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Abstract

Grid-level power converters based on conventional architectures do not achieve very high efficiencies,
and their efficiencies drop substantially as the operating conditions change. This thesis introduces and
demonstrates a new resonant converter architecture that operates at fixed frequency and maintains zero-
voltage switching (ZVS) and near zero-current switching (ZCS) across wide operating ranges in terms of
input/output voltages and output power, minimizing device stresses and switching losses, and enabling both
high efficiency and high power density. Unlike a conventional resonant converter, which utilizes a single
inverter and a single rectifier, this Impedance Control Network (ICN) resonant converter has multiple
inverters and one or more rectifiers. It also utilizes a lossless impedance control network, which provides a
differential phase shift in the voltages and currents, whereby the effective impedances seen at the inverter
outputs look purely resistive at the fundamental frequency, enabling switching of the inverters at zero
current. By modifying the network for slightly inductive loading of the inverters, one can realize
simultaneous ZVS and near-ZCS across wide operating ranges.

This thesis also introduces a new modeling approach, termed step-superposition (S2) analysis, which
enables exact modeling and optimization of high-order resonant converters. Three 200 W, 500 kHz step-up
(25 V to 40 V input and 250 V to 400 V output) ICN resonant converter prototypes which are optimized
using S2 analysis are designed, built and tested. One of these converters achieves a peak efficiency of
97.1%, and maintains greater than 96.4% full power efficiency at 250 V output voltage across its nearly 2:1
input voltage range. An optimized startup control approach is developed to further improve the efficiency
of ICN converters operating under burst-mode control. This thesis also introduces an alternative to burst-

mode control, termed enhanced phase-shift control, which reduces the output capacitance requirement by a



v

factor of 100. A 120 W, 1 MHz step-down (18 V to 75 V input and 12 V output) ICN converter that
demonstrates the advantages of this enhanced phase-shift control is designed, built and tested. Finally, a
closed-loop control approach for output voltage regulation in ICN converters is introduced and its

effectiveness is demonstrated.
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Chapter 1

Introduction

1.1 Motivation

Compact isolated converters operating at large conversion ratios are needed for applications ranging from
off-line power supplies to solar micro-inverters. Such converters based on conventional architectures often
do not achieve very high efficiencies, and their efficiencies typically drop from peak values as the operating
conditions change. It has been estimated that power supply losses typically account for 20 to 70% of all
energy that electronic products consume, and as much as 4% of our entire national electrical energy
consumption can be traced to power supply losses for electronic loads, owing largely to poor average power
supply efficiencies [1]. Likewise, poor power factor is estimated to be indirectly responsible for as much
as 2.8% of energy consumption in commercial buildings [2]. Improved power conversion is also important
for dc distribution systems, which are being seriously considered as an alternative to ac distribution in
commercial buildings and data centers, as they offer higher efficiency, more effective management of
power factor correction, and easier integration of distributed renewable sources and energy storage. Crucial
to the integration of distributed renewable sources, energy storage and electronic loads into dc distribution
networks, however, are the dc-dc converters that act as an interface between their relatively low voltages
(e.g., 25 V to 40 V for solar photovoltaic modules) and the high voltages of the dc bus.
1.2 State of the Art

State of the art high-performance converters that provide an interface between the photovoltaic panels
and the ac grid (up to 240 V ac), or dc distribution systems (260 — 410 V dc), achieve peak efficiencies of
up to 90-95% (5-10% loss) with much lower average efficiencies. To achieve these high efficiencies, power
converters must operate using soft-switching techniques - zero-voltage switching (ZVS, in which the
transistor voltage is constrained close to zero when switching on or off) and/or zero-current switching (ZCS,

in which the transistor current is constrained close to zero when switching on or off). Without soft



switching, transistor switching loss prevents high efficiency from being obtained and also limits power
density, owing to the need to operate at low switching frequencies.

Unfortunately, while available soft-switching circuits can achieve very high efficiencies under specific
operating conditions, performance tends to degrade greatly when considering requirements of operation
across widely varying input voltage and power levels. In particular, with conventional circuit designs and
control methods, it is difficult to maintain desirable circuit waveforms (e.g., ZVS/ZCS switching, minimum
conduction current, etc.) as power is reduced from maximum and as the input voltage varies from nominal.
This challenge in maintaining high efficiency is tied to both the circuit design and the control methodology.
To understand this challenge, consider some widely-used design and control techniques. One common
means of controlling resonant soft-switched converters (e.g., series, parallel, series-parallel, LLC
converters, etc.) is frequency control, in which the output voltage is regulated in the face of load and input
voltage variations by modulating the converter switching frequency [3], [4]. Because of the inductive
loading requirements to achieve ZVS switching, power is reduced in such converters by increasing
switching frequency, exacerbating switching loss. Wide frequency operation also makes design of magnetic
components and EMI filters more challenging. Moreover, depending on resonant tank design, circulating
currents in the converter may not back off with power, reducing efficiency.

An alternative method is phase-shift control [5], [6] or “outphasing” control, in which the relative timing
of multiple inverter legs are modulated to control power. However, conventional full-bridge resonant
converters using phase shift control suffer from asymmetric current levels between the two inverter legs at
the switching instants as the legs are outphased to reduce output power, as shown in Fig. 1.1. The result is
that the transistors in the leading inverter leg start to turn off at large currents. Also, as outphasing is
increased further, the transistors in the lagging inverter leg lose ZVS turn-on capability. These factors result
in extra losses and lead to lower converter efficiency at partial loads, and consequently to poor design
tradeoffs. Other fixed frequency control techniques have also been developed [7], [8]. However, these also

lose zero voltage switching (ZVS) capability as the output power is reduced [9]. Hence, there is need for
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Figure 1.1: Asymmetric current levels at switching instants between two inverter legs and eventual loss
of ZVS in (a) conventional full-bridge series resonant dc-dc converter as (b) the two inverter legs are
phase-shifted to control output voltage or power.

circuit designs and associated controls that can provide reduced loss when operating over wide input voltage

and power ranges, and can provide large voltage conversion ratios.

1.3 Contributions of the Thesis

This thesis introduces a new resonant converter architecture that operates at fixed frequency and
maintains ZVS and near-ZCS across wide operating ranges in terms of input/output voltages and output
power, minimizing device stresses and switching losses, and enabling both high efficiency and power
density. Unlike a conventional resonant converter, which utilizes a single inverter and a single rectifier, this
Impedance Control Network (ICN) resonant converter has multiple inverters and one or more rectifiers. It
also utilizes a lossless impedance control network, which provides a differential phase shift in the voltages
and currents, whereby the effective impedances seen at the inverter outputs look purely resistive at the

fundamental frequency, enabling switching of the inverters at zero current across wide operating ranges.



By modifying the network for slightly inductive loading of the inverters, one can realize simultaneous ZVS
and near-ZCS. Hence, the ICN converter is able to maintain high efficiency across wide variations in
operating conditions. Furthermore, owing to its soft-switching characteristics, the ICN converter can be
operated at high switching frequencies, enabling high power densities. The output voltage and power of the
ICN converter can be regulated using burst mode (on/off) control, where the converter is turned on and off
periodically at a frequency much lower than its switching frequency.

To optimize the design of the ICN converter, an accurate analysis approach for modeling the ICN
converter is required. Resonant converters are typically analyzed and designed using fundamental
frequency analysis, wherein network waveforms are approximated by their fundamental components and
switching frequency harmonics are neglected [41]. This modeling method simplifies the design of resonant
converters as it converts the nonlinear power converter into a linear circuit. However, this approach
becomes inaccurate when the converter tank waveforms are significantly non-sinusoidal, as is often the
case when the quality factor (Q) of the resonant network is low. There are two (related) general approaches
for exact analysis of resonant converters: state space analysis, and state plane analysis. State space analysis
identifies the operating modes of a resonant converter over one switching cycle, and solves the state vectors
recursively from one mode to the next. State space analysis is an accurate and general approach to the
analysis of resonant converters, but it requires complicated and time-consuming matrix computations. On
the other hand, state plane analysis converts the time-domain analysis of resonant converters to geometrical
analysis, where tank waveforms are described using segments of circles, lines or ellipses. Through such
graphical representations, state plane analysis simplifies the exact analysis of complicated resonant tank
behavior. However, its application is practically limited to simple resonant converters (e.g., with up to two
to three tank elements). To analyze high-order resonant converters with multiple tank elements, this method
needs to employ complicated higher-dimensional or multiple two-dimensional state planes and becomes
difficult to use. This thesis introduces a new analysis approach to modeling resonant converters that can be
used to determine closed-form expressions for the exact resonant network waveforms. This approach, based

on superposition of step responses to inverter and rectifier imposed steps, does not require analysis of the



different operating modes of a resonant converter, and can easily be applied to resonant converters with
high-order resonant networks and multiple inverters and/or rectifiers, such as the ICN converter. In view of
its salient features, this approach is termed step-superposition (S2) analysis. This new modeling approach
enables resonant converters with low-Q resonant networks to be accurately analyzed and optimized, and is
a major contribution of this thesis.

