It was also shown that in the
proposed topology, a conventional DRC snubber can be designed and used
to reset the HF transformer and enhance zero-voltage switching during the

turn off.
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The second topology analyzed used two switches in a hybrid bridge
configuration with only one small capacitor to reduce switching losses in
both the switches. An experimental prototype was implemented for
evaluation by using IGBT. The performance of this novel converter was
studied by using a half-bridge and a full-bridge rectifier with discontinuous
output current. It was shown that, under this operating condition, this
converter can be operated as a buck or boost converter. An interesting mode
of operation was discovered in whicki a free-ripple current is obtained in the
output filter reactor during the turn-on time (current square pulse).

The proposed snubber circuits for the single-switch and two-switch
topologies used only one small capacitor to provide zero-voltages switching
during turn-off. It was found that, due to the leakage and magnetizing
inductances of the HF transformer, several resonant topological modes can
be generated during a switching period. It was shown that, by changing the
size of the snubber capacitor, the circuit parameters and the operating
conditions, different sequences of these fopological modes or modes of
operation were obtained. The design procedure was sensitive to circuit
parameters and analytical and computer solution for the steady states

voltage/current waveforms during a switching period were necessary.




5)

The identification of the operating modes and the steady state
solution for the voltage/current equations during a switching period was
essential to optimize performance and reduce the voltage stress. A closed
form solution for the voltage/current waveforms including all the modes of
operation was practically impossible and numerical algorithms were
necessary. A Broyden algorithm was successfully applied to achieve the
desired solutions

Non-resonant, and quasi-resonant modes of operation were
evaluated. Lower switching losses but higher voltage stresses were obtained
with the quasi-resonant mode. An efficiency higher than 90% was achieved
(5%-7% improvement respect to the DRC snubber in a conventional
forward topology).

A three-leg core connected with a three-phase half-bridge or a full-bridge
rectifier was proposed to implement multiple-switch single-ended forward
converters for output power higher than 5 kW. Three topologies were
analyzed and compared; two with six switches and one with three switches.
Each switch must be operated with 120° phase shift, and the maximum
ideal duty cycle for each switch cannot be larger than 33%. As compared

with the typical parallel two-switch forward configuration, the reduction in
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magnetic material can be 25% for the transformer, and the output filter size
is reduced three times.

For validation proposes, a transformer model was derived and used
in the PSPICE software package. It is discovered that the utilization of the
HF transformer core and windings in the proposed six-switch forward
topology is improved when a full-bridge rectifier was used on the secondary
side. This new converter is practically the dual of the typical three-phase
full-bridge voltage inverter.

The control problem of a forward converter was studied. A fast voltage
mode control and a new current assisted voltage control systems were
proposed and thoroughly analyzed.

A single and dual control feedback loop were proposed to improve
the transient response of a high-frequency two-switch forward DC/DC
converter with extended duty cycle capability. An all-pass constant-time
delay filter was used to model the converter at HF. The dual loop was less
sensitive to control parameter variation and it minimized the capacitor
overcharge of the controller under large transient operation condition. It
was shown that the dual-loop controller eliminates the zero of the control-
output transfer function of the converter and can be designed in the same

way that a single-loop control system by using an equivalent single-




input/single-output voltage control transfer function like a PID or third-
order controller.

The second control system analyzed used a fast internal current loop
that directly applies an AC current signal to the comparator of the PWM . It
was discovered that this fast current loop modifies the damping ratio of the
second order transfer function of the converter. As a result, the voltage loop
transfer function has two real poles, one at low frequency and other at high
frequency. The low-frequency pole is a dominant pole and it was casily
removed with a standard PI controller. The gain of this controller was
designed to provide a crossover frequency above the resonant frequency of
the output filter. The power converter presented a fast transient response
and low sensitivity to load perturbation. This novel control technique is

simple and offers increased reliability for high-power applications.

Future Work

1

This research can be extended as follows

The proposed ideas of using a quasi-resonant mode only during the
switching transition to reduce switching losses and limit voltage stress for
the PWM converter can be extended to other topologies such as the boost

converter
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2)

3)

4)

5)

To investigate the operation of the proposed topologies at higher frequency
by using MOSFET.
During the research for the proposed multi-switch single-ended forward
converter analyzed in Chapter 4, three-leg core was non available to
implement an experimental prototype. Further work is required to verify the
concept experimentally and to know the effect the leakage inductances of
the transformer. The LC snubber can also be applied to these topologies.
The application of this type of ferrite core is seen to be very
attractive for designing other types of converters, such as three-phase high
frequency AC/DC PWM switch mode rectifiers.
To further reduce the size and cost, other magnetic structures can be
designed and applied. For example the integration of the output filter with
the HF transformer, or a coaxial winding magnetic structure for the HF

transformer can be further investigated.

