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ABSTRACT

An Integrated Power System (IPS) with a DC Zonal Electrical Distribution
System (DC ZEDS) is a strong candidate for the next generation submarine and surface
ship. To study the implementation of an IPS with DC ZEDS, members of the Energy
Sources Analysis Consortium (ESAC) are currently constructing a reduced-scale
laboratory. One fundamental component of DC ZEDS is the Ships Service Converter
Module (SSCM), commonly known as a buck DC-DC converter. This thesis documents
the design, simulation, construction and testing of a 500V/400V, 8kW resonant soft-
switched DC-DC converter. In theory, resonant converters will operate more efficiently
and generate less Electromagnetic Interference (EMI) when compared to a standard hard-
switched converter. In this thesis, the resonant converter is tested and compared to a
hard-switched DC-DC converter that was designed for ESAC's reduced-scaled IPS. The
results verify that the resonant DC-DC converter realizes significant efficiency and EMI
generation improvements over the hard-switched converter at the cost of a more complex

control system and power section.
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EXECUTIVE SUMMARY

The Navy is currently investigating the feasibility of using an Integrated Power
System (IPS) with a DC Zonal Electrical Distribution System (DC ZEDS) in future
submarines and surface ships. An IPS is a ship design concept where both an electric
propulsion system and ship’s service electrical system are powered from a common set of
electrical power sources. A ship designed with an IPS is able to rapidly distribute power
between the propulsion and combat systems based on the current operational situation. In
addition, an IPS employing a DC distribution can conduct fault isolation in microseconds
compared to fault-isolation times in the milliseconds for a conventional AC distribution
system. The Energy Sources Analysis Consortium (ESAC), consisting of researchers
from Naval Postgraduate School, Purdue University, University of Missouri-Rolla,
University of Wisconsin-Milwaukee and the United States Naval Academy, have
proposed the design and construction of a reduced-scale IPS with DC ZEDS. Building a
reduced-scale IPS laboratory would allow researchers to investigate new power converter

designs, control systems and stabilization algorithms.

A key component of DC ZEDS is the Ship Service Converter Module (SSCM).
In its simplest form, a SSCM consists of a feedback-controlled buck DC-DC converter.
The DC-DC converter serves as a buffer between the main DC power source and inter-
zonal loads, such as DC-AC inverters and motor controllers. A basic schematic of a DC-

DC converter is illustrated in Figure (1).
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Figure 1. Classical Buck DC-DC Converter.

By controlling the duty cycle of switch S, a voltage V,,, which is proportional to
Vin, 1s developed across the load R (for continuous-conduction mode operation). To
minimize filter size and audible noise and to maximize control bandwidth, the switch is

typically operated at frequencies in excess of 20 kHz.

All real semiconductor switches (IGBTs, MOSFETs and BJTs) have conduction
and switching losses. The conduction losses are constant for varying switching
frequencies, given that the load and duty cycle are constant. Conversely, the switching
losses are proportional to the switching frequency for a constant load and duty cycle. The
switching losses place an upper limit on the maximum frequency that a device can be
operated at without exceeding thermal limits. Each time a switch is gated "on" with a
voltage across it, losses occur as the switch begins to conduct current. When the switch
is subsequently gated "off," current will continue to flow until the voltage across the
switch builds up to the blocking voltage. In order for high-frequency switching
converters to be viable options, resonant soft-switching converter topologies have been
developed by a number of authors. A 500V/400V, 8kW, 20 kHz resonant soft-switching
DC-DC converter has been developed to support ESAC's ongoing research in the area of
IPS with DC ZEDS. The resonant converter was compared to a hard-switched DC-DC
converter with similar ratings, so that performance, efficiency and Electromagnetic

Interference (EMI) improvements could be documented.
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The objectives of this research were to:

* Select a suitable resonant converter topology,

*  Describe the modes of operation and develop appropriate dynamic equations,
*  Design the resonant converter based on the dynamic equations,

¢ Conduct a detailed PSPICE simulation of resonant converter,

*  Build the resonant converter based on the design results,

»  Test the resonant converter to verify performance, efficiency and EMI,

*  Optimize the design for efficiency using PSPICE and MATLAB,

*  Test the resonant converter to verify efficiency gains and EMI,

* Compare the testing results to the hard-switched converter and make
recommendations as to whether the resonant converter should be selected for

use in an IPS DC ZEDS.

A resonant converter (also called a soft-switching converter) is broadly defined as
a converter that uses LC resonances to create a zero-voltage across a switch or a zero-
current through a switch before the switch is operated in order to reduce or eliminate
switching losses. Several published topologies were analyzed for expected efficiency,
ease of control and complexity. The topology selected for this research is illustrated in
Figure (2). The Joung topology has a major advantage in that it is simply a classical DC-
DC converter with additional resonant components added to create the Zero-Voltage
Switching (ZVS) and Zero-Current Switching (ZCS) conditions necessary to reduce
switching losses. No additional components are added in the main current path, thus
ensuring maximum efficiency. The additional resonant components are included inside
the dashed area in Figure (2), where C,; is simply the body-capacitance of the main

switch.

To understand the operation of the selected topology, eight distinct modes of

operation were identified, compared to the two modes of operation for the basic DC-DC
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converter. Each mode of operation was described with differential equations, which

would later be used to design and then optimize the converter.
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Figure 2. Joung Resonant Converter Topology.

The converter was designed using the well-known equations for the basic hard-
switched buck chopper along with equations developed from the mode analysis. The
resonant component values were calculated based on the estimated duration of time that
each mode should last. With peak current and voltages now known, the different families
of power semiconductor switches were studied to determine the best device for the
design. Bipolar Junction Transistors (BJTs), Insulated Gate Bipolar Transistors (IGBTs)
and Metal-Oxide Field-Effect Transistors (MOSFETSs) were compared and it was decided
that the IGBT was the best choice for this design. IGBTs have both high-voltage
blocking capability coupled with high-current ratings. IGBTs also have fairly quick
switching times (~100ns), which help reduce switching losses. IGBTs have the
disadvantage that significant current, called a "current tail," continues to flow after the
device is gated "off," thus increasing turn-off losses. New technologies based on Silicon
Carbide (SiC) and Gallium Nitride (GaN) are now in the development phase and they

could greatly improve the performance of power converters in the future.
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With a switching device selected, a PSPICE simulation was developed using a
detailed IGBT model. Several simulations were run for varying load conditions. The
voltage and current waveforms were plotted at several points in the circuit, so meaningful
comparisons could later be made with the constructed converter. The simulation
estimated that the full-load efficiency was 98.4 percent and the minimum-load efficiency

was 97.6 percent.

Next, the converter was constructed based on the simulation results. Considerable
effort was spent selecting the proper filter capacitors and winding the toroidal-core
inductors for the input and output filter sections. The PSPICE voltage and current
waveforms were used to estimate the magnitude of the magnetic-flux intensity (H) and
the magnetic-flux density (B) that would exist in the resonant-inductor core. An equation
to estimate the magnetic force was derived and a toroidal core was selected based on

calculations.

The concept of a compact power module was also developed. The resonant
converter was designed so that the IGBTs, diodes and resonant components were all
located on a printed circuit board. The completed circuit module was then installed on a
heat sink for cooling. The design minimized stray inductance, which can cause severe
voltage spikes to occur in the paths where high di/dt's exist. The completed converter

with component labels is shown in shown in Figure (3).
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Figure 3. Top View of the Resonant Converter.

The completed converter was thoroughly tested and it was discovered that the
PSPICE simulations accurately predicted all of the major waveforms that could be
measured. The PSPICE diode models were less than adequate in that they failed to fully
predict the reverse recovery aspect of the diodes. The measured full-load efficiency was
97.9 percent and the minimum-load efficiency was 97.5 percent. The differences
between the estimated and actual efficiency are due to losses in the core and wiring that
are not accounted for in the PSPICE simulation. The testing also demonstrated that the
main switch had significant turn-off losses (~50 watts) with the characteristic "current

tail" lasting over 1ps.

To further improve the converter’s efficiency, the eight modes of operation were
analyzed and two were identified as causing excessive loss. It was discovered that by
picking appropriate values for L; and C,, in the Joung topology (see Figure (2)), the
energy loss in the two modes could be minimized. This optimized efficiency
corresponded to the conditions that L, and C,; have equal energy capacity and C,, is as
large as possible so that it can supply the load current momentarily when the main switch
is gated "off." A PSPICE simulation was used along with a MATLAB program to

estimate the switch losses during turn-off. The switch losses were then plotted as a
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function of the resonant capacitance and the minimum energy loss was found to occur
when the energy capacity of L, and C;, were matched as theorized. Upon optimizing the
resonant converter, the simulated efficiency increased to 98.8 percent. This 0.4 percent
improvement over the earlier simulation is a power-loss reduction of 33 watts in the main

and auxiliary switch while supplying 8kW to the load.

The converter was modified using the optimized resonant components and
significant improvements in the efficiency were observed. The converter’s efficiency
was estimated to be 98.3 percent at full load. This is an efficiency increase of 0.4 percent

over the pre-optimized converter as predicted by the PSPICE simulation.

Finally, the conducted EMI for the hard-switched converter and the resonant soft-
switching converter was measured for a frequency range of 100 kHz to 100 MHz. The
conducted EMI was also measured before and after optimization. A power converter can
generate significant amounts of high-frequency EMI due to the inherently high di/dt's and
dv/dt's that exist in the circuit paths. The EMI testing demonstrated that both the hard-
switched and soft-switched DC-DC converters generate significant amounts of EMI that
could disrupt other equipment connected to the same power lines. The measurements
also revealed that high enough currents existed on the DC input and output power lines
that a radiated EMI problem could occur, thus disrupting equipment not connected

through power lines.

One of the frequently advertised advantages of a resonant converter is the
reduction in EMI generation. The research showed that the pre-optimized converter had
a more severe EMI problem on the DC output power line compared to the hard-switched
converter. Not until the resonant converter was optimized were significant improvements
in the EMI spectrum observed. After optimization, the EMI bandwidth was reduced from
45 MHz to 5 MHz and the peak current dropped from 40mA to 890UA (~33dB).

The objectives of this research were met: a robust and efficient resonant DC-DC
was designed, simulated, constructed and tested. The optimized resonant converter had

an efficiency improvement of 0.7 percent over the hard-switched converter and
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significantly reduced EMI generation on the DC output power line. All three converters

had similar EMI bandwidths and spectrum magnitudes on the DC input power line.

The resonant converter has some disadvantages when compared to the hard-

switching converter, such as:

The control circuit complexity increases because of the addition of an

auxiliary switch along with more stringent timing criteria;

The required development of fast driver boards which are able to drive the
IGBTs "on" and "off" rapidly (no suitable Commercial-Off-The-Shelf
(COTYS) driver boards available);

It is more difficult to acquire suitable resonant capacitors and build resonant

inductors as converter power levels increase.

This research demonstrated that the Joung resonant DC-DC converter is a viable

option for use in the DC ZEDS of a modern warship. To further refine the converter's

design and performance, the following additional research is required:

The further study of EMI problem including research on how to best reduce
EMI with converter layout and filtering;

The refinement of PSPICE IGBT and diode models, so that designers can

reliably simulate converters operating at power levels exceeding 100kW;

The design and development of a Digital Signal Processing (DSP) based

control and protection circuit;

The construction of a reduced-scale IPS at NPS, so that professors and

students can study converter interfacing, paralleling and stability issues.

Given that future submarines and surface ships will have some form of a DC

ZEDS on board, it is imperative that more research be conducted in the area of power

converters to ensure that efficient and reliable systems are delivered to the fleet.
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I. INTRODUCTION
A. INTEGRATED POWER SYSTEM FOR FUTURE WARSHIPS

The naval vessels of tomorrow will differ greatly from the ships of today. With
limited defense dollars, the Navy is interested in developing cost-effective combatants
that use high-technology Commercial-Off-The-Shelf (COTS) equipment to improve
producibility, operational flexibility and survivability [1]. Future combatants will have
fewer personnel who must operate and maintain the complex systems and any additional
power systems that will be required. As ship designs have progressed, there was always
a need to maintain or reach higher speeds, so available propulsion power obviously had
to increase. Based on the current level of propulsion power available, hull weight,
hydrodynamics and quieting considerations, ships cannot go much faster. At the same
time there is a continual increase in the amount of electrical power required with the
advent of modern combat systems, pulsed energy weapons and Electromagnetic Aircraft
Launching Systems (EMALS) [2]. Figure (1-1) illustrates the shaft horsepower required
over time as ship designs have progressed and contrasts the trend in the electrical power

requirements.