This thesis presents multiple ICN converter prototypes, three of which cater to a high step-up
photovoltaic application that requires input voltages varying between 25 V — 40 V to be converted to output
voltages in the range of 250 V — 400 V, while delivering up to 200 W of power. These three ICN converter
prototypes differ in terms of the Q-factor of their resonant tanks. The low-Q ICN converter, analyzed and
optimized using the S2 analysis approach, is found to perform the best, achieving a peak efficiency of
97.1%, maintaining greater than 96.4% full-power efficiency at 250-V output voltage across the nearly 2:1
input voltage range, and full power efficiency above 95% across its full input and output voltage range. It
also maintains efficiency above 94.6% over a 10:1 output power range across its full input and output
voltage range.

An issue with burst-mode control is that the converter suffers from non-ZVS transitions during the
repeated turn-on transients. To tackle this issue, this thesis presents an optimized startup control to improve
the efficiency of ICN converters operating under burst-mode control. The optimized startup control
minimizes the startup transients of the burst-mode operated ICN converters and helps the converters
maintain ZVS and near-ZCS operation even during startup. This startup optimization is made possible by
applying the above-mentioned S2 analysis to modeling the ICN converter. It reduces the number of non-
ZVS startup transitions by 75%, and reduces losses by up to 20%.

Another issue with burst-mode control is that it introduces a low-frequency ripple in the output voltage
of the ICN converter, requiring the converter to have large input and output capacitances. This thesis
addresses this issue by introducing an ICN converter that utilizes enhanced phase-shift control to achieve
both soft-switching and output voltage regulation. Unlike burst-mode control, where the rectifier legs are

switched always at 180° relative to one another, enhanced phase-shift control utilizes the relative phase



between the rectifier legs to regulate output voltage. Since power flows continuously to the output under
this control approach, the output voltage does not have a low-frequency ripple, reducing the input and
output capacitance requirements of the ICN converter. The avoidance of burst-mode control also simplifies
the design of the converter’s input EMI filter, reduces switch stresses due to startup overshoots, and
improves converter efficiency by eliminating startup and shutdown losses as well as by reducing conduction
losses when backing off in power. To demonstrate the efficacy of this new control approach, as well as the
performance of the ICN converter in a high step-down telecom application, this thesis presents an enhanced
phase-shift controlled ICN converter prototype that operates over an input voltage range of 18 Vto 75 V,
an output voltage of 12 V, and a 10:1 output power range. This prototype ICN converter achieves a peak
efficiency of 95.7% and maintains full-power efficiency above 91.7% across its 4:1 input voltage range.
Compared to when operated under burst-mode control, the ICN converter with enhanced phase-shift control
reduces converter losses by up to 30% and reduces input and output capacitances by two orders of
magnitude.

Finally, this thesis introduces a closed-loop control approach for the ICN converter. A control
architecture incorporating a combination of input feed-forward and output feedback control is utilized to
regulate the converter output voltage. To facilitate compensator design of the feedback loop, a small-signal
dynamic model for the ICN converter is developed. The parameters of the converter transfer function
obtained from this model vary widely across the converter’s wide operating range, complicating the
compensator design. To address this issue, an additional state feedback controller is included to make the
parameters of the transfer function insensitive to the operating conditions. This closed-loop control
approach successfully regulates the output voltage of the above-mentioned step-down ICN converter
prototype over its 4:1 range of input voltage and 10:1 range of output power.

1.4 Thesis Organization

The remainder of this thesis is organized as follows: Chapter 2 describes the architecture, topology and

control of the proposed ICN dc-dc converter. Chapter 3 describes the S2 analysis approach. Chapter 4

describes a methodology for the design of an ICN converter. This chapter also describes the design and



implementation of the three prototype step-up ICN converters, and the experimental results from the three
step-up ICN prototypes. A step-up ICN resonant converter with optimized startup control is presented in
Chapter 5. Chapter 5 also compares the experimental results for the ICN converter with and without the
optimized startup control. The enhanced phase-shift control for ICN converters is presented in Chapter 6.
Chapter 6 also presents the design and experimental results of a step-down ICN converter utilizing enhanced
phase-shift control. A closed-loop control architecture for the ICN converter is introduced in Chapter 7,
along with experimental results. Finally, the conclusions of the thesis are presented in Chapter 8. The thesis
also contains five Appendices. Appendix A derives the expression for the effective admittances and output
power of the ICN converter. Appendix B derives the expressions for the summation of time-shifted
decaying sinusoidal functions that is used in the S2 analysis. Appendix C derives expressions for inverter
output currents of the ICN converter using S2 analysis. Appendix D provides the loss model that is used to
estimate the efficiency and loss breakdown of the ICN converter. Appendix E investigates the sensitivity
of the ICN converter’s key performance metrics to variations in component values, switching frequency,

and the phase shift between the inverters.



Chapter 2

Impedance Control Network (ICN) Resonant Converter

2.1 ICN Converter Architecture

Resonant dc-dc converters comprise an inverter stage, a transformation stage, and a rectifier stage, as
shown in Fig. 2.1. Figure 2.2 shows the architecture of the proposed impedance control network (ICN)
resonant dc-dc converter. It incorporates multiple inverters and one or more rectifiers operated together
under phase-shift control, along with a transformation stage incorporating an impedance control network
(ICN). The ICN draws upon the concepts of lossless power combiners and resistance compression networks
[10]-[18]. The ICN provides a differential phase shift in the voltages and currents whereby the effective

impedances seen at its inputs look purely resistive at the fundamental frequency, enabling switching of the
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Figure 2.1: Block diagram for a conventional dc-dc resonant converter.
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Figure 2.2: Architecture of the proposed impedance control network (ICN) resonant converter. Note that
while an input parallel connection of inverter inputs is shown, a series connection may also be employed,
and can be advantageous for voltage step-down designs.



inverters at zero current across wide operating ranges'. By modifying the networks for slightly inductive

loading of the inverters, one can realize simultaneous zero-voltage and near-zero-current switching.

2.2 ICN Converter Topology and Control

There are many possible implementations of the ICN converter. A specific implementation suitable for
widely varying input voltages is shown in Fig. 2.3. The converter is operated at a fixed switching frequency
and each inverter is operated at a fixed duty ratio (~50%). When the switching frequency of the converter
matches the resonant frequency of the resonant tank, and the two branches of the impedance control network
are designed to have equal but opposite reactances (+j.X and -jX) at the switching frequency, the effective
admittances seen by the two inverters (Y and Y> of Fig. 2.3) under fundamental frequency approximation

and assuming a lossless converter are given by:

1

Yoy = Vour sinA+ ,(VOUT cosA_ij
2
NV X NV X X . @.1)

Here Vv is the input voltage, Vour is the output voltage, N is the transformer turns ratio, and 2A is the phase
shift between the two inverters. The derivation of (2.1) is provided in Appendix A. With the two branches
of the impedance control network designed to have differential reactances, the effective susceptance seen
by the two inverters can be made zero or arbitrarily small when the two inverters are operated with a specific
phase shift between them, as illustrated in Fig. 2.4. The phase shift at which the susceptance seen by the

inverters becomes zero is a function of the input-output voltage ratio and given by:

2A=2cos™ (—JI\/W‘N j
our /. 2.2)

Hence, by varying this phase shift as the input or output voltage varies, the admittance seen by the inverters
can be kept purely conductive across the full input and output voltage operating range of the dc-dc

converter. By operating the converter at a switching frequency slightly higher than the resonant frequency

! Here “effective impedance” means the voltage-to-current (V/I) ratio observed at a port with all sources and loads active.
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of the L, - C; tank, both the inverters can be slightly inductively loaded to achieve ZVS. This allows the
inverter switches to have simultaneous zero-voltage switching and near zero-current switching capability,
thus minimizing switching losses and reactive currents, boosting converter efficiency over wide input and

output voltage ranges.