To apply the current mode control and analyze the transformer flux balance
under transient condition for the proposed multi-switch single-ended forward

topologies.
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APPENDIX A1
The Broyden Algorithm
To approximate the solution of the nonlinear system F(x)=0 given an initial
approximation x:
INPUT number » of equations and unknowns;
initial approximation x = (x,, ..., X,)’;
tolerance TOL; maximum number of iterations N.
OUTPUT approximate solution x = (x;, ..., x,,)' or a message that the

number of iterations was exceeded.

Step 1 Set A4, = J(x) where J(x),, =% forl1 <i,j<nm

J
v =F(x). (Note: v = F(x).)
Step2Set A=4."
Step3 Set k=1

s =-Av; (Note: s =s,.)
X=X+S. (Note: x = x(').)
Step 4 While (X < N) do Steps 5-13.
Step 5 Set W=V, (Save v.)

v = F(x); (Note: v = F(x(")).)
y=v-w. (Note:y=y,.)

Step 6 Set z="-A4y. (Note: z= -A"k,l Yi-)

Step 7 Set p=-sz. (Note: p=s, A ;.1 ys)

Step 8 Set C=pl+(s+2z)s". (Note: C =5, A"k., Yol + (s + A'lk., Yo
!

S k')
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Step 9

Step 10
Step 11
Step 12

Step 13
Step 14

Set A4 = (1/p)CA (Note: A=A,
Sets=-Av. (Note: s = -4", Fx*).)
Setx=x +s. (Note: x = x(“').)

If ||s|| < TOL then OUTPUT (x);
(Procedure completed successfully.)
STOP.
Setk=k+1.
OUTPUT (“Maximum number of iterations exceeded’);

STOP
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APPENDIX A2
Normalized Voltage/Current Solutions

In this APPENDIX the normalized equations solutions to analize the
Topology I1 presented in Chapter 3 are outlined. Section I presents the
voltage/current solutions when a half-bridge rectifier is used in the secondary side
of the HF isolation transformer. Similarly, Section II presents the voltage/current
solutions when a full-bridge rectifier is used.
L The Two-Switch Converter with a Half-Bridge Rectifier

Mode 1: d=[0,d]]

Vs(d)=(Vs(0)-1+A1Vo)cos(2mtF 1d) + 1-AlVo (A-1)
11(d)Z1=-(Vs(0)-1+A1Vo)sin(2nF1d) (A-2)
12(d)Zs1=-A111(d)Zs1 + Vo(27d) (A-3)
ILm(d)Zs1=B111(d)Zs1 + Vo((2nd) (A-4)

1Q1(d)=1Q2(d)=ICr(d)=11(d), ILr(d)=I2(d), VCr(d)=Vs(d)
Boundary mode conditions : Vs(d1)=0, hence
(Vs(0)-1+A1Vo)cos(2nF1dl) + 1-A1Vo=0 (A-5)

Mode 2: d=[d1,d2}

Vs(d)=0
[1(d)Z1=(1-A1Vo)2nF1(d-d1)) + 11(d1)Z1 (A-6)
12(d)Z1=-A1(1-Ke3vo)(2nF1(d-d1)) + 12(d1)Z1 (A-7)
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[Lm(d)Z1=B1(1+CVo)(2rF1(d-d1)) + ILm(d1)Z1
1Q1(d)=1Q2(d)=11(d)/2, ILe(d)=-12(d), ICr(d)=0, VCr(d)=Vs(d)
Boundary mode condition: d2=don

Mode 3: d=[d2, d3]

Vs(d)=I1(d2)Z1sin(27F1(d-d2)) + (A1 Vo-1)cos(2nF 1 (d-d2)}+ 1 -AVo
11(d)Z1=11(d2)Zlcos(2nF1(d-d2)) - (A 1Vo-1)sin(2nF 1 (d-d2))
12(d)Zs1=A1(11(d2)-11(d))Zs1 + Vo(2mF1(d-d2)) + I12(d2)Zs]

ILm(d)Zs1=B 1(11(11 (d)-11(d2))Zs! + Vo(2nF 1(d-d2)) + ILm(d2)Zs]

(A-8)

(A-9)

(A-10)
(A-11)
(A-12)

(A-13)

VQ1(d)=VQ2(d)=-Ver(d)=Vs(d), IDI(d)=ID2(d)=-lcr(d)=11(d), ILr(d)=I2(d)

. T
Boundary mode condition: [LmL2]- fm ILZ] hence

KelVo
KrA2

=Vs(d3)-(1 - AlVo)

