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Abstract

DC-DC conversion systems are vital components in DC distribution systems, renewable
energy generation systems, telecommunication systems, and portable electronics devices.
The extensive applications of DC-DC converter have resulted in continuous improvement
in the topologies and control methods in these converters. The challenge is to build a
converter that improves factors such as efficiency of conversion and power density with a
simple topology, which incorporates simplified switching and control schemes and fewer
numbers of active and passive components to reduce the manufacturing cost. This thesis
addresses this challenge by proposing an alternative topology of a DC-DC converter based

on dual series-resonant circuits.

The proposed topology operates under zero voltage switching (ZVS) and zero current
switching (ZCS) conditions to reduce the switching losses. It achieves two degrees of
freedom (i.e., duty ratio and switching frequency) to control the output voltage of the
converter, which results in both step-down and step-up voltage conversions. The number
of active components is limited to two semiconductor switches and two rectifying diodes,
which reduces the manufacturing cost of the converter. Detailed analytical analysis is
carried out using the extended describing function methodology to characterize the steady
state and small signal operation of the converter. Small-signal transfer functions are
developed and used to propose a simple closed-loop control scheme to control the output

voltage of the converter. An experimental 10 V, 40 W prototype of the proposed converter



is built and tested to investigate its operation and confirm its features. The improvement in
the efficiency of the converter and power transfer capability of the proposed dual series-
resonant converter compared with the traditional single series-resonant circuit, which is
used in the interleaved topologies are experimentally verified. In addition, soft switching
operation of the converter is realized and a simple control scheme is developed to control
the output voltage of the converter. A detailed and step-by-step design procedure is
developed, which can be used to customize the design of the converter for different levels

of power and voltage.

It is shown that the proposed dual series-resonant DC-DC converter provides significant
improvement regarding power density, efficiency of power conversion, simplicity of
switching and control schemes, and reduced number of converter components resulting in

a low cost and compact converter.
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Chapter 1

Introduction

1.1  Background

Electrical converters play a vital role in our everyday life by shaping the electrical power
of electrical sources to meet the needs of consumers and requirements of loads. The
electric output power of a source can be AC (single-phase or three-phase, 50 Hz or 60 Hz)
or DC (nearly fixed voltage from a battery source or a variable voltage from a renewable
energy source). On the other hand, the requirement of the load can be AC or DC power
and it varies in a very wide range with respect to the level of voltage and value of the

frequency. Among different electrical converter platforms, DC-DC power converters are



gaining extensive attention in research and industry. On a system level, the rapid growth of
distributed generation (DG) units based on renewable energy sources and the trend of
moving toward DC electrical distribution systems have made an important role for DC-DC
converters utilizing green energy resources for customers and in the future electric power
distribution system. On a device level, due to the extensive penetration of portable
electronic devices such as laptops and cell phones, high-efficient and compact DC-DC
converters are an essential part of the device to convert the voltage of the battery to
required voltage levels of the devices. It is projected that the market of DC-DC converters
will experience a considerable growth from 3.9 billion USD in 2014 to 5.0 billion USD in

2019 with a compound annual growth rate of 4.9% [1].

This growth demands overall improvement in switching techniques of the converters with
respect to traditional methods and solutions to address the needs of today's industry. Since
the advent of pulse width modulation (PWM) technique in the 1970s, this technique has
been widely used as the main switching technique in DC-DC converters. In this technique,
the switching action happens based on the comparison between a carrier signal and a
control signal. In other words, in PWM switching method, the switching action occurs
regardless of the on-state current or off-state voltage of the switch. Because of such a hard
switching scheme, during turn-on instant of the switch and after sending the trigger-on

command to the switch and passing the turn-on delay time (t, ), the current of the switch
starts to increase from zero and reaches its final value 1 . During this interval, the voltage
drop across the switch (V) either remains constant (for an inductive load) or starts to

decrease simultaneously (for a resistive load). Based on the duality concept, similar



variations occur during turn-off action. These variations are shown in Figure 1.1, assuming

linear current and voltage variations.
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Figure 1.1: Simplified waveforms of voltage and current of the switch during switching

instants: a) inductive load, b) resistive load.

This phenomenon causes non-zero product of voltage and current of the switch during

switching transitions, which increases the switching power losses, heats up the switch,

poses a limitation for high switching frequency operation, deteriorates the efficiency, and

increases the electromagnetic interference (EMI) profile of the converter.

Considerable efforts have been made to reduce the switching losses and increase the

efficiency of the converter. Using snubber circuits is one of the solutions to reduce the

switching losses. In these circuits, either the capacitor (in turn-off snubbers) or the inductor

(in turn-on snubbers) mitigates dv/dt or di/dt associated with the switch, respectively.

However, as illustrated in Figure 1.2, even with the use of snubber circuits, the product of



voltage and current of a switch during the switching instants can be quite significant,
especially at high values of switching frequency. The problems of switching losses and
EMI associated with high switching frequency can be overcome with soft switching

methods, whereby, the value of voltage or current during switching instants is kept at zero

or very close to zero, leading to significant reduction in switching losses.
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Figure 1.2: Locus of voltage-current variations during switching instants.

Considering the locus of voltage and current of the switch during switching instants for the
soft switching case and comparing that with the hard switching method and the snubber
case in Figure 1.2, it is noticed that the product of voltage and current is considerably

smaller for the soft switching case compared with other two switching approaches,



signifying considerable mitigation in the switching losses. In addition, both conducted and
radiated EMI are mitigated due to the reduction of switching transients (dv/dt and di/dt)
[2]-[6].

Since the 1980s, various soft switching methods and topologies have been proposed to
solve the problem of switching losses in DC-DC converters such as quasi-resonant
converters (QRC), multi-resonant converters (MRC), load resonant converters (LRC), and
zero voltage transition (ZVT) and zero current transition (ZCT) converters [7]-[14]. Each
of these methods has its own limitations; however, the superior advantage is the
achievement of zero voltage switching (ZVS) or zero current switching (ZCS) features that
can result in reduction of the switching losses, increase in the power density, and decrease

in the EMI level.

1.2 Motivation

Extensive efforts have been made to miniaturize the size and improve the performance of
DC-DC converters. The total size, overall efficiency, reliability, manufacturing cost, and
the complexity of the topology and control scheme of a DC-DC converter are the most
important factors in the evaluation of the performance of a converter. Different research

contributions have attempted to improve one or more of the mentioned factors.

In order to make the size of the converter more compact and smaller, increasing the
switching frequency and subsequently, operating under soft switching conditions are
inevitable. Operating at high switching frequency allows smaller size of passive

components to be utilized for the construction of the converter. However, another aspect of



miniaturizing and making the size of the converter more compact is at the converter-
topology level, where the topology of the converter is able to transfer more power to the
output-connected load without adding interleaved stages, which increases the power
transfer capability of the converter at the cost of increasing the size and number of the
components used in the topology. By increasing the power transfer capability without
adding extra components or stages to the topology of the converter, the power density can
be increased. In addition, the total manufacturing cost of the converter can be reduced

since the power rating of the converter is increased.

The goal of this research is to develop an alternative DC-DC converter topology that meets
the requirements of high efficient, compact topology, reduced manufacturing cost, and

simple control scheme. The goal will be achieved through the following objectives:

1. Propose a topology that is capable of increasing the output power transfer of the

converter,;

2. Develop an analytical methodology to obtain expressions for steady-state and stability

characterization of the converter;

3. Design and construct a prototype of the converter and carry out experimental

measurements to validate the performance of the converter.

4- Propose a step-by-step procedure to customize the design of the converter for different

operating conditions (i.e., output power, input voltage, switching frequency, etc.).



In order to meet the requirements of high overall efficiency, miniaturization, reduced
manufacturing cost, versatile applications, and simple control scheme, it is expected that

the proposed converter will have the following features:

1. Operate under ZVS and ZCS in order to enable high switching frequency operation and

reduced losses to achieve high efficiency;

2. Improve the output power transfer without increasing the number of switching devices
and passive components, so as to improve the power density, miniaturize the topology, and

reduced manufacturing cost of the converter;

3. Achieve both step-up and step-down output voltage conversion ratios to enhance the

versatility and wide utilization of the converter;

4. Regulate the output voltage through either duty ratio control or switching frequency

control to accommodate two degrees of freedom to control the output voltage.

1.3  Outline of the Thesis

A survey of the literature on different soft switching DC-DC converters is given in Chapter
2. The development of the proposed topology is given in Chapter 3. In this chapter the
proposed DC-DC converter topology, operating principles, and features are presented and
the proper operation of the converter under different scenarios is investigated by
simulation. Detailed analysis of the proposed topology with respect to: (i) large signal
analysis and steady state conditions, and (ii) small signal and stability analysis are
presented in Chapter 4. In this chapter, the behavior of the converter is characterized and

modeled using the extended describing function methodology to obtained models of the



converter. The analytical models are subsequently simplified and used to design a control
scheme to regulate the output voltage of the converter. Experimental results of a 10 V,
40 W prototype of the proposed DC-DC converter are presented and the final comparison
between simulation results, analytical modeling result, and the experimental results are
given to validate the consistency between simulations and analytical modeling, with
experimental results. A systematic procedure for the design of the converter for any level
of power or voltage is presented in Chapter 6. The design procedure can be used as a
reference guide to customize the proposed topology for different applications. Finally, in
Chapter 7 the major outcomes, specific contributions, and further extensions to this

research work are discussed.



Chapter 2

Literature Review

By increasing the switching frequency in DC-DC power converters, the size of the passive
components can be reduced; consequently, the converter can be miniaturized. However,
the drawbacks of increasing the switching frequency are higher stress on the switching
devices, more switching losses, increased vulnerability to the parasitic components in the
circuit, and higher level of EMI. Due to these drawbacks, the benefits of operating at high
switching frequencies cannot be achieved in traditional hard switching schemes. Using soft
switching technique in a switching circuit mitigates the aforementioned disadvantages and

makes it feasible to increase the switching frequency. Different methods have been



introduced and implemented for numerous topologies of DC-DC power converters to
reduce the switching losses and improve the overall efficiency of the converter. The
objective of this chapter is to introduce briefly these methods and topologies. This brief
introduction is followed by a discussion of the relevant research contributions for soft
switching DC-DC power converter topologies, highlighting the advantages, disadvantages,
and limitations of each topology in order to establish the context and demonstrate the

rationale for this research work.

2.1  Basic Resonant DC-DC Converter Topologies

2.1.1  Quasi-Resonant Converter (QRC)

Both soft switching general forms of ZVS and ZCS can be achieved in these types of
converters. The family of quasi-resonant converters (QRC) can be constructed by
replacing the power switch in a traditional PWM converter with either ZVS or ZCS
resonant switches [7], [8]. Figure 2.1 and Figure 2.2 show the topologies of zero-voltage

and zero-current resonant switches, respectively.
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Figure 2.1: Zero-voltage resonant switches.
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Figure 2.2: Zero-current resonant switches.

It is worth noting that the topologies of the ZVS and ZCS resonant switches are duals. As
an example, Figure 2.3 and Figure 2.4 show the topologies of QRC-ZVS and QRC-ZCS
buck converter topologies, respectively. These two topologies are achieved by replacing

the power switch in a simple PWM buck converter with ZVS or ZCS resonant switches.
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Figure 2.4: QRC-ZCS DC-DC buck converter.

11



Despite the fact that the topologies of both QRC-ZVS and QRC-ZCS converters are
derived based on the simple PWM DC-DC converter, QRC-ZVS and QRC-ZCS are
controlled by switching frequency rather than duty ratio. This results in the dependency of
the efficiency of the converter on the switching frequency and adds more complexity to the
control scheme. Kwon et al. [15] proposed an isolated topology of a single-switched quasi-
resonant DC-DC converter. Although the proposed topology employs only one
semiconductor switch that operates under ZVS condition, the free-wheeling diode
experiences hard-switching at turn-on transitions. Besides, input power is transferred to the
output load during only one of the four operational modes of the converter, which reduces
the power density of the converter. An isolated ZVZCS quasi-resonant CLL DC-DC
converter was proposed by Ryu, et al. [16], in which the switching frequency varies
slightly in response to 70% variation in the load. However, during the discharging mode of
the resonant capacitor, which is the longest mode of the operation of the converter, only
the output capacitor supplies the load current. As a result, the converter experiences high
output voltage ripple and partial power transfer to the output load. Consequently,
improvements in the performance of the converter are achieved at the expense of increased

output voltage ripple for large loads and reduction in the power density of the converter.

2.1.2  Load Resonant Converter (LRC)

Two well-known topologies of this class of converters are series resonance converter
(SRC) and parallel resonance converter (PRC). The resonant tank is connected between a
half-bridge or full-bridge inverter stage and a diode rectification stage. Figure 2.5 and

Figure 2.6 show the topology of SRC and PRC, respectively. Depending on the switching

12



frequency, the converter operates in either the discontinuous current mode (DCM) or
continuous current mode (CCM). Table 2.1 shows the soft switching conditions for both

the SRC and PRC converters under DCM and CCM conditions.

A drawback of these converters is that output voltage regulation is achieved by changing
the switching frequency. Optimization of the output filter becomes a challenge under
variable switching frequency operation, since the filter needs to be designed for the worst-
case scenario. An alternative topology of the SRC converter was proposed by Ting, et al.
[17], which enables fixed switching frequency operation. The proposed topology consists
of four switches in a full bridge configuration and an extra inductor between the legs of the
full bridge that makes the converter bulky. The SRC converter operates only as a step-
down converter and it exhibits poor voltage regulation. For the case of the PRC, the
problem of circulating current poses a difficulty especially for a wide range of input
voltage variations. Operation of the converter in CCM results in almost sinusoidal current,
and the peak values of the inductor current and capacitor voltage can be reduced by
increasing the switching frequency. However, both PRC and SRC converters need

relatively large resonant inductor that makes the converter bulky [11].

|1
I
)

A

] RJrJ ad

o~

|1

__QII
—

Figure 2.5: Series resonant converter (SRC).
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Figure 2.6: Parallel resonant converter (PRC).

Table 2.1: Soft switching conditions for load resonant converter.

Series-Loaded Resonant Converter Parallel-Loaded Resonant Converter
Discontinuous Continuous Mode Discontinuous Continuous Mode
Mode (DCM) (CC™M) Mode (DCM) (CCVM)
ws< 0.5w; 05w, < ws | ws> wy ws< 0.5, 0.5w, < ws ws> Wy
< Wy < Wy
ZC turn Yes No Yes Yes No Yes
on
ZC turn Yes Yes No Yes Yes No
off
ZV turn No No Yes Yes No Yes
on
ZV turn Yes Yes No Yes Yes No
off

2.1.3  Multi-Resonant Converter (MRC)

For non-isolated multi-resonant converter (MRC) topologies, the underlying principle of
the topologies is the same as QRCs, i.e., the power switch in a traditional PWM converter
is replaced by a multi-resonant network. By doing this, one of the limitations of QRCs,

which is soft switching operation for either the semiconductor switch or output diodes, can

14



be overcome. Figure 2.7 and Figure 2.8 show the zero-voltage multi-resonant (ZV-MR)

and zero-current multi-resonant (ZC-MR) networks, respectively [8], [9].
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Figure 2.7: Zero-voltage multi-resonant (ZV-MR) network.

Figure 2.8: Zero-current multi-resonant (ZC-MR) network.

Depending on the converter topology, passive components may exist between node a and
node b. The topologies of ZVS-MRC and ZCS-MRC buck converters are depicted in
Figure 2.9 and Figure 2.10, respectively. For isolated converters, as for example the
forward ZVS-MRC, the leakage inductance of the transformer is utilized as the inductance
L, in Figure 2.7. For the resonant networks shown in Figure 2.7 and Figure 2.8, the duality
concept is applicable. Still the problem of output voltage regulation in the case of wide

range of variation in the input voltage exists in the ZVS-MRC and ZCS-MRC. In order to
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overcome the problem of variable switching frequency in MRCs, phase-shift control
method has been proposed to regulate the output voltage [10]; however, this has been
achieved at the expense of increased circuit complexity (i.e., implementation of auxiliary

circuits) and complex control scheme.

SW L, Ly
-T
Vo —HH—— oL Cr Load
C’, d A D -

A1 CF Load

Figure 2.10: ZCS-MRC buck converter.

The isolated topologies of MRC can be achieved by adding extra passive components
(capacitor and/or inductor) on the primary side of the isolating transformer in load resonant
converter topologies. Depending on the number and type of the additional components,
several topologies can be derived. Two very well-known topologies of three-element
MRCs are the LLC (i.e., two inductors (LL) and one capacitor (C)) and LCC (i.e., two

capacitors (CC) and one inductor (L)) converters, which are shown in Figure 2.11 and

16



Figure 2.12, respectively. Using transformers with two identical windings on the

secondary side, these converters can be constructed with two diodes at the output.
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Figure 2.11: Multi resonant LLC DC-DC converter.
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Figure 2.12: Multi resonant LCC DC-DC converter.

Depending on the value of the parallel capacitor, the LCC converter behaves similar to
either PRC, if C>>C,, or SRC, if C, is very small. Therefore, LCC combines the

characteristics of both SRC and PRC topologies. The LLC topology can regulate the
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output voltage over wide range of input voltage and it operates under ZVS condition over
its entire load range [18]. In addition, the overall size of the converter is smaller since the
size of the output filter is reduced [19]. Furthermore, it has been reported that the LLC
topology exhibits better performance compared with the LCC topology since the
efficiency is more flat as the switching frequency varies [20]. The basic problems with
these two topologies are: 1) the regulation of the output voltage, which is achieved under a
variable switching frequency scheme; 2) the overall efficiency of the converters drops
when the switching frequency is far away from the resonant frequency [21]-[25]. In
general, the efficiency of the LLC converter drops when the switching frequency
decreases, whereas the efficiency of the LCC topology drops when the switching
frequency increases [26]. Although higher efficiency for wider range of switching
frequency has been reported in the literature [27], [28], the improvements have been
achieved by adding more active and passive components. The increase in the number of
components and the size of the converter reduce the total power density of the converter.
Besides, the control scheme of the converter becomes more complicated as the number of

active components increases.

