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(Abstract)

One of the requirements for the next generation of power supplies for distributed power

systems (DPSs) is to achieve high power density with high efficiency.

In the traditiona front-end converter based on the two-stage approach for high-power three-
phase DPSs, the DC-link voltage coming from the power factor correction (PFC) stage penalizes
the second-stage DC/DC converter. This DC/DC converter not only has to meet the
characteristics demanded by the load, but also must process energy with high efficiency, high
reliability, high power density and low cost. To meet these requirements, approaches such as the
series connection of converters and converters that reduce the voltage stress across the main

devices have been proposed.

In order to improve the characteristics of these solutions, this dissertation proposes high

efficiency, high-density DC/DC converters for high-power high-voltage applications.

In the first part of the dissertation, a DC/DC converter based on a three-level structure and
operated with pulse width modulation (PWM) phase-shift control is proposed. This new way to
operate the three-level DC/DC converter allows soft-switching operation for the main devices.

Zero-voltage switching (ZVS) and zero-voltage and zero-current switching (ZVZCS) soft-




switching techniques are studied, analyzed and compared in order to improve the characteristics
of the proposed converter. This results in a series of ZVS and ZVZCS three-level DC/DC
converters for high-power high-voltage applications. In al cases, results from 6kW prototypes

operating at 100 kHz are presented.

In addition, with the ultimate goal of improving the power density of the DC/DC converter, a
study of several resonant DC/DC converters that can operate at higher switching frequencies is
presented. From this study, a three-element ZV'S three-level resonant converter for applications
with wide input voltage and load variations is proposed. Experimental results at 745 kHz

obtained without penalizing the efficiency of the PWM approaches are presented.

The second part of the dissertation proposes a quasi-integrated AC/DC three-phase converter
that aims to reduce the complexity and cost of the traditional two-stage front-end converter. This
converter improves the complexity/low-efficiency tradeoff characteristics evident in the two-
stage approach and previous integrated converters. The principle of operation for the converter is

analyzed and verified on a 3kW experimental prototype.
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1. Introduction

Due to the IEC61000-3-2 Class A standard, the new generation of three-phase distributed
power systems (DPSs) for high-power applications must provide power factor correction (PFC)

in order to reduce the total harmonic distortion (THD) injected into the utility line [1]-[3].

Nowadays, the common approach used by industry to meet this requirement consists of a two-
stage approach. The first stage, the power factor corrector, is implemented by three single-phase
power factor correctors [4]. Each PFC converter is followed by an isolated DC/DC converter
(Fig. 1-1), which provides the necessary requirements for the load. The use of isolated DC/DC
converters feeding the same load not only eliminates the possibility of interaction between
modules but also alows the converter to work under unbalanced and distorted input-phase
voltages. Despite its good performance, this approach turns out to be complex and expensive due

to the high number of components.

Vgus = 480 Volts

A 1-Phase Isolated
PFC DC/DC
1-Phase Isolated G
B PEC DC/DC , Output
— 1 1-Phase Isolated
C__ | prc DC/DC

Fig. 1-1. DPS approach for high-power applications using three single-phase PFC converters.

Fig. 1-2 presents another two-stage DPS approach based on the use of three single-phase PFC
converters [5]. In this approach, the outputs of the PFC converters are connected, reducing the

low-frequency input power fluctuation in the high-voltage DC link. Therefore, the requirements
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for the value of the bulk capacitor are minimized. In addition, the second stage can be
implemented with only one isolated DC/DC converter. It is important to mention that the
smplification in this approach is penalized by interaction between the stages. In order to
minimize this interaction, the boost inductor in each stage is split in two, and an additional
freewheeling diode is added. In addition, the DC-link voltage should be at |east twice the peak
input voltage, which increases not only the voltage stress across the devices in the PFC stages,

but also that in the devices of the isolated DC/DC second-stage converter.

A— 1-Phase

=] PFC Vgus= 760V
1-Phase ] Isolated [ *

B PEC | DC/DC Output
1-Phase

c PFC

Fig. 1-2. Simplified DPS approach for high-power application.

Another aternative for implementing the front-end converter in high-power DPS systems is
achieved by using a three-phase rectifier as a PFC stage [6]. Among the three-phase rectifiers,
the six-switch boost topology is able to achieve the best performance in terms of shaping the
input currents and presenting bi-directional power flow capability [6]-[10]. In addition, this
converter presents low input and output filter requirements, which reduces the weight and
volume of the overall system. However, due to the high bus voltage related to the boost-type
rectifier, it is necessary to use IGBT devices, as shown in Fig. 1-3. Due to their turnoff losses,
the use of IGBT devices limits the switching frequency to well below 40 kHz. To improve the

efficiency of the six-switch boost rectifiers, several soft-switching schemes and lossless snubbers

Chapter 1 - Introduction 2



have been presented [10]-[12]. The increase of the circuit and control complexity has made this
structure expensive and difficult to accept in some industry applications. In addition, similar to

the previous approach, the DC-link voltage imposes a high-voltage stress on the DC/DC

K} K3

converter.

_>

| Isolated Outout
T T DC/DC utpu
Y >

JKI} JIiI}J

Fig. 1-3. DPS approach for high-power application using the three-phase six-switches boost
rectifier as a PFC converter.

In DPS for telecom applications, the bi-directionality of the PFC converter is not necessary.
Therefore, the six-switch three-phase boost rectifier can be simplified. Taking this into account,
another converter recently getting a lot of attention for the implementation of the PFC converter,
also in a two-stage DPS approach, is presented in [13]. The VIENNA rectifier, as it is called,
presents low harmonic distortion and high efficiency in addition to simplification in the PFC
stage. In addition, the three-level operation results in a lower RMS value for the mains current,
which results in a reduction of the value of the input inductance when compared with the six-
switch boost rectifier [13]. However, for proper operation, the DC-link voltage still needs to be
twice the level of the line-to-neutral input voltage. Different from the previously mentioned DPS
approach, the voltage stress across the devices in the PFC converter is minimized by the
connection in the middle point of the split bus capacitors, as shown in Fig. 1-4. However, the

devices in the DC/DC second-stage converter still suffer high voltage stress.
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Fig. 1-4. Simplification of the DPS for high-power application by using the VIENNA rectifier as a
PFC converter.

The three-phase single-switch boost rectifier is another interesting option for the
implementation of the PFC stage, since it can comply with the aforementioned standard with
simplicity, efficiency, reliability and low cost [14]. However, in order to reduce the harmonic
distortion in the three-phase boost rectifier, its output voltage must be significantly increased
with respect to the input voltage [15]-[19]. This increase in the output voltage aso increases the

voltage stress across the devices in the DC/DC step-down second-stage converter.

* k P> Vgus= 800 Volts
PV Ve W

Q) EMI - Isolated |—>»
CH riter L E} DC/DC Output
A) |~ u —>

X

Fig. 1-5. DPS approach for high-power application using the three-phase single-switch boost
rectifier as a PFC converter.
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1.1. Benefitsof Three-Level DC/DC Convertersin High-Power DPSs

As can be seen, the increased voltage stress in the DC link is one of the problems commonly

associated with the reduction of the complexity and cost of the DPS for high-power applications.

At this power level (6 kW), the second-stage DC/DC converter is usually implemented with a
full-bridge topology, as shown in Fig. 1-6. The operation of this converter with phase shift
control allows the use of the leakage inductance of the transformer to achieve zero-voltage

switching (ZV'S) operation for the main devices [35]-[38].

One of the drawbacks that these converters present is that to maintain ZVS for a wide load
range, an additional resonant inductance must be included. This in turn increases the circulating
energy, which increases the conduction losses in the converter. In addition, both a reduction in

the effective duty cycle and a severe secondary parasitic ringing occur.

The problem of the circulating energy in the ZVS full-bridge DC/DC converter becomes even
worse when hold-up time is a requirement. For this kind of application and at this power level,
the front-end converter should be able to operate for at least 10 ms with an absence of the utility
lines. The usual approach to meet this requirement without increasing the cost and the volume in
the front-end converter consists of designing the output capacitor of the PFC converter in such a
way that it can store more energy. In addition, the DC/DC converter should be designed to
operate with a wide input-voltage range. This requirement penalizes the DC/DC converter with
an even higher circulating energy, since the converter should be able to handle wide input-

voltage variations, thus minimizing the duty cycle at nominal input voltage.
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A lot of research has been done to improve the characteristics and performance of the full-
bridge DC/DC converter with phase-shift control, and this topology has become quite popular for
use in high-power applications where isolation is a requirement [39]-[60]. This research has
resulted in improvements of the origina ZVS operation [39]-[46] and zero-voltage and zero-
current switching (ZVZCS) techniques [47]-[60], which intend to eliminate this mgjor limitation

presented by the ZV S techniques.

Despite its improvements related to soft-switching operation, one of the disadvantages that this
topology presents in high-voltage applications is that each switch in the full-bridge DC/DC
converter is subjected to the full bus voltage. In this voltage range, MOSFET devices with a high
rison May be used. This approach increases the conduction losses of the DC/DC converter.
Another option for this power range isto use IGBT devices; however, the switching frequency,

and consequently the power density of the converter, must be reduced.

Vv s1 || S4 [ s1 ]

Sy S; s |
JI:} JK} = ’ sz || 53 || |
Vin| a . éTH [ Vab - ;

. b1

4 S, E_N_l m
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Fig. 1-6. Traditional ZVS full-bridge DC/DC converter with phase-shift control.

The series connection of converters has been proposed to solve the voltage stress across the
main devices in high-voltage applications [30]-[34]. Fig. 1-7 shows this scheme using two full-

bridge DC/DC converters in which the input sides of the converters are connected in series to
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reduce the voltage stress across the main devices to haf the level of the input voltage [32], [33].
By doing this, low-voltage-rating devices can be used, and also the soft-switching characteristic
of the converters is maintained. However, an additional control strategy to balance the input
voltage across the input capacitors should be used to compensate for any mismatch in the
operation of the converters. Besides the complexity in the control, this approach turns out to be

an expensive solution due to the high number of components.
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Fig. 1-7. Series connection of DC/DC converters for reduction of the voltage stress across the
main devices.
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In order to minimize the complexity of the previous approach, it has been proposed converters
base on structures that reduce the voltage stress across the main devices [21]. The series of ZVS
three-level DC/DC converters [21]-[25] and the dual-bridge DC/DC converter [26]-[29] shown
in Fig. 1-8 are some examples. These DC/DC converters reduce the voltage stress across the
power switch to half the level of the input voltage. Also, these converters achieve ZVS for the
primary switches, which is a condition necessary for increasing the efficiency of the converter.
The problem of the input-voltage imbalance presented by the series-connection of converters is

minimized since the operation of these convertersis based on just one control.

Chapter 1 - Introduction 7



V. /2 1

In

V. /2

(b)

Fig. 1-8. DC/DC converters that allow reduction of the voltage stress across the main devices: (a)
dual-bridge DC/DC converter and (b) three-level DC/DC converter.

In order to see the benefits of using low-voltage devices, Fig. 1-9 presentsa theoretical
efficiency comparison between a full-bridge DC/DC converter and a three-level DC/DC
converter used as the second stage of a DPS for high-power applications. For this comparison,
the input voltage of the DC/DC converter is set to be 800 V. In addition, both converters were
designed to operate at 100KHz switching frequency and to provide an output voltage of 50 V.
These efficiency curves were calculated considering just the switching and conduction losses for
the primary devices and the conduction losses in the secondary devices. For the full-bridge
converter, the efficiency was calculated usng MOSFET and IGBT devices. In the first case, a
1200V, 26A MOSFET (APT12040JVR) was selected as the primary-side device. In the second
case, 1200V, 24A IGBT (IRG4PH50U) devices were selected. And for the three-level DC/DC
converter, a600V, 62A MOSFET (APT60M75JVR) was selected. It is important to mention that
all devices allow a 50% voltage margin and are the best in their respective voltage ratings. In
addition, a soft-switching technique was implemented in order to reduce the switching losses in

the primary-side devices.
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Although the new generation of IGBT devices alows higher-switching-frequency operation
with reduced switching losses, their benefit is still limited for applications below 40 kHz. At 100
kHz, the switching losses are still dominant despite the use of soft-switching techniques, and
therefore this converter has the lowest efficiency in this comparison. For the rest of the
comparison, the use of low-voltage-rating devices in the three-level DC/DC converter alows a
1% efficiency improvement at full-load condition. This improvement occurs because the 600V
device presents better electrical characteristics (conduction and switching losses) when compared

with the 1200V devices.

98
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Fig. 1-9. Theoretical efficiency comparison between the three-level DC/DC converter and the full-
bridge DC/DC converter for an 800V DC-link voltage using the load current as a running
parameter.

1.2. Benefits of ThreeLevel DC/DC Converter for Power Densty
Requirementsin the High-Power DPS

The next generation of power supplies not only has to meet the characteristics demanded by
the load, but also must process energy with high efficiency, high reliability, high power density
and low cost. In order to achieve converters with high power densities, it is usually required that

they operate at higher switching frequencies.
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As switching freguencies increase, the switching losses associated with the turn-on and turn
off of the devices also increase. In switchhrmode PWM power supplies, the switching losses can
be high enough to prohibit the operation of the power supply at very high frequencies, even
when soft-switching techniques are used. In resonant-mode power supplies, however, the
switching losses can be lower, alowing the resonant converter to operate at higher frequencies
[67]. Therefore, the use of resonant converters remains an interesting option for some

applications requiring the previous specifications.

In resonant converters, MOSFET devices are appropriate for high switching frequencies, and
ZV S is especialy recommended. The conventional series resonant converter operates with ZVS
for the active devices when the switching frequency is above the resonant frequency. However,
for wide input-voltage and output-load variations, the converter has to operate with wide

switching frequency variations, which complicates optimization of the converter.

Some fixed-frequency control strategies have been proposed for resonant converters[61]-[75];
these permit the optimization of the converter’s magnetics, as well as its input and output filters.
However, in order to achieve ZVS for a wide load variation, the converter must operate with a
switching frequency much higher than the resonant frequency of the tank [75], which results in

large circulating energy, reduces the efficiency, and requires high-power-rating devices.

In addition, for high-input voltage, as exists in high-power DPSs for three-phase applications,
the necessity of highvoltage-rating devices makes the problem even worse. It has been shown in
the previous section that three-level structures can alleviate this problem by reducing the voltage
stress across the power switches to haf the level of the input voltage. Therefore, MOSFET

devices with better characteristics can be used.
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Fig. 1-10 shows again the efficiency comparison between the full-bridge and the three-level
DC/DC converters at different switching frequencies. These efficiency curves were calculated
considering just the switching and corduction losses for the primary devices and the conduction
losses in the secondary devices. For this comparison, the input-output specifications for the
second-stage DC/DC converter are as follows: 800V input voltage, 50V output voltage and 115A
output current. For the primary devices, a new generation of MOSFET devices was selected,
which combines lower conduction and switching with exceptionaly fast switching speed. This
reduction of the losses is achieved by reducing the Rison and Q. For the full-bridge DC/DC
converter, a 1,000V, 30A MOSFET device (APT10026JLL) was selected. This device was
selected (instead of one with a 1,200V rating) because it presents better electrical characteristics.

For the three-level DC/DC converter, a 600V, 58A MOSFET (APT60M75JLL) was selected.

As can be seen, the three-level DC/DC converter provides a significant improvement in
efficiency at higher switching frequencies. This improvement is achieved because the device
used in the three-level DC/DC converter offers better switching characteristics, meaning lower
gate-drain (“Miller”) charge Qqq, reverse transfer capacitance Css, and fall time t; (98 nC, 108 pf
and 8 ns, respectively) when compared with the device used in the full-bridge DC/DC converter
(196 nC, 252 pf and 9 ns). Taking into account these results, the three-level DC/DC converter
also becomes an interesting option when higher switching frequencies are required to increase

the power density of the DPS.
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Fig. 1-10. Theoretical efficiency comparison between the three-level DC/DC converter and the full-
bridge DC/DC converter for an 800V DC-link voltage using the switching frequency as a running
parameter.

1.3. Benefits of the Three-Level DC/DC Converter in the Simplification of
the High-Power DPS

Integrated converters have also been proposed to further reduce the complexity and cost of the
high-power DPS without reducing the performance of the system. In these integrated converters,
the PFC and DC voltage regulation are provided in a single structure of power conversion. A
single-switch integrated converter based on a flyback structure has been proposed [86]-[87]. This
converter is composed of three independent flyback converters working in discontinuous
conduction mode (DCM) and sharing one power switch. Due to this configuration, the converter
becomes an interesting option for three-phase applications, as it provides low harmonic
distortion as well as isolation. However, its applicability is reduced to very-low-power

applications.

Other single-switch integrated converters have been proposed [87]-[90], as derived from quasi-
resonant and multi-resonant buck topologies. In these cases, the resonant elements are used not

only to provide soft-switching commutation for the main devices but aso to achieve input
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currents with low harmonic distortion. Despite their good performance at higher-power levels,

these topologies could have restrictions for use in high-power DPS applications due to their lack

of galvanic isolation.

Fig. 1-11 shows an integrated converter based on the phase-shift full-bridge converter [92].
Similar to the single-switch three-phase boost converter, this converter achieves low harmonic
distortion in the input current by working in DCM operation. In addition, the use of four switches
allows the applicability of the converter at higher power levels. Also, the phase-shift control
maintains simplicity in the operation of this converter as well as ZVS operation for al its man
devices. One of its disadvantages is that in order to balance the input and output power, the
voltage in the intermediate bus @pacitor fluctuates according to the input-voltage and output-
load variations, imposing additional high-voltage stress on the power devices. Therefore, in
220V line-to-neutral applications, high-voltage-rating devices with bad electrical characteristics

must be used, which reduces the efficiency of the converter.

DC/DC < :

Controller

Fig. 1-11. Integrated converter based on a full-bridge structure.
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The problem of high-voltage stress across the main devices can be minimized by using athree-
level structure in the integrated converter [96]-[97], as can be seen in Fig. 1-12. In thisway, low
voltage-rating MOSFET devices with better electrical characteristics can be used, improving the
efficiency of the converter. Similar to the previous approach, the simplicity in the operation of
the converter and the ZV'S operation for the main devices are achieved by using phase shift
control. It is important to mention that the low harmonic distortion in the input current is aso
achieved by operating the input inductors in DCM. However, the THD is lower than that of the

sngle-switch three-phase boost rectifier.
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Fig. 1-12. Integrated converters based on a three-level structure.
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1.4. Dissertation Proposal and Objectives

The main objective of this dissertation is to develop high-efficiency, high-density DC/DC
converters for high-power DPSs. Toward this end, the dissertation proposes the following

approach:

Study of the use of lowvoltage devices in high-voltage DC/DC applications by using a

three-leve structure;
Study and proposal of soft-switching techniques for three-level DC/DC converters,

Study and proposal of a DC/DC converter that operates in the megahertz range in order to

increase the power density of the DPSs,
Proposal of integrated converters to reduce the cost and complexity of the DPS.

In order to meet the outlined goal, the dissertation addresses these issues as follows. Section 1
presents a novel approach for implementing soft-switching techniques in the three-level DC/DC
converter. By adding an auxiliary capacitor in the primary side [94], [99], the proposed three-
level DC/DC converter operates with phase-shift control and achieves ZV'S operation for al the
switches. It is important to mention that by operating the converter with a phase-shift control, the
control and the gate drivers are simplified. Furthermore, the operation with phase-shift control
allows the implementation of soft-switching techniques, previously proposed for the full-bridge
converter, to be used in the proposed three-level DC/DC converter. Based on this characteristic,
this section also presents the study, implementation and comparison of improvements to the
proposed ZV S three-level DC/DC converter. These improvements overcome the drawbacks that

exist in conventional ZVS threelevel converters, such as high circulating energy, severe
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parasitic ringing on the rectifier diodes, and limited ZV S load range for the inner switches. These
improvements are based on ZV'S operation [99] and ZVZCS operation for the primary switches

[94] [95] [100] [107] [113].

With the ultimate aim of increasing the power density of the DPS, Section 2 presents the study
of resonant DC/DC converters that are able to operate at high switching frequencies. From this
study, a ZVS three-level DC/DC resonant converter for high input voltage and wide load
variations is proposed. The operation of the converter at both fixed and variable frequencies is
discussed. In both operating modes, the proposed converter can operate with a wide ZV'S range
by using the magnetizing inductance of the transformer. For the fixed-frequency operating mode,
the control takes place in the secondary side of the transformer, which helps to increase the ZVS
range and also reduces the circulating energy in the converter. In addition, an aternative is
presented to reduce the effect of wide input-voltage variations in the performance of the
converter [110] [112], [114]. The principle of operation of the converter is analyzed and verified

on a2.75kW, 745kHz experimental prototype.