Mode 4: d=[d3, d4]
Vs(d)=11(d3)Z2sin(2ntFs(d-d3)) + (Vs(d3)-lcos(2nFs(d-d3)) + 1
11(d)Z2=11(d3)Z2cos(2nF2(d-d3)) - (V's(d3)-1)sin(2nF 1(d-d3))
VQ1(d)=VQ2(d)=-VCr(d)=Vs(d), ID1(d)=ID2(d)=-ICr(d)=I1(d)
Boundary mode condition : 12(d4)=0, hence

A211(d3) - 12(d3)=A211(d4)

Mode 5: d=[d3,d5]

IL(d)Zr=-Vo(2r(d-d3) + ILr(d3)Zr
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ILr(d3 )=-12(d3)

Boundary mode condition: 1Lr(dS5)=0 hence
IL1(d3)Zr=Vo(2n(d5-d3)) (A-21)
Mode 6: d=|d4, d6]
Vs(d)=I1(d4)Z3sin(2nF 3(d-d4)) + (Vs(d4)-1)cos(2nF3(d-d4)) + 1 (A-22)
11(d)23=11(d4)Z3cos(2ntF3(d-d4)) - (Vs(d4)-1)sin(2nF3(d-d4)) (A-23)
VQI(d)=VQ2(d)=-VCr(d)=Vs(d), ID1(d)=ID2(d)=-ICr(d)=ILm(d)=I1(d)
Boundary mode condition : 11(d6)=0 hence
11(d4)Z 3cos(2tF3(d6-d4)) - (Vs(d4)-1)sin(2nF3(d6-d4))=0 (A-24)
II. The Two-Switch Forward Converter with a Full-Bridge Rectifier

The following equations include the sequence of modes MIM2,M3,M4,
M5 and M9 shown in Fig. 3.14 with the conditions that Vs(d4)=(Vo+!) and
11(d4)=0 at a maximum duty cycle (d2) and load current

Mode 1: d={0, d1]

From (A-1) regarding 2nFidl =~ 125 hence

. 1
dl= -4—ﬁ- (A'25 )
11(d1)Z 1~-Vs(0)=Vs(dd)=(Vo+1) (A-26)

Mode 2: d=[d1, d2]

From (A-6)
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[11(d2)-11(d 1)]Z1=(1-A1Vo)(2nF (d2-d1)) (A-27)
Mode 3: d=[d2, d3]

From (A-10) and (A-11) assuming d3-d2 small

Vs(d3)~11(d2)Z12nF 1(d3-d2) (A-28)
[11(d3)-11(d2)]Z1=(1-A1Vo)(2nF 1 (d3-d2)) (A-29)
From (A-14)

Vs(d3) = (1—- AlVo) + Izlg’; (A-29)
Mode 4 and 5: d=[d3, d4], d=[d3, d5/

From (A-15) and (A-16) with 11(d4)=0

[11(d3)Z2] =[Vs(d4)-1] -[Vs(d3) - 1] (A-30)
Regarding (A-20)

ILr(d5) = - 2’2’" (d5—d3)+ILr(d3) = ILm(d5) (A-31)

But: ILr(d3)=12(d3)=I1(d3)-ILm(d3) and ILm(dS)~ILm(d3)~ILm(d2), hence
[11(d3)-2ILm(d2)]Zr=(d5-d3)2nVo (A-32)

Mode 9: D=[D5, 1]

ILr(1) =12(1) =ILm(1) = —(1 - d5) 2;\;° +ILr(d5) = 0 (A-33)
S
But ILr(d5)=ILm(d2) hence
(1-d5)2™C _11m(d2) (A-34)
Zsl

7-15



APPENDIX A3
Transformer Model

The implementation of a single ended forward converter coupled on a three-
phat core can be accomplished in a variety of ways. However, finding topologies
that do not lead to transformer saturation is an important and difficult task, mainly
due to the number of paths available to the magnetizing current through the
external diodes and switches. In order to assist the analysis, and verify the
operation of the proposed topologies, linear transformer models with mutual
inductances are discussed in this APPENDIX.
A Analytical Model

In a linear air-gap symmetrical core structure the n voltages (vector V) and
the n currents (vector I) of the respective coils are related by a set of first order
differential equations. The matrix form of this set in the Laplace domain in an
interval 1 is as follows :