T Vour

(b)

Figure 2.3: One implementation of an impedance control network (ICN) resonant converter,
appropriate for voltage step-up: (a) converter topology and (b) switch gating signals.
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Figure 2.4: Effective conductance (real part of Y; or Y> as given by (1)) and susceptance (absolute
value of imaginary part of Y; or ¥>) seen by the two inverters as a function of their relative phase shift
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for three input voltage values: 25 V, 32.5 V and 40 V. In all cases, output voltage is 250 V, X'is 2.026

Q and Nis 5.3.
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Figure 2.5: Effective conductance seen by the two inverters (real part of Y; or Y, as given by (1)) as a
function of input voltage when the ICN converter with X equal to 2.026 Q and N equal to 5.3 is
operated with zero effective susceptance, at output voltage of 250 V.
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Figure 2.6: Variation in output power as a function of input voltage for the ICN converter operated
with the phase-shift between the two inverters controlled to provide zero effective susceptance seen by
the inverters. The values of X and /N in this ICN converter are 2.026 () and 5.3, respectively.
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At a given switching frequency, the output power of an inverter is proportional to the square of the input
voltage and the conductance seen by the inverter. In conventional designs, this can often lead to large
variations in power delivery with input voltage that must be addressed (e.g., through oversizing of the
inverter components and use of frequency control to modulate power). However, since the effective
conductance seen by the inverters in the ICN converter (operated at near zero effective susceptance)
decreases with input voltage (see Fig. 2.4 and Fig. 2.5), the variation in output power with input voltage
can be made quite limited across a wide input voltage range, as shown in Fig. 2.6, and expressed
mathematically as:

_ 4VIN VOZUT - NZVHZ\I
o m’NX . (2.3)

This expression is derived assuming a lossless converter and utilizing (2.1) and (2.2), i.e., under
fundamental frequency approximation. Appendix A provides the derivation of (2.3). The limited variation
in output power with input voltage enables improved sizing of inverter components and use of fixed-
frequency operation, with consequent benefits for efficiency. Output power of the converter can be further
controlled (for values below that indicated in Fig. 2.6) using burst mode (on/off) control, in which the
operation of the converter is modulated on and off at a frequency much lower than its switching frequency
[19]-[21]. On/off control is desirable because converter losses back off proportionally to power delivered,
thus enabling efficient operation to be maintained over a wide power range. Thus, with the proposed
architecture we are able to achieve wide voltage and power range operation at fixed switching frequency

and high efficiency.

2.3 Comparison of ICN with RCN Converter

It is instructive to consider the similarities and differences between the ICN converter and a resistance
compression network (RCN) converter [15]. They both use burst mode control to regulate output voltage
and power, and both can maintain ZVS and near ZCS across a wide range of input voltage, output voltage

and power levels. However, while RCN converter utilizes a power splitting network in the rectification
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stage, the ICN converter uses a power combining network in the inversion stage. The power splitting
network of the RCN converter compresses the change in impedance seen by its inverter even though the
effective rectifier resistance changes due to variations in input voltage and output power. In a sense, while
the RCN converter offers passive compression of its impedance seen by its inverters, the ICN converter
offers active control of the impedances of its inverters. A major practical difference between the ICN and
RCN-based approaches is in terms of the variations in their maximum output power characteristics with

respect to input and output voltages.
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Figure 2.7: Maximum output power delivered by the ICN converter and the RCN converter against (a) an
input voltage range from 25 V to 40 V, and (b) an output voltage range from 250 V to 400 V. The
switching frequency used in both cases is 500 kHz.

N
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The maximum output power of the RCN converter is highly invariant to output voltage, while the maximum
output power of the ICN converter is highly invariant to input voltage, as can be seen in Fig. 2.7. Figure
2.7 (a) compares the maximum output power delivered by the ICN converter and a RCN converter designed
to meet the same specifications as a function of input voltage. The variation in the maximum output power

of the ICN converter is quite limited across the entire input voltage range, while that of the RCN converter
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increases linearly with input voltage. At the maximum input voltage, the maximum output power of the
RCN converter is over twice that of the ICN converter. Figure 2.7 (b) compares the maximum output power
delivered by the two converters as a function of output voltage. Now the maximum output power delivered
by the RCN converter is nearly constant, while the maximum output power of the ICN converter increases
monotonically with output voltage. At the maximum output voltage, the ICN converter delivers maximum
output power that is 1.75 times larger than that of the RCN converter. Thus, the ICN converter is more
suitable for applications having large variations in input voltages, while the RCN converter is more suitable

for applications where the output voltage has large variations.



Chapter 3

Step-Superposition (S2) Analysis

3.1 Conventional Analysis Techniques for Resonant Converters

Resonant converters are typically analyzed and designed using fundamental frequency analysis [4],
wherein network waveforms are approximated by their fundamental components and switching frequency
harmonics are neglected. This modeling method simplifies the design of resonant converters as it converts
the nonlinear power converter into an approximately equivalent linear circuit. However, this approach
becomes inaccurate when the converter tank waveforms are significantly non-sinusoidal, as is often the
case when the quality factor (Q) of the resonant network is low. There are two related general approaches
for exact analysis of resonant converters: state space analysis, and state plane analysis. State space analysis
identifies the operating modes of a resonant converter over one switching cycle, and solves the state vectors
recursively from one mode to the next [26]-[28]. State space analysis is an accurate and general approach
to the analysis of resonant converters, but it requires complicated and time-consuming matrix computations.
On the other hand, state plane analysis converts the time-domain analysis of resonant converters to
geometrical analysis, where tank waveforms are described using segments of circles, lines or ellipses [29]-
[30]. Through such graphical representations, state plane analysis simplifies the exact analysis of
complicated resonant tank behavior. However, its application is practically limited to simple resonant
converters (e.g., with up to two to three tank elements). To analyze high-order resonant converters with
multiple tank elements, this method needs to employ complicated higher-dimensional or multiple two-
dimensional state planes and becomes difficult to use. Furthermore, both of the above-mentioned exact
modeling approaches require finding all the operating modes of the resonant converter, which is not
straightforward particularly for high-order resonant converter topologies with multiple inverters and/or
rectifiers. Therefore, there is a need for an exact, yet general and easily-applicable method for modeling

topologically advanced high-order resonant converters.
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3.2 Step-Superposition (S2) Analysis

This chapter introduces a new analysis approach to modeling resonant converters that can be used to
determine closed-form expressions for the exact resonant network waveforms. This approach, based on
superposition of step responses to inverter and rectifier imposed steps, can easily be applied to resonant
converters with high-order resonant networks, multiple inverters and/or rectifiers. The usefulness of the
proposed analysis approach is demonstrated by applying it to a series resonant converter and the proposed
impedance control network (ICN) resonant converter [31]-[40]. The modeling results are validated using a
200 W, 500 kHz ICN resonant converter [31]. It is shown that there is an excellent agreement between the
experimental and modeled waveforms during steady-state operation and during startup transients.

To understand the proposed step-superposition analysis approach, consider the general architecture of a
voltage-fed, voltage-loaded dc-dc resonant converter shown in Fig. 3.1(a). This architecture comprises an
inversion stage with one or more inverters, a transformation stage with a resonant network, and a

rectification stage with one or more rectifiers. In the proposed analysis approach, the inverter output
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Figure 3.1: A voltage-fed voltage-loaded dc-dc resonant converter: (a) general architecture; and (b)
proposed analysis method using a step-superposition model. In the proposed approach the inverter
output voltages and rectifier input voltages are modeled as rectangular-wave sources, which are
further modeled as series of time-shifted positive and negative steps.
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Figure 3.2: A full-bridge series resonant converter. Vy is the input voltage and Vg is the output
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Figure 3.3: The equivalent model of the full-bridge series resonant converter of Fig. 2, together with
waveforms of the equivalent voltage sources.

voltages and rectifier input voltages are modeled as rectangular-wave sources as shown in Fig. 3.1(b). The
response of the resonant network is obtained for each source, with the other sources set to zero. To compute
this single-source response, the rectangular-wave source is further decomposed into a sum of time-shifted
positive and negative steps. The tank response to each step is obtained and summed to get the full single-
source response. Finally, all the single-source responses are superposed to obtain the complete response of
the resonant network in the presence of all inverter and rectifier sources. Note that the summation of steps
and superposition of responses are performed under the implicit assumption that the resonant network is
linear time-invariant (LTI). In view of salient features of this approach as described above, it is termed step-
superposition (S2) analysis.

3.3 Application of S2 Analysis to Series Resonant Converter (SRC)
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To better understand the S2 analysis approach, the simple example of a full-bridge series resonant
converter (SRC) is considered. The converter topology is shown in Fig. 3.2. The SRC can operate in
different modes: the above-resonance mode and several below-resonance modes. In this section, S2 analysis
is applied to two example modes of SRC to demonstrate its usefulness.