2.1.4  Zero-Voltage Transition and Zero-Current Transition

Converters (ZVT & ZCT)

Zero-Voltage Transition (ZVT) and Zero-Current Transition (ZCT) converters can be
constructed using auxiliary resonant circuits in parallel with the main switch of the

converter [12], [13]. The corresponding auxiliary resonant circuits for both ZVT and ZCT
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converters are shown in Figure 2.13 and Figure 2.14, respectively. For non-isolated
converters, the main switch (SW) needs to be replaced with the switch networks shown in
Figure 2.13 and Figure 2.14. The topologies of ZVT-boost converter and ZCT-boost
converter are shown in Figure 2.15 and Figure 2.16, respectively. For these converters,
output voltage regulation is achieved by using a constant frequency PWM switching
scheme. An advantage of this class of converters is that soft switching operation can be
achieved and the voltage and the current stresses on the main switch can be maintained
within a safe margin [12]-[14]. Despite the developments of ZVT and ZCT for non-
isolated converters [14], [29]-[30], the development of ZVT and ZCT techniques for
isolated converters is challenging. The reason is that for isolated DC-DC converters, the
auxiliary resonant circuits are such that the leakage inductance of the transformer cannot
be utilized as a resonant component in the converter. This makes the design of the

transformer difficult, as it needs to be constructed with minimum leakage inductance.
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Figure 2.13: Auxiliary network for zero voltage transition (ZVT).

19



L

’

C r to the anode of
r

the output diode

e
o, Tl

ux - - - —
| to the cathode of

the output diode

o)

Jfor boost and SEPIC
converters

Figure 2.14: Auxiliary network for zero current transition (ZCT)
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Figure 2.16: ZCT-boost converter.
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2.2 Transformer-Based DC-DC Converters

Among the several topologies for soft switching DC-DC converters that are proposed to
meet new requirements and industry standards, isolated converters are preferred due to the
galvanic isolation, reliability, safety, and protection requirements in accordance with IEEE
Standard 519 and 1547 [31]. Numerous topologies of isolated DC-DC converter have been

proposed in the literature [32]-[41].

Zheng, et al. [42] proposed an isolated single-switch DC-DC converter that has the
capability to transfer power to the output load during the entire operating modes of the
converter. A drawback of the converter is the use of hard switching operation, which
results in high switching losses. An improved topology that uses a zero current resonant
network to achieve soft switching operation was proposed later [43]. The proposed
topology utilizes the leakage inductance of the isolating transformer, and along with the
capacitor and inductor of the zero current resonant network, it forms an LCL network.
Experimental results show improvement in the efficiency of the proposed converter;
however, the maximum efficiency of the converter is achieved at almost half load and the

efficiency drops at the full load condition.

A full-bridge topology of the series resonant converter with the ability of direct power
transfer to the output has been proposed [44]. ZVS operation for semiconductor switches
and ZCS operation for output diodes are interesting features of the topology. However, this
topology consists of four semiconductor switches at the primary side of the transformer

and one bidirectional switch at the secondary side. Besides the increased conduction
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losses, the control scheme of the converter becomes more complicated since the

bidirectional switch controls the power flow and voltage conversion ratio.

The forward resonant converter is another category of the isolated resonant DC-DC
converters that are popular because of their low cost, simple structure, and ZVS
operational characteristics [45]-[47]. However, the drawbacks of the converters are
forward transformer resetting and limitation on the range of duty ratio, which should be
less than 0.5 in two-switch forward resonant converters [48]. This makes the application of
two-switch forward resonant converters impossible when a wide range of voltage
regulation is required. Some research contributions have addressed the aforementioned
problems and have achieved increases in the range of duty ratio [49], [50]. However, either
the soft switching operation is violated or the converter suffers from complexity in
topology and control scheme and low power transfer capability. Interleaving technique is a
well-know approach to increase the power transfer of the converter to the output load and
reduce the ripple on the output capacitor, leading to choose a smaller output capacitor [51]-
[66]. In this technique, identical stages of a converter are paralleled with each other, with
one shared load at the output and one shared source at the input. The switching gate signals
of stages are phase-shifted according to the number of the stages. As an example, a 2-stage
interleaving technique was proposed to increase the power transferred to the load in one
complete cycle of operation [66]. The increased power transfer was achieved at the cost of
doubling the total number of passive and active components of the converter. Therefore,
the overall power density of the converter remains almost unchanged, while the control

scheme becomes more complicated.
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Flyback converters bring considerable improvements from the point of view of simplicity
of the topology, low parts count, and wide range of operation. This type of converter is the
isolated version of the buck-boost converter, in which a flyback transformer provides the
task of isolation. However, flyback converters suffer from poor transformer utilization and
not having high power density since the power cannot be delivered to the output during all
modes of operation. Using clamp capacitors at the primary side of the transformer
improves the utilization of the transformer by providing energy balance across the
magnetizing inductor of the transformer. Due to its simple topology, and small size, active
clamping flyback converters have been considered a good solution to achieve ZVS and
ZCS operations [67], [68]. However, the problem of partial power transfer to the output
load remains a challenge for active clamping flyback converters. Several efforts have been
made to improve the power density of the flyback converters [69], [70]. The challenge is to

achieve increased power transfer without additional or auxiliary active components.

2.3 Objective of the Research

The objective of this work is to propose an alternative topology, referred to as a dual
series-resonant DC-DC converter that achieves increased overall efficiency, improved
power density, reduced number of active semiconductor components, and simplified
control scheme to regulate the output voltage. The proposed converter should provide both
ZV'S and ZCS for semiconductor switches and output diodes, respectively. This would
make the operation at higher frequencies feasible and would lead to increased converter
efficiency. The topology should be capable of transferring power to the output load during

both positive and negative cycles of operation, thereby increasing the power density of the
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converter without introducing more switching components and using techniques such as
interleaving method. The number of semiconductor components is to be kept to minimum
(not more than two switches), leading to reduced cost of the converter. With a two-switch
topology, the possibility of complementary switching operation can be exploited to
simplify the control scheme. Finally, the proposed topology should be capable of
providing output voltage regulation through a single-loop, voltage-feedback control
scheme. To the best of the author’s knowledge, a converter topology that incorporates the

aforementioned features has not been addressed in the literature.

24  Summary

This chapter gave a categorized introduction about the common topologies of resonant
DC-DC converters. Some of the typical and fundamental topologies and techniques for
soft switching approaches in DC-DC converters were presented. The advantages,
disadvantages, and limitations of each topology were discussed. This was followed by an
extensive review of recent proposed topologies in the literature. The discussions led to the
realization of the common technical challenges, and the necessity to propose a new
topology to address those challenges regarding DC-DC converters. The subsequent
chapters are devoted to the development, analysis, experimental validation, and design of

the proposed converter topology.
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Chapter 3

Dual Series-Resonant DC-DC Converter

Increasing the power density of DC-DC power electronic converters is always an on-going
demand for customers since the preference is always given to small and miniaturized
equipment and gadgets. Operation at high switching frequency leads to smaller and more
compact DC-DC power electronic converters; however, the downsides are more switching

losses, higher EMI, and fewer options for the semiconductor switching devices.

Increasing the power transfer capability of the DC-DC power electronics converters is the
other aspect of power density. A low cost solution to increase the rated power of DC-DC

power electronics converters is always interesting to manufacturing companies.
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Techniques such as interleaving methods increase the power transfer capabilities of the
DC-DC converters; however, it is associated with higher manufacturing cost because of
more components that are used in the interleaved DC-DC converters. In addition, the

overall size and weight of the circuit inevitably increase with this approach.

In this chapter, the proposed dual series-resonant DC-DC converter is presented. The main
objective of the proposed topology is to increase the power density of the DC-DC
converter (i.e., increase the power transfer capability of the converter without significantly
increasing the number of components). The details of the operation of the proposed
converter during each mode are described and the soft switching feature of the converter is
theoretically demonstrated. In addition, the improvement in the power transfer capability
of the converter is demonstrated. The operation of the converter under different scenarios
is investigated in the PLECS simulation environment to confirm the feasibility of the
proposed topology. Finally, the importance and merits of operating the converter in the
continuous current mode (CCM) are elaborated and the boundary condition between the

discontinuous current mode (DCM) and CCM is presented.

3.1  Development of the Proposed Topology

The proposed converter is based on the basic topology, which is shown in Figure 3.1 (a).
This figure shows an isolated DC-DC converter, which transfers input power to the output
load during half cycle of its operation when D2 is on. During the other half cycle of

operation, the resonant current i, circulates in the secondary side of the transformer

through D1. Figure 3.1 (b) shows an attempt to improve the power transfer capability of
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the converter using an interleaved approach [66]. For this topology, either Stage 1 or
Stage 2 continuously supplies current to the load in the 2-stage interleaved converter. The
operation of the 2-stage interleaved converter involves the implementation of a phase
delay between the switching signals for each stage. Experimental results of the interleaved
topology show that the power transferred to the output load increases [66]; however, this is
achieved at the cost of doubling the number of semiconductor switches, diodes,
transformers, and passive components. As a result, the footprint of the circuit becomes
bigger and the power density of the converter deteriorates. Besides, the manufacturing cost
of the converter increases and the implementation of the switching signals become more

complicated.

The second stage in Figure 3.1 (b) performs a complementary stage to supply the load
current through D4 when i, is positive and i ; is negative and circulates in the secondary
winding in T2 through D1. However, if D1 participated to supply the load current in a
symmetrical form during the negative cycle of the operation, then the need for the second
stage in an interleaved approach is eliminated. This will require a transformer with two
separate and identical secondary windings, where each winding is connected to a separate
and identical series resonant circuit. This topology, referred to as the dual series-resonant
topology, will provide continuous power transfer to the load without increasing the

number of switching devices and complexity of the gate signal generating system.
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Figure 3.1: Resonant DC-DC converter: a) single-stage series resonant circuit, b) 2-stage

interleaved solution to improve the power transfer capability.

28



3.1.1  Description of the Proposed Topology

The proposed dual series-resonant DC-DC converter is shown in Figure 3.2. This figure
shows an isolated transformer with three windings, one winding on the primary side and
two separate windings on the secondary side. The primary has N, turns and each secondary
windings has Ng=Ns=Ns turns. The turns ratio of the transformer (N) is defined as the
ratio of the number of turns of the secondary winding to the number of turns of the
primary winding (N=Ns/ Np). The magnetizing inductor of the transformer (L) is shown
at the primary side. Two switches (Q; and Q) and one clamping capacitor (C.) are
connected in series at the primary side of the transformer. The switches are triggered in a
complementary manner based on PWM switching scheme. At the secondary side of the
transformer, each of the two secondary windings is connected to a series-resonant circuit
(i.e., Ly and Cyp to Ng, Lo and Cr2to Ngp). The connection of the secondary windings is
such that the positive polarities of the windings, marked by a dot, are connected to the
series resonant circuits, while the negative polarity nodes form a common connection
point. The output load (R,) and output capacitor (C,) are connected to the series-resonant
circuits through a half-bridge rectifying diode stage (D1 and D2). The windings at the
secondary side of the transformer are considered to be identical and the passive
components in each series-resonant circuit are considered to be identical (i.e., Lin=L,, and
C1=C). This results in energy distribution balance at the secondary side of the
transformer. In reality, there are always mismatches between the values of the resonant
inductors and resonant capacitors. The effects of mismatches between these components

will be discussed through the experimental investigation in Chapter 5.
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The positive polarities of voltages are shown with £ sign and the positive polarity of

branch currents are shown with black arrows.

3.1.2  Principle of Operation

Before describing the operating modes of the converter, it is necessary to list the following

assumptions:

The parasitic components of all electrical connections and the turn-on resistances
of the switches and diodes are neglected.

All capacitors and inductors are assumed ideal.

The two windings at the secondary side of the transformer are identical.

Except for the dead-time interval between switching instants, the switching action
of Q1 and Q2 is complementary and D is the duty ratio of Q2.

The output capacitor and the clamping capacitor are much larger than the resonant
capacitors.

The internal capacitors of the switches are much smaller than the resonant
capacitors.

The magnetizing inductor of the transformer is much larger than the resonant
inductors.

The normalized switching frequency is more than two (i.e., F=f_ /f_>2).

In the descriptions given below, the first resonant circuit refers to the resonant
circuit formed by Ly and Cy;, while the second resonant circuit refers to the

resonant circuit formed by L, and Cy,.
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Figure 3.2: Proposed dual series-resonant DC-DC converter.

The operation of the converter is occurred in six different modes as described below:

Prior to Mode I (t=T): Q2 is off; Q1 is on and conducts the current ig:= -i, at the primary
side of the transformer; i is positive but is decreasing; iLr1 and i.r, are negative (therefore

in is also negative) and D1 conducts while D2 is off.

Mode I (T,<t<T,): At t=T , Q1 is triggered off and Cq starts to charge by iq:. Therefore,
the voltage drop across Q1 increases from zero to Vy+Vce, Where V¢ is the clamping
capacitor voltage. Meanwhile, the voltage drop across Q2 decreases from Vy+Vc. to zero.
As soon as the voltage drop across Q2 equals zero, Dqg, turns on. Therefore, Q2 can be

triggered on at ZVS condition. Due to the small value of Cgqy, this time interval is very

short and can be neglected. During this mode, the primary current of the transformer (i)
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can be assumed constant. Figure 3.3 shows the direction of currents during this mode with

red dashed lines.

Figure 3.3: Dual series-resonant DC-DC converter - Mode I.

Mode Il (T;<t<T,): During this mode, Q1 is off; the voltage at the primary side of the
transformer is equal to V4. Do conducts the negative current of i,, and both iny and i,
increase. On the secondary side, D1 conducts the resonant currents i 1 +ir2, Which are both
negative values start to increase. The resonant capacitor voltages keep decreasing. Figure
3.4 shows the current paths during this mode. Assuming a fixed voltage at the output of the
converter, Figure 3.5 shows the equivalent circuits on the secondary side of the
transformer for each of the resonant circuits. This figure shows that during Mode 11, the
voltage on each of the secondary windings is equal to NVgy. While in the first series
resonant circuit the resonant current i, circulates in the circuit, the current i_, in the

second series resonant circuit supplies the load current. If the initial resonant inductor
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currents and resonant capacitor voltages at the beginning of this mode (t=T,) are shown

with 1, 11, v and v

R TRV ok, then (3.1)-(3.4) show the expressions for the resonant

inductor currents and resonant capacitor voltages in the time domain during this mode.
This mode ends when i ;+i » becomes zero. In other words, at the end of this mode, D1

turns off naturally and D2 turns on at ZCS condition and conducts the resonant currents.

NN o

Figure 3.4: Dual series-resonant DC-DC converter - Mode II.
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Figure 3.5: Equivalent resonant circuits on the secondary side of the transformer in

Mode II: a) first series resonant circuit, b) second series resonant circuit.
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i,®)=1 Lilcos(a)rt)+Trsm(a)rt) 61
Verp (1) = NV — (NVy =V L) cos(eo, t) + Z, 12, sin(eo, t) (3.2)
, NV, +V, V21

i, () =12, cos(w, t) + —4——=>—C"2 sin(w,t) (3.3)

(0]
Ve (1) = NV, +V, —(NV, +V, =V 1) cos(w, t) + Z, 12, sin(o, t) (3.4)

where, Z is the characteristic impedance, w; is the angular resonant frequency, and N is the

turn ratio of the transformer.

Mode Il (T<t<Ts): At t=T,", i_n+ir is positive and D2 carries the load current in the
positive cycle of operation while D1 is off. On the primary side, inp becomes positive
which makes i, positive; therefore, Q2 starts to carry the positive current i, at the primary

side of the transformer. The resonant inductor currents and resonant capacitor voltages

34



increase during this mode. Figure 3.6 shows the current paths during this mode. The
voltage on each of the secondary windings remains at NVgy. Figure 3.7 shows the
equivalent resonant circuits on the secondary side during this mode. As shown in Figure

3.6, during this mode, i 1 supplies the load current and i, circulates in the second series

T

resonant circuit. Assuming that V2 ,

and VCTrZ2 are the initial values of the resonant

capacitor voltages at the beginning of this mode, the corresponding expressions for the
resonant inductor currents and resonant capacitor voltages in both circuits during this
mode are shown in (3.5)-(3.8). Since the initial resonant inductor currents at the beginning
of this mode are zero, the associated terms with initial resonant currents in these equations
are zero. The operation continues until Q2 is triggered off at t=T3. Since the switching
frequency is more than twice the resonant frequency (F > 2), i1 and i r» remain positive at

the end of this mode.

Figure 3.6: Dual series-resonant DC-DC converter - Mode I11.
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Figure 3.7: Equivalent resonant circuits on the secondary side of the transformer in Mode

I11: a) first series resonant circuit, b) second series resonant circuit.

. NV, —V. —VT2
i (1) =—2 Z° “Lsin(o, (t—T,)) (3.5)

(o}

Vg, () =NV, =V —(NV, -V -V [2)cos(w, (t—T,))

(3.6)
Ty

2 ) = sin( (L T,) (37)

Ve, () =NV, —(NV, -V[2 )cos(w, (t-T,)) (3.8)

Mode IV (T3<t<T,): When Q2 is triggered off, i.s and i, are still positive, vcr1 and ver
keep increasing. On the primary side, iy is positive; therefore, Cq, conducts i and vcg2
increases from zero to Vg:Vee. Simultaneously, vegi, which was Vg:Ve., decreases and
finally reaches zero and Dq; starts to conduct the current. At this time, Q1 can be triggered

on at ZVS condition. This mode is the dual of Mode I. Figure 3.8 shows the current
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directions during this mode. The time duration of this mode is negligibly small and the

current i, can be assumed constant.

d

Figure 3.8: Dual series-resonant DC-DC converter - Mode IV.