Propulsion Electrical
Power Service

Shaft hp

Mega-watts

| Today Today
Time —> Time —>

Figure 1-1. Shaft Horsepower and Electrical Power Needs (from ref. [3]).
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Figure (1-1) shows that the amount of electrical power required is growing
exponentially, while the required propulsion power is decreasing at a slower rate as ship
designs progress. Modern combatants will be similar in size when compared to the
current platforms, thus room for additional power generation systems will be at a
premium. With power generation capability at its limits, the necessity to optimally
redesign the electrical distribution system arises. Because of this growth in power
requirements, the concept of an Integrated Power System (IPS) with a DC Zonal Electric

Distribution System (DC ZEDS) has been developed.

1. IPS With DC ZEDS

An IPS is an electric power system which integrates power generation, electric
propulsion, ship service distribution, combat system support and power management

systems [3]. A block diagram of a basic IPS system is shown in Figure (1-2).

Iain Power
Distribution

l

Propulsion Mator Drive Grererator Prime
Iotor Mawer
Ship Power
Propulsion —) Combat Systems
Conversion »  Hotel o
Modules —) Propulsion auxiliaries
—) Pulse Power

Figure 1-2. Block Diagram of Representative IPS System (after ref. [3]).

In a DC ZEDS IPS system, a standard prime mover such as a gas turbine or steam

driven turbine drives an AC generator. The generator supplies multi-phase power that is
2



transformed and phase-control rectified to make DC power. The AC generator will also
directly supply the propulsion converter, which will then rectify the multi-phase AC
power and phase-invert back to a multi-phase variable-frequency AC for precise
propulsion motor control. The rectified DC power then supplies the Power Conversion
Modules (PCMs), which then deliver power to the remaining ship systems. The PCMs
are made up of Ship Service Converter Modules (SSCM), which are DC-DC converters,
and Ship Service Inverter Modules, which are DC-AC converters. DC power is
distributed on port and starboard buses throughout the ship, conditioned by SSCMs and
then converted to single-phase or three-phase AC power by SSIMs in the various zones

depending on system power requirements.

The authors in reference [2] have recommended a DC distribution system over
the common AC radial distribution system, due to the significant reductions in weight,
quicker fault detection and improvements in continuity of power. The SSCMs in a
particular zone will be diode-auctioneered together, thus providing fault isolation times in
microseconds compared to isolation times of milliseconds for AC distribution systems
using breakers. A ship designed around a DC ZEDS IPS system will also be able to
rapidly shift power away from the propulsion system to supply large loads, such as pulse
weapon system, and then shift power back to the propulsion system before the ship slows
down. The flexibility of such a power system allows the commanding officer to direct
the energy where it is needed operationally, instead of having a majority of the available

power reserved for propulsion as with current ship designs.

The Naval Postgraduate School (NPS) has teamed with Purdue University,
University of Missouri-Rolla, University of Wisconsin-Milwaukee and the United States
Naval Academy to form the Energy Sources Analysis Consortium (ESAC). The ESAC
researchers are presently interested in the study of DC ZEDS and other alternate power

distribution systems such as high-frequency AC zonal distribution.

2. Laboratory-Scale DC ZEDS Research

The ESAC researchers have outlined the design of a reduced-scale laboratory DC

ZEDS in reference [4]. The researchers proposed the construction of a three-zone
3



distribution system with a rating of 15kW. The laboratory-scaled DC ZEDS diagram is
illustrated in Figure (1-3).
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Starboard Bus
SSCM: Ship Service Converter Module (DC-DC Converter) LB: Local Bank
SBIM: Ship Service Invertet Module (DC-AC Cotrverter) MC: Motor Controller
PS: Power Supply (3 ¢ to D) CPL: Constant Power Load

Figure 1-3. Laboratory-Scale DC ZEDS (from ref. [4]).

Each zone in Figure (1-3) performs a task similar to what a typical full-scale DC
ZEDS would perform. In zone 1, DC power from the port and starboard bus is
conditioned to a lower voltage level by SSCMs and converted to three-phase AC by the
SSIM. The SSIM then supplies a load bank, which allows the researcher to study the
effects of varying load condition and the interaction between the two types of converters.
In zone 2, DC power from the port and starboard buses is one again condition by SSCMs
and the voltage is lowered to supply a motor controller. The motor controller can then
drive a motor representative of what would be used in the ship’s hydraulic or high-
pressure air systems. Finally, zone 3 uses SSCMs to drive a constant power load so that

SSCM stability and paralleling issues can be addressed.



Researchers at the Naval Postgraduate School have conducted extensive research
in the area of DC-DC converters and, as a result, NPS was selected to develop the SSCM
for the reduced-scale DC ZEDS. A hard-switched SSCM was designed, built and tested
at NPS for ESAC's reduced-scale prototype DC ZEDS and the results are documented in

reference [5].

3. SSCM Description

The SSCM serves as an interface between the main DC supply and zonal loads
and regulates the output voltage at a level required by the SSIMs. Since the output
voltage of the SSCM will always be less than the input voltage, a buck chopper (buck
DC-DC converter) configuration is required. The classical buck chopper circuit is

illustrated in Figure (1-4).

D
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Figure 1-4. Classical Buck Chopper (DC-DC Converter).

A voltage, V,, proportional to the input voltage is developed across the load by
controlling the duty cycle of switch S and selecting appropriate component values for
inductor L and capacitor C. To minimize filter size and audible noise and to maximize
control bandwidth, the switch is typically operated at frequencies in excess of 20 kHz [2].
All real semiconductor switches have conduction losses and switching losses. The

conduction losses remain constant for a given load, but the switching losses increase
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proportionately with the switching frequency. Each time a switch is closed with a
voltage across it, losses occur as the switch begins to conduct current. When the switch
is opened again, current will continue to flow until the voltage across the switch builds up
to the blocking voltage. For both the turn-on and turn-off case, significant power loss
occurs, which can easily exceed the conduction loss as the switching frequency is
increased. In the pursuit of a smaller more compact converter design, a point is reached
where the switching losses become excessive and soft-switching converter topologies

become viable options.

4. Soft-Switching SSCM Overview

A soft-switching converter (also called a resonant converter) is broadly defined as
a converter where additional switches, diodes, capacitors and/or inductors are added to
create a zero voltage or current condition by LC resonance action before the switch is
operated. All resonant DC-DC converters can be placed in either of the two following

classes of converters:
¢ Load-resonant converters, and
¢  Resonant-switch converters.

Load-resonant converters control the power flow to the load by resonant tank impedance,
which is in turn controlled by the switching frequency or the resonant frequency [6].
Having to design a control system that changes the switching frequency as a function of
loading is difficult and, as such, these classes of converters are not attractive for DC

ZEDS. The component-fixed resonant frequency is even more difficult to change.

Conversely, resonant-switch converters use an LC resonance to shape the voltage
and current waveforms to minimize the turn-on and turn-off losses. Reference [6] further

divides the resonant-switch converter into the following categories:
*  Zero-Voltage Switching (ZVS)
e Zero-Current Switching (ZCS)

*  Zero-Voltage Switching, Clamped Voltage (ZVS-CV).
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Resonant-switch converters have the advantage that they are less sensitive to load
changes and fixed-frequency Pulse-Width-Modulation (PWM) control schemes can be

used on a number of these topologies.

5. Soft-Switching Converter Literature Overview

The authors in references [7] and [8] conducted a comprehensive study of many
different resonant-switch DC-DC converters and ranked them on their ease of control,
estimated efficiency and simplicity. Converter topologies that simply added external
components to the classical converter illustrated in Figure (1-4) received consideration, as
did converters requiring a constant or varying switching frequency control scheme. The
dual source converter described in reference [9] offered a good design, but was not
considered for this thesis, as the DC ZEDS will be a single source power system. The
most notable single source converter topologies considered are listed in order of their

publication date.

* A two-switch PWM ZVS-ZCS converter that uses a feedback auxiliary
circuit that feeds off of the load [10].

e A two-switch PWM ZVS converter with two switches in the main current

path and the capability to operate over wide load ranges [11].

* A two-switch ZVS quasi-resonant where the output voltage is regulated by

the freewheeling period of the resonant inductor [12].
* A ssingle-switch ZVS-CV requiring frequency control [13].

e A two-switch PWM ZVS-ZCS converter that achieves ZVS in the main
switch and ZCS in the auxiliary switch [14].

e A two-switch PWM ZVS converter with both a diode and switch in the main

current path [15].

The Joung converter described in reference [14] has the advantage that no
resonant components are placed in series with the main switch and that the topology is a

simple extension of the basic buck converter. The converter also has the added benefit
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that constant frequency PWM control is feasible. In reference [8], a low-power
simulation of the Joung converter was conducted with good results. The converter was
also built and tested using bulky lab inductors and capacitors with a low switching

frequency of 2 kHz and efficiencies between 94 to 95% were documented.

6. Joung Resonant Converter Topology

The Joung resonant converter circuit is shown in Figure (1-5). The design is a
simple extension of the classical buck converter of Figure (1-4) with no additional
resonant components in the main current path. All of the additional resonant components

are contained in the dotted box.

The main switch Sy, is operated in a ZVS condition and the auxiliary switch S, is
operated in a ZCS condition. The design is easily controlled with a constant-frequency
PWM control system and should yield good efficiencies with only one switch in the main
current path. Based on the review of many resonant topologies and the past research at

NPS, the Joung converter has been selected as the topology of choice for the research in

this thesis.
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Figure 1-5. Joung Resonant Converter Topology.



B. THESIS OBJECTIVES

The objective of this thesis is to design, construct and test a resonant soft-
switching DC-DC converter and compare the results obtained for the hard-switched DC-
DC converter in reference [5]. In theory, the resonant converter should yield a more
compact design with the capability of higher power densities due to an increase in
efficiency. The conducted Electromagnetic Interference (EMI) will also be measured and
compared to the hard-switched converter to see if the common belief that soft-switched
converters have reduced EMI is correct for this topology. Based on the results, a
recommendation will be made as to whether the design is a suitable replacement for the
simpler hard-switched DC-DC converter for use as the SSCM in the reduced-scale DC
ZEDS laboratory.

C. CHAPTER OVERVIEW

In Chapter II, the resonant converter design is described mathematically using
differential equations, and circuit operation is broken down into the different modes of
operation. Chapter III contains a description of the circuit design based on the dynamics
of Chapter II, and a detailed circuit simulation is performed to verify the circuit theory.
The simulation will also be used to estimate the converter’s efficiency. Next, the
converter construction and testing results are covered in Chapter IV. The results in
Chapter IV will show that optimization is warranted, and Chapter V documents the
optimization methodology and test results. Chapter VI covers the EMI testing performed
on the hard-switched and soft-switched converter. EMI testing is also conducted on the
optimized resonant converter and the results are compared to the earlier tests. Chapter
VII contains the concluding remarks and recommendations based on the testing in

Chapters IV, V and VL.
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II. PRINCIPLES OF OPERATION

A. ANALYSIS OF OPERATING MODES

To best understand the Joung resonant converter [14], the steady-state circuit
operation can be broken down into eight distinct operational modes, which occur in one
switch cycle. Each mode of operation will be explained and then, in section B,
differential equations will be written to mathematically describe the circuit operation.
For the following figures in Section A, a red trace depicts a principle current path and a

light gray trace indicates an inactive circuit path.

1. Mode 1

The first mode is depicted in Figure (2-1). In this mode, both the main switch Sy,
and the auxiliary switch S, are "off." The main diode Dy, is conducting and the inductor
current is ramping downward with approximately -V¢ across it. Since Dy, is conducting,
the top rail to the left of the main inductor is essentially at ground potential, and thus, Cy
is charged to V4. The resonant inductor L, has no current flowing through it and C,, is

fully discharged. Mode 1 continues until i; =1 and the auxiliary switch is activated

L,min

2. Mode 2

With the closing of S,, while Dy, is still conducting, the voltage across L, is

approximately V4. With an inductor in series, S, is closed in a Zero-Current Switching

(ZCS) condition. Since %irZ \Iidc , 1r quickly ramps up until i,=1; , which is close to

T
I min. The main diode, Dy, is now starved of current and turns "off." The node to the left
of the main inductor is no longer tied to ground potential, thus C;; is no longer tied to the

ground rail and V¢ is free to change. Mode 2 operation is shown in Figure (2-2).
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3. Mode 3

With V¢, free to change, a resonant condition is set up between C;; and L, as
illustrated in Figure (2-3). The resonant action between C,; and L, drives V¢, down to
OV. As the resonant action tries to recharge C,;, diode Dsn clamps the voltage at
approximately —1 volt, so V¢ ends up being no greater than 1 volt as illustrated in
Figure (2-4). The zero-voltage condition for turn-on is now established for the main

switch.
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Figure 2-3. Mode 3 Operation.
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Figure 2-4. Mode 3 Operation (clamping of V¢,y).