3.3.1 SRC Operating in Above-Resonance Mode

In this subsection, the converter is assumed to operate above resonance (that is, in the A~=0 Continuous
Conduction Mode (CCM), [41]), where the inverter output current lags the inverter output voltage, and the
inverter transistors are switched at 50% duty ratio. Figure 3.3(a) shows the equivalent model for the
converter of Fig. 3.2 with all voltages imposed on the resonant network (i.e., the inverter output voltage v;
and the rectifier input voltage v, of Fig. 3.2) modeled by square-wave sources (50% duty ratio). These
voltages (v, and v,) are plotted in Fig. 3.3(b), where T, is defined as the phase lag of the rectifier input
voltage with respect to the inverter output voltage. These sources can be decomposed into a sum of time-
shifted positive and negative steps, as given by:

Vino — (Vin + Vino)u(®) + XX 25 2ViNu(ty + mTy) —
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, — < <

51_:10 ZVINu (tll( - % + mTS) 2 K s

VOUTO _ (VOUT + VOUTO)u(t — TI‘O) + 2111{1_:11 ZVOUTu(tI,( — TI‘O + st) - 0< t’ <T
i —= *K ro

K24 2Wouru (th — Tro — =+ mTy)
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(3.2)
Here, Vi is the initial value of the input voltage, Voo is the initial value of the output voltage, ¢t is taken

to be zero when the converter is turned on, Ty is the switching period of the converter, K (=1, 2, ...) is the
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number of the switching cycle of interest (the K™ switching cycle), and ¢t is the time elapsed within the
switching cycle of interest. The relationship between t, ty and K is given by:
ty =t — (K- DT;. (3.3)
The response of the tank current, y, (t), to a unit step assuming very low damping (R = 0) is given by:

y, (1) = deL e~ * sin wqt, (3.4)

, 2
where a = :;L and wq = i - (:;L) . Each step in (3.1) and (3.2) excites a similar current response and

the components i, and i, of the tank current i, generated by the two voltage sources v; and v,, respectively,

can be obtained by adding the individual responses:
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(3.6)
The summations in (3.5) and (3.6) can be simplified under low damping condition using Euler’s identity,
trigonometric identities and geometric series analysis to yield a closed-form expression for the steady-state

tank current i(t) = i;(t) + i,(t), where:
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The initial step responses at the beginning of the converter’s operation die out in steady state, so (3.7) and
(3.8) are independent of initial voltages. Detailed derivations of the closed-form expression for the
summations in (3.7) and (3.8) are provided in Appendix B.

The phase lag of the rectifier (Ty) can be obtained using the fact that at tg = Ty, rectifier switches

commutate and the tank current at this time instant is zero. Hence, T} is given by:

(v . (@qTs\\ . wqT
arCSln( ‘9UT Sln( d S))+ d-s

To = IN = = (3.9)

wd

The above application of the S2 analysis pertains to the steady-state operation of the series resonant
converter. However, the S2 analysis is a general method that can be used to compute the startup transients
of the converter as well, as will be shown in Section 3.4.

A comparison of the modeled and LTSpice-simulated steady-state tank current waveforms for the SRC

operating in above-resonance mode is shown in Fig. 3.4, where the converter is operated with 100 V input
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Figure 3.4: Comparison of modeled and simulated tank current waveforms of the series resonant
converter operating in steady state with 100 V input voltage, 50 V output voltage and 505 kHz
switching frequency. The values of the tank components are L = 100 uH and € = 1.0132 nF.
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Figure 3.5: Waveforms of the inverter output voltage (v,) and rectifier input voltage (v5).

voltage, 50 V output voltage and 505 kHz switching frequency. The values of the tank components are L =
100 pH and € = 1.0132 nF. The simulated tank current matches the modeled tank current to a high degree
of accuracy.

3.3.2 SRC Operating in Below-Resonance Mode

In this subsection, S2 analysis is applied to the SRC operating in below-resonance mode. Without loss
of generality, we consider the most commonly used below-resonance mode - &=1 CCM mode, where f; is
lower than f,, but higher than f,/2 [41].

For k=1 CCM mode, the inverter output voltage (v ) is plotted along with the rectifier input voltage (v,)
in Fig. 3.5, where T;; (larger than T,/2) is the phase lag of the rectifier input voltage with respect to the
inverter output voltage. The voltage v is the same as the previous case and given by (3.1). The voltage v,
is given by:

(Vouro — Vour + Vouro)u(t — Try) + Xz 2Vourulty — Ty + mTs) — ) T,
) 0 S tK < Trl -

_ , T,
K24 2Wouru (tk — Ty + 2 + mTy) 2
Vouto — Vout + Vouto)u(t — Tr1) + Xhi 2Voyuru(ty — Ty + mTs) —

T,
Vo(t) = < T T
2( ) 271;_:10 ZVOUTu (t[’( - Trl + % + mTS) ri 2 K ri
Vouro = Wout + Vouro)u(t — Try) + Xzt 2Vouru(ty — Try +mTy) — T, <t,<T
- I Ts <
\ 251;0 2VoyTu (tK —Ty + Py + mTS) , rl K s

(3.10)

Similarly, the component i; of tank current i is given by (3.5) and (3.7). The component i, of tank current

i is given by:
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Vout + Vourto)Yu(t — Tr1) — TR 2Vourvu(tk — Ty + mTs) + , .
K-1 ! Ts ) OStK<Tr1——S
m=12VoutVu (tK —Ty+ > + mTS) 2
Vour + Vouro)Yu(t — Tr1) — Xzt 2Vouryu(tk — Tra + mTs) +
—_ TS
Y=o 2VouTYu (tf( T+ + mTS)
(Vout + Vouro)Yu(t — Tr1) — Xzt 2VoutVu (tk — Trr + mTy) +

. T
i,(t) =4 , Trl—;SStI’(<Tr1.

!
K- T ) Tr]_ S tK < TS
K 2Vourya (th — Toy + = + mTy)
(3.11)
Using the results in the Appendix B, the simplified expression of i, in steady state is:
( _ Vour sin(wdt{(+%wde—wdTr1) 0<tl <To— Ts
wqlL ZCOS(wdTTS) ’ K o2
() = | _ Vour Sin(—wdtll(—%wde“'wdTrl) T oo 312
13 - wql ZCOS(wC}LTS) ) ri 2 — 'K ri- ( . )
. 1
Vour sm(wdtl'(—zwde—wdTrl) ,
- , Ty <tg <T,
L wql ZCOS(wC}LTS) ri K S

Again, the complete tank current is simply given by i(t) = i;(t) + i,(t). Evaluating the full tank current

at the rectifier commutation time instant (T}, ) yields the expression for Ty :

in(YOUT ;. (©dTsY), 3¢dTs
Trl _ arcsln( VIN sm( % )) 4 : (313)

wq

This concludes deriving the expressions for the tank current of SRC when operating in &=1 CCM.
3.3.3 S2 Analysis Predicted Output Power

The tank current can be used to derive the output power of the converter. Assuming lossless power
conversion, the output power can be derived by averaging the instantaneous input power over one complete

switching period. Hence, the output power of the SRC is given by:

Ts
POUT = ZfSVIN fOZ l(t) - dt. (314)
Substituting the expression of i(t) into (3.14), gives the following closed-form expression for the output
power of the SRC operating in the /=0 CCM mode:

wde_ T
_ AVinVout/s COS( 4 d ”’)

Poyto = ot T 1, (3.15)
4

2
wgl co
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where T} is the phase lag of the rectifier input voltage and is given by (3.9). For the SRC operating in the

k=1 CCM mode, the closed-form expression for the output power is given by:

4VinVout/s COS(‘”dTrl_MSTS)
Poyt1 = - @dTs . (3.16)
4

WL co
Here, T, is the phase lag of the rectifier input voltage and is given by (3.13).

To demonstrate the effectiveness of the above modeling results, the SRC of Fig. 3.2 is simulated for two
switching frequencies — 490 kHz and 505 kHz. Similar to the previous section, the converter is operated
with 100 V input voltage and 50 V output voltage. The values of the tank components are L = 100 pH and
C = 1.0132 nF, which correspond to a resonant frequency of 500 kHz. For the 490 kHz case, the output
power calculated by (3.16) is 278.3 W. When operating at 505 kHz, the output power calculated by (3.15)
is 559.7 W. For comparison, the LTSpice-simulated output power of the SRC is 277.5 W and 553.4 W for
490 kHz and 505 kHz, respectively. It is clear that there is excellent agreement between the modeled and
simulated output power.

3.4 Application of S2 Analysis to ICN Resonant Converter

As stated earlier, the S2 analysis can be readily applied to high-order resonant converters with advanced
topologies. In this section, S2 analysis is applied to the impedance control network (ICN) resonant
converter, which is a multi-inverter multi-element resonant converter. The ICN converter is capable of
maintaining zero voltage switching (ZVS) and near zero current switching (ZCS) across wide operating
ranges. The ICN converter introduced in [31] is shown in Fig. 3.6. This converter is operated at a fixed
frequency and each inverter is operated at a fixed duty ratio (~50%). A combination of phase-shift control
(for inverters) and burst mode control (in which the converter is modulated on and off at a frequency much
lower than its switching frequency) is used to regulate the output voltage and power of the ICN converter.