In order to reduce the cost of the DPS, Section 3 of this dissertation presents a quasi-integrated
AC/DC three-phase converter, which improves the complexity / low-efficiency tradeoff
characteristics as compared with the previously discussed DPS approaches. The proposed
converter presents a low number of components, low THD, as compared with the single-switch
boost rectifier, fast regulation, and improvement in efficiency with a ssimple control. The
proposed converter also offers the advantage of reducing the voltage stress across the switches.
In addition, it is demonstrated that a soft-switching technique can be implemented in the

proposed converter without adding complexity [106].
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2. Soft-Switching Techniques for the PWM Three-Level
DC/DC Converter

2.1. Introduction

One of the problems commonly associated with the reduction of the complexity and cost of the
DPS for high-power applications is the high voltage stress in the second-stage DC/DC converter.
As discussed before, the use of structures that allow a reduction of the voltage stress across the
main devices minimizes this problem. This section of the dissertation discusses the
implementation of soft-switching techniques in the three-level DC/DC converter using the well-
known phase-shift control. In this way, a simplification of the control and gate drivers is
achieved. In addition, this new soft-switching implementation for three-level DC/DC converters
helps to balance the voltage across the DC input capacitors under an abnormal operation of gate-

signal mismatch.

2.2. ZVVSThree-Leve DC/DC Converter with PWM Control

Fig. 2-1 shows the ZVS three-level DC/DC operated with PWM control [22]. As can be seen,
the primary side of the converter is based on a neutral-point clamped (NPC) structure, which has
been widely used in inverter circuit topologies for high-power applications [20]. This is also
known as a three-level diode-clamped structure, since the voltage generated in the terminals a
and b, Vg has three levels: Vin/2, 0 and -Vi,/2. To generate this voltage, the input voltage is split
into three levels by the input capacitors G,1 and Gpp. In addition, the diodes Dc; and D¢, clamp

the voltage across the switches to haf the level of the input voltage. To provide isolation, which
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is a necessary requirement for DC/DC converters, the load is connected through the transformer

that is located in terminals a and b.

In this modulation scheme, the inner switches $ and S operate with a fixed duty cycle of
nearly 50 %. To regulate the output voltage, the pulse width for the outer switches § and $
varies. In thisway, when S; and S are on, haf of the input voltage is applied to the transformer

and the input power is delivered to the output.

Similar to the full-bridge converter operated with phase-shift control, this converter uses either
the leakage inductance of the transformer or an external inductance to achieve ZVS for the
primary switches. In order to improve the ZVS characteristics of the converter for a wide load

range, several modifications of the converter have been proposed [23]-[25].
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(a)
Fig. 2-1. (a) ZVS three-level DC/DC converter with PWM control and (b) its main waveforms.

As can be seen, this modulation scheme imposes additional complexity in order to generate the

control signals and implement the gate drivers. In addition, it is difficult to improve the
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characteristics of the converter by using other soft-switching technique such as the ZVZCS

operation previously proposed for full-bridge converter with phase-shift contral.

The next section proposes the operation of the converter with a phase-shift control in order to
minimize the main disadvantages presented by this ZVS three-level DC/DC converter with
PWM control. As will be shown in the next chapter, the phase-shift operation in this converter
improves the soft-switching characteristic of the converter by using not only ZV S techniques but

aso ZVZCS.

2.3. Proposed ZVS Three-Level DC/DC Converter with Phase-Shift Control

A novel ZVS three-level DC/DC converter is presented in this part of the dissertation. The
proposed converter and the timing diagram are shown in Fig. 2-2. It can be seen that the basic
structure is very similar to that of the ZVS three-level converter proposed in other work [22].
The main difference is the inclusion of the flying capacitor Cs, which uses phase-shift control to

allow true ZV S operation for all switches.

In order to smplify the analysis of the converter, it is assumed that the circuit operates in
steady state, the output filter inductor is large enough to be considered as a current source, all the

devices are ideal, and the transformer magnetizing current is ignored.

The proposed converter has six stages of operation during each half of a switching cycle. As
was mentioned before, the circuit uses the well-known phase-shift control in which all switches
operate with nearly 50% duty cycles. The phase shift between § and S, or S and S; determines
the operating duty cycle of the converter. The equivalent circuit for each stage of operation is

shown in Fig. 2-3. These stages are described as follows.
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Fig. 2-2. (a) The proposed ZVS Three-Level DC/DC converter and (b) its main waveforms.

[to-t1]: During this stage, switches S; and S, conduct, and the input power is delivered to the

output.

[ti-t2]: At t3, switch S is turned off, and the load current charges and discharges the parasitic
capacitance of § and S, through flying capacitor Cs. This stage ends when the voltage across
the parasitic capacitance of S reaches Vin/2 and clamping diode D.; begins to conduct. At the
same time, the voltage across the parasitic capacitance of & reaches zero, and the anti-parallel

diode D4 begins to conduct.

[to-t3]: After Dy starts conducting, switch & can be turned on with ZVS. The primary current
freewheels through clamping diode Dc; and switch $. In the secondary side, the output current

freewheel s through diode rectifiers Dy; and Di».

[ts-ta]: At t3, switch S, is turned off, and leakage inductance L resonates with parasitic
capacitances G, and Cs. The voltage across G, rises up to half the level of input voltage Vin, and

the voltage across C; decreases to zero to turn on the anti-parallel diode Ds.
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[ta-ts]: During this interval, half of the input voltage is applied to the primary side of the
transformer, and the current in the leakage inductance starts to decrease. The anti-parallel diodes
of S and S, conduct the current of the primary side. Therefore, switch S can be turned on with

ZNS.

[ts-ts]: At &5, the primary current reverses its polarity and starts to flow through switches S§
and S;. The primary current increases with a slope equal to Vin/(2Lik). At the end of this stage,
the primary current reaches the reflected output current, and a new half of a switching cycle

begins.

2.3.1. Design Consideration

This section of the dissertation presents some important considerations for the design of the

proposed ZV S three-level DC/DC converter.

As previously mentioned, the inclusion of flying capacitor Cs in the primary side allows the
proposed converter to operate with phase-shift control. In this way, the design considerations are

very similar to those of the full-bridge converter with ZV S operation [38].
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A. ZNSRange

In order to achieve ZV'S operation for the inner switches S, and Sg, the proposed converter uses
the stored energy in the leakage inductance of the transformer to charge and discharge parasitic
capacitances C; and Cs at the instant when switch S is turned off. The parasitic capacitance of
the transformer also must be considered in this process. This stored energy depends on primary

current i at timets. For true ZV S operation, the stored energy in Lix must satisfy the inequality

.2 .2
ELIkiIk2>£CmOS§£2 +ECtr§£2 ' (2'1)
2 3 e2g 2 e2g¢9
where the term 4/3Cns IS twice the typical nontlinear parasitic capacitance [41] of the switch,

and C; is the transformer winding capacitance.

When the ZV'S condition for switches S, and S; must be achieved for a wide output-load range,
Lik has to be increased in order to meet the requirements in (2-1). This in turn results in a loss of
duty cycle and circulating energy in the primary side as mentioned in other work [38]. Therefore,
there is a tradeoff between the ZV'S range and the efficiency of the converter. In practice, it is
recommended that the ZV'S condition for S and S be lost at certain load conditions. Thus, the

critical primary currert needed to achieve ZV'S operation can be obtained from (2-1) as

V e
crit = 2 éaicmos +1Ctr 9 (2'2)
2\L,e3 2 g

Therefore, the ZVS condition is obtained when the load current Iy reflected to the primary

side is higher than the critical current; that is:
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—out > (2-3)

crit ?
where n isthe turns ratio of the transformer.
B. Dead-Time Requirements

In order to assure that the parasitic capacitances of switches S, and Sz are fully discharged, it is
necessary to include a dead time between the turn-off of S; and the turn-on of Sz, and vice versa.
It is possible to determine the maximum dead-time requirement after defining the necessary
leakage inductance to achieve ZV'S operation under certain load conditions. This dead time can

be defined as one-fourth of the resonart period that exists between Cos, Gir and Li; that is:

T_p [L{C..+C.)
Dmao( :Z:E le Cmos-l_Ctr : (2-4)

C. Output-Voltage Regulation

Another important parameter to consider in the design of the proposed ZV S three-level DC/DC
converter is the output-voltage regulation. The converter must be designed to achieve the
maximum output voltage at the minimum input-voltage condition and full load. Therefore, the
design of the converter must take into consideration the duty-cycle loss that occurs due to
leakage inductance, which is selected in order to achieve the ZV S condition within a certain load
range. Considering this duty-cycle loss, the output voltage of the converter can be defined as

follows:

Vo = %Vin - r;izlout le fs' (2-5)
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The second term in (2-5) can be defined as the duty-cycle loss. This term is common to all
converters that rely on the energy stored in the resonant inductor to achieve ZV'S operation for

the lagging switches [38].

2.3.2. Experimental Results

An experimental prototype was built in order to verify the operation of the proposed ZVS
three-level DC/DC converter. The specifications of the prototype are as follows: Vo = 42 - 58

V, lout =115 A, Vin = 660 - 800 V, and fs = 100 kHz.

The power stage shown in Fig. 2-2 consists of the following components.

S; — S APT60OM90IN Ty: E65 - 3F3
Dr1 — Dr2: HFA140MD60C Lik: SpH
Dc1 — De2: BYV34-500 Lout: 2XEC55-3C85, 16 pH

Cint, Cin2, Css: 4x1 uF/600 V — polypropylene Cout: 220 uF/250 V — electrolytic

In order to reduce the circulating energy of the converter and to avoid an excessive duty-cycle
loss, the converter is designed to lose ZVS operation at 55% of the full load at 800V input
voltage. Therefore, the necessary resonant inductance is achieved by adding an additional

inductance of 2.7 pH to the leakage inductance of the transformer.

The turns ratio of the transformer is designed to achieve high output voltage at low input-
voltage conditions. In this way, the transformer is selected to be a center-tapped transformer with

aturnsratio equal to 4, and with 12/3/3 turns in the primary and secondary sides.
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Experimental waveforms for the proposed converter at full-load condition, with nominal

output voltage (52V) and a high input-voltage condition are shown in Figs. 2-4 and 2-5.

Fig. 2-4 shows the voltage and current in the primary side of the transformer (upper and lower
trace), and the secondary rectified voltage (middle trace). It can be seen that just half the input
voltage is applied to the transformer. In addition, a ringing can be seen to occur in the secondary
rectifiers. As was explained, this ringing is due to the resonance between the leakage inductance

of the transformer and the parasitic capacitance of the output rectifiers.

Fig. 2-4. Voltage (upper trace) and current (lower trace) waveforms of the transformer primary
side, and rectifier voltage (middle trace) waveforms (250 V/div, 200 V/div, 20 A/div, 2 ps/div).

Fig. 2-5 shows the ZV'S operation of the proposed converter. Figs. 25(a) and (b) show the
drain-to-source voltage, Vps and its gate-signal voltages across switches S; and S, respectively.
It can be seen that in both cases, the maximum voltage for switches S; and S is400 V, just half
of the input voltage. Also, it can be observed that the voltage falls to zero prior to the turn-on of

the gate signal, which means that a ZV S transition is achieved.
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Fig. 2-5. Drain-to-source (upper trace) and gate voltage (lower trace) waveforms of (a) S1 and (b)
S2 (both at 100 V/div, 5 V/div, 250 ns/div).

The experimental measured efficiency as a function of the output power at hominal input
voltage (800 V) and nominal output voltage (52 V) is shown in Fig. 2-6. The efficiency at full-
load condition is 91.3%, and the maximum efficiency of the converter, which occurs around

2,300 W, is 94.2%.
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Fig. 2-6. Measured efficiency of the ZVS three-level DC/DC converter.
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2.4. Self-Voltage-Balance Capability of the Input Capacitances

This section evaluates the capability of the proposed ZVS three-level DC/DC converter
operated with phase-shift control to balance the voltage across the input capacitors under
abnormal operation. To see this benefit, a comparison is made between the proposed converter

and one using PWM control under similar abnormal operation conditions.

Besides the complexity in generating the control signals and implementing the gate drivers,
one of the potentia problems in the ZV'S three-level DC/DC converter with PWM control is the
imbalance of the input capacitor under abnormal operation conditions, such as when there is a
mismatch of the gate signals. In this situation, the input capacitors work in the same way as the
typica DC blocking capacitor used in traditional full-bridge DC/DC converters, n that they
absorb any net voltage across the transformer. This eliminates the problem of transformer
saturation under similar conditions. However, the main advantage of reducing the voltage across

the main devices to haf the level of the input voltage is lost.

Fig. 2-7 illustrates the main waveforms and voltage imbalance for the input capacitors under
this condition. In this figure, ? T is defined as the variation of the conduction time for the outer
switches § and S. This variation results in a duty-cycle-variation parameter that gives the
relationship D/D1 between the dutt cycles applied to the transformer during each half of a
switching cycle. Fig. 2-7(b) shows the voltage imbaance in the input capacitors using this
relationship as a running parameter. The result shown in this figure uses the same specifications
given in the previous section: input voltage of 800 V, 6kW output power, and switching

frequency of 100 kHz. As can be seen, aratio of 1.15 that corresponds to a ?T of 250 ns results
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in a 30V deviation in each input capacitor. This deviation results aso in voltage stress across the

primary devices.
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Fig. 2-7. Operation of the ZVS three-level DC/DC converter under abnormal operation: (a) typical
waveforms and (b) voltage evolution across the input capacitance.

In the proposed converter, the use of the Cscapacitor not only simplifies the control and gate
drivers by using phase-shift control, but aso helps to minimize the voltage imbalance under
similar abnormal operating conditions. The Gs capacitor is connected in paralel to the input
capacitors during the freewheeling stage of the converter, as shown in Fig. 2-8. Therefore, the

input capacitors have the opportunity to balance their charge through Gs in every half of a

switching cycle.
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Fig. 2-8. Mechanism to balance the voltage across the input capacitors. Freewheeling stages for
(a) the positive half of a switching cycle and (b) the negative half of a switching cycle.

In order to illustrate the self-voltage-balance capability of the proposed converter, Fig. 2-9
shows a comparison between the three-level DC/DC converter using PWM control and the
proposed three-level DC/DC converter using phase-shitt control. Fig. 2-9(a) shows again the
input-voltage imbalance of the input capacitors for both cases using the relationship D,/D; as a
running parameter. For the same ?T of 250 ns, it can be seen that the voltage deviation in the
input capacitors is almost negligible for the proposed converter using phase-shift control. As
mentioned before, Cs provides the mechanism to balance the charge of both input capacitors

during the freewheeling time.

It is important to mention that the self-balance capability can be extended to the three-level
DC/DC converter under PWM operation by again using the auxiliary capacitor Cs. Fig. 2-9(b)
shows time simulations of the converter usng PWM control with a ? T of 250 ns. At time 3 ms,
the capacitor Cg is included in the operation of the converter, providing a mechanism to

minimize the deviation of the voltage across the input capacitors.
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Fig. 2-9. Self-balance capability of the proposed converter: (a) comparison of the voltage deviation
of the input capacitor voltage under abnormal operation and (b) effect of the auxiliary capacitor
Css in balancing the voltage across the input capacitors.

It is important to mention that the self-balance capability of the proposed converter becomes an
important parameter in higher-switching-frequency operation in which smal ?T variations

result in abig ratio between D; and Ds.
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2.5. Conclusion

A nove ZVS three-level DC/DC converter was introduced in this chapter. The operation
stages and characteristics of the proposed converter were presented. Experimental results from a

6 kW prototype were given in order to demonstrate the operation of the converter.

It was shown that this converter reduces the voltage stresses across the main switches to half
the level of the input voltage. Therefore, devices with lower voltage ratings, which present better
characteristics, can be used. Besides, the addition of aflying capacitor in the primary side allows

ZV/ S operation for al switches with phase-shift control.

It was aso shown that this new control scheme not only simplifies the modulation scheme for
the three-level DC/DC converter, but also helps to balance the voltage across the DC input

capacitor under abnormal operating conditions, such as when there is a gate-signa mismatch.

In addition, it will be shown in the next chapter that the operation with phase-shift control
allows ZVS and ZVZCS techniques that were previoudy developed for full-bridge converters to
be implemented without modifications in the proposed topology. In the case of the ZVS
techniques, the ZVS range increases in the converter while minimizing the circulating energy,
the duty cycle loss and the secondary parasitic ringing. It is important to mention that these
problems are common in all DC/DC converters in which the ZVS operation relies on the energy

stored in either an external resonant inductance or the leakage inductance of the transformer.

These characteristics make the proposed converter an interesting option for high-voltage, high-

power applications that require high efficiency.
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3. Improvements for the PWM Three-Level DC/DC

Converter

3.1. Introduction

One of the drawbacks the proposed converter presents is the use of the energy stored in the
transformer leakage inductance to achieve ZVS for inner switches $ and S. In this case, an
additional resonant inductance must be included in order to assure ZVS for a wide load range.
This in turn increases the circulating energy, which increases the conduction losses in the
converter. In addition, both a reduction in the effective duty cycle and a severe secondary

parasitic ringing occur.

As mentioned in the previous chapter, the operation with phase-shift control allows the
implementation of soft-switching techniques previously proposed for the full-bridge converter to
be used in the three-level DC/DC converter. This characteristic in the proposed converter allows
ZV S techniques [41]-[46] and ZVZCS techniques, previously presented for full-bridge DC/DC
converters [47]-[60], to become another option for overcoming the main drawbacks presented by

the conventional ZV S three-level DC/DC converter.

This chapter discusses the operation of the proposed converter with different soft-switching
techniques to improve its main characteristics and performance. This chapter will first address
possible improvements by using other ZVS techniques, which increases the ZV'S range without
penadlizing the circulating energy in the converter. Later, these improvements will be based on

ZV ZCS techniques.
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Taking into account the tradeoff between simplicity and performance presented in the auxiliary
circuits to realize ZVZCS in the DC/DC converter, the main contribution of this chapter is the
evaluation of the benefits of ZVZCS operation in the proposed three-level DC/DC converter.
This is done by analysis, implementation and comparison of several ZVZCS approaches. In all
cases, this results in novel ZVZCS three-level DC/DC converters for high-voltage applications,
which combine the advantages of reduced voltage stress across the main switches, presented by
the use of three-level structures, with the advantages of reduced circulating energy, as offered by

Z\V ZCS soft-switching operation.

3.2. Improvements of the Proposed Converter by Using Other ZVS
Techniques

The implementations of the proposed ZVS three-level DC/DC converter with other ZVS

techniques are presented in this section of the dissertation.

Figs. 3-1, 3-2 and 3-3 show some possible extensions of the proposed ZV S three-level DC/DC
converter using different ZV'S techniques to overcome its associated problems. In Fig. 3-1, the
variation of the proposed converter uses a saturable inductor as an element to store the energy
needed to achieve ZVS for the inner switches [42]. In this way, the leakage inductance can be

reduced, and both the duty-cycle loss and the secondary parasitic ringing are minimized.

Another possible solution to overcome the problems of the proposed converter is shown in Fig.
3-2. In this approach, the variation of the proposed converter uses the magnetizing energy of the
transformer, which is more independent of the load, to achieve ZV'S for the inner switches. Thus,
the load dependence of the ZVS range is minimized; since the leakage inductance is also

reduced, the duty-cycle loss is negligible, and the secondary parasitic ringing is small. In order to
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have control over the magnetizing energy, magnetic switches and an extra freewheeling diode

are placed in the secondary side [44]-[46].
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Fig. 3-1. (a) The ZVS three-level DC/DC converter using a saturable resonant inductor, and (b) its
main waveforms.
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Fig. 3-2. (a) The ZVS three-level DC/DC converter using the magnetizing inductance, and (b) its
main waveforms.
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Fig. 3-3 shows another possible solution for eliminating the drawbacks of the proposed
converter. In this case, the variation of the proposed converter uses saturable inductors as
complementary switches in the secondary side to allow the stored energy in the output inductor
to be used to achieve ZV'S for the inner switches [40]. Since the amount of this stored energy is
always greater than that of the leakage inductance, the ZVS range is widely extended. In
addition, since the leakage inductance is no longer necessary to achieve ZVS for the inner

switches, it can be reduced as much as possible. In this way, the duty-cycle loss and the

secondary parasitic ringing are reduced.

The proposed topology lends itself to the implementation of other ZV'S techniques; however,

due to space constraints, these variations are not presented in this document.
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Fig. 3-3. (a) The ZVS three-level DC/DC converter using the output inductor energy, and (b) its
main waveforms.

The previous ZV'S techniques increase the ZV'S range in the converter while minimizing the

circulating energy. The next section presents a different approach to improve the soft-switching
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characteristic of the converter. This approach resets the energy in the leakage inductance of the

transformer, resulting in a ZCS instead of ZV S operation for the inner switches.

3.3. ZVZCSConcept inthe Three-Level DC/DC Converter

In previous work [53], it is shown that the ZVZCS concept can be easily implemented in a full-
bridge converter if a voltage source with polarity opposite to the primary current direction is
available to reset the primary leakage current during the freewheeling time. In this way, switches
S, and S operate with ZCS instead of ZVS. This concept is illustrated in Fig. 3-4. The same
concept is applicable to the three-level DC/DC converter using a phase-shift control proposed in

this dissertation.

Not only can this auxiliary voltage source be implemented in different ways, but it can also be
placed in the primary or secondary side of the transformer, resulting in a tradeoff between
simplicity and performance in the operation of the converter. Fig. 3-5 shows two different
approaches for the implementation of the auxiliary voltage source in the secondary side of the
converter. In Fig. 3-5(b), an auxiliary active circuit in the secondary side provides the necessary
voltage source to reset the primary current during the freewheeling stage when S, is turned on.
In this way, both the ZVZCS condition for the primary switches and the active clamping of the

voltage across the secondary diodes are achieved.
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Fig. 3-4. Main waveforms for the proposed three-level DC/DC converter with phase -shift control
under ZVZCS operation.