Mode V (T4<t<Ts): During this mode, the voltage at the primary side of the transformer is
-Vce. On the primary side, iy is still positive and is conducted by Do;. itm and i, start to
decrease. On the other hand, i, and i, are still positive on the secondary side of the
transformer and vy and vere keep increasing. However, due to the negative voltage across
the secondary side of the transformer, the positive resonant currents start to decrease to
zero. Figure 3.9 shows the converter during this mode and Figure 3.10 shows the
equivalent resonant circuits on the secondary side of the transformer. During this mode,

the voltage of each of the secondary windings is equal to -NVcc; i 1 continues to supply the

Ty

load current and ir, circulates in the second series resonant circuit. Assuming that 1 4,

T, T,
4 4
ILr2'V

o and VCT;‘Z are the initial values of the resonant inductor currents and resonant
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capacitor voltages in the series resonant circuits at the beginning of this mode, (3.9)-(3.12)
show the time domain expressions for the resonant inductor currents and resonant

capacitor voltages during this mode.

This mode ends when i, r1+i.r» becomes zero.

Ch’ Lr}
-
—r -

r_ > ?m(_t) j( (— i i12(1) N —1

NV O Wo NV
-
L - — & - _J +=—=_ > f\_’\g‘(_Y\ —J
Cr2 r2
(a) (b)

Figure 3.10: Equivalent resonant circuits on the secondary side of the transformer in

Mode V: a) first series resonant circuit, b) second series resonant circuit.
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H Ta VCc _Vo _VC!—rAll :
I (1) = 175 cos(a, (t=T,)) + 7 sin(o, (t-T,)) (3.9)

0

Ver (1) =Vie =Vo = Voo =V —V4) €os(e, (t—T,)) + Zo 1 [ sin(er, (t-T,))  (3.10)

H Ty VCC _VCTI’42 H

iz (0) = 1 cos(e, (=T,)) + = sin(e, (t-T,)) (3.11)
(o]

Vera (8) = Vg = (Ve —VE,) 00s(a, (t=T,)) + Zo 1 {5 sin(e, (t = T,)) (3.12)

Mode VI (Ts<t<Tg): At t=Ts", and on the secondary side of the transformer, i 1 +i., are
negative and vcr1 and vey, Start to decrease. D2 turns off naturally, and D1 starts to conduct
the resonant and load currents at ZCS condition in the negative cycle of operation. This
makes inp and subsequently i, negative and Q1 conducts the current at the primary side of
the transformer. Due to the negative voltage on the primary side, i, keeps decreasing.
Figure 3.11 shows the current paths during this mode and Figure 3.12 show the equivalent
circuits on the secondary side of the transformer for each of the series resonant circuits. As
shown in this figure, during this mode, i.r, of the second series resonant circuit supplies
the load current while i, circulates in the first series resonant circuit. These variations

continue until Q1 is triggered off. At this stage, the converter returns to Mode | and repeats

Ty

the cycle. Assuming that V.5 ,

and VCTrS2 are the initial values of the resonant capacitor

voltages at the beginning of this mode, the corresponding expressions for the resonant
inductor currents and resonant capacitor voltages in both circuits during this mode are

shown in (3.13)-(3.16). The initial resonant inductor currents at the beginning of this mode
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are zero; therefore, the associated terms with initial resonant currents in these equations are

Zero.

Figure 3.11: Dual series-resonant DC-DC converter - Mode V1.
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Figure 3.12: Equivalent resonant circuits on the secondary side of the transformer in Mode

oY

YWo

VI: a) first series resonant circuit, b) second series resonant circuit.

. V.. —V.55
mAU=J%Z£E9M@G—E» (3.13)

0o

Ve () =V, — Ve, — Clrl)cos(a) (t-T,)) (3.14)

40



Ve, +V, =V 5
ce ™Yo ZVerz gjn(w. (t—T)) (3.15)

iLrZ(t) =

0o

Ve (1) =V, +V, — (Vg +V, -V Ycos(w, (t—T,))

(3.16)

It is observed that during each mode, the following relationship between v, and v, is

satisfied:

Ve, (1) =V, (D +VY, (3.17)
This relationship (3.17) holds true throughout the entire operation of the converter and it

applies to the initial values of resonant capacitor voltages. In other words, assuming that

vx and v

ol o, are the initial values of the resonant capacitor voltages at t=T,, the

following relationship can be realized at the beginning of each mode:

VAL

— TX
Cr2 _Vo +V

(3.18)
Employing (3.17) and (3.18) to the resonant inductor current expressions in each mode, it
is found that the resonant inductor currents are equal throughout the entire operation of the

converter. In other words:

I =1, (3.19)
This fact can be observed in Figure 3.13 where the key waveforms during one complete
cycle of operation are shown. The resultant relationships between the resonant inductor
currents and resonant capacitor voltages given in (3.17) and (3.19) will be confirmed in
Chapter 4 through the use of the extended describing function analytical procedure to

obtain the steady state model of the proposed dual series-resonant converter.
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Using (3.18) and (3.19) in (3.1) to (3.17), the time duration of each mode can be obtained

as follows:
Ty=T,=0 (3.20)
—~DNV,
1_ Ve ( )
Q T, =arctan sinlQ (T, -T,) (3.21)
2 5
r VCrl - NVd e

T,=T, (3.22)

T,=DT, (3.23)
NV, -V_.. -V

Q,T,=Q DT, +arctan I(I)N\c/id el °)sin(Qr (DT,-T,)) (3.24)
D +Ve Y,

T =T, (3.25)

where, Q) is the large signal part of the angular resonant frequency (cwy).
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Figure 3.13: Key waveforms of the dual series-resonant DC-DC converter.
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3.2  Simulation Case Study

In order to confirm the feasible operation of the proposed dual-series resonant DC-DC
converter under different operating conditions (i.e., duty ratio, switching frequency, and
loading condition), a series of simulations are implemented using PLECS [71] software to
verify the proper operation of the proposed converter in steady state condition. Figure 3.14

shows the simulation setup in PLECS environment.

Lrl

PN 53!

J_J, g o g : C_out = H R_Load
THOr I m .
"k |

TFT
o
Q

(o]
28
TFT

Duty_ratio

GateSig
Generator

Figure 3.14: Simulation setup in PLECS environment.

The input voltage is modeled as a constant DC voltage and the output load is modeled as a

resistor. The simulation parameters are as follows:

N::I., Lr]_:|_r2:4 IUI_I, Cr1:Cr2:I IUE CQZIOO ,UF’; CC:IO ILLR Lm:70 IUIJ, and Vd:10 V
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The duty ratio of Q2 is varied from D=0.3 for case study | to D=0.6 case study Il. Figure

3.15 shows the gate signals, resonant inductor currents, resonant capacitor voltages, and

the output voltage of the converter.

It is observed that by increasing the duty ratio of Q2, the output voltage of the converter

increases for V,=8.84 V to V,=17.8 V. Therefore, the output voltage can be controlled by

changing the duty ratio of the switching signals. In the simulation, the inductor resonant

currents of i, and i, are equal during the operation of the converter, and the absolute

values of the resonant capacitor voltages increase.
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Figure 3.15: Simulated operation of the dual series-resonant DC-DC converter under

different values of duty ratio (R,=30 Q, f,,<=240 kHz): a) D=0.3 (case study I), b) D=0.6

(case study II).
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The operation of the converter under different switching frequencies is simulated and
Figure 3.16 shows the results of the simulation. In this scenario, the switching frequency is
changed from fy,=240 kHz for case study Il to f5,=400 kHz for case study IV. It is
observed that by increasing the switching frequency, the output voltage of the converter
decreases from V,=16.24 V to V,=13.63 V, indicating that the switching frequency can
also be used to control the output voltage. The absolute values of the resonant capacitor

voltages decrease; however, resonant inductor currents remain equal with each other.

Gate signal (green: Q1 - red: Q2) Gate signal (green: Q1 - red: Q2)
1.0 1.0
0.5 0.5
0.0 0.0
Resonant inductor currents [A] (green: Lrl - red: Lr2) Resonant inductor currents [A] (green: Lrl - red: Lr2)
1 LA A AL TANAANANANAN
NN NN NN "
N NN N N NN AN VNNV VNNV ALY
2
10 Resonance capacitor voltages [V] (green: Crl - red: Cr2) 10 Resonance capacitor voltages [V] (green: Crl - red: Cr2)
0 0
D s st st it e e s S B S —
20 Output voltage [V] 20 Output voltage [V]
10 10
0 0
6.515 6.520 6.525 6.530 x le-3 6.515 6.520 6.525 6.530 x le-3
(a) (b)

Figure 3.16: Simulated operation of the dual series-resonant DC-DC converter under
different switching frequencies (D=0.6, R,=30 Q): a) fs,=320 kHz (case study I1l), b) fs,=

480 kHz (case study 1V).

Figure 3.17 shows the effect of different loading conditions on the operation of the

converter. It is shown that by reducing the value of the output load from R,=30 Q for case
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study V to R,=15 Q for case study VI, the inductor resonant currents increase and the
value of the output voltage decreases from V,=11.46 V to V,=9.2 V. In this case, the
absolute values of resonant capacitor voltages decrease. This behaviour was expected as

the converter is from the series-resonant class.
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R N N i
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10
5
5
0 0
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Figure 3.17: Simulated operation of the dual series-resonant DC-DC converter under
different loading conditions (D=0.4, fs,=240 kHz): a) R,=30 Q (case study V), b) R;=15 Q

(case study V1I).

Table 3.1 lists the steady state the values of the fundamental components of the resonant
inductor currents (lirrn and 1 1), DC components of resonant capacitor voltages (Vcr
and Vcn), and DC values of the output voltage (V,) for each scenarios of the simulation.
The higher components in resonant inductor currents and resonant capacitor voltages are

neglected in Table 3.1.
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Table 3.1: PLECS simulation results in the steady state.

0.433 -2.72 6.14 8.84
0.90 10.50 7.40 17.87
0.82 -9.45 6.81 16.24
0.71 -7.86 5.86 13.71
0.58 -4.66 6.80 11.46
0.95 -3.88 5.33 9.21

3.3  Boundary Condition Between CCM and DCM

In order to ensure ZVS operation of both switches, it is crucial to operate the converter in
the continuous current mode (CCM). Otherwise, the turn-on operation of Q2 would not
occur under ZVS condition. Figure 3.18 shows the simulation results of the gate signals,
magnetizing inductor current, resonant inductor currents, and voltage drop across the
switching devices in a discontinuous current mode (DCM) operation. The resonant
inductor currents on the secondary side of the transformer reach and remain zero before

the switching action occurs.

Therefore, only the magnetizing inductor current, which is positive, flows on the primary
side of the transformer, and the direction of i, would not change. Having these conditions,
the voltage drops across Co and Cqp before triggering Q2 on would be equal to zero and

Vg+Vee, respectively. Consequently, the turn-on operation of Q1 would always occur at
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ZV/S condition; however, Q2 will experience hard-switching turn-on since Dq; is on prior
to triggering Q2. These operations are highlighted in Figure 3.18 (b) and Figure 3.18 (c).
According to Figure 3.18 (b), the voltage drop across switches changes at the turn-off

instant of Q1 and Veoz becomes zero during the dead-time interval, which makes the turn-
on of Q1 at zero voltage condition. However, due to the positive current of ip, during turn-

on of Q2, Do conducts and Cq, cannot discharge to zero; therefore, the turn-on of Q2
occurs at hard-switching condition. Operation in DCM would result in increased switching
losses with associated reduction in the converter efficiency. The DCM conditions are
shown in Figure 3.19, where the current flow in the circuit prior to the turn-on of Q1 and

Q2 is shown.
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Figure 3.18: DCM operation of the converter: a) one complete cycle, b) Q1 turn-on
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Figure 3.19: Current flow in DCM operation during the dead time.

It is preferable to operate the converter in CCM condition for the reasons given above. In
order to ensure CCM operation the switching frequency should be high enough to trigger
the switches before the resonant currents on the secondary side of the transformer reach
zero. This depends not only on the resonant frequency of the series resonant circuits, but
also on the duty ratio of the PWM switching signals. In order to guarantee CCM operation
of the converter, the switching frequency of the converter should be at least twice the

resonant frequency, i.e.:

f
F=—w>) (3.26)

3.4  Summary

The development of the proposed dual series-resonant topology to overcome the
limitations of the existing topologies and techniques was discussed. The principle of

operation of the proposed dual series-resonant DC-DC converter was described. The
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description included both qualitative and quantitative description of each mode of
operation. Equivalent circuits showing the directions of current flow and the states of the
active devices, time domain expressions, and ideal waveforms for each mode were
presented. ZVS and ZCS operation of the switches and output diodes during the
operational modes of the converter were demonstrated. It was shown that the proposed
dual series-resonant converter is capable of continuous power transfer to the load
throughout the entire modes of operation. The feasibility of the operation of the proposed
converter was confirmed using PLECS simulation. The boundary between DCM and CCM
operation of the proposed converter was investigated and it was shown that in order to

guarantee ZVS operation of the switches, it is necessary to operate the converter in CCM.
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Chapter 4

Analysis of the Dual Series-Resonant

DC-DC converter

The proposed topology of the dual series-resonant DC-DC converter presented in Chapter
3 is investigated to model its steady state and small signal behavior. The objective of this
chapter is to develop accurate and detailed models of the converter to predict and
investigate its steady state and small signal behavior. The results of the steady state and
small signal models of the converter are essential aids to characterize the converter and

develop a control scheme to control its output voltage.
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Several techniques are available to model and analyze resonant DC-DC converters. State-
space averaging is the most well-known method to analyze and model PWM based DC-
DC converters [72]. The necessary assumption of a small ripple condition during the
averaging interval in the state-space averaging approach is not valid for resonant
converters; hence, the state-space averaging technique cannot be utilized to analyze and
model the proposed dual series-resonant DC-DC converter. A sampled data approach was
proposed in 1986 as a standard method to model and analyze resonant converters [73].
Despite the proven effectiveness of the sampled data approach in modeling different
topologies of resonant converters, this method does not provide an in-depth, thorough, and
parametrical approach to model the converter to be used to design of the converter [74],
[75]. The extended describing function analysis method provides a mixed time-domain and
frequency-domain analyses and a parametrical approach, which makes this method a
powerful approach to model and analyze resonant converters [75]. Hence, this method is

used to model and analyze the proposed dual series-resonant DC-DC converter.

Although this method inevitably involves some approximations of neglecting higher order
harmonics in the state-space variables, in Appendix A, it is demonstrated that these
approximations do not affect the accuracy of the developed models. The time-domain and
frequency-domain analyses of the extended describing function lead to the development of
steady state and 7" order small signal models that provide insightful understanding of the
operation of the converter. For example, the developed steady state model reveals that the
output voltage of the converter can be regulated with two degrees of freedom (i.e., duty

ratio of the PWM switching signal and switching frequency) in both step-down and step-
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up voltage conversion regimes. The 7" order small signal models are discussed and the
order to the control-to-output transfer function is reduced to a 3" order model which is
used to develop a single-loop, voltage-feedback control scheme to control the output

voltage of the converter.

The developed steady state and small signal models are used in Chapter 6 to develop a

parametric and systematic approach to the design of the converter.

4.1  Extended Describing Function

In order to implement the extended describing function, it is necessary to decompose the
state-space variables into DC and/or AC components. The proposed converter consists of
seven energy-storage components, i.e., two resonant circuits (Ly, Cr1, Lro, and Cy,), a
magnetizing inductor (Ly,), a clamping capacitor (C;), and an output capacitor (C,). The

state variables of the system can be defined in a general form as follows:

= 3 g (OSINOF @D+ o, O00S(MFe, 1) (4.1)
2 0= 3 g, OSINMFO D+, , (Oc0s(F 1) (4.2)
Ve =Vert T Vosn (OSINF @D +V,e oo, (O00S(MF, 1) (4.3)
Vors O =Vers t 3 Vopsoro (OSINFG,D+V,oq, (D)C0S(F ) (4.4)
i (©)=i, (4.5)
Ve, () =V, (4.6)
v, (t)=v, 4.7)
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where, F is the normalized switching frequency and n is the order of the harmonic.

The resonant inductor currents have been decomposed into sine and cosine terms; resonant
capacitor voltages have been approximated with a DC signal and the AC parts has been
decomposed into sine and cosine terms. However, based on the initial simulations that
were carried out for different scenarios, it was observed that the magnetizing inductor
current, clamping capacitor voltage, and output capacitor voltage contain very small and
negligible AC terms on their DC components; therefore, these signals have been
approximated only by DC components. For the sake of simplicity, it is necessary to obtain
the Fourier series of some of the key waveforms in one complete cycle of the operation
before introducing the state-space equations.

