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ABSTRACT OF THE DISSERTATION

Non-isolated High Step-Up and High Step-Down DC-DC Converters
By
Yifei Zheng
Doctor of Philosophy in Electrical Engineering
University of California, Irvine, 2019
Professor Keyue Smedley, Chair
Non-isolated high step-up and high step-down DC-DC conversions are highly
demanded in many applications, including renewable energy systems, uninterrupted power
supplies, data centers, high-end computers, etc. The high voltage-conversion-ratio
requirement poses challenges on energy efficiency, power density, cost and reliability. This
dissertation explores new high step-up and high step-down topologies for various

applications.

First, a new family of interleaved high step-up converters integrating coupled-
inductor and switched-capacitor are introduced for high current and ultra-high step-up
applications. By integrating coupled-inductor and switched-capacitor techniques, the
proposed converter achieves ultra-high step-up voltage gain without the need of extreme
duty cycle or high turns ratio. Also, very low switch voltage stress can be achieved, thus
low-voltage-rating MOSFETs with small on-resistance can be used to lower the
conduction loss. Moreover, thanks to the interleaved operation at the input side, the input
current is shared and low input current ripple is obtained. Furthermore, the coupled-

inductor leakage energy can be recycled, which helps alleviate reverse recovery problem.
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Second, multiphase interleaved high step-up converter with diode-capacitor voltage
multiplier stages is presented, which is an extension of the previously reported two-phase
current-fed Cockcroft—-Walton multiplier. The multiphase configuration has flexible
structure. It achieves high current handling capability, high voltage gain, low component
voltage stress, low input current ripple and automatic phase current balancing. A three-

phase converter in the multiphase family was analyzed and evaluated in detail.

Third, a single-phase coupled-inductor boost converter is presented for low current
high boost applications. The voltage gain can be extended by the coupled inductor. Due to
a independent inductor at the input, continuous input current is obtained, which
significantly reduces the input capacitor, leading to increased power density and reliability.
Also, the new converter has low component count, leading to low cost. Furthermore,

recycled leakage energy and alleviated diode reverse recovery can be achieved.

Fourth, an improvement is proposed based on the proposed single-phase coupled-
inductor boost converter. The improved converter not only retains the advantages of high
voltage gain and continuous input current, but also achieves low semiconductor voltage
stresses, zero-voltage switching and zero DC magnetizing current, which helps increase

efficiency and power density.

Extensions of the above high step-up converters to high step-down operation are
also discussed in the dissertation. Additionally, a 48V-to-1V high step-down converter is
presented, where high step-down conversion is realized by an energy transfer capacitor and
built-in transformer. Due to the interleaved technique, small values of output inductance

can be used, leading to fast transient response. Furthermore, the use of a coupled inductor
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not only reduces the number of cores but also reduces inductor current ripples, leading to
lower losses. Four switches are used in the converter and all can achieve zero-voltage-
switching. Grounded gate drivers and boost strap drivers can be employed, avoiding the
use of complex isolated gate drivers. In addition, if one of the switches fails, the high input

voltage is blocked from the output to keep the load safe.
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Chapter 1  Introduction

1.1 Application Background

1.1.1 High Step-Up DC-DC Conversion

In last decades, high step-up DC-DC conversion has attracted substantial attentions in
many application areas. Fig 1.1 shows an example of renewable energy based distributed
generation system [1]-[2]. The renewable sources, such as photovoltaic arrays and fuel
cells, generate a low output voltage, typically 20V-40V. Such low-level voltage needs to
be boosted to a high DC-bus voltage (e.g. 400V or 800V) for grid connection. Hence, a
frond-end high step-up DC-DC converter is required. In offshore wind energy system with
medium-voltage DC (MVDC) grid, as shown in Fig. 1.2, a high step-up DC-DC converter
is needed to interface the rectifier output (1kV~6kV) with the MVDC bus (30kV~60kV)
[3]. In uninterrupted power supplies, the low battery voltage must be increased to a high
DC voltage to support the load when there is a grid fault, as shown in Fig. 1.3 [4]. In
network server power supplies, high step-up converter is needed to increase the 48V of the
DC battery plant to a 380V intermediate bus voltage, as shown in Fig. 1.4 [5]-[6]. High-
intensity-discharge lamp ballast for automobiles also requires a high step-up converter to

boost 12 V battery voltage up to 100V to support the load, as shown in Fig. 1.5 [6].

20V~40V 400V
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Fig. 1.1 Photovoltaic or fuel cell based distributed generation system
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Fig. 1.5 HID lamp ballast for automobiles

1.1.2 High Step-Down DC-DC Conversion

With the development of cloud computing and big data, the power consumption in data
centers is increasing dramatically. In the year of 2014, around 70 billion kWh of electricity
was consumed by data centers in the U.S., representing about 1.8% of the total U.S.

electricity consumption [7]. Meanwhile, most of the power supplies in data centers are



inefficient. Around half of the energy is lost in power conversion, distribution, and cooling
[8]-[9]. Efficient power supply for data centers is becoming a challenging issue. Recently,
Google introduced a 48V rack power architecture for data centers, as shown in Fig. 1.6.
which provides a 16x reduction in power distribution loss and better conversion efficiency
[10]. This power architecture requires a high step-down dc-dc converter to convert the 48V
DC bus voltage down to 1V or below to power the processors. High step-down DC-DC
converters are also needed in many other applications such as high-end computers,

telecommunication power systems, and LED drivers [11]-[12].

48V 1~1.8V

®—' AC DC be DC

i

Fig. 1.6 Data center power supply

1.2 Review of High Step-Up DC-DC Topologies

Conventional boost converter has limitation when used in high step-up applications
due to extreme duty cycle, high voltage stress, high current ripple, and high switching and
conduction losses. Therefore, many non-isolated high step-up DC-DC converters have
been reported in the literature [13]-[14]. Generally, high step-up converters can be
classified into two types: interleaved converter and single-phase converter. Features of
these two types of converters are listed in Table 1.1. Interleaved high step-up converter has
shared input current, distributed thermal stress, minimized current ripple and higher
voltage gain. It is more suitable for high-current applications. Single-phase converter has

lower component count and is more suitable for low current applications.



Table 1.1 Features of interleaved and single-phase high step-up converter

Interleaved converter Single-phase converter
¢ Very high voltage gain ¢ High voltage gain
e Shared input current ¢ Single input current
e Distributed thermal stress o High thermal stress
e Low current ripple o High current ripple
¢ High component count (high cost) e Low component count (low cost)

e More suitable for high current applications e More suitable for low current applications

1.2.1 Interleaved High Step-Up Converters

Theoretically, multiple single-phase converters can be connected in parallel to realize
interleaved operation, as shown in Fig. 1.7 (a). However, it results in high component
count. Also the voltage gain and component voltage stress are not improved, remaining the
same as the single-phase converter. This dissertation studies the interleaved high step-up
converters with shared voltage-gain-extension components. This type of interleaved
converters has fewer components, higher voltage gain and lower component voltage stress.
As we know, the input current level is much higher than the output current level in high
step-up converters. Hence, only input interleaved operation is needed. A generalized
structure is shown in Fig. 1.7 (b). At the input side, interleaved operation is realized to
handle high input current, minimize current ripple and distribute thermal stress. At the
output side, shared components are utilized as a voltage multiplier (VM) to extend the
voltage gain. Typically, magnetic coupling and/or switched capacitor are employed for
voltage boosting in interleaved high step-up converters. Features of interleaved high step-
up converters using magnetic coupling and switched capacitor are compared in Table 1.2.
Both techniques have advantages and disadvantages. A review of these converters in the

literature is presented in the subsections.
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Table 1.2 Features of interleaved high step-up converters using magnetic coupling and switched capacitor

Interleaved high step-up converters

Using magnetic coupling Using switched capacitor

e Ultra-high voltage gain * High voltage gain

«  Relatively low component count e High component count, especially when very

high voltage gain is needed

e Relatively high diode voltage stress ¢ Low diode voltage stress
e  Alleviated diode reverse recovery *  Diode reverse recovery problem
e Relatively complicated design e  Modular structure and simple design

1.2.1.1 Interleaved High Step-Up Converter with Magnetic Coupling

Utilizing magnetic coupling (coupled inductor or transformer) provides an extra degree
of design freedom, along with the duty cycle, to achieve a high step-up voltage gain.
However, the leakage inductance may cause large voltage spikes across the switches
during the switch transient, causing high voltage stress and degraded efficiency, which
must be handled carefully. Examples of interleaved high step-up converter with magnetic
coupling are shown in Fig. 1.8. The converter proposed in [15]-[16] integrate the

interleaved boost stage with voltage-double module via magnetic coupling, as shown in



Fig. 1.8 (a)-(b). Hence, the voltage gain is extended and interleaved input operation is
maintained. The converter proposed in [17]-[18] (as shown in Fig. 1.8 (c)-(d)) added
diode-capacitor voltage multiplier cell to the converter in Fig. 1.8 (b), thus the voltage gain
is further extended. The converter proposed in [19] (as shown in Fig. 1.8 (e)) added diode-
capacitor cell to the converter in Fig. 1.8 (a). Unfortunately, the currents in the primary
windings are not shared equally, causing unbalanced current and thermal stress. The
converter in [20] utilizes input-parallel and output-series connection to reduce the current
ripple and extend the voltage gain, as shown Fig. 1.8 (f). However, the input and the output
do not have a common ground, which has limited applications. The converter in [21]
employs four active switches to achieve high step-up conversion and zero-voltage
switching, as shown in Fig. 1.8 (g). The increased number of switches and gate drivers
leads to high cost. The converter in [22] integrates interleaved coupled inductor boost
converter with diode-capacitor voltage doubler, as shown in Fig. 1.8 (h). However, the
voltage gain is low and active clamp circuits are added to deal with the leakage problem.
The converters in [23]-[25] are configured by combining two boost stages, three-winding
built-in transformer and diode-capacitor voltage multiplier cells. One example is shown in
Fig. 1.8 (i). Unfortunately, these converters have high component count and large magnetic
size. Interleaved high step-up converters employing six windings are proposed in [26]-[29].
More flexible voltage gain is obtained at the price of increased circuit complexity and high

cost.
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Fig. 1.8 Interleaved high step-up converters with magnetic coupling: (a) topology in [15]; (b) topology in

[16]; (c) topology in [17]; (d) topology in [18]; (e) topology in [19]; (f) topology in [20]; (g) topology in [21];

(h) topology in [22]; (i) topology in [23].

1.2.1.2 Interleaved High Step-Up Converter with Switched Capacitor

Switched capacitor converter has advantages including high efficiency, high power
density, low semiconductor voltage stress and flexible structure. But it has high transient
charging/discharging current and poor regulation capability. The conventional boost
converter has no high current spike and can be easily regulated, but it has limited voltage

gain. Combining the boost stage with switched capacitor is an effective way to extend the



voltage gain, reduce semiconductor voltage stress, eliminate current spike and achieve easy
regulation. Two-phase interleaved high step-up converters with switched capacitor have
been proposed [30]-[37]. The converters in [30] integrates two-phase boost stage with
voltage doubler to extend the voltage gain, as shown in Fig. 1.9 (a). The converters in [31]
presents a two-phase boost stage with voltage quadrupler, but the input and the output
share uncommon ground. The converter in [32] combines two-phase boost with
Cockcroft-Walton (CW) multiplier, as shown in Fig. 1.9 (b). High voltage gain and low
component voltage stress can be achieved with relatively small component count. The
converter in [33] is also an interleaved converter based on CW multiplier, using active
clamp circuit to realize soft switching. Unfortunately, the output does not share the same
ground with the input. The converter in [34] integrates two-phase boost with Dickson
charge pump to realize high voltage gain, as shown in Fig. 1.9 (¢), but the capacitors suffer
from high voltage stress. The converter in [35] integrates two-phase boost with modified
Dickson charge pump. Capacitor voltage stress is reduced but the input and output are
uncommon grounded. A bidirectional converter using Dickson charge pump is proposed in
[36]. Dynamic frequency modulation is introduced to improve efficiency. The converters
in [37] and [38] combines two-phase boost with diode-capacitor VM cells, as shown in
Fig. 1.9 (d). This structure has relatively low voltage gain in comparison to its component
count. The above-mentioned converters only have two phases. Interleaved converters with
higher number of phases were also presented. The multiphase configuration proposed in
[37], as shown in Fig. 1.10 (a), is an extension of the two-phase converter in Fig. 1.9 (e). It
achieves high voltage gain at the price of high component count. A multiphase extended-

duty-ratio (EDR) boost converter was presented in [39], as shown in Fig. 1.10 (b). Due to



the multiphase structure, the input current ripple can be further reduced and the power
level can be increased. But the voltage gain may not be high enough for some low-input-
voltage and high-output-voltage applications. The converter proposed in [40] is configured
by multiphase boost stage at the input and series-connected full bridge rectifier at the
output. Soft switching is realized to improve efficiency. A symmetric multiphase converter
integrated with diode-capacitor VM cells was proposed in [41]. It has high component

count and uncommon grounded connection between the input and the output.
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Fig. 1.9 Two-phase interleaved high step-up converters with switched capacitor: (a) topology in [30]; (b)
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1.2.2 Single-Phase High Step-Up Converters

Many single-phase high step-up converters have been reported in the literature
using various boosting techniques, such as switched capacitor [42]-[48], switched inductor
[47]-[52], voltage multiplier cells [53]-[54], and magnetic coupling [55]-[94]. Among
them, single-phase converter with coupled inductor has attracted substantial attention
because high voltage gain can be achieved by simply increasing the turns ratio of the
coupled inductor. The basic coupled-inductor (or tapped-inductor) boost converter was
presented in 1970s [55], as shown in Fig 1.11 (a). It has simple structure, but the leakage
energy would result in large voltage spike across the switch, causing high switch voltage
stress and degraded efficiency. Hence, coupled-inductor converters with passive or active
clamp circuit were proposed to handle the leakage problem [56]-[57]. Typical topologies
are shown in Fig. 1.11 (b)-(c). Converters integrating coupled inductor with switched-
capacitor or voltage-multiplier cells were also proposed to recover the leakage energy and
further increase the voltage gain [58]-[68]. Some examples are shown in Fig. 1.11 (d)-().
Active clamp can be utilized in coupled-inductor converters to realize zero-voltage
switching [69]-[75]. Examples are shown in Fig. 1.11 (g)-(h). These coupled-inductor
topologies feature a pulsating input current. The peak-to-peak current ripple depends on
the current level and the turns ratio. If the current level is increased or the turns ratio is
increased for higher voltage gain, the input current ripple becomes even larger. The
pulsating input current is detrimental to the lifetime of the low-voltage sources like
batteries and fuel cells [76]-[77]. Also, in PV applications, the pulsating input current
makes it hard to precisely track the true maximum power point (MPP), which can cause a

severe drop in energy extraction [78]. Therefore, in practice, additional LC (or C) input

10



filter is required. Due to the high current stress at the input side, large electrolytic capacitor
has to be employed, which is not only bulky and costly, but also has a short lifetime,

hampering the reliability of the system [79]-[80].
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Fig. 1.11 Single-phase high step-up converters with pulsating input current: (a) topology in [55]; (b) topology

in [56]; (c) topology in [57]; (d) topology in [58]; (e) topology in [59]; (f) topology in [62]; (g) topology in
[70]; (h) topology in [71].

Converters with continuous input current are advantageous for battery, fuel cell and PV
applications. The feature of continuous input current can significantly reduce the input
capacitor or even save the input filter, which increases the power density and reliability.
SEPIC-derived coupled-inductor converters have been proposed [81]-[90]. Continuous
input current is obtained by a discrete inductor at the input. High voltage gain is achieved
with the aid of coupled inductor. Some examples are shown in Fig. 1.12 (a)-(d). In [87]-
[88], quasi-resonant operation is utilized to realize zero-current switching in order to

reduce switching loss. One example is shown as in Fig. 1.12 (e). Unfortunately, conduction



loss is also increased due to quasi-sinusoidal currents. In [89]-[90], zero-voltage switching
is achieved due to active clamp, as shown in Fig. 1.12 (f)-(g). However, the energy
transferred through the coupled inductor comes from the capacitor in series with the
primary winding rather than directly from the input, leading to larger primary conduction
loss and lower voltage gain. Quadratic boost based coupled inductor converters have also
been reported to achieve continuous input current [91]-[94]. Some examples are shown in

Fig. 1.12 (h)-(i1). Quadratic high voltage gain is obtained at the price of high cost.
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Fig. 1.12 Single-phase high step-up converters with continuous input current: (a) topology in [81]; (b)

topology in [82]; (c) topology in [83]; (d) topology in [84]; (e) topology in [87]; (f) topology in [89]; (g)

topology in [90]; (h) topology in [91]; (i) topology in [92].



1.3 Review of High Step-Down DC-DC Topologies

The conventional buck converter is not suitable for high step-down applications.
First, the switching loss of the top switch is significant because the switching current
equals the large output current. Second, as the voltage stress of the synchronous rectifier
(SR) equals to the high input voltage, high voltage rating SR has to be used, leading to
high conduction loss. Third, in order to reduce the output ripple, a large inductor must be
used, which limits transient response. Fourth, the extreme duty cycle makes current
sensing and control to be tough, especially at high frequencies.

One solution for high step-down conversion is to use a two-stage approach. The first
stage converts the high input voltage to an intermediate voltage, and then the second stage
converts the intermediate voltage to the low output voltage. The multiphase synchronous
buck converter is typically used as the second stage to handle high output current, small
ripple and fast transient response. LLC converter, switched capacitor converter, active-
clamped forward converter and buck converter have been reported being used as the first
stage [95]-[98]. Two-stage approach can achieve flexible control, but the overall efficiency
is compromised as it equals the product of the efficiencies of each stage.