In Fig. 3-5(c), the auxiliary voltage source is implemented by also using a passive auxiliary
circuit inthe secondary side [50]. Its operating principle is similar to that of the converter with an
active auxiliary circuit. That is, when the outer switch S; or Ss is turned off, the snubber
capacitor Cyx Works as a temporary voltage source to reset the primary freewheeling current.
This temporary voltage source is not controllable, which means that in every haf period the
snubber capacitor energy is discharged completely. Moreover, during the transition from the
freewheeling stage to the active stage, this voltage source is reestablished in a resonant fashion.
Therefore, the voltage stress in the rectifiers can increase to up to two times and there is an
increase in the circulating energy. These drawbacks can be minimized with a better design of the
turns ratio of the transformer, since the voltage stress depends on the duty cycle of the converter
[50]. In addition, taking into account that the ZV S action for the outer switches is achieved using
the reflected output current, the leakage inductance can be reduced as much as possible. In this
way, the primary current is brought to zero in a short time, reducing the duty-cycle loss. Also,

the secondary-side parasitic ringing across the output rectifier diodes is reduced.
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Fig. 3-6 shows possible extensions of ZVZCS operation for the proposed three-level DC/DC
converter following the concept of the voltage source introduced in previous work [53]. Fig.
3-6(a) shows the proposed converter using an auxiliary voltage source in the primary side. Asin
other work [49], this voltage source is implemented with a capacitor and a saturable inductor. If
the capacitance is very low, the voltage level across it can be high enough to reset the primary
current. Meanwhile, the saturable inductor is used to keep the current a zero during the
freewheeling stage. In this case, the use of a saturable inductor can limit both the power level and

the switching frequency of the converter due to thermal problems.
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Fig. 3-5. (a) Auxiliary circuits in the secondary side for ZVZCS operation, (b) active auxiliary
circuit and (c) passive auxiliary circuit.
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Fig. 3-6(b) shows another way to achieve the ZVZCS condition for the proposed converter by
placing an auxiliary circuit in the primary side. The auxiliary circuit is implemented with the
three-winding transformer Ta and the two diodes Dy1 and Daz. In this way, the inner switches
operate under ZCS condition with the assistance of the auxiliary circuit, which provides reset
voltage and absorbs the reactive stored energy in leakage inductance L. One of the
characteristics that the proposed converter presents is the capability to maintain soft-switching

operation even in short-circuit conditions or at start-up.
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Fig. 3-6. (a) Auxiliary circuits in the primary side for ZVZCS operation, (b) saturable inductor
approach and (c) auxiliary transformer approach.
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The next sections present the analysis, implementation and comparison of these ZVZCS

techniques in the proposed three-level DC/DC converter operating with phase-shift control.

3.4. ZVZCS Three-Level DC/DC Converter Using an Active Auxiliary
Circuit in the Secondary Side

In this section, the operating principle of the ZVZCS three-level DC/DC converter using an
active auxiliary circuit in the secondary side is presented. The proposed ZVZCS three-leve
DC/DC converter and its timing diagram are shown in Fig. 3-7. It can be seen that the basic
structure is very similar to that of the ZVS three-level converter proposed in other work [22].
The main difference is the inclusion of the flying capacitor, Cs, to alow the converter to operate
with phase-shift control and with ZVS for outer switches § and &. Also, an auxiliary active
circuit is added in the secondary side to both reset the primary current in the transformer and to

achieve ZCS operation for inner switches S, and Ss.

3.4.1. ZVZCS Operating Mode Using an Active Auxiliary Circuit in the Secondary Side

The proposed converter has eight stages of operation during each half of a switching cycle.
Similar to the ZVS three-level DC/DC converter discussed in this dissertation, the circuit uses
the well-known phase-shift control in which all switches operate with duty cycles of nearly 50%.
The phase shift between S and S or § and S determines the operating duty cycle of the
converter. The equivalent circuit for each stage of operation is shown in Fig. 3-8. These stages

are described as follows.
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Fig. 3-7. (a) The ZVZCS three—level DC/DC and (b) its main waveforms.

[to-t1]: During this stage, § and $ are conducting, and the input power is delivered to the
output. At the beginning of this stage, leakage inductance L resonates with the junction
capacitance of diode rectifier Dyp. This resonance takes places until voltage Vs reaches the
voltage of clamping capacitor C4. After that, the extra current in the leakage inductance starts to
circulate through the clamping capacitor. The discharge of the extra current is considered linear,
since the voltage across the clamping capacitor is assumed to be constant. This stage ends at t,
when the current through clamping capacitor ktax reaches zero. The duration of this stage
depends on the leakage inductance, junction capacitance and reverse-recovery time of the

rectifier diodes.

[ti-t2]: In this stage, the input continues delivering power to the output. At t1, the current in the
clamping capacitor tends to reverse its polarity, but the anti-parallel diode of auxiliary switch

Sax turns off, and the reverse voltage across the secondary rectifier Dy, becomes

v =VYa (3-1)
n

rec
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[to-t3]: At &, S is turned off, and the load current charges and discharges the parasitic
capacitance of § and S, respectively, through flying capacitor Cs. This stage ends when the
voltage across the parasitic capacitance of § reaches Vip/2 and clamping diode Qs begins to
conduct. At the same time, the voltage across the parasitic capacitance of S, reaches zero, and

anti-parallel diode D4 begins to conduct.

[ts-ta]: After D4 starts conducting, S4 can be turned on with ZVS. The primary current
freewheels through S, and clamping diode D.;. Meanwhile, the auxiliary switch is turned on, and
the voltage across clamping capacitor Cax is reflected to the primary side of the transformer and
is applied across the leakage inductance. In this way, the primary current is reduced linearly to
zero with a slope equal to nVcax/Lik. In addition, the clamping capacitor supplies energy to the

output. This stage ends when the primary current is reset to zero.

[ta-ts]: The rectifier diodes are turned off, since the primary current is zero and Sux is till on.
During this stage, the output current is still supplied by clamping capacitor Cyx. As aresult, the

effective duty cycle of the secondary side may be larger than that of the primary side.

[ts-ts]: At &, Sax IS turned off, the voltage applied across the output rectifiers immediately
drops to zero, and the conventional freewheeling stage in the PWM converter begins. During this
period, there is no current freewheeling in the primary side. Therefore, the circulating energy in

the primary side is reduced due to the ZVZCS operation.
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Fig. 3-8. Equivalent circuit for each stage of the ZVZCS three—level DC/DC converter using an

active auxiliary circuit in the secondary side.
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[ts-t7]: Since the leakage current has been completely reset at t4, switch & is turned off under

ZCSat ts. As a consequence, IGBTs can be used for S, and Ss.

[tr-tg]: At tg, Sg is turned on, and half of the input voltage is applied to the primary side of the
transformer. The primary current flows through S, and S and begins to increase with a sope
equal to Mn/(2Lk). At the end of this stage, the primary current reaches the reflected output

current, starting a new half of a switching cycle.

3.4.2. DC Characteristics of the Proposed ZVZCS Three-Level DC/DC Converter

In this section, the DC characteristics of the proposed three-level DC/DC converter are
analyzed. It will be shown that these characteristics depend on leakage inductance L, voltage

Vcax in the auxiliary capacitor, and the duration of the turn-on of auxiliary switch Syx.

The effective duty cycle in the converter can be expressed as

Deff =D- Dch + Dzvs + Daux (3-2)
where
2t
D=—2=" 3-3
T (3-3)
2(t, - t

D, = ( ‘ir 2 (3-4)
DzvS - 2(t3 3 tz) (3_5)

Ts
Daux e 2(t5 - t3) (3'6)

T
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In (3-2), D isthe duty cycle applied to the primary side of the transformer, D¢, is the duty-cycle
loss that occurs due to the charge of the leakage inductance from zero to the load current
reflected to the primary, Dyys is the duty cycle that exists due to the ZVS action of the outer
switches, and D4y is the duty cycle that exists due to the conduction time of the auxiliary switch.

Dax is aso known as the duty-cycle boost effect.

The time interval to, in (3-3) is the simultaneous conduction time of S; and S, or Sg and Ss, and

Tsisthe switching period of the converter.

The time intervals (ts-t7) and (ts-t2) are obtained from the respective equivalent circuits. These

time intervals are given by:

(t-t,) =# (37)
(ts' tz):nVinC . (3-8)

Here, n is the turns ratio of the transformer, C is the parasitic capacitance of the MOSFET, and

lout 1S the output current of the converter.

The time interval (5 — t3) depends on the time necessary to reset to zero the current in the

leakage inductance. This time has to satisfy the following condition:

I, L
(ts- 1) o= (3-9)

Caux

where Vcax IS the voltage across the auxiliary capacitor. This voltage can be determined by

applying the charge balance in the current through the auxiliary capacitor shown in Fig. 3-7. It
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can be shown that Vcax is given by

V.
V., =—%. 3-10
Caux 2 n ( )

The following relationship expresses the output voltage:

Vo =Dyt =2 (3-11)

The output voltage can be obtained by combining (3-2) with (3-11), as follows:

:D&/in 9_ 2le Iout fS+ fsVinZC_l_\/in (t5_ t3) fs .

\Z - 2
2N g n 21 n

out

(3-12)

As can be seen, the output voltage depends on the leakage inductance, the turns ratio of the
transformer, the parasitic capacitance of the main switches, the switching frequency and the

output current.

Fig. 3-9 shows the dependence of the output voltage on the output current for different duty
cycles. The parameters used to plot the curves are Vi,=660 V, fs=100 kHz, n=5, Lx=600 nH,
C=2.53 nF, and (s — t3) = 250 ns. For a given duty cycle, the output current has minimal effect
on the reduction of the output voltage, because the commutations of the inner switches in this
ZVZCS converter no longer rely on the energy stored in the leakage inductance. This means that

the leakage inductance can be as low as possible in order to reduce the duty-cycle loss.
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Fig. 3-9. DC characteristics of the proposed converter.

3.4.3. Experimental Results

An experimental prototype was built in order to verify the operation of the proposed ZVZCS
three-level DC/DC converter. The specifications of the prototype are as follows: Vot = 42-58 V,

louwt =100 A, Vin =660 —800 V, and fs = 100 kHz.

The power stage shown in Fig. 3-7 consists of the following components.

S — Si: APT60M90IN Li: 1.2uH
Dr1 — Dr2: HFA140MD60C Sax: IXTH50N20
Dc1 — Dep: BYV34-500 Cax: 6x3.3uF/600V — polypropylene

Cint, Cin2, Csss 4X1UF/600V — polypropylene Lout: 2XEC55-3C85, 16uH

T,: E65—3F3 Cou: 220UF/250V — electrolytic

The auxiliary diode Dy for the auxiliary active circuit is implemented with the MOSFET' s

body diode of the auxiliary switch Syx.
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The turns ratio of the transformer is designed to achieve high output voltage at low input-
voltage conditions. In this way, the transformer is selected to be a center-tapped transformer with

aturnsratio equa to 5, and with 15/3/3 turnsin the primary and secondary sides.

Taking into account that the ZVS action for outer switches § and S is achieved with the
reflected output current, the leakage inductance can be reduced as much as possible. Thus, the
auxiliary switch needs to be turned on for a short time in order to reset the primary current. An

interleaved technique is used to reduce the leakage inductance of the transformer.

Experimental waveforms of the proposed converter at full load, nomina output voltage (52 V)

and low input-voltage conditions are shown in Figs. 3-10, 3-11, 3-12 and 3-13.

Fig. 3-10 shows the voltage (upper trace) and current (lower trace) in the primary side of the
transformer. It can be seen that the primary current is reset to zero after the end of the stage in

which power is transferred to the output. Therefore, S, and S; are turned off with ZCS.

Fig. 3-10. Voltage (upper trace) and current waveforms in the primary side of the transformer (250
V/div, 20 A/div, 2us/div).
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Fig. 3-11 shows the drain-to-source voltage (Vps upper trace) and the gate-signal voltage
(lower trace) of S. It can be seen that the maximum voltage for S is 330 V, just haf the levels
of the total input voltage. Also, it can be appreciated that the voltage falls to zero prior to the

turn-on of the gate signal. Therefore, atrue ZVS action is achieved.

The voltage Vs across the secondary side (upper trace) and the current in the clamping
capacitor (lower trace) are shown in Fig. 3-12. It can be seen that during the turn-on of the
auxiliary switch, the clamping capacitor provides al the current to the load. Therefore, a boost

duty-cycle effect occurs.

Fig. 3-11. Drain-to-source (upper trace) and gate voltage waveforms of S; (100 V/div, 5 V/div,
0.2us/div).

Fig. 3-12. Voltage Vg across the secondary side (upper trace) and current in the clamping
capacitor (100 V/div, 30 A/div, 2us/div).
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The experimental measured efficiency as a function of the outpu power at nominal input
voltage and maximum output voltage is shown in Fig. 3-13. The efficiency at full-load condition

IS 93.5%, and the maximum efficiency of the converter, which occurs around 2,100 W, is 94%.
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Fig. 3-13. Measured efficiency of the ZVZCS three-level DC/DC converter.

3.5. ZVZCS ThreeLevd DC/DC Converter Using a Passve Auxiliary
Circuit in the Secondary Side

The previous section proposes a novel ZVZCS three-level DC/DC converter using an active
clamp as an auxiliary circuit to allow ZCS operation for two of the switches. As can be seen, this
converter combines the main advantage of the ZV'S three-level DC/DC converter presented in
Chapter 2, which is to reduce the voltage stress across the main switches, with the advantages
offered by the ZVZCS techniques. One of the disadvantages that this converter presents is the
necessity of adding an active switch to reduce the circulating energy during the freewheeling
stages. This active switch increases the cost of the converter, and aso reduces the overal

efficiency of the converter since this active switch is turned off hard at twice the switching

frequency.
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This section proposes a novel ZVZCS three-level DC/DC converter with asimple auxiliary

circuit also in the secondary side, which improves the performance of the converter presented in

the previous section.

3.5.1. ZVZCS Operating Mode Using a Passive Auxiliary Circuit in the Secondary Side

In this section, the principle of operation of the ZVZCS three-level DC/DC converter using a
passive auxiliary circuit in the secondary side is analyzed. The proposed converter and the timing
diagram are shown in Fig. 3-14. It can be seen that the basic structure is similar to that of the
ZV S three-level converter proposed in other work [22]. The main difference is the inclusion of
the flying capacitor, Cs, to allow the converter to operate with a phase-shift control and ZV'S for
the outer switches (S; and &). Also, a passive auxiliary circuit in the secondary side is added to
reset the primary current in the transformer and to achieve ZCS operation for the inner switches

(S and S3).

° L
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Fig. 3-14. (a) The ZVZCS three-level DC/DC converter using a passive auxiliary circuit and (b) its
main waveforms.
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The proposed converter has eight stages of operation during a half switching cycle. Similar to
the ZVS three-level DC/DC converter discussed in this dissertation, the circuit uses the well-
known phase-shift control in which all switches operate with duty cycles of nearly 50%. The

phase shift between S; and S, or Sz and S, determines the operating duty cycle of the converter.

In order to simplify the analysis of the converter, it is assumed that the circuit operation is in
steady state, the output voltage and filter inductor current are assumed constant, all the devices
are ideal, and the transformer magnetizing current is ignored. The equivalent circuit for each

stage of operation is shown in Fig. 3-15. These stages are described below.

[to-t1]: At b, S is turned on, and the primary voltage is applied to the primary side of the
transformer. The primary current flows through S, and S and begins to increase with a slope
equal to Vin/(2* Lik). In the secondary side, the transformer is short-circuited by the rectifiers D1
and D, through which the output inductor current is freewheeling. This stage ends when the

primary current equals the reflected output filter inductor current.

[ti-t2]: At t1, D2 turns off, and the transformer transfers power to the secondary side. The
auxiliary diode Daux1, conducts the resonant current between the reflected |eakage inductance and

the auxiliary capacitor Cyx. The latter gets charged up to 2* (Vin/(2*n)— Vour).

[to-t3]: In this stage, power continues to be delivered to the output. At the beginning of this

stage, Dayxa is turned off and the voltage across the rectifier returns to Vin/n.

[ts-ta]: At , S is turned off, and the reflected filter inductor current charges the parasitic

capacitance of § and discharges the parasitic capacitance of & through the auxiliary flying
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capacitor Cs. This action continues until the rectifier voltage Vs equals the auxiliary capacitor

voltage Vcax, and then Dayx iSturned on.

[ta-ts]: At the beginning of this stage, a resonance between the leakage inductance and the
parasitic capacitances of § and S, takes place until the clamp diode Dcl and the anti-paralel
diode Dy are turned on. During this time, the difference between the filter inductor current and

the reflected leakage inductance current discharges Caux.

[ts-ts]: Once Dy starts conducting, S, can be turned on at t with zero voltage. The primary
current freewheels through both clamp diode D and S,. The voltage across the auxiliary
capacitor is reflected to the primary and is applied to the leakage inductance. In this way, the
primary current is reduced to zero. Also, the auxiliary damp capacitor supplies energy to the

output. This stage ends when the primary current is reset to zero.

[ts-t7]: At the beginning of this stage, the primary current has been completely reset and no
current flows through the primary side. In the secondary side, the filter inductor current

discharges the clamp capacitor C4, to zero, which turns on both rectifier diodes Dy, and Dr».

[t-ts]: The conventional freewheeling stage in the PWM converter takes place with the
rectifiers short-circuiting the secordary until the end of the cycle. Primary-side conditions
remain unchanged, and S, can be turned off with zero current in the interva (ts, tg). Therefore,
IGBT devices are agood choice for S, and Sz. At the end of this stage, S; is turned on and a new

half of a switching cycle begins.

Chapter 3- Improvements for the PWM Three-Level DC/DC Converter 54



L3
1|1}

1 Vs n:1 Vs
v ! *Da .I_Tlcl;?;t 0, | AL Fou
u I I8 ] T R i (R
== i : go Com" O Cou
H i D’Z H
Cee * -I%} el :
S C4
?3}} ftrtd ltrtd

Fig. 3-15. Equivalent circuit for each stage of the ZVZCS three-level DC/DC converter using a
passive auxiliary circuit in the secondary side.
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3.5.2. Design Guidelines

In the proposed ZVZCS three-level DC/DC converter using an auxiliary active circuit, the
turnon of the auxiliary active switch is synchronized with the turn-off of outer switch S or S;.
In this way, the ZVS operation for these switches is not affected by the reset of the leakage
inductance by auxiliary capacitor Cyx. In the ZVZCS three-level DC/DC converter using a
passive auxiliary circuit in the secondary side, this synchronization cannot be carried out in a
simpleway. When S; is turned off, the reflected filter inductor current charges and discharges the
parasitic capacitance of S and Sy, respectively. The evolution of the voltage across the parasitic

capacitance during this stage is given as:

V, —I—Ot (3-13)

S VIS :
VC4 2 in n(c:1 + C4) (3 14)

This stage ends when the rectifier voltage Vs equals the voltage in the auxiliary capacitor Cqy.

Therefore, at the end of this stage, the voltage across C, is given by:

I-I-O:

2/
Ve, (t,)= an% VT (3-15)

Q

The duration of thisinterval is gven by:
D

1 &€ +C,
5 tA—E(Vb : 2an)ngT+ﬂ- (3-16)
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At the beginning of the stage (t4-ts), a new resonance begins between Lk and the parasitic
capacitance of the switches S; and &. On the secondary side of the transformer, the difference
between the filter inductor current and reflected leakage inductance current discharges the
auxiliary capacitor C4x. In order to complete the ZVS operation for S; and S, the energy in the
leakage inductance must be sufficient to continue discharging the parasitic capacitance of the
switch. In addition, it has to be considered in this process that the current in the leakage

inductance has also been reset by the reflected voltage in the auxiliary capacitor Cax.
The evolution of the voltage across the parasitic capacitor of S, and S; in this stage is given by

I ot C; le l oWr2
(C.+Cq) (C,+Cy)°

Ve =NV, - sn(w, )] @17

2 .
It Ca L |0V\)';2 gn(wrzt)g, (3-18)

1€,
VC4:_é1 Vx_ -
Ng (C,+Cy) (Ca +C,,

where V is the voltage across the parasitic capacitor at time t;, and C, is the auxiliary capacitor
reflected to the primary side. The equivalent capacitance, the Co and the resonant frequency wy»

are expressed as:

C,=C, +C, (3-19)

C,+C
w, = [ = (3-22)
2 leCaCeq
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At the end of this stage, the voltage across the parasitic capacitances C; and C,4 should be V;,/2
and zero, respectively, to stisfy ZVS operation. Combining the previous assumptions with (3-
18), we can obtain the minimum leakage inductance needed to achieve ZVS operation under a
certain load condition and with different turns ratios, as shown in Fig. 3-16. It can be seen that
one way to increase the ZV S range is by increasing the Lk inductance of the transformer. This
idea is not recommended, since more energy is needed to reset the primary current of the
transformer. Therefore, this circulating energy will decrease the efficiency of the converter. As
can aso be seen in Fig. 3-16, increasing the turns ratio of the transformer can reduce the
converter’s dependence on L to achieve ZVS operation for the outer switches. Maximizing the
turns ratio of the transformer is an approach commonly used to reduce the conduction losses in

the primary side.
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Fig. 3-16. Minimum leakage inductance for ZVS operation in the proposed ZVZCS three-level
converter with a passive auxiliary circuit.
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3.5.3. Experimental Results

An experimental prototype was built in order to verify the operation of the ZVZCS three-level
DC/DC converter with a passive circuit. The specifications of the prototype are as follows: Vot =

42-58 V, lost = 115 A, Vi, =660 — 800 V, and Fs = 100 kHz.