The equivalent model for the ICN converter of Fig. 3.6 is shown in Fig. 3.7, where the three voltage
sources imposed on the resonant network are modeled by square-wave voltage sources. Similar to (3.1) and
(3.2), these square-wave sources can be modeled by series of positive and negative steps. The single-source

step responses of the tank currents have the following form:
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Figure 3.6: One example impedance control network (ICN) resonant converter [31], appropriate for
voltage step-up: (a) converter topology and (b) switch gating signals.
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Figure 3.7: Equivalent circuit model for the ICN converter of Fig. 3.6. The resistors model converter
losses. Waveforms of voltage sources are shown in (b).
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fyxy(t) = Ixyre” "1t sinwyt + Iyye ™%t sin w,t, (3.17)

where iy, (t) is the step response of iy to vy (xis 1 or 2, and y is 1, 2 or 3), Ly1, Ixy2, @1, @2, @1 and w;
are parameters that depend on input voltage, output voltage, reactive component values, transformer turns
ratio and converter losses. The full expressions for these parameters are provided at the end of Appendix
C. The two tank currents, i; and i, (as shown in Fig. 3.7(a)), can be obtained by the superposition of the
three single-source responses, as follows:

(1) = i1 (8) + i12(t) + i33(0),

ip(t) = i1 () + i22(6) + iz3(0). (3.18)
Here, iy (¢) is the component of iy generated by vy (xis 1 or 2, and y is 1, 2 or 3). Full expressions for the
tank currents are provided in Appendix B. As an example, when the ICN converter is operating in steady

state, i1, (t) is given by:

( I1qsin(w,tl—L1Ts I11osin( w, tl—22Ts
z(w(“’—) ) z(w(“’—) Hosg<t
. _ 4 4
lll(t) ) sin(3w1T5—w t') I sin(ngTs—w t') ’ (3.19)
111 " 1tk 112 " 2tk E<t'<T
2cos(—w1TS) 2cos(—w2T5) 12 =K s
4 )

Here, t is taken to be zero when the converter is turned on, T is the switching period of the converter, K
(=1, 2, ...) is the number of the switching cycle of interest (the K™ switching cycle), and tj is the time
elapsed within the switching cycle of interest.

The ideal phase lag (T;) of the rectifier is found at the instant ty = T, when the rectifier current (i; + i,)
is zero and the rectifier switches commutate. It may be noted that the charging and discharging of the
parasitic capacitances of the actual rectifier diodes during the switching transitions introduces extra delay
into T,.. This delay, AT, can be approximated by the time required to discharge the parasitic capacitances

of the rectifier diodes to half of the output voltage and can be obtained as:

fTr+ATr

Ty dt = 2CaieaeVour X 3, (320)

where N is the transformer turns ratio and Cgjoqe 1S the parasitic capacitance of the rectifier diode. This

equation neglects the slight change in the rectifier input current during the delay (AT;) and calculates the
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charge needed to bring the rectifier input voltage to one half of the output voltage. The actual phase lag of
the rectifier is given by T, + AT;..

When the converter is operating in burst mode, i,4(t) will have an additional transient component, as
given by:

—(N— ) 30T —(N- . 3w,T,
L6~ W 1)“1T551n(—w1tl'(+%—Nw1TS) L6~ W 1)“2Tssm(—w2t|'<+%—Nw2Ts)

. Vio .
l t)=——=1 t) — -
11¢(6) Vin u11(t) 2cos(“’1T5) Zcos(wz_TS)

(3.21)
Here, the first term is the startup transient component generated by the initial value (V; o) of v;, and the
remaining two terms describe the startup transient components generated by the continuously-imposed
steps from v;. The full expression for iy, (t) including these burst-mode startup transitions is given by the
summation of (3.19) and (3.21). Appendix C provides the complete derivations of the expressions for i;
and i,. The rectifier’s switching time during the beginning of the startup transitions also affect the transient
tank currents, and a method to include their effect is also discussed in Appendix C.
As described in Chapter 4, a prototype 200 W, 500 kHz ICN converter designed to operate over an input
voltage range of 25 V to 40 V and output voltage range of 250 V to 400 V is built and tested. The values of

the components used in the prototype are: N = 5.33, Lyx; = 1.38 uH, Cx; = 141 nF, Ly, = 0.84 pH,

Cx, = 68nF, L. = 18.8 pH and C, = 4.66 nF. The experimental waveforms of this prototype converter
are used to verify the results predicted by the S2 analysis. Figure 3.8 shows the experimental and modeled
waveforms of the tank current for the ICN converter operating in steady state at 40 V input and 250 V
output. As can be seen in Fig. 3.8, there is an excellent match between the modeled and experimental
waveforms. The experimental and modeled burst-mode startup waveforms of the tank current of the ICN
converter operating at 40 V input voltage and 400 V output voltage are shown in Fig. 3.9. Again, it is

apparent that excellent agreement exists between the modeled and experimental waveforms.
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Figure 3.8: Comparison of modeled and experimental steady-state tank current waveforms of the ICN
converter operating at 40 V input and 250 V output.
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Figure 3.9: Comparison of modeled and experimental burst-mode startup waveforms of the top inverter
of the ICN converter operating at 40 V input and 400 V output.
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3.5 Applicability of S2 Analysis

In S2 analysis, the inverter outputs and rectifier inputs are modeled as rectangular-wave voltage sources.
It is worth mentioning that the switching node voltages of class-D inverters and rectifiers can be modeled
as rectangular-wave sources, while the switching node voltages of class-E inverters or rectifiers cannot be
modeled as rectangular-wave sources. Figure 3.10 shows an example class-E inverter, where the input
inductor is large and can be treated as a constant current source. The voltage at the switching node is zero
during the on mode, while in the off mode it is not specified and is determined by the rest of the circuit.
Figure 3.11 shows the equivalent circuits of the class-E inverter during the on and off modes, with the
voltage source short-circuited and the current source open-circuited. As shown in Fig. 3.11, the two
equivalent circuits of the resonant network during the two modes are different. This implies that the resonant
network changes during the converter’s operation, and hence S2 is not directly applicable. Hence one
assumption of using S2 analysis is that the resonant converter can only contain class-D inverters and

rectifiers. These class-D inverters can be either voltage source or current source driven and the class-D

—

Figure 3.10: An example class-E inverter.

—+|F’Wj§|
—

+

(b)

Figure 3.11: Equivalent circuit of the class-E inverter of Fig. 3.10 with: (a) the transistor turned on; (b)
the transistor turned off.
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rectifiers can be either voltage or current loaded.

A second assumption is that the effect of dead time on the resonant network waveforms can be neglected.
During the dead time, the output capacitances of the transistors and diodes become parts of the resonant
network. The exact currents and voltages of the resonant network during the dead time can be obtained
using either state plane analysis or state space analysis. However, it is complicated to find closed-form
expressions for the exact resonant network waveforms during the dead time and numerical solutions are
usually used instead. S2 analysis is applicable to resonant converters in which the dead times are short, and
hence do not substantially impact the converter waveforms. Under these limitations, the S2 analysis can
provide closed-form expressions for the resonant network waveforms and can be easily used to analyze

resonant converters containing high-order resonant networks, multiple inverters and/or rectifiers.



Chapter 4

Step-Up ICN Converters

4.1 Design Methodology

In this chapter, we consider the design of the ICN resonant converter shown in Fig. 2.3 has been designed
and built with specifications suitable for an interface between a solar photovoltaic (PV) module and a dc
distribution system: an input voltage range of 25 V to 40 V, an output voltage range of 250 V to 400 V, and
a maximum output power of 200 W. The converter’s switching frequency is selected as 500 kHz.

The maximum output power of the ICN converter increases with output voltage (see Fig. 2.6); therefore,
if maximum output power can be delivered at minimum output voltage then maximum output power can
be delivered at all output voltages. Also given the variation in output power with input voltage (see Fig.
2.6), the need for burst mode control can be minimized if the converter is designed to deliver the same
output power at its minimum and maximum input voltages. This requirement can be met at the minimum
output voltage if the transformer turns ratio NV and the reactance X of the impedance control network are

selected using:

N: OUT,min (41)

2 2172
X = 4VIN,min \/ VOUT,min -N VIN,min
- 2
a2 N P OUT,max

, 4.2)

where Vinmin is the minimum input voltage, Vinmax is the maximum input voltage, Vout,min is the minimum
output voltage and Poutmax is the maximum output power. For the given design specifications, N is 5.3 and
Xis2.03 Q.