1. Voltage at the primary side of the transformer:

The variation of the voltage at the primary side of the transformer in one complete cycle is
shown in Figure 4.1. It is noticed that during Mode Il (T; <t < T,) and Mode Il (T, <t<

Ts), the voltage at the primary side of the transformer is equal to V,; and during Mode V (T4
<t < Ts) and Mode VI (Ts < t < Tg), the voltage at the primary side of the transformer is

equal to -V The transition times of the voltage between V and -V that occur in Mode |

and Mode IV are neglected since the time intervals for these two modes are very short
compared with the other modes. The Fourier expansion of the voltage at the primary side

of the transformer can be given as follows:

v, 0)=a, +(vd +Vg, )nlzé a, cos(nFo,t)+b sin(nFa t) (4.8)
where,
a,=Dv, —(1-D)v,, (4.9)
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Figure 4.1: Gate signals and voltage at the primary side of the transformer.

where, D is the large signal of duty ratio (d) of the PWM switching signal.
2. Step function of the derivative of (-i_r-iLr2):

This function is used to determine the state-space equations for the clamping capacitor.
Between Mode | to Mode Ill, both resonant inductor currents are increasing. Hence, the
derivative of (-i_n1-iLr2) is negative and the step function returns zero. However, between
Mode IV to Mode VI, the resonant inductor currents of i1 and i, are decreasing;
therefore, the derivative of (-i_r1-iLr2) IS positive and the step function returns unity. Figure
4.2 shows the waveform of this function during one complete period. The Fourier

expansion of this function is obtained as follows:
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“(%(‘im(t)—iuz(t))j:(l— D)- ¥ (a,cos(nFe t)+b, cos(nFa,t)) (4.12)
n=1,2,...

a and b_have been given in (4.10) and (4.11).
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Figure 4.2: Resonant inductor currents and (dt

3. Sign function of (i n+iLr):
The variation of sgn(i_n+i.r2) during one complete cycle of operation is shown in Figure
4.3. During Mode 111, Mode IV, and Mode V, it equals +1 and during Mode I, Mode I, and

Mode VI it equals -1. Therefore, sgn(iLr1+iLr2) can be decomposed into the Fourier series as

follows:
son(i () +i,,(1)=A,+ X A cos(nFe,t)+B sin(nFa t) (4.13)
n=L2,...
where,
2T, - 2T, T,

= (4.14)

S
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Figure 4.3: Resonant inductor currents and sgn(i_r+iir2).
4.2  State-Space Equations
The state-space equations for the converter in general form are obtained as follows:
v, () .
C, %Itl =i,,() (4.17)
v, () .
Cr2 Cdf :ILrZ(t) (418)
di . (t t
LrllL(;—}[() — v, —V°—2()(1+sgn(i|_r1(t) HiL )+ N, (©) (4.19)
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Vo (1)

Lf2¥=_vm(t)+ , (L—son(i_, () +i ,,©))+Nv () (4.20)
di . ()

Lm—%i——:vmxo (4.21)
dv. (t ) . . . .

Cc VC(;ct( ) :u(%(_ILrl(t)_lLrZ(t))jx<le + N('Lrl(t)+|Lr2(t))) (4'22)
dv,(t) 1. : 1, : : : Vo

Cy ==l =T, )+l O+, s, O+, )+, (O @29

0

where, sgn(-) and u(-) are the sign and step functions, respectively.

With the converter represented as a general block diagram, the input signals are shown in
Figure 4.4. The inputs of the system can be expressed in the form of a constant large signal

and a small signal, as shown in (4.24)-(4.27).

Switch network | +

C‘) and small signal| R, v+ (DQO

v+
AT model

F(-Qf’*'ffl\’r)r rD+c/2\’

Figure 4.4: General representation of the converter.

vy =V, 4V, (4.24)
d=D+d (4.25)
o,=Q +o,=Fo, =F(Q +a,) (4.26)
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o

i, =1, (4.27)
where, w_is the angular switching frequency and i_represents small variation in the output

load.

Combining the decomposed form of the state-space signals of (4.1)-(4.7) and (4.24)-(4.27)
with the state-space equations (4.17)-(4.23) and using the pre-defined signals in (4.8),

(4.12) and (4.13), the general form of the state-space equations can be obtained as follows:

d .
(aVnFSCrl(t) - anrVnFCCrl(t)jsm(m:a)rt)
Crl z

n=1,2,.. d
+(avnFCCrl(t)+nFa)rvnFnCrl(t)jcos(nFa)rt) (4.28)

= Z (nFSLrl(t)Sm(nFa) )+ o, (DCOS(NFa, 1))

d -
(dt Vaescr (1) =NF v nFCCrZ(t)jsm(nFa)rt)

n=l1,2,..

d
J{avnpm ,O+nFov (t)jcos(nFa)rt) (4.29)

= Z (nFsuz(t)sm(nFa) 1) +i o, (DCOS(NF o, t))

d. . .
(alnFSLrl(t) - nFa)rIKnCLr 1(t))sm(nFa)rt)
L

rl
n=L2,..

n | -
+(alnFCLrl(t) + nFa)rlnFsm(t))cos(nFa)rt)

Ve T 22( aesore (DSIN(F o, t)+VnFCCr1(t)COS(nFa)rt))_ (4.30)

2 (Ah cos(nFe,t)+B, sin(nFa)rt))j+
n=12,...

v
?Ox(1+ﬁb+

N[ao+ (ancos(nFa)rt)+bnsin(nFa)rt))j
n=L2,..
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d -
(d hesirz () —NFo InFCLrZ(t)jSIn(nFa)rt)

n=12,.. d . . B
+(a|nFCLr2(t)+nFcor|nFSLr2(t))cos(nFa)rt)
Vera T 1% (nFSCrZ(t)sm(an t)+VnFCCr2(t)cos(anrt))+ (4.31)
n=L2,..
v
?Ox(l—AO— > (Ancos(nFcort)+anin(nFa)rt))J+
n=L2,..
N(a0+ > (ancos(nFa)rt)+bnsin(nFa)rt))j
n=L2,..
ng i, (D=a +(v +Vg ) a_ cos(nFw t)+b sin(nFw, t) (4.32)
n=L2,...

°d Ve, (D)= ((1—d)+ > ancos(nFa)rt)+bnsin(nFa;rt)jx

n=1,2,

n=12,

[_iLm -N ; "((inFSLrl(t)_'_ oEsiro (t))Sin(nFa’rt)+(inFC|_r1(t)+inFC|_r2 (t))cos(nFa)rt))j

(4.33)
V (t)_z _Z (( nFSLrl(t)_inFSer(t))Sin(nFa’rt)+(in|:c|_r1(t)_im:CLrg(t))COS(nFCOrt))+
(% :122 ((inFSLrl(t)+inFSLrZ(t))s’in(m:a)rt)"'(im:cul(t)"'in|:(;|_r2(t))Cos(nlza)rt))]><

v
(Ao + P2 A cos(nFa, t)+B, sin(nFa)rt)j—R—°+ iy

o]

(4.34)

Moreover, each signal can be written as the summation of large signal and small signal

terms for both AC and DC parts as follows:

nestr (0= iesin Flopsin (4.35)

e =1 e e (4.36)

62



oo 0= iesiro Hogsir (3.37)
foectrs = ircirs Hhecus (4.38)
Vorsort (0 =Varsers HVnesert (4.39)
Vorcert® =Varcors Vnreert (4.40)
Viesor2 (0= Vaeser TVnescr2 (4.41)
Voreer2 (0= Vieeers TVnrcer2 (4.42)
Vers =Vers HVen (4.43)
Vera =Vera Hera (4.44)
i = im Hiim (4.45)
Vee =V +\7CC (4.46)
V=V, +V, (4.47)

By equating AC and DC terms of (4.28)-(4.34), and dividing each equation into large
signal and small signal components (4.35)-(4.47), the steady state and small signal

analyses can be derived as described in the following sections.

4.3  Steady State Analysis

For a given operating point {V, D, Q_, Ro}, the following steady state solutions can be

derived from the large signal analysis:

lrcin = lorcir (4.48)
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InFSLrl = InFSLrZ

VO
Vet 2_7(1*' A)

VO
Verz :+7(1_A0)

D
VCC =1_ DVd
V VvV, +V
d
| i —V rser —?" B,+ N(rwch(l—cos(ZnnD))
nFCLr1 - _ LrlnFQr
V,+ .
nFCCr An +N (Sm(znﬂD))
|
nFSLrl LrlnFQr
I
V — nFCLrl
nFSCrl nFQrCrl
|
Viescro = nFrg:L(r:z
r~’r2
|
V — ___'nFSln
nFCCrl nFQrCrl
\Yj —_ InFSLr2
nFCCr2
nFQ C
r-r2
N
ILm (1 )n iy [ nFCLrl n + InFSLrlbn]

2,.

R
_ 0
Vo - 2 [I nFCLr1" h + InFSLran]
n=1,2,...
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(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

(4.57)

(4.58)

(4.59)

(4.60)



It is observed that all the state-space variables are not completely in terms of input signals

{V,, D, Q. , R} Forexample, the output voltage is a function of the output load, resonant
currents, and the Fourier components of sgn(i ., +i ). However, an approximate

expression for the voltage conversion ratio of the converter can be obtained by assuming

that the pulse widths of sgn(i ,+i, ,) and v _(t) are equal, but with a phase difference

between the two signals. This assumption can be visually realized as shown in Figure 4.5.

In this figure, this phase difference is marked as ¢ and can be expressed as 6=2x.T,/Ts.

‘l
Vim :‘
|
[

|
|
|
|
sgn(ip,tip,») ! ! | ¢
|
|
|

Figure 4.5: The phase angle between v, and sgn(i_ri+ir2).

Applying these approximations to calculate the Fourier coefficients of sgn(i ,+i, ), the

following terms are obtained:
A, ~A,=2D-1 (4.61)

A~ A :ni(sin(zﬂnmne)—sin(ne)) (4.62)
T
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B, ~B = ni(— cos(27mD + né) + cos(n6)) (4.63)
T

Merging the steady state solutions of the resonant currents (4.53) and (4.54) with (4.60),
and considering the first two components of the series (4.60), the output voltage is

obtained as follows:

NV,
,£20-
1-D

(1—cos(22D) )+ (1 cos(4D)) | (4-64)

D
2 2
P (QSLr+}6SCr) (27) (ZQSLr+%QSer

Equation (4.64) shows that the DC output voltage can be varied by the duty ratio (D) and

switching frequency (Q).

4.3.1  Simulation Results — State Space Trajectories

Figure 4.6 to Figure 4.8 show the state-space trajectories of the converter in the steady
state condition for different operating conditions. The results of the large signal analysis
show that the resonant inductor currents are equal, i.e. Ihpsiri=Inrsir2 and Inpciri=lnrcLre.
Consequently, (4.55)-(4.58) demonstrate that the AC components of the resonant capacitor
voltages are equal. This result is observed in the state-space trajectories, as the shapes of

the trajectories of v, versus i , and v, versus i , are identical. This indicates that the
AC components of the resonant inductor currents of i, and i, and the resonant capacitor
voltages of v, and v, are equal. However, it is observed that the average values of the

resonant capacitor voltages (V. , and V) are not equal. It can be realized from (4.50) and
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(4.51) that the difference between v, and v, is equal to the output voltage of the

2

converter as follows:

VCrZ _VCrl :Vo (4.65)

The above conclusion was reached in Chapter 3 from the time domain analysis of the

operation of the converter.

Figure 4.6 shows the state-space trajectories for different switching frequencies. As the
switching frequency increases, the trajectory tends to become a straight line and the
centers of the trajectories of each resonant circuit move closer together. This signifies that
there is less fluctuation in both resonant inductor currents and resonant capacitor voltages

and decrease in the output voltage.

_fsw:mg kHz VCFT Vs, {er Vv vs. |
2 —— 1, =240 kHz [T ; ; ; 10
3l f,,=320 kHz
— =400 kHz
-4 f,,~480 kHz
f,,,=560 kHz

Resonant capacitor voltage (V)
Resonant capacitor voltage (V)

Resonant inductor current (A) Resonant inductor current (A)

Figure 4.6: State-space trajectories for different switching frequencies

(D=0.6, Ry=10 Q, V=10 V).
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The state-space trajectories for different loading conditions are shown in Figure 4.7. As the
output load resistor decreases, the resonant inductor currents increase and the resonant
capacitor voltages decrease. The centers of the trajectories for higher value of loads move

towards the origin, indicating the onset of short circuit condition.

Resonant capacitor voltage (V)
Resonant capacitor voltage (V)

R ] S — oo e oo

14 i i i

Resonant inductor current (A) Resonant inductor current (A)

Figure 4.7: State-space trajectories for different loading conditions

(D=0.6, F=3, V=10 V).

Figure 4.8 shows the effect of the duty ratio of the switching signal on the state-space
trajectories. Increasing the duty ratio of the switching signal results in the increase in both
resonant inductor currents and resonant capacitor voltages. Besides, the centers of the
trajectories move farther away from the origin, indicating increase in the value of output

voltage of the converter.
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Resonant capacitor voltage (V)
Resonant capacitor voltage (V)

Resonant inductor current (A) Resonant inductor current (A)

Figure 4.8: State-space trajectories for different duty ratios of the switching signal

(Ro=10 Q, F=3, V4=10 V).

4.3.2  Simulation Results - PLECS and MATLAB

The steady state expression of the output voltage that is obtained from the developed
model (4.64) is implemented in MATLAB and the results are compared with the

simulation results from PLECS.

Figure 4.9 shows the voltage conversion ratio of the converter as a function of both duty
ratio and switching frequency. It is observed that the predicted voltage conversion ratio
based on the obtained expression in (4.64) is in good agreement with the simulation
results. In addition, it is observed that the converter is capable of operating in step-down
and step-up modes. Higher voltage conversion ratios can be achieved by reducing the
switching frequency and increasing the duty ratio. The slight differences between the

results from the PLECS simulation and analytical implementation in MATLAB are due to
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the approximations described in the previous sections (i.e., the pulse widths of

sgn(iLntiir) and v, (t) are equal, but with a phase difference between the two signals).
The figure also shows that the deviation between the simulation and analytical results
increases for duty ratios more than 0.7. This is because the pulse width of sgn(i ri+iLr2) IS

no longer equal to the pulse width of v (t) for D>0.7.

3H ——Jf,, =160 kHz MATLAB : : :
—+f, ~160 kHz PLECS ' ' '
—o—f, =240 kHz MATLAB
—o—f,, =240 kHz PLECS

——J,, =480 kHz MATLAB
2 ——f, =480 kHz PLECS

——,, =640 kHz MATLAB
—+—/,, =640 kHz PLECS

|
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Duty ratio (D)

Figure 4.9: Simulation and modeling results of voltage conversion ratio versus duty ratio

for different switching frequencies (Vg=10 V, R,=30 Q).

Table 4.1 compares the PLECS simulation results (also given in Table 3.1) with the results
obtained from the extended describing function analytical approach in steady state
condition for six different case studies introduced in Chapter 3. It is observed that the

results from the analytical approach are in good agreement with simulation results for
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different scenarios of operating condition of the converter. This comparison confirms the
modeling procedure of the converter using extended describing function. In Chapter 6, the
steady state results obtained from the analytical approach will be used to develop a design

procedure to customize the converter for any level of power and voltage.

Table 4.1: Comparison between PLECS simulation and analytical modeling results.

0.433 0.465 -2.72 -2.76 6.14 5.83 8.84 8.60
0.90 0.82 -10.50 -10.80 7.40 7.50 17.87 18.30
0.82 0.79 -9.45 -10.65 6.81 7.54 16.24 18.20
0.71 0.70 -7.86 -8.90 5.86 6.39 13.71 15.30
0.58 0.61 -4.66 -4.58 6.80 6.51 11.46 11.10
0.95 0.90 -3.88 -3.46 5.33 4.83 9.21 8.30

4.4  Small Signal Analysis

In order to obtain the small signal model of the converter, the small signal components on
both sides of the state space equations ((4.28) — (4.34)) should be equated. However, these

equations contain a series of infinite harmonic terms. Employing the extended describing
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function would involve equating all terms that have identical harmonics. For an infinite
number of harmonics, completing the small signal analysis and finding an analytical result
by taking into account all harmonic components is a challenge. To simplify the analysis,
only the fundamental components (i.e., n=1) of the state variables are considered and the
higher harmonic components are neglected. In Appendix A, it is demonstrated that this
assumption has a negligible effect on the response of the system, by comparing the
frequency response of the developed model based on the fundamental components of the
state space variables with the response of the system when all harmonic components are

taken into account.

The state-space equations of the converter ((4.28) — (4.34)) can be represented in the

general form as follows:

K _ paz+Ba (4.66)
dt

§=CR (4.67)
where,

X= [leSLr leCLr \71FSCr \71FCCr Ime \7Cc \70 P (4-68)
lj=[\7d d @ Ipo]r (4.69)
y=[7,] (4.70)

Fal

In (4.68), b, » brerr » Virser » @nd Vieee, represent the decomposed fundamental

components of the resonant inductor currents and resonant capacitor voltages (n = 1). The

state space matrices in (4.66) and (4.67) can be obtained by substituting (4.24)-(4.27) into
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(4.28)-(4.34) and equating the small signals of sin(+), cos(-), and DC terms. The resulting

state-space matrices in (4.66) and (4.67) are as follows:

—Nb -B’
0 FQIr —i 0 0 S —
Lr Lr 2Lr
-Na, -A
-FQ. 0 0 SER 1 A
Lr Lr 2Lr
i 0 0 FQr 0 0 0
CI‘
1
A=l O e -FQ 0 0 0 0 (4.71)
r
0 0 0 0 0 1E—D 0
m
Nb. Na -
1 71 0 0 _@ 0 0
CC CC CC
BI 1
1 i 0 0 0 0 _L
i 2C0 2C0 ROC0
[ Nb N T
_ 1 _al 0 0 R 0 O
Lr Lr Lm
V |
B 0 0 0 0 — 4 m 9
= @-D)L, C, (4.72)
nllFCLr _nllFSLr nVlFCCr _nvlFSCr 0 0 0
0 0 0 0 0 0 i
L Co_
C=[0000001] (4.73)

A", and B', are the approximated fundamental Fourier coefficients of sgn(i_,(D+i ,(1)); &,
and b, are the Fourier coefficients of v_(t), the voltage across the magnetizing inductor at

the primary side of the transformer.

The transfer functions of the converter can be obtained by transforming the state-space

equations into the s domain, as follows:
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T(s)=C(sl —A)'B (4.74)

4.4.1  Qualitative Analysis of the Transfer Functions

By implementing (4.74), four transfer functions that relate the output voltage to the inputs

of the system can be derived. These are: 1) input voltage-to-output (V,(S) /\7d (S)); 2) duty
ratio-to-output (V, (s) / d(s)); 3) frequency-to-output (V,(s)/@,(s)); and 4) output current-

to-output (V,(S) / fo (S)). The polynomial in the denominator of these transfer functions,

which locates the poles of the system, is shown in (4.75).