The power stage shown in Fig. 3-14 consists of the following components.

S1 - S5t APTE0OM 75VR Lk:22nmH
Dr1 — Dr2: HFA140MD60C Daux1, Daux2: IXY SDSE160-05A

Cint, Cin2, Css: 4*1 nF/600V — polypropylene Lout: EC55-3C85*2, 16 mH

T,: E65-3F3 Cou: 220 nF/250V — electrolytic

The turns ratio of the transformer is designed to achieve high output voltage at low-line input-
voltage conditions. Then, the ransformer is selected to be a center-tapped transformer with a

turnsratio equal to 5, and with 10/2/2 turnsin the primary and secondary sides.

Taking into account that the ZV'S action for outer switches § and & is achieved using the
reflected output current, the leakage inductance can be reduced as much as possible. In this way,
the primary current is brought to zero in a short time, thus reducing the duty-cycle loss. An
interleaved technique is used to build the transformer, facilitating a drastic reduction in the

leakage inductance.

Experimental waveforms of the proposed converter at full load and high-input voltage, and the
experimental measured efficiency as a function of the output load at low input-voltage

conditions, are shown in Figs. 3-17, 3-18, 3-19 and 3-20.
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Fig. 3-17 shows the primary voltage in the transformer (upper trace), the voltage across the
output rectifier (middle trace), and the primary current in the transformer (lower trace). It is
important to notice thet, due to the reduction of Ly, the secondary rectifier voltage does not
present ringing. Fig. 3-18 shows the detail of the primary current. It can be seen that the

freewheeling primary current is quickly reset to zero after the end of the power-transfer stage.

Therefore, S; and S; are turned off with ZCS.

Fig. 3-17. Voltage (upper trace) and current (lower trace) waveforms of the transformer primary
side and rectifier secondary voltage (middle trace) waveforms (250 V/div, 100 V/div, 20 A/div,
2ms/div).

Fig. 3-18. Details of the voltage and current in the primary side (250 V/div, 20 A/div, 500 ns/div).

The drain-to-source voltage across the power switch Vps (upper trace) and its gate signal

voltage (lower trace), are shown in Fig. 3-19. It can be seen that Vps is 400 V, which is half of
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the level of the input voltage. Also, it can be appreciated that the voltage falls to zero prior to the

turn-on of the gate signal. Therefore, true ZVS action is achieved.

Fig. 3-19. Drain-to-source and gate voltage waveforms of S; (125 V/div, 5V/div, 100ns/div).

Fig. 3-20 shows the experimental measured efficiency as a function of the load at nominal
input voltage (800 V) and nominal output voltage (52 V). The efficiency at full-load condition is
95.1%, and the maximum efficiency of the converter, which occus around 2,400 W, is 96.2%. It
is important to mention that the efficiency at full-load condition is higher than those achieved by
the ZVS and the ZVZCS three-level converters presented in the previous sections. These
improvements are due to the diodes in the auxiliary circuit that operate with amost zero

switching losses.
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Fig. 3-20. Measured efficiency of the ZVZCS three-level DC/DC converter using a passive auxiliary
circuit.
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3.6. ZVZCS ThreeLevd DC/DC Converter Using a Passve Auxiliary
Circuit in the Primary Side

This section of the dissertation presents a ZVZCS three-level DC/DC converter using a passive
auxiliary circuit in the primary side. The proposed converter and its timing diagram are shown in

Fig. 3-21.

As can be seen, the primary side of the converter remains similar to the three-level structure
presented in this dissertation. The only difference is the inclusion of an auxiliary circuit in the
primary side, which is added in order to achieve ZVZCS operation. The auxiliary circuit consists
of only two diodes and a small three-winding auxiliary transformer. The primary winding of the
auxiliary transformer is connected in series with the primary winding of the main transformer.
The two secondary windings of the auxiliary transformer are connected between the auxiliary
diodes and the outer leg switches. Similar to the previous three-level converters presented in this
dissertation, the inclusion of the flying capacitor C alows phase shift operation and ZVS
conditions for the outer switches § and S. ZVS operation is achieved by using the output
current reflected to the primary side. The inner switches S, and S operate under ZCS conditions
with the assistance of the auxiliary circuit, which provides reset voltage and absorbs the stored
energy in the leakage inductance Lik. In this case, Lik is the sum of the leakage inductances of the
main transformer and the auxiliary transformer. The auxiliary circuit operates according to the
primary current. Diode Da1 is turned on when the primary current iy is positive, and diode Daz is

turned on when Iy is negative.
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3.6.1. ZVZCS Operating Mode Using a Passive Auxiliary Circuit in the Primary Side

In this section, the operating principle of the ZVZCS three-level DC/DC converter using a

passive auxiliary circuit in the primary side is presented.
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[S2: | ss 10,

Cin]::

b Lt t4Et5\/

(@) (b)

Cin2

Fig. 3-21. (a) ZVZCS three-level DC/DC converter using an auxiliary circuit in the primary side and
(b) its main waveforms.

The proposed converter has five stages of operation during each half of a switching cycle. In
order to simplify the analysis of the converter, it is assumed that the circuit operation is in steady
state, all the devices are ideal, the magnetizing inductances of the main and auxiliary transformer
are ignored, and the initial voltage across Cg is assumed to be half the level of the input voltage.
The equivalent circuit for each stage of operation is shown in Fig. 3-22. These stages are

described as follows.

[to-t1]: During this stage, § and $ are conducting, and the input power is delivered to the
output through both the main transformer and Dy;. The secondary sides of the auxiliary
transformer are short-circuited by Da1 and S;. Therefore, the voltage across the auxiliary

transformer is zero. The current flowing through S; is given by
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. & 10
s, = gl+—xi, - (3-23)
n; g

[t1-to]: At t, S is turned off, and a resonance begins between G, C,, Cs, Lik and Low. Css
couples C; and C4 and assists with the zero-voltage turn-on of S4. The equivalent circuit is shown
inFig. 3-22. The evolution of the voltage across the parasitic capacitance of S; is given by

— r]2
1+n,

((%Vin - nVout) (1_ cos (t - tl)) + Ilk(tl)zo sn Wo(t - tl)) , (3-24)

Gy

and the primary current iy is given by

1\/in - r]Vout
I = 2 7 sn (t - tl)) + Ilk(tl) cosw,, (t - tl)) ’ (3-29)
where
1
W, = , (3-26)
Leq Ceq
L
7= |== (3-27)
Ceq
L =L+ Nloy, (3-28)
Ceq:%+ CCSS GE N, 9 , (3.29)
g~ " Crc. Een, 5
ad
C= Cl = C4 . (3-30)
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The voltage across the parasitic capacitance of S, is given by

- c%sc V.. (331)

VC

4

:EV
2

Since the duration of this stage is long and that Ly is large, the primary current iy is
considered nearly constant during this interval. This stage ends when the voltage across the
parasitic capacitance of S reaches Vin/2 and clamping diode D.; begins to conduct. At the same
time, assuming C<<Cg in (3-31), the voltage across the parasitic capacitance of S; reaches zero,
and anti-parallel diode Dy begins to conduct. Hence, S, can be turned on with ZVS, which leads
to the conclusion that Csshould be sufficiently large to ensure ZVS. In addition, the voltage

across S; increases smoothly to Vin/2, which results in zero-voltage turn-off for S;.

[to-t3]: This stage starts when the primary current freewheels through both S and clamping
diode ;. Half of the input voltage is applied across the secondary winding of the auxiliary
transformer and is reflected to the primary one, as shown in Fig. 3-22. In this way, the primary
current is reduced to zero as

. V
e = 1(t,) - Laux (t' tz), (3-32
Ik

where V4 is the reflected voltage of the input DC side through the auxiliary transformer, acting

to reset the primary current, and which is given by
1V

V., ==Tn 3-33
5 (3-33)

[ts-t4]: This stage starts after the primary current becomes zero. During this stage, the primary

current remains at zero. Therefore, the circulating energy in the primary side is reduced due to
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Z\VZCS operation. In the secondary, the load current freewheels evenly through the diode
rectifiers D1 and Dy, as shown in Fig. 3-22. Also during this stage, S is turned off with ZCS

condition.

[ta-ts]: At ts, S is turned on, and half of the input voltage is applied to the primary side of the
transformer. The secondary terminals of the auxiliary transformer are short-circuited by Da; and
S4. In addition, the primary current flows through S and & and begins to increase with a slope
equal to Mn/(2Lk). Meanwhile, the load current flowing through Dy is diverted to D2 as ik
increases. At the end of this stage, the primary current reaches the reflected output current,

starting a new a half of a switching cycle.

3.6.2. Design Considerations

A. Conditions for ZVZCS Operation

The zero-voltage turn-off of switch S; is natural, as Ceq is connected in parallel with S;. In a
full-bridge DC/DC converter, if «; reaches the level of the DC-link voltage, a safe zero-voltage
turn-on of & can be attained. In this three-level DC/DC converter, however, one more condition
is needed, because athough V.1 reaches \,/2 at the end of the time interval (t1-t2), Vs IS NOt
exactly zero. Its fina voltage depends on the ratio of Cs to C. To achieve safe ZV'S turn-on for
Sy, the final \oltage of Vs must be less than the onvoltage of the switch. The extra condition is

given by
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Fig. 3-22. Equivalent circuit for each stage.
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5
Cs >C§—'” - 15 (3-34)
s @
where Vs is the onvoltage of the switch.

As mentioned during the description of the operating stages, the primary current iy is nearly
constant during time interval (ti-t), since rfLoy is large and the time interval is short. The time
interval given to switches S and S, for ZVS operation is expressed in given by (3-35), and it is
easily designed by selecting the appropriate Ceq. Accordingly, the rate of change of the voltage

across the outgoing switch is adjustable, as follows:

(3-35)

During stage (t-t3), zero-current turn-off operation in the inner switches is accomplished by
eliminating the primary current prior to removing the gate pulse of $. The approximate time

interval required to eliminate the primary current is given by

T,es =ty - t, =1k, (3-36)

This ZCS operation does not depend on the output voltage, and can be achieved regardless of
the output voltage if the DC-link voltage is established. The Tzcsis at its maximum when the

current is at its maximum, and the maximum Tzcsis given by

T = , 3-37
zcs Y, (3-37)

where ljkmax 1S the maximum current all owed.
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The condition for safe ZCS operation is given by
Tyes. < Do )T, (3-38)
where Diax 1S the maximum duty cycle, and Ts is the switching period.
B. Conduction Loss and Limitation of the Proposed Circuit

The additional loss in the proposed circuit and the reduction of freewheeling loss depend on rp,
so it can be optimized the loss by an appropriate n,. Combining (3-33), (3-37) and (3-38)

determines the range of n, such that the reset voltage ensures ZCS operation, as follows:

n <2p(1_ Dmax)’

3-39
2 %z, (3-39)
where ?sis the switching angular frequency, and
L.l
%Z|k _W\S/ 1k "Ik (3_40)

In acase of low duty cycle, the ratio of turns for the auxiliary transformer is decided within the
range given in (3-39) such that the conduction loss may be minimized. Assuming that the
primary-side switches have the same on-voltage, the respective conduction losses of the ZVS and

Z\VZCS DC/DC converters can be obtained as follows:

P

lossyys

=2V 1, (3-41)
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WLy,

(3-42)

lossyyzcs

=2V, |Ik§'+ nigD +Vsllk(1+ nz)
>

where Vs is the on-voltage of the switches, and D is the duty cycle.
In (3-42), the power loss in the ZVZCS converter is minimized when p is set as follows:

_,[pD
="z,

(3-43)

From (3-38) and (3-43), the range of maximum for D can be obtained such that the conduction

loss in the ZVZCS converter does not become higher than that of the ZV S converter, as given by

.2

ooy [o 0
D<§1-1 ﬂj. (3-42)

2V p 4

3.6.3. Experimental Results

A 6KW experimental prototype was built and tested in order to verify the operation of the
ZVZCSthree-level DC/DC converter with a passive auxiliary circuit in the primary side. Similar
to the previous ZVZV'S approaches, it was designed for use in communication applications. The
normal operating voltage is 800 V, and the fina voltage at hold-up time is 660 V. The operating

frequency is 100 kHz, and the switching frequency is 200 kHz.

The power stage shown in Fig. 3-21 consists of the following components.

S — S APT6OM 75JVR T, E65—-3F3

Dr1 — Dr2: HFA140MD60C Li: 1.2uH
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Dc1 — De2: BYV34-500 Ta: EIS0- PC40
Da1—Da2: RHRP860CC Lout: 2XEC55-3C85, 16pH

Cint, Cinz, Css: 4X1uF/600V — polypropylene Cout: 220uF/250V — electrolytic

The turns ratio of the transformer and the winding technique for reducing the leakage

inductance are similar to those given for the previous ZVZCS converters.

Experimental waveforms of the proposed converter at full load and the experimental measured
efficiency as afunction of the output loads at nominal input voltage condition are shown in Figs.

3-23, 3-24, 3-25 and 3-26.

Fig. 3-23 shows the main waveforms for the proposed ZVZCS converter using an auxiliary
circuit in the primary side. In this case, the upper trace is the primary voltage in the transformer,
the mddle trace is the voltage of the secondary winding of the auxiliary transformer Ta, and the
bottom trace is the primary current of the main transformer. Similar to the previous ZVZCS
approaches, it can be seen that the primary current is reset during the freewheeling time, which
reduces the circulating energy and allows ZCS operation for the inner switches. Also, it can be
seen that the reset voltage is introduced during the interval [t — ts], after the primary voltage

drops to zero and disappears when the primary current is reduced to zero.

Fig. 3-24 shows the drain-to-source voltage and the gate signal for the switch S, that operates
under ZVS. It can be seen that the voltage falls to zero prior to the turnon of the gate signa,

which means ZV S operation is achieved.
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Fig. 3-23. Voltage (upper trace) and current (lower trace) waveforms of the transformer primary-
side and secondary voltage (middle trace) of the auxiliary transformer (500V/div, 500V/div,
20A/div, 2us/div).

One of the advantages offered by the proposed converter is that under short-circuit operation,
the soft-switching capability is maintained as shown in Fig. 3-25. For this operating condition
the output terminal is shorted with 0.022 ohms of wire, resulting in an output current of 90 A.
From this figure, it can be seen that ZCS operation is guaranteed even when the output terminal

of the converter are shorted.

Fig. 3-24. Drain-to-source (upper trace) and gate voltage (lower trace) waveforms of S; and
primary current (middle trace) (500V/div, 10V/div, 20A/div, 1us/div).
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Fig. 3-25. Voltage (upper trace) and current (lower trace) waveforms of the transformer primary
side under short-circuit condition (500V/div, 20A/div, 2us/div).

Fig. 3-26 shows the experimental efficiency as a function of the load at nominal input voltage
and nomina output (52 V) voltage. The efficiency at full-load condition is 94.5%, and the

maximum efficiency of the converter, which occurs around 3500 W, is 96.2%.
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Fig. 3-26. Measured efficiency of the ZVZCS three-level DC/DC converter using an auxiliary circuit
in the primary side.

Fig. 3-27 shows the measured efficiency comparison at 800V input voltage for the ZVS and
ZVZCS three-level DC/DC converters presented in this dissertation. As can be seen, the
efficiencies for all ZVZCS converters are higher than that achieved by the ZVS three-leve

converter. Thisimprovement in the efficiency is due to the reduction of the circulating energy in
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the converter and its higher effective duty cycle, which alows it to be designed with a higher
turns ratio. The highest efficiency at full-load condition is dightly better for the ZVZCS three-
level converter using a passive circuit in the secondary side. Its auxiliary circuit presents fewer

losses and provides snubbing for the secondary rectifiers.
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Fig. 3-27. Measured efficiency comparison of the proposed ZVS and ZVZCS three-level DC/DC
converters

3.7. Conclusion

This chapter presented the benefits obtained by implementing ZVZCS techniques in the
proposed three-level DC/DC converter with phase-shift control operation. The chapter presented
the analysis, implementation and comparison of three ZVZCS approaches using an active and
passive auxiliary circuit in the secondary side and a passive circuit in the primary side. This
approach resulted in novel ZVZCS three-level DC/DC converters for high-voltage applications,
and combined the advantages of reduced voltage stress across the main switches, achieved by the
use of three-level structures, with the advantages of reduced circulating energy, as offered by
ZVZCS soft-switching operation. In al cases, experimental results from 6kW prototypes

operating at 100 kHz were shown in order to demonstrate the operation of the converters.
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A ZVZCS threelevel DC/DC converter using an active auxiliary circuit was first presented in
this chapter. The use of an active device allows an easy synchronization with the operation of the
primary devices. In this way, the inner switches S and S; operate with ZCS operation without
interfering with the ZV'S operation of the outer switches. In addition, the auxiliary circuit in the
secondary side clamps the voltage across the diode rectifiers, which offers a good opportunity to
use 200V diodes, thus reducing the conduction losses in the secondary side. One disadvantage of
this converter is the necessity of adding an active switch to reduce the circulating energy that
exists during the freewheeling stages. This active switch increases the cost of the converter, and
also reduces the overall efficiency of the converter, since this active switch is turned off hard at

twice the switching frequency.

In order o improve the previous approach, a ZVZCS three-level DC/DC converter using an
auxiliary passive circuit in the secondary side was presented. The auxiliary circuit was
implemented with just two diodes and one capacitor, reducing the complexity and cost of the
previous approach. In addition, this auxiliary circuit improves the efficiency of the converter,
since it achieves lower conduction and switching losses. Taking into account that by using a
passive circuit the ZV S operation of the switches S; and S is affected by the ZCS operation, the
design guidelines were given in order to guarantee ZV'S operation of the outer switches. In this
way, the leakage inductance of the transformer can be reduced as much as possible. As a resullt,
both the circulating energy n the primary side of the three-level converter and the secondary-

side ringing across the output rectifiers are drastically reduced.

The ZVZCS three-level DC/DC converter using a passive auxiliary circuit in the primary side

was the last converter presented in this chapter. One of the main characteristics of this converter
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isits ability to maintain soft-switching operation even in short-circuited conditions or at start-up.
Because of the ZVZCS mechanism, it was shown that this soft-switching technique presents a
better performance in applications that require low-duty-cycle operation. Since the duty cycle of
the DC/DC converter for DPSs should be maximized, this analysis included the operating

condition at which this converter achieves its minimum losses.

The characteristics presented by the three approaches make the proposed converters an

interesting option for high-voltage, high-power applications that require high efficiency.

It is important to mention that because of the relevance of the results presented in this work,
other authors have adopted the idea of combining three-level structures with ZVZCS operation in

front-end converters for high-power three-phase DPS applications [115]-[119].
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4. Resonant Three-Level DC/DC Convertersfor High-Power
Distributed Power Systems

4.1. Introduction

One of the requirements for the next generation of power supplies for high-power DPSs is that
they achieve high power density with high efficiency. In order to meet this requirement, it is
usually necessary for them to operate at higher switching frequencies. As switching frequencies
increase, the switching losses associated with the turnron and turn-off of the devices also
increase. Previous chapters proposed a PWM converter based on a three-level structure. The
operation with phase-shift control allows the implementation of ZVS and ZVZCS soft-switching
techniques in the converter. It was shown that ZVZCS techniques are advantageous in
applications in which the wide input-voltage variations result in high circulating energy in the
converter. As a result, the proposed converter offers advantages in high-voltage, high-power

applications that require high efficiency.

Despite the good performance of the proposed PWM converter, the switching losses can be
high enough to prohibit operation at very high frequencies, even when soft-switching techniques
are used. In addition, the reverse-recovery problem in the secondary diode rectifiers becomes a
big concern. In order to minimize these problems, it is required that soft-switching techniques
not only minimize the turn-on and turn-off losses for the primary devices, but aso that they solve

the reverse-recovery problem in the diode rectifiers [67],[68].

This chapter presents a study of severa resonant DC/DC converters that can operate at higher

switching frequencies with the ultimate aim of increasing the power density in the DPS. From
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this study, a novel ZV'S resonant DC/DC converter, which overcomes some problems presented

in the traditional PWM and resonant converters, is proposed.

4.2. Effect of Wide Input-Voltage Variations in the Perfor mance of Resonant

Conveters

This section of the dissertation presents the effect of the wide input-voltage variations on the
performance of the resonant converter. The series resonant converter shown in Fig. 4-1 is used as
an example to illustrate this problem. Since the main interest in this dissertation is high-voltage
applications, the converter is aso implemented by using a three-level structure. Similar to the
traditional full-bridge series resonant converter with variable-frequency control, the switches

operate in pairs, S-S or Sz-S4 with duty cycles of nearly 50% to regulate the output voltage.

Fig. 4-1. ZVS three-level series resonant converter.