Once the required differential reactance X is known, the next step is to come up with the design equations
for the individual reactive component values. As can be seen from Fig. 2.3, there are three series resonant
tanks in the impedance control network. These tanks serve two purposes: i) provide the necessary

differential reactances; and ii) filter higher-order harmonics. More specifically, the Lx;-Cx tank provides
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Cx1 Ly,

Resonant Tanks Tuned
to Switching Frequency

H-mnsn—2—
w Nzcr/:r/Nz

—l=n

Cxr1 Lxr1  Lxo

TR X
— 1 000
J 2 Cxo Cxr2 Lxr2

Figure 4.1: Primary side reactive elements broken up into their conceptual constituents: differential
reactances Ly, and Cxg, and series resonant tank elements (Lx,;, Cx;1, Lxr and Cxp,). In the top branch,
Ly and Ly, collectively form Ly and Cx,; is simply Cx; of Fig. 2.3. In the bottom branch, Cx, and
Cxpy collectively form Cy, and Ly, is simply Ly, of Fig. 2.3. The V; and V, are the fundamental
components of the output voltages of the inverters, and the [; and I, are the fundamental components of
the output currents of the inverters.
the +j.X reactance and some filtering of the harmonics, the Lx»-Cx» tank provides the —jX reactance and also
some filtering, and the L.-C; tank only provides filtering of higher-order harmonics. Hence, part of the Lxi-
Cx: tank needs to be tuned to the switching frequency to filter out higher-order harmonics, and the
remaining part needs to provide the +jX reactance. Likewise, one part of the Lx,-Cx» tank needs to be tuned
to the switching frequency for filtering, and the remaining part needs to provide the - jX reactance. Hence,
to determine the values of these reactive components it is simplest to split Lx; into two series inductors Lxo
and Lx1; and split Cx. into two series capacitors Cxo and Cxg. With this division, Lxo of the top tank can
provide the +jX reactance, and Lx:1 together with Cx; form the filter. For the bottom tank, Cxo can provide
the -j.X reactance, and Lx»-Cxr2 form the filter. Figure 4.1 shows the model of the ICN converter under
fundamental frequency approximation. The division of the two tanks (Lxi-Cxi and Lx>-Cx») is also shown
in Fig. 4.1. Also Cx; is relabelled as Cx; and Lx» is relabelled as Lx:. The voltage source V; models the
fundamental component of the output voltage of the top inverter, the voltage source V, models the

fundamental component of the output voltage of the bottom inverter, and the phase difference between V;

and V, has the specific value determined by (2.2) to make the susceptance seen by the inverters zero. The
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remaining parts of the ICN converter of Fig. 2.3 are the transformer, the L.-C: tank, the rectifier and the
load. Under fundamental frequency approximation a rectifier can be modeled as a resistor (see [4], [12] for
equivalent modeling of rectifiers). In Fig. 4.1 the resistor that models the rectifier and the L,-C; tank have
been reflected to the primary side of the transformer.

The values of the differential reactive elements (Lxo and Cxo) are determined using:

Lyy=—, (4-3)

Cxo = > (4-4)

where s is the angular switching frequency of the converter. The values of the resonant tank elements are

determined using:

Ly =24, Ly, =—22, L = NPt 4.5)
@, @, @,
1 1 1
CXrl = > CXrZ = b r = > (46)
ZOXla)s ZOXZws N2ZOra)s

where Zox1, Zox> and Zy, are the desired characteristic impedances of the tanks (= \/ Lx1/Cxr1 \/ Lxro/Cxps

and \/m /N?, respectively). Their values are determined from Zox; = Qox1Rx, Zox2 = QoxaRx and Zo; =
QocRx, where Qoxi, Qoxz, and Qo are the desired loaded quality factors of the resonant tanks, and Rx
(=2V6UT / m2N*Poyr) is the equivalent resistance of the rectifier referred to the primary side of the
transformer.

4.2 Selection of Resonant Tank Quality Factors (Q)

The selection of the quality factors of the resonant tanks is a major design consideration in the ICN
converter as they impact the level of filtering of the higher order harmonics and value of the resonant
inductance. If the resonant tanks are designed to have relatively high quality factors (high-Q) then the tank
currents will be almost perfectly sinusoidal but the values of the resonant inductances will be high (with
commensurately large inductor size and series resistance). On the other hand, low quality factor (low-Q)

designs will require small resonant inductance values leading to reduced losses in the inductor. However,
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Figure 4.2: Theoretically predicted average full-power efficiencies of ICN converters versus the Q value
of their resonant tanks. In all converters, the switching frequency is 505 kHz.

in the low-Q designs the tank currents will not be perfectly sinusoidal. The relatively non-sinusoidal tank
currents in the low-Q design could increase turn-off switching losses. To explore the tradeoffs between the
above-mentioned conduction and switching losses, a series of ICN converters have been designed with
different quality factors for the resonant tanks. The tank Q for the different designs is varied from 0.1 to 3
in step size of 0.01. For each design, the full-power efficiencies are calculated (using an accurate loss model
introduced in Appendix D) and averaged over four corner operating points: 25 V input voltage and 250 V
output voltage; 25 V input voltage and 400 V output voltage; 40 V input voltage and 250 V output voltage;
and 40 V input voltage and 400 V output voltage. The resultant average full-power efficiencies for these
ICN converters are plotted against their Q in Fig. 4.2. As can be seen from Fig. 4.2, the average efficiency
reaches a peak value of 97.32% when Q is around 0.3. The average efficiency decreases slowly above this
value of Q, and drops sharply below it. To verify these theoretical results, three ICN converters with
resonant tank Q values of 0.3 (low-Q), 1 (medium-Q) and 2 (high-Q) are built and tested.
4.3 Designed Prototypes

For the low-Q ICN converter, the quality factors of the resonant tanks are approximately 0.3 (Qox1 =
0.28, Qox2 = 0.29, and Qo = 0.41) when Rx has its minimum value of 2.25 Q (corresponding to the operating
point Vour= 250 V and Pour= 200 W). For the given specifications, the values of the reactive components

are: Lx; = Lxo + Lxr1 =0.645 pH + 0.2 pH = 0.845 pH, Cx1 = Cxr1 = 507 nF, Lxo = Lxr»=0.211 pH, and Cx:
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= Cxn2 | Cxo=480 nF || 157.1 nF = 118 nF, L= 8.34 uH and C;= 10 nF. For the medium-Q ICN converter,
the actual quality factors are: Qox1 = 0.96, Qox2 = 1.13, and Qo = 1. For the given specifications, the values
of the tank elements are Lx; = Lxo + Lxr1 = 0.645 pH + 0.685 pH = 1.33 pH, Cx1 = Cxy1 = 147 nF, Lx2= Lxn
=0.81 puH, and Cx2= Cxn2 | Cxo= 125 nF || 157.1 nF = 69.6 nF, L,= 19.1 uH and C.= 4.9 nF. For the high-
Q ICN converter, the actual quality factors are: Qoxi = 2, Qox2 = 2, and Qo = 2. For the given specifications,
the values of the tank elements are Lx; = Lxo + Lxi1 = 0.645 pH + 1.44 pH = 2.085 pH, Cx; = Cxn = 70.6
nF, Lxo= Lxn=1.44 pH, Cxo= Cxn2 Il Cxo=70.6 nF || 157.1 nF = 48.71 nF, L,=38.5 pH, and C;= 2.4 nF.
The above component values are determined under fundamental frequency approximation, which neglects
the effect of higher order harmonics. In practice, due to the presence of higher order harmonics, with these
component values the currents through the two branches of the ICN converter are not balanced. To balance
these currents the value of C: is slightly altered from its designed value (see Table I). Considering that the
actual component values in a practical design may vary from their desired values, the robustness of the ICN
converter's performance to these variations is investigated and discussed in Appendix E.