Single stage high step-down converters have also attracted substantial attentions.
Transformer-less high step-down converter have been reported [99]-[105]. Some examples
are shown in Fig. 1.13. This type of converters can achieve high power density. Although
the duty cycle has been extended compared to conventional buck converter, it could be still
small under high step-down applications (for example, 48V to 1V), which degrades the
efficiency and makes the controller hard to design. Also, some of these converters may

have high transient current through the switches, leading to serious EMI problem.
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(a) (b) ()
Fig. 1.13 Transformer-less high step-down converter: (a) topology in [99]; (b) topology in [100]; (c) topology

in [101].

Utilizing magnetic coupling is an attractive method to extend the step-down
conversion ratio. Isolated converters, such as half bridge, full bridge and forward
converter, can be used in high step-down applications [106]-[108]. One typical topology is
half bridge converter with current doubler, as shown in Fig. 1.14 (a). Non-isolated
converter with built-in transformer were also reported [109]-[112], which can achieve
smaller transformer size and reduced current stress. The phase-shift buck converter
proposed in [109] is shown in Fig. 1.14 (b). High step-down conversion is achieved with
the transformer and ZVS is achieved by phase shift operation, but high component count is
involved. The converter in [111]-[112] have pulsating output current, leading to large
capacitor size. Also, transformer-isolated or opt-isolated gate drivers are required. Quasi-
parallel converters consisting of a DC/DC unregulated transformer and a buck type
converter were presented in [113]-[114]. This structure can achieve large conversion ratio
with high efficiency. However, many switches are used and complex isolated gate drivers
are required.

In [115]-[116], the Cuk-buck converter was proposed, as shown in Fig. 1.14 (c)-(e).

A hybrid transformer was utilized and a hybrid switching method was presented for the

14



first time, which enables a high step-down voltage conversion with remarkable high
efficiency. Since the output current of Cuk-buck converter is near sinusoidal, the current
ripple is relatively high. Interleaved Cuk-buck converter was presented to reduce the
current ripple while achieving high efficiency at a higher component count.

In [117]-[123], converters with coupled inductor (or tapped inductor) were proposed,
and additional components were used to handle the leakage energy problem. Some
examples are shown in Fig. 1.14 (f)-(g). Coupled inductor can help achieve high step-down
conversion with moderate duty cycle. However, the output current is typically pulsating;
hence, the current ripple is very high especially when the output current increases or the
turns ratio increases. In [124], coupled-inductor high step-down converters with
continuous output current was proposed, as shown in Fig. 1.14 (h). A discrete inductor is
used together with the coupled inductor, which makes the output current ripple much
smaller. It is more suitable for low-current applications due to the single-phase structure.
Coupled-inductor based high step-down converter with interleaved structure were also
proposed to increase the output current [125]-[127], as shown in Fig. 1.14 (i)-(k). The
converter in [125] has leakage problem, extra clamp circuit has to be added. The converter
in [126] requires complex isolated gate drivers. The converter in [127] has high component
count, leading to high cost. Furthermore, these converters have high current ripple through

the secondary windings, leading to high conduction loss.
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Fig. 1.14 High step-down converters with magnetic coupling: (a) topology in [106]; (b) topology in [110];

(c) topology in [115]; (d) topology in [116]; (e) topology in [115]; (f) topology in [117]; (g) topology in

[118]; (h) topology in [124]; (i) topology in [125]; (j) topology in [126]; (k) topology in [127].

1.4 Motivation and Outline

Despite many merits of the existing converters, the realization of high step-up or
high step-down conversion faces some challenges such as extreme duty cycle, high turns
ratio of the coupled inductor or transformer, or high component count, which result in high

power losses, large size and high cost. The motivation of this dissertation is to explore new

16



high step-up and high step-down topologies for various applications, aiming to achieve
high efficiency, high power density, high step-up/step-down capability, low cost and
improved reliability.

In this dissertation, new high step-up and high step-down DC-DC topologies are
introduced. Interleaved high step-up converters integrating coupled inductor and switched
capacitor [128] is presented in Chapter 2. Multiphase interleaved high step-up converter
with diode-capacitor VM stages [129] is provided in Chapter 3. A single-phase coupled-
inductor boost converter with continuous input current and low component count [130] is
investigated in Chapter 4. An improved single-phase high step-up coupled-inductor boost
converter with zero voltage switching and zero dc magnetizing current [131] is given in
Chapter 5. The operation principles, characteristics, performance comparison, design
considerations and experimental results of these converters are provided in detail. The
step-down extensions of these step-up converters are also discussed. In Chapter 6, a 48V-
to-1V high step-down converter with ZVS and low current ripples [132] is introduced.
Performance analysis, design considerations and experimental verification are thoroughly

studied. Conclusion is given in Chapter 7.
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Chapter 2  Interleaved High Step-Up Converter

Integrating Coupled Inductor and Switched Capacitor

In this chapter, a family of new interleaved high step-up converters integrating
coupled-inductor and switched-capacitor is introduced. Interleaved operation is employed
at the input side to reduce the input current ripple and increase the current level. Due to the
switched capacitor and the series connection of the secondary windings, a very high step-
up voltage gain can be achieved without extreme duty cycle or high turns ratio. Moreover,
the proposed converter has very low switch voltage stress, thus low-voltage-rating
MOSFETs with small on-resistance can be used to reduce the conduction loss.
Furthermore, zero-current-switching turn-on of the switches is realized and the reverse
recovery problem of the diodes is alleviated, which help reduce the switching losses. In

addition, the leakage energy can be recycled, thus additional clamp circuit is not required.

The topology and operation principles of the converter are described in Section 2.1.
Performance analysis are made in Section 2.2. Design considerations are discussed in
Section 2.3. Experimental results are presented in Section 2.4. Topology variations are

provided in Section 2.5.

2.1 Topology and Operation Principles

The proposed interleaved high step-up converter is derived by integrating two boost
stages, coupled-inductor and ladder-type switched capacitor (or CW voltage multiplier), as

shown in Fig. 2.1. It is composed of two coupled inductors, two switches (S;, S5), four

18



diodes (D,-D,), three energy transfer capacitors (C;-C3) and one output capacitor (C,). The
primary windings of the coupled inductors are connected in parallel and the secondary
windings are connected in series. The turns ratios of the coupled inductors are the same.

[1P2)

The coupling references are denoted by “o” and

cesk”

. Fig. 2.2 shows the equivalent circuit
of the proposed converter. Both coupled inductors are modeled as an ideal transformer
with magnetizing inductance (L,,;, Ly2) and leakage inductance (Lyq, Lgy). The two
switches of the proposed converter are driven in an interleaved manner. The duty cycle D
during steady state is larger than 0.5. The key waveforms is shown in Fig. 2.3. Eight modes
are observed during one switching period. The corresponding circuits for each mode are

shown in Fig. 2.4.
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Fig. 2.1 Proposed interleaved high step-up converters integrating coupled-inductor and switched-capacitor.
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Mode 1 [t - t;]: Both switches are on, and all diodes are off, as shown in Fig. 2.4 (a).
The input source is charging the magnetizing inductances and leakage inductances. As the
leakage inductance is negligible compared to the magnetizing inductance, the following

equations are obtained.

Vs =V, @.1)

Vm2 = V; (2.2)

Mode 2 [t; - t,]: At tq, S; is turned off, which makes diodes D; and D5 turned on. The
input source are still charging L,,, and Ly, while L,,; and L, start releasing energy, as
shown in Fig. 2.4 (b). The leakage current ij; charges capacitor C;. Capacitor C, transfers
energy to C3 and the secondary windings. The secondary current of the coupled inductors
isec 18 Increasing linearly in the opposite direction. The current through D, is decreasing

linearly. The following equations are obtained.

Vm1 = Vin = V1 (2.3)

Vma = Vi (2.4)

Ves = Voo = (Vg — V1) = 0 (2.5)

isec(t) = —ip3(£) = =S (£ — ) (2.6)

I (£) = g () + nigec(t) (2.7)

2 (£) = i (£) = e (£) 28)

ip1 (6) = bkt (6) + bsee (8) = i1 (8) + (4 Digee () (2.9)

Wheren == NaZ/Nal B NbZ/Nbl'
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Solving (2.3)-( 2.5), the following relationship can be derived.
Vc3 - VCZ = nVCl (210)

Mode 3 [t, - t3]: Att,, the current through D; decreases to zero and D, are naturally
turned off. Therefore, reverse recovery problem of D, is alleviated. The leakage current iz
becomes equal to the secondary current ig,.. It discharges C, and charges C3 and C;, as

shown in Fig. 2.4 (c). The equations are obtained as following.
Vin = Vm1 + Ve = Vez + Vez = (Vi — Vina) (2.11)
Vo = V; (2.12)
i1 (8) = U (£) + Nisec(t) = —lsec(t) (2.13)
By manipulating (2.13), the secondary current i, can be expressed as
isec(t) = ~ip3(t) = ~ixa(t) = — 7 bma (D) (2.14)
Then,
iz (£) = iz (8) = Nigec () = iz (£) + ==y (£) (2.15)
Solving (2.10)-(2.12), v,,,1 in this mode can be derived as
Vm1 = Vin = Ver (2.16)

Mode 4 [t3 - t4]: At tz, S; is turned on, as shown in Fig. 2.4 (d). As the leakage
inductances limit the current changing rate, ZCS of S; can be achieved. The current of D5
is decreasing, and the falling rate is determined by the leakage inductances, which

alleviates the reverse recovery problem of D5. The falling rate of D5 is given by
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dip3(t) _  VeztVei—Vez (2 17)

dt n2(Lgq1+Lgz)

Mode 5 [t, - ts]: Att,, the current of D; decreases to zero, and Dj is turned off, as

shown in Fig. 2.4 (e). This mode repeats mode 1.

Mode 6 [ts - tg]: At tg, S, is turned off, which makes diodes D, and D, turned on. The
input source is charging L,,; and Ly, while L,,, and Ly, start releasing energy, as shown in
Fig. 2.4 (f). The leakage current i, discharges capacitor C;. The secondary current of the
coupled inductors i, is increasing linearly. It discharges C5 and supplies the load current.
The secondary windings and capacitor C5 serve as voltage sources to extend the voltage
gain. The current through D, is decreasing linearly and charges C,. The following

equations are obtained.

vy = Vi (2.18)
Umz = Vin + Vo1 — Vi (2.19)
Vo —=Vea = Vez + n(Wpmp — V) = 0 (2.20)

Vo —TlVC1+(TL+ 1)V(;2 +Vcs

isec(t) = iD4(t) = (t—ts) (2.21)

n?(Lgy+Lkz)
ikl (t) = iml (t) + nisec (t) (222)
li2 ® = Im2 ) — Nigec (1) (2.23)

ip2(t) = ik (t) = isec(t) = i (t) — (M + 1)igec(£) (2.24)
Solving (2.18)-(2.20), the following relationship can be derived.

I/O = (n + 1)VC2 - nVCl + Vc3 (225)
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Mode 7 [t - t7]: At tg, the current through D, decreases to zero and D, are naturally
turned off. Therefore, reverse recovery problem of D, is alleviated. The leakage current iy,
becomes equal to the secondary current ig,.. It discharges C; and C5 and supplies the load

current, as shown in Fig. 2.4 (g). The equations are obtained as following.

V1 =V, (2.26)
Vin = Vma2 = Vo1 + (Va2 — Vma) = Vez + 1, (2.27)
lk2 (t) = Im2 (t) - nisec(t) = isec(t) (2.28)

By manipulating (2.28), the secondary current i . can be expressed as
isec(t) = —ipa(t) = =it (£) = == ima () (2.29)
Then,
i1 () = i1 (8) + Mg (6) = iy (£) + —— i (£) (2:30)
Solving (2.25)-(2.27), v, in this mode can be derived as
Vmz = Vin + Vo1 — Vo (2.31)

Mode 8 [t; - ty]: Att,, S, is turned on, as shown in Fig. 2.4 (h). As the leakage
inductances limit the current changing rate, ZCS of S, can be achieved. The current of D,
is decreasing, and the falling rate is determined by the leakage inductances, which

alleviates the reverse recovery problem of D,. The falling rate of D, is given by

dips(t) _  Vo—Vci—Vcs
dt nZ(Lk1+Lk2) (2'32)
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Fig. 2.4 Operation modes: (a) Mode 1 [¢t, - t;]; (b) Mode 2 [t - t,]; (c) Mode 3 [t, - t3]; (d) Mode 4 [t5 - t,];

(e) Mode 5 [t, - t5]; (f) Mode 6 [t5 - tg]; (g) Mode 7 [t - t]; (h) Mode 8 [t - t;,].
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2.2 Performance Analysis

A. Voltage gain

By applying the voltage-second balance principle to L,,; and L,,,, the following

equations are obtained.

VinD + (Vin = Ve )1 = D) = 0

VinD + (Vin + Vo1 = Ve2)(1=D) = 0

Solving (2.33)-(2.34), the voltages V; and V., can be expressed as

V.
Vo, =2
Cc1 1-D
2V;
V., =<lin
c2 1-D

Substitute (2.35)-(2.36) to (2.10), V3 can be derived as

Substitute (2.35)-(2.37) to (2.25), the voltage gain is derived as

M= Yo _2mts
Vin  1-D

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

Fig. 2.5 shows the curves of the voltage gain versus duty cycle under different turns ratios.

It can be seen that the proposed converter has a high step-up voltage gain without extreme

duty cycle or high turns ratio.
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Fig. 2.5 Voltage gain versus duty cycle under different turns ratios
B. Voltage stress

The voltage stresses of the capacitors are given by

Yo . — Yo )
Vel = Tnia’ Vea = 2’ Ves = > (2.39)
The voltage stresses of the switches can be derived as
Vin _ 1
Ve = Ve, =12 =Ly, (2.40)

It can be seen that the switch voltage stress is only one-sixth of the output voltage if the
turns ratio is one. It becomes even lower when the turns ratio increases. The low voltage
stress results in low switching loss. Furthermore, low-voltage-rating MOSFETs with small

on-resistance are allowed to lower conduction loss.
The voltage stresses of the diodes are determined by the capacitor voltages. They are

given by

1 +1
Vp1 =Vpy = Vos Vps = Vpy = n—Vb (2.41)

n+2 n+2
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The normalized voltage versus turns ratios are shown in Fig. 2.6. It can be seen that
the switch voltage stress becomes lower as the voltage gain is extended by increasing the
turns ratio. The voltage stresses on D; and D, also decreases as the turns ratio increases.
The voltage stresses on D3 and D, increases as the turns ratio increases, but they are
always lower than the output voltage. The voltage stress on C; is always half of the output

voltage. The voltage stresses on C; and C, decreases as the turns ratio increases.

(5]
g S S (N S U e |
% N =t VD3, VD4
> aee=tT
R
206 . |
S Vcs
S e Y NOUO R POV PO N it O -
% 04 [ ‘\\~ ]
2 ~——_
o i Vb1, VD2, Vc2
Soo—o L Veuvenve
>o Vs1, Vs2, Vci1
’ ‘ | ‘ ‘ L | |

0 0.5 1 1.5 2 25 3 3.5 4

Turns ratio »
Fig. 2.6 Normalized voltage stress versus turns ratios
C. Current sharing

The average magnetizing currents are assumed as I,,; and I, by applying small-
ripple approximation. Let t, — t; = D, T, and tg — ts = D, Ts. Ignoring mode 4 and mode
8, the current waveforms of the capacitors are shown in Fig. 2.7. According to the charge

balance of capacitor C;~Cj3, the following equations are obtained.
Uy + 2Dy + 25 (1= D = Dg) = 2 (Imz + 22)Dy +22(1— D — D) (242)
2 ml T q,/7a al T pNmz T /Db b

Im Im
=+ Dy + (1 D-Dg)= < Iz D (2.43)

~ LDy +L(1- D-Dg)= 5 2Dy +2(1-D-Dy)  (2.44)

2 n+1
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Solving (2.42)-(2.44), the following relationships can be obtained.
(2.45)

Lny = Iz
2
D, =D, = m(l —D) (2.46)

It can be seen that the magnetizing currents of the two coupled inductors are balanced due

to the charge balance of the capacitors.

Im2
icl Im2
n+1
0 >
_ Im1
It n+1
Imi
I'CZT n+l
0 »
I Am2
. n+l
IC3A
0 >
- Imi
n+l
>« >« > < >« < >
DiTs (1-D-Dy)T; (1-D)T DoTs (1-D-Dy)T

(1-D)T:

Fig. 2.7 Current waveforms of the capacitors

Assume I,y = I, = I,,. The following equation can be derived according to the

charge balance of C,,.
(G-t )Dp+ (32— 1,)(1=D=Dy) = L,D  (247)
Substitute (2.46) to (2.47), the magnetizing current can be expressed as
I =221, (2.48)

The secondary windings of the coupled inductors are connected in series in the

proposed converter, thus they share the same secondary current. The average current

flowing through L, can be evaluated as
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(D-0.5)T; .
J

1 0.5T, . . DTy . Tg .
I = ;S( 0 im1dt + f(D—(;S)TS(lml + Nigec)dt + fo.s;s im1dt + fD;S(Lml +

Nige)dt) =1L, (2.49)

The average current flowing through L, can be evaluated as

DT

1 (D-0.5)T . 0.5T, . . . Ts ..
ILkZ = Fs (fo ° lmzdt + f(D—(j.S)TS(lmZ - nlsec)dt + fO.STS lmzdt + fD's['S(l'mZ -

Nige)dt) =1L, (2.50)

From (2.49) and (2.50), it can be seen that the primary currents of the coupled inductors

are balanced.
D. Input current ripple

The input current of the proposed converter equals to the sum of the primary currents
of the coupled inductors. Since the coupled inductors share the same secondary current, the

input current can be derived as

lin = (iml + nisec) + (imz - nisec) =lm1 + im2 (2.51)

From the operation principle, it can be seen that the magnetizing currents have an
interleaved feature. The frequency of the input current ripple is twice of the switching
frequency. Therefore, the input current is continuous and the ripple is significantly

reduced.