Fig. 4-2 shows the DC gain characteristic for the series resonant converter. For ZV S operation,
the converter must be operated with a switching frequency higher than the resonant frequency of
the tank. For an optimal design in which the circulating energy in the converter and the turn-off
losses for the primary devices are minimal, the converter should work close to both the resonant

frequency and close to the peak where the gain in the converter is higher. In this way, the turns
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ratio of the transformer is maximized, which reduces the conduction losses for the primary
devices. However, for wide input-voltage and output-load variations, such as those existing in
high-power DPSs, the desired operation point is difficult to attain. Fig. 4-2 aso shows the
operating region of the converter for the typical application addressed in this dissertation, where
hold- up time is a requirement. As can be seen, the converter operates far away from the optimal
operating point during normal operating conditions. In addition, the converter operates with a
wide frequency variation to provide output regulation, which complicates the optimization of the

transformer as well as its input and output filters.

1.1 Hold-up Time Operation
600_Volts
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Fig. 4-2. Operating trajectory for the ZVS three-level series resonant converter under wide input-
voltage variations.

Fig. 4-3 shows the projected efficiency for the ZV S three-level resonant converter under wide-
input voltage variations. At 800V input voltage, the converter presents higher circulating energy
and high turn-off losses, resulting in a low efficiency at the nomina operating point. It is
important to mention that the thermal design must be designed at this point, which penalizes the

weight and power density of the converter.
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Fig. 4-3. Projected efficiency for the series resonant converter under wide input-voltage variations.

The next section presents a three-level resonant converter that overcomes the low-efficiency

characteristic at the nominal operating point by using a higher-order resonant tank.

4.3. ZVSThree-Leve LLC Resonant Converter

Asdiscussed in the previous section, one of the problems presented by the resonant converters
is the converter’s low efficiency when it is designed to meet specifications that include wide
input-voltage and load-range variations. For applications in which the converter must achieve
ZV'S operation for the main devices under wide load variations, the resonant tank must be
designed with high Q factors, and the switching/resonant frequency ratio must be increased. As a
result, the input-output voltage gain characteristic of the converter is reduced. This reduction is
compensated for by the turns ratio in the isolated transformer. In addition, the turns ratio of the
transformer must also meet the output-voltage regulation for the minimum input voltage. These

two design specifications result in high circulating energy in the converter.

Recently, resonant converters with three and four elements have been proposed to minimize
the effect of the wide input-voltage and load-range variations in the performance of the converter

[68], [69]. Among them, the LLC resonant converter has shown that not only can it reduce the
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circulating energy under extreme operating conditions, but it can aso minimize the switching

losses in the converter [70]-[72].

This section proposes a three-level DC/DC resonant converter for high-voltage applications
that improves the performance of traditional resonant converters by combining low-voltage-

rating devices with the advantages offered by the three-element LL C resonant tank.

The proposed converter and its main waveforms are shown in Fig. 4-4. The primary side of the
converter is based on a three-level structure in order to reduce the voltage stress across the
primary devices. As mentioned before, this allows the use of low-voltage-rating devices, which
present better electrical characteristics. In addition, an LLC resonant tank is placed in the
primary side to provide zero-voltage operation for the primary switches. One of the advantages
that the proposed converter offers over the traditional series resonant converter isthat it can work
above or below the resonant frequency determined by the series resonant tank formed by
resonant inductance L, and resonant capacitor C;, and still achieves ZVS operation for the
primary switches. The ZV'S operation is achieved by using the stored energy in the magnetizing
inductance of the transformer. This energy also alows the converter to operate with soft
switching under a wide load range, without requiring an increase in either the quality factor Q of
the resonant tank or the ratio between switching and resonant frequencies. Consequently, the

circulating energy in the converter is also reduced.

For simplification in the explanation of the converter operation, it is considered that switches
S and S or § and S are turned on and off ssmultaneously. However, it is required that a small

delay be introduced into the operation between them. In this way, auxiliary diodes D1 and De
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conduct, clamping the voltage across the primary switches to half the level of the input voltage.

In this case, flying capacitor Csis required for ZV'S operation of switches S; and S,.

C.
inl Ir I Drlx D,g
—>
L, -
I\E T8
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Cin2 ' x x
Dr2 Dr4

(b)

Fig. 4-4. (a) Proposed ZVS three-level LLC resonant DC/DC converter and (b) its main waveforms.

4.3.1. Modes of operation for the proposed converter

This section of the dissertation details the modes of operation for the proposed converter.
Depending on the operating conditions, this converter has two modes of operation. Each

operating mode consists of three stages during each half of a switching cycle. The first one
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occurs when the converter operates with a switching frequency higher than the resonant
frequency determined by the resonant elements L, and G. In this case, the natural resonant
period of the tank is interrupted. This operating mode is similar to that of the series resonant

converter.

The second mode of operation occurs when the switching frequency is smaller than the
resonant frequency. This section will just address this operating mode, since the converter's

operation in this mode presents several advantages, as will be discussed later.

The equivalent circuit for each stage of this operating mode is shown in Fig. 4-5. These stages

are described below.

[to—t1]: Before this stage begins, switches S; and $; are on, and the resonant inductor current
flows through their anti-parallel diodes. At b, the primary current reverses direction, and the
difference between half the input voltage and the reflected output voltage is applied across the
resonant Bnk. Therefore, a resonance begins between series resonant capacitor G and series

resonant inductor L. During this stage, the input power is delivered to the outpuit.

[ti-t2]: At t;, the resonant inductor current reaches the magnetizing current, causing the
secondary side of the transformer to be disconnected from the primary side. During this time, a
new resonance is carried out between magnetizing inductance Ly, resonant inductance L, and

resonant capacitor C;.

[to-t3]: At tp, primary switches S; and S; are turned off just with the magnetizing inductance,
which reduces the turn-off losses. Also, this magnetizing inductance discharges the parasitic

capacitance of s and & to zero to turn on their anti-parallel diode, applying a negative voltage
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across the transformer. Since the anti-parallel diodes of S3 and S4 conduct the primary current, Sg
and §; can be turned on with ZVS. During this stage, the secondary side remains disconnected
from the primary side of the converter. In addition, the resonance continues between L;, Ly, and
C.. At the end of this stage, the primary current reverses, thus beginning a new half of a

switching cycle.
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Fig. 4-5. Operating mode Il: equivalent circuits for each stage.

4.3.2. Main Characteristicsfor the Proposed Converter

Figs. 4-6, 4-7, 4-8 and 4-9 illustrate the important steady-state characteristics and soft-
switching operation regions for the converter. Fig. 4-6 shows the normalized DC gain of the
converter for different Q factors, using the normalized frequency as a running parameter. For

these curves, aratio of 0.25 between inductances L,/L, was used.
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As can be seen, the converter has the ability to boost the input voltage when it operates with
low Q factors and below the normalized resonant frequency. The operation with low Q factorsis
one of the main advantages for this converter, since it allows reduction of the circulating energy.
For this operating mode, ZVS operation is achieved using the energy in the magnetizing
inductance. However, it is important to mention that the ZVS characteristic can be lost if the
converter operates near the second resonant frequency, which is determined by L;, L,and C. In
this case, the magnetizing current reverses its polarity before the turn-off of the switch. As a

result, the converter will operate with ZCS instead of ZVS.

In this group of figures, it is noticed that for a proper selection of the parameters and for
adequate design, the converter shows a no-load dependence characteristic. This allows a better
optimization of the converter, since small variations in the frequency are necessary for wide load

variations.
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Fig. 4-6. Normalized DC gain characteristics versus normalized frequency for different Q factors.

Fig. 4-7 shows the boundary between ZVS and ZCS operation regions. This boundary is

determined by tracing a line joining the peak for al the curves. It isimportant to mention that the
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relationship between the magnetizing and resonant inductances determines the ZV'S operation

limit.
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Fig. 4-7. Soft-switching operation regions for the proposed converter.

Fig. 4-8 shows the normalized voltage across the resonant capacitor G versus normalized
frequency for different Q factors. As can be seen in this figure, another characteristic found when
the converter operates close to the second resonant frequency is that the resonant capacitor is
subjected to high voltage stress. In this operating region, the resonant inductance is aso
penalized with higher current stress, as shown in Fig. 4-9. This results in higher conduction
losses for the primary devices. Therefore, it is recommended that the converter be operated

around the resonant frequency, which is determined by the series resonant elements L, and C;.
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Fig. 4-9. Normalized inductor current versus normalized frequency for different Q factors.

4.4. Experimental Results

This section discusses the design and experimental results for the proposed converter. In order
to illustrate the benefits of this converter, it was designed to meet wide input-voltage (600 V-800

V) and load-range variations (4.4 A-44.5 A at 60V output voltage).
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4.4.1. Design of the Converter

Fig. 4-10 shows the normalized DC gain for the proposed converter. As explained before,
these data were obtained from smulation. From this figure, it is possible to determine the

operating trajectory for the proposed converter under input voltage and load conditions.

In order to meet the requirement of high-power density, the converter was first designed to
operate at a switching frequency of 1 MHz. After completing a study that determined the
optimum switching frequency for the LCT component [83] (integration of the passive
components; i.e., inductor, capacitor and transformer), it was decided that the converter should
operate at a maximum switching frequency of 745 kHz. Also, the converter was designed in such
a way that at 800V input voltage, the converter operates close to the resonant frequency
determined by L, and G, thus minimizing the circulating energy at the nomina operating point.

These considerations set the minimum operating frequency at 550 kHz for 600V input voltage.

Table 4-1 shows the principal parameters obtained from the design of the converter.

Light Load

11 |~ Full Load

0.9

0.6 0.7 0.8 0.9 1 11
Normalized Frequency
Fig. 4-10. Operating trajectory for the proposed ZVS three-level DC/DC resonant converter.
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Table 4-1. Principal parameters obtained from the design of the ZVS three-level LLC resonant

converter.
Q Fn Fs Np Ns L (nH) Cr (nF) Lm (nH)
.35 0.925 745 KHz 7 1 4.569 8.546 20

4.4.2. Implementation of the Converter

An experimental prototype was built to verify the operation of the proposed converter. The

power stage shown in Fig. 4-4 is comprised of the following components.

S1 - S APTS015BLC C,: 8.36nf — 2x16.5nf/800V ceramic
Dr1 - Dra: 30CPQ150 T, E55-3F38/1

Dc1 - Dez: HFA15TB60 L,: 4.948uH

Cint - Cing: 2x330nf/400V polypropylene L,—2.788uH

Css 470nF/400V- polypropylene L, - 2.16uH 6 turns 783E — 3F3

Considering a frequency operating range of 550 - 745 KHz, and taking into account the
eventual integration of the passive elements in the converter (the transformer, resonant capacitor
and resonant inductor) into an LCT structure, it was decided that too much effort was required
for the construction of aplanar transformer. Therefore, a normal E5S5 core was used. In this case,
Litz wire was used for the primary and secondary windings, and they were placed side by sidein
order to reduce the interwinding capacitance of the transformer. It is important to mention that
this format causes the leakage inductance of the transformer to increase to 2.78 nH. However,
this leakage inductance is absorbed by the resonant inductance. In addition, a small gap was
introduced in order to adjust the magnetizing inductance of the transformer to the calculated

value (20 mH).
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4.4.3. Experimental Results

Experimental results for the proposed ZVS three-level LLC resonant DC/DC converter are
shown in Fig. 4-11,Fig. 4-12 andFig. 4-13. Fig. 4-11 shows the voltage across the resonant tank
(Vap) and the primary resonant current. These waveforms were taken at 800V input voltage, 60V
output voltage and 42.55A output current. The switching frequency for this operating condition
is 745 kHz. As can be seen, by operating the converter below the resonant frequency, the
primary current completes the entire resonant period, which reduces the switching losses in the

primary devices.

Fig. 4-12 shows again the voltage across the resonant tank and the primary resonant current
during hold-up time. In order to regulate the output voltage for this operating condition, the

switching frequency is set to 550 kHz.

Fig. 4-13 shows the resonant current at different load conditions and at nominal input voltage.
As can be seen, using an LLC resonant tank not only guarantees ZVS operation for any load

condition, but also minimizes the circulating energy in the converter.

Fig. 4-11. Results at nominal input voltage: voltage across the resonant tank (V) and primary
resonant current (250V/div, 10 A/div, 250ns/div).
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Fig. 4-12 Results during hold-up time: voltage across the resonant tank (V) and primary resonant
current (250V/div, 10 A/div, 250ns/div).

Fig. 4-13. Results for different load conditions and at nominal input voltage: voltage across the
resonant tank (V) and primary resonant current (250V/div, 10 A/div, 250ns/div).

The experimental efficiency as a function of the output power at nominal input voltage 800 V
is shown in Fig. 4-14. The efficiency at full-load condition is 94.5%, and the maximum
efficiency of the converter, which occurs at 1,750 W, is 95.2%. Fig. 4-15 shows the measured
efficiency of the converter as a function of the input voltage at full-load condition. It can be seen
that the efficiency decreases as the input voltage decreases. As was explained before, the
characteristics presented by this converter alow the optimization at the nominal input-voltage
condition. When the input voltage decreases, the converter operates close to the second resonant
tank to compensate for this variation. In this region, the circulating energy is higher, resulting in

higher conduction losses. It isimportant to mention that this reduction of the input voltage occurs
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only during hold-up time, loss of the mains; therefore, this does not represent a thermal issue for

the converter.
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Fig. 4-14. Efficiency for the proposed converters at nominal input voltage.
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Fig. 4-15. Efficiency for the proposed converter at nominal output power and using the input
voltage as a running parameter.

This section of the dissertation proposed a novel ZVS three-level LLC resonant DC/DC
converter for high-power applications. Among the main characteristics offered by the converter
is the reduction of the voltage stress across the main devices by using a three-level structure, its
wide ZVS range, its minima turn-off losses for primary devices, and its minima circulating
energy under wide input-voltage variations. As was shown, these characteristics make the
proposed converter an interesting option for high-voltage, high-power applications that require

high power density.
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Knowledge of these characteristics was obtained by operating the converter with a variable
switching frequency. In some military applications, it is desirable to maintain these
characteristics with the restriction of fixed-frequency operation. To meet this requirement, the
following sections evaluate the performance of the ZVS LLC three-level resonant converter
under fixed- frequency operation. In addition, the next section presents the analysis, design of and
comparison with, the traditional clamped-mode series resonant DC/DC converter in order to

highlight the main advantages of the proposed converter under fixed-frequency operation.

4.5. Clamped-Mode ZVS Three-Level DC/DC Resonant Converter

This section of the dissertation analyses and evaluates different modulation strategies to
improve the ZVS characteristics of the traditional clamped-mode series resonant DC/DC
converter. The ZV S three-level DC/DC series resonant converter is shown in Fig. 4-16. As afirst
approach for the analysis, an evauation is made of the different modulation strategies proposed
for this resonant converter. The purpose is to determine which strategy achieves the best
performance from the standpoint of the least conduction and turn-off losses. The analysis of the
converter is done with the usual assumption that filtering provided by the resonant tank permits
al high-frequency harmonics to be ignored [67]. Consequently, only the first (fundamental)
harmonic of the tank current is considered in the analysis. This method provides an accurate
model of the converter when it operates at frequencies close to the resonant frequency of the

tank, asis the case assumed here.
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Fig. 4-16. The three-level DC/DC series resonant converter.

For the converter in Fig. 4-16, the Q factor is defined as [67]:

Q=% @)
Ry
where the characteristic impedance Z and the equivalent resistance R are respectively
L
Z,=.|= 4-2
°7\C (4-2)
ad
8
R, = 07 N°R,. (4-3)
The normalized switching frequency is defined as
W
w, =—, (4-4)
Wo
where ws is the angular switching frequency, and wp is the angular resonant frequency
w, = 1 (4-5)
° JLc
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The previously proposed fixed-frequency control techniques [61]-[66] have different names,

but they can be divided into three different strategies.

a) Thetraditiona phase-shift or clamped- mode (CM) control [61],[62], [73]-[77].

b) The asymmetrica PWM or asymmetrica-duty-cycle (ADC) control [63], [64]. This
technique has been proposed for different kinds of converters by several authors. In this

case, the voltage is not clamped to zero, and it can also be used in half-bridge converters.

c¢) The unipolar voltage cancellation or asymmetrica-clamped-mode (ACM) control
[65],[66]. In this strategy, originally proposed for resonant inverters, the voltage is only

clamped to zero on one size, and is thus asymmetrical .

Fig. 4-17 shows some typical waveforms for the three fixed-control strategies. The sequence of
conduction for switches S; -S4, the quasi-square voltage Vy, applied to the resonant tank, and the
primary current i through the resonant tank (this current is assumed to be practically sinusoidal,
as stated before) are presented in this figure. The dotted waveform Vg, is the first harmonic of

Vap. FOr each control strategy, the control angleisa.

Taking into account the previous expressions, in any case the phase lag f 1 between the voltage

Va1 and the current i through the resonant tank can be obtained as

(4-6)
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Fig. 4-17. Typical waveforms for fixed-frequency control strategies: (a) CM control, (b) ADC

control, and (c) ACM control.

The amplitude and phase of voltage Vap ae denoted as V,,, and f s, respectively. The

calculation of both variables depends on the control strategy, and these are defined as follows.

A. CM Control

The amplitude and phase of the voltage vap1 are respectively (see Fig. 4-17(Q))

~ _4V a
aml — —— COS— 4-7)
p
and
fo= a
w=7 (4-8)

where V; is the DC input voltage.
Chapter 4 - Resonant Three-Level DC/DC Converters for High-Power Distributed Power S 97



B. ADC Control

The amplitude and phase of the voltage vap1 are respectively (see Fig. 4-17(b))

4V, a

V= T‘ cos (4-9)
and
f.= a (4-10)
vl 2 .

Equations (4-9) and (4-10) are the same as (4-7) and (4-8), respectively. Thisis true for the first-

harmonic expressions, but not for the rest of the harmonics in general.

C. ACM Control

The amplitude and phase of the voltage vap1 are respectively (see Fig. 4-17(c))

<

V,, = FI \/10+6cosa (4-11)
and
fo= tant =& (4-12)
3+ cosa

For any control strategy, if Vo is the averaged DC output voltage, lo is the averaged output
current, and 1, is the amplitude of the inductor current, the expression for the transferred power
is

Vo 1, =% Aabl fL cosf , (8-13)
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and conseguently the output voltage V, can be obtained as

15 | P p Y
V,==V_, —tcosf, =—V__ cosf, = — L : (4-14)
0 abl IO 1 4n akl 1 4n "~

taking into account (4-6) and

A

L
lo

p
r 4-15
on (4-15)
For ZVS operation of the active devices, the angle b in the waveforms of Fig. 4-17 must

always be greater than zero, in order to assure that there is enough energy in the inductor L to
charge or discharge the corresponding parasitic output capacitance of the MOSFET [75], [76].

From the waveformsin Fig. 4-17,
b=f-f,. (4-16)
So the condition for a ZV'S operation is
b>0 b f,-f,>0. (4-17)

The value of b needed to guarantee ZV'S operation for the switches actually depends on the

values of the parasitic output capacitors of the devices [76]. In order to compare the control

strategies, this work considers the minimum requirements to achieve ZV'S as expressed in (4-17).

In order to satisfy the ZV'S condition, f 1 can be increased, as is done in traditional approaches,
by increasing the switching frequency (see (4-6)). At the same time, there will be greater

conduction and turn-off losses, since the current should be increased in order to transfer the same
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power, and the switching frequency is aso higher. As a result, if the losses are supposed to be
minimized, the converter should be operated at the minimum switching frequency above the

resonant frequency, with b > 0 in order to maintain ZVS.

Another approach to satisfy (4-17) is to reduce f 1, which is a function of the control angle a
for each control strategy, according to (4-8), (4-10) or (4-12). As can be seen, (4-8) and (4-10)
are the same, but (4-12) is different. So not all the control strategies have the same ability to

maintain ZV'S operation for the devices.

Substituting (4-6), (4-8), (4-10), and (4-12) into the condition (4-17) produces

a
W2 _ 1 tanE
n > (4-18)
w, Q
for CM and ADC controls, and
dna
2 -
W, -1 3+cosa 419
W, Q

for ACM control.

Fig. 4-18 shows a comparison between the control strategies. For each of the three strategiesin
Fig. 4-18 the minimum normalized switching frequency wy required for ZVS (that is, with b = 0)
is shown as a function of the control angle a and the Q factor. As pointed out in (4-1), the Q
factor represents the load variations. The larger the Q, the larger the load |, assuming L and C

are constant.
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As shown in Fig. 4-18, ACM control requires a lower switching frequency to attain ZV'S for
each Q and a. That means that the total losses in the devices will be lower in every operating

condition.

A usual specification is to maintain a constant level of output voltage, considering input-

voltage and load variations. According to (4-14), this means that v, cosf, must be constant. If
Vinin 1S the minimum input voltage, corresponding to the minimum control angle a = 0, and

assumingb =0 (that is, f 1 = 1), then for any control strategy

\7abl cosf , = AVimin p Aabl = PVimin_ . (4-20)
p p cosf
Substituting (4-7)-(4-12) into (4-20) produces
Voo 1 (4-21)
Vi min C052 —
for CM and ADC controls, and
V., _ 4
B dna (4-22)
Vimin \J10+6cosa costan*———
3+cosa
for ACM control.
The normalized input voltage Vin is defined as
- Vi (4-23)
n V '

imin
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Equations (4-21) and (4-22) allow a to be obtained as a function of the normalized input
voltage, as represented in Fig. 4-19, in order to be substituted into (4-18) and (4-19). In this way,
Fig. 4-20 shows a second comparison between the control strategies. In this case, the minimum
normalized switching frequency wy, required for ZVS (that is, with b = 0) is represented as a

function of the normalized input voltage Vi, (from 100 to 200%) and the Q factor.