2 2 2 _ n\2 2 1\2
Aosle b o 2P+ s 2(F7+1) o (F : 12 3 (2|: 21) 2.
R,C, L,C, L,C,R,C, L.2C, L,°C,’R,C,
(1-D)*(F*-1)? o @- D)?(F*-1)*
L,*C,’L,C, L,*C,’L,,C.R,C,

(4.75)

Assuming that L >>L, and {C_, C }>>C, (4.75) can be reduced to the following

expression:
_ 1 2 22 2 212 2 212
A= s+RC s*+(1-D)?Qz |s® +(F —1)° Q7 )s* + (F +1)° Q¢ (4.76)
o0~o

where,

Q. = ! (4.77)
I‘mCC

Q = ! (4.78)
L C
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It is observed that the system has one real pole and three imaginary double poles on the
imaginary axis. Although all the complex poles in (4.76) are stated as purely imaginary
poles, they have very small real parts that are small compared to the imaginary parts. In
Section 4.5, it is shown that the real parts of the significant poles are effective in the
stability analysis and need to be considered. The next sections investigate the four transfer

functions of the system to determine their suitability for the control of the output voltage.

1. Input Voltage-to-Output Transfer Function (V,(s)/V,(s))

This transfer function can be used to investigate the small variation in the output voltage

caused by small variations in the input voltage.

0,(8) _ (s2+ F20?)(s? + (1- D)2 S5 + 2,)

AONE A o
where,
7, = FQr(B:[ai — Ai'bl) (4.80)
Aa, +Biby
K =N(Al,a1—+81,b1) (4.81)
v 2L.C,

The pole-zero map of the input voltage-to-output transfer function is shown in Figure 4.10.
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 J(F+1)Er

JFQO©
O sere L2,
x Pole
g oid -D)"Qm
-z RC, xJ(I-D)m
O N

X 5i(1-D)Qm
D ~(1-D)"’ O

X —j(F-1)8
SFQ-Q

X Sj(F+1)Qy

N,

Figure 4.10: Pole-zero map of the input voltage-to-output transfer function.

2. Duty ratio-to-Output Transfer Function (9_(s) / d(s))

The duty ratio-to-output transfer function derived from (4.74) is as follows:

A? (s) _ , (52 +F2Q? Xs+22)(s+23) 452)
d(s) A
where,
FQ (B/a, - Ab
)= r,( aal ,Al X (4.83)
Ala1+Blb1
L=V (4.84)
> ILm I‘m |
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N(A'a, +B'b I
K, = (Al 17 P 1) Lm (4.85)
2L.CC,

It has one double imaginary zero and two real zeros. Figure 4.11 shows the pole-zero map

of this transfer function.

JF+1)Qy
- JFQ, O
O Zero JE-1)Qy
wx Pole
-1 J(1-D)Om
“Z2 Z3 R.C,
S/ o
(1-D)Qm
J(F-1)Qr
-iFQ, O
-J(F+1)82;

Figure 4.11: Pole-zero map of the duty ratio-to-output transfer function.

3. Frequency-to-Output Transfer Function (V,(s)/&,(s))

Small variation in the output voltage caused by small variations in the switching frequency

can be described by the frequency-to-output transfer function. The transfer function is as

follows:
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U,(8) _ (52 + FZQEXSZ +(1- D)2Q§1XS+ z,)

4.86
R s (4.86)
where,
K, = F(IlFSLrAi, — bircir B{) (4.87)
2C,
24 — FQr IlFCLrA1’ + IlFSLr Bl, (488)

IlFSLrA1' - IlFCLrBlr
As indicated in the pole-zero map of the transfer function in Figure 4.12, this transfer

function has one real zero and two double imaginary zeros.

JF+1)Q;
, JFQr
O Zero L (F-1)Q,
% Pole
-1 J(1-D)
~Zy Roco Q;I
S o
® -j(1-D)
K (F-1)r
-iFQr O
JF+1)Qr

Figure 4.12: Pole-zero map of the frequency-to-output transfer function.
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4. Output Current-to-Output Transfer Function (V,(s) / fo (s)

The output current-to-output voltage transfer function is obtained as follows:

%0, (52 + (F +1)202 % +(F ~1)°02 )% + (1-D) 2022 |

] s) =K, A (4.89)
where,
1

K, =C— (4.90)

It is observed that the imaginary poles and imaginary zeros are co-located; therefore, the
order of the output current-to-output voltage transfer function can be reduced to a first

order, low pass filter as follows:

(4.91)

Figure 4.13 shows the pole-zero map of this transfer function.
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D F(F+1) 2y

—i58)

O Zero ) SF-1)Q,

SR

x Pole
=1 ® 7 (1-D)Om

=
O

o~

.

) ~j(1-D)

S

0 -j(F-1)Q;

S

Figure 4.13: Pole-zero map of the output current-to-output transfer function.

The locations of all poles, zeros, and value of the gains of the transfer functions are

summarized in Table 4.2.
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Table 4.2: Small signal transfer functions of the system.

N(Aa, +Bb,) +jV1-DQ
2|‘rCo —FO Bllai — Ai'bl

! ! - FQr .
N(Ala1+Blbl)| Lm Ala, + B + j(F-1)Q,
2L C_C, v

+ JFQ,
F(IlFSLrAll — lircir Bll) * j(l_ D)Qm 1
2C, _FO e A+ lies Bl R,C,
' IlFSLrAi' - IlFCLr B:{
L + j(F+1),
X - i(F -1,
0 +jl-D),

4.4.2  Selection of Transfer Function to Control the Output

Voltage

Among the four transfer functions that can be employed to regulate the output voltage with
respect to a fixed reference voltage in a closed-loop control scheme, the duty ratio-to-
output and frequency-to-output transfer functions would be preferred, since the duty ratio
and switching frequency can be tuned using most controller platforms. Between the two
control schemes, the duty ratio-to-output transfer function is preferred for the following

reasons:
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1.

2.

The value of the gain and the location of one of the zeros of the frequency-to-
output transfer function are dependent on the fundamental components of the

Fourier expansion of the resonant inductor current (i.e and 1 _., ). Although

Y IlFSLr

the RMS value of the fundamental component of the resonant inductor current can
be calculated using (4.92), finding the phase angle of the resonant inductor current

and consequently, calculating | and |

1FsLr 1rcLp 18 @ challenge. On the other hand,

although it appears that the value of the gain and the location of one of the zeros of

duty ratio-to-output transfer function is dependent on 1 in the next section it is
shown that this dependency can be removed by reducing the duty ratio-to-output

transfer function to a 3" order system.

pa%l

0 (4.92)

| =
" 2R \1-cos(27D)

Implementation of a control scheme to control the duty ratio is easier than
implementation of a control scheme to control the switching frequency. A simple
PWM chip with fixed frequency can be used to generate the pulse signals that feed
the driver of the switches. In the case of more sophisticated controller platforms
such as FPGA and DSP, the frequency of the generated pulse can be varied by
either changing the frequency of the clock of the PWM block or changing the
number of bits of the PWM block depending on the available features of the
controller platform. In either case, the implementation of a variable switching
frequency control scheme is not straightforward. On the other hand, the duty ratio

of the PWM pulse can be updated during each repetition without changing the
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basis of the control algorithm (i.e., frequency of the clock and the number of bits of

the PWM block).

From the point of view of simplicity and ease of implementation, the duty ratio-to-output
transfer function is chosen for the implementation of a closed-loop control scheme for the
proposed converter and hereinafter, it is called control-to-output transfer function. The
control scheme would be able to regulate the output voltage in the case of step changes in

the output load or input voltage of the converter.

4.4.3  Control-to-Output Transfer Function Simplification

In order to provide additional insight into the performance of the converter under duty
ratio control scheme, a reduced order model of the control-to-output transfer function is
derived. Considering all the poles on the imaginary axis, as listed in Table 4.2, it is
expected that the response of the system will fluctuate without any damping behavior
around the steady state value. Figure 4.14 depicts a case study where the PLECS
simulation results and the step response of the control-to-output transfer function of the 7"
order system in (4.82) are compared. From the PLECS simulation results, it is seen that the
output voltage of the converter exhibits damping behavior and reaches a steady state value
after some initial damped fluctuations. However, the step response of the control-to-output
transfer function behaves as an undamped fluctuation around the steady sate value of the

output voltage.
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Figure 4.14; Comparing the step response of the 7™ order system in (4.82) with the PLECS

simulation result (R,=10 Q, F=3, D=0.6).

This observation suggests that at least one of the double imaginary poles of the system
have a non-zero real part, which helps the system to damp the fluctuations around the
steady state value of the output voltage and has been omitted during implementation of the
extended describing function. A closer look at the pole-zero map of the control-to-output
transfer function reveals that the double imaginary poles associated with Q. have a small
real part, which establishes a damping ratio ( {'). Figure 4.15 shows the map of the poles of

the control-to-output transfer function. From the enlarged window of this figure, it is
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noticed that the poles associated with Q. do not occur exactly on the imaginary axis;
instead, these poles have a real part, which is very small compared to the imaginary part.
This yields a small damping ratio, which needs to be considered in the analysis due to its

role in damping the fluctuations of the output voltage.

X 10° Pole-Zera Map x10° Pole-Zero Map

8]
*
X

&

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

e ]

*

Imaginary Axis (seconds‘)
Imaginary Axis (secondé‘)

&)
®

1310 —é é ~‘1 é 0 -12600 -10\500 -SOIOO -GOIOO --1600 -2\2;00
Real Axis (seconds'ﬂ) x10° Real Axis (Secunds'ﬂ)

(@) (b)
Figure 4.15: The complex poles associated with Q (R =10 Q, F=3, D=0.75): a) all the

existing poles, b) enlarged window.

Therefore, the polynomial in (4.76) can be rewritten as follows:

A= (s + lc j(s2 +2£(1- D), s+ (1— D)?Q2 Js? + (F —1)202 )s? + (F +1)20Q2)
(4.93)
Other double imaginary poles (i.e., j(F+1)Q and +j(F-1)Q2) occur at relatively high

frequencies. Even if these poles exhibit the same damping behavior, the dynamic

behaviour of the system is determined by the poles associated with Q_, which occur at

much lower frequencies. Therefore, the poles associated with € _can be considered totally
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on the imaginary axis and without real parts. Hence, the poles of the transfer function can

be expressed as follows:

P, Py =—¢(1-D)Q, + j1-D)Q, y1-¢?
Ps» Ps :ij(F _1)Qr
Pe» Py :ij(F +1)Qr

The modified control-to-output transfer function is as follows:

(S) 2|‘rCcCo ' Al'al + Bl!bl

N(A'a, +B/b I B/a, —Ab
(All 11) Lm(82+F2Qf{S+FQ 1% Allj(s_”

(4.94)

(4.95)

(4.96)

(4.97)

(O]

lc j(s,2 +2£(1-D)Q, s+(1-D)202 Js? +(F ~1)2Q2 s? + (F +1)?Q?)

(4.98)

From (4.94)-(4.97), it is observed that the poles and zeros of the transfer function occur at

relatively high frequencies, except for p,, p,, and p, in (4.94) and (4.95). This observation

can be used to effectively reduce the order of the transfer function from a 7™ order system

to a 3" order system which is expressed as follows:

S) K}

0. ( .
a(s) S+ 1
RC

00

](52 +2£(1-D)Q, s+(1-D)?Q? )

The gain of the 3 order system is determined from (4.98) as follows:
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(F? Z(FQ B;ai—/s{bl}( Vy j
- N(Aa +Bb)I,, U " Aa+Bb Nl ) _ NV, (Bia, - Ab) (4.100)
‘ 2L,CC, ((F —1)2Q2 J(F +1)2Q?) 2FQ,L, L, C.C

r-r—mT=cTo

Figure 4.16 shows the step response of the modified 3" order system along with the
simulation results from PLECS. It is seen that the reduced order system gives a more
accurate prediction of the behavior of the response of the system compared with PLECS

simulation results.
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Figure 4.16: Comparing the step response of the 3" order system in (4.100) with the

PLECS simulation result (R =10 Q, F=3, D=0.6).
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4.5  Design of the Control Scheme

The objective of this section is to develop a closed-loop control scheme to control the
output voltage of the converter in order to investigate the transient behavior of the
converter. The control scheme should be simple and effective to control the duty ratio of
the switching signals, in order to maintain a fixed and controllable voltage at the output
with respect to a fixed reference voltage and in response to any changes in the output load

or input voltage.

45.1  Single-Loop, Voltage-Feedback Control Scheme

The objective of the control scheme has been defined to keep the output voltage of the
converter fixed during the operation and with respect to variations in the input signals of
the converter. Since the output voltage of the converter is to be controlled by variation of
the duty ratio, the voltage-feedback control technique used in conventional PWM DC-DC
converters can be used for the proposed converter. Therefore, a single-loop, voltage-
feedback control scheme is designed to feedback the output voltage in a closed-loop
configuration and to establish the error signal with respect to the reference voltage. Figure
4.17 shows a simple closed-loop control scheme for output voltage regulation. It is
observed that the output voltage of the converter is sampled as the feedback signal and the
error of the system is passed through an integral block and finally the corrected duty ratio

is fed to the converter to update the duty ratio of the switching signals.
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Figure 4.17: The single-loop, voltage-feedback control scheme to control the output

voltage of the converter.

The coefficient of the integral block (K) determines the type of response of the system.
Figure 4.18 shows the root locus of the compensated system. As the value of K| increases,

the real poles of the compensated system start to move closer to each other. The imaginary
poles also start to move closer to the real axis. The locations of the real poles are more

sensitive to the value of K. The first breakaway point (K|, ) occurs on the real axis and is
the threshold gain between the overdamped and underdamped response. Since this
breakaway point occurs at s=-0.5/R,C,, the value of the threshold gain can be calculated as
follows:

d(s) _ (1-D)’FQ,L,
\70 (S) s 05 2NVd (B:{al - Al,bl) Rgco

RoCo

(4.101)

Kih =—5
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Figure 4.18: Root locus of the compensated control-to-output transfer function (R,=10 Q,

F=3, D=0.6).

As K, increases more than K, ., the response of the system becomes underdamped. It

I-th’
experiences significant overshoots and undershoots as a result of small tolerances in K,

close to the second and the third breakaway points. Increased values of K, leads to the

second and third breakaway points and promptly moves the poles of the compensated
system to the right half plane, which makes the system unstable. Figure 4.19 shows the

response of the system for overdamped, critically damped and underdamped cases.
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Figure 4.19: Overdamped, critically damped and underdamped responses in a closed-loop

control scheme (R,=10 Q, F=3).

In order to examine the effect of the integral gain on the response of the system,
simulations are carried out for two different cases: 1) a step change in the output load of
the converter, and 2) a step change in the input voltage of the converter. Figure 4.20 shows
the PLECS simulation results for the resonant inductor currents, resonant capacitor
voltages, and the output voltage of the converter when the output load of the converter
suddenly decreases by 50% from R,=30Q2 to R=15 Q for three different types of response

(i.e., overdamped, critically damped, and underdamped responses). It is seen that for all
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three cases, the output voltage is regulated to 10 V after the change in the output load.

Figure 4.21 shows the output voltage regulation for a step change in the input voltage from

V=10 V to V4=7 V. Again, it is noticed that for all three types of responses, the output

voltage is regulated to 10 V after the change in the input voltage. In both case studies, it is

observed that increasing the value of the integral gain reduces the damping ratio of the

response as shown in Figure 4.18. The poles of the compensated system start to move

away from the first breakaway point (K, ). This results in a faster system response and

reduced settling time. In the vicinity of the K

I-th’

the value of the damping ratio is not very

sensitive to the value of the gain. Therefore, in order to avoid significant underdamped

overshoots and undershoots, an integral gain with a value close to K, should be used.
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Figure 4.20: Step changes in the output load from R,=30 Q to R,=15 Q: a) overdamped

response, b) critically damped response, and c) underdamped response.
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Figure 4.21: Step changes in the input voltage from V=10 V to V4=7 V: a) overdamped

response, b) critically damped response, and c) underdamped response.

4.6  Summary

This chapter investigated the analytical approach to model the converter and analyze the
steady state and small signal operation of the proposed converter. The extended describing
function was used as the modeling tool due to its significant advantages of providing an in-
depth understanding of the operation of the converter and the effects of the components on
the steady state and small signal operation of the converter. The analytical modeling
approach yielded complete solutions of the steady state operation of the converter. It was
observed that the output voltage of the converter can be changed through duty ratio of the

switching signal and the switching frequency. A series of simulation-based investigations
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were carried out to compare the results from the steady state analytical model with PLECS
simulation results. It was demonstrated that the analytical model of the converter using the
extended describing function approach was able to predict the output voltage of the

converter accurately.