The peak-to-peak ripple of the magnetizing current is given by

(2.52)

The peak-to-peak ripple of the input current is given by

31



__ Vin(2D-1)

By =702 (2.53)

The input current ripple normalized to the magnetizing current ripple is illustrated in
Fig. 2.8. It can be seen that smaller duty cycle results in better ripple cancellation effect.
Also as seen from (2.52) and (2.53), smaller duty cycle leads to lower magnetizing current
ripple and input current ripple. Thus, the size of the coupled inductor can be reduced and
the current stress of the input capacitor can be alleviated, which help improve the power

density.

08 1

Aiin/NiLm

047 1

O Il Il Il Il
0.5 0.6 0.7 0.8 0.9 1

Duty cycle
Fig. 2.8 Normalized input current ripple versus duty cycle
E. Voltage gain considering parasitic elements

Similar to the conventional boost converter, the voltage gain of the proposed converter
would deviate from the ideal value if parasitic elements are considered, especially under
extreme duty cycles. The equivalent circuit including parasitic elements is illustrated in
Fig. 2.9. In order to simplify calculation, it is assumed that the two switches have identical

on-resistance 7,,, the two coupled inductors have identical primary resistance 73,,; and

identical secondary resistance 7x,., all capacitors have the same equivalent series resistance
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7., and all diodes have the same forward voltage drop V,;. Besides, small ripple

approximation is used and mode 4 and mode 8 are ignored in the calculation.

on Lkll’\bf Tori C2 e

|HV
SIJ
Ton- D1 Vd D2 Vu Ds Vu Ds Vu
\—M—u D D |t

Na2 l N

Ci Ic o Isec *ﬂz rsee C3 rc C“jl: R: Y"

ZJ —> isec
-
Lm2 7,5 S = =

Fig. 2.9 Equivalent circuit including parasitic elements

By applying the voltage-second balance principle to L,,; and L,,,, the voltage gain

considering parasitic elements can be solved as

2n+4 4Vg
Ve 1-D V;
Yo _ in_ (2.54)
Vin 14— 12 glon,y Pri,yTsec, yrcy
(n+1)2(1-D)* R R R R

where

2(n+1)?(n+2)(2D-1)
1-D

U=7n+23n?+28n+11+

2(n+1)?(n+2)(2D-1)
1-D

V=8n2+18n?+20n+8+

W = 4n + 2

Z=15n*4+10n+6

As discussed earlier, the ideal voltage gain of the proposed converter is independent of

the load conditions. However, if the parasitic elements are considered, under given

33



parasitic parameters, the voltage gain would decrease as the load increases, and the voltage

gain would collapse under extreme duty cycles, as shown in Fig. 2.10.

S
. \
Ideal gain under all loads A

= 80F — = Gain with parasitics, R=600Q PGS
& = == Gain with parasitics, R=400Q ' \
g‘) 60 "7 Gain with parasitics, R=200Q ,,'"____‘ “|.7
S 0y

5 \ [}
> Y

0.5 0.6 0.7 0.8 0.9
Duty cycle

-

Fig. 2.10 Voltage gain with parasitic elements (1, = 7.5m, 75,y = 20MQ, 15 = 45mQ, 1. = 8MQ, V,; =

0.75V, n = 1, V;,=20V)

F. Comparison

The proposed converter is compared with other similar converters in the literature. All
the converters have an input interleaved operation and can be used in high step-up
applications. The voltage gain, normalized voltage stresses of the switches and diodes, the

number of components, common ground connection, and current sharing performance are

listed in Table 2.1.

It can be seen from Table 2.1 that the proposed converter achieves highest voltage gain
with low component count among its counterparts. Also, lowest switch voltage stress is
achieved, hence, low-voltage-rating MOSFETs with small on-resistance are allowed to
lower the conduction loss. Furthermore, the proposed converter has the features of
common ground connection and balanced current sharing, which are important in real

applications such as renewable energy system. and UPS systems.
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Table 2.1 Comparison with other interleaved coupled-inductor converters

Switch Max. diode Balanced
Topology Switch /Diode /Core /Winding /Cap. Voltgge voltage voltage Commo;l current
gamn ground? o
stress stress sharing?
n+1 1 2
[15] 2 4 2 4 3 nt o Yes Yes
1-D 2n+1 2n+1
2n+1 1 2
[16] 2 4 2 4 3 nt n Yes Yes
1-D 2n+1 2n+1
2n+2 1 2
[17] 2 4 2 4 4 nt n Yes Yes
1-D 2n+2 2n+2
n+2 1 2
[18] 2 6 2 4 5 nt n Yes Yes
1-D 2n+2 2n+2
[19] 2 4 2 4 g (nt3 ! ntl Yes No
1-D 2n+3 2n+3
2n+2 1 2
[20] 2 6 2 4 4 nt n No Yes
1-D 2n+2 2n+2
[21] 4 2 2 4 3 el ! 2ntl Yes Yes
1-D 2n+2 2n+2
(1+D)n+2 1
[22] 4 4 2 4 5 T m - Yes Yes
2n+2 1
[23] 4 4 3 5 5 nt | Yes Yes
1-D 2n + 2
[24] 2 6 3 5 5 2 nt? ! 2ntl Yes Yes
1-D 2n+2 2n+2
2 1
[25] 2 4 3 5 3 nt 1 Yes Yes
1-D n+2
1 1 2
[26] 2 4 2 6 3 nt n Yes Yes
1-D n+1 n+1
[27] 2 6 2 6 5 2 nt? ! 2ntl Yes Yes
1-D 2n+2 2n+2
_ 1 n
28] 2 6 2 6 5 GOt 5 GiDmizp  Yes Yes
[29] 4 6 2 6 5 int2 ! 2nt1 Yes Yes
1-D 2n+2 2n+2
2n+4 1 2n +2
Proposed 2 4 2 4 4 nt n Yes Yes
1-D n+4 n+4

(highest) (lowest) (medium)

2.3 Design Considerations

A. Coupled-inductor design
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From the aforementioned analysis, the duty cycle should be selected greater than 0.5.
Extreme duty cycle must be avoided since the voltage gain could collapse. Once proper
duty cycle is selected, the turns ratio of the coupled inductors is determined by the required
voltage gain. It is given by

_ Yo 1D _ (2.55)

T Vin 2
The magnetizing inductances of the coupled inductors can be designed based on the
magnetizing current ripple, which is also closely related to the input current ripple. The
magnetizing inductance can be calculated by

VinD Vin(2D-1)
Aipmfs Aiinfs

Ly =Lps =Ly = (2.56)

The converter is designed to be operated in CCM. The minimum magnetizing

inductance value for the CCM operation is given by

_ VinD(1-D)

Lm > Lm_crit - 2+2)1ofs

(2.57)

The leakage inductances of the coupled inductors help alleviate the diode reverse
recovery problem. Thus, the leakage inductances can be designed based on the current

falling rate of the diodes, which are given by

(n+1)V, (n+1)V,
L, =L =L, = = : 2.58
e R T ke an2(n+2)D3  an2(n+2)TD4 (2:58)
The peak currents of the coupled inductors are given by
_ _ (2n+1) _ (@2n+1)(n+2)

The RMS currents of the primary windings are given by
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+2D—1 (2.60)

I — _n+2 2(6n3+14n2+15n+6)(1-D)
k1.RMS = lk2_rmMs = T2 1o 3(n+2)(n+1)?

The RMS currents of the secondary windings are given by

2(n+2)(3n+2)
Isecrmus = 1o /—3(71"'1)2 D) (2.61)

B. Semiconductor selection

The switches and diodes are chosen based on the voltage and current stresses. The
voltage stresses of the switches and diodes can be calculated from (2.40) and (2.41). The

RMS current stresses of the switches are given by

_n+2 4 (1-D)(4n3+12n2+13n+4.67)
Is1 pus = 1D Io\/ZD 1 n+2)(ni1)? (2.62)
n+2
ISZ_RMS - EIOV 3 —_ ZD (2.63)

The average currents flowing through the diodes are given by
Ipy = Ipy = Ip3 =Ips = I, (2.64)
C. Capacitor design
The capacitors are used to transfer energy from the input to the output. They are

designed based on the voltage ripple r% and the output power P,. The calculations of the

capacitors are given by

_ @n+dP,. . _ (n+2)P, _2p,
1 T%Vo?fs’ 2 %Vo’fs’ 3 %V fs

(2.65)
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Generally, capacitors with low ESR are preferred in order to reduce power losses. It is
a favorable solution that film capacitors or multilayer chip-type ceramic capacitors are

adopted. Moreover, multiple capacitors can be connected in parallel to reduce ESR.

2.4 Experimental Results

A prototype with 20V input and 400V output was built in order to verify the
performance of the proposed converter. The key parameters of the prototype are listed as in

Table 2.2.

Table 2.2 Key parameters of the prototype

Parameters Value/Description
Input voltage 20V
Output voltage 400V
Input current 16A
Switching frequency 50kHz
Switches S;-S, IPAO75N15N3 (150V)
Diodes Dy, D, STPS20200CT (200V)
Diodes D3, D, TST20H300CW (300V)
Turns ratio = 1:1
Coupled inductors Magnetizing inductance = 100uH
Leakage inductance = 3.5uH
Capacitor C; 22uF Film capacitor
Capacitor C,, Cs 8.2uF Film capacitor
Capacitor C, 2 X56uF electrolytic capacitor

Fig. 2.11 (a) shows the interleaved driving signals and the drain-to-source voltages of
the switches. The duty cycles of the switches are around 0.7. The voltage stresses of the
switches are clamped at around 68V, which is much lower than the output voltage. Fig.
2.11 (b) shows the voltages of the diodes. As can be seen, the blocking voltages of D; and
D, are around 136V and the blocking voltages of D; and D, are around 268V, which

match the calculations from (2.41). Fig. 2.11 (c) shows that the input voltage is 20V and
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the output voltage is 400V. Therefore, high voltage gain is achieved even when the turns
ratio is 1. Fig. 2.11 (d) shows the voltages across the capacitors. It can be seen that V4, V¢,
and V3 are around 68V, 136V and 200V, respectively, which are consistent with the
calculations from (2.39). Fig. 2.11 (e) shows the currents through the diodes. It can be seen
that the reverse recovery problems of the diodes are alleviated. Fig. 2.11 (f) gives the
primary currents of the coupled inductors and the input current. It can be seen that
balanced primary current sharing is achieved. The frequency of the input current ripple is
twice the switching frequency, and the input current ripple is significantly reduced due to
the interleaved operation. The measured efficiency of the prototype is shown in Fig. 2.11
(g). The peak efficiency is 94.9%. At full load, the efficiency is 94.7%. Loss breakdown
based on the prototype at full load is provided in Fig. 2.11 (h). It can be seen that the
dominant power losses are the coupled-inductor loss, the diode loss and the switch loss.
More coppers can be used in the coupled inductor to further improve the efficiency of the

proposed converter.
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Fig. 2.11 Experimental results: (a) driving signals and switch voltages; (b) diode voltage; (c) input and output
voltages; (d) capacitor voltages; (e) diode currents; (f) primary currents of coupled inductors and the input

current; (g) efficiency; (h) loss breakdown.
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2.5 Topologies Extensions and Variations

In higher step-up applications, switched capacitor (SC) cells shown in Fig. 2.12 (a) can
be added to the basic topology in order to further extend the voltage gain and reduce the

switch voltage stress. If one SC cell is added, the new voltage gain can be expressed as

Yo _ 4nt6 (2.66)

Vin  1-D

Another extension is to employ coupled inductor with multiple windings. Winding-
based switched-capacitor (WSC) cell shown in Fig. 2.12 (b) can be added. The extra
windings provide an extra degree of freedom, thus more flexible voltage gain can be

achieved. If one WSC cell is added, the new voltage gain can be expressed as

& — 4n+2n +6 (2.67)

Vin 1-D

where n = Ngq/Ngg = Np1/Npg and n' = Ngy /Ngg = Npy/Npo.

SC cell

WSC cell

(b)
Fig. 2.12 Topology extension: (a) by adding SC cells; (b) by adding WSC cells.
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The secondary windings and the capacitors can also be placed in different positions,
which leads to different topology variations, as shown in Fig. 2.13-Fig 2.15. All these
topologies can easily achieve high voltage gain without extreme duty cycle or high turns
ratio. Also, low semiconductor voltage stresses are obtained, thus, low-voltage-rating
semiconductor devices can be used to reduce the conduction loss and switching loss.
Moreover, balanced input current sharing and low input current ripple can be achieved. In

addition, the leakage energy can be recycled and additional clamp circuit is not required.

I

(c)
Fig. 2.13 Topology variation 1

42



()
Fig. 2.14 Topology variation 2

(a)
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(b)

(©)
Fig. 2.15 Topology variation 3

2.6 High Step-Down Extension

The proposed high step-up family can be extended to high step-down operation by
replacing all the diodes with switches. One example is shown in Fig. 2.16. The power
source is connected at high side and the load is connected at low side. Switch S;~S, are
triggered by interleaved PWM. Switch Q; and S, are driven complementary with a dead
time, so are switch Q, and S;. Switch Q5 and Q, are driven synchronously, so are switch

Q,4 and Q,. With such a modulation scheme, a high step-down conversion can be achieved.
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Fig. 2.16 One example of high step-down extension
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Chapter 3  Multiphase Interleaved High Step-Up
Converter with Diode-Capacitor Voltage Multiplier

Stages

In this chapter, multiphase diode-capacitor based high step-up converters (DCHSC) is
presented. It is derived by integration of the multiphase EDR boost converter with diode-
capacitor VM stages. It can also be viewed as an extension of the current-fed CW
multiplier [32] to multiphase (phase number >2) configuration. The family has the
following features: 1) multiphase interleaving structure at the input side reduces the input
current ripple and increases the current handling capability; 2) diode-capacitor voltage
multiplier stages at the output side help achieve a high step-up voltage gain; 3) the
switches and diodes have low voltage stresses, leading to reduced switching loss and
facilitating the use of low-voltage-rating semiconductor devices to lower the conduction
loss; 4) automatic current balancing among the phases can be achieved, thus extra current
sharing circuit is not required; 5) soft charging and discharging of the energy transfer
capacitors are achieved. In comparison to [32], the multiphase extension achieves higher
voltage gain, higher current handling capability, lower switch voltage stress and lower

current ripple.

A three-phase converter in the family is analyzed and evaluated in detail in this

chapter. The topology and operation principles are described in Section 3.1. Performance
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analysis is made in Section 3.2. Design considerations are discussed in Section 3.3.

Simulation and experimental results are presented in Section 3.4.

3.1 Topology and Operation Principles

The proposed n-phase m-stage (nPmS) DCHSC is shown in Fig. 3.1 (a). It is
configured by an n-phase extended-duty-ratio boost stage integrated with m diode-
capacitor VM stages, where n=2, 3, 4, ... and m=1, 2, 3, .... Each VM stage is shown in
Fig. 1 (b). It is composed of n basic diode-capacitor cells as in Fig. 1 (c¢): in each VM
stage, the n diodes are connected in series and one terminal of each capacitor is connected
to each phase. The nPmS DCHSC consists of n inductors, n low-side switches, n(m+1)
diodes, n-1 series capacitors in the series capacitor boost stage, nxm flying capacitors in
the VM stages and one output filter capacitor. The number of phases shall be determined
according to the current rating of the applications. The number of VM stages shall be
determined by the voltage gain required in the applications. The switches are operated in
an interleaved manner, i.e. the gate signals are phase shifted by 360°/n. In this chapter, the
3P1S DCHSC, as shown in Fig. 3.2, is analyzed and evaluated in detail. Similar analysis
can be expanded to NnPmS DCHSC in the family. To facilitate the explanation of the
circuits’ operation, assume the filter capacitor is large enough so that the output can be

modeled as a voltage source V.
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VM Stage 1

Phase n | |

(b) (c)
Fig. 3.1 Proposed configuration: (a) nPmS DCHSC; (b) one VM stage; (c) basic diode-capacitor cell.
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T ¥

Fig. 3.2 3P1S DCHSC.

In order to simplify analysis, the following assumptions are made: 1) all the capacitors
are large enough so that the voltages across them are constant with negligible ripples; 2) all
switches and diodes are ideal; 3) the duty cycle D of all switches are the same; 4) the

converter is operating in continuous conduction mode (CCM).

A. 2/3<D<1
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The switching signals of 3P1S DCHSC with 2/3<D<1 are shown in Fig. 3.3. Six modes

can be observed in one switching period.

0 (D-2/3)Ts Ts/3 (D-1/3)Ts 2Ts/3 DTs Ts
$3 H ; 3 ] l

R
S2|i i

\Mode 1 [ Mode 2 I'Mode 3\ Mode 4 [Mode 5 \ Mode 6 \

Fig. 3.3 Switching signals of 3P1S DCHSC when 2/3<D<I.

Mode 1: All switches are on. All inductors are charged by the input source. All diodes
are reversed-biased. All series capacitor and flying capacitors are floating. The equivalent

circuit is shown in Fig. 3.4 (a). The following equations can be obtained.

di
Vin = Ly =2 3.1)
Vin = L 22 (3.2)
di
Vin = Lz —22 (3.3)

Mode 2: Switch S; is turned off, and S, and S5 are on. Inductor L, and L5 are charged
by the input source while inductor L, is releasing energy, as shown in Fig. 3.4 (b). Charges
from L, flow through D, and D,, thereby, capacitor C; is discharged, and capacitor C, and

Csq are charged. The following equations can be obtained.

dlL1

Vin =Li—+Vea (3.4)
di

Vin = Ly —2 (3.5)
di

Vin = L3 —2 (3.6)

49



Ver = Vez (3.7)

Mode 3: This mode repeats mode 1.
Mode 4: Switch S, is turned off, and S; and S are on. Inductor L, and L5 are charged
by the input source while inductor L, is releasing energy, as shown in Fig. 3.4 (c). Charges

from L, flow through D, and Ds, thereby, capacitor Cy; and C, are discharged, and

capacitor C3 and C, are charged. The following equations can be obtained.