As shown in Fig. 4-19, the maximum variation of the input voltage in ACM control is
restricted to around 100% of the minimum input voltage, which is lower than in CM and ADC
controls. However, it can be seen again in Fig. 4-20 that ACM control requires a lower switching
frequency to achieve ZV Sfor each Q and Vi, which means the total losses in the devices should

be lower.

1.6 1 T T
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N

Q=5
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T
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Fig. 4-18. Minimum normalized switching frequency ? , required for ZVS (3=0) as a function of (a)
the control angle a and the Q factor. Solid lines (? 1) represent CM and ADC controls, and dashed
lines (? o) represent ACM control.
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Fig. 4-19. Control angle a as a function of the normalized input voltage Vi,. Solid lines (a;)
represent CM and ADC controls, and dashed lines (a ) represent ACM control.
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Fig. 4-20. Minimum normalized switching frequency ? , required for ZVS (3=0) as a function of the
normalized input voltage Vi, and the Q factor. Solid lines (? 1) represent CM and ADC controls,
and dashed lines (? ,,,) represent ACM control.

From the previous comparison, it can be seen that the three-level series resonant DC/DC
converter with ACM control could provide the best performance. In order to evauate this
converter, a 2.7kW prototype that meets wide input-voltage variations (600 V — 800 V) at 60V
output voltage was designed: The design considers a wide-load-range operation; however, in
order to not penalize the efficiency in the converter, ZVS for the primary devicesis lost at 60%

of the load. The main parameters from the design are listed in Table 4-2.
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Table 4-2. Principal parameters obtained from the design of the ZVS series resonant converter
with ACM control.

Q Fn Fs N Ly (UH) C: (nF)

3.5 1.5 750kHz 15 2.7 37

Fig. 4-21 shows the estimated efficiency for the proposed ZVS three-level series resonant
converter with ACM. For this estimation, only the switching and conduction losses in the
primary devices and the conduction losses in the secondary devices were taken in account. The
devices used for this calculation are listed as follows. These devices meet their respective current
and voltage requirements. Two different devices were selected as primary switches: Device A

(500 V/ 58 A) presents better conduction characteristics, and device B presents better switching

characteristics.

Sia- Sua: APTS50M80B2FL C — 500V/58A D7 - Dg: 63CPQ100 100V/63A

Sig - S5t APT50M17BLC —500V/30A

Despite the improvements in the ZVS characteristics presented by the ACM control and the
design with limited ZVS range, it can be seen that the converter presents a low efficiency under
all voltage ranges, as shown in Fig. 4-21. Furthermore, the worst efficiency characteristic occurs
at nominal input voltage. It is important to mention that an increase in the ZVS range would
penalize even more the efficiency in the converter. This result shows that the traditiona
clamped- mode series resonant converter even with an improved control strategy cannot be used

in applications in which wide input- voltage and load-range variations are required.
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Fig. 4-21. Theoretical efficiency for the ZVS three-level DC/DC converter using ACM control.

4.6. Fixed-Frequency ZVSThree-Level LLC Resonant DC/DC Converter

The previous analysis shows that although improvements in the traditional resonant converter
are achieved by modifying the modulation strategy to achieve ZVS operation under a wide load
range, the converter is still penalized with low efficiency. Similar to the resonant converter
operated at variable switching frequency, the resonant tank must also be designed with high
quality factor Q, and the switching/resonant frequency ratio must be increased, both of which
result in a reduction of the gain characteristic of the converter. This design specification also
results in high circulating energy in the converter. The circulating-energy problem becomes even

worse when the converter needs to meet specifications that include wide input-voltage variations.

One way to minimize the effect of the wide load condition in the performance of the converter
is by using the magnetizing inductance of the transformer, as proposed for PWM converters
[43]-[46]. However, in high-frequency operation it is not advisable to depend solely on the
magnetizing inductance to achieve ZV'S operation, since the duration of the ZV'S process could

greatly decrease the DC gain characteristic of the PWM converter [43].
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Based on the ZVS three-level LLC resonant converter operated with variable frequency, this
section proposes a resonant converter that can improve the efficiency by reducing the circulating
energy. The basic idea is to maintain as much as possible the main characteristics of the
converter, such as low circulating energy and wide ZVS range, while operating at fixed-
frequency operation. In order to explore the characteristics presented for the proposed ZVS
three-level LLC resonant converter with fixed-frequency operation, this section presents the
circuit description, operating mode and characteristics. From these characteristics, design
guidelines are given. Later, a possible solution is given for reducing the effect of the wide input-

voltage variations in the performance of the converter.

4.6.1. Circuit Description

In this section, the operating principle of the fixed-frequency ZVS three-level LLC resonant
converter is presented. The proposed converter and its main waveforms are shown in Fig. 4-22.
In the primary side the structure remains the same, maintaining the main characteristic of
variable-frequency operation. The use of an LLC series resonant tank allows the converter to
operate above or below the resonant frequency determined by the series resonant tank, while still
achieving ZV'S for the primary switches. In addition, the ZVS operation occurs because of the
stored energy in the magnetizing inductance of the transformer. This energy also allows the
converter to operate with soft switching under a wide load range without the necessity for
increasing either the quality factor Q of the resonant tank or the ratio between switching and

resonant frequencies. Consequently, the circulating energy in the converter is also reduced.
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5

Fig. 4-22. (a) The proposed fixed-frequency ZVS three-level LLC resonant DC/DC converter and (b)
its main waveforms.

In order to achieve fixed-frequency operation, switches S and & are placed in the secondary
side of the converter. It isimportant to mention that by placing the devices in the secondary side,
the converter operates with a wide ZVS range, thus avoiding the problems presented by the

previously discussed clamp mode techniques.

The converter operates with phase-shift control in which all switches operate with duty cycles
of nearly 50%. In the primary side, switches § and $ are turned on and off simultaneously.
Similarly, switches S; and & are also operated simultaneously but with a 180° phase shift from
S; and S. The phase shift of $ with respect to § and S or S with respect to § and §

determines the operating duty cycle of the converter.

For smplification in the explanation of the converter operation, it is considered that switches
S and S or § and S are turned on and off simultaneously. However, it is required that a small
delay be introduced into the operation between them. In this way, auxiliary diodes Dx; and D
conduct, clamping the voltage across the primary switches to half the level of input voltage. In

this case, flying capacitor Cisrequired for ZVS operation of switches S; and S;.

Chapter 4 - Resonant Three-Level DC/DC Converters for High-Power Distributed Power S 107



As explained in the next sections, the converter is designed in such away that the current in
the secondary side reaches zero before the turnoff of S or S. This alows ZCS operation for
these switches. In addition, the reverse-recovery problem of the diodes in the secondary side is

minimized.

4.6.2. Modesof Operation and Main Characteristicsfor the Proposed Converter

This section of the dissertation details the main characteristics of the proposed converter.
Depending on the operating conditions, this converter presents two modes of operation. Each

operating mode has three stages during each half of a switching cycle.

A. Operating Mode |

The first mode of operation occurs when the time for half the resonant period is smaller than
the duty cycle applied to the converter. The equivalent circuit for each stage of this operating
mode and waveforms are shown in Figs. 423(a) and (b), respectively. These stages are

described below.

[to—t1]: Before this stage begins, switches § and S are on. At b, the secondary switch & is
turned on, and the difference between half the input voltage and the reflected output voltage is
applied across the resonant tank. Therefore, a resonance starts between series resonant capacitor

C, and series resonant inductor L;. During this stage, the input power is delivered to the output.

[ti-t2]: At 11, the resonant inductor current reaches the magnetizing current, causing the secondary

side of the transformer to be disconnected from the primary side. During this time, a new
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resonance is carried out between magnetizing inductance L, resonant inductance L, and

resonant capacitor C;.
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Fig. 4-23. Operating Mode I: (a) equivalent circuits for each stage and (b) its main waveforms.
[to-t3]: At tp, primary switches §; and S are turned off and S and S are turned on, applying a
negative voltage across the transformer. During this stage, the secondary side remains
disconnected from the primary side of the converter. In addition, the resonance continues
between L, Ly, and G. At the end of this stage, the secondary switch $ is turned off under a

zero-current condition, and Sg is turned on, starting a new half of a switching cycle.

B. Operating Mode |1

The second mode of operation occurs when the natura resonant period of the tank is

interrupted; that is, when the duty cycle is smaller than half the resonant period. The equivalent
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circuits for this mode and its main waveforms are shown in Figs. 4-24(a) and (b), respectively. A

brief description of this mode is given below.

[to-t1]: At t, the secondary switch S is turned on. In the primary side, switches § and S are
already on, so the difference between half the input voltage and the reflected output voltage is
applied across the resonant tank. Therefore, a resonance starts between series resonant capacitor
C, and series resonant inductor L. During this stage, the input power is delivered to the outpuit.

This stage ends when switches S; and S, are turned off.

[ti-t2]: At 15, switches S and & are turned on, changing the polarity of the input voltage. The
resonance between L, and C; continues. This stage ends at t,, when the primary current reaches

the level of the magnetizing current.

[to-t3]: During this stage, the secondary side of the transformer is disconnected from the

primary side. In this way, aresonance is carried out between L, L, and C..

At the end of this stage, the secondary switch S is turned off with zero current, and S is

turned on, which starts a new half of a switching cycle.
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Fig. 4-24. Operating Mode II: (a) equivalent circuits for each stage and (b) its main waveforms.

C. Characteristics of the Proposed Converter

From the operating modes of the converter, one can see that the solution of the system depends
on the initial conditions of the resonant inductor current and resonant capacitor voltage. As a
result, it is difficult to obtain a closed-form solution for analyzing the converter. To obtain the
steady-state operation, numerical methods can be used. A program implemented in Matlab was

used to determine the main characteristics of the converter.

Figs. 4-25, 4-26 and 4-27 illustrate some steady-state characteristics of the converter. Fig. 4-25
shows the normalized DC gain of the converter at different normalized switching frequencies,
using the duty cycle as a running parameter. It is important to mention that the solid line

represents the DC gain obtained by using the program implemented in Matlab, and the dotted
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lines represent the normalized DC gain obtained by smulation. There is close agreement

between the calculated and simulated data.

Fig. 4-26 shows the normalized voltage across the resonant capacitor C; for different
normalized switching frequencies and using the duty cycle as a running parameter. Fig. 4-26
shows again the DC gain characteristic of the converter for different normalized switching
frequencies, but now using the normalized load as a running parameter. Again, it can be seen that
the simulated normalized gain (dotted line) is in accordance with the gain obtained with the

Matlab program (solid line).

These graphs show that the converter maintains the main characteristics presented under
variable-frequency operation: the capability to boost the input voltage when the converter
operates below the normalized resonant frequency and it is designed with low Q factor, the no-
load dependence, and the wide ZVS range that is achieved by using the energy in the
magnetizing inductance. The last condition is always maintained if the converter operates with a
normalized frequency higher than the second resonant frequency, which is determined by L, Lm
and G. In addition, the operation near this point results in high-voltage stress for the resonant
capacitor. Therefore, it is aso recommended that the converter be operated around the resonant

frequency, which is determined by the series resonant elements L, and C;.

The ZVS range presented for the proposed converter is an important characteristic when
compared with the traditional series resonant converter with clamp mode control. As shown in
the analysis presented in this chapter, the traditional series resonant converter should be designed
with high Q factors and a high switching/resonant frequency ratio to maintain ZVS operation for

low duty cycles.
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It is important to mention that the relationship between the magnetizing and resonant

inductances also determines the ZV S operation limit.

DC Gain

05 06 07 08 09 1 11 12 13
Normalized Frequency

Fig. 4-25. Normalized DC gain characteristics versus normalized frequency, using the duty cycle
as a running parameter.

Resonant Capacitor Voltage

0.7 0.8 09 1 11 12 13
Normalized Frequency

Fig. 4-26. Normalized resonant capacitor voltage versus normalized frequency, using the duty
cycle as arunning parameter.
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Fig. 4-27. Normalized DC gain characteristics versus normalized frequency using normalized load
as arunning parameter.

D. Evaluation of the Proposed Converter

Fig. 4-28(a) shows the DC gain characteristic of the converter using the switching frequency
and the duty-cycle control as running parameters. Controlling the phase shift between the
primary and secondary devices gives a second control variable for regulation of the output
voltage. In this way, the selection of the switching frequency determines the maximum DC gain
provided by the converter. As mentioned before, it is recommended that the switching frequency
be selected to be close to the resonant frequency determined by series resonant elements L, and
C,, which guarantees less circulating energy and stress in the resonant components for a low Q
factor design. Fig. 4-28(b) shows the DC gain of the converter after selecting a switching and
resonant frequencies ratio equal to 0.95. This graph is important for the selection of the turns

ratio of the transformer.

With the goal of evaluating the performance of the converter and determining the possibility

that it could be used in applications in which high frequency operation with high efficiency is a
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requirement, an attempt was made to design a 2.7kW converter that could meet the following

specifications: Vin = 600—-800 V and Vot =60 V.

The converter was designed to achieve ZV'S operation for the primary switches for up to 10%
of the load. In addition, an operating switching frequency of 750 kHz is considered in the design
of the converter in order to meet the specification regarding power density. Table 4-3 shows the

principal parameters obtained from this design.
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Fig. 4-28. DC gain for the ZVS three-level DC/DC resonant converter under (a) variable and fixed-
frequency operation and (b) fixed-frequency.
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Table 4-3. Parameters from the design of the three-level LLC resonant DC/DC converter with
secondary control.

Q Fn Fs N L, (mH) Cr (nF) L (H)

4 .95 750 kHz 4 1.74 23.36 18

Fig. 4-29 shows theoretical efficiency curves for the proposed converter. These efficiency
curves were calculated considering only the switching and conduction losses for the primary
devices and the conduction losses for the secondary devices. The devices considered for this

caculation are listed as follows.

Sia- Sua: APTS50M80B2FL C — 500V/58A D7 - Dg: 63CPQ100 100V/63A

Sig - Sig: APT50M17BLC —500V/30A Ds - De: STTH3003CW

Ss- St APT20M18B2VR —200V/ 70A

It is important to mention that these devices were chosen to meet the respective current and
voltage stresses in the converter. Two different devices for the primary side were also
considered in the efficiency calculation in order to evaluate the effects of the conduction and
switching losses in the performance of the converter. Fig. 4-29(a) shows the theoretical
efficiency curve of the converter at full-load condition using the input voltage as a running
parameter. As can be seen, the proposed converter presents low efficiency at high-line input. At
this operating condition, the switching losses of the converter are dominant, since the primary
switches are turned off almost at the peak of the resonant current. At low-line input, the primary
current is allowed to almost complete the entire resonant period, thus reducing the turn-off
losses. This evolution of the current can be seen in Fig. 4-30. Fig. 4-29(b) shows the theoretical

efficiency curve of the converter at nomina input voltage and using the load as a running
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parameter. It can be seen that the device (B) presents less sensitivity to switching losses at low

load conditions.
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Fig. 4-29. Efficiency curves for the ZVS three-level DC/DC resonant converter with control in the
secondary side. (a) Efficiency at full load, and using input voltage as a running parameter, and (b)
efficiency at nominal input voltage and using load as a running parameter.
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Fig. 4-30. Current through the switch S; at full load and different input-voltage conditions.

From these results, it can be seen that although improvements in the efficiency are achieved by
designing the converter withlow quality factor Q and a low switching/resonant frequency ratio,
which results in a reduction of the circulating energy in the converter, the wide input-voltage
variation is still an issue. The next section discusses improvements to this topology in order to

reduce the effect of the wide input-voltage variation in the performance of the converter.
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4.7. Solution For Wide Input-Voltage Variations

One of the problems associated with the resonant converters is their poor performance when
they are subjected to wide input-voltage variations. In this kind of application, the input-voltage
variation imposes both a reduction in the turns ratio of the transformer and wide variations in the
duty cycle. Therefore, optimization of the converter is difficult to achieve, resulting not only in
an incremental increase of the stresses in the power semiconductors and circulating energy in the
converter, but aso in a reduction in efficiency. A solution for reducing the output filter
requirements for a PWM converter has been proposed [46]. A similar approach can be followed

to reduce the duty-cycle variations for a wide input-voltage application.

Figs. 4-31 and 4-32 show this aternative approach, which would reduce the effect of the wide
input-voltage variations on the performance of the converter. The basic idea with this approach is
to add an additional winding in the secondary side of the transformer. Thus, the operation of the
converter can be optimized by changing the turns ratio of the transformer according to the input

voltage.

Fig. 4-31 shows this approach using full control in the secondary side. This idea can be
implemented in a center-tapped or full-bridge structure, as shown in Figs. 4-31(a) and (b),
respectively. As can be seen in Fig. 4-31(c), during a high-line condition, the converter regulates
the output voltage by phase-shifting Ss and S; with respect to the primary switches. Under low-
line conditions, switches Ss and Sg carry out the regulation. By using this strategy, the secondary
windings are connected in series to reduce the turns ratio of the transformer at low line.
Therefore, a better optimization in the design of the converter can be achieved by reducing the

variation in duty cycle.
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Fig. 4-32 shows a smplified version of this approach, aso using a center-tapped or full-bridge
structure. In this approach, partial control of the output voltage is achieved by removing two of
the secondary switches. Both secondary windings are always connected in series for any input-
voltage condition. Adding more or less voltage to the main secondary controls the output
voltage. Therefore, the turns ratio of the transformer must be designed in such a way that for
high-line input voltage and no load, the converter is till able to regulate the output voltage. Due
to this condition, the optimization of the converter is dightly more difficult to achieve than with

the solution offered in Fig. 4-31.
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Fig. 4-31. Solutions for wide input-voltage variation: full control of the output voltage in: (a) a
center-tapped configuration, (b) a full-bridge configuration, and (c) the control signals.

As can be seen in Figs. 4-31(b) and 4-32(b), using a full-bridge configuration in the secondary
side enables a reduction in the complexity of constructing the transformer. However, this

solution increases the conduction losses in the secondary side due to the addition of extra diodes
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D1 and Do. In order to have a better idea of which kind of secondary arrangement provides a
better solution, it is necessary to perform an analysis using smulation tools such as Maxwell to

predict the current distribution in the windings of the transformer.

Although improvements in the performance of the converter can be obtained by using the

previous approaches, there is a tradeoff between simplification and optimization of the converter.

(b)

V,= 600 — 800 Volts

SuS; | [ SaS. 1[]
| S | | Ss |

v

v
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Fig. 4-32. Simplified solutions for wide input-voltage variation in (a) a center-tapped configuration,
(b) a full-bridge configuration, and (c) control signals.

4.7.1. Evaluation and Comparison

This section presents a theoretical comparison between the proposed converter that uses a
single winding in the secondary side, as shown in Fig. 4-22(a), and the solutions proposed for
wide input- voltage variations. Among the solutions for wide input- voltage variations, the center-
tapped approaches with full and partial control in the secondary side are considered. This

comparison takes into account the conduction and switching losses of all power semiconductors
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(active switches and diode rectifiers). The specifications for this comparison are as follows. Vot

=60V, low =44.5A, Vi, =600 -800V, and fs = 750 kHz.

It is important to mention that the efficiency was aso calculated for each converter using two
different MOSFET devices as the primary switches. MOSFET (A) is a 500V, 58A device.
MOSFET (B) is a 500V, 32A device that presents higher Ryson resistance but better switching
characteristics. All converters were designed to work at 0.95 times the resonant frequency and
Q=.4. In addition, this design allows the converter to achieve ZVS operation from full load to

10% of full load.

As can be seen in Fig. 4-33, the proposed converter presents low efficiency at high-line input
voltage. At this operating condition, the switching losses of the converter are dominant, since the
primary switches are turned off almost at the peak of the resonant current. At low-line input, the
primary current is allowed to almost complete the entire resonant period, which reduces the turn
off losses. As previously mentioned, the switching losses can be almost eliminated if the
converter operates in Mode |. That means that at the turn-off instant, only the magnetizing
current circulates through the primary switches. However, the benefits of this could be penalized

with higher conduction loss and voltage stress in C;.

An improvement in the efficiency at high-line conditions can be achieved by placing an
auxiliary winding in the secondary side of the transformer. With the auxiliary winding and full-
control approach, better optimization of the converter can be achieved, and therefore, the
efficiency improvement is more significant. The converter was designed in such a way that at

700V input voltage, the primary current is allowed to amost complete the entire resorant period;
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in this way, the turn-off losses are reduced, which improves the efficiency at this operating

condition.

Although an improvement in the efficiency of the proposed converter at hightline condition is
achieved using the auxiliary winding and partia control approach, it is penalized with an
incremental increase in the conduction losses at low line. It is important to mention that the
proposed converter, which uses this approach, must be designed in such away that the converter
still regulates the output voltage at high-line and no-load condition. Therefore, optimization of

the converter is more difficult to obtain.
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Fig. 4-33. Theoretical efficiency comparison between the proposed converter and the solutions for
wide input-voltage variation.