Vi(s)=[R+s:-L]-Iz(s)-L- Io¢ (A.1)
where Io is a vector with the n initial current conditions, R is a n x n diagonal
resistance matrix whose elements are the equivalent resistances of the n coils, and
L is a n x n symmetrical inductance matrix whose elements are the self

inductances and the mutual inductances. Assuming that the elements in R are very
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small and the elements in V¢ are constants, the respective vector solution of (A.1)
in the interval 7 yields
L(t)=To, +L"- V,(1)-t t(tst,,, (A.2)
Also, the flux linking each coil is given by
Ar(®) = Ll (0) (A-3)
With the assumption of no losses, (A.2) and (A.3) show that the current and
flux solutions are linear combinations of ramp functions. The slope of cach ramp
depends on the self inductance, the mutual inductance, and the constant voltage
applied to each coil. It should be noted that the current and flux solutions depend
on the initial condition Io. One important design problem associated to a forward
DC/DC converter is to keep the matrix Io constant to avoid saturation.
B. Transformer Inductance and Effective Turns-ratio
The general mutual inductance term between coils i and j and their

respective turns ratios are obtained by using the following expressions

Lij = kij- \/LiLj (A.4)

Nij ~ \[E‘ (A.5)
Lj

where kij is the magnetic coupling factor between coil i and j. For clarity, the
various transformer inductances are defined below
Lp Primary-self inductance

Lpd Primary mutual inductances between coils in different limb.
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Lpc Primary mutual inductan.zs between coils in the same limb.
Lps Primary-secondary mutual inductances between coils in the same  limb.
Lcw Primary-secondary mutual inductances between coils in different limb.
Ls Secondary-self inductance
Lsd Secondary mutual inductances between coils in different limb.
Lsc Secondary mutual inductances between coils in the same limb.
The effective turns ratio of the transformer is defined as
Ne = Nps ‘Kc (A.6)
where Nps can be evaluated by using (4.5) and Kc is & constant that accounts for
the different ways that the coils are connected. For example, if coils b' and ¢’ are
connected in parallel on the secondary side and both are in series with coils a', K¢
=3/2.
C. The Single-path Core Model with Two and Three-coil
These two models are presented here as a reference. For a single-path core
with n coils, all the elements of the inductance matrix L are defined positive. The

inductance matrixes with two and three coils are

a b a b b
L-[ Le LpS] a Le Lps Les|a
Lps Ls|b Lps Ls Lsc bl

Lps Lsc Ls {52
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D. The Three-path Core Model with Six-coil
In a three-phase core with n coils the mutual inductances between the coils
of different limbs are negative. For a six-coil system the inductance matrix is

identified as follows

PRIMARY SECONDARY

a b c a' b' c
Lo -Lpd -Lpa| Lps -Lew -Low]a
-Lpd Lp -Lpd | -Lew Lps -Lew|d
-Lpd  -Lpd Lo “Lew  -Lew Les |c
Lps -Lew -Lew| Ls -lsd -Lsa |a
-Lew  Lps  -Lew| -Lsa Ls -Lsa |
| -Lew -Lew Lps| -lso -Lsd Ls | ¢

E. The Three-path Core Model with Nine-coil

Similarly, for a three-phase nine-coil system the inductance matrix is

identified as follows

PRIMARY SECONDARY

a, a, b, b, ¢, ¢ a b,

(L, L, -L, -L, -L, -L, L, -L, -L.la,
L, L, -L, -Lyg -L, -L,| L, -L, -L |a,
-L, -Ly L, L, -L, -L,| -L, -L, -L,|b,
Ly -Lg L, L, -L, -L,|l -L, -L, -L,|b,
Ly -Lyw -Ly -L, L, L,| -L, -L, L, |c
"Ly -Ly -Lw -Lw Lp L,| -Ly, -Ly L, |c
L, L, -L, -L, -L, -L,| L, -L, -L,|a
-Lo,, -Ls L, L, -L, -L,l -L, L, -L,]|b
-L, -L, -L. -L, L, L,| -L, -L, L, {c
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F. The Pspice Model

For analysis and simulation proposes a circuit model for the three-path
HFT in term of controlled source and regarding the respective matrix L is derived

by using (4.1). This model is presented hereafter

Rj

*
1%} viy

VMil=VLI*(LII/LD

: |
I |
VMIjsVLj(LIJL])
VMji=VLI*(LjiL)
! |
I |

VMjI=VLI*(LjIN1)
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APPENDIX A4

Experimental Control Circuit

y

1

-
v
o
< [ To
L -

b 2o

A 0TTLE 3 oFm

o

o
o
-

Y

(1414
y3aav HO1VHVYdWOD IYND | S |V.T
ONI LVSD : ™ ’
N
AOvBe0334 \\ a
. L
ats- v |1
X X x ou =
13 X3 ¥ ns e w IF
R : e I 0057 LINDY1D
en c +Qvon
20vO" o 4N 002
o Ler- u 2 d_l 43MOd
HO S8
a4 0 .u_ 121 oy L ) 2

10HLNOD I -d dnv " 41

HRLI1 A LNAIANO

7-21