Vin =L —2 (3.8)
Vin = Ly 2 = Vegy + Vg (3.9)
Vin = Ly =22 (3.10)
Vea = Vs (3.11)

Mode 5: This mode repeats mode 1.

Mode 6: Switch S5 is turned off, and S; and S, are on. Inductor L, and L, are charged
by the input source while inductor L is releasing energy, as shown in Fig. 3.4 (d). Charges
from L; flow through D; and Dy, thereby, capacitor Cs, and C; are discharged, and

capacitor C; is charged. The following equations can be obtained.

Vi = L, 22 (3.12)
Vip = L, 2Lz 3.13
in — b2 dt ( . )

d.
Vin = Ly =2~ Vegp + Ve (3.14)
Vo = Vi1 + Ves (3.15)
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Fig. 3.4 Operation of 3P1S DCHSC with 2/3<D<1: (a) Mode 1, 3 and 5; (b) Mode 2; (c) Mode 4; (d) Mode

6.

By applying the voltage-second balance principle to the three boost inductors of 3P1S

DCHSC, the voltage gain of 3P1S DCHSC is derived as

Vo

6
Vo Py (2/3<D<1)

The capacitor voltages can be obtained as

Vi V
V =n 20
Cs1 1-D 6
2V; V,
V —_— —ln —_— —D
Cs2 1-D 3
— — _ 3Vin
Ver =Vep = Vg = 2

The voltage stress of the switches can be calculated as

Vo1 = Vs = Vg3 =
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(3.16)

(3.17)

(3.18)

(3.19)

(3.20)



The voltage stress of the diodes are determined by the capacitor voltages. It is given by
Vb1 = Vpa = Vpz = Vpy = Vps = V,/3; Vpe = 1,/6 (3.21)
B. 1/3<D<2/3

The switching signals of 3P1S DCHSC with 1/3<D<2/3 are shown in Fig. 3.5. Six

modes can be observed in one switching period.

0 (D-1/3)Ts Ts/3 DTs 2Tel3 (D+1/3)Ts Ts
o] | : : : : I
S I : 5 |

S N S s S —

[Mode1] Mode2 |Mode3] Mode4 | Mode5 \'. Mode 6 |

Fig. 3.5 Switching signals of 3P1S DCHSC when 1/3<D<2/3.

Mode 1: Switch S; is off, and S, and S5 are on. Inductor L, and L are charged by the
input source while inductor L, is releasing energy, as shown in Fig. 3.6 (a). Charges from

L, flow through D; and D,. The following equations can be obtained.

Vin = L1 — >+ Vea (3.22)
ai
Vin = Lo 52 (323)
di
Vin =Lz —2 (3.24)
VCl = VCZ (3.25)

Mode 2: Switch §; and S, are off, and S5 is on. Inductor L5 is charged by the input

source while inductor L, and L, are releasing energy, as shown in Fig. 3.6 (b). Charges
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from L, flow through D,, D,, D, and D5, and charges from L, flow through D, and Ds.

The following equations can be obtained.

difq

Vin =L1—~

+ Veso

Vin =L, T Ves1 + Vesz

dipz
V. =L,%%s
in 374¢

Ver = Ve = Ves

(3.26)

(3.27)

(3.28)

(3.29)

Mode 3: Switch S, is off, and S; and S3 are on. Inductor L; and L3 are charged by the

input source while inductor L, is releasing energy, as shown in Fig. 3.6 (c). Charges from

L, flow through D, and Ds. The following equations can be obtained.

dipg
V., =L —=
m 1 dt
_ diLz
Vin = Lo == = Ves1 + Vi
dips
Vo = L, 243
in 3 dt
Vea = Ves

(3.30)

(3.31)

(3.32)

(3.33)

Mode 4: Switch S, and S5 are off, and S; is on. Inductor L, is charged by the input

source while inductor L, and Lj are releasing energy, as shown in Fig. 3.6 (d). Charges

from L, flow through D,, D;, Ds and D¢, and charges from L; flow through D; and Dg.

The following equations can be obtained.

dipq
Vip = L, 21
U 1 dt
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equations can be obtained.

dle

Vin = Lz —Ves1 +Ver
dips
Vin = L3 —= ot —Ves2 + Ve
Vo = Vo1 + Vs

L flow through D5 and Dg. The following equations can be obtained.

dlLl
V., =L
in 1 dt
dlLZ
Vo, =1L
in 2 dt

dlL3

Vin = L3—=—Vesa + Viu

Vo = V1 + Vs

Vin = L1 dlLl + Ves1
di
Vin =1L, stz
Vin = L =2 = Ve — Ve
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(3.35)

(3.36)

(3.37)

Mode 5: Switch S3 is off, and S; and S, are on. Inductor L; and L, are charged by the

input source while inductor L; is releasing energy, as shown in Fig. 3.6 (e). Charges from

(3.38)

(3.39)

(3.40)

(3.41)

Mode 6: Switch §; and S5 are off, and S, is on. Inductor L, is charged by the input
source while inductor L; and L3 are releasing energy, as shown in Fig. 3.6 (f). Charges

from L; flow through D; and D,, and charges from L; flow through Dg. The following

(3.42)

(3.43)

(3.44)
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Fig. 3.6 Operation of 3P1S DCHSC with 1/3<D<2/3: (a) Mode 1; (b) Mode 2; (¢) Mode 3; (d) Mode 4; (e)

Mode 5; (f) Mode 6.

By applying the voltage-second balance principle to the three boost inductors of 3P1S

DCHSC, the voltage gain of 3P1S DCHSC is derived as

Vo _ 4

22 (1/3<D<2/3) (3.45)

Vin 1-D  9(1-D)%’

The capacitor voltages can be obtained as

1 2-3D 9(1-D)%—(2-3D)
Vogr = (2~ 222 1, = 20Dt

-D  9(1-D)3 36(1-D)2+2 ¢ (3.46)
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Vesr = (55 + 50555) Vin = Vo (3.47)
Ver = Ve = Ves = (5 + 5a2555) Vin = 3 Vo (3.48)
The voltage stress of the switches can be calculated as
Vor = Vesz = oLV, (3.49)
Voo =Ve1 = Ves1 = % 0 (3.50)
Ve = Ver = Vs = ol (3.51)

36(1-D)2+2 ©

The voltage stress of the diodes are determined by the capacitor voltages. It is given by

1
Vp1 =Vpz =Vps = EI/O (3.52)
9(1-D)?+3(1-D)
Vb2 =Vbs = —oipyers Vo (3.53)
9(1-D)?

Vb = 36(1-D)2+2 © (3.54)

In order for 3P1S DCHSC to operate normally, one of the switches must be ON at any
point of time. Thus, the duty cycle cannot be lower than 1/3. 3P1S DCHSC with 2/3<D<1
achieves better performance like higher voltage gain, lower voltage stress and automatic

current sharing compared to the operation in other ranges. More details about 3P1S

DCHSC with 2/3<D<1 will be discussed in the following.
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3.2 Performance Analysis

In this section, the current stress, automatic current balancing, boundary condition

and comparison of 3P1S DCHSC are analyzed.
A. Current stress

The capacitors in the converter must be charged and discharged in order to transfer
charges from the input to the output. Assume that the charge flowing to the load in one
switching period is defined as (. The capacitor charge flows of 3P1S DCHSC are
illustrated as in Fig. 4.7. Based on the operation principle, the following are obtained. The
charge through the diode Dy equals to the charge flowing out of the capacitor C3. The
charge through Ds equals to the charge flowing out of C,. The charge through D, equals to
the charge flowing out of C;. The charge through D5 equals to the charge flowing into C;.
The charge through D, equals to the charge flowing out of C; subtract the charge through
Ds. The charge through D; equals to the charge flowing into Cy; subtract the charge

through D,. Therefore, the average diode currents are expressed as

Ipy = Ipy = Ip3 = Ipy = Ips = Ipg = q/Ts = 1, (3.55)

where I, is the average output current and T is the switching period.

. iz Csi ) @) !
iv 2q ¢ g @ . 4 .9
J: = q . ir3 Cs2 2, cs
R N g Mgl Gog 1 V"
(a) (b) (©)

Fig. 3.7 Capacitor charge flows of 3P1S DCHSC: (a) in mode 2; (b) in mode 4; (c) in mode 6.
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Based on the charge flow analysis, the average currents through the switches can be

expressed as

21;,(1-D)Ts—1,Ts+I1;,(2D—1)Ts 1
151 = L TS L :IL_IO :glin—lo (356)
211,(1-D)Tg+1,(2D—-1)Tg 1
ISZ - L TSL = IL = glm (3.57)
21;,(1-D)Tg+1,(2D-1)Tg 1
153 = L TSL = IL = glln (3.58)

where [}, is the current through the inductors and [;,, is the input current.

Similarly, for nPmS DCHSC, the average currents of the diodes can be evaluated as
Ipy == IDn(m+1) =1, (3.59)

The average currents of the switches can be evaluated as

1 1
Is; = ;Iin —Io; Isy = = Isp = ;Iin (3.60)

B. Automatic current balancing

When the duty cycle is greater than 2/3, the inductor current in each phase can be
automatically balanced due to the charge balance of the series capacitors. During mode 2,
the inductor current [;; charges the series capacitor Cg;. During mode 4, the inductor
current [;, discharges Cs;. According to charge balance of C,, the following equation is

obtained.

I1:(1 —D)Ts = I;,(1 — D)T (3.61)
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During mode 4, the inductor current I;, charges the series capacitor C,,. During mode
6, the inductor current I;; discharges Cs, . According to charge balance of Cs,, the

following equation is obtained.
I1,(1 —D)Ts, =1,5(1 — D)T; (3.62)
Then the relationship between i;4, i;, and i, is expressed as
Ip = I3 = I3 (3.63)

Therefore, automatic current balancing is obtained due to the presence of the series

capacitors.
C. Boundary condition

For nPmS DCHSC, the average inductor current can be calculated as

I, = ’%Z_ (3.64)
The current ripple of the inductor is
Aiy =22 DT, (3.65)
Therefore, the CCM condition is
%Z_ > %"DTS (3.66)
The criteria can be manipulated as
e (3.67)

The curves of boundary condition are shown in Fig. 3.8. It can be seen that when the

number of VM stage increases, it is easier to achieve CCM condition.
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Fig. 3.8 Boundary condition (when f; = 100kHz and R, = 3200hm)

D. Comparison

Table 3.1 Comparison with other 3-phase diode-capacitor based converters

Topologie [37] with [40] with [41] with 3P1S
opologles P=3,M=2  P=3,N=I =3, k=1 DCHSC
Phases 3 3 3 3
Magnetics 3 6 6 3
Switches 3 6 6 3
Diodes 9 6 14 6
Capacitors 7 5 8 6
. 3 2 34D 6
Voltage gain P S 3+0 -
1-D 1-D 1-D 1-D
1
Switch voltage stress l l —_— l
2 2 3+D 6
Max. diode voltage stress 1 1 L 1
2 3+D 3
Automatic current balancing No No No Yes

The 3P1S DCHSC is compared with other three-phase interleaved converters
introduced in the literature. The component count, voltage gain, switch voltage and
maximum diode voltage stress are listed in Table 3.1. In order for a fair comparison, the
voltage stresses are normalized by the output voltage. As can be seen, compared to the

other converters, the 3P1S DCHSC achieves higher voltage gain under the same duty
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cycle. Also, lower switch voltage stress and diode voltage stress are achieved. As a result,
low-voltage-rating semiconductor devices can be used to lower the conduction loss. In
addition, the 3PIS DCHSC features automatic current balancing; thus, extra current

sharing circuit is not required.

3.3 Design Considerations

In this section, design considerations of the key components are discussed. As a
design example, a 20V to 400V 3P1S DCHSC is to be considered. The rated power is

500W, and the switching frequency f; is chosen as 100kHz.
A. Inductor design

The inductor design is similar to that of a conventional boost converter. The inductor
values are selected based on the ripple of the inductor current. In this design example, the
peak-to-peak inductor current ripple y % is set to 18%. Then the inductance can be

calculated as

VinD

Li=L,=L=
1 2 Y%ILfs

> 93.4uH (3.68)

Finally, the value of the inductors is selected as 100uH.
B. Energy transfer capacitor design

The capacitors can be designed based on the voltage ripple and the output power. In
this design example, the voltage ripples of the capacitors 7% is set to 2%, and the output

power P, is S00W. Then the capacitances can be calculated as

12P,

C 7o
s1 > r%Vosz

= 18.75uF (3.69)
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6P,

Cor > e = 9:38urF (3.70)
2P,
€1 =C; = C3 > 5 = 3.12uF (3.71)

Finally, the capacitance of the series capacitors (Csq,Csy) 1s selected as 22uF. The

capacitance of the flying capacitors (C; ~C5) is selected as 8.5uF.

Generally, capacitors with low ESR are preferred in order to reduce power losses. It is
a favorable solution that film capacitors or multilayer chip-type ceramic capacitors are

adopted. Moreover, multiple capacitors can be connected in parallel to reduce ESR.
C. Semiconductor selection

The switches and diodes are selected according to their voltage stresses. The voltage
stresses of the switches and diodes can be calculated from (3.20) and (3.21). In practice,
considering the voltage overshoot and ringing, the voltage rating of the switches and
diodes should be higher than the calculated values. Finally, MOSFET with 150V voltage
rating is selected for S; and S,. Schottky diode with 200V voltage rating is selected for

Dl ~D6 .

3.4 Simulation and Experimental Results

A. Simulation

A simulation model of 3P1S DCHSC is built in PSIM to verify the theoretical
analysis. The specifications and component parameters used in simulation are shown in
Table 3.2. The simulated waveforms are given in Fig. 3.9. The simulation results show

that: 1) 20 times step-up voltage gain is achieved with D = 0.7; 2) interleaved operation is
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achieved; leading to small input current ripple; 3) the switch voltage stress is one-sixth of
the output voltage; 4) the voltage stress of D;-Ds is one-third of the output voltage and the

voltage stress of Dy is one-sixth of the output voltage.

Table 3.2 Key parameters of the prototype

Parameter Value/Description
Input voltage 20V
Output voltage 400V
Output power 500W
Input current 25A
Switching frequency 100kHz
Switches S-S5 IPAO75N15N3 (150V, 14,=7.5mQ)
Diodes D;-Dg STPS20200CT (200V, Vi = 0.7V)
Inductor L,-L; L=100uH, r;,=12mQ
Capacitor Cyq, Cy, 22uF film capacitor, 7=8mQ
Capacitor C;-C; 8.2uF film capacitor, r,=8mQ
Capacitor C, 2% 120uF electrolytic capacitor in parallel, r,,=100mQ
21 ;
S 2 Vi
19
399.7
S 3996 Vo
399.5
9.5
e —
5 i I i3
26
< 25|~ -
24 lin
—~ 80
Z 40 Vs1 Vs2 Vs3
0
0L e e e e
S 100 [} Vo2 Vo1 r )
S ot T
0 1
150
< 100 Vb3 FeTT T T ) Vba
= 50 . r """"" ‘I_
0 1 1
150
S 100 Vs Vs
2 5 - -E------
0 1
0.44975310 0.4497564 0.4497598 0.44976310
Time (s)

Fig. 3.9 Simulated waveforms.
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B. Experimental verification

A 3P1S DCHSC prototype with 20V input, 400V output and 5S00W power rating is
built to verify the theoretical analysis. The switching frequency is 100 kHz. The duty

cycles of the switches are around 0.7. The key parameters of the prototype are shown in

Table 3.2.

Fig. 3.10 (a) shows the gate signals of the switches and Fig. 3.10 (b) shows the
inductor current waveforms. It is clear that the inductor currents have an interleaved
feature. Therefore, the input current ripple can be reduced. Also, the three inductor currents
are equal, which indicates that automatic uniform current sharing is achieved. Fig. 3.10 (¢)
shows the input and output voltages. It can be seen that the input voltage is 20V and output
voltage is 400V, indicating that high voltage gain is achieved under moderate duty cycles.
Fig. 3.10 (d) shows the drain-source voltages of the switches. As can be seen, the blocking
voltage of the switches is around 68V, which matches the calculation from (3.20). Fig.
3.10 (e)-Fig. 3.10 (f) show the diode voltages vp;~vpe. The blocking voltage of the diodes
D;-Ds is around 136V and the blocking voltage of Dy is around 68V, which are in
accordance with the calculations from (3.21). Fig. 3.10 (f) also shows the series capacitor
voltages. The voltage of Cy; is around 68V, and the voltage of Cs, is around 136V. Fig.
3.10 (g) shows the flying capacitor voltages v.4~v.3. The flying capacitor voltages are
equal and measured as 200V, which matches the calculations from (3.17)-(3.19). Fig. 3.10
(h) shows the load transient response due to step load increase from 40% load to 100%
load, and Fig. 3.10 (i) shows load transient response due to step load decrease from 100%

load to 40% load. The efficiency versus output power is measured as in Fig. 3.10 (j). The
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peak efficiency is 94.6%, which is achieved at 330W output power. The efficiency at full

load is measured as 93.8%.