4.8. Experimental Results

This section presents the design and experimental results for the proposed converter. In order
to see the benefits in the converter, it was designed to meet wide input-voltage (600 V-800 V)

and load-range variations (4.4 A-44.5 A at 60V output voltage).
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4.8.1. Design of the Converter

In order to meet the requirement of high power density, the converter was designed to operate
with high switching frequency. From a study that determined the optimum switching frequency
for the LCT component (integration of the passive components; i.e., inductor, capacitor and
transformer), it was decided to operate the converter with a fixed switching frequency of
between 700 and 800 KHz. In addition, in an attempt to improve the efficiency shown in Fig.
4-33, the converter was designed with a resonant frequency higher than the switching frequency.
In this way, the primary resonant current has more time to resonate, which reduces the turn-off
losses for the primary-side switches. In addition, the turns ratio of the transformer was selected
in order to provide output-voltage regulation at critical operation conditions. These conditions
occur a both full load and 600V input voltage and at no load and 800V input voltage. Fig.
4-34(a) shows the output-voltage variation at 600V input voltage and different load conditions
using the duty cycle as a running parameter. As can be seen, for the critical operation condition,
the duty cycle is approximately 60%, which means that more than 40% of the duty cycle is
available to compensate a loss in the DC-gain characteristic of the converter. On the other hand,
Fig. 4-34(b) shows the output-voltage variation for 800 V input voltage and different load
conditions. This graph shows that at a no-load condition, the duty cycle can still be reduced such
that it compensates for any over-gain characteristic not considered during the design. Table 4-4

shows the principal parameters obtained from the design of the converter.
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Table 4-4. Principal parameters obtained from the design of the fixed-frequency ZVS three-level
LLC resonant converter with auxiliary winding.
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Fig. 4-34. Output-voltage characteristics for different load conditions for, (a) 600V input voltage
and (b) 800V input voltage.
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4.8.2. Implementation of the Converter

An experimental prototype was built to verify the operation of the proposed converter. In order
to reduce the effect of the wide input-voltage variation, the solution with partial control in the
secondary side and full rectification was implemented in the converter. The power stage shown

inFig. 4-35 is comprised of the following components.

Fig. 4-35. Implementation of the proposed converter.

S - S APTS5015BLC Css 470nF/400V- polypropylene

S5 - Sgt APT20M22LLCX C,: 8.36nf — 2x16.5nf/800V ceramic
Dr1 - Dr2: 30CPQ150 T, ES5-3F37/2/1

Ds - D7: 30CPQ150 L.: 4.948uH

Ds - Dg: DSEIG0 05A L,—2.788uH

De1 - Dez: HFA15TB60 L, - 2.16uH 6 turns 783E — 3F3

Cint - Cing: 2x330nf/400V polypropylene

For this design, the transformer was also implemented using a normal E55 core. In this case,

Litz wire was used for the primary and secondary windings, and they were placed side by side in
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order to reduce the interwinding capacitance of the transformer. It is important to mention that
this format causes the leakage inductance of the transformer to increase to 2.78 nH. However,
this leakage inductance is absorbed by the resonant inductance. In addition, a small gap was
introduced in order to adjust the magnetizing inductance of the transformer to the calculated

value (60 mH).

Similar to the variable-frequency operation, the future implementation of the passive elements
in the converter (the transformer, resonant capacitor and resonant inductor) into an LCT structure

should be considered in order to improve the power density in the converter.

4.8.3. Experimental Results

Fig. 4-36(a) shows the voltage across the primary side of the transformer, the primary resonant
current, and the voltage across the secondary switches. These waveforms were taken at 350V
input voltage, 33.5V output voltage and 17.1A output current. As shown, there is a voltage spike
across the secondary switches. This spike occurs due to the resonance among the reflected
leakage inductance to the secondary side, the stray inductance in the secondary side, and the
parasitic capacitance of the secondary switches. Since the goal is to continue using 200V
switches in the secondary side, an RCD snubber was placed across each secondary switch. Fig.
4-36(b) shows the same waveforms presented in the previous figure but with the RCD snubbers
in the secondary switches. These waveforms were taken at 500V input voltage, 49.8V output

voltage and 24.4A output current.

Although a reduction in the voltage spike across the secondary switches can be achieved by

using an RCD snubber, this is not a viable solution to the voltage pike problem due to power
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dissipation and space constraints. Fig. 4-37 shows a possible solution for reducing this problem.
Here, a flying capacitor is placed across secondary switches § and . This capacitor should
clamp the voltage across the switches during the instant of turn-on and turn-off. In this case, the
resonance across the switches depends on both the parasitic capacitance of the secondary switch
and the parasitic stray inductance that occurs due to the layout. Therefore, the stray inductance of
the layout should be minimized. Fig. 4-37(b) shows the bottom layer of the new layout for the
secondary side. Nine decoupling capacitors, each with a value of 5uF, were placed between the
positive and negative rails in order to minimize the stray inductance of the layout. In addition,

Cesec is placed close to the secondary switches.

The next experimental results were obtained using the capacitor Csc and the new layout. Fig.
4-38 shows the voltage across the primary side of the transformer and the primary resonant
current. These waveforms were taken at full-load conditions and nominal input voltage; that is,
800V input voltage, 60V output voltage and 42.55A output current. The primary-side layout of
the converter was modified in order to measure the current through one of the primary switches.

This modification resulted in a resonance across the primary-side voltage.

Fig. 4-39 shows the drain-to-source voltages Vps and the drain current through S;, also
obtained at nomina input voltage and full-load condition. It can be seen that the maximum
voltage for S is 400 V, just half of the level of the input voltage. Also, it can be observed that
the voltage falls to zero prior to the turnon of the switch. Therefore, a ZVS transition is

achieved.
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Fig. 4-36. (a) Voltage across the primary side of the transformer (upper trace), primary resonant
current (middle trace) and voltage across the secondary switches (lower traces) (150 V/div, 2
A/div, 100 V/div, 100V/div, 250ns/div); and (b) the same waveforms, but with an RCD across the
secondary switches (200 V/div, 5 A/div, 100 V/div, 100V/div, 250ns/div).
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Fig. 4-37. Solution to the voltage spike across the secondary switches: (a) adding a flying
capacitor Css across secondary switches Ss and Sgand (b) reduction of the stray inductance.

Fig. 4-40 shows the voltage across the secondary devices at full-load condition. Fig. 4-40(a)
shows the voltage across diode rectifiers Dy, and Dg, and the drain-to-source voltage across
switch S. In addition, Fig. 4-40(b) shows the voltage across diode rectifier D;. The new layout
for the secondary side and the flying capacitor Csc both help to reduce the voltage spike across

the devices. It is important to mention that no snubber circuit is used for the secondary devices.
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Fig. 4-38. Experimental results. Voltage across the primary side of the transformer and primary
resonant current (200 V/div, 10 A/div, 250 ns/div).

Fig. 4-39. Drain-to-source voltage and drain current through Sz at high-load condition (100 V/div, 5
A/div, 250 ns/div).
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Fig. 4-40. Main waveforms in the secondary side: (a) voltage across Dy,, voltage across Dg and
drain-to-source voltage across Sz (75 V/div, 150 V/div, 100 V/div 200 ns/div), and (d) voltage across
D;, voltage across Dg, and drain-to-source voltage across Sz (75 V/div, 150 V/div, 100 V/div, 200
ns/div).
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Fig. 4-41 shows again the drain-to-source voltages, Vs and the drain current through S, but
at nominal input voltage and low-load condition. It can be observed that ZVS operation is still
achieved despite the low-load condition. As was explained before, placing the control in the
secondary side alows ZVS operation for a wide load range without penalizing the circulating
energy, as shown in Fig. 4-42. This figure shows the drain current through switch S; for different
load conditions. Fig. 4-43 shows again the primary resonant current at full-load condition and at
several input voltages. The circulating energy is amost fixed for any load and input-voltage

conditions.

Fig. 4-41. Drain-to-source voltage and drain current through Ss at low-load condition (100 V/div, 5
A/div, 250 ns/div).
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Fig. 4-42. Drain current through S; for different load conditions (5 A/div, 250 ns/div).
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Fig. 4-43. Primary resonant current at full load and different input voltage conditions, (5 A/div, 250
ns/div).

The experimental measured efficiency as a function of the output pwer at nominal input
voltage 800 V is shown in Fig. 4-44. The efficiency at full-load condition is 90.8%, and the
maximum efficiency of the converter, which occurs around 1820 W, is 91.2%. As can be seen,
the operation at fixed-frequency is penalized by amost 3% as compared to the variable-
frequency operation. Despite the proposed solution for minimizing the effect of wide input-
voltage and load variations, the converter still presents higher turn-off losses for the primary
devices and conduction losses in the secondary side when compared to the variable-frequency

operation.
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Fig. 4-44. Efficiency comparison for the proposed converter at nominal input voltage using the
output power asarunning parameter.
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Fig. 4-45 shows a measured efficiency comparison for the proposed converter under fixed and
variable frequencies as a function of the input voltage at full-load condition. It can be seen that
for fixed-frequency operation, the efficiency aso decreases as the input voltage decreases.
Although the primary losses are maintained at an amost constant level for different input-
voltage conditions, as shown in Fig. 4-43, the conduction losses in the secondary increase as the
input voltage decreases. As the input voltage decreases, the auxiliary secondary needs to conduct
for a longer time to compensate the loss of gain in the converter. It is important to mention that
this reduction of the input voltage occurs only during hold-up time; therefore, this does not

represent a thermal issue for the converter.
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Fig. 4-45. Efficiency comparison for the proposed converter at full-load condition using the input
voltage as a running parameter.

4.9. Conclusion

This chapter explores the benefits obtained by operating three-level structures at high
switching frequencies. Soft-switching techniques and modulation strategies for resonant
converters were analyzed in a systematic way in order to determine the best soft-switching
technique that fulfills specifications related to future telecommunications power supplies, such as

high efficiency and high power density.
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From this analysis, a novel ZVS three-level LLC resonant DC/DC converter was proposed.
The operating stages and characteristics of the proposed converter under fixed and variable
switching frequencies were presented. Experimental results for a 2.75KW prototype were shown

in order to verify the operation of the converter.

It was shown that in both operating modes, the proposed converter could operate with a wide
ZV'S range by using the magnetizing inductance of the transformer. For the fixed-frequency
operating mode, the control was performed in the secondary sde of the transformer, which

helped to increase the ZV S range and also reduced the circulating energy in the converter.

In addition, this chapter presented some solutions for reducing the impact of the wide input-
voltage variations, which also help to reduce the circulating energy in the converter and improve
the efficiency at nominal operating condition. These characteristics make the proposed converter
an interesting option for high-voltage, high-power applications that require high power density

and high efficiency.
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5. Integrated Converters

5.1. Introduction

Previous chapters proposed hightvoltage DC/DC converters based on a three-level structure.
The main characteristics for these converters are the reduction of the voltage stress across the
main devices, allowing the use of lowvoltage-rating devices, which have better electrical
characteristics, and soft-switching capability without introducing complexity in the operation of
the converter. As it was shown, these characteristics not only improve the efficiency of the

converter, but also offer the opportunity for higher-switching- frequency operation.

The combination of the proposed DC/DC converters with three-phase PFC converters, such as
the VIENNA rectifiers or even more simple approaches such as the single-switch or two-
switches boost rectifiers working in DCM, helps to reduce the complexity and cost of the DPS

for high-power applications.

As mentioned before, integrated converters have also been proposed to further reduce the
complexity and cost of the DPS without reducing the performance of the system. However, this

simplification is usualy penalized with high voltage stress across the main devices.

In order to minimize this problem, an integrated converter based on a three-level structure has
been proposed [96]. One of the disadvantages that this integrated converter presents is that the
discontinuous current from the AC side and the current from the DC/DC side must always flow

through two switches simultaneously. Moreover, these currents result in a high peak current
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during the turn-off of the switches, which produces high turn-off losses. The resulting efficiency

is considered low for this power level.

To reduce these problems, this chapter presents a quas-integrated AC/DC three-phase
converter, which improves the complexity / low-efficiency tradeoff characteristics over the
previously discussed DPS approaches. This converter achieves both PFC and output voltage
regulation in a single stage of power conversion. Some of the main characteristics of the
converter are low number of components, lower THD when compared with the single-switch
boost rectifier, fast regulation, and improvement in the efficiency with a ssmple control. The
proposed converter also offers the advantage of reducing the voltage stress across the switches.
In addition, a soft-switching technique can be implemented in the proposed converter without

adding complexity.

5.2. Development of Integrated Converter Based on Structuresthat Reduced
the Voltage Stress Across the Main Devices

Fig. 5-1 shows a three-phase DPS for high-power applications that is based on a two-stage
approach. The PFC is implemented with the three-phase two-switch three-level boost rectifier
[105]. In this approach, the boost inductors operate in DCM to achieve high power factor. One of
the advantages of this rectifier is that by using a three-level structure, the voltage stress across
each switch is reduced. Therefore, 600V MOSFET devices can be used, even though the total
bus voltage is regulated to 800 V. The second stage is implemented with the ZVS three-level
DC/DC converter proposed in Chapter 2. The advantage of a two-stage approach is that both

converters can be optimized, which improves the overall performance of the front-end converter.
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Fig. 5-1. Two-stage three-phase DPS for high-power applications, based on three-level topologies.

Fig. 5-2 shows the integration of these two topologies; the result is the single-stage ZV S three-
level AC/DC three-phase converter [96]. This converter is based on the ZVS three-level DC/DC
converter and maintains its main characteristics. ZVS operation for all the switches, phase shift
control, and reduced voltage stress across the main devices. The input inductors of the converter

also operate in DCM to obtain PFC.

To redlize the integration, common cells are identified that can be shared without penalizing
the main characteristics in the performance of the converter. As shown in Fig. 5-2(a), the
function of the boost switch Sg; was replaced with the devices S; and S, of the DC/DC
converter. As aresult, just one control is needed to perform both the PFC and the DC/DC task, as
shown in Fig. 5-2(b). That means that when these two switches are on, not only is power
delivered to the output, but also, energy is stored in the input inductors. One of the main
drawbacks of sharing the devices in this way is that the AC current always circulates through two
devices. This increases the conduction losses as compared to the PFC converter in the two-stage

approach. Fig. 5-3 shows the trgjectory of the AC and DC current in the integrated converter.
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Fig. 5-2. Integration of the power stages: (a) sharing the main devices and (b) the single-stage ZVS
three-level AC/DC three-phase converter.
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Fig. 5-3. Main characteristics for the proposed ZVS three-level AC/DC three-phase converter. (a)
AC current trajectory and (b) DC current trajectory.

Fig. 5-4 shows the main results for a 3kW converter. Since there is only one controller, the
intermediate bus voltage fluctuates to balance the input and output power according to the input-
voltage and output-load variations, as shown in Fig. 5-4(a). As can be observed, the intermediate
bus voltage increases as the power decreases, until the output inductor reaches DCM operation.
At this point, the variation in the bus voltage is maintained at an amost constant level. The
operating point at which the output inductor reaches DCM can be selected in such a way that the
bus voltage is limited to a desired level; however, it is aso penalized with high RMS current and
high peak current during the turn-off. Therefore, a tradeoff between the voltage stress and the
losses in the devices should be considered. Because of the level in the intermediate bus voltage
during critical operation (before the output inductor reaches DCM operation), it is necessary to
use 800V MOSFETSs. The combination of high RMS current with devices that present high Rison

is penalized with lowered efficiency in the converter, as shown in Fig. 5-6(a).

Chapter 5 - Integrated Converters 138



1100
".A\

100 \\
S goot—F—— o~
< 1 T~
2 800 \‘ \\‘
g 700 \\ \\
5 \ \\a
2 600 \

500 >

| —4— Vi = 180Vrms —8—Vi=220Vrms_—&—Vi = 260Vims |
] ] ] ] ]

180 680 1180 1680 2180 2680 3180
Output Power (W)

(@)
1050 — 1100
1000 \V- =260V S 1000
n
s 20 N © 900
S i 8 _
= 900 = ~_ = N/in_zeov
2 850 VAL — > 800 =
S 800 Vi g D
S \E\L o 700
_ 3] V. =180V in =
650 1 Vin= 180V e S 500 8
—~—— o ‘H\'
600 T T T T T T 400 T T T
0 500 1000 1500 2000 2500 3000 3500 0 1000 2000 3000 4000
Output power (W) Output power (W)
(b) (©)

Fig. 5-4. Problematic voltage stress in integrated converters. Intermediate bus voltage stress for
(a) single-stage three-level converter and (b) single-stage with asymmetrical control and (c)
voltage stress in the DC blocking capacitance for single-stage with asymmetrical control.

The idea of an integrated converter based on topologies that reduce the voltage stress across
the main devices can be extended, as shown in Fig. 5-5. This integrated converter [97] is based
on a two-stage front-end converter using the two-switch boost rectifier working in DCM and the
ZV'S three-level DC/DC converter using asymmetrical control [25]. In this case, the boost
switches are eliminated, and the switch S is shared to redlize the PFC and DC/DC functions. In
addition, the anti-parallel diode of the switch S is used as the boost diode. Thus, the ZVS

characteristic and the reduction of the voltage stress across the primary switches is maintained
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with operation in asymmetrical control. In addition, the reduction of the number of switches in

series during each operating stage reduces the conduction losses.

Fig. 5-6 shows experimental results for a 3kW converter. As can be seen, this new integration
results in improvement in the efficiency as compared to the former integrated converter.
However, in this integrated converter, the smplification of the control strategy also resultsin a
fluctuation in the bus voltage, as shown in Fig. 5-3(b). This problem becomes even worse in this
approach, since the bus-voltage variation penalizes the voltage stress across the DC blocking
capacitance that allows asymmetrical operation [97]. As can be seen in Fig. 5-3(c), this voltage
can reach 1000 V at highline input voltage and light-load condition. Therefore, specia
characteristics for this blocking capacitor are needed, which increases the cost of the converter.
In addition, the transformer should be designed to handle the DC current that occurs due to
asymmetrical operation. Fig. 5-6(b) shows the THD produced by this integrated approach. As
can be seen, the converter presents a THD higher than 10 % for al input-voltage conditions. In
addition, the THD produced by this converter is higher than that presented by the former

integrated converter.

Fig. 5-6(a) adso shows the measured efficiency for a two-stage approach. In this case, the PFC
is implemented with the three-phase two-switch three-level boost rectifier operating at 40 kHz,
and the DC/DC converter is implemented with a ZVZCS three-level converter with an auxiliary
circuit in the secondary side, also proposed in this dissertation. The DC/DC converter operates at
100 kHz. It can be seen that by using a two-stage approach, the front-end converter can be

optimized from the efficiency standpoint. However, thisis penalized with complexity and cost.
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Fig. 5-5. Integration of the power stages. (a) Two-stage approach front-end converter and (b) the
single-stage ZVS three-level AC/DC three-phase converter with asymmetrical control.
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Fig. 5-6. Results and comparison for the integrated converters: (a) efficiency comparison and (b)
THD comparison.

In order to improve the characteristics of the previous integrated converter, it is interesting to
search for topologies that present similarities in the cells that could be integrated. Fig. 5-7(a)
shows another two-stage approach for three-phase high-power applications. As can be seen, the
PFC converter is also implemented with the two-switch three-level boost rectifier. However, the
DC/DC converter is implemented with a dual-bridge converter [26], [27]. Smilar to the three-
level DC/DC converter proposed in this dissertation, this topology also alows a reduction of the
voltage stress across the main devices, thus becoming another interesting approach for high-
voltage applications. The converter operates with phase-shift control in which all switches
operate with duty cycles of nearly 50%. The phase shift between S; and S; or Sz and S
determines the operating duty cycle of the converter. ZVS operation for all the switches is

achieved by using the leakage inductance of the transformer or an external resonant inductance.

As shown in Fig. 5-7(b), it is possible to identify similar cells in both converters. By
integrating these converters, the function of the boost switch Sgi or Sg; is shared with the switch
S; or S of the DC/DC converter. In this case, just $ should be able to handle the AC input

current and the DC current. Therefore, the conduction losses of the converter are reduced, when
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compared with the previous approach. Another benefit that could be achieved by considering the

independence of the switches S and & is to create another control variable in the operation of

the converter, which helps to control the intermediate bus voltage. The result from this

integration is shown in Fig. 5-8

The next section shows the main characteristics that result from integrating the two-switch

three-level boost three-phase rectifier with the ZV S dual-bridge DC/DC converter.