Small-signal models of the converter using the extended describing function approach
were developed. Transfer functions of the output voltage of the converter with respect to
small signal variation of input signals (input voltage, duty ratio, switching frequency, and
output current) were developed. The duty ratio-to-output voltage transfer function was
selected for the implementation of the control scheme. The 7" order control-to-output
transfer function was reduced to a 3 order model by removing the non-significant poles
and zeros, which do not affect the response of the converter due to their occurrence at very
high frequencies. An effective single-loop, voltage-feedback control scheme was then
developed to control the output voltage with respect to a reference voltage. The
performance of the closed-loop control of the converter was investigated for sudden step
changes in the input voltage and the output load of the converter. Based on the simulation
results the threshold gain of the controller was established, and the simple single-loop
voltage-feedback control scheme was found effective for output voltage regulation when

the converter is subjected to step changes in the input voltage and load resistor.
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Chapter 5

Experimental Prototype of the Dual

Series-Resonant DC-DC Converter

In Chapter 4, the implementation of the extended describing function approach for the
proposed dual series-resonant DC-DC converter yielded a set of equations that describes
the steady state and small signal operation of the converter. The accuracy of the developed
analytical models was verified by comparing the modeling results in MATLAB with the

simulation results in PLECS.
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An experimental prototype of the proposed dual series-resonant DC-DC converter is
constructed in order to examine the operation and features of the proposed converter. This
chapter begins with the description of the components chosen to build a 40 W, 10 V
experimental prototype. Based on the footprint of the selected components and the
topology of the converter, a two-layer PCB is designed using Altium Designer [76] and
populated to construct the experimental prototype. The performance of the prototype is
examined in both open-loop and closed-loop configurations and the experimental results
are presented. The ZVS operation of the switches and ZCS operation of the output diodes
are experimentally verified and the improvement in the power transfer capabilities of the
proposed dual series-resonant converter and the efficiency of the conversion are examined

and compared with the traditional single-series resonant topology.

5.1  Selection of the Components

e Switching devices: The operation of the proposed dual series-resonant converter
needs to be investigated over a wide range of switching frequency. For this purpose,
MOSFETSs are used as the switching devices due to their suitable performance at
high switching frequencies. For this experimental prototype, 200V, 32A Infineon
MOSFET IPP320N20N3 G is selected due to its relatively low gate charge (Qgs= 8
nC, Qga =3 nC, Qsw= 5 nC, and Q4= 22 nC) compared with other MOSFETS with the
same rating [77].

Planar Transformer: The planar transformer is required to operate reliably over a
wide range of switching frequency (between 100 kHz and 700 kHz). It must have at

least two identical separate windings on the secondary side of the transformer, and

97



the voltage rating of the windings needs to be high enough for the maximum
possible voltage at the primary side of the transformer, which depends on the duty

ratio of the PWM switching signal and the input voltage as stated in (5.1).

V=V +Vg, = (5.1)

1-D
The chosen transformer is the Midcom 750341142 from Waurth Electronics, which
has a turns ratio, N=1. Figure 5.1 shows the winding configuration of this

transformer [78].

1:1:1
)
N ‘ 4
11 3

Figure 5.1: Winding configuration of Midcom 750341142 planar transformer.

e Voltage Transducer: In a closed-loop configuration, the output voltage needs to
be measured as the feedback signal for the purpose of voltage regulation. The
chosen voltage transducer is LVV25-P from LEM due to its excellent accuracy
and low response time [79]. Figure 5.2 shows the configuration of the

transducer. As stated in the datasheet of the transducer, resistor R; should be
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high enough to limit the primary current of the transducer to 10mA. Since the
maximum voltage level for analog ports of most of the controller platforms is
+5 V, the measured voltage of the transducer needs to be scaled down enough to
a value less than +5 V in order to avoid damage to the controller. The
combination of Ry = 3300 Q and Ry = 100 Q are chosen that limits the primary
current to 10 mA and scales down the measured output voltage with a factor of
K=14, which keeps the feedback voltage to the controller between OV and 5V

as the output voltage of the converter varies up to 70V.

+HT—{:‘.F\)1
T ? :
O o +VC
R
@ O i IS@—M:I—O oV

Figure 5.2: Configuration of the voltage transducer LEM LV25-P [79].

MOSFET Driver and Driver Circuitry: The MOSFET driver chip is the 200V,
IRS2011PBF device from International Rectifier (currently Infineon) [80]. Figure
5.3 shows the MOSFET drive circuitry, in which the capacitors, resistors, and diode
of the drive circuitry are shown. Pins named as HI and LI are the input pins of the

driver and are connected to the gate signal generator.
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Figure 5.3: IRS2011PBF MOSFET driver wiring diagram [80].

Controller Platform: PSoC 5LP from Cypress development kit [81] is selected as the
controller platform to generate the gate signals of the MOSFET driver. PSoC 5LP
development kit is equipped with CY8C5868AXI 32-bit ARM Cortex-M3 CPU core
with digital and analog peripheral in a single chip. With two dedicated 12-bit
1000ksps SAR ADC, this platform offers precise and fast signal acquisition, signal
processing, and control. The PSoC Creator Integrated Design Environment (IDE)
programming tool, in which the components in its library (such as ADCs, PWM
blocks, Clock blocks, etc.) can be set in a graphical user interface (GUI) is used to
configure and program analog and digital peripherals of the PSoC device. A
complete list of application programming interface (API) is available to change and
modify the settings of all components in C language [82]. Figure 5.4 shows the

development Kit.

100



Figure 5.4: PSoC 5LP development Kit.

e Qutput Diodes: The output diodes are RF2001T4S from ROHM, which are suitable
for very fast switching applications with 30 nSec reverse recovery time [83].
The list of all the components and part number and/or values is listed in Table 5.1. Figure

5.5 shows the overall implementation of the prototype in Altium Designer.
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Table 5.1: Parameters of the experimental prototype.

MOSFET switches IPP320N20N3
Wurth Electronics Midcom 750341142
Transformer (L= 70 uH, N =1)
Output diodes RF2001T4S
Driver and bootstrap circuit IRS2011
Voltage transducer LV 25-P
Series resonant circuit (Ly; —Cr1) Cnu=1pF-Ln=4 uH
Series resonant circuit (L, —Cy,) Cp=1puF - Lp=4 uH
Output capacitor 100 uF
Clamping capacitor (C.) 10 uF
Gate signal generator PSoC 5LP
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Figure 5.5: The layout of the prototype dual series-resonant DC-DC converter in Altium



As shown in Figure 5.5, the detailed topology consists of four terminals identified as

follows:

J1 is the input of the converter, which is connected to the input voltage source;
J2 is the auxiliary voltages terminal for the MOSFET driver and the voltage
transducer;

J3 is the output of the converter, which is connected to the load; and

J4 is the signaling terminal, which is connected to the controller platform.

The implemented topology consists of several shunt jumpers, identified as P in Figure 5.5.

Currents are measured by replacing the shunt jumper with the current probe amplifier.

Figure 5.6 shows the designed two-layer PCB in Altium Designer. The size of the board is

1100 mm x 1000 mm. The copper tracks on the top and bottom layers are shown with red

and blue colors, respectively. Figure 5.7 shows the picture of the populated PCB, and

Figure 5.8 is the image of the prototype and the experimental set up of the converter

showing the instrumentations used in the experimental measurements.
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Figure 5.6: Designed PCB in Altium Designer environment.
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(b)

Figure 5.7: a) Prototype of the proposed dual series-resonant DC-DC converter, b)

experimental setup.
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5.2 Open-Loop Operation - Experimental Results

For open-loop operation, the voltage transducer is bypassed and the gate signals are
generated by PSoC 5LP, regardless of the measured output voltage by the transducer. An
8-bit PWM block in PSoC 5LP is used to generate the PWM signal. Figure 5.8 shows the
schematic configuration of the PSoC Creator that is implemented for the open-loop
operation. The experimental waveforms for the open-loop experiment are obtained for the
following operating conditions:

Vg=10V, f5,=240 kHz (F=3), and R,=30Q. Next, the experimental results of the six case

studies listed in Table 4.1 are compared with the simulation and analytical modeling

results.
CharlLCD 1
Character LCD
——e—{n] Pin- 1
PWM 1
Centrol_Reg_1 PWM T PWMA
Control Reg cle Stoius, Req 1
control_0 | —{kill pwm|— Clock z@— Status Reg
: clock
phtH e g —status_0
clock_1 (JUL- —>clock ph2|- -
e [0 }Freset
E-bit (UDE} ——u] PWM2

Figure 5.8: Schematic configuration of the PSoC Creator for the open-loop experiment.

The gate signals of the PSoC 5LP are shown in Figure 5.9. In PSoC 5LP, two shunt

jumpers set the level of the output rail voltage. Depending on the position of the jumpers,
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the output voltage rail is either 5V or 3.3V. For this experiment, the PSoC 5LP settings are
adjusted to generate 5 V as the high-level voltage on the output rail. Figure 5.10 shows the

measured gate-to-source voltages of the MOSFETS.

+

Gate_sig Q2 [5 Vidiv]
- e
.

Gate_sig Q1 [5 Vidiv]

Figure 5.9: Gate signals for the MOSFET driver.

+
Vegs_ Q2 [10 V/div]

AT

AL

Ves Q1 [10 V/div]
Figure 5.10: Experimental results of the gate-to-source voltages of the MOSFETSs.
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Figure 5.11 shows the zoom-in snapshots of the gate-to-source and drain-to-source
voltages for Q1 and Q2 during turn-on transition to observe the ZVS turn-on condition of
the MOSFETSs. For both Q1 and Q2, the drain-to-source voltages reach zero before the
turn-on commands of Vgs-Q1 and Vgs-Q2 are applied to the MOSFETSs. This fact verifies

the ZVS operation of the MOSFETS.

¥+
Vds_Q1 [20 Vidiv]
T-PES_Q 1 [l 0 Tlr."diT] —
(@)
+

Vds_Q2 [20 Vidiv]

» Lo . “-J(,.'-d',m

Ves_ QI [10 Vidiv] s—

(b)
Figure 5.11: ZVS turn-on operation of the MOSFETS: a) ZVS turn-on of Q1, b) ZVS turn-

on of Q2.
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According to the simulation and analytical results presented in the previous chapters, the
resonant inductor currents are equal. This observation is confirmed in the experimental
results of the resonant inductor currents shown in Figure 5.12. In the experimental setup,
the dual series-resonant circuits are not identical. The mismatch in the values of the
components (Ly vs. Ly, and Cyp vs. Cyp), causes the experimental results of the resonant
inductor currents not to be completely equal. However, it is noticed that the mismatches
between the resonant components is very small and negligible. Figure 5.13 shows the
zoom-in snapshots of the encircled areas (i.e., Area 1 and Area 2) of the resonant inductor
currents shown in Figure 5.12, illustrating the variance in the resonant inductor currents. It
is observed that the differences in the resonant inductor currents are very small and
negligible. While the variance in the resonant inductor currents depends on the degree of
mismatch, it can be concluded that within the design tolerance limits of the resonant
components, the variation in the characteristics of the series-resonant circuits would not
have significant effects on the operation of the converter.
-

Resonant_ind_current_Lrl [1 A/div]

Areal

."'

O:\rea 2

Resonant_ind_current Lr2 [1 A/div] wum

Figure 5.12: Experimental results of the resonant inductor currents.
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Figure 5.13: Effect of the mismatches between resonant components: a) Area 1 in Figure

5.12, b) Area 2 in Figure 5.12.

The results of the resonant capacitor voltages are shown in Figure 5.14. The small spikes
on the resonant capacitor voltages are due to the switching actions. Finally, Figure 5.15

shows the PLECS and experimental results of the output voltage.
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Eesonant cap voltage Crl [4 Vidiv] e

it N
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Eesonant cap voltage Crl [4 Vidiv]

Figure 5.14: Experimental results of the resonant capacitor voltages.
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+

Output voltage [ Vidiv]

Figure 5.15: Experimental results of the output voltage.

The DC voltage conversion ratio of the converter is examined over a wide range of duty
ratio and switching frequency and Figure 5.16 shows the experimental results of the
voltage conversion ratio. The switching frequency of the PWM signals is set to four
different values (i.e., 160 kHz, 240 kHz, 480 kHz, and 640 kHz, similar to the conditions
simulated in Fig. 4.9) in by changing the time period of the 8-bit PWM block using the
APIs in the PSoC Creator and keeping the clock frequency fixed at 24 MHz. For each
value of the switching frequencies, the duty ratio of the PWM switching signal is varied
between D=0.2 and D=0.8.

The experimentally measured voltage conversion ratio of the prototype is very close to the
PLECS and modelling results shown in Figure 4.9. The DC voltage conversion ratio of the
converter varies with respect to the duty ratio and the switching frequency of the PWM
switching signal. Higher values of conversion ratio are achievable by reducing the
switching frequency and increasing the duty ratio of the PWM switching signal. It is worth
noting that the turns ratio of the transformer of the experimental prototype is N=1. A

higher value of turns ratio would provide higher output voltage.
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Figure 5.16: Experimental results of voltage transfer ratio versus duty ratio for different

switching frequencies (V4=10 V, R,=30 Q).

Table 5.2 lists the experimental results, modeling analytical results, and PLECS simulation
results for six different case studies in accordance to the comparisons given in Table 4.1 in
Chapter 4. It is demonstrated that the experimental results are in good agreement with the
analytical and PLECS results. It is observed that the simulation results from PLECS are
closer to the experimental results than the analytical results. This fact is expected due to
the approximations made in the implementation of the extended describing function. In
general, the simulation, experimental, and analytical results show the same trend, and the

discrepancies in the results are within £ 13%.
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Table 5.2: Comparison between PLECS simulation, analytical modeling, and experimental

results

The performance of the circuit is compared with the traditional single series-resonant
circuit. The topology of the single series-resonant converter can be realized by removing
one of the shunt jumpers (either P1 or P2 in Figure 5.5) that is in series with the series-
resonant circuits. Due to the balance operation of the series resonant circuits, removing P1
or P2 both result in identical single series-resonant converters. For this experiment, the

shunt jJumper P2 in series with the Ly, and C, is removed.

114



Figure 5.17 compares the output power transfer between the dual series-resonant resonant
converter and the traditional single series-resonant converter. As expected, the continuous
transfer of power to the output load in the dual series-resonant circuit converter, results in
increased power transfer capability of the proposed converter over the whole range of duty
ratio of the PWM switching signal. This figure shows that the power transferred by the
dual series-resonant converter is 40%-60% higher compared to the single series-resonant
converter. In addition, since the second series resonant circuit (Ly-C;,) takes only 5% of
the PCB area, the power density of the dual series-resonant converter compared with the

single series-resonant converter is improved.

25 I I I I
20 : : : : iR 1
--e-- 1- Single series-resonant circuit
g' —&8— 2- Dual series-resonant circuits
- ; ; . . ;
5 15
=
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=
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Figure 5.17: Experimental comparison of transferred power between two topologies: 1-

proposed dual series-resonant circuits, 2- single series-resonant circuit.
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In addition to the improvement in the power density of the converter, the manufacturing
cost of the proposed dual series resonant converter is expected to be reduced. For the
single series-resonant converter (red line in Figure 5.17) in order to achieve the same level
of output power transfer as the dual series-resonant converter (blue line in Figure 5.17), a
two-stage interleaved topology of the single series-resonant converter needs to be
implemented which requires twice the number of passive and active components.
However, the proposed dual series-resonant topology increases the output power transfer
by adding a second series-resonant circuit and replacing the two transformers in the
interleaved topology with a transformer that has two identical windings at its output.

The efficiency of the proposed dual series-resonant converter versus duty ratio at two
different switching frequencies (i.e. 240 kHz and 400 kHz) is examined. Figure 5.18
shows the results of the comparison between the efficiencies of the proposed converter and
the traditional single series-resonant converter. The improvement in the overall efficiency
in the proposed dual series-resonant DC-DC converter over the whole range of duty cycle
variation for both cases of switching frequencies is demonstrated. For the same value of
inductor current, the proposed dual series-resonant converter generates higher voltage at
the output compared with the single series-resonant circuit topology. Consequently, the
output power of the dual series-resonant converter is higher for the same level of
conduction losses. Hence, the efficiency of the proposed dual series-resonant DC-DC

converter is improved.
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Figure 5.18: Experimental comparison of efficiencies between two topologies:

1- dual series-resonant circuits, 2- single series-resonant circuit.
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5.3  Closed-Loop Operation

The objective of the closed-loop experiment is to demonstrate the regulation of the output
voltage in the case of variation in the output load. For this purpose, the single-loop output-
voltage feedback control scheme, which was developed in Chapter 4 based on the
simplified model of the control-to-output transfer function, is implemented using PSoC
5LP. This closed loop control scheme updates the duty ratio of the PWM switching signals
according to the operating condition of the converter and keeps the output voltage equal to

the reference voltage.

5.3.1 Implementation of the Closed Loop System

For closed-loop operation of the proposed converter, two 8-bit successive approximation
register (SAR) ADCs with 1 MHz external clock are added for implementation on PSoC
5LP to convert the analog signals (i.e., reference voltage and measured output voltage) to
digital signals. Figure 5.19 shows the schematic configuration of the closed-loop control
implementation in PSoC Creator environment. The output of the PWM block is a 5 V
pulse, in which the duty ratio is updated in an infinite loop. The integral controller is

implemented through the available APIs in the PSoC Creator and in C language.
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Figure 5.19: Schematic configuration of the PSoC Creator for the closed-loop experiment.

5.3.2  Closed-Loop Operation - Experimental Results

Figure 5.20 and Figure 5.21 show the simulation and experimental results of the state-
plane trajectory of the state-space variables (i.e., i r and vc,), respectively, when the output
load is subjected to 50% change. Since the operation of the two resonant circuits is
identical, Figure 5.20 represents the state-plane trajectory of both resonant circuits. It is
observed that the simulation and experimental results follow the same trajectory pattern
when Q1 and Q2 are conducting. Figure 5.22 and Figure 5.23 show the associated
experimental results of v, i, and vc, under the same variation in the output load. It is
observed that the output voltage remains constant when the output load varies. A small
ringing is observed in the capacitor voltage during the transition in currents between the
two MOSFETs when the anti-parallel diodes (Dq1 and Dgy) are conducting. This explains
why during these modes the trajectories are not clearly detectible in the experimental plots

of the state-plane trajectory.
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Figure 5.20: Simulation results of the state-plane trajectory for sudden change in the output

load from R,=30Q to R, =15Q.
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Figure 5.21: Experimental results of the state-plane trajectory for sudden change in the

output load from R,=30Q to R, =15Q.
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Figure 5.22: Experimental results of v,, i, and v¢r - Ro=30Q.
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Figure 5.23: Experimental results of v,, i, and v¢r - Ro= 15Q.