A theoretical loss analysis is performed based on the selected components of the
hardware prototype. The power loss distribution of 3P1S DCHSC at full load is shown in
Fig. 3.19. It is observed that dominant power losses are diode and switch loss. The
calculated efficiency at full load is 96.9%, compared to the measured efficiency 93.8% at
full load. The discrepancy could be caused by the ringing of the diode reverse recovery, the

small ripple approximation and the measurement error.
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Fig. 3.10 Experimental results: (a) driving signals; (b) inductor currents; (c) input and output voltages; (d)

switch voltages; (e) diode voltages (vp1, Vpa, Vp3, Vps); (f) diode voltages (vps, vpe) and series capacitor
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voltages; (g) flying capacitor voltages; (h) dynamic waveform at load increase; (i) dynamic waveform at load

decrease; (j) measured efficiency; (k) loss breakdown.

3.5 High Step-Down Extension

The nPmS DCHSC topology can be extended to step-down operation by replacing all
the diodes with switches, as shown in Fig 3.11 (a). The power source is connected at high
side and the load is connected at low side. Switch S;~S,, are triggered by interleaved PWM
signals. Switch Q; is driven complementary with S; (i=1, 2, ..., n). With such a modulation
scheme, the buck-version DCHSC can achieve a high step-down conversion ratio. The
converter in Fig, 3.11 (a) has high transient current through the switches and flying
capacitors due to capacitor charging/discharging in parallel. Resonant inductor can be

inserted to limit the high transient current, as shown in Fig, 3.11 (b).
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Fig. 3.11 Extension of nPmS DCHSC to buck operation.
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Chapter 4  Single-Phase Coupled-Inductor Boost
Converter with Continuous Input Current and Low

Component Count

In this chapter, a single-phase coupled-inductor boost converter is analyzed and
designed. High voltage gain is achieved with the aid of the coupled inductor. Due to a
discrete inductor at the input, continuous input current is obtained, which significantly
reduces or even save the input electrolytic capacitor, leading to increased power density
and reliability. Also, the new converter has low component count, leading to low cost.
Furthermore, recycled leakage energy and alleviated diode reverse recovery can be

achieved.

The proposed converter and its operation principles are described in Section 4.1.
Performance analysis are analyzed in Section 4.2. Design considerations are discussed in

Section 4.3. Experimental results are presented in Section 4.4.

4.1 Topology and Operation Principles

Fig. 4.1 shows the proposed single-switch high step-up coupled-inductor boost
converter. It is composed of one input inductor, one coupled inductor, one switch, two
diodes, two energy transfer capacitors, and one output capacitor. Fig. 4.2 shows the
equivalent circuit. The coupled inductor is modeled as an ideal transformer with

magnetizing inductance (L,,,) and leakage inductance (Ly,).
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Fig. 4.2 The equivalent circuit.

In order to simplify the analysis, the following assumptions are made: 1) all
semiconductor devices are considered ideal; 2) all the capacitors are large enough so that

the voltages across them are constant without ripples.

When the input inductor current (i;) is above zero throughout the switching cycle and
the output diode current (ip,) is above zero throughout the switch off time, the converter is
operating in continuous conduction mode (CCM). Discontinuous conduction mode (DCM)
occurs when 1) the input current ripple is large so that i; reaches zero, or 2) the
magnetizing current ripple is large, which makes diode D2 reverse-biased before the end of
the switching period. As one main feature of the proposed converter is continuous input
current, DCM operation with i; reaching zero is not desired. Only DCM operation with D2

reverse-biased before the end of the switching period is discussed in this chapter.

A. CCM Operation
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Fig. 4.3 shows the key waveforms of the proposed converter in CCM. Four modes are
observed during one switching period. The corresponding circuits of each mode are shown

in Fig. 4.4.

0 DTs Ts

\ 4

v

A\ 4

Fig. 4.3 Key waveforms in CCM

Mode 1 [t, - t;]: The switch is on, and all diodes are reverse-biased, as shown in Fig.
4.4 (a). The input inductor is charged linearly by the input source. The capacitor C; is
delivering energy to the coupled inductor and capacitor C,. The primary voltage of the
coupled inductor is V.; — V., , and the coupled inductor is magnetized. The output
capacitor supports the load. As the leakage inductance is negligible compared to the

magnetizing inductance, the following equations are obtained.
v, =V, 4.1)

U = Vo1 — Vi 4.2)
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ico = —1,

—lc1 = le2 = lpri = lm

(4.3)

(4.4)

Mode 2 [t; - t,]: At t;, the switch is turned off, which makes diodes D; and D, turned

on, as shown in Fig. 4.4 (b). The input inductor starts releasing energy. The capacitor C; is

being charged. The primary voltage of the coupled inductor is clamped to —V,, and thus

the coupled inductor is demagnetized. The secondary current of the coupled inductor i, is

increasing linearly, and the current through D; is decreasing linearly. The equations in this

mode are obtained as following.
VU = =V
Vin =v, = Voo — vy + Vg
Veir =M+ v, +V,
lpri = bm — Nisec

. . _ VC1+(7’1+1)VC2—V0
lp2 = lsec =

(t—t)

n2Ly
lco = lsec — 1o
ic2 = lpri = Isec = Im — (N + 1)lsec
ip1 =i, +icp =iy +ipm— M+ 1)is
ic1 = Ip1 — ipri =1, — Isec
Solving (4.6) and (4.7), the following can be obtained.

A

n
v, =Vip + V2 o Ver — "y
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(4.5)

(4.6)

4.7)

(4.8)

(4.9)

(4.10)

4.11)

(4.12)

(4.13)

(4.14)



VU = —— Ve — Vp) (4.15)

n+1
Mode 3 [t, - t3]: Att,, the current through D; decreases to zero and D; is naturally
turned off. Therefore, D; has no reverse recovery problem. As shown in Fig. 4.4 (¢), the
inductor current i, discharges C,, and the primary current of the coupled inductor iy,
charges C;. The difference of i, and iy,; is delivered to the load. Equation (4.6)-(4.8) and

(4.14)-( 4.15) still hold in this mode, and the following equations are obtained.

iy = —i (4.16)
iy + byt = Lec (4.17)

Substituting (4.8) to (4.17), i, 1s evaluated as
isec = —= (i + i) (4.18)

Then,

ipz = —= iy, + im) (4.19)
ic1 = —im + Nigee = —— i = ——im (4.20)
ico = isec = lo = —= (i + im) = Lo (4.21)

Mode 4 [t; - t4]: At t3, the switch is turned on, as shown in Fig. 4.4 (d). As the
leakage inductance limits the current changing rate, the switch current is increasing
gradually after the switch is turned on, which helps reduce the switching loss. The current

of diode D, is decreasing, and the falling rate is determined by the leakage inductance.

72



Thus, the reverse recovery problem of D, is alleviated. This mode ends when the current

through D, becomes zero and then turned off. The falling rate of D, is given by

diDz — Vo+nVC1—(n+1)VC2
dat n2Ly
C2 .
| <ic
1l
i 1
g
A4 v
Vill SJ & CI - L‘“ i"l CD R :
Vis IW(‘/ il:
(a)
C2 ,
[ <c
11
i L
5
Vin
ir L
Vin

(©)

(4.22)
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Fig. 4.4 Operation modes of the proposed converter in CCM: (a) Mode 1 [¢, - t;]; (b) Mode 2 [t; - t,]; (¢)

Mode 3 [t, - t3]; (d) Mode 4 [t; - t,].
B. DCM Operation

Fig. 4.5 shows the key waveforms of the proposed converter in DCM. Four modes are

observed during one switching period.
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Fig. 4.5 Key waveforms in DCM
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Mode 1 [ty - t; ]: The switch is on, and all diodes are reverse-biased. The
corresponding circuit is the same as in Fig. 4.4 (a). The input current is increasing linearly.
The primary voltage of the coupled inductor is clamped at V; —V,,, and thus the

magnetizing current is increasing linearly.

Mode 2 [t; - t,]: The switch is turned off, and diodes D, and D, are forward-biased.
The corresponding circuit is the same as in Fig. 4.4 (b). The input current is decreasing
linearly. The primary voltage of the coupled inductor is clamped to —V,, and thus the
magnetizing current is decreasing linearly. The secondary current is increasing, and the

current through D, is decreasing.

Mode 3 [t, - t3]: Att,, the current through D; decreases to zero and D; is naturally
turned off. The corresponding circuit is the same as in Fig. 4.4 (c). The input current and
the magnetizing current keep decreasing. The current through D, in this mode can be
expressed as in (19). It is a fraction of the sum of the input current and magnetizing
current. As the magnetizing inductance is small under DCM, the magnetizing current has
large ripple. Small ripple assumption cannot be applied. Thus, the current through D, is

decreasing as well.

Mode 4 [t3 - t,]: At t3, the current through D, decreases to zero and D, is naturally
turned off. The corresponding circuit in this mode is shown in Fig. 4.6. All the switch and
diodes are in the off state. The input current becomes equal to the magnetizing current in

magnitude but opposite in direction. At t,, the switch is turned on, and mode 1 starts again.
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Fig. 4.6 Mode 4 of the proposed converter in DCM

Similar to flyback converter, the voltage gain of the proposed converter in DCM is
dependent to the load, and the peak and RMS currents in the windings and switches
become higher compared to the CCM operation. This is not favorable for high current
applications. In this paper, only analysis and design of the proposed converter in CCM will

be discussed.

4.2 Performance Analysis

A. Voltage gain

By applying the voltage-second balance principle to L and L,,, the following equations

are obtained.

1
VinD + (Vin + Voo = == Vey = —=V,) (1=D) =0 (423)
1
(Ver = Ve2)D + — Ve = V)(1 = D) =0 (4.24)
Solving (4.5) to (4.7), the following relationship is derived.

Solving (4.23)-(4.25), the voltage gain of the proposed converter is derived as
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M=o 1+(n+1)D (4.26)
Vin 1-D

The voltages of C; and C, are derived as

Vin _ Vo
Ver = 1-D  1+(n+1)D (4.27)

DV DV,
Vez = 1-D  1+(n+1)D (4.28)

Fig. 4.7 shows the curves of the voltage gain versus duty cycle under different turns ratios.

It can be seen that the proposed converter can achieve a high voltage gain by adjusting the

duty cycle and turns ratio.
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Fig. 4.7 Voltage gain versus duty cycle under different turns ratios
B. Voltage and current stress

The voltage stresses of the capacitors are given by (4.27) and (4.28). The voltage stress

of the switch can be derived as

Vo= ——— (4.29)

" 1+(n+1)D °

It can be seen that the switch voltage stress is much lower than the output voltage. It

decreases as the voltage gain is extended by either increasing the duty cycle or the turns
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ratio. Therefore, low-voltage-rating MOSFETs with small on-resistance can be adopted to

reduce the conduction loss.

The voltage stresses of the diodes are obtained as

1

Vo1 = Trmn Vo (4.30)
n+1
Yoz = im0 (%31)

By applying small-ripple approximation, the input inductor current is assumed to be I,
and the magnetizing current of the coupled inductor is assumed to be I,,. Lett, —t; =
D,Ts, and then t; —t, = (1 — D — D,)Ts. Ignoring the transitional mode, the simplified

current waveforms of the capacitors is shown in Fig. 4.8.
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Fig. 4.8 Simplified current waveforms of the capacitors

According to the charge balance of C;, C, and C,, the following equations are

obtained.

1 1 Im 1 Im
~h D43 (I B =)D (BE— )1 —D - D=0  (4.32)

L, D +%(Im —I,)Dy—1,)(1=D—-D,) =0 (4.33)
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—lo D+ 3 (—lp + L = 1)) Dy + (BEE—[)(1 =D = D) =0 (4.34)
Solving (4.32)-(4.34), the following is derived.
=202 (4.35)
= %Q = (n+ I, (4.36)
D, = —(1- D) (4.37)

n+2

Since the average currents of capacitors in one switching period are zero, according to

the operation principles, the average current of the diodes can be evaluated as
Ipz_avg = Icoavg + 1o = 1o (4.38)
IDl_avg = ICl_avg + ICZ_avg + IDZ_avg =1, (4.39)
The RMS current stress of the switch can be expressed as

n+2)VD

IS_rms = (IL + Im)\/5 = 1-D

I (4.40)

The RMS current of the primary winding of the coupled inductor is given by

(n+2)(n+1)

2
-D 2 n+-
Lyyi rms = \/Dlmz TR L) <§ I((0 + )Ly = nly) + —2 (I — nIL)2> (4.41)

The RMS current of the secondary winding of the coupled inductor is given by

2
_ n+2 ’ n+s
IS@C_TTYLS - n+1 (TL+2)(1—D) IO (4'42)

The current stresses of the capacitors are given by
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1-D (2 2n+1 2
Iamw=Jm;H;;@h(” L—1lo)+ M+ D=1~ 1,)?) (443)

n+1

1-D 2 2
lezms = DI + 22 Clulln = 1)+ (n+ )13 (444
2\; 2
1-D 2 I n+- I,
ICo_rms = \/Dloz + nt2 (510(10 - nil + ((n-fZ)Z ) (4.45)

C. Input current ripple

Due to the presence of a discrete inductor at the input side, the input current of the

proposed converter is continuous. The current ripple can be evaluated as

VinD _ VoD(1-D)

Aiy = Lfs  Lf;(1+(n+1)D)

(4.46)

The continuous input current makes the proposed converter beneficial to extend the
lifetime of the low-voltage sources like batteries and fuel cells. Also in PV applications,
the feature of the continuous input current can significantly reduce the input capacitor,

which helps increase the power density and reliability.
D. Influence of the leakage inductance

As can be seen from the operation principles, the current of the leakage inductance
partly goes through the capacitor C, and partly goes to the load when the switch is turned

off. Thus, the leakage energy can be recycled and no additional components are needed.

During mode 2, due to the presence of the leakage inductance, the current of the diode
D, decreases linearly and then naturally turns off. Thus, D; has no reverse recovery

problem. During mode 4, the current falling rate of the diode D, is limited by the leakage
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inductance, which can significantly alleviate the reverse recovery of D,. Also, with the aid
of the leakage inductance, the switch current rises gradually when the switch is turned on,

which helps reduce the switching loss.

The leakage inductance can also have an effect on the voltage gain. Considering the

rising slope of the secondary current i ., the following equation can be written.

Vertm+DVea—Vo _ _ itim (4.47)

n2Ly (n+1)Dq T

Substituting (4.35)-(4.37) to (4.47), the following equation is obtained.

n?(n+2)>2

Ver + (0 + DVe2 = ooy

Q+ 1, (4.48)

where Q = L, /(RTy).

As the average voltages of the inductances are zero during steady state, the following

equation can be obtained according to KVL.
Vin = —Veo + Veq (4.49)

Due to the voltage-second principle of the input inductor, the following equation can

be written.

VinD + (Vip = Ve )Dg + (Vin + Vez = Voy +22229)(1 =D —D,) = 0 (4.50)

n+1
Solving (4.48)-(4.50), the voltage gain with the effect of the leakage inductance is
expressed as

Vo _ 1+(n+1)D
Vo n2(n+2)>2
21202

M_

= (4.51)
Vin  (1-D)(1+
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The voltage gain with the effect of the leakage inductance is plotted in Fig. 4.9. It can
be seen that the voltage gain is not very sensitive to the leakage inductance. If the leakage

inductance is ignored, (4.51) will be equal to (4.26).
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Fig. 4.9 Voltage gain considering the effect of the leakage inductance
E. Boundary condition

The aforementioned analysis is under CCM condition. In order to ensure CCM
condition, the input inductor current must be above zero throughout the switching cycle
and the diode current of D, must be above zero throughout the switch off time, which
yields

, Ai 1+(n+1)D VinD
lL.min = IL - TL = 1-D IO - ZIZlfS > 0 (4.52)

i 1 (; by _Aim) _ 1 (n42,  VinD  (Ve1—Ve2)D
tp2min = 707 (IL 2 T = ) T n+1 (l—D lo 2Lf; 2L fs ) >0 (4.53)

Define k; = 2Lf;/R and k;,,, = 2L,,fs/R. By solving (4.52) and (4.53), the CCM criteria

are obtained as following.

D(1-D)?
ki > Ky crie = A+(n+1)D)2 (4.54)
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D(1-D)?
(1+(n+1)D)(n+1)(1-D)

kim > Kim.crit = (4.55)

The dependence of K; i and K}, oir On the duty cycle and turns ratio are plotted in Fig.
4.10. It can be seen that when the turns ratio increases, it is easier to achieve CCM

condition.
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Fig. 4.10 Boundary condition of the proposed converter

F. Voltage gain considering parasitic elements

Similar to the conventional boost converter, the voltage gain of the proposed converter
would deviate from the ideal value if parasitic elements are considered, especially under
extreme duty cycles. The equivalent circuit including parasitic elements is illustrated in
Fig. 4.11, where 71, is the on-resistance of the switch, r; is the resistance of the input
inductor, 1,,; and 7y, are the resistances of the primary winding and secondary winding of
the coupled inductor, respectively, and V; is the forward voltage drop of all diodes. The

leakage inductance and the equivalent series resistance of the capacitors are ignored in

order to simplify calculation.
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Fig. 4.11 Equivalent circuit including parasitic elements
By using KVL and voltage-second balance of the input inductance and magnetizing
inductance, the voltage gain considering parasitic elements can be derived as

1+(n+1)D_2ﬁ
VO _ 1-D V,:n

(4.56)

Vin 1+$(A”’T”+B%+C%+TS—;C)
where
A=n+2)(n+1+1/(1-D))
B=(1+®m+1)D)?/(1-D)
C=mn+2)(n+1)(1-D)

The voltage gain considering parasitic elements at different loads is shown in Fig.
4.12. Under given parasitic parameters, the voltage gain would decrease as the load
increases. Also the voltage gain with parasitic elements would collapse under extreme duty

cycles.
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Fig. 4.12 Voltage gain with parasitic elements (7, = 7.5m{, r, = 20mQ 1, = 20mQ 75, = 100mA,

Vy=0.7V,n =2V, =20V)

4.3 Design Considerations

In this section, design considerations of the key components will be discussed. As a
design example, a 200W 20V-input 200V-output converter is to be considered. The

switching frequency is set to 100kHz.