Two-Switch Three-Level
: Boost Rectifier Dg1

111
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Controller

DC/DC
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Integration
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Devices
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Fig. 5-7. Two-stage three-phase DPS for high-power applications using a dual-bridge topology as
a DC/DC converter and (b) identification of similar cells to share the main devices.
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5.3. A Quasi-Integrated AC/DC Three-Phase Dual-Bridge Converter

The proposed converter and its timing diagram are shown in Fig. 5-8. It can be seen that the
basic structure is similar to that of the dual-bridge DC/DC converter previously presented [27].
The main difference is the inclusion of the three-phase bridge rectifier connected between points
aand b. Thus, a three-phase two-switch boost rectifier working in DCM is formed by the three-
phase bridge rectifier, inductors Li, L, and L3 switches S; and Sg, diodes Ds and Dg, and
capacitors Gn1 and Gpp. This two-switch boost rectifier performs the PFC function with low
THD in the integrated converter by running the input inductors L;, L, and Ls in DCM. In
addition, it regulates the intermediate bus voltage (the voltage across capacitors Cin; and Cin2) by
changing the pulse width applied to switches $ and S. The function of the isolated DC/DC
converter in the quas-integrated approach is achieved with a dual-bridge structure. The dual-
bridge converter is implemented with switches §, S, S and & diodes s, Ds, D7 and Ds, the
power transformer, output rectifiers Dr1 and Dy, and the output filter. Switches S; and S, operate
with nearly 50% duty cycle, and in order to regulate the output voltage, a phase shift is
introduced between switches S and S or Ssand S; it is thus possible to achieve ZV'S operation

for switches S; and S.
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Fig. 5-8. (a) The proposed quasi-integrated three-phase AC/DC dual-bridge converter and (b) its
main waveforms.

The proposed converter has six operating stages during a half-switching cycle. For the polarity
of the input voltages shown in Fig. 5-8, the following operating stages will occur within one half
of a switching cycle. The equivalent circuit for each stage of operation is shown in Fig. 5-9, and

the stages are described as follows.
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[to-t1]: At b, S is turned on, and the current in L, increases linearly, while the currents in Ly
and L3 decrease. The primary current in the DC/DC converter freewheels mainly through S, and
Dsg in the bottom part of the converter, and a small current flows through S, and Ds in the top part
of the converter due to the coupling of the primary windings. In the secondary side, the output

current freewheels through diode rectifiers Dy1 and Dio,

[t1-t2]: During this stage, the current in L and the currents in L; and Lg continue increasing and
decreasing, respectively. At the beginning of this stage, $ is turned on, half of the intermediate
bus voltage is applied across the transformer, and the primary current |k, starts to decrease. At
the instant at which the primary current I_x» reaches zero, the primary current I x; starts to flow
through S; and S,. This current increases with a slope equal to Vie/(2L1k1). This stage ends when

lik1 reaches the level of the reflected output current.

[to-t3]: During this stage, the input power is delivered to the output. The current in L, continues

to increase.

[ts-ta]: At & S, is turned off, and the current in L, starts to decrease. At the end of this stage,
the currents in Ly and Ls must be completely reset. In the DC/DC converter, the primary current
freewheels through S; and Ds. In the secondary side, the output current freewheels through diode

rectifiers Dy; and Dy».

[ta-ts]: At &y, Ssisturned on, and the current in L; and Ls increases. The current in L, continues

to decrease. In the primary and secondary sides, the currents continue to freewhesdl.
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Fig. 5-9. Equivalent circuit for each stage.
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[ts-tg]: At &5, S is turned off, and the leakage inductances of the transformer, Lxi and Lo,
resonate with the parasitic capacitances of switch § and diode D, and S and Dy, respectively.
The voltage across S increases to half the intermediate bus, and the voltage across S, decreases
to zero to turn on the anti-parallel diode of S, At the end of this stage, a new switching cycle
starts when & is turned on with ZVS and half of the intermediate bus voltage is applied across

the transformer.

5.3.1. Analysisof the Proposed Converter

This section presents the analysis of the proposed converter. A simplification in the analysis of
the converter can be achieved by considering the proposed converter as two separate stages; that
is, the PFC stage and the DC/DC converter. In thisway, the only relationship that exists between
the two stages is the limitation of the duty cycle in the DC/DC converter imposed by the PFC
stage, as explained in the previous section. Therefore, the discussion in this section is divided

into AC- and DC-side analyses.

A. AC-Sde Analysis

As explained in other work [88], the connection between the middle point of the converter and
the AC sources allows third and odd multiple harmonics to flow through the neutral of the power
system, thus increasing the harmonic distortion in the line currents. To eiminate the undesirable
circulation of these harmonicsin the AC line, an artificial neutral connection can be provided by
AC capacitors [105]. Fig. 5-10 shows the proposed converter with the inclusion of the AC

capacitors.
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With this approach, the line currents will be free of any third and odd multiple harmonics.
However, the inclusion of the AC capacitors modifies the rectifier voltage gain characteristic in
the converter and makes it difficult to obtain closed-form solutions for the rectifier equation. One
way to simplify the problem is to use simulation tools to obtain the main characteristics of the
converter, such as voltage gain and variations in the PFC duty cycle that occur due to input-line
and load-output variations. These characteristics are important to the design of the proposed

converter.

Fig. 5-10. Proposed converter with artificial neutral connection to eliminate the third and odd
multiple harmonics from the line currents.

Fig. 5-11 shows the simulated voltage gain at heavy load versus the normalized output current.
The ssimulation is performed in such a way that the input inductance value is selected to provide
critical conduction at high line and full load. The voltage gain (M) and the normalized output

current (Inorm) shown in Fig. 5-11 are defined by

(@-1)
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where Vs IS the intermediate bus voltage, Vi is the line-to-neutral peak input voltage, | is the

intermediate average bus current, L is the boost inductance, and fs is the switching frequency.

It is important to mention that in order to obtain the results given in Fig. 5-11, the AC
capacitors must be incorporated by the differential mode (DM) input filter, in which typical

values for the AC capacitances will range from 1 n¥to 3 nf.

A more detailed explanation of the method for obtaining this graph is given in other work

[105].
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Fig. 5-11. Voltage gain versus normalized output current at heavy load.
B. DC-Sde Analysis

One of the potential disadvantages of the proposed converter is the limitation of the maximum
duty cycle for the DC/DC converter that is imposed by the PFC stage. This limitation becomes
critical at high-line AC-input voltage and low output-load conditions. In order to minimize this
problem, the converter can be designed to operate in DCM during these conditions. For this case,

the DC output voltage in the converter is given by
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where |, is the load average current, n is the transformer turns ratio, Loy iS the output filter

inductance, and Dy is the duty cycle for the dual-bridge DC/DC converter.

For the condition in which the DC/DC converter works in CCM, the output voltage is given by

D 4
Vo = Tdvbus - n_z I 0 I‘Lk fs’ 4-3)

where Lk is either the parasitic inductance of the transformer or an external inductance placed in
series with the transformer in order to obtain ZVS operation for S; and &. The second term in
(4-3) can be defined as the duty-cycle loss. Thisterm is common to all converters that rely on the

energy stored in the resonant inductor to achieve ZV'S operation for the lagging switches [38].

Fig. 5-12 shows the normalized output voltage gain as a function of the normalized output
current, using the DC duty cycle as a running parameter. In this graph it is possible to determine
the boundary between DCM and CCM operation of the output inductor Ly,:. The normalized

variables used to plot the curvesin Fig. 5-12 are defined as follows:

nv,
Mout = V
bus
(4-4)
= n I-out fs
on o vV .

bus

The effect of the duty-cycle loss can be observed in this graph during CCM operation. As can
be seen, the gain of the converter decreases as the normalized output current increases. It is

important to mention that for this graph, the ratio between output and leakage inductances is
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defined as rPLow/Lix and is equal to 10. By changing this parameter, the boundary between DCM

and CCM can be controlled.
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Fig. 5-12. Normalized output voltage gain as a function of the normalized output current, using the
duty cycle as a running parameter.

5.3.2. Soft-Switching Implementation

In order to improve the efficiency in the quas-integrated AC/DC dual-bridge converter, it is
necessary that the power switches in the converter operate with some kind of soft-switching
technique. This section describes the possibilities for and the benefits of the implementation of

these soft-switching techniques.

A. Soft-Switching Operation for S and Ss:

Zero-Current Transition (ZCT): As previously mentioned, switches S and Sg suffer higher
current stress, since they must conduct the discontinuous currents of the input side as well as the
current from the DC/DC converter. In addition, these switches have high turn-off losses because
of the high peak current at the instant of the commutation. In order to minimize this problem, a

modification to the previously proposed ZCT circuit [93] is implemented in this converter. The
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main difference between this and the other proposed technique [93] is that because of the
discontinuity of the input current during the turn-on of S; or S, it is not necessary to turn on the
auxiliary switch before S, or Sz is turned on. Therefore, a smplification of the control is

achieved. Figs. 5-13 and 5-14 show the proposed converter with the auxiliary ZCT circuit.

B. Soft-Switching Operation for S; and S:

ZVS: In the proposed converter, ZVS operation for switches S; and & is achieved during the
intervals [t - to] and [ts" - tg] without adding an auxiliary circuit. This can be explained as
follows. When & is turned off, the energy stored in the leakage inductances of the transformer
charges the parasitic capacitance of S;and Ds and discharges the parasitic capacitance of S and
Dr7. When the parasitic capacitance of S; is completely discharged, the anti-parallel diode of S
starts to conduct. At this instant, S; can be turned on with ZVS. Fig. 5-13 aso shows the

proposed converter with ZVS operation for S; and S.

ZCS: As mentioned before, the duty cycle of the DC/DC converter is restricted by the duty
cycle of the PFC stage. In addition, the ZVS range for switches § and S relies on the energy
stored in the leakage nductance of the transformer. Therefore, these constraints penalize the
converter with circulating energy in the primary side and duty-cycle loss. In order to overcome
this problem, the possibility of using a ZCS technique instead of ZVS operation for switches §
and & is evaluated. In this way, the circulating energy during the freewheeling stage is reduced.
Fig. 5-14 shows the proposed converter with a passive auxiliary circuit in the secondary side

[50], also discussed in this dissertation, to achieve ZCS operation for S; and Sq.
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Fig. 5-14. Implementation of the quasi-integrated AC/DC three-phase dual-bridge converter with a
soft-switching scheme: ZCT for S, and Szand ZCS for S; and S,
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5.3.3. Experimental Results

An experimental prototype was built in order to verify the operation of the proposed quasi-
integrated AC/DC three-phase dual-bridge converter. In order to both reduce the circulating
energy during the freewheeling stage and to reduce the turn-off losses for switches S and &, an
auxiliary lossless passive circuit was placed in the secondary side. The specifications for the

prototype are as follows. Vo = 42-57 V, Poy = 3KkW, V4 = 170 — 260V, and fs = 50 kHz.

The power stage shown in Fig. 5-8 consists of the following components.

S; — S APT60M75JVR T,: E65—3C85 12/3/3
Di1 — Dr2: HFA140MD60C Lou: EC55-3C85, 6uH
Ds — Dg: DSEP 30-12A Cou: 2X4700UF/100V — electrolytic

Cint, Cinz: 3x1000uF/250V connected in series Dayx1-Daxe: XY SDSE160-05A
C1-Cs: 2uF- polypropylene Cax: 4x.068uF/400-polypropylene

The value for the boost inductance was obtained from Fig. 5-11. For this design, the

intermediate bus voltage was chosen to be 800 V, which results in a boost inductance of 108 pH.

Experimental results for the proposed converter at 3 kW are shown in Figs. 515, 516, 517
and 5-18. Fig. 5-15 shows the measured filtered input current and the input phase voltage at 220
V and full-load condition. Fig. 5-16 presents the THD of the input currents as a function of the
input phase voltage variations. As can be seen, THD for al cases is aways lower than 12%. In
order to reduce the distortion at 260V input voltage, either the intermediate bus voltage must be

increased or harmonic injection techniques can be used. These approaches could be applied in
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the future to the proposed converter in order to reduce the THD. This figure also shows the THD
for the 2VS three-level AC/DC three-phase converter, which in the figure is caled a single-
stage, and the two-stage approach, which was also presented in the beginning of this chapter. As

can be seen, the single-stage approach achieves the lowest THD among all compared topologies.

Fig. 5-15. Input voltage and filtered input current (100 V/div, 5 A/div 2ms/div).
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Fig. 5-16. THD generated by the proposed quasi-integrated AC/DC three-phase dual-bridge
converter.

Fig. 5-17 shows the voltage (upper trace) and the current (lower trace) in one of the primary
sides of the transformer, and the voltage Vs (middle trace) in the secondary side. It can be seen

that the primary current is reset to zero after the end of the stage that transfers power to the
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output. Therefore, a reduction of the circulating energy and ZCS operation for § and S are
achieved. In addition, due to ZCS instead of ZV S operation for S; and S, the leakage inductance
of the transformer does not have to be increased. Therefore, the parasitic ringing in the secondary

side can be reduced.

Fig. 5-17. Voltage (upper trace) and current (lower trace) waveforms in the primary side of the
transformer, and voltage across the secondary side (middle trace) (250 V/div, 100 V/div, 10 A/div,
Sus/div).

Fig. 5-18 shows the efficiency of the converter as a function of the variations of the input
phase voltage at full-load conditions. It is important to mention that this efficiency measurement
also considered the losses in the input filter. Although the efficiency of the proposed converter
can be considered good for a quasi-integrated converter, it could be improved if IGBT devices
were used for $ and Sg; in that case, a ZCT auxiliary circuit would have to be added to the
converter to reduce the turn-off losses for these switches, as shown in Fig. 5-13(b). In addition, a
further analysis of the design of the transformer must be carried out in order to reduce the
circulating energy that exists between the two primary windings during the freewheeling stage.
In this figure, the efficiency is also compared with the two-stage and the single-approach. As can
be seen, the quas-integrated converter presents a good tradeoff between simplicity and

performance.
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Fig. 5-18. Measured efficiency of the quasi-integrated AC/DC three-phase dual-bridge converter.

5.4. Conclusion

A novel quas-integrated AC/DC three-phase dual-bridge converter was presented in this
chapter. The operating stages and characteristics of the proposed converter were presented.
Experimental results from a 3kW prototype were shown in order to demonstrate the operation of

the converter.

From the results presented in this chapter, it is possible to determine that the proposed
converter improves the complexity / low-efficiency tradeoff characteristics over both the two-

stage approach and the integrated ZV S three-level AC/DC three-phase converter.

It was shown that by integrating two three-level converters with similar cells, the conduction
losses in the devices could be reduced. In addition, the voltage stress across the main switches is
reduced to half the level of the intermediate bus voltage. This alows the use of low-voltage-

rating devices, which offer better electrical characteristics.

Chapter 5 - Integrated Converters 158



Although the proposed quas-integrated converter presents a low THD, it is advisable to use
harmonic injection techniques to maintain the THD at a level below 10% over the entire input-

voltage range.

In addition, it was shown that soft-switching techniques are easy to implement for the main
switches. From these techniques, ZCS instead of ZVS operation for the switches § and S, is
highly recommended. By using a passive auxiliary circuit in the secondary side, it is possible to
reduce the circulating energy that exists during the freewheeling stage. Therefore, the limitation
for the duty cyclein the DC/DC stage imposed by the PFC stage is minimized. For this casg, it is
important to study the effect of the coupling between the primary windings in order to further
reduce the circulating energy that exists between them during the freewheeling stage.
Furthermore, in order to further improve efficiency, it is recommended that switches § and S,
which handle the AC and DC current, be replaced by IGBT devices, and that the ZCT technique

proposed in this chapter be used to alleviate the turn-off losses in these devices.
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6. General Conclusion

In the traditional front-end converter based on the two-stage approach for high-power three-
phase DPSs, the DC-link voltage coming from the PFC converter imposes an extra requirement

for the second stage, i.e., for the DC/DC converter.

As was shown in Chapter 1, the high voltage in the DC link penalizes (in terms of efficiency
and power density) the use of the traditional full-bridge DC/DC converter as a second stage. To
minimize this problem, approaches such as the sries connection of converters and converters

that use structures that reduce the voltage stress across the main devices were discussed.

In order to improve the characteristics of these solutions, this dissertation proposed the
development of high-efficiency, high-density DC/DC converters for high-power high-voltage

applications.

Chapter 2, a novel ZVS DC/DC converter, based on a three-level structure, was introduced.
This converter reduces the voltage stresses across the main switches to half the level of the input
voltage. Therefore, devices with lower voltage ratings, which present better characteristics, can
be used. Besides, the addition of a flying capacitor in the primary side allows ZV'S operation for
all switches with phase-shift control. It was $own that this new control scheme not only
simplifies the modulation scheme for the three-level DC/DC converter, but aso helps to balance
the voltage across the DC input capacitor under an abnormal operation, such as when there is a
gate-signa mismatch. Experimental results from a 6kW prototype were shown in order to

demonstrate the operation of the converter.
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Chapter 3 discussed improvements of the proposed ZVS three-level DC/DC converter. The
operation with phase-shift control allows ZVS and ZVZCS techniques, previously developed for
full-bridge converters, to be implemented in the proposed topology without modifications. In the
case of the ZVS techniques, the converter's ZVS range increases while minimizing the
circulating energy, the duty cycle loss and the secondary parasitic ringing. It is important to
mention that these problems are common to al DC/DC converters in which the ZVS operation
relies on the energy stored in either an external resonant inductance or the leakage inductance of

the transfor mer.

A main contribution of this chapter is the evauation of the benefits obtained by implementing
Z\VZCS techniques in the proposed three-level DC/DC converter. The chapter presented the
anaysis, implementation and comparison of three ZVZCS approaches using an active and
passive auxiliary circuit in the secondary side and a passive circuit in the primary side. This
resulted in novel ZVZCS three-level DC/DC converters for high-voltage applications. In all
cases, experimental results from 6kW prototypes operating at 100 kHz were shown in order to
demonstrate the operation of the converters. One of the main advantages of these convertersis
the reduction of the circulating energy that is common in PWM converters for applications in
which hold-up time is a requirement. For these applications the traditional PWM converter
should be designed with wide input voltage, thus penalizing the efficiency at normal operating

conditions.

In the introduction of this dissertation, it was shown that the use of three-level structures offers
an opportunity for operation at higher switching frequencies in high-power DPS applications.

This is supported by the fact that the new generation of devices of up to 600 V presents a great
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improvement in terms of switching characteristics. In order to take advantage of these new
devices, Chapter 4 systematically explores soft-switching techniques and modulation strategies
for resonant converters in order to determine the approach that best fulfills specifications related

to future telecommunications power supplies, such as high efficiency and high power density.

From this analysis, it was concluded that the performance of the traditional series resonant
DC/DC converter is highly penalized in applications in which wide input-voltage and load
variations are required. To minimize the drawbacks of the resonant converter under these design
specifications, a novel ZVS three-level LLC resonant DC/DC converter was proposed. The
operating stages and characteristics of the proposed converter under fixed and variable switching
frequencies were presented. It was shown that in both operating modes, the proposed converter
could operate with a wide ZV'S range by using the magnetizing inductance of the transformer.
For the fixed- frequency operating mode, the control was performed in the secondary side of the
transformer, which helped to increase the ZV'S range and also reduced the circulating energy in
the converter. In addition, this chapter presented some solutions for reducing the impact of the
wide input-voltage variations, which also help to reduce the circulating energy in the converter
and improves the efficiency at nominal operating conditions. These characteristics make the
proposed converter an interesting option for high-voltage, high-power applications that require
high power density and high efficiency. Experimental results for a 2.75kW prototype switching

at 745 kHz were shown in order to verify the operation of the converter.

The main contribution from previous chapters was the proposal of three-level converters that
can be used as a second stage in the front-end converter for high-power DPS applications. As

discussed, the combination of this converter with a three-phase PFC converter such as the
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VIENNA rectifier, or even simpler approaches such as the single-switch or two-switch boost
rectifier working in DCM, helps to reduce the complexity and cost. With the goal to further
simplify the overall system, Chapter 5 proposed a novel quas-integrated AC/DC three-phase
dual-bridge converter. This chapter started with a brief discussion of the previous integrated
converter based on structures that reduce the voltage stress across the main devices. It was
highlighted that the fluctuation in the intermediate DC-link voltage still penaizes the
performance of these integrated converters. From the results presented in this chapter, it is
possible to determine that the proposed converter improves the complexity / low-efficiency
tradeoff characteristics over both the two-stage approach and the integrated ZVS three-level
AC/DC three-phase converter. It was shown that by integrating two three-level converters that
present similar cells, the conduction losses in the devices could be reduced. In addition, the
voltage stress across the main switches is reduced to half the level of the intermediate bus
voltage. This alows the use of lowvoltage-rating devices, which present better electrical

characteristics.

The operating stages and characteristics of the proposed converter were presented.
Experimental results from a 3kW prototype were shown in order to demonstrate the operation of
the converter. Although the proposed quas-integrated converter achieves a low THD, it is
recommended that harmonic injection techniques be used to maintain the THD at level below
10% over the entire input-voltage range. In addition, it was shown that soft-switching techniques
are easy to implement for the main switches, and that ZCS operation for the DC/DC switches is
highly recommended. By using a passive auxiliary circuit in the secondary side, it is possible to
reduce the circulating energy that exists during the freewheeling stage. Therefore, the limitation

for the duty cycle in the DC/DC stage imposed by the PFC stage is minimized. Furthermore, in
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order to further improve efficiency, it is recommended that switches S; and S, which handle the
AC and DC current, be replaced by IGBT devices, and that the ZCT technique proposed in this

chapter be used to aleviate the turn-off losses in these devices.

It is important to mention that the research developed in this dissertation has resulted in one U.

S. Patent [94] and one invention disclosure [110].

In addition, the results presented in this work have been used as a clear method for improving
the characteristics of DC/DC converters in high-voltage applications. As an example, several
authors have adopted the idea of combining three-level structures with phase-shift control and
ZV'S and ZV ZCS soft-switching techniques for front-end converters for high-power three-phase

DPS applications [115]-[123].
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