The effect of the integral gain on the recovery of the output voltage in the case of a sudden
change in the output load is investigated experimentally. The results are shown in Figure
5.24 and 5.25 for two scenarios of increase and decrease in the output load and for
different values of integral gain. It can be seen from figures that increasing the value of the

integral gain does not affect the percentage of the overshoots or undershoots; however, it
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does affect the settling time of the output voltage. It is realized that by increasing the
integral gain, the undershoot (for the scenario of increase in the output load) and the
overshoot (for the scenario of decrease in the output load) of the output voltage remain
unaffected; however, the settling time of the voltage reduces for both scenarios and the
output voltage recovery to the reference voltage becomes faster. It is observed in Figure
5.25 (c) that the response of the system exhibits underdamped behavior for step change in

output load from Ry=15 Q to R,=30 Q.
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Figure 5.24: Effect of the integral gain on the voltage recovery characteristics of the

converter for step change in the output load from R,=30 Q to R;=15 Q.
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Figure 5.25: Effect of the integral gain on the voltage recovery characteristics of the

converter for step change in the output load from R,=15 Q to R,=30 Q.

Figures 5.26 and 5.27 show the effects of the integral gain when the input voltage is
subjected to a step change for two scenarios of increase (from Vy=7 V to V4 =10 V) and
decrease (from Vg = 10 V to V4 =7 V) in the input voltage, respectively. This step change
in the input voltage is done through a single-pole double-throw switch (SPDT). In both
scenarios of increase and decrease in the input voltage, the control scheme regulates the
output voltage and restores it to the reference voltage (V=8 V). The undershoots in

Figure 5.26 are due to performance of the SPDT switch. During the transition between
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V¢=7 V to V4 =10 V, the input voltage initially reaches 0 V and then to 10 V. The
momentary no-voltage condition on the input voltage results in the observed undershoots
in Figure 5.26. However, for the scenario of decrease in the input voltage in Figure 5.27,
the effect of the momentary no-voltage condition due to the operation of the SPDT switch
is not significant and the observed undershoots are due to the decrease in the input voltage
form V4=10 V to V4=7 V and as the value of integral gain increase to K,=4, the response of

the system becomes underdamped.
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Figure 5.26: Effect of the integral gain on the voltage recovery characteristics of the

converter for step change in the input voltage from V4=7 V to V4=10 V.
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Figure 5.27: Effect of the integral gain on the voltage recovery characteristics of the

converter for step change in the input voltage from V4=10 V to V4=7 V.

54  Summary

An experimental prototype of the proposed dual series-resonant DC-DC converter was
implemented and tested in the laboratory and the experimental results were presented in
this chapter. The main specifications of the chosen components were highlighted and the
overall implementation of the experimental prototype in Altium Designer was presented.

The operation of the converter was investigated experimentally in open-loop and closed-
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loop operating conditions. The results of the open-loop operation demonstrate that the
output voltage of the proposed converter can be changed with two degrees of freedom,
which are the duty ratio of the PWM switching signal and the switching frequency. In
addition, the converter is able to operate in both step-down and step-up regions. Soft
switching operation of the converter was realized and the improvement in the output
power transfer and the efficiency of the converter was demonstrated. The steady state
experimental results of the output voltage, resonant inductor currents, and resonant
capacitor voltages of the converter confirmed the PLECS simulation results and the
extended describing function analytical modeling results discussed in Chapter 4. The
performance of the closed-loop operation of the proposed converter was examined under
different loading conditions and it was demonstrated that the designed single-loop voltage-
feedback method was effective in regulating the output voltage of the converter under

disturbances.
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Chapter 6

Design of the Dual Series-Resonant DC-

DC Converter

The experimental prototype of the dual series resonant DC-DC converter was constructed
as a proof of concept to demonstrate the functionality of the proposed converter. An
analytical model of the converter using the extended describing function methodology was
then developed in Chapter 4 to characterize the steady state and small signal behaviour of
the converter. Experimental results obtained from a 40 W, 10V laboratory prototype of the
converter confirmed the results of the analytical model and simulation. This chapter
therefore aims at using the analytical model of the converter to develop a step-by-step

procedure to design the converter in order to meet the design requirements.
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The selection of the components of the converter must fulfill the design requirement,

which is established by the application of the converter. The preliminary information from

any specific application is essential as the basis of the design procedure. This routine is

taken into consideration in this chapter in order to propose a design procedure for the

proposed converter. The proposed design procedure can be employed to customize the

proposed DC-DC converter for any specific applications.

6.1

Design Considerations

The boundary of various parameters in the circuit should be taken into consideration to

develop the design procedure of the converter as follows:

Input voltage range (V, i, —V, ): For applications that require the converter to

d-max
regulate the output voltage and maintain a constant output voltage in the case of
variations in the input voltage, the range of variation of input voltage is an
important parameter and should be considered.

Switching frequency range ( f —f ): Various platforms can be utilized to

sw—min sw—max

generate gate signals of the switching devices to drive the switching components.
Simple PWM chips, microcontrollers, FPGA, and DSP boards are among these
platforms. The range of frequency of the generated pulse is different for each of
these platforms. Besides, the selection of the switching devices (i.e., IGBT,
MOSFET, eGaN, SiC etc.) plays a crucial role in deciding the desired switching

frequency range.
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e Output voltage range (V, .;,—V ): As described in previous chapters, the

-min 0—max
developed control scheme is able to track the reference voltage. Therefore, for
applications that require a controllable DC output voltage, the range of variation of

the output voltage should be taken into consideration.

e Maximum output power (P __ ). The maximum output power of the converter

—max
indicates the maximum current of the components of the converters such as diodes,
MOSFETS, inductors, capacitors, and high frequency transformer. The converter
should operate properly from no-load condition to full-load condition with

maximum allowable current.

e Maximum value of duty ratio (D, ): The maximum duty ratio of the PWM

switching signal of switch Q2 is important. According to (5.1), it determines the
maximum voltage across the switching devices and the steady state voltage of the
clamping capacitor.

e Turns ratio of the Transformer (N): The turns ratio of the transformer determines
the output voltage level of the converter and it exhibits a nonlinear relationship
with the output voltage in steady state (4.64). For this reason, it should be dealt

with as an independent parameter.

6.2  Design Procedures

e Current Rating of the Components on the Secondary Side of the Transformer

The maximum current on the secondary side of the transformer occurs at the full-load

condition, which corresponds to a minimum value the of load resistor (Rmin). The
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minimum value of the load resistor is determined by the maximum output power (Po-max)

and the minimum output voltage (Vo-min) as follows:

V2o
Rmin = PO e (6.1)

0—max

Considering only the fundamental components of the AC signals in the steady state
condition of the resonant inductor current in (4.53) and (4.54), the RMS value of the

resonant inductor current at full load is calculated as follows:

72.\/0—m ax (62)

J1-cos(27D

| =
Lr—max 2R

min max)

Equation (6.2) establishes the current ratings of the components on the secondary side of
the transformer, i.e. L1, Lr2, Cy1, Cr2 and the secondary coils of the transformer (i.e. Ng; and
Ns2). Since the resonant inductor currents are equal and both are conducted through either
D1 or D2, the maximum current rating of the rectifying diodes (D1 and D2) is twice the

maximum current for the series resonant components.

e Sizing of the Series Resonant Components (L1, Ly, Cr1, and Cy,)

For balanced operation of the converter, the two series resonant circuits should be identical
(i.e., Ln=Ly, and C,1=C;,). Considering the first component in the output voltage equation

(4.64) and by using (4.78), the following equation is obtained.

NV, NV,

ZRO 0 LO0——— 4R NV £0-——L|Ff C
1_D o| o 1_D r-r

Vo= (1-cos27D)=

0 2
2 7(F2+1
% (FQrLr+%:Qrer )

(1-cos2zD)  (6.3)
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From (6.3), assuming the least value for switching frequency (F=2) and the mean value for
the cosine term, the minimum value for the resonant capacitors is calculated for the

minimum switching frequency (i.e., F=2) as follows:

v

o—minﬂ-

r—min — (64)

NV,
8R . f. NV /g —d-mn
min ~ Sw: mm’vo max 1_ Dmax

As discussed in Chapter 3, in order to guarantee the CCM operation of the converter, the
switching frequency should be more than twice the resonant frequency (£ > 2). Following
that argument and knowing the switching frequency range, the following conditions can be

developed for the resonant inductors:

1
foooo> (6.5)
sw—min
7[\/ Lr_minCr_min
1
I‘r—min = 2C f 2
r—min * sw—min (6.6)

Equations (6.4)-(6.6) can be used to determine suitable values for the resonant inductors

and capacitors.

It should be pointed out that the upper limit for the values of resonant inductors and
resonant capacitors are set by the value of the resonant frequency of the magnetizing
inductance of the transformer and the clamping capacitor. In order to isolate the resonance
oscillations of the series resonant circuit from the resonance oscillations generated from
the clamping capacitor and magnetizing inductance of the transformer, it is essential to

ensure that the resonant frequency between the clamping capacitor and magnetizing
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inductance (wn) is less than the resonant frequency of the series resonant circuit (wy). As a
rule of thumb, the minimum value of w, should be greater than 10w,. Therefore, the upper

limit for both L, and C; is chosen in conjunction with Ly, and C; as follows:
100L,C, <L C, (6.7)
Equation (6.7) suggests a parallel procedure for selecting L;, Cr, L, and Ce.

e Clamping Capacitor (C,)

The voltage rating of the clamping capacitor depends on the input voltage and the duty
ratio of the PWM switching signal (4.52). The selection of the clamping capacitor should
be based on the maximum possible voltage of the clamping capacitor, which occurs at

Dmax and Vy.max as follows:

D
V. =_——mx \/ 6.8
Cc 1_ D d—max ( )

max

The size of the clamping capacitor needs to be calculated in conjunction with the size of

the magnetizing inductance of the transformer, as discussed below.

e Transformer

The voltage of the secondary coils of the transformer is dependent on the duty ratio of the
PWM switching signal and the input voltage. The RMS value of the fundamental
component of the voltage on the secondary side of the transformer is calculated using

given equations in (4.8)-(4.11) as follows:

NV, 1/1—cosi 27D i
V= (6.9)
sec 72_(1_ D)
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Therefore, the maximum RMS voltage of each of the secondary coils at full load is

calculated as follows:

Nvdfmax
T

V

sec—max

=4.44 (6.10)

From the knowledge of maximum resonant inductor currents and the maximum voltage of
the secondary coils of the transformer, the power rating of the transformer can be

calculated as follows:
I:)Tr = 2Vsec—maxI Lr—max (611)

The transformer needs to exhibit suitable performance at this power across the range of

switching frequency (fsw-min — fsw-max)-

The size of the magnetizing inductance of the transformer can be estimated in conjunction
with the size of the clamping capacitor from the simplified small signal model of control-
to-output transfer function stated in (4.99). The polynomial denominator of the control-to-
output transfer function is used here to develop a constraint for Ly, and C, to be used along
with (6.7) to select suitable values for L, and C.. As discussed in section 4.4.3, the step
response of the control-to-output transfer function yields the output voltage. This step
response of the control-to-output transfer function in the frequency domain can be

expanded as follows:

133



v @):1—D

K _

VJ9=§G—D)

Ky

d
®) > S+ L
RC

0

0

J(s2 +20(1-D)Q, s+(1-D)*Q2 )

K3s+K4

where,

Kr — NVd (B],.al_Alrbl)
d 2FQLLCC

r-r-m-c o

RCLC

0O 0 m-c¢C

1-D

K, =Kj

- ~K}(1-D)R,C,

2

1-D)?Q2 +
-

0

Ky

2
1 J 2£(1-D)Qm
(0] ROCO

2£(1-D), —

K2
—= t13 2 2
s (“%{C j (s?+2¢(1-D)w_s+(-D)?w?
0O 0

0 o0

K. =
3 2
(1-D)Q?

1

20(1-D)Q,

1-D)*Q? {

ROCO

T

2¢

ROCO

4c?

(1-D)Q RC.

m 0 "0

K,=K}(1-D)

24@-D)Q,

(1-D)*Q% +(

ROC:O

;

RO(:O

)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

Equation (6.14) provides an alternative relation for the output voltage of the converter. The

response of the system in the time domain is expressed as
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—t
v (=K, +K,e e, K e s Phent cos(t(l— D)w,_\1-¢? )+
K,-¢(1-D (6.18)
s —¢(A-Do, g & Dent sin(t(l— D)w_1-¢? )

(1-D)a, 1-¢?

e <Pt (K, —£(1-D)a,)? + KZ(1- D)’ w? (1-¢?) y
(1- D)o, 1-¢?

sin(t(l— D)a)m ’l— ézz +1g 1{ K;1-D)w,1- 4'2 )]

-t
v, (1) = K, + K,e ™ +

K4 - é/(l_ D)a)m
(6.19)
Equation (6.19) shows that the output voltage consists of a steady state value, a second
order response, and an exponential decaying response. These responses are shown in
Figure 6.1. The settling times of the second order term and the exponential decaying term,
assuming 0.7% tolerance band around the steady state value, are calculated as follows:

-1 Ky1-¢?

T,=——————Ln 0007
¢QA-D, 00, J(K,-¢@-D, o, ) +KZ(1-D, )2 0? (1-¢?)

(6.20)

Toc =5R C, (6.21)

where, T, is the settling time of the second order term and Trc is the settling time of the

exponential term.
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Figure 6.1: The steady state response, the second order response, and the exponential

decaying response in the output voltage.

From Figure 6.1, it is observed that the initial fluctuations associated with the second order
response are effectively mitigated since the initial value of the exponential decaying part

(K2) is a negative value with respect to the steady state value (Ki) in (6.19). Figure (6.2)
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and Figure (6.3) show the variations of T versus L, and C., respectively. It is observed

that high values of L, and C. increase the settling time of the second order system.

As a rule of thumb, the following assumption can be considered in selecting L, and C:

(=0.1 (6.22)
10, <Ln,<100 L, (6.23)
10 C, < C.<100 C, (6.24)

These assumptions take the worst case of elongated settling time into consideration and

satisfy (6.7).
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Figure 6.2: Settling time versus the size of magnetizing inductance and damping ratio.
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Figure 6.3: Settling time versus the size of clamping capacitor and damping ratio.

e Output Capacitor (C,)

The output capacitor is suggested to be larger than the clamping capacitor. The upper limit
of the output capacitor can be calculated using the derived equations in (6.20) and (6.21)
for the settling times. If the value of the output capacitor is selected to ensure Trc = T,
then the fluctuations on the output voltage can be effectively mitigated. The maximum

value for the output capacitor is obtained from (6.20) and (6.21) as follows:
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K,y1-¢7?
J(K,=£0-D, )e,)? +K21-D, )2 02 (1-¢?)
omax 5Rminé,(l_ Dmax)a)m

—Ln| 0.007

C

(6.25)

e Semiconductor Switches

The semiconductor switches must operate properly in the required range of switching
frequency between (fsy-min — fsw-max).- The maximum voltage and current of the switches at

full load conditions are determined as follows:

v

V. = Vi 6.26
o = (6.20
L =1 42Nl = WVom NZVo. e (6.27)

+
T Run@- Do) Ry+/1-c0s(27D,,, )

A. Bootstrap Circuit of the Driver

The bootstrap circuit is an efficient and popular method to drive half bridge switches.
Figure (6.4) shows the simplified circuitry of a half bridge gate driver. This circuit consists
of a low side driver to drive the bottom switch (Q2) with respect to ground and the high
side driver to drive the top switch (Q1) with respect to the switch node (Vs). A buffer (B)
drives each gate. These buffer circuitries are integrated inside most of commercial driver
ICs. However, the bootstrap diode (Dgoot) and the bootstrap capacitor (Cgoot) Need to be

selected according to the design requirement and switches.
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Figure 6.4. Bootstrap drive circuit.

The bootstrap capacitor charges when Q2 is turned on and Q1 is off through V, .,

bootstrap diode, and bootstrap resistor (Rgoot) as shown in Figure 6.5. This provides a fixed

voltage between V  and V,. When Q1 is turned on and Q2 is off, the bootstrap diode

blocks the discharge current of the bootstrap capacitor and the gate signal of Q1 can be

generated with respect to V.. The voltage of the capacitor when it is charged is calculated

as follow [84]:

=V aux ~Vbiode ~Vos-min (6.28)

where, Vaux is the auxiliary power of the chip, V is the forward voltage drop across the

Diode

bootstrap diode, and V. is the minimum gate-to-source voltage of the selected switch.
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Figure 6.5. Charging of the bootstrap capacitor when Q2 is turned on.

The size of the bootstrap capacitor can be calculated as follow [85]:

1-D,,.)
Z(ZQQ + f e (I QBS +1 LK + IGSS )+QLS
C > sw—max

Boot V

(6.29)

Boot

where, lggs is the bootstrap circuit quiescent current; I k is the bootstrap circuit leakage
current; lgss is the gate-to-source forward leakage current; Qg is the total gate charge of the
switch; and Qs is the total charge required by the internal level shifter of the gate driver
which can be considered 5 nC for chips up to 600V [85]. Qg and lgss can be obtained from

the datasheet of the switch and Iggs and 1.k are listed in the datasheet of the driver chip.
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It should be mentioned that in (6.29), the leakage currents of the bootstrap capacitor and
bootstrap diode are neglected since they are relatively low with respect to lggs, Ik, and
less. The bootstrap diode needs to block the rail voltage when the top switch is on and it
should have fast recovery time. The bootstrap resistor should not be more than 5Q to 10Q
in order to keep the time constant of charging and discharging of the bootstrap capacitor
small enough for proper operation of the bootstrap circuit [84]. The driver IC should

properly operate up to Vey-max-

6.3  Design Example

The design procedure described in the previous section for the dual series-resonant DC-DC
converter is followed with a design example. The procedures outlined below can be used
for various applications with different design requirement. This example considers the
design of a 100 W, 50 V — 80 V dual series-resonant DC-DC converter with the design

requirements listed in Table 6.1.