A. Coupled-inductor design

The voltage gain is determined by the duty cycle and the turns ratio. A larger duty
cycle would result in larger current ripple and increased switch voltage stress. A smaller
duty cycle leads to high turns ratio, which increases the size of the coupled inductor.
Hence, a compromise should be considered. In this design example, D = 0.693 and n = 2

are selected based on (4.26).

The magnetizing inductance of the coupled inductor can be designed based on the
ripple (6,,%) of the magnetizing current. The average magnetizing current I, is calculated
as 3A according to (4.36). Considering a peak-to-peak magnetizing current ripple to be less

than 50% of the magnetizing current, the magnetizing inductance can be calculated as
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_ VinD
Lm

= 2> 92uH (4.57)

Finally, the value of the magnetizing inductance is selected as 100uH.

The peak magnetizing current is calculated by
I pk = I + > 6%l = 454 (4.58)

The leakage inductance of the coupled inductor helps limit the current falling rate and
thus alleviate the diode reverse recovery problem. In order to effectively reduce the reverse
recovery, di/dt of the diode should be less than 100A/us. Therefore, the minimum leakage

inductance for alleviating the reverse recovery is given by

Lk _ (n+1)V,

= —
(1+(n+1)D)n2%

> 0.49uH (4.59)

On the other hand, if the leakage inductance is too large, the voltage gain becomes
lower, hence the duty cycle has to be increased for compensation, which increases
conduction losses. Therefore, a compromise should be considered when choosing the

leakage inductance.

The design procedure of the coupled inductor in the proposed converter follows the
flyback transformer design method, as they both have a two-winding structure and store
DC energy. Powder cores are made of materials with evenly distributed air gap, which
offers advantages of soft saturation, better temperature stability and lower fringing losses
compared to ferrite cores with discrete air gap. Therefore, powder cores are used in the
design. MPP core C055089A2 is chosen. The primary number of turns is selected as 25

and the secondary number of turns is 50.
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B. Input inductor design

The input inductor is designed based on the required input current ripple (8;,%).
Considering the peak-to-peak input current ripple to be less than 15% of the input current,

the input inductor can be calculated by

VinD

by > 92uH (4.60)

Finally, the value of the input inductance is selected as 100uH.
C. Semiconductor selection

The switches and diodes are selected according to their voltage and current stresses.
The voltage stresses of the switch and diodes can be calculated from (4.29)-(4.31). The
current stresses of the switch and diodes are given by (4.38)-(4.40). Considering the
voltage overshoot and ringing in real applications, the voltage ratings of the selected

devices should be higher than the calculated values.
D. Capacitor design

The capacitors can be designed based on the voltage ripple (6.%) and the output
power P,. Considering the voltage ripple to be less than 3% of the capacitor voltage. The

calculations of the capacitors are given by

_ (1+(n+1)D)(n+1)DP,
8c%Vo? fs

C > 10.7uF 4.61)

_ (1+(n+1)D)(n+1)((n+2)?D+(n+1)(1-D)?)P,

C
2 5% (n+2)2DV,2fs

> 17.4uF (4.62)

_ (n+2)?((n+2)2D+(n+1)(1-D)?)P,

C
0 8c%Vo? fs

> 1.3uF (4.63)
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The voltage stresses of the energy transfer capacitors (C;-C,) can be calculated by
(4.27)-(4.28), which are 65V and 45V, respectively. The voltage stress of the output
capacitor is equal to the output voltage. The ripple currents of the capacitors can be

calculated by (4.43)-(4.45), which are 4.5A, 5.0A and 1.6A, respectively.

Finally, 22uF film capacitors are selected for the energy transfer capacitors C; and C,.
In practice, considering the voltage overshoot during the load transient, larger output
capacitor may be needed. In this design example, S6uF electrolytic capacitor is selected for

the output capacitor C,.

4.4 Experimental Results

In order to verify the performance of the proposed converter, a 200W 20V-input
200V-output prototype is built and tested. The switching frequency is set to 100kHz. The
duty cycle of the switch is around 0.69. The key parameters of the prototype are listed as in

Table 4.2.

Table 4.2 Key parameters of the prototype

Parameters VALUE/DESCRIPTION
Input voltage 20V
Output voltage 200V
Output power 200W
Switching frequency 100kHz
Switch IPAO75N15N3
Diodes D, STPS20200CT
Diodes D, STTH20L03C

Turns ratio = 25:50
Coupled inductor Magnetizing inductance = 100uH
Leakage inductance = 3.2uH

Input inductor 100uH
Capacitor C;, C, 22uF Film capacitor
Capacitor C, 56uF electrolytic capacitor
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Fig. 4.13 (a) shows the driving signal and the drain-to-source voltage of the switch. It
can be seen that extreme duty cycle is avoided. The voltage stress of the switch is at around
68V, which matches the calculation from (4.29). Fig. 4.13 (b) shows the voltages of the
diodes. As can be seen, the blocking voltages of D; and D, are around 68V and 200V,
respectively, which match the calculations from (4.30) and (4.31). Fig. 4.13 (c) shows that
the input voltage is 20V and the output voltage is 200V. The capacitor voltages V-, and
V¢, are around 68V and 48V, respectively, which are consistent with the calculations from
(4.27) and (4.28). Fig. 4.13 (d) shows the input current. It can be seen that continuous input
current is achieved. Fig. 4.13 (e) shows the switch current and the primary current of the
coupled inductor, which are consistent with the theoretical analysis. Fig. 4.13 (f) shows the
currents through the diodes. It can be seen that reverse recovery problems of the diodes are
alleviated. Fig. 4.13 (g) shows the measured efficiency curve. The measured peak

efficiency is 94.1%, which is achieved at 125W. At the full load, the measured efficiency

1 0
1s 93.8%.
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Fig. 4.13 Experimental results: (a) driving signal and drain-to-source voltage of the switch; (b) diode

(2

voltages; (c) input and output voltages and the capacitor voltages; (d) input current; (e) switch current and the

primary current of the coupled inductor; (f) diode currents; (g) measured efficiency.
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4.5 High Step-Down Extension

The proposed topology can be extended to high step-down operation as shown in
Fig. 4.14 (a). Switch S; and S, are driven synchronously. However, the converter in Fig.
4.14 (a) has leakage problem. Passive clamp or active clamp circuit may be added to

recycle the leakage energy, as shown in Fig. 4.14 (b) and (c), respectively.
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Fig. 4.14 High step-down extension
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Chapter S  Improved Single-Phase Coupled-Inductor
Boost Converter with Zero Voltage Switching and

Zero Magnetizing Current

The single-phase converter presented in Chapter 4 has advantages like extended
voltage gain, low component count, continuous input current and alleviated diode reverse
recovery. However, the coupled inductor stores DC energy and the switch is turned on
under hard switching. In order to overcome the shortcomings, an improved single-phase
high step-up converter is introduced in this chapter. The new converter not only retains the
continuous input current, but also achieves higher voltage gain and lower component
voltage stress. Also the coupled inductor has no DC bias, resulting in small magnetic size
and low core losses. Furthermore, zero-voltage switching of the switches is realized,

leading to low switching losses.

The proposed converter and its operation principles are described in Section 5.1.
Performance analysis are analyzed in Section 5.2. Design considerations are discussed in

Section 5.3. Experimental results are presented in Section 5.4.

5.1 Topology and Operation Principles

The proposed converter is shown in Fig. 5.1. It is composed of one input inductor, one
coupled inductor, two switches, two diodes, three energy transfer capacitors and one output
capacitor. The two switches are driven complementary with dead time. Fig. 5.2 shows the

equivalent circuit of the proposed converter. The coupled inductor is modeled as an ideal
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transformer with magnetizing inductance (L,,) and leakage inductance (Lj). In order to
simplify the analysis, the following assumptions are made: 1) all switches are composed of
an ideal switch in parallel with its body-diode and drain-source capacitance; 2) all
capacitors are large enough so that the voltages across them are constant without ripples; 3)
the converter is operating in continuous conduction mode. The key waveforms of the
proposed converter are shown in Fig. 5.3. Eight modes are observed during one switching

period. The corresponding circuits in each mode are shown in Fig. 5.4.
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Fig. 5.2 The equivalent circuit.
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Fig. 5.3 Key waveforms
Mode 1 [ty - t1]: Switch S; is on, and switch S, is off. The current flow paths are
shown in Fig. 5.4 (a). The input inductor is being charged. The primary side of the coupled
inductor is clamped at V;; — V,, and the coupled inductor is magnetized. Capacitor C; is

transferring a portion of its energy to C,, and meanwhile, delivering the other portion of

94



the energy from primary winding N,, to secondary winding N, to charge capacitor C5
through diode D;. The output capacitor releases energy to the load. The following
equations can be obtained in this mode. As the leakage inductance is very small compared
to the magnetizing inductance, the voltage of the leakage inductance has been neglected in

the equations.

v, =V (5.1)
Um = Ver = Ve (5.2)
n+ D, =V (5.3)
. . Mm+1D)Ve1-Vea)-V
ip1(t) = —lsec(t) = - fllszCZ St (5.4)

Mode 2 [t; - t,]: Atty, switch S; is turned off. The output capacitances (C,g51/Coss2)
of the switches are being charged/discharged, as shown in Fig. 5.4 (b). The voltage v,
across S; is increasing and the voltage v,,, across S, is decreasing. This mode ends when

Vg1 Tises to Vigq and vy, drops to zero.

Mode 3 [t, - t3]: Att,, as v,s, becomes zero, the body-diode of S, conducts, as
shown in Fig. 5.4 (c). A voltage of =V, is applied to the primary side of the coupled
inductor. Therefore, ij;, is decreasing linearly, which makes iy, decreasing linearly. The
current changing rate is controlled by the leakage inductance of the coupled inductor. The

following equation can be obtained in this mode.

Ves +(7’l+ 1)VC2
nZLy

ip1 = —lsec = ip1(t2) — t (5.5)
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Mode 4 [t; - t,]: At ts, switch S, is turned on under ZVS, as shown in Fig. 5.4 (d).

The other circuit conditions are the same as in the last mode. Equation (5.5) still holds.

Mode 5 [t, - t5]: At t,, ip; decreases to zero and then D; is naturally turned off, which
alleviates the reverse recovery problem. The secondary current iy, changes its direction
and diode D, starts conducting. The primary side of the coupled inductor is still clamped at
—V¢,, and the coupled inductor is demagnetized. The current flow paths are shown in Fig.
5.4 (e). The boost inductor together with the input source is delivering energy to capacitor
C;. At the same time, capacitor C, is releasing energy via the coupled-inductor windings to
the load. Meanwhile, the primary and secondary windings are linked in series with C; and

C5 to support the load. The following equations can be obtained in this mode.

UL == Vl - VCl (56)
vm = _VC2 (5.7)
—(Tl + 1)17m + VCl + ch = I/O (58)

. s _ VC1+(71+1)VC2+VC3—VO
lp2 = lsec =

t (5.9)

leLk

Mode 6 [ts - tg]: At ts, switch S, is turned off. The output capacitances (Cyss1/Coss2)
of the switches are being discharged/charged, as shown in Fig. 5.4 (f). v, is increasing

and vy, 1s decreasing. This mode ends when v, rises to Vi, and v,4, drops to zero.

Mode 7 [tg - t;]: At tg, as v e, becomes zero, the body-diode of S; conducts, as
shown in Fig. 5.4 (g). A voltage of V-, — V, is applied to the primary side of the coupled

inductor. Therefore, i;;, is decreasing linearly in the opposite direction, which makes ip,
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decreasing linearly. The current changing rate is controlled by the leakage inductance of

the coupled inductor. The following equation can be obtained in this mode.

nVcl +Vo—(n+ 1)VC2 —VC3
n2Ly

ipz = lsec = ip2(te) — t (5.10)

Mode 8 [t; - ty]: At t,, switch S; is turned on under ZVS, as shown in Fig. 5.4 (h).
The other circuit conditions are the same as in the last mode. Equation (5.5) still holds.
This mode ends when iy, decreases to zero. At t,, D, is naturally turned off, which

alleviates the reverse recovery problem. After t,, mode 1 begins.
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Fig. 5.4 Operation modes: (a) Mode 1 [t, - t;]; (b) Mode 2 [t; - t,]; (c) Mode 3 [t, - t3]; (d) Mode 4 [t3 - t4];

(e) Mode 5 [t, - t5]; (f) Mode 6 [ts - tg]; (g) Mode 7 [tg - t;]; (h) Mode 8 [t; - t,].

5.2 Performance Analysis

A. Voltage Gain

In order to derive the ideal voltage gain, the effect of the leakage inductance and the
transitional modes are neglected. By applying the voltage-second balance principle to L

and L,,, the following equations are obtained.
ViD + Vi, = Ve1)(1=D) =0 (5.10)
(Ver = Ve2)D = V(1 —-D) =0 (5.12)

Solving (5.10) and (5.12), the voltages of C; and C, are obtained as

Vin

Ve = 22 (5.13)
DVin

VCZ = 1-D (514)

Solving (5.2) and (5.3), the voltage relationship between the capacitors is derived as

(m+1)Ver — Viz) = Ves (5.15)
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Substituting (5.13) and (5.14) to (5.15), the voltage of C5 is obtained as
Ve = (n+ 1DV (5.16)
Solving (5.7) and (5.8), the following relationship is derived.
Veir+ M+ DV + Ve =V, (5.17)
Substituting (5.13), (5.14) and (5.16) to (5.17), the voltage gain of the proposed converter
can be expressed as
M=l -2 (5.18)

The curves of the ideal voltage gain are plotted as in Fig. 5.5. High voltage gain can be

achieved by adjusting turns ratio and duty cycle.
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Fig. 5.5 Voltage gain versus turns ratio and duty cycle

In order to add the leakage inductance effect into the voltage gain, the diode current
waveforms should be evaluated as the leakage inductance determines the slopes of the
diode currents. Due to the charge balance of the output capacitor C,, the average current of

D, equals to the output current, which is given by

IDZ_avg = ICo_avg +1, =1, (5.19)
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Due to the charge balance of capacitor C3, the average current of D; equals to the

average current of D,, which is given by

IDl_avg = IDZ_avg - IC3_avg =1, (5.20)

As the switching transitional intervals are very short compared to the power delivery
modes, they are neglected in order to simplify calculation. Then from the diode current

waveforms, the following equations are obtained.

1 M+1D)Ve1=Ver)-V
DTy -5 jllszCZ S.pT, =1,T, (5.21)
L - Dy, e VetVes e . (1 _pyp = T, (5.22)
k

In addition, according to KVL, the following relationship is obtained.
—Vin + VL_a,,g —Ve2 — Vlk_avg - Vm_avg + Ve =0 (5.23)

where VL_avg s Vik avg and Vi, g, are the average voltages of the inductances in one

switching period. According to the voltage-second balance principle, they are equal to

zero. Hence, (5.23) can be rewritten as
Ver = Vez = Vin (5.24)
By applying the voltage-second balance to the boost inductor, V4 still holds as in
equation (5.13).
Solving (5.21), (5.22), (5.24) and (5.13), the voltage gain considering the leakage
inductance can be expressed by

V, n+2 1
M=-2="=. -
Vin 1-D 1+2n2Q(ﬁ+

(5.25)

1
(1—9)2)
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where Q = L, fs/R.

Fig. 5.6 shows the voltage gain with the effect of the leakage inductance. It can be
seen that as the leakage inductance increases, the voltage gain decreases, especially at high

duty cycles. If the leakage inductance is ignored, (5.25) will be equal to (5.18).
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Fig. 5.6 Voltage gain considering the effect of leakage inductance (when f; = 100kHz, R, = 400Q).

B. Voltage and Current Stresses

From the steady-state operation, it can be seen that the voltages of the two switches are

clamped by V. Thus, the voltage stress of the switches is expressed as

1 1
Vs1 = Vs =5 Vin =

=SV
1-D n+2

(5.26)
The voltage stress of the switches is only a small fraction of the output voltage. Therefore,

low-voltage-rating MOSFETs with small on-resistance can be adopted to lower the

conduction loss.

From the steady-state operation, it can be seen that the voltages of the two diodes are

clamped by V, — V;. Thus, the voltage stresses of the diodes are given by

n+1 n+1
D1 D2 1—p in n+2 ©

(5.27)
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The semiconductor voltage stress normalized to the output voltage under different

turns ratios are plotted in Fig. 5.7. It can be seen that the switch voltage stress becomes

lower as the voltage gain is extended by increasing the turns ratio. The diode voltage stress

increases with the turns ratio, but they are always lower than the output voltage.
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Fig. 5.7 Normalized semiconductor voltage stresses

As the average currents of the diodes equal to the output current, the peak currents of

the diodes can be expressed by

2l
IDl_peak - ?