4. Mode 4

The main switch, S,,, is now closed with V¢, at approximately zero volts. This
mode is depicted in Figure (2-5). With S, conducting, C,; is clamped at near zero volts
and S;, starts to assume conduction of a small portion of I;. Since L; is effectively in
parallel with a closed switch, the voltage across the inductor is approximately zero and
thus i, is held constant. This ensures that Is;, will linearly follow the buildup in I.. With

Sm gated "on" with zero volts across it, the auxiliary switch, S,, can now be turned "off."

5. Mode 5

The auxiliary switch S, is now opened transferring the remainder of I, to the main
switch. Since i, cannot change instantaneously, diode D, is forward biased "on" and L,
starts to charge C;,. The resonant loop formed by L; and C;, drives i, to zero and D; is
starved of current. At this time, all of the main inductor current is carried by S,,. Mode 5

operation is shown in Figure (2-6).
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6. Mode 5x
If the resonant action of L, and C,, tries to charge C,, above V., diode D, is

forward biased and the equation diir: 'Z& holds true. The resonant current quickly
t

decays to zero and V¢, is frozen at approximately V4. This mode is depicted in Figure

(2-7).
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Figure 2-7. Mode 5x Operation.

7. Mode 6

In mode 6, the current paths are shown in Figure (2-8). This mode corresponds to
the time period when S, carries the inductor current as dictated by the duty cycle. Mode
6 operation in the resonant buck converter is the same as in a hard-switched buck
converter when the main switch is conducting. The resonant capacitor voltage V¢y, is
charged to a value between zero and V. and the resonant inductor current is zero. Mode

7 or 8 occurs next when the main switch Sy, is opened and the circuit transitions to a state
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required for the subsequent firing of the auxiliary switch S,. If V¢ is less than Vi,

operation is described by mode 7; otherwise, mode 8 operation occurs.
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Figure 2-8. Mode 6 Operation.

8. Mode 7

Just before the main switch is opened, the resonant capacitor, C,;, has zero volts
across it. When S;, is opened, the main inductor current must remain the same and thus
the current flows through C,;. Since Vp=VcrtVern-Vae, the charging of C, will
eventually cause D, to become forward biased as seen in Figure (2-9). When D, is

forward biased, the circuit operation transitions to mode 8.
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9. Mode 8

Now that Vp,=Vr+Ven-Vae with C;; charging and D, conducting, the circuit
paths of Figure (2-10) govern operation. Using Kirchhoff's voltage law, Vcr+Ven=Vie,
so as Cy; is charging, Cy, must be discharging. Mode 8 completes when V¢, charges
slightly past V4. and V¢p, is approximately zero volts. Mode 1 operation commences
when C;; charges past V4. and the main diode Dy, is forward biased since Vpn=Vcri-Ve.

The main diode picks up all of the main inductor current and mode 1 recommences.
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Figure 2-9. Mode 7 Operation.
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B. DYNAMIC MODEL ANALYSIS

In order to fully understand the operation of the Joung soft-switching converter,
differential equations for each of the eight modes are developed. Developing these
equations is imperative if one wants to model the buck converter in a software package
like the Advanced Continuous Simulation Language (ACSL). The differential equations
are also needed to design the resonant converter on paper, so that proper component
values can be calculated. In this thesis, the converter was modeled and simulated using
PSPICE, since an estimate of switch loss and overall efficiency was needed. No ACSL
simulation was performed, as it would only give qualitative plots of the input and output
signals and not the detailed results of a good PSPICE simulation. In a paper written by
Ciezki and Ashton [7], the authors conducted a simulation of this circuit and were only
able to verify the gross attributes using ACSL and later used a PSPICE simulation to
model the circuit. An ACSL or Simulink simulation would be beneficial in analyzing a
control system interfaced with this converter as was done for a hard-switched buck

converter in reference [5].
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1. Mode 1

The dynamics of mode 1 are developed from the circuit in Figure (2-1), which is

when the main diode is forward biased "on" for the period determined by the duty cycle.

Sip=-2e (2-1)
SV ipo s 2-2)
Li=0 (2-3)
%ch 0 (2-4)
EVa=0 (2-5)
2. Mode 2

The dynamics of mode 2 are now derived by analyzing Figure (2-2). In this
mode, the auxiliary switch, S,, has now been gated "on." The following equations

represent the circuit operation until i,=i;. at which time mode 3 operation occurs.

iy =-—C 2-6
it L 2-6)
d 1. V,

2v=_j .Yc 2-7
dt ¢ ¢ RC @7)
d. V,

_lr:_c (2'8)
dt L,

%VCﬂ:O 2-9)
%VCQ:O (2-10)
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3. Mode 3

With S, fully "on" and Dy, starved of current, V¢, is now free to change and will
resonate with L,. This is depicted in Figure (2-3) and the following equations model this

mode.

Sir : (2-11)
SV ipo s (2-12)
%irz% (2-13)
%vcﬂzigjr (2-14)
%Vm:O (2-15)
4. Mode 4

The closure of the main switch as dictated by the duty cycle initiates mode 4. The

dynamics are derived using Figure (2-5).

%chéiL-;{/—é (2-17)
%irzO (2-18)
%Vm:o (2-19)
%vm:o (2-20)
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5. Mode 5

Mode 5 is initiated when the auxiliary switch is opened as shown in Figure (2-6).
The turn-off time may be based on the value of a sensed variable or timing criterion.
Chapter III of this thesis will discuss choosing turn-off times based on circuit timing.

The dynamics are developed using Figure (2-6).

d. Vg.-V,

— iy =-4c ‘¢ 2-21
Tl (2-21)
d 1 V,

—V.=—ij; -—C% 2-22
dt ¢ ¢ RrRC (222)
i‘r=_h (2-23)
dt L,

d

avcnzo (2-24)
d 1

— Ve, =— 2-25
dt Cr2 Crz ( )

The dynamics of mode 5 govern until i, decays to zero or if V¢ reaches Vg If
Ven reaches V., then the dynamics of mode 5x dictate operation as shown in Figure (2-

7).

6. Mode 5x

If Vi, tries to rise above V4., Ve will be clamped to V4. and Equations (2-26)
and (2-27) will model the dynamics.

d

—V.,=0 2-26
dt Cr2 ( )
Ver =V (2-27)

As L, continues to discharge into the circuit, Equation (2-28) still holds true.

d . _ VCr2

2-28
dt' L (2-28)

T
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Mode 5x continues until i, goes to zero.

7. Mode 6

Mode 6 is characterized as the mode where the main switch carries the full load

current. The following equations are derived from Figure (2-8).

d. Vy.-V,

Lip Yo (2-29)
Sve=ipos (2-30)
%if (2-31)
%Vw =0 (2-32)
%Vm =0 (2-33)

The voltage across C,, remains constant between zero and V. and i, continues to equal

zero. Mode 6 continues until the main switch is opened.

8. Mode 7

As shown in Figure (2-9), if V¢ is less than V4 when the main switched is

opened, then the following dynamic equations hold true.

d Vdc 'Vc 'VCrl

iy =Yoot (2-34)
d 1. 'V

a T RE )
Lim (2-36)
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do i

V.. = 2-37
dt Crl Cr] ( )
d

V..=0 2-38
dt Cr2 ( )

These dynamics continue until Vi, +V,=V,,. When this occurs, diode D is

forward biased, begins to conduct, and the equations of mode 8 govern operation.

9. Mode 8

The following dynamic equations were found upon analyzing Figure (2-10).

d. Vep-Ve
—_ = e—_— 2'39
- L (2-39)
d. 1. V

Sv=_i e 2-40
it ¢ c Y RC (2-40)
d.

—i,=0 2-41
G (2-41)
dy -l (2-42)

V., =— 1L
dt ' C,+C,

Since D, is forward biased, V¢, is constrained by Vi, = V.-V, until Ve, =V,

at which point circuit operation shifts back to mode 1 as shown in Figure (2-1).

C. CHAPTER SUMMARY

In this chapter, the 8 basic modes of operations were developed along with the
dynamic equations. Next, these results are used to derive an initial design, which will
then be verified with a PSPICE simulation. Different families of semiconductor switches

are investigated and a suitable device will be chosen for this design.
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ITII. INITIAL DESIGN AND SIMULATION

A. SPECIFICATIONS

As stated in Chapter I, the goals of this thesis are to design, build and test a
resonant soft-switching DC-DC converter, which could meet the specifications outlined
in reference [4]. This reference called for the construction of a reduced-scale DC ZEDS
test bed with three zones as depicted in Figure (1-3). A major component of the DC
ZEDS is the Ship Service Converter Module (SSCM), which is a DC-DC buck converter.
A recent thesis described in detail the design and construction of a hard-switched SSCM
[5]. The resonant SSCM described in this thesis was designed, built and tested along
with the hard-switched SSCM so that some meaningful comparisons could be

documented. The specifications for the resonant SSCM are listed in Table (3-1).

Parameter: Specification:

Rated Continuous Output Power 8kW

Switching Frequency (f) 20kHZ

Input Voltage (V4c) 500 Vi

Output Voltage (V.) 400 V¢, (duty cycle=80%)
Continuous-Conduction Load Range 10% (R=200Q) to 100% (R =20Q)
Steady-State Output Voltage Ripple (V,p) | <1%

Table 3-1. SSCM Specifications.

B. RESONANT CONVERTER DESIGN

For the resonant buck converter, the designer must choose the correct component
values so that proper circuit operation occurs. The components can be divided into two
groups: the ones that make up the core of the soft-switching circuitry and the other
components necessary for the classical hard-switched buck converter. The resonant

converter is shown in Figure (3-1). The additional resonant components are contained
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inside the dashed area of Figure (3-1), where C;; is simply the body capacitance of the

main switch.

§ Lr =T L2
Os=a

%a o1

Figure 3-1. Resonant Converter Circuit.

Since this converter design is much the same as the basic buck converter with an
additional switch, resonant capacitors and a resonant inductor, the proper place to initiate

the design process is the selection of the proper values of the main inductor and capacitor.

1. Selection of Main Inductor and Main Capacitor

The determination of the main inductor L and capacitor C is well understood and
the requirements are based on switching frequency, load resistance, duty cycle and
maximum ripple voltage. The duty cycle is defined by dividing the desired output

voltage by the anticipated input voltage to the converter.

D=You _ 400 _ ¢ (3-1)
V,, 500
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The critical load resistance is defined as being the load that will demand 10

percent of the full-load power. The range of load resistance values is listed in Table (3-1).

R_;=10R

crit rated

=2000Q (3-2)

The critical inductance is the minimum inductance required so that continuous-
current operation occurs. The more limiting case is when the load power is 10 percent of

full load and R=R The critical inductance for the minimum loading condition is

crit *

found to be

L

crit

R i
=—2L(1-D)=1.0mH 3-3
o (1-D) (3-3)
where f; is the switching frequency. The minimum filter capacitance is found by using
Equation (3-4),

D

=M[Vdc -V, | =6.25uF (3-4)
S out

min
where AV, is the allowed 1 percent of the output voltage steady-state peak-to-peak
ripple. This is a rather small amount of filtering capacitance and a greater amount of
capacitance is required to handle load transients. Selecting too large a value of
capacitance will cause the control circuit duty cycle signal to oscillate between a full-on
and full-off condition whenever a load variation occurs. An output filtering capacitance
of 500UF was selected as it is a reasonable value and provides a good energy capacity

match with the main inductor.

Another important parameter needed for selecting the proper filtering capacitor
and the resonant components is the main inductor ripple current. For rated load, the
minimum steady-state inductor current is found using Equation (3-5). For Equations (3-
5) and (3-6), a value of 500pH is used for L, as a 50 percent reduction in inductance

occurs at full load. This decrease in inductance is discussed in Chapter IV.