The actual components used in the fabrication of the three prototype ICN resonant converters are listed
in Table I. The core material chosen for the magnetic elements (inductors and transformer) for all three
converters is N49 from EPCOS since it has low losses around 500 kHz. Litz wire is used to wind the
inductors and the transformer. The primary side resonant capacitors are 250-V NP0 low-ESR capacitors,
while 1-kV mica low-ESR capacitors are used for the secondary side resonant capacitors. For the half-
bridge inverters, EPC 100-V/25-A enhancement-mode gallium nitride (GaN) transistors (EPC2001) are
used. These are driven by half-bridge drivers designed for enhancement-mode GaN transistors (LM5113).
For the rectifier stage 600-V/2-A silicon carbide (SiC) Schottky diodes (C3D02060E) are used. The
converter is controlled using a Microchip dsPIC33FJ64GS610, a 16-bit digital signal controller with high-
speed PWM outputs. Figure 4.3 shows the top and bottom views of the prototype low-Q ICN resonant

converter.
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Actual Components Used in the Prototype ICN Resonant Converters
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Component Low-Q Design I Medium-Q Design High-Q Design
01, 0s, 03, 04 EPC2001, 100-V/25-A eGaN FETs
D1, D; C3D02060E, 600-V/2-A Schottky Diodes
1.38 uH
0.89 uH 2.147 pH
:RM12 EP 4
. Core: RM10 EPCOS N49 \(;V(;fiiing' A turnsc(?fs6(1)\1009- Core: RM12 EPCOS N49
Winding: 4 turns of 4000- .stran ds Winding: 5 turns of 6000-
strands 48 AWG litz wire 48 AWG litz wire strands 48 AWG litz wire
C 507 nF 141 nF 68 nF
X! 250-V NP0 250-V NPO 250-V NPO
0.84 uH
0.25 uH . 1.508 uH
. Core: RMIOEPCOSNdg | Core RMIO BPCOB B core: rui10 EPCOS N4o
Winding: 2 turns of 4000- g's rands Winding: 4 turns of 4000-
strands 48 AWG litz wire 48 AWG litz wire strands 48 AWG litz wire
Cxr 115 nF 68 nF 47 nF
250-V NPO 250-V NP0 250-V NP0
18.8 uH
8.11 uH , 39 pH
s Core: RMI2EPCOSNdg | COre RMIB EPCOR Y 1 core: ru10 EPCOS N4o
' Winding: 10 turns of 450- g.s trands Winding: 27 turns of 450-
strands 46 AWG litz wire 46 AWG litz wire strands 46 AWG litz wire
C 8.72 nF 4.66 nF 2.47 nF
' 1000-V Mica 1000-V Mica 1000-V Mica
1:5.33, RM10 EPCOS N49 core, Primary winding: 3 turns of 2000-strands 48 AWG Litz wire,
Tx Secondary winding: 16 turns of 450-strands 46 AWG Litz wire, Leakage inductance referred to
the secondary side: 2.16 pH
CiN 2.2 mF x 2, 63-V electrolytic capacitors
Cour 47 pF x 1, 450-V electrolytic capacitors

Figure 4.3: Photograph of the (a) top and (b) bottom of the prototype low-Q ICN resonant converter.
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Since the ICN converters are operated in relatively low frequency burst mode to regulate output voltage
and power, substantial input and output capacitance is needed to limit output voltage ripple and input and
output capacitor ESR losses. Also if the RMS currents through the capacitors are larger than their rated
value, the lives of the capacitors will be reduced. Based on theoretical analysis and simulations, the
minimum output capacitance that meets a worst case +1% voltage regulation and also does not exceed the
capacitor RMS current limit is 47 uF, and the minimum input capacitance that does not exceed RMS current
limit is 4.4 mF. Hence, a 47 pF electrolytic capacitor and two 2.2 mF electrolytic capacitors are used as
output and input capacitors, respectively.

4.4 ZVS Operation

As described in Chapter 2, the switching frequency of the ICN converter needs to be slightly higher than
the resonant frequency of the resonant tank to ensure ZVS operation of the inverter transistors across the
converter’s full operating range. To determine the appropriate switching frequency, the designed ICN
converters have been simulated at different switching frequencies across the entire operating range, and the
simulated waveforms used to determine whether ZVS operation is achieved at all these operating points.
For instance, consider a high-to-low transition of the inverter output voltage, as shown in Fig. 4.4(a). During
this transition, the inverter output current needs to be positive enough to fully discharge the output
capacitance of the bottom transistor (Cys> in Fig. 4.4(a)), while simultaneously charging the output
capacitance of the top transistor (Cgs; in Fig. 4.4(a)). The maximum charge that the inverter output current
can move from the output capacitances can be obtained by integrating the inverter output current from the
transistor turnoff instant to the current zero-crossing. This is referred to as the maximum movable charge
in Fig. 4.4(b). To achieve ZVS operation, the maximum movable charge needs to be greater than or equal
to the charge that needs to be moved. Similar analysis applies to the low-to-high transitions of the inverter

output voltage.
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Figure 4.4: High-to-low transition of a half bridge inverter: (a) switch states during the transition, and (b)
inverter output voltage and output current waveforms and definition of maximum movable charge.
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Figure 4.5: Maximum movable charge and charge that needs to be moved for the top and bottom
inverters (as shown in Fig. 4) of the medium-Q ICN converter as a function of input voltage for two
extreme output voltage cases: (a) output voltage equal to 250 V and (b) output voltage equal to 400 V.
These plots are obtained from the simulated waveforms of the medium-Q ICN converter switching at 509
kHz.

The maximum movable charge and the charge that needs to be moved for the medium-Q ICN converter
are plotted as a function of input voltage in Fig. 4.5 for the two extreme values of output voltage: 250 V
and 400 V. As can be seen from Fig. 4.5, the maximum movable charge for both the top and bottom inverters
(as shown in Fig. 2.3) is always larger than the charge that needs to be moved when the switching frequency
is increased to 509 kHz. Hence, the medium-Q ICN converter can achieve ZV'S operation across its entire
operating range at a switching frequency of 509 kHz. Using similar analysis, the switching frequency
needed to guarantee ZVS operation for the high-Q design is found to be roughly the same as that for the
medium-Q design. However, the required switching frequency for the low-Q design is slightly higher. This
is because the current waveforms of the medium-Q and high-Q designs are both fairly sinusoidal, while the
currents of the low-Q design have substantial harmonic content.

4.5 Experimental Results

The low-Q, medium-Q and high-Q 200-W prototype ICN converters have been built and tested. All three

converters are operated at a switching frequency of 505 kHz, slightly higher than the designed switching

frequency, to make the two inverters sufficiently inductively-loaded to achieve zero voltage switching
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(ZVS). Although this switching frequency is slighlty lower than the theoratically predicited value in Section
4.4, it is sufficient to achieve ZVS operation across the entire operating range of the converters. This is
partly because the theoretical model assumes a fixed value for the output capacitance of the inverter
transistors, while the actual transistors’ output capacitance has a strong nonlinear dependence on voltage.
4.5.1 ZVS, Near ZCS and Burst Mode Operation

Figure 4.6 shows the measured waveforms of the three ICN converters when operated at full power (200
W) at their minimum input voltage (Vv = 25 V) and minimum output voltage (Voutr = 250 V). To deliver
full power at these voltages, burst mode (on/off) control is not needed, as the converters produce 200 W of
output power when they are running continuously. Clearly the switches of both the top and the bottom
inverters of the three converters achieve ZVS and near ZCS. ZVS is achieved as the inverter output current
is sufficiently negative during the low to high inverter output voltage transitions and sufficiently positive
during the high to low inverter output voltage transitions. Near ZCS is achieved as the currents are fairly
sinusoidal (due to the presence of the series resonant tanks with reasonable loaded quality factors), with
phase that only slightly lags the voltage waveforms.

A useful measure of near ZCS operation is the ratio of the switch current at turn-off to its peak current.
For the low-Q converter, the turn-off current of the top inverter is about 1.5 A, which is about 17% of the
peak current value; the turn-off current of the bottom inverter is about 2.7 A, which is about 19% of the
peak value of the current. The medium-Q and high-Q converters have similar performance in terms of near
ZCS operation, even though they use quality factors that are at least three times larger than the low-Q
version. The ratios of the turn-off switch current to the peak current for the medium-Q converter are 16%
for the top inverter and 25% for the bottom one, and the ratios of the turn-off switch current to the peak
current for the high-Q converter are 18% for the top inverter and 30% for the bottom one.

The waveforms of Fig. 4.6 can also be used to compare the theoretically-required phase shift between
the two inverters and that needed in practice to achieve ZVS and near ZCS operation. In Fig. 4.6 the phase
shift between the two inverters is about 634 ns for the three converters, which is 32% of the switching

period (1.982 ps) and corresponds to an angle of 115.16°. This is within 0.5% of the theoretically predicted
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Figure 4.6: Measured waveforms for the (a) low-Q, (b) medium-Q and (c) high-Q ICN converters
operating at full power (200 W) at 25 V input voltage and 250 V output voltage. Waveforms shown are
the output voltage and output current of both (top and bottom) half-bridge inverters of the (a) low-Q ICN
converter, (b) medium-Q ICN converter and (c) high-Q ICN converter.

phase shift value (115.58°) calculated using (2.2).