2],
IDZ_peak ~1-D

(5.28)

(5.29)

. From the steady-state analysis, the RMS currents of the switches can be evaluated as

2(n+1)(n+2) . D(n+2)2

4(n+1)2
Is1 rms = Io\/ 3D + 1-D (1-D)2

_ 4(n+1)2-3n(n+2)
ISZ_rms - Io 3(1——D)
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The switch RMS currents normalized by the output current are plotted Fig. 5.8. It can
be seen that the switch current stress increases by increasing the turns ratio or decreasing

the duty cycle.
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Fig. 5.8 Switch RMS current stress normalized by I, versus duty cycle under different turns ratio and

different voltage gain: (a) S; (b) S,.
The RMS currents through the windings of the coupled inductor can be evaluated as

2nl,

luerms = 50y (5.32)

21,

Isec_rms = W (5.33)
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C. DC offset of the magnetizing current

As the secondary winding of the coupled inductor is connected in series with capacitor

C3, the average secondary current is given by

Isec_avg = IC3_avg =0 (5.34)

The relationship between the primary current and the secondary current of the coupled

inductor can be written as

Ipn'_avg = Im_avg - nlsec_avg (5~35)
Ipri_avg - Isec_avg = ICZ_avg (5-36)

Solving (5.35)-(5.36) and considering the charge balance of capacitor C,, the average

magnetizing current can be evaluated as
Im_avg =+ 1)Isec_avg + Icza,,g =0 (5.37)

It can be seen that the coupled inductor in the proposed converter has no DC-bias flux
density due to the charge balance of the capacitors, operating like an ac transformer.
Therefore, un-gapped cores can be employed, and small magnetic size and low core loss

are achieved.
D. ZVS condition

The proposed converter is capable of achieving ZVS of the switches, which reduces
the switching loss. ZVS turn-off is realized due to the output capacitances of the switches,
which limit the rising rate of the switch voltage at the turn-off instant. ZVS turn-on can be

achieved by gating on the switch while the body-diode is conducting.
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According to mode 2, ZVS of switch S, is always achieved because the input inductor

current helps charge/discharge the output capacitances.

According to mode 6, in order to achieve ZVS of switch §;, the following two
conditions must be satisfied. 1) i;(t5) + ic2(ts) must be smaller than zero in order to
discharge C,s51 and charge C,qs,. 2) The inductive energy available must be sufficient so
that i; + i;, will still remain negative after C,451/C,ss» are completely discharged/charged.

Then the current could flow through the body-diode of S; and thus ZVS can be achieved.
i (ts) + ic2(ts) can be written as
iy (ts) + ic2(ts) = i, (ts) + i (ts) — (n + Digec(ts)
=1, - =2 (n+ Dipg,,,  (538)

where Ai; and Ai,, are the peak-to-peak current ripple of the boost inductor and
magnetizing inductance, respectively, They are given by

VinD . VinD

Ai; = R Aip, = Py (5.39)
Neglecting the power losses, the inductor current is given by
n+2
I, = Elo (5.40)
Substituting (5.29), (5.39) and (5.40) to (5.38), the following is obtained.
. . Iy VipD(1 , 1
ip(ts) +ica(ts) = _:—_D_E(ZJFE) <0 (5.41)

It can be seen from (5.41) that the first condition for ZVS of S; is always achieved. In

order to satisfy the second condition, the following can be obtained.
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1 1 2 1
2 Le(pzy e )? = 3L (Z11) > 3 (Cossr + Coss2) Ver® (5.42)

n+1
Substituting (5.13), (5.29) and (5.40) to (5.42), the ZVS condition can be rewritten as

+2)2
(4 B EZ+1;2)n2Lk102 > (Cossl + CossZ)Vinz (543)

It can be seen from (5.43) that the ZVS region is related to the leakage inductance,
output current and turns ratio. The leakage inductance versus output current under different
turns ratio is plotted in Fig. 5.9. As can be seen, larger turns ratio or larger leakage
inductance lead to wider ZVS range. Also, it is easier to achieve ZVS when the output
current increases. This scenario is practically workable. Since at heavy load, ZVS is

achieved to minimize the switching losses, while at light load, even the soft switching is

lost, the total losses are still manageable.
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Fig. 5.9 ZVS condition (when Vi, = 40V, Cys51 = Cpgsp = 0.51F).

5.3 Design Considerations

The design specifications are given as the following. V;,, is the input voltage, V, is the

output voltage, P, is the output power, f; is the switching frequency, 1;,% is the input
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current ripple, 7.1%, 1.,%, 1.3%, and 1.,,% are the capacitor voltage ripple of C;, C,, C3

and C,, respectively.

A. Input inductor design

The input inductor is designed based on the input current ripple requirement.

Considering a peak-to-peak current ripple of Ai;,,, the boost inductor can be calculated by

L =Yl (5.44)

rL%ILfs
B. Coupled inductor design

The turns ratio of the coupled inductors is determined by the required voltage gain and
the duty cycle. A large duty cycle results in low turns ratio, which would increase the
switch voltage stress, leading to a use of higher voltage rating MOSFETs with larger on-
resistance. On the other hand, if the duty cycle is too small, a high turns ratio is needed,
which causes high conduction loss and large leakage inductance. Therefore, a compromise
should be considered when selecting the duty cycle according to the particular
applications. One proper duty cycle is chosen, the turns ratio can be calculated by from

(5.18).

The leakage inductance of the coupled inductor determines the boundary of the ZVS
region for the switches. Given the minimum load to achieve ZVS, the required leakage

inductance can be calculated from (5.43).
C. Semiconductor selection

The switches and diodes are selected according to their voltage and current stresses.

The voltage stresses of the switch and diodes can be calculated from (5.26)-(5.27). The
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current stresses of the switch and diodes are given by (5.28)-(5.31). Considering the

voltage overshoot and ringing in practice, the voltage ratings of the selected devices should

be higher than the calculated values.

D. Capacitor design

The capacitors can be designed based on the voltage ripple and the output power. The

calculations of the capacitors are given by

C =

_ (n+1)I, _ (n+1)(n+2)P,

AVl fs 7'cl%Vozfs
C, = (n+1)l, _ (n+1)(n+2)P,
2 AVea fs rcz%DVozfs
Iy _ (n+2)pP,
Cs

5.4 Experimental Results

T AVgsfs  1es%m+1)(1-D)Volfs

_ DI, _  DP,
AVofs rco%Vozfs

Co

Table 5.1 Key parameters of the prototype

Components PARAMETERS
Switch §;-S, IPAO75N15N3
Diode D4-D, MUR1640CT
Turns ratio =2

Coupled inductor Magnetizing inductance = 208uH

Leakage inductance = 2.6uH

Input inductor

100uH

Capacitor C,-C;

30uF film capacitor

Capacitor C,,

2x56uF electrolytic capacitor
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In order to verify the performance of the proposed converter, a 400W 40V-input
400V-output prototype was built and tested. The switching frequency is 100kHz. The duty

cycle is around 0.6. The key parameters of the prototype are listed as in Table 5.1.

Fig. 5.10 (a) shows the gate signals and drain-to-source voltages of the switches. It can
be seen that the blocking voltage of the switches is around 100V, which is consistent with
the calculation from (5.26). The horizontally enlarged waveforms at the switching
transitions are provided in Fig. Fig. 5.10 (b) and (c). It can be seen that the switches are
turned on and turned off under zero voltage. Therefore, ZVS of the switches are achieved.
Fig. 5.10 (d) shows the voltages of the diodes. It can be seen that the blocking voltage of
the diodes is around 300V, which is consistent with the calculation from (5.27). Fig. 5.10
(e) shows the current waveforms of the diodes. It can be seen that the reverse recovery
problem of the diodes is significantly alleviated. Fig. 5.10 (f) and (g) shows the primary
current, the secondary current and the primary voltage of coupled inductor, which are
consistent with the theoretical analysis. Fig. 5.10 (g) also shows the voltages across the
capacitors C;-C5. It can be seen that Vi, V., and V5 are around 100V, 63V and 120V
respectively, which agree with the calculations from (5.13), (5.14) and (5.16). Fig. 5.10 (h)
shows the input current of the proposed converter. It can be seen that continuous input
current is achieved, which is beneficial to most applications. The measured efficiency
versus output power is shown in Fig. 5.10 (i). The peak efficiency is 95.2%, which is

achieved at 250W. The efficiency at the full load is measured as 94.8%.
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Fig. 5.10 Experimental results: (a) Gate signals and drain-to-source voltages of the switches; (b) ZVS off of
S1 and ZVS on of S,; (¢) ZVS on of §; and ZVS off of S,; (d) Diode voltages; (e) Diode currents; (f) The
primary current (i;;,) and the secondary current (i) of the coupled inductor; (g) Capacitor voltages (v¢; —
V¢3) and the primary voltage (v,;,) of the coupled inductor; (h) Input current; (i) Measured efficiency versus

output power.

5.5 High Step-Down Extension

The proposed topology can be extended to high step-down operation, as shown in Fig.
5.11. Switch S; and S, are driven complementary with a dead time. Switch S5 and S; are
driven synchronously. This step-down structure is slightly different from the step-up one in
Fig. 5.1. Switch S, becomes grounded instead of floating. Such a change helps recycle the

leakage energy; thus, no additional snubber is needed.
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Fig. 5.11 High step-down extension
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Chapter 6  High Step-Down Converter with Zero-

Voltages Switching and Low Current Ripples

In this chapter, a non-isolated high step-down converter is introduced. Energy transfer
capacitor and built-in transformer are employed to achieve a very high step-down
conversion ratio. Due to the interleaved technique, small values of output inductance can
be used, leading to fast transient response. Furthermore, the use of a coupled inductor
reduces inductor current ripples, which implies lower losses. Two main switches and two
synchronous rectifiers are used in the converter and all can achieve zero-voltage-switching.
As no floating switches are employed, grounded gate drivers and boost strap drivers can be
used, avoiding the use of complex isolated gate drivers. In addition, if one of the switches

fails, the high input voltage does not appear at the output, thus the load is protected.

The proposed converter and its operation principles are described in Section 6.1.
Performance analysis are analyzed in Section 6.2. Design considerations are discussed in

Section 6.3. Experimental results are presented in Section 6.4.

6.1 Topology and Operation Principles

Fig. 6.1 (a) shows the proposed converter, which contains two main switches S, S5,
two synchronous rectifiers Sz, S4, one energy transfer capacitor C, one output capacitor C,,,
one transformer T; and one coupled inductor T,. The equivalent circuit of the proposed
converter is shown in Fig. 6.1 (b). Both T; and T, are modeled as an ideal transformer with

magnetizing inductance and leakage inductance. The secondary-side leakage inductance of
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T; can be neglected as it is very small. The magnetizing current of T; can be both positive
and negative, thus T; operates with bidirectional magnetic flux and stores little energy. It is
a transformer. The leakage inductance of T, is large compared to its magnetizing

inductance, thus it stores energy and it is a coupled inductor.

Switches S; and S, are driven complementary with a dead time, while S, and S5 are
driven synchronously, and so are S, and S;. S; and S, can be driven by a simple bootstrap

gate driver, while S5 and S, can be driven by low-side gate drivers.

Ve Sz sj? S4]

(b)

Fig. 6.1 Proposed high step-down converter: (a) main structure; (b) equivalent circuit.
In order to simplify the analysis, the following assumptions are made: 1) all switches
are ideal except for their body-diode; 2) C and C, are large enough so that the voltages
across them are constant; 3) turns ratio of the coupled inductor T, is 1:1 and it is assumed

that Lypq = Lypy = Lyo; 4) turns ratio of the transformer T; is n:1.
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The key waveforms of the proposed converter are shown in Fig. 6.2. The operation in
one switching cycle can be divided into six modes. The corresponding circuits for each

mode are shown in Fig. 6.3.

¢ DTs pe—— (I-D)Ts —>

|
|
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I} D, i/wz

is —

is1, 182

A
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—_ oy N
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\/~\
t bt 7t

Fig. 6.2 Key waveforms of the proposed converter
Mode 1 [ty - t1]: As shown in Fig. 6.3 (a), S; and S, are on, while S, and S5 are off.
The energy transfer capacitor C is being charged. The transformer T; is magnetized. i,
and iy,, are currents in the two windings of the coupled inductor. iy, is increasing while
i22 18 decreasing. vy, is negligible here as i), is almost constant. Then the following

equations can be obtained.

Vin = Ve = Uma + Uy /0 (6.1)
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ip + n(lp - lm) = ik21 (62)

dig
Ly Tn = Vk21 = Um1/N — V2=V (6.3)
L3z =y =y V. 6.4
k2 g~ Vk22 = Vm2"Vo (6.4)
di di dig
Um2 = Lz d_r:z = mZ(TZ1 - ?22) (6.5)

Substituting (6.3) and (6.4) into (6.5), v,,, can be solved as

v — Lma2 . Vin=Vc¢ (6 6)
m2 = o+2Lm, A+l '

Mode 2 [t; - t,]: Atty, S; and S, are turned off. Due to presence of the leakage
inductance Ly, the body diode of S, turns on, and then the body diodes of S; and S, are
both forward-biased, as shown in Fig. 6.3 (b). Therefore, ZVS conditions of S, and S5 are
achieved. During this mode, v,,; becomes zero. —V is imposed to the leakage inductance

Ly, causing iy, to decrease. is is decreasing as well. Both iy,; and iy,, are decreasing.

di
Lia 2= -V, (6.7)
Ly 2 = (6.8)
k2 dt m2 0 .
L3z =y =y —V (6.9)
k2 dt — VYk22 — Ym2 0 .

Substituting (6.8) and (6.9) into (6.5), v,,» can be solved as

Uz = 0 (6.10)
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Mode 3 [t, - t3]: At t,, both S, and S5 are turned on under ZVS. S; still keeps off and
the body diode of S, still keeps on, as shown in Fig. 6.3 (c). vy, remains zero, and i, and

i remains decreasing. Both iy, and iy, are decreasing. Equations (6.7)-(6.10) still hold.

Mode 4 [t; - t,]: At ts, ig rises in the negative direction to i,,, and the current in the
body diode of S, decreases to zero and then the body diode turns off. S, and S; keep on
and S; keeps off, as shown in Fig. 6.3 (d). During this mode, the capacitor C is releasing
energy. The transformer is demagnetized. iy, i1s decreasing while iy, is increasing. The

following equations can be obtained.

—Ve =V (6.12)
n(iy —im) = ik (6.12)
ai
Lig =2 = Vppy =~V (6.13)
a
Ly, l(;ctzz = Vg2 = Vma—Vo — Uyt /10 (6.14)

Substituting (6.13) and (6.14) into (6.5), v,,, can be solved as

tmz V¢ (6.15)

Ty ——

Mode 5 [t, - ts]: Att,, S, and S5 are turned off. Due to presence of L4, the body
diode of §; turns on, and then the body diodes of S; and S, are both forward-biased, as
shown in Fig. 6.3 (e). Therefore, ZVS conditions of S, and S; are achieved. During this
mode, v,,; becomes zero. V;, — V¢ is imposed to the leakage inductance Ly, causing i, to
increase. I is increasing as well. Both iy, and ij,, are decreasing. Equations (6.8)-(6.10)

are satisfied and the following equation can be obtained.
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N
L 52 = Vin = Ve (6.16)

Mode 6 [ts5 - ty]: At ts, both S; and S, are turned on under ZVS. S, still keeps off and
the body diode of S5 still keeps on, as shown in Fig. 6.3 (). v;,,; remains zero, and i), and
i remains increasing. Both iy, and iy,, are decreasing. This mode ends at t,. At ¢y, i, +

i rises in the positive direction to iy,, and the current in the body diode of S5 decreases to

zero and then turns off. Then mode 1 begins. Equations (6.8)-(6.10) and (6.16) still hold.

Ve




(©)

o
b Ve +VE- m
Si

Ve SJ L' iji T/ S4 Tn
(d)
iu/T
. Ny L 3 5
i c ia T
B B S
. Fve - +VkI
Vg + Vml -
Sz ii.c S
(e)
I'AJIT
; L 3 5
— st C T: " T
— s — I
T‘ F Ve - +VkI m
Si
. Vil
S: ii.\: s

(
Fig. 6.3 Corresponding circuits for each mode: (a) mode 1; (b) mode 2; (c) mode 3; (d) mode 4; (¢) mode 5;

(f) mode 6.

6.2 Performance Analysis

A. Voltage gain
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To derive the voltage gain of the proposed converter, only mode 1 and mode 4 are
considered. The duty cycle of S; is defined as D. By applying the voltage-second balance
principle to L,,q, the following equation can be obtained:

n
n+1

Vin =Ve)D =V (1-D)=0 (6.17)
Based on (6.17), the capacitor voltage V. can be expressed as

Ve =2y, (6.18)

~ n+1-p M
By applying the voltage-second balance principle to Ly,,, the following equation can be

obtained:

( Lmaz _Vin—Vc_VO)D b(tmz Ve +%)(1 —-D)=0 (6.19)

Lyko+2Lmo n+1 Ly2+2Ly> n

Substitute (6.18) to (6.19), the voltage gain can be expressed as

Vo _ (1-D)D
Vin  n+1-D

(6.20)

Fig. 6.4 shows the curves of the voltage gain versus duty cycle with different
transformer turns ratios. In order to effectively control the voltage, the regulating range of

the duty cycle should be [0, D_,;;] or [Dsrie, 1], where

Dyir =n+1—,/(n+ Dn. (6.21)
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Fig. 6.4 Voltage gain versus duty cycle with different turns ratios

Fig. 6.5 shows the curve of D,;; versus transformer turns ratio n. It is clear that when

n is high, D_,;; is close to 0.5. Fig. 6.6 shows the voltage gain of the proposed converter

compared with converters when n

6,. It is shown that high step-down conversion ratio is

achieved.
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Fig. 6.5 D, versus transformer turns ratio

B. Influence of transformer leakage inductance

As can be seen from Fig. 6.3, when S; is turned off, the current in transformer leakage
inductance Ly, goes through the capacitor C and the body diode of S, so that the leakage

energy is stored in the capacitor C. When S, is turned off, the current in Ly, goes through
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the body diode of S; so that the leakage energy is delivered to the input source. Therefore,
the leakage energy can be recycled and no snubbers are required. As an added benefit,

ZVS conditions are realized with the assistance of leakage inductance.