V R
[, =—2|1._— (1-D)|=16.0A 3-5
L,min R |: 2Lfs( ):| ( )

rated
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The maximum steady-state inductor current is found using Equation (3-6)

Vout {H I}ff (1-D)}=24.0A (3-6)

rated

I

L,max =
R

A suitable output capacitor must be chosen to handle the peak-to-peak ripple current

I} max ILmin =8A supplied when the main switch is "off."

2. Selection of Resonant Inductor and Capacitors

Using the above results and the dynamic equations for the 8 modes enables the
designer to calculate the proper resonant component values. In a standard buck

converter, the switch will be "on" for D [T, seconds and "off" for (1-D)T, seconds. For a

switching frequency of 20kHz, this is an on-time of 40us and an off-time of 10us. In the
case of the resonant converter there are 6 additional modes to account for which will take
a finite amount of time to complete. Mode 6 of the resonant converter is the same as the
"switch on" mode of the buck converter and mode 1 is the same as the "switch off" mode
of the buck converter. Obviously for a given f;, mode 6 or mode 1 must be shortened in
length to account for the other modes so that the total time still adds up to Ts. As a result,
the designer must choose mode duration times that are a magnitude or more shorter than

mode 1 or 6.

To select the proper value for the resonant inductor L;, the dynamics of mode 2 in
Figure (2-2) are used. In mode 2, the auxiliary switch S, is closed with the initial
resonant inductor current i, equal to zero. With the main diode Dy, still forward biased
"on," L, has approximately V4. volts across it and i, quickly ramps up in accordance with

Equation (3-7),

T

. _ Yy
1= —%t¢ 3-7
L, -7

where t is the desired time to reach current i,. The current i, is approximately equal to

I at the instance S, is closed. Since all values in Equation (3-7) are known, the

L,min
designer can pick a time t and solve for the required inductance L,. In this design, a time
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of 1ps was selected which makes L, =27.8/H. This is an adequate amount of inductance
to minimize the time it takes to complete mode 2 and at the same time allow S, to be

turned "on" in a ZCS mode.

Next, for the calculation of capacitors C;; and C,,, the dynamics of mode 3 from
Figure (2-3) and mode 8 from Figure (2-10) are used. During mode 3, C;; is resonating

with L, and Equation (3-8) can be written to find V

crl -

1
V. =Vy cos| ———=t 3-8
oo o

The resonant inductor current builds up according to

i=I . +V lsin ! t (3-9)
r L,min dc
rl

From (3-8) it will take a quarter of a cycle for V_,, to decay to zero. If a suitable value of

rl

time t is chosen, the value of C;; can be found. If t =0.1us,

T Ca=01ss (3-10)

which results in
C,,=146pF. (3-11)

Later it will be shown that if an Insulated Gate Bipolar Transistor (IGBT) or MOSFET is
used as the switch, the body capacitance is close to the calculated value of C,; and no

external capacitor is needed.

Using the dynamics of mode 8, Equation (3-12) can be used to find C,.

I
L (3-12)
Crl +Cr2

VCrl

Since C;; must charge up to V., by picking a value of time t, the required value of C,,

can be found. For t=0.1us,
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C,=4.25nF . (3-13)

The next standard value capacitor available in the power lab was 1nF, so this value of
capacitance was used. Letting Cp= InF and solving for t in Equation (3-12) yields

approximately 26 ns.

Now that values for C;; and C;, have been determined, the dynamics of mode 5
and 5x must be analyzed to determine if mode 5x occurs. Mode 5 and 5x are shown in
Figures (2-6) and (2-7), respectively. In this analysis it is assumed that t is zero at the

beginning of mode 5. The equations governing mode 5 are given by:

VCrZZir max iSiH 1 t (3—13)
’ Crz chr2
and
.. 1
1,=1,..COS t (3-14)
’ LrCrZ
where,

e max = min + Ve /%=17.14A. (3-15)

Equation (3-15) occurs during the quarter cycle of mode 3 when C,; decays to zero volts.
Solving Equation (3-13) for the time it takes C,, to charge to 500 volts during mode 5
yields:

ts=29.3ns. (3-16)
During ts, Equation (3-14) predicts that i, decays down to:
1s=16.88A. (3-17)

Since the resonant inductor current did not decay to zero, the circuit enters mode 5x. In
mode 5x, the resonant inductor decays through D; and D, and Equation (3-7) can be

rearranged to solve for the decay time.
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il

t, =51 = 0.945 s (3-18)
de

The above analysis shows that mode 5x is a significant amount of time. In Chapter V,

this will be addressed when the converter design is optimized.

3. Semiconductor Switch Characteristics

So far in all of the analysis, it was assumed that both the main and auxiliary

switches were ideal devices with the following characteristics:

» Zero current flow when blocking large voltages,

Zero voltage drop when conducting large currents,

Device can be switched "on" and "off" instantaneously when triggered,
* Triggering device requires no power.

As expected, no devices exist with these characteristics, but different device
families are available with relative advantages over each other in these areas. Currently,
the controllable turn on/off devices in use today for power converters are the Metal-
Oxide Field Effect Transistor (MOSFET), Bipolar Junction Transistor (BJT) and the
Insulated Gate Bipolar Transistor (IGBT). Many other families based on the thyristor
exist, but they were not considered, since they are typically a controlled-turn-on device
only. Other variants of thyristors such as the Gate-Turn-Off (GTO) are controlled-turn-

off devices, but were not considered due to their slow switching speeds.

All real switching devices will have switching characteristics similar to Figure (3-
2). During one complete cycle of the switch there will be energy loss during turn-on,
turn-off and steady-state conduction. When a gating signal is applied as shown in Figure
3-2a), a real semiconductor switch will not react instantaneously and will have delays

associated with charge buildup in the device.
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Figure 3-2. Generalized Switching Waveforms: (a) Gate Waveform, (b) IGBT
Current and Voltage Waveforms, (c) Instantaneous Switch Power Loss (from ref.

[6]).

The reverse recovery of a diode circuit will also increase the turn-on losses,
because the switch current must reach the diode current with system voltage still applied
across the switch before the diode is starved of current. The main switch, S;,, paired with
diode Dy, in Figure (3-1) illustrates this turn-on loss. When the gate signal is applied, Dy,
is forward biased and S, has Vy. across its terminals. The current rapidly builds up
through S;,, but the voltage across S, remains at V4. until Dy, is starved of current and

becomes reversed biased.

Following turn-on, the switch undergoes a period of steady-state conduction loss

due to its internal resistance and current flow. Typical power transistors will have
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voltage drops of 2 to 5 volts during a full-on conduction stage and this will add to the

total power loss.

Finally, when a switch is gated "off," charge must be removed form the gate/base
region and in some cases recombination has to occur before the current decays to zero.
As in the turn-on case, full voltage will be across the device while this transition occurs,

thus power loss will again happen.

The switching losses can be estimated by treating the total area under the voltage-
current curve of Figure (3-2) as a triangle. The following energy loss equation can be

written based on this simple geometry.

Won =%Vvdlotc(on) (3'19)
1

Woir = 5 Valoteom (3-20)

Wconduction :VdIOton (3 -2 1)

With a switching frequency of f;, the above amounts of energy loss occur f times in a

second and thus:

P, = % Valoteomfs s (3-22)

Por= % Valoteomts (3-23)

Peonduction = Valotonfs » (3-24)
and

Piota1 =Pon Pott TPeonduction - (3-25)

In Chapter V, simulation results from PSPICE are analyzed using MATLAB to
estimate the power loss in the Joung converter and the results are used to verify the

optimization.
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4. Semiconductor Switch Selection

Each of these devices will now be assessed and the advantages and disadvantages
will be analyzed to determine the best device for the resonant converter in this thesis.
Figure (3-3) illustrates the more common devices in use today and their relative voltage,

current and switching frequency capabilities.

Voltage

Thyristors

5 kv

4 kv

3 kV

Current

— 1 kHz

T 7,’ —
__,/_7/__/__ s / 10 kHz
.

100 kH=z

[Ml_ﬁSFETJ /

500 A 1000 A 1500 A 2000 A 3000 A

1 MHz
Frequency

Figure 3-3. Summary of Semiconductor Switching Devices (from ref. [6]).

The first device considered was the Bipolar Junction Transistor (BJT). The BJT
is a current-controlled device with a negative temperature coefficient. A negative
temperature coefficient is considered a disadvantage as the device is prone to thermal
runaway problems and makes device paralleling difficult. The base region in power
transistors tends to be wider, which drastically reduces the current gain [3 in comparison
to a small signal transistor [16]. The result is that the base current, i,, is no longer
insignificant and is a large fraction of the emitter current. The large base current makes
the design of the driver circuitry difficult. To increase [3, power transistors are connected
in a Darlington configuration or even a tripleton configuration, at the cost of decreased
switching speeds [6]. The development of power BJTs has all but stopped due to the

advancement of voltage-controlled transistors such as the IGBT.
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The next device considered for this design is the MOSFET. The most notable
advantage of this device is that it is voltage controlled, thus making the driver circuit
easier to design. The MOSFET is also a positive temperature coefficient device, which
makes it more thermally stable and appropriate for device paralleling. Unlike the BJT,
the MOSFET only has one charge carrier and does not suffer from delay times due to
charge recombination as in the base region of the BJT. As a result, the MOSFET can
switch "on" and "off" at significantly higher speeds and hence the MOSFET is used
almost exclusively for low-power converters. The drawback of the MOSFET is that the
on-state resistance Rpg increases rapidly with the device blocking voltage rating and this

is shown in Equation (3-19).
R ps = kV5S (3-26)

As a result, MOSFETs are available with voltage blocking ratings up to about 1000 volts,
but with small current ratings ([J10 amps) and up to 100 amps with small voltage
blocking ratings (U100 volts). In reference [17], the authors found that a suitable
MOSFET device would have a die size 3 to 4 times the area of a bipolar transistor in
order to reduce the conduction losses to an acceptable level. A search was performed for
a MOSFET that would work in this design and no such device was found that could
handle both 1200 volts DC and 50 amps of current. Because of the high conduction
losses, the MOSFET was not used in this design, thus leaving only the IGBT for the task.

The IGBT switch is a bipolar transistor with a MOSFET transistor driving the
base in a Darlington configuration. This device has many of the advantages of the
MOSFET and BJT and is now the preferred choice when designing power converters.
The IGBT is a voltage-controlled device with a main body region similar to a BJT

transistor. A physical makeup of the IGBT is illustrated in Figure (3-4).
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Figure 3-4. Vertical Cross Section of IGBT (from ref. [6]).

During the blocking state, the gate voltage is below the threshold voltage and the
circuit voltage is dropped across the depletion region with little leakage current flowing.
When the gate voltage exceeds the threshold, an inversion layer forms beneath the gate
and shorts the n" region to the n” region. The current that flows causes hole injection
from the p’ region into the n” region. The injected holes continue to the p-body region
via drift and diffusion, and the excess holes attract electrons from the source connection.
This process continues until the gate voltage returns to a value less than the threshold
voltage, and the device transitions to the off-state. Based on the explanation of the

operation of the IGBT, the equivalent circuit depicted in Figure (3-5) can be used.

Drain
(o)

Drift region +
resistance Vi
\ el ]/

e

|___

+
|~ {DERchannel

—

Gate

l Source

Figure 3-5. Equivalent IGBT Circuit (from ref. [6]).
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To further simplify Figure (3-5), the symbol in Figure (3-6) is most commonly used and

will be used for the duration of this thesis.

C

E

Figure 3-6. IGBT Symbol.

Even though the mating of the MOSFET and BJT transistor makes a device with
many of the advantages of the two devices alone, a few drawbacks do emerge in the
IGBT. During the turn-on transient, the IGBT behaves similar to a MOSFET as expected
since the internal MOSFET must be gated "on" before the BJT is biased "on." During
turn-off, the IGBT is significantly slower since a negative bias is not applied to the base
region to pull out charge as would normally be done when turning "off" a power BJT
transistor. Just before turn-off, the fraction of current flow in the MOSFET channel is
substantial, since the current gain 3 of the internal BJT is low. When the gate voltage
goes negative, the gate charge is pulled out quickly and the channel closes. The current
flow in the internal BJT transistor falls off more slowly, since the carriers are eliminated
by recombination. As a result, a characteristic called a "current tail" occurs [16]. Since
the high off-state voltage will already be across the device when this tail current is
flowing, the current tail is the major source of switching losses in IGBTs. A graphical

picture of the current tail is shown in Figure (3-7).
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Figure 3-7. IGBT Current Tail During Turn-Off (from ref. [16]).