When the output voltage and - to a lesser extent - the input voltage of the converter increase above their
minimum values, burst mode control is needed to limit output power to 200 W (see Fig. 2.6). Burst mode
control is also needed at all input/output voltage combinations when the output power is reduced below 200
W. Figure 4.7 shows the operation of the medium-Q converter under burst mode control with an input
voltage of 25 V, an output voltage of 400 V and the output power regulated to 200 W. Fixed-frequency

PWM burst-mode on/off modulation was used, with a bursting frequency of 1.68 kHz. This value is
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selected as it provides a good balance between the additional losses in the input capacitors due to the on/off
modulation frequency ripple current and the additional losses in the converter due to its repeated startup
and shutdown. Figure 4.7 also shows zoomed-in views of the bottom inverter’s output voltage and output
current waveforms during converter startup and shutdown.

As stated in section 4.1, large output capacitance is needed to achieve good output voltage regulation
when the converter is operating in burst mode. To verify the output voltage regulation of the prototype ICN
converters, the output votlage ripple is measured when the converters are operating with 40 V input voltage,
400 V output voltage and 200 W output power. The output voltage of the low-Q converter is shown in Fig.
4.8 at this operating point. As can be seen from Fig. 4.8, the output voltage is quite flat and its ripple has a
peak-to-peak value of 5.44 V, which is equivalent to +0.68% and within the designed range.

To validate that the ICN resonant converter achieves ZVS and near ZCS operation across its entire design
range, the operation of the low-Q, medium-Q and the high-Q ICN converters has been tested across their
specified input voltage, output voltage and output power ranges. Figure 4.9 shows the pertinent waveforms
of the medium-Q converter at four extreme operating points as input voltage is varied from 25 V to 40 V
and output voltage is varied from 250 V to 400 V, while keeping output power constant at 200 W. Again
it is easy to see that both (top and bottom) inverters of the ICN converter achieve ZVS turn-on and near
ZCS turn-off at all four operating points. Figure 4.10 shows the zoomed in view of the switch voltages and
currents during the switching transitions when operating with 25 V input and 400 V output. The ZVS turn-
on of all the transistors can be observed in Fig. 4.10. It has been confirmed that the medium-Q ICN converter
achieves ZVS and near ZCS operation across its entire operating range. Similarly the ZVS and near ZCS
operation of the low-Q and high-Q converter has been confirmed across the entire operating range. In Fig.
4.9, it can also be seen that the phase lag of the inverter output current relative to the inverter output voltage
is different for different operating points. This is because the needed phase lag in the inverter output current
depends on the charge that has to be removed from the output capacitances of the inverter switches
(determined by the converter input voltage) and the available current (determined by the maximum output

power).
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with Vin =25V, Vour =400 V: (a) ZVS turn-on of the transistors in the top inverter and (b) ZVS turn-on
of the transistors in the bottom inverter.
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4.5.2 Efficiency Comparison

The efficiency of the three prototype ICN converters has been measured across their entire operating
range. The measured efficiency of the three converters is plotted in Fig. 4.11 across variations in input
voltage, output voltage and output power. Note that all the efficiency plots are quite flat.

Figure 4.11(a) and (b) plot the efficiency of the ICN converters as their input voltage is varied from 25
V to 40 V, while the output voltage and output power are held constant. In both cases the output power is
200 W, while the output voltage is 250 V in Fig. 4.11(a) and 400 V in Fig. 4.11(b). When the output voltage
is 250 V, the peak efficiency of the low-Q ICN converter is 97.1% and its efficiency does not fall below
96.4% as the input voltage is varied across its entire range. The efficiency increases monotonically with
increasing input voltage, as primary-side conduction losses are reduced with decreasing input current. The
medium-Q converter has a slightly higher peak efficiency of 97.2% and the high-Q converter has a slightly
lower peak efficiency of 96.8% than the low-Q converter, but the shapes of the efficiency plots are similar.
The efficiency of the converters reduces at higher output voltages, as the converters have to be operated in
burst mode to limit output power. However, at full output power (200 W) the efficiency of the low-Q
converter never falls below 95%, which occurs at the lowest input voltage (25 V) and highest output voltage
(400 V). This is also the operating point at which the difference in efficiency between the low-Q and the
high-Q designs is the largest (2.1%). This is because at this operating point the converter has the highest
input current resulting in large conduction losses in the inductors.

Figure 4.11(c) and (d) plot the efficiency of the three ICN converters as their output voltage is varied
from 250 V to 400 V, while the input voltage and output power are held constant. Again in both cases
output power is 200 W, while input voltage is 25 V in Fig. 4.11(c) and 40 V in Fig. 4.11(d). When the
input voltage is 40 V, the efficiency of the low-Q converter stays above 96.2% and achieves a peak value
of 97.1% when the output voltage is at its minimum (250 V). Again the worst case efficiency of the low-
Q converter is 95%, at minimum input voltage (25 V) and maximum output voltage (400 V). The efficiency

of the high-Q design is again lower than that of the low-Q and medium-Q designs.
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The efficiency of the three ICN converters as the output power is varied is plotted in Fig. 4.11(e) and (f).
In Fig. 4.11(e) the input voltage is held at 25 V and the output voltage is held at 400 V and in Fig. 4.11(f)
the input voltage is held at 40 V and the output voltage is held at 250 V. In both cases burst mode control
is used to vary the output power from 20 W to 200 W. The efficiency of the three converters as a function
of output power is quite flat, varying by only 0.3% for the low-Q design over its entire 10:1 output power
range when input voltage is 40 V and output voltage is 250 V. The low-Q converter has its lowest efficiency
0f 94.6% when input voltage is at its minimum (25 V), output voltage is at its maximum (400 V) and output
power is at its minimum (20 W). When input voltage is 40 V and output voltage is 250 V the peak efficiency
is 97.1% at an output power of 200 W and the efficiency is still above 96.8% at an output power of 20 W.
Hence, burst mode control is a good method for regulating output power in an ICN resonant converter as it
enables good light load efficiency. However, it does require larger input and output capacitors than might
otherwise be used (depending upon the application). For the low-Q ICN converter, the efficiency at 10%
of rated power is only 1.2% lower than its full load efficiency, but requires the addition of a 47-uF/450-V
electrolytic cpacitor with volume of 0.28 in3.

In summary, the low-Q ICN converter has higher efficiency than the higher Q designs across the full

operating range, except for a narrow range around the 40 V input voltage and 250 V output voltage
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Figure 4.12: Experimental and theoretically predicted average full-power efficiencies of ICN converters
versus their Q value. In all converters, the switching frequency is 505 kHz.



47

operating point, where the medium-Q design has the highest efficiency. Both the low-Q and medium-Q
designs have higher efficiency than the high-Q converter across the full operating range. This is because
the low-Q and medium-Q converters have significantly lower conduction losses due to their lower valued
inductors, and they are still able to maintain ZVS and near ZCS operation across the full operating range.
The average values of the full-power efficiencies at the four corner operating points are calculated for each
prototype converter and plotted in Fig. 4.12. As can be seen from Fig. 4.12, there is a good match between
the experimental and the theoretically predicted efficiencies.

The efficiency results presented above demonstrate that the ICN resonant converter is able to maintain
very high efficiencies across a wide range of operating conditions in terms of input voltage, output voltage
and output power. To better understand the tradeoffs between the low-Q and the high-Q designs, and
explore opportunities for further improvements in efficiency of the ICN converter, a loss breakdown
analysis of the three converters has been performed based on the analytical models of the individual loss
mechanisms given in Appendix D. Figure 4.13 shows the estimated loss breakdown of the three ICN
converters when operating at 32.5 V input voltage, 325 V output voltage and 200 W output power. At this
operating point, the diode, magnetic, and transistor losses account for the majority of the power losses for
all the three converters. For the low-Q design, the transistor losses are larger than the magnetic losses. For
the medium-Q design, the magnetic losses are slightly larger than the transistor losses, while in the high-Q
design the magnetic losses are much larger than the transistor losses. In all converters, there are also some
losses in the resonant and bypass capacitors and the PCB traces. The gate drive losses are very small due
to the use of low gate charge GaN transistors. Figure 4.14 compares the measured and the theoretically
predicted total losses in the medium-Q ICN converter across its full input voltage range when operating at
250 V output voltage and 200 W output power. There is reasonably good agreement between the predicted

and measured values.
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Figure 4.13: Loss breakdown of (a) low-Q, (b) medium-Q and (c) high-Q ICN converter based on
theoretical models when the converters are operating at an input voltage of 32.5 V, output voltage of 325
V and output power of 200 W.
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converter as a function of input voltage when the converter is operating at an output voltage of 250 V and
output power of 200 W.



Chapter 5

Optimized Startup Control of ICN Converter

5.1 Need for Optimized Startup

As discussed in previous chapter, burst mode is utilized to control the