As shown in Fig. 6.2, during [t;- t3] and [t, - ty], the transformer leakage inductance
limits the rising or decaying slope of i,,, making v,,; clamped at zero. Therefore, these two
periods cause duty cycle loss. Duty cycle loss during [t; - t3] and [t, - t5] can be

calculated, respectively, as

__tz3—t1 _ IoLk1fs

Dy = Ty (n+1)V¢ (6.22)
__to—ty __ IoLg1 fs

D2 = Ty (+D)(Vin—V¢) (6.23)

where [, is the output current and f; is switching frequency.

Considering the duty cycle losses caused by transformer leakage inductance, equation
(6.17) and (6.19) can be modified, respectively, as

= Vin =Ve)(D —=Dp) = Ve =D —Dyy) =0  (6.24)

n+1

(e v, ) (D = Dpo) + (22— £~V +26) (1 = D = D1y) -

Lk2+2Lm2 n+1 Lk2+2Lm2 n

Vo(Dp1 +Dyz) =0 (6.25)

Solving (6.24) and (6.25), the output voltage is expressed as

— (1_D)Dvin _ loLg1fs
°™ n+1-D (n+1-D)(n+1) (6.26)

As observed from (6.26), the presence of transformer leakage inductance lowers the

output voltage. If L, is ignored, (6.26) will be equal to (6.20).
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At the duty cycle loss intervals, the currents are freewheeling. No energy is delivered
to the output. The freewheeling currents would cause conduction loss, which may degrade

the efficiency.
C. Current ripple

According to the operation principle, the current ripples in the two windings of the

coupled inductor can be calculated as

. Lm VO
|Aljz1| = ——(1-D)|- (6.27)

Lg2+2Lm2 Li2fs

Alyzs] = | 2588 — (1= D) - % (6:28)

Based on the coupled inductor theory, Ly, and L,,, can be expressed as
L, =1 —a)Ls (6.29)
Ly, = aLs (6.30)

where a is coupling coefficient and Lg is self-inductance of the coupled inductor.
Substitute (6.29) and (6.30) to (6.27) and (6.28), current ripples of the coupled inductor can

be rewritten as

. a Vo

|Bigar| = |75 = (1= D) 2 (6.31)

i =X (1= Yo
Bz = | 717 = (1= D) "2 (6:32)

Since a varies from 0 to 1, the current ripples have the following relationship

|Aiyoq| > |Aigy2], whenD < 0.5
{ : . (6.33)

|Aijsq1| < |Aigp,|, whenD > 0.5
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Assuming the base value is V, /Ly, fs, the normalized maximum coupled inductor current
ripple versus coupling coefficient under different duty cycles is shown in Fig. 6.7. When
the coupling coefficient goes to zero (no coupling), the current ripples of the coupled
inductor are the highest under a given inductance, which means highest switching losses
and I?R losses. As coupling coefficient increases, the inductor current ripples reduce,
which helps improve the efficiency. When coupling coefficient approaches one (perfect
coupling), maximum current ripple reduction can be achieved. On the other hand, it is also
clear that the coupled inductor current ripples become smaller as duty cycle D converges to
0.5. Particularly, when D = 0.5 and a = 1, ripple-free coupled inductor currents can be

achieved.
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Fig. 6.7 Normalized maximum coupled inductor current ripple versus coupling coefficient under different

duty cycles

The output current ripple can be calculated as

) , ) 7
|Aio| = [Aigzq + Aigap| = 12D — 1| - —=
Lszs

(6.34)

124



The normalized output current ripple versus duty cycle is shown in Fig. 6.8. The output
current ripple is not related to coupling coefficient and it is reduced as duty cycle D

converges to 0.5. Particularly, when D = 0.5, ripple-free output current can be achieved.

0.8 i

0.6 7

021 7
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Fig. 6.8 Normalized output current ripple versus duty cycle

Table 6.1 Calculated and simulated current ripples with different o

Calculated Simulated
“ il izl Al il gzl 145
0 1.66A 4.49A 2.83A 1.70A 448A 2.88A
0.25 0.43A 3.26A 2.83A 0.48A 3.27A 2.88A
0.47 0.31A 2.52A 2.83A 0.36A 2.53A 2.88A
0.75 0.98A 1.85A 2.83A 1.00A 1.88A 2.88A
1 1.415A 1.415A 2.83A 1.44A 1.44A 2.88A

In order to further illustrate the characteristics of the current ripples, calculated and
simulated results (under V;,=48V, V,=1V, L,,=3.25uH, f,=50kHz) with different coupling
coefficient are provided in Table 6.1. The simulated current waveforms are given in Fig.
6.9. As can be seen, when there is no coupling (@ = 0), the inductor current ripples have
an interleaved feature, thus the output current ripple is reduced due to the proposed
structure. When the coupling coefficient increases, the output current ripple stays constant,

however, the maximum inductor current ripple decreases. Therefore, the employment of
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the coupled inductor helps reduce the inductor current ripple. As shown in Table 6.1, the
simulated results are consistent with the analysis. The slight discrepancy is caused by the

dead time and duty cycle loss.

(a) (b)

(©) (d

(e)

Fig. 6.9 Simulated current ripples: (a) a=0; (b) @=0.25; (¢) @=0.47; (d) a=0.75; (e) a=1.
D. ZVS conditions

S3 and S4 are synchronous rectifiers, thus ZVS of S3 and S4 are always achieved.

When analyzing ZVS conditions of S1 and S2, the output capacitance C,q, of the switches
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are considered. In order to realize ZVS, the energy stored in the leakage inductance has to
be large enough to fully charge/discharge the output capacitance of the switches.

Therefore, the ZVS condition for S2 is given as

Lyt [ip (8)]2>2C g5 * (o= Vin)? (6.35)

n+1-D

1-D

where i,(t;) = — 5 lo-

The ZVS condition for S1 is given as

. +1)(1-D
Liea[ip (£)]2>2C05s - (22202 (6.36)

D

where i, (ts) = — 5 lo-

6.3 Design Considerations

In this section, design considerations of key components of the proposed converter
will be discussed. As a design example, a 48V to 1V high step-down converter is to be

considered. The rated load current is set to 30A.
A. Design of duty cycle and transformer turns ratio

In this design example, duty cycle is limited to [D..;, 1] because the difference of
RMS currents in the two SRs would be smaller. As can be seen in Fig. 6.7 and Fig. 6.8,
when duty cycle is closer to 0.5, smaller current ripples are obtained. On the other hand,
the lower the turns ratio, the smaller the leakage inductance and size of the transformer.
Based on these considerations, Nn=9 and D=0.73 would be a preferred combination

according to (6.20). Then D, is calculated as 0.51 according to (6.21). In practice,
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considering the power loss and duty cycle loss, the real duty cycle would be smaller than

0.73 since D € [0.51, 1].
B. Coupled inductor design

In this design example, the peak-to-peak ripple of i, is designed to be less than 10% of
the rated output current at the nominal condition. According to (6.34), the leakage

inductance of coupled inductor is calculated as

_ [2D-1]V,
Lo =—;
iofs

>3.06uH. (6.37)

Finally, the value of Ly, is set to 3.2uH.

As shown in Fig. 6.7, the higher the coupling coefficient, the lower the inductor current
ripple, which means lower losses and better efficiency. However, if the coupling
coefficient is too high, the flux in the magnetic core would be large, resulting in large

volume of the coupled inductor. Therefore, a compromising coupling coefficient is desired

The windings and core structure of the designed coupled inductor are shown in Fig. 6.10.
The winding structure is symmetric. The coupling coefficient is determined by the lengths
of air gaps in the outer and center legs. In this design example, the ferrite EE core used are
OP-44721-G009 (with a 9 mil gap in the center leg) from Magnetics. The air gap in the
outer legs is designed to 9.2 mil. The turn number of each winding is set to 4. The
measured parameters of the built coupled inductor are Ly, = 3.25uH, L., = 2.89uH and

thus ¢ = 0.47.
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Fig. 6.10 Windings and core structure of the designed coupled inductor
C. Energy transfer capacitor design

The capacitor C is used to transfer energy from the input to the output. It is assumed in
Section 6.1 that C is large enough so that the capacitor voltage is constant. However, if the
capacitance is too large, the dynamic response will be slow. Therefore, it is recommended
to choose the capacitance so that the voltage ripple on the energy transfer capacitor is

below 10% of its nominal voltage. The voltage ripple on the capacitor is calculated as

_ 1 DTy, _ID
AVC—EfO lpdt

T 2(m+1)Cf (6.38)

In this design example, according to (6.18), V. =34V . Then set AV, < 3.4V .

According to (6.35), C >7.5uF. Finally, the energy transfer capacitor is selected as 10uF.

D. Switch selection

The blocking voltages across the switches can be evaluated as

Ve, = Vgy = Vi, = 48V (6.39)
1-D)Vin
Ves = % = 1.4V (6.40)
DVin
Vsy = —2 = 3.8V (6.41)
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Considering voltage overshoot and ringing, the voltage rating of the switches should be
higher than the calculated values. Finally, MOSFET with 75V voltage rating is selected for

S; and S,. MOSFET with 25V voltage is selected for S; and S,.
E. Transformer design

In the design example, the leakage inductance of the transformer is designed to
guarantee ZVS operation from 40%-load to 100%-load. Then based on (6.35) and (6.36),
the leakage inductance can be calculated as Ljp; > 6.1uH. In order to minimize the
secondary-winding conduction loss, a single-turn copper foil is used for the secondary
winding. Then the primary winding is 9 turns. A pair of EE ferrite core 0R44022 from
Magnetics is selected. The measured parameters of the built transformer are Ly, = 6.5uH

and L,,; = 488uH.
F. Output capacitor design

The minimum output capacitance depends on the current ripple Ai, and the output
voltage ripple Av,. Considering the output voltage ripple to be 0.8% of the output voltage,

the output capacitance can be calculated as

Aig 10%x30

C, > =
07 8Av,fs  8x0.8%x1X50k

= 937uF (6.42)

Finally, two 560uF OSCON capacitors are connected in parallel for the output capacitor.

G. Control scheme

The control scheme of the proposed converter is shown in Fig. 6.11. A digital-signal-
processor (DSP) TMS320F28335 is adopted to implement the close-loop control. In the

control scheme, a conventional PI controller is used to regulate the output voltage, a limiter
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is used to limit the variation range of the duty cycle. In this design example, since the duty

cycle is limited to [0.51, 1], a negative unity is needed in order to configure a negative

feedback loop.
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. 6.11 The control scheme of the proposed converter

A 48V/1V 30A prototype was built to verify the performance of the proposed

converter. The switching frequency is 50kHz. The key parameters of the prototype are

listed as in Table 6.2.
Table 6.2 Key parameters of the prototype
Components Parameters
Input side switches S;, S, IRFS3207ZTRRPBF

SRs S3, S, Three PSMN1R2-25YLD in parallel
Transformer turns ratio=9:1
Magnetizing inductance=488uH
Leakage inductance=6.5uH
Coupled inductor turns ratio=1:1

Magnetizing inductance=2.89uH
Leakage inductance=3.25uH
Coupling coefficient=0.47

Energy transfer capacitor

63VDC 10uF Film Capacitor

Output capacitor

Two 6.3V 560uF OSCON Capacitor
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Fig. 6.12 (a)-(d) show the gate signals and the drain-to-source voltages for all the four
switches at full load. It is clear that ZVS of all switches are achieved. It is also observed
that the drain-to-source voltages of S; and S, are clamped at 48V, equal to the input
voltage. The drain-to-source voltages of S; and S, are less than 4V, thus MOSFETs with
low voltage rating and low on-resistance can be used. As the output capacitance of low-
voltage-rating SRs resonates with the transformer leakage inductance, voltage rings exist

on the waveforms of v;43 and vg,.

Fig. 6.12 (e)-(f) shows the output current i, and coupled inductor currents ij,; and
ix22. Due to the effect of the coupled inductor, the inductor current ripples are even smaller
than the output current ripple. Fig. 6.12 (g) shows load transient response due to step load
increase from 45% load to 100% load, and Fig. 6.12 (h) shows load transient response due

to step load decrease from 100% load to 45% load.

If the input of the converter is unregulated, different voltage levels can be imposed on
the converter. Considering a variation percentage of 12.5%, the input voltage varies from
42V to 54V. The efficiency of the prototype versus output current under different input
voltages was measured and shown Fig. 6.12 (i). As can be seen, at the nominal input
voltage 48V, the peak efficiency is 94.7%, the efficiency at full load is 93.1%. When the
input voltage is 42V, the efficiency is higher, with a peak efficiency of 95.1%. This is
because the duty cycle becomes smaller, resulting in smaller current ripple and lower turn-
off losses. When the input voltage is 54V, the efficiency is lower, with a peak efficiency of
94.2%. This is because the duty cycle becomes larger, resulting in higher current ripple and

higher turn-off losses.
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Fig. 6.12 Experimental results: (a) Gate signals and drain-to-source voltages at the rising edge of vy41; (b)
Gate signals and drain-to-source voltages at the rising edge of vy,; (c) Gate signals and drain-to-source
voltages at the rising edge of v4,3; (d) Gate signals and drain-to-source voltages at the rising edge of v444; (€)
Output current i, and coupled inductor currents iy,, ix22 (dc coupling measurement); (f) Output current i,
and coupled inductor currents iy,,, ix2, (ac coupling measurement); (g) Load transients due to step load

increase; (h) Load transients due to step load decrease; (i) Measured efficiency under different input voltages.
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Chapter 7  Conclusion

Many applications call for non-isolated high step-up and high step-down DC-DC
converters. This dissertation investigates new high step-up and high step-down topologies
for various applications, aiming to achieve high efficiency, high power density, high step-

up/step-down voltage gain, low cost and improved performance.

A new family of interleaved high step-up converters integrating coupled-inductor and
switched-capacitor has been introduced for high current and ultra-high step-up applications
in Chapter 2. A typical topology is re-shown in Fig. 7.1. It achieves ultra-high voltage
gain, low switch voltage stress, balanced input current sharing, low input current ripple,
high input current handling capability, alleviated diode reverse recovery, recycled leakage
energy and common ground connection between the input and the output. Topology

extensions and variations have also been discussed.

Fig. 7.1 Interleaved high step-up converter integrating coupled-inductor and switched-capacitor

In Chapter 3, multiphase interleaved high step-up converters with diode-capacitor VM
stages has been presented, which is an extension of the previously reported two-phase

current-fed Cockcroft—-Walton multiplier. The multiphase configuration is re-shown in Fig.
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7.2. Tt features high input current handling capability, high voltage gain, low component

voltage stress, low input current ripple and automatic phase current balancing.

VM Stage 1

Cs(n-1)

Fig. 7.2 Multiphase interleaved high step-up converter with VM stages.

These two types of interleaved high step-up converters are more suitable for high
current applications. Compared to their counterparts, they achieve higher voltage gain and
lower switch voltage stress with low component count. Comparison of the features of these
two converters is provided in Table 7.1. Which type of converter to choose depends on the

specific application requirements, such as the voltage gain, current level, the expected size

and cost.
Table 7.1 Comparison of the two new interleaved high step-up converters
Fig. 7.1 Fig. 7.2
o Two-phase o Multiphase
o Ultra-high voltage gain e High voltage gain
o Relatively low component count o High component count especially at very high voltage gain
o Alleviated diode reverse recovery e Diode reverse recovery problem
o High diode voltage stress e Low diode voltage stress
o Relatively complicated design o Flexible structure and simple design
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In Chapter 4, a single-phase coupled-inductor boost converter has been introduced for
low input current applications. The topology is re-shown in Fig. 7.3 (a). The proposed
converter achieves high voltage gain with the aid of the coupled inductor. Also, it features

low component count, continuous input current and alleviated diode reverse recovery.

Based on the single-phase coupled-inductor boost converter, an improved converter
has been introduced in Chapter 5. The topology is re-shown in Fig. 7.3 (b). It retains
continuous input current and achieves higher voltage gain and lower semiconductor
voltage stress. Furthermore, it achieves zero-voltage switching and zero DC magnetizing

current.

C C_z
L L S *Np | *Ns G D.
T l o rn—i| D J_
Vin \% Sjﬁ} o >t C R
[ !
(a) (b)

Fig. 7.3 Single-phase coupled-inductor boost converter: (a) basic converter; (b) improved converter.

The two new single-phase high step-up converters are more suitable for low current

applications. Comparison of the features of the two converters is provided in Table 7.2.

Table 7.2 Comparison of the two new single-phase high step-up converters

Fig. 7.3(a) Fig. 7.3(b)
e Continuous input current e Continuous input current
o High voltage gain ¢ Higher voltage gain
o Low switch and diode voltage stress e Lower switch and diode voltage stress
e Hard switching e Zero voltage switching
¢ DC energy stored in coupled inductor e No DC energy stored in coupled inductor
e Low component count e Relatively high component count
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In Chapter 5, a high step-down converter with zero voltage switching and low current
ripples was presented. The topology is re-shown in Fig. 7.4. High step-down voltage
conversion is achieved with the aid of energy transfer capacitor and built-in transformer.
Also, the employment of interleaved structure and coupled inductor results in small current
ripples. Furthermore, two main switches and two synchronous rectifiers are utilized and all
can achieve zero-voltage switching. Only grounded gate drivers and boost strap drivers are
needed, avoiding the use of complex isolated gate drivers. Finally, when one of the

switches fails, the high input voltage is blocked from the output to keep the load safe.

Fig. 7.4 High step-down converter with ZVS and low current ripples

The system design optimization of the proposed converters could be one of the future
work. How to optimize the inductances and capacitances to achieve high efficiency, small
size and light weight could be important for commercial applications. The modeling
method of the high step-up/high step-down converters is another direction of the future
work. Since high step-up/high step-down converters adopt more magnetics and capacitors
for high voltage gain, a large number of state variables and state equations are involved in
the modeling, leading to increased complexity. How to reduce the order of the modeling

could also be an interesting topic.
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