Table 6.1: Design requirements.

Output voltage range 50V -80V
Maximum output power 100 W
Input voltage range 50V -120V
Switching frequency range 100 kHz — 500 kHz
Maximum duty ratio 0.7
Transformer turns ratio 1
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The minimum value of the load resistor can be calculated according to (6.1) as follows:
—=25Q (6.30)

Next step is to calculate the maximum inductor resonant current according to (6.2).

N

0—max

780
minrJ1—cos(2zD, .. ) ~ 50,/1—cos(L47)

=4.4A (6.31)

Lr—max = IR

The resonant inductors and resonant capacitors must have current rating more than
maximum inductor resonant current and the current rating for the output rectifying diodes

must be at least twice this number.

The minimum value of the resonant capacitor voltage can be calculated using (6.4):

= Vo-min” _ 5x507z _0.2,F
BR . ’Vm Y 9_1'\'_\’dD—nm 8 25x10° x|80.£(0.677) —g%‘
max
(6.32)
The voltage rating for the clamping capacitor can be calculated as follows:
v = Prodomax_07x120 g, (6.32)

C
° 1-D, 0.3

The given relation in (6.11) returns the maximum power of the high frequency

transformer.

P =Ny ol = 2x4.44x 2044 -1.4 KVA (6.33)
v
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The minimum value of the resonant inductor can be calculated as follows:

1 1
r-min 2~ f2 _7r2x0.2x10_6><(105)2 B

r-min ~ sw—min

50 LF (6.34)

By knowing the minimum values of the resonant components, the suitable range for the
size of the clamping capacitor and the magnetizing inductor of the transformer can be

realized using (6.23) and (6.24).

Assuming (=0.1, the output capacitor of the converter can be calculated according (6.25)

as follows:
K, yJ1-¢?
—Ln| 0.007 12 i — -
C . \/(K4_§(1_Dmax)wm) +K3 (1_Dmax) a)m(l_é/ ) _74 JF
o-max 5R_£(1-D_ o -
min max m
(6.35)

The minimum current rating of the MOSFET switches can be calculated using (6.27):

NV NzVv
Isw—max = o-max___ o_max =19.45 A (6.27)
Rmin - Dmax) R \/1_COS(27ZD

min max)

Table 6.2 lists the values of the parameters that need to be chosen for this design example.
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Table 6.2: Components value and ratings for the design example.

. 44 A
o max 88 A
r-min 50 pH
Crmin 0.2 pF
L., 530 uH - 5300 uH
C, 2 uF - 20 uF
Co_max 280 V
P, 1.4 kW
C, 74 uF
| ma 19.45 A
6.4  Summary

In this chapter, the developed steady state and small signal models of the converter,
presented in Chapter 4, were used to develop a systematic and parametric approach to size
the components of the converter according to specified design requirements. A complete
design procedure was developed and a design example was given to illustrate the design
procedure. The step-by-step procedure can be used to design the dual series-resonant DC-

DC converter with design specifications according to the application of the converter.
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Chapter 7

Conclusion and Future Work

DC/DC power converter is an important component in applications such as renewable
energy systems, switched mode power supplies, DC motor drives, DC distribution power
systems, portable electronic devices, telecommunication systems, and home appliances.
The extensive employment of DC-DC power converters in different industries always
demands improvements in efficiency, power density, controlling systems, manufacturing
cost, reliability, and stability of the converter. A novel topology of DC-DC converter was
proposed and investigated in this thesis. Compared with the traditional interleaving

technique to improve power transfer capability of the converter, the proposed dual series-

146



resonant topology provides significant improvement regarding the power density of the
converter, efficiency of power conversion, simplicity of switching and control scheme, and

reduced number of the switching components.

7.1 Conclusion

The high frequency requirement for compact and miniaturized conversion platforms
demands soft switching operation with the help of resonant passive components for the
switching semiconductors in the converter. The principles of operation of the basic
topologies of resonant converters were presented in Chapter 2. The advantages and
limitations of each topology were discussed. It was observed that the discontinues transfer
of power to the output load is one of the common problems in resonant DC-DC converters.
The traditional solution of interleaving identical stages results in increase in the size,
weight, and complexity of the control scheme because of the doubling the number of

switching components.

To address these problems, a novel topology of the DC-DC converter was proposed and
simulated in PLECS software to investigate its feasibility and functionality. The proposed
DC-DC converter employs two series-resonant circuits to increase the power transfer
capability of the converter. The second added series-resonant circuit provides an identical
path to supply the load current. As a result, the output load and the output capacitors are
always supplied by at least one of the series-resonant circuits, leading to an improved

power transfer capability.
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The proposed topology was analyzed using the extended describing function approach.
Steady state operating relationships and small signal models were developed to
characterize the converter. It was demonstrated that the proposed converter provides two
degrees of freedom to control the output voltage (i.e., duty ratio of the PWM switching
signal and the switching frequency). Based on the small signal models, a single-loop
voltage-feedback control method was developed to control the output voltage of the
converter with respect to its reference voltage. The control method is based on the duty
ratio of the PWM switching signal, which is easier to implement compared with a variable

switching frequency control scheme.

An experimental 10 V, 40 W laboratory prototype of the proposed converter topology was
built and tested to validate its steady state and transient operation and features. The
improvement in the output power transfer capability and the overall efficiency of the

proposed topology was experimentally demonstrated.

Finally, a design procedure was developed that can be used to customize the design of the

converter for different levels of power, voltage, and switching frequency.

7.2  Contributions of the Research

The specific contributions of the research are presented in four categories based on the

chapters of the thesis as follows:
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1. Investigation and Study of the Soft Switching Methods and

Resonant DC-DC Power Converters (Chapter 2)

Different methods and topologies that are used to achieve soft switching features were
discussed in this chapter. The unique principles and features of the basic topologies of soft
switching converters were categorized based on their topological differences. The switch
networks for each of the discussed basic topologies were presented and the key aspects and
characterizations of each of the topologies were discussed. From the investigation of the
recent proposed topologies, their features and limitations were highlighted. The
investigation focused on factors such as efficiency, power transfer ratio, complexity of the
topology, control scheme, and number of components, which impacts manufacturing cost.
The detailed discussion and investigation provided a context for the proposed topology
developed in Chapter 3. In addition, the investigation resulted in the publication of three
technical papers on multiple-loop control strategy [86]; the use of design of experiment
methodology [87]; and EMI noise in a 2-stage interleaved topology of a boost converter

[88].
2.  The Dual Series-Resonant DC-DC Converter and Analysis

(Chapter 3 and Chapter 4)

The proposed topology of the dual series resonant DC-DC converter was presented in
Chapter 3. The operational principles of the converter and its features were described
qualitatively, and PLECS software was used to simulate the converter to investigate its

feasibility and functionality under different operating conditions. It was discovered that the
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operation of the dual series-resonant converter involves six different operational modes.
Equivalent circuits for each mode was derived and discussed in the time domain.
Following the discussions over the operation of the converter, the soft switching operation
of the MOSFETs and the output diodes were examined. It was demonstrated that the
MOSFETSs on the primary side of the transformer operates under ZVS condition, and the
output diodes operates under ZCS conditions. In addition, it was demonstrated that
continuous and uninterrupted current is supplied to the load throughout the operation of the
converter. The necessity of operation in the continuous current mode (CCM) was
discussed and it was shown that operation in the discontinuous current mode (DCM)
results in more switching losses, as the turn-on of one of the MOSFETS occurs under hard
switching condition. The boundary for CCM operation was established as the low
threshold of the switching frequency when the switching frequency is twice the resonant
frequency of the resonant circuits. The presentation in this chapter provides a detailed
characterization of the proposed converter for a complete understanding of the features of
the new converter. In Chapter 4, the extended describing function approach was used as
the analytical tool to model the proposed converter. The approach allowed the thorough
investigation of the proposed dual series-resonant converter in the most general form. This
includes the state-space equations governing all six modes of operation, the large signal
analysis, and small signal analysis. The results of the large signal analysis led to a full
characterization of the proposed converter in the steady state condition. The challenge of
obtaining simple steady state expressions from nonlinear sets of equations was resolved by

making suitable assumptions and approximations. The result was a steady state voltage
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conversion relationship expressed as a function of the parameters of the converter, duty
ratio, and switching frequency of the converter. The results of the voltage conversion ratio
of the converter from the derived steady state model were compared with the PLECS
simulation results to authenticate the modeling procedure in the steady state domain. The
state-plane trajectories of the resonant inductor currents and resonant capacitor voltages

were presented to provide insights into the operation of the converter.

Transfer functions relating the output voltage of the converter to each of the converter
input signals (i.e., input voltage-to-output, duty ratio-to-output, frequency-to-output, and
output current-to-output transfer functions) were derived from the small signal analysis of
the converter. The resulting transfer functions were investigated to provide qualitative
insight into the effects of the converter parameters on the transient behavior and to design
a control scheme to regulate the output voltage with respect to a reference voltage. The
derived transfer functions were parameterized based on the values of gain, and location of
zeros and poles. The duty ratio-to-output (i.e., control-to-output) transfer function was
found the most suitable one for the control scheme. This transfer function was simplified
by removing non-significant zeros and poles from the expressions, thereby reducing its
order from seven to three. In order to validate the resulting 3™ order transfer function, the
step response of the reduced-order system was compared with PLECS simulation results.
The results were in good agreement; therefore, the reduced order transfer function was
used to develop a single-loop voltage-feedback control scheme with an integral controller
to regulate the output voltage of the converter. The behavior and stability of the closed-

loop system were investigated using the root locus plot and the suitable range for the
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integral gain of the controller was calculated. Simulation results demonstrated the
effectiveness of the designed control scheme to recover the output voltage of the converter

in the case of any changes in the inputs of the converter.

The results of the research in Chapters 3 and 4 were presented at the 41st IEEE Industrial

Electronics Society conference in Japan [89].
3. Experimental Prototype (Chapter 5)

The detail procedures for constructing a 10 V, 40 W experimental prototype of the
proposed dual series-resonant circuit DC-DC converter were presented in Chapter 5. The
specifications of the selected components such as switching devices, driving circuitry,
voltage transducer, planar transformer, and controller platform were discussed. The overall
wiring diagram of the prototype was presented. A customized PCB layout of the converter
was designed in Altium Designer. Experimental verifications were performed in two

phases.

First, the open-loop operation and characteristics of the converter were verified by
comparing the experimental results with the results from PLECS simulation and analytical
models. This comparison showed good agreement between the experimental, simulation,
and analytical modeling results. The soft switching operation of the converter was
confirmed experimentally and the voltage conversion ratio as functions of duty ratio and
switching frequency were experimentally confirmed. The improvements in the output
power transfer capability and the overall efficiency of the proposed dual series-resonant

converter were experimentally confirmed by comparing the results with the results

152



obtained from traditional single series-resonant topology. Finally, the effects of possible
mismatches between the values of the series-resonant circuits were investigated

experimentally.

In the second phase, the closed-loop operation of the converter was investigated and the
experimental results were found to agree favorably with the results from simulation and
analytical models. The proposed control scheme was implemented on the PSoC 5LP
platform and the effect of the controller gain to recover the output voltage of the converter
was examined. The closed-loop experiments confirmed the effectiveness of the designed

control scheme to regulate the output voltage of the converter.

Parts of the work on the proposed converter presented in Chapters 3 and 4 augmented by
experimental results from Chapter 5 were published in IEEE Transaction on Power
Electronics [90]. The results of the small signal analysis, closed loop operation, and
transient behavior of the converter are presented in a second manuscript, which is under

review for publication in IEEE Transactions on Power Electronics [91].
4, Design Procedure (Chapter 6)

A procedure for using the developed analytical models to design the proposed converter is
presented in Chapter 6. Several design considerations based on the range of input voltage,
switching frequency, output voltage, as well as the maximum power of the converter,
maximum duty ratio of the PWM switching signals, and turns ratio of the planar
transformer were discussed. A complete parametric approach that leads to the

determination of the required values and sizes of the converter components for given
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specifications was presented. A design example for a 50 V-80 V, 100 W dual series-
resonant circuits was given to illustrate the use of the design procedure to customize the

converter for given requirements and application.

To the best of the author's knowledge, the research presented in this thesis is a pioneering
work on dual series-resonant DC-DC converters. It is expected that the proposed converter

will generate further research activities in the power electronics research community.

7.3 Future Work

While the thesis presents a comprehensive characterization of the topology to demonstrate
its feasibility, effectiveness, and improvement in performance, there are a number of issues
that require further investigation in order to extend the range of applications of the

converter. Some of these are discussed below.

e Conducted EMI emission: The proposed converter operates under soft switching
criteria for MOSFETSs and output diodes; however, due to the implemented PWM
operation of the MOSFETS, the switching transitions occur at finite dv/dt and di/dt
for MOSFETSs. This can cause non-zero emission for differential and common
mode noises. Future work on the converter could investigate the propagation of
these EMI interferences. The investigation would involve the development of
analytical models and implementation of a higher power experimental converter to
study the noise propagation.

e Reducing the size of the high frequency transformer: The operation of the proposed

topology is such that during the intervals when one of the secondary windings of
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the transformer is supplying the load current, the current in the other secondary
winding circulates in the resonant LC circuit connected to that winding. This fact
decreases the utilization of the power of the high frequency transformer.
Improvement in the utilization of the transformer power can be investigated
through two possible approaches. First, by disconnecting the resonant circuit from
the winding that does not participate in supplying the load current. In other words,
if the series resonant circuits of Ly;-Cy, and L,-Cy at the beginning of Mode VI and
Mode II1, respectively, are disconnected with a switch, then the current in the
corresponding secondary winding (i.e., ns1 and ns2, respectively) will be zero and
the full power of the transformer can be utilized through the other winding (i.e.,
ns2 and nsl, respectively) to supply the load current. Since the resonant inductor
currents at the beginning of Mode 11 and Mode VI are zero, this solution can be
explored to increase the utilization of the transformer power in the converter.
Second, an energy recovery scheme could be implemented to recover the energy in
the winding that does not involve transferring of the load current to the output load.
Operation for medium and high voltage application: The proposed converter is a
suitable solution for low voltage applications. Since the voltage drop across each
MOSFET is a function of the duty ratio and input voltage, the single stage of the
proposed topology with MOSFETSs cannot be used for medium and high voltage
application; instead, the operation with other types of semiconductor switches,

which can be connected in series for high voltage and power applications needs to
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be investigated as one possible solution. Another solution can be a modular

topology based on the proposed dual series-resonant converter.
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Appendix A

Effect of Approximations In the

Extended Describing Function

The state-space equations in (4.28)-(4.34) contain an infinite number of Fourier
components. The 7" order resultant state-space matrices in (4.71)-(4.73) are obtained by
considering only the fundamental component of the state-space equations. By taking the
other components (i.e., n=2, 3, ...) into consideration, the size of the state-Space matrices
increases. For example, if in addition to the first component, the second component of the
state-space equations is taken into consideration, the resultant state-space matrices will be

of the 11" order. The state-space matrices for the 11" order system are as follows:
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0 0 FQ, 0
0 0 0 2FQ,
-FQ 0 0 0
0 -2FQ, 0 0
i 0 0 0
CI’
0 i 0 0
CI’
0 0 i 0
CI’
0 0 0 i
CI’
0 0 0 0
Nbl Nb2 Na, Na,
CC, C? CC, C?
B, B, A A
2C, 2C, 2C, 2C,
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0 0 0 2 2

L 2L,

—Na, -A

_i 0 0 1 1

L, L, 2'-5

1 0 —Na, A

L, L 2L,

FQO 0 0 0 0

0 2FQ, 0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 @ 0
Lm

0 0 ~(-D) 0 0

CC
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" Nb _
L_l 0 FIlnCLr 0
.
Nb.
L_2 0 2FI 2nCLr 0
.
Na,
L_ 0 - FIlnSLr 0
.
Na
L_z 0 —2Fl 2nSLr 0
.
B— 0 0 FV1nCCr 0
0 0 2 FV2nCCr 0
0 0 - FVlnSCr 0
0 0 -2 FVZnSCr 0
R Vd 0
Lm (1-D) Lm
I
0 —Lm 0 0
CC
1
0 0 0 — (A.2)
L Co i
C=[000000000017] (A.3)

Figure A.1 shows the bode diagram of the compensated 7" order and 11™ order control-to-
output systems. It can be noticed that the effect of the second harmonic component is to
change the behavior of the system at higher frequencies while the behavior of the system at

low frequencies remains unchanged.
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Figure A.1: Effect of the second harmonic component of the state-space variables on the

small signal model of the compensated control-to-output system (K,=1).

By considering the Fourier components from n=2 to n=m in the state-space equations in

(4.28)-(4.34), the transfer functions in Table 4.2 are updated as follows:

n (2 +2¢ , (pF 1), +(pF ~12Q?% Js? +2¢ , (pF +1)2, +(pF +1)202?))
Trew(®)=Tna (1L (ls2 +(pF -22 Q2 |52 +(pF +1)2))

(A4)

In (A.4), T, (5) is the resultant transfer function when the higher order components are
considered, T _, (s) can be any of the transfer functions in Table 4.2, and gpl and ;pz are

the damping factors for the obtained high frequency zeros. In (A.4), the damping ratios of

the higher order zeros are significantly small. This signifies that the imaginary parts of the
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higher order zeros are significantly greater than the real parts. As an example, for m=2, the

new damping ratio of the zeros associated with m=2 are as follows:

£, =0.0103
¢, =0.0063

It can be assumed that the higher order zeros are purely imaginary, and therefore, the

higher order zeros and poles cancel each other out.
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