This current trace is quite different than the more simplistic current trace in Figure (3-2),
and PSPICE along with a MATLAB program will be used to calculate IGBT switch

losses using a numerical integration technique in Chapter V.

5. Future Semiconductor Material

Recently, diodes have been built using silicon carbide (SiC) instead of silicon
(Si). The experimental results show that SiC devices have significantly reduced reverse
recovery times (~factor of 1/10™ ) with 1/10™ the on-state resistance of Si diodes. The
SiC devices have a band-gap energy roughly 3 times that of Si devices and, as a result,
the SiC devices can operate at a temperature of 300°C versus 150°C for Si devices [18].
If this technology is used in transistors in the future, the devices will have reduced
switching times with less on-state resistance at higher temperatures. With reduced
switching times, higher switching frequencies will be possible and smaller filtering
components can be used. Overall, power converters using these devices will have

significant improvements in efficiency and will be able to operate at higher temperatures.
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6. IGBT Selection

Currently, IGBTs are available with blocking voltage ratings of 1700 volts at over
500 amps. These devices are packaged in bolt-on modules with a large surface area for
heat dissipation. In the hard-switched converter [5], a Semikron SKM 100GB 124D was
used as the switch. This device has a pair of IGBT transistors in a 1.25-inch by 3.5-inch
package with a total power dissipation rating of 700 watts at a case temperature of 25°C.
In the hard-switched configuration, it was estimated that the IGBT was dissipating

approximately 200 watts, so the device is well under its thermal limits.

In the resonant converter design, the power loss in theory should be less, so a
smaller IGBT switch in a TO-247 package was used. The TO-247 package is not much
bigger than the standard TO-220 case. A search through manufacturer’s data sheets was
completed and International Rectifier’s IRG4PH50UD IGBT was selected. The device
was similar to all the other manufacturer’s products and was mainly selected because it
was available through DigiKey Corporation. The cost of each device was fifteen dollars,
which is significantly cheaper than the two hundred and seventy dollar SKM 100GB
124D. The IRG4PHS0UD is rated for 1200 volts at 45 amps continuous and has a 200-
watt power dissipation rating at a case temperature of 25 °C. The complete data sheet for

the IRG4PH50UD is located in Appendix A.

C. PSPICE ANALYSIS

Given a preliminary converter design, the next phase in the research effort
required the development of a computer simulation to both verify and optimize the circuit
performance. This resonant converter, unlike other hard-switched converters, will
transfer considerable energy through rather small components. If any portion of the
circuit fails to work properly, the components will be easily stressed beyond the
maximum ratings with devastating results. The simulation program of choice was
Microsim PSPICE release 8.0 as it was readily available and has a vast library of
components. Most of the power semiconductor manufacturers provide models for their
devices that can be downloaded off of the Internet and inserted in circuits. Presumably

these models were developed based on device testbed results, but the designer should
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never fully trust the models and should study the simulation result to see if they make
sense. Berning and Hefner [19] made a major break through when they developed
accurate IGBT models based on realistic hard and soft-switching testbeds. The National
Institute of Standards and Technology (NIST) adopted the models and they were

transferred to industry, thus improving the vendor’s IGBT models.

1. PSPICE Simulation

The PSPICE simulation package allows the designer to model complex circuits at
the component level. In earlier mathematical analysis, the transistor switches and diodes
were treated as short circuits while conducting and open circuits while blocking and no
high-order device effects were considered. @ With PSPICE, the components are
represented in detail and the non-linear characteristics of each device are included if an
appropriate model is used. In the simulation, soft-switching will be verified and the
overall efficiency will be estimated. The estimated efficiency is important, as it will
support the cooling system design and provide direction as to whether component ratings

are adequate.

Figure (3-8) is the model schematic for the resonant converter. All parts on the
schematic are from the built-in library with the exception of the International Rectifier
IRG4PH50UD IGBT and the DSEI60 ultra-fast-recovery diode made by IXYS
Corporation. The model data for the DSEI60 was downloaded from the IXYS
Corporation’s web site and inserted into a standard PSPICE diode model [20]. The IGBT
model is more complex and required a subcircuit model to represent the device. The text
file for the IGBT was downloaded from the International Rectifiers web site and a
subcircuit was manually drawn based on the components and node connections in the file
[21]. The text file for the IRG4PH50UD model is contained in Appendix B and the

subcircuit is illustrated in Figure (3-9).
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Figure 3-9. IGBT Subcircuit Model.
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To stabilize the circuit simulation and add realism, small resistance was added in
series with both of the inductors and the power source. During the early simulations,
PSPICE failed to converge on a solution on a number of occasions. Adding the resistors
limited the circuit current during transients and prevented the simulation from exceeding
the time step limits. The rise times on both of the gate drivers were also set to realistic
values (~10ns) instead of zero to prevent sudden discontinuities. In Figure (3-8), the
value of the main inductor is set to S00pH instead of the calculated ImH. This was done
knowing that the actual permeability of the core is approximately 50 percent of the initial
permeability due to the large amount of DC current bias (~20 amps). Initial conditions
for the main inductor and output capacitor were also set to accelerate the simulation. The
initial inductor current was set to an average value of 20 amps and the output capacitor
voltage was set to 400 volts. Setting the initial conditions allowed the simulation to reach

steady-state in half the time.

1. PSPICE Results for Maximum Load

When simulating the resonant converter, the proper sequencing of the IGBTs
must occur. From Equation (3-7), the resonant inductor current takes approximately 1us
to reach Ip min and an additional 0.1ps for C;; to decay to zero volts in mode 3. Adding
these two times together, the auxiliary switch S, must be on for 1.1us before the main
switch is closed in mode 4. An additional 0.4ps of time was added to the main switch
delay to determine when to gate S, "off." Figure (3-10) shows the proper sequencing

during turn-on for the gating signals P, and P, of Figure (3-8).
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Next the output load voltage was verified to be 400 volts, which was obtained
from D= 0.8 and V4= 500 volts in Equation (3-1). The resulting plot of output load

voltage is shown in Figure (3-11).

Another signal of interest that demonstrates basic buck converter operation is the
main inductor current. From Equations (3-5) and (3-6) and the analysis of mode 1 and 6
in Chapter II, the main inductor current waveform will be triangular shaped with
I

=16 amps and I =24amps. Mode 6 is characterized by the positive-slope

L,min L,max
portion of the inductor current in Figure (3-12) when the main switch is "on" and V. is
supplying power to the load through the main inductor. After the main switch is opened
in mode 7/8 and the circuit transitions to mode 1, the main diode D, is forward biased,
thus allowing the main inductor to continue supplying energy to the load. Mode 1 is
characterized by the negative-slope portion of Figure (3-12). The voltage and current

waveforms for Dy, are shown in Figure (3-13).
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Figure 3-12. Main Switch Voltage and Main Inductor Current.
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Now that the basic qualities of the resonant buck converter have been verified, the
remaining current and voltage waveforms of the resonant components and diodes were
analyzed to verify soft switching. In Figure (3-14), the voltages and currents for the main
and auxiliary switch during turn-on are shown. Figure (3-14) illustrates that the main
switch is clearly undergoing ZVS and the auxiliary switch is turned "on" with ZCS. The
auxiliary switch current i, builds up linearly as predicted by mode 2 analysis and the main
switch voltage decays to zero as the circuit enters mode 3. When the auxiliary switch is
turned "off" the following responses are seen. First, there is a small current pulse in the
main switch and then a linear buildup as the main switch assumes the full load current.
In the auxiliary switch, a similar current pulse occurs in the negative direction and then

the current waveform decays with a current tail as discussed earlier in Chapter III.
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The small current pulse during the main switch turn-on can be explained by
analyzing Figure (3-8) using Kirchhoff’s current law. The instant that the auxiliary
switch is gated "off," the current continues to flow, but decreases with the characteristic
current tail. Since i, cannot change instantly, D; forward biases "on," thus placing C;, in
parallel with L,. As L; and C,, begin to resonate with each other, the main inductor L
demands that the current remain constant and thus the current now charging up C,, must
be replaced by an equal amount from the source through the main switch. Thus, the
current through the main switch will have the same amplitude shape as Icy, until the

linear buildup begins.

During mode 5x with D; and D, forward biased and C,, fully charged, the emitter
of the auxiliary switch is at ground potential and the voltage across the switch is
approximately V4. This is undesirable as a significant amount of current is still flowing

through the switch with full voltage applied across the switch, thus causing an
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appreciable amount of turn-off losses. Chapter V will address this issue and the design

will be optimized to reduce turn-off losses.

The turn-on current waveforms for L,, D;, D, are shown in Figure (3-15) along
with S, for reference. The current waveform for i, in Figure (3-15a) has both a linear
buildup and decay as expected. The waveform for D, shows the resonance between L,
and C,, the instant S, is gated "off" and then D, is forward biased "on" a short time later

when mode 5x commences. All waveforms in Figure (3-15) appear as expected.

Next, the variables depicted in Figure (3-14) are plotted during turn-off in Figure
(3-16). In Figure (3-16a), the main switch now has a sudden drop in current with a
characteristic look of a discharging capacitor. Capacitor C, causes this current drop as it
discharges in mode 8 and then the current tail portion of the waveform commences. A
definite slope in the main switch voltage is seen and this stems from Equation (3-12),
where C,; and C,; set the slope. The auxiliary switch current in Figure (3-16¢) has a small
current spike as Vq. is reapplied across it, thus charging the small amount of body

capacitance.

[
59 _498ms 59 .508ms 59.502ms 59 ._504ms 59 _585ns
o IE($a.01)

Time

Figure 3-15. Current through L,, D;, D; and S, During Turn-On.
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The turn-off waveforms for D;, D, and C;, are shown in Figure (3-17). In Figures
(3-17b) and (3-17¢), the discharge current of Cy;, is seen along with the decay of V¢, in
Figure (3-17d). The decay slope of V¢, is algebraically related to the charging of C,,

since
Verr=Vae-Vert (3-27)

from mode 8 analysis.

One anomaly seems to be occurring during the turn-off sequence. In Figure (3-
17), a small positive current is flowing through D; and D, after C;, is fully discharged.
Mode 1 operation is occurring and Dy, is conducting the main inductor current. Since the
forward voltage drop across Dy, increases as the conducted current increases, it is
possible that the voltage drop across Dy, is forward biasing D, and D,. The diodes D; and

D, would then conduct a small portion of the inductor current and D,, would conduct the

48



remaining current. The current-voltage curves for the DSEI60 in Appendix A show how

this anomaly could occur.
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Figure 3-17. Current Through D;, D,, and C,, and Voltage Across C,,
During Turn-Off.

The voltages across S,, D, D; and C,, are shown in Figure (3-18). The dashed

lines in Figure (3-18) delineate where modes 1 through 8 occur.

Finally, the efficiency of the resonant converter for the full-load condition was
estimated by plotting the average output power divided by the average input power.
Figure (3-19) shows the efficiency reaching approximately 98.4 percent at steady-state.
The 20 kHz ripple in the efficiency plot is caused by the voltage ripple of the output
capacitor. With an output power of 8kW, just over 130 watts are lost in the circuit. With
an estimate of power loss now known, thermal analysis can be performed to select an
adequate cooling system. The thermal analysis for this design is documented in

Appendix C.
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Figure 3-19. Estimated Efficiency of Resonant Converter.
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2. PSPICE Results for Minimum Load

The PSPICE simulation was repeated for the minimum load case of R= 200Q.
The voltage Vs, is compared to the current Iy in Figure (3-20). The inductor current is
greater then zero at the minimum point (~ 258mA) and thus meets the requirement for
continuous conduction mode operation. Using Equations (3-5) and (3-6) with L=ImH,

the expected minimum and maximum currents are:

I .= Vou Li(l-D) =0A (3-28)
7 Rrated 2Lfs
and
[ o= Vou 1-i(1-D) =4.0A. (3-29)
, Rrated 2Lfs

A1 = 59.60868m, 258.781m
A2 = 59.546m, 3.7342
dif= 68.274u, -3.4755
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Figure 3-20. Main Switch Voltage and Main Inductor Current.
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The voltage Vpn, and current Ip,, are shown in Figure (3-21). As expected, Ippy

decays to a value above zero amps when Dy, is reversed biased.

The turn-on voltages and currents for S, and S, are illustrated in Figure (3-22).
With Ip i at approximately zero amps and Dy, forward biased, the resonant inductor
current overshoots I i, during mode 2. This overshoot is expected as energy from Cp
was transferred to L,. Additional energy was stored in L, during the reverse recovery of
Dp,. During mode 3, the resonance action between C,;; and L; tries to return the energy
back to C;; and a negative current circulates through the anti-parallel diode of S,,. The
same negative current is seen in Figure (3-14), but it is less pronounced as the y-axis

scale goes from —1 amp to 20 amps.
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Figure 3-21. Main Diode Voltage and Main Diode Current.
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Figure 3-22. Main and Auxiliary Switch Currents and Voltages During Turn-On.

The turn-off voltages and currents for S, and S, are shown in Figure (3-23). The
main switch still has a significant current tail, but the current amplitude is dramatically
reduced when compared to the full-load case. When V. is reapplied across S,, a current
pulse occurs from the charging of the body capacitance. After the occurrence of the
pulse, the current remains at a positive value (~150mA) and slowly decays until the
switch is gated "on" again. From the IRG4PHS50UD data sheet in Appendix A, the
maximum expected leakage current is 6.5mA. The auxiliary IGBT current, flowing
during the gating "off" of the main IGBT, was determined to be only 3.5mA for the full-
load simulation. It is believed that this current is a PSPICE anomaly, but it will be

difficult to measure the auxiliary IGBT current to prove otherwise.

Finally, the efficiency for the minimum load case was estimated to be 97.6
percent, which is lower than the maximum load case. This was expected as the soft-
switching calculations were based on maximum loading. At minimum loading, the

power loss is only 16 watts, so the IGBTs are not stressed in any way.
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Figure 3-23. Voltage Across Main and Auxiliary Switch and Current Through
Main and Auxiliary Switch During Turn-Off.

D. CHAPTER SUMMARY

In this chapter, the specifications for the resonant converter were listed and
resonant component values were calculated based on the specifications. The concept of a
semiconductor switch was presented and different families of power semiconductors
were analyzed. The IGBT was selected for this design and a detailed PSPICE simulation

was conducted for the maximum and minimum loading case.

In Chapter IV, the fabrication of the resonant converter is documented and test

data is presented to verify the simulation results in this chapter.
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IV. RESONANT CONVERTER CONSTRUCTION AND
VALIDATION

A. CONVERTER CONSTRUCTION

This chapter contains a description of the construction of the overall converter,
the power module and the testing performed to verify soft switching. In the discussion,
the importance of component layout to minimize stray inductance is covered, as is the
concept of a compact power module. The majority of the testing will be done at a full-
load condition with an 80 percent duty cycle as specified in Table (3-1). The converter
will also be tested at 10 percent of rated load to document performance near the transition
to discontinuous current conduction mode. The results from the testing will uncover
some unpredicted circuit behavior and the need to optimize the design to minimize switch

losses.

When Naval Postgraduate School thesis students built power converters in the
past, the circuits were laid out on a flat sheet of aluminum plate [22,23]. This layout
technique had the advantage of being easy to build and maintain since all components
were adjacent to each other with adequate clearance. In this design, the converter is part
of a larger proposed power system and as such needed to be constructed in a typical 19-
inch rack mount chassis. With the converter constructed in a 17-inch wide by 17-inch
deep by 10-inch tall chassis, space was at a premium and the importance of cooling
paramount. With a specified power rating of 8000 watts at 400 volts out, filter
components become bulky making it even more difficult to build a converter in a small
volume. The picture in Figure (4-1) shows all of the major components of the fabricated
resonant converter. All of the major components of the converter are discussed in
Chapter IV with the exception of the control and driver circuits, which are described in

Appendix D.
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Figure 4-1. Top View of the Resonant Converter.

1. Input and Output Filter Component Selection

In addition to the circuit components discussed in Chapter III, an input filter
section is required to isolate the converter input from the DC power source. The input
filter section was not included in the Chapter III simulations as the source was ideal and
does not suffer from the effects of large current changes with rich harmonic content. The

completed power circuit is shown in Figure (4-2).

The input filter section is a standard LC design with the addition of a damping RC
network. The filter was designed to have a pole pair (~450 Hz) above the 360 Hz ripple
of the six-pulse rectified DC supply but well below the 20 kHz switching frequency. The
360 Hz ripple is allowed to pass through the converter so that DC stability analysis can be
performed. Researchers working with the Energy Sources Analysis Consortium (ESAC)
are interested in testing a nonlinear stabilizing control architecture and do not want the
DC ZEDS test bed to be unconditionally stable due to large amounts of capacitance on

the DC bus [4].
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Figure 4-2. Complete Converter Circuit With Input Filtering Included.

The damping network was designed using the guidance provided in reference [24]
and its function is to lower the resonant peak that would otherwise occur with a standard
LC filter. The input inductor was wound on a 4-inch O.D. p=60 core for an inductance
of 0.4mH. With approximately 16 amps of direct current flowing at rated power, the core
will have an effective permeability of 40-60 percent yielding an inductance of
approximately 250uH and a 3dB filter cutoff of 450 Hz. The construction of toroidal
core inductors is a well-understood science and is documented in reference [25] and
thoroughly demonstrated in reference [5]. The main inductor was also designed using the
guidance of reference [25] and was wound on a 5.2-inch p=147 core. As discussed in
Chapter III along with the input filter inductor discussion above, the large DC output bias
current (20A at full-load) reduces the permeability by 50 percent thus doubling the
expected peak-to-peak ripple current. Each of these hand-wound inductors will however

approximate its designed value at minimum load (10%).

The selection of the input and output filter capacitors is also critical. The designer
must carefully choose the proper type of capacitor for service in converters and be aware
of the working voltage and ripple current ratings. Normally, electrolytic capacitors are

used in converters because a large amount of filtering capacitance is required. Different
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grades of electrolytic capacitors exist and choosing the wrong one for this design would
be disastrous. The grade of capacitor chosen for this design is commonly called the
switch-grade electrolytic. This capacitor has been designed to handle a high amount of
ripple current without overheating over an extended life. To qualify as a good high-
frequency switching capacitor, the capacitor must have a low Equivalent Series
Resistance (ESR) and low Equivalent Series Inductance (ESL) [26]. All real capacitors
have some amount of series and leakage resistance along with a small amount of series

inductance.

An equivalent circuit used to model a real capacitor is shown in Figure (4-3). The
ESR is a combination of the resistance of the internal wire resistance and a frequency
dependant leakage term. The amount of ESR that a capacitor has determines the amount
of ripple current that can flow through the capacitor without causing a significant amount

of I°R heat buildup.

ESF ESL

o

:
i

Figure 4-3. Equivalent Capacitor Circuit.

The ESR of a capacitor is given by Equation (4-1).

1
ESR:RW+m (4'1)
leak

Equation (4-1) illustrates that as the ripple frequency increases, the ESR of the capacitor
decreases. In this design, a series-pair of Mallory CGH102T450V3L 1000UF capacitors
was used for a total working voltage of 900 Vg4 at SO0pF. At 120 Hz, the ESR is
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83.4mQ and at 20 kHz the ESR is 53.4 mQ, which allows the capacitor to handle 35
percent more ripple current at the higher switching frequency. As an example, a standard
Mallory computer-grade capacitor with the same voltage rating and capacitance has an
ESR of 103 mQ at 120 Hz, resulting in a ripple current rating roughly 80 percent of the
switching-grade capacitor. The computer-grade capacitor does not have a ripple current
rating for 20 kHz. The data sheets for both the switching and computer grade capacitors
are provided in Appendix A. The other capacitor used in the input filter section is a 45uF
AC motor-starting capacitor, which has a very low ESR and is not a limiting component

in the design.

Another equally important parameter of the capacitor is the equivalent series
inductance (ESL). Analysis of the circuit in Figure (4-3) shows that at some frequency a
resonance condition will occur and above this frequency the capacitor will look like an
inductor! The switching-grade capacitors have a lower ESL than standard computer-
grade capacitors and as a result, the switching-grade capacitors are required for higher
switching frequencies. A large electrolytic capacitor might have a resonant frequency as
low as 20 kHz. Above the resonant frequency, the electrolytic capacitor will look
inductive; therefore, additional capacitors must be used to bypass high-frequency noise
spikes. Suitable bypass capacitors have mica, ceramic or polyester dielectrics with
voltage ratings that exceed Vg, and at least 1.0 UF of capacitance. In this design, 2.2 pF
630 volt polyester capacitors were used and they are labeled in Figures (4-1) and (4-9).

2. Power Module Design and Layout

In any power converter design, the engineer must always strive to minimize stray
inductance. All power converters have circuit paths that undergo large current changes,
which can result in the buildup of large voltages if an inductance is present. This is

demonstrated by Equation (4-2).

di
V: Lstray a (4_2)
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In this converter design, PSPICE simulations have demonstrated that extremely high
current rate changes occur throughout the circuit. In the path between the main switch
and the main diode, the current changes over 100 amps in a microsecond. Equation (4-2)
confirms that a small amount of inductance undergoing this di/dt can develop a large
voltage transient and the IGBT switches can be destroyed. In the resonant converter
there are five such nodes where the stray inductance must be minimized to ensure proper
circuit operation. Figure (4-4) enumerates the five critical nodes, which are the red

circuit traces.
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Figure 4-4. Resonant Converter Schematic Showing Critical Nodes.

Standard IGBTs such as the Semikron SKM100GB124D have an additional built-
in switch along with an anti-paralleling diode. In reference [5], the secondary switch gate
was left shorted and the additional anti-paralleling diode was used as the freewheeling
diode. The freewheeling diode serves in the same capacity as the main diode Dy, of the

resonant converter design. This path between S, and Dy, is the most critical stray
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inductance path and manufacturers design the power IGBT modules with this in mind.
Since the design in this thesis uses discrete diodes and IGBTs, the stray inductance
problem is even more difficult to overcome with the addition of the four other critical
paths. To solve the problem, all circuit paths within the dashed lines of Figure (4-4) are
laid out on a single-sided pc board much like an RF circuit design. Using this
construction technique minimizes stray inductance and capacitance and enables the

designer to build a high-powered converter in a small volume.

The circuit overlay was designed using Easytrax version 2.06 and the single-sided
glass epoxy board was cut using the LPKF router/milling system. The power module
circuit board overlay is shown in Figure (4-5) along with the labeled component

locations.

Figure 4-5. Power Module Circuit Overlay.

The wide traces used in the circuit board in Figure (4-5) serve two purposes.

First, wide traces are required to handle the large current densities that exist. All of the
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wiring in the high-current paths external to the power module was completed using #14
Teflon insulated wire. From reference [16], #14 wire has a cross-sectional area of
approximately 2.08 mm” and can safely handle a current density of 1000 amps/cm?’ if
properly cooled. The current paths in the module must handle a maximum of 20 amps;
therefore, a copper trace of the proper width must be used with an effective cross-
sectional area of at least 2.08 mm?”. Since loz copper glass epoxy board has a thickness

of 0.0014-inches, trace widths of 2.3-inches will meet the current density requirements.

12
1 9 linch —ggp 7.2mPpS

20amps X — x X 2 2
2.3inches 0.0014inches 6.45cm cm

(4-3)

The completed circuit board is illustrated in Figure (4-6). All of the thin red traces of
Figure (4-5) are isolation traces and were later ground away using a Dremel cutting tool

in order to improve voltage isolation between the input, output and ground.

Input Tra

Figure 4-6. Photograph of Circuit Board After Milling Process.
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With the circuit board cut, the heat sink assembly was constructed based on the
thermal calculations listed in Appendix C. In order to improve thermal performance, no
mica insulators were used and the heat sink was sliced up to isolate the different stages.
The main and auxiliary IGBTs are on the same heat sink since both of the collectors are
at the same potential. The sections of heat sink were then mounted on a fiberglass sheet
and spaced properly for isolation. Figures (4-7) and (4-8) show the front and top view of
the heat sink with the IGBTs and diodes installed.

Figure 4-7. Front View of Heat Sink.

Next, the capacitors, Metal-Oxide Varistors (MOVs) and resonant inductor were
soldered to the power module board. The 850-volt MOVs were placed across both
IGBTs to protect the switches from an over-voltage failure. The completed circuit board
was then placed on top of the heat sink assembly using standoff spacers, and the diode
and IGBT leads were soldered to the circuit board. The completed power module is

depicted in Figure (4-9).
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Figure 4-9. Completed Power Module.
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3. Resonant Inductor Design

The resonant inductor is a critical component in the converter and choosing the
wrong core material or size can be disastrous. The designer must calculate the maximum
expected magnetic flux density (Bmax) in order to pick the proper core size. To design the
resonant inductor, the inductor's current and voltage waveforms from PSPICE were used
along with magnetic theory to determine By,.x. The waveforms in Figure (4-10) are based
on an ideal inductor model, but will still yield accurate results as will be later

demonstrated during testing.
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Figure 4-10. Resonant Inductor Voltage and Current Waveforms.

Several different toroidal cores were available in the NPS Power Laboratory, so a
1.57-inch p=125 iron powder core made by Arnold Engineering was selected. Normally
a core size is chosen first, since the number of turns needed to yield the required

inductance must be known before B« can be calculated. If the calculations show that
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the selected core is inadequate, the design process is repeated until a suitable core is

found.

Using the effective core area (A.), effective path length (l.), relative permeability

(W) and inductance (L), the required number of turns (N) is found using Equation (4-4).

L, (44)

4,

Using the values from the A-254168-2 core data sheet in Appendix A and Equation (4-4),
the required number of turns is 13 for an inductance of 28UH. With the number of turns

known, the maximum magnetic flux is now calculated.

From Faraday's Law, the time-varying flux linkage (N@) of an inductor is related

to the induced voltage by Equation (4-5).

v=N42 (4-5)
dt

Using the voltage waveform of Figure (4-10), the maximum flux (@) 1s found by
integrating both sides of Equation (4-5) over the time that the inductor has a voltage
across it. Since the inductor has both a negative and positive voltage pulse, only one of
the pulses needs to be integrated as the other will cause a magnetic flux peak in the
opposite direction. Using the voltage and pulse width in Figure (4-10), the maximum

flux is found as follows:

881 s
1 H

Q. =—|Vdt =— 500dt =33.9¢” Wb 4-6

Using,
@=BA, (4-7)

Where A. is the effective core cross-sectional area; the magnetic flux density B in units

of Teslas is,

@ 33.9e°Wh
A4, 107.2¢°m?

B

max

=0.316T (4-8)
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Since most published B-H curves use magnetic flux density in units of Gauss, the result is

multiplied by 10* to convert from Teslas to units of Gauss.
B, =3163.0G (4-9)

The calculated value of By is then found on a normalized B-H curve depicted in Figure

(4-11) to see if the core is saturated.
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Figure 4-11. Normalized B-H Curve (from ref. [25]).

Inspecting Figure (4-11), the resulting magnetic flux density is half way up the
=125 curve in the linear region yielding a magnetizing force of 30 Oersteds. Based on
the above calculations, a more compact equation is developed which returns a magnetic
flux density in units of Gauss for the pulsed voltage case. The effective cross-sectional
area is in cm” and the 10® term converts the cross-sectional area to m” and shifts the units

from Teslas to Gauss.
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The analysis shows that the selected core is adequate for this design and the waveforms

of Figure (4-10) will be verified during the testing phase.

B. CONVERTER TESTING AND VALIDATION

The testing of the resonant converter for both maximum and minimum load as

specified in Table 3-1 of Chapter III is described in this section.

For both loading

conditions, many of the voltage and current waveforms were measured and compared to

the simulations of Chapter III. A schematic diagram of the basic test system is shown in

Figure (4-12).
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Figure 4-12. Basic Test Setup.
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1. Test Setup

To test the converter, a DC power source capable of supplying a minimum of 8
kW was required. To meet the requirements, a 15 kW DC supply was constructed using
a 480-volt 33kVA three-phase variac, coupled to a three-phase six-pulse rectifier bridge
and a 5000pF capacitor filter bank. To monitor input and output DC current, a pair of
ImQ current shunts with Fluke 8060A multimeters were used. Two other Fluke 8060A
multimeters were also used to measure the input and output voltage. The remaining
equipment used in the testing is listed in Table (4-1) and will be described in detail in the

section where it was used.

Equipment Manufacturer Model Number Ratings
Variac Staco Energy Products 6020-3Y 3@60Hz, 33 kVA
INVER Power Controls
Power Diode Rectifier P101 DM 50A
LTD
INVER Power Controls 10,000 MFD, 350
Filter Capacitors P106 FC
LTD WVDC
INVER Power Controls
Resistor Load bank P108-RL 3000 Watts
LTD
Non-Inductive Current | INVER Power Controls P109-NIS -
m
Shunts LTD
Digital Multimeter Fluke 8060A 750 volts DC
Digital Oscilloscope Tektronix TDS 540 500 MHz , 4 channel
HYV Differential Probe Tektronix P5200 1300 volts DC
Current Probe
Tektronix AMS03A N/A
Amplifier
Current Probe Tektronix A6303 100 A
Current Probe Tektronix A6302 20 A
DC Supply Tektronix PS280 0-30 volts DC/1A
LC Meter Sencore LC53 1pF-0.2F / 1uH-10H
Printer Hewlett-Packard Laserjet 5 N/A

Table 4-1. Laboratory Equipment Used During Testing.

69



2. Full-Load Efficiency Testing

Before any specific voltage or current waveforms were verified, the efficiency as
a function of duty cycle was measured using the Fluke 8060A meters. Table (4-2) lists
the voltage and currents measured and the calculated power loss and efficiency. Table
(4-2) also compares the soft-switching efficiency to the hard-switching converter from

reference [5].

Soft-Switching Data
Duty Efficiency | Efficiency
(é?,l/ﬁ;e Vin Iin | Vieaa | licad Pin Pout S(?ft- Hz:]r d-
Switched | Switched
Volts | Amps | Volts | Amps | Watts | Watts | Percent Percent
10 |500.4 | 035 | 543 | 2.72 | 175.1 | 147.7 84.3 82.5
20 5003 1.11 | 101.8 | 5.08 | 5553 | 517.1 93.1 91.1
30 5004 | 247 |153.8| 7.67 |1236.0|1179.6 95.4 93.7
40 |500.5| 432 |204.7 | 10.19 |2162.2 | 2085.9 96.5 95.3
50 [500.3| 6.55 |252.8| 12.59 |3277.0 | 3182.8 971 96.1
60 |[500.5| 9.33 |302.5| 15.05 | 4669.7 | 4552.6 97.5 96.8
70 | 500.5| 12.49 | 350.4 | 17.43 | 6251.3 | 6107.5 97.7 97.2
80 | 500.8| 16.25 | 400.3 | 19.90 | 8138.0 | 7966.0 97.9 97.6

Table 4-2. Soft and Hard-Switched Converter Full-Load Efficiency for Duty Cycles
Ranging Between 10% and 80%.

The data confirms that the soft-switched efficiency at 80 percent duty cycle is 0.3 percent
better than the hard-switched converter. This is a power dissipation difference of only 25
watts while supplying 8000 watts to the load. The estimated soft-switching efficiency in
the Chapter III PSPICE simulation was 98.4 percent, yielding a difference of 41.5 watts
when compared to the measured efficiency. The converter efficiency is excellent
throughout the duty cycle range and does not drop off significantly until a duty cycle of
10 percent. The power levels at D=0.1 are so low that the reduced efficiency is of no
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practical concern. A plot of the soft and hard-switched converter efficiency versus duty

cycle is shown in Figure (4-13).

Soft-Switched = = Hard-Switched

100.0

98.0

96.0 - =

94.0 -

92.0 / )
90.0 s
/7

88.0 7
86.01//
/

84.0

Efficiency (%)

82.0

80.0
10 20 30 40 50 60 70 80

Duty Cycle (%)

Figure 4-13. Efficiency Versus Duty Cycle for Hard and Soft-Switched Converters.

3. Full-Load Waveform Analysis

To complete the full-load testing, the testing diagram in Figure (4-12) was used
along with a Tektronix TDS-540 oscilloscope, P5200 high-voltage differential probes,
AMS03A current probe amplifier and A6303/A6302 current probes. With the basic
characteristics of the converter verified, the various voltages and currents were observed
and compared to the PSPICE simulation. Measurement of the circuit currents was
difficult, as all of the paths, with the exception of the main inductor and input/output
current, exist on the circuit board. During the testing phase, several of the traces were cut
and bridged with #14 Teflon insulated wire in an attempt to analyze the current waveform
using a current probe. The Tektronix A6302 current probe inserts approximately 0.5uH

of stray inductance, which was verified on the Sencore LC53 inductance meter. The
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power module layout dictated that the auxiliary current be measured on the input to the
switch and the stray inductance of the current probe upset the circuit operation. In the
end, the currents through the main switch S;,, main diode Dy,, resonant inductor L, and
diode D, were measured. The circuit layout also prevented the measurement of the
currents through diode D; and capacitor C,. The circuit paths measured are critical stray
inductance paths as defined in Figure (4-4) and subsequent oscilloscope plots confirm

that the probe’s inductance did change the voltage waveforms.

The gating signals measured directly at the IGBTs are shown in Figure (4-14).
The gating signals closely match the simulated waveforms illustrated in Figure (3-10).
The effects of gate-capacitance-charge-up are depicted as discussed in reference [6] and
the shut-off transient from the auxiliary driver circuit is coupled into the main driver

circuitry. The design of the driver circuitry is discussed in Appendix D.
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Figure 4-14. Auxiliary and Main IGBT Gating Signals (1us/div).
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Next, the voltage across S, is compared to the current through the main inductor
in Figure (4-15). As expected, when the voltage across Sy, is at Viesar, the current
through L builds linearly. When S,, is gated "off," D,, forward biases "on" and the
current through L decreases linearly. As predicted in Chapter III, the ripple current
IL max—Ir min 1s Vverified to be 8 amps with an average current of 20 amps. The transients
occurring at the bottom of the inductor current trace are associated with the gating "on" of

S, and the subsequent current buildup through L,.

Tek Running: 5.00M5/s sample
S R — ]
E

o

Y 500 volts/div

Jian 1
5 ampsidiv

4+

“Ho0ps ch2 g

Figure 4-15. Voltage Across Main Switch and Current Through Main Inductor
(10ps/div).

The voltage and current waveforms for the main diode D, are shown in Figure (4-
16). With Vp,, going to zero (S, gated "off"), Dy, is forward biased "on" to maintain the
current through the main inductor. The current through Dy, quickly reaches Ii max and
then linearly decreases as it transfers energy to the load. Figure (4-17) shows the forward
recovery of Dy, as Vp,, decreases at a rate of 3000 V/us. During the forward recovery
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period of 117ns, Ipy reaches approximately 2.5 amps. From reference [24], the forward

recovery charge is given by:
1
erZEIRMTfr=146nC. (4-11)

The parasitics caused by the inductance of the current probe made it impossible to
measure the reverse recovery of Dy,,. Parasitic oscillations are clearly seen in Figure (4-
16) during the linear portion of Ipy, and again in Figure (4-17) when Dy, is starved of

current.

Tek Running: 25.0MS/s Sample
§ S— S i - S|

| Ch2: v,
500 wolts/div

Ch3: I,

9 ampsidiv

Figure 4-16. Voltage Across Main Diode and Current Through Main Diode
(Zps/div).
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Figure 4-17. Forward Recovery of the Main Diode (50ns/div).

Next, Figure (4-18) illustrates the voltage across and current through the main
switch during turn-on. As a comparison, the voltage across the auxiliary switch and the
current through the resonant inductor is shown in Figure (4-19). Figure (4-18) verifies
that S, undergoes ZVS during turn-on. When Vi, reaches approximately zero volts, a
negative current flows back to the source through Dgy,. The duration of the negative
current is approximately 1ps and the subsequent positive buildup of the current coincides
with the gating "off" of S, as shown in Figure (4-19). In the PSPICE simulation results
shown in Figure (3-14), a similar negative current through Dg;, occurs, but the amplitude

is somewhat smaller.
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Figure 4-18. Voltage Across S,, and Current Through S, During Turn-On
(1ps/div).

Upon inspection of Figure (4-19), it is seen that S is gated "on" just as the
current through L, reaches a maximum of roughly 20 amps. From Figure (4-15), the
main inductor reaches a minimum of approximately 17 amps during the same period, so a
current mismatch occurs. The resonant inductor wants the current flow to remain the
same and thus back flows this difference through Dsy,, for a short time. The resonant
inductor current overshoots I min 0f the main inductor partly due to the energy transferred
from C;; (mode 3) and more from the energy buildup during the recovery of Dy,. Since
C.1 is on the order of 100pF, the resulting energy transferred to L, is small and the
majority of the excess energy is from the recovery of Dy,. Apparently, the PSPICE model
used for the diodes is not completely adequate as it fails to predict such a large reverse

current.
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Figure 4-19. Voltage Across S;, and S, and Current Through L, (1ps/div).

In Figure (4-19), I1; has a slope of approximately 20 A/us during the current
buildup. With Vg equal to 500 volts, this equates to an inductance of 25uH.

L= VAF:ZS MH (4-12)
Al

During construction, the resonant inductor was verified to be 28UH using the Sencore
LC53 inductance meter. The reduction in the resonant inductance is most likely due to

non-linearities in the B-H curve as a large dv/dt is placed across a fairly small core.

Figure (4-20) compares the auxiliary switch voltage to the voltage across diode D,

and the current through D,.
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Figure 4-20. Voltage Across S, and D, and Current Through D, (400ns/div).

When S, is gated "off," Figure (4-20) shows that D, is almost immediately forward
biased "on." From the analysis of Chapter II, D, is forward biased only if mode 5x
occurs and then later during mode 7 when C,, discharges as S,, is gated "off." During
mode 5x, the current Ip, rapidly builds up and then decreases linearly as the energy
leaves L. Chapter V will address the excessive length of mode 5x and discuss the

importance of minimizing this mode.

Figure (4-21) compares the voltage across S,, Dy, D and C,, during all modes of
operation. The PSPICE simulation illustrated in Figure (3-18) predicted the basic shape
and timing of the waveforms, but failed to predict the voltage changes across Dy, D, and

C,, as the converter transitions into mode 6.
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Figure 4-21. Comparison of the Voltages Across S,, D2, D; and C,,
During Modes 1 Through 8 (2us/div).

During mode 1, all waveforms match the simulations in Chapter III. When mode
2 commences, Vs, goes low, Vp; increases to approximately V4., and V¢ goes slightly
negative since Sy, is still gated "off." When S, is gated "on" in mode 4, Vp; goes low
and Vp; increases to Vg, and Vp returns to zero. At the end of mode 4, S, is gated "off"
and mode 5 and 5x commence and Vp rises to Vg.. Mode 5x is dominant and Vp,
immediately goes to zero. When D; and D, are starved of current, a reverse recovery
process occurs, which causes D; and D, to have unequal voltage drops, although their
sum must equal V4. Since V¢p was originally equal to Vg, Cro discharges until

Ve tVp, =V,,.  Figure (4-22) shows an expanded view of Vs, and I, and the

characteristics of the reverse recovery of D, and D.
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Figure 4-22. Voltage Across S, and Current Through L, (2us/div).

After the negative slope of I, in Figure (4-22), the current overshoots zero and reaches a
minimum of approximately 1.5 amps over the recovery period of 11us. Using the

triangle area approximation of Equation (4-11), the total charge between D, and D, is:
1
er :Elrmrrr :SSIJC (4'13)

Using a slope of —20A/us, the DSEI60 data sheet in Appendix A predicts that each diode
will have a recovered charge of only 1lC for a total of 2UC. The resonant inductor is in

series with this current path and is forcing the diodes to recover slower.

Figures (4-19) and (4-22) also show that approximately 1 amp flows through L,
during mode 6 before S, is gated "on." The forward current (If) plot versus forward
voltage (Vy) drop curves in Appendix A for the DSEI60 show that D,, has a forward drop
of 2.3 volts while conducting 20 amps. Since this voltage is impressed across D; and D,
in the forward bias direction, the two diodes are biased "on." With 1.15 volts across D,

and D, the Ir versus V¢ curves for the DSEI60 show that approximately 1 amp of current
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will flow. The PSPICE simulations of Chapter III predicted that this current would be

displaced away from Dy, during mode 1.

Figure (4-23) shows the voltage across and current through the resonant inductor.
A comparison of Figures (4-23) and Figure (4-10) validates that PSPICE accurately
predicted the voltage and current waveforms for L,. The current waveform has both a

linear rise and drop, which indicates that the core is not being saturated.
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Figure 4-23. Voltage Across L, and Current Through L, (1us/div).

Finally, the voltage across S, and current through S;,, during turn-off is shown in
Figure (4-24). A significant amount of current flows for over 1js, while the voltage
across Sy 1s V4. Unfortunately, the Tektronix TDS 540 oscilloscope in the NPS Power
Lab does not have the ability to output the measured data. To estimate losses during
turn-off, the current and voltage waveforms will be treated as simple geometric shapes

and the products will be integrated over the duration of the current tail.
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Figure 4-24. Voltage Across S, and Current Through S, During Turn-Off
(400ns/div).

By treating the current tail as a right-sided triangle with a height of 10 amps and base of
1 s, an approximation is calculated in Equations (4-14) and (4-15). It is assumed that the
full 500 volts is applied during the 1ps period.
igy=-10°t+10 (4-14)
1uS

Elosszjivadch [ 500(-10x10°t+10) dt=2.5m) (4-15)
0 0

Since this energy loss occurs each cycle, the power loss during turn-off is given by

Equation (4-16), where f; is the switching frequency (20 kHz).
Pl = E o fi=50W (4-16)

Energy loss calculations are discussed in detail in Chapter V. Further, the results

obtained here are compared to PSPICE simulations and the optimized converter.
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4. Minimum-Load Analysis

The test diagram in Figure (4-12) was switched so that the load resistance equaled
200Q. During minimum-load testing, the efficiency was only measured for D=0.8 for
reasons described next. The recorded voltages and currents and calculated power values
are listed in Table (4-3). Note that the efficiency closely matches the value estimated in
Chapter III. This is somewhat expected as less current is flowing in the circuitry and
therefore less I’R loss needs to be accounted for. The soft-switching converter also has a

1.2 percent efficiency improvement over the hard-switched converter.

Soft-Switching Data
Duty Efficiency | Efficiency
Cycle ' . n n
(% ) Vm Im Vload Iload Pm Pout Soft- Hard-
Switched | Switched
Volts | Amps | Volts | Amps | Watts | Watts | Percent Percent
80.00 | 501.4 | 1.67 3993 | 2.04 | 8323 | 814.6 97.5 96.3

Table 4-3. Minimum-Load Efficiency for a Duty Cycle of 80%.

From the analysis in Chapter III, as the duty cycle decreases, the converter
operates closer to discontinuous current conduction mode. With the load resistance equal
to 200Q and D= 0.8, the converter is operating right on the boundary between continuous
and discontinuous, so the duty cycle was not reduced during efficiency testing. As
introduced in Chapter III, in continuous mode, the main inductor is never exhausted of
energy and hence will have a i nin greater than or equal to zero. Figure (4-25) shows that
the inductor current just reaches zero as the main switch is gated "on." Figure (4-26)
shows that D, is starved of current for approximately 1ps during the end of mode 1.
Between Figures (4-25) and (4-26) it is hard to determine whether the converter is going
into discontinuous operation. Figures (4-27) and (4-29) show that, like the full-load
condition, D; and D, are forward biased during mode 1 and they carry a large percentage

of the total load current. The current I, never reaches zero in Figures (4-27) and (4-28),

83



so between the current paths through Dy, D; and D,, the main inductor always has

current flow.
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Figure 4-25. Voltage Across S, and Current Through L (10ps/div).
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Figure 4-26. Voltage Across D, and Current Through D,, (2Hs/div).
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Figure 4-27. Voltage Across Sy, and Current Through L and L, (10ps/div).
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Figure 4-28. Voltage Across S, and S, and Current Through L, (1ps/div).
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Figure 4-29. Voltage Across S, and D, and Current Through D, (2us/div).
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In the minimum-loading case, S, is gated "on" with the main inductor current at
zero. Energy is stored in the resonant inductor as the main diode is starved of current
and, like the full-load case, a negative current flows back to the supply through S;,. The
resulting negative current pulse through S, in Figure (4-30) looks like the inverted

current pulse of L; in Figure (4-28).

In Figure (4-30), current flow through S,, occurs with Vg, greater than Ve(a).
The switch is no longer gating "on" in a ZVS condition, but the power level is so small
that the extra loss is of no concern. The turn-off losses are also significantly reduced as
illustrated in Figure (4-31). With a smaller load current flowing, the current tail is
reduced in size and decays quicker. The turn-off losses will not be calculated for the

minimum-load case.
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Figure 4-30. Voltage Across S, and Current Through S;, During Turn-On
(1ps/div).
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Figure 4-31. Voltage Across S, and Current Through S, During Turn-Off
(400ns/div).

C. CHAPTER SUMMARY

Chapter IV provided a description of the construction of the resonant converter
and, in more detail, the design and construction of the power module. Full-load converter
testing was then reported and the resultant studies compared to the PSPICE runs of
Chapter III. The converter was also tested in a minimum-loaded condition, which
showed that the converter barely operates in the continuous current mode at the reduced

load.

One of the important points discovered in Chapter IV is that the PSPICE model
accurately predicted the wave shapes and timing, but failed to predict the magnitudes of
the diode reverse recovery. From the comparison between the measured and simulated
waveforms, the PSPICE model for the diodes is probably the lone cause of the

inaccuracies.
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Lastly, the significance of the turn-off losses was documented in the full-load
condition. In Chapter V, it will be shown that turn-off losses limit the IGBT's capabilities

and optimization will be used to reduce the losses.
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V. RESONANT CONVERTER OPTIMIZATION

A. CONVERTER POWER LOSS ANALYSIS

In the previous chapters, both PSPICE simulations and actual testing show that
the main switch undergoes significant power loss. Figure (3-2) had introduced that IGBT
power losses are comprised of turn-on, conduction and turn-off components. In both the
simulations and actual testing, it was verified that near perfect ZVS turn-on of the main
switch occurs. The main switch will also have a conduction loss based on the duty cycle
and current density. During turn-off, the main switch has a significant amount of loss
that increases linearly with the switching frequency. Conversely, the auxiliary switch is
gated "on" in a ZCS condition for a short period of time (~2s), and thus the conduction
losses are negligible. The auxiliary switch also undergoes significant turn-off losses and
it can be assumed that all of the auxiliary switch losses occur during turn-off. In Chapter
V, the turn-off loss mechanism is analyzed using PSPICE and MATLAB. A new
converter model will be simulated to verify the calculations and, finally, the actual

converter will be modified and tested with a new set of optimized resonant components.

1. Mode Loss Analysis

Since the conduction losses can only be controlled by duty cycle and current
density, the reduction of the turn-off losses is the main objective. The turn-off losses are
a function of the current waveform and the applied voltage waveform as the device is
gated "off." It has already been demonstrated that IGBTs have a current tail, which lasts
up to a few microseconds after turn-off. In the previous results, the voltage across the
main switch was allowed to buildup quickly, thus resulting in a substantial instantaneous
power loss. If the current waveform shape and rate of change of the applied voltage is

controlled, the turn-off losses can be significantly reduced.

To control the dv/dt across the main switch during turn-off, the analysis of modes
7 and 8 must be revisited. When S, is gated "off," the converter enters mode 7 if V¢p is
less than V4. and mode 8 otherwise (see Figure (2-9)). Equation (5-1) characterizes the

dynamics of the voltage buildup across S, during mode 7.
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dVCrl — L

5-1
d C, G-1)
The dynamics of mode 8 are governed by Equation (5-2).
dVCrl — iL (5_2)

Upon comparison, it is obvious that the rate of change of V¢, will be greater in mode 7

than mode 8. The capacitor C,, will typically be an order of magnitude greater than C,i;

rl

hence, mode 8 will have a significantly reduced d% With this knowledge, resonant

circuit components must be picked to minimize the occurrence of mode 7. If proper L,

and C;, values are selected, C;, will charge to V4. and mode 7 will not occur.

With a typical current tail lasting 1ls, a reasonable voltage rate across Sy, is 500
V/ps. A voltage buildup from Vi esay to Vg during the time it takes the current tail to
decay would provide such a dv/dt. AssumingC, [I C,,, Equation (5-3) represents a good

approximation of the governing dynamics. With Ii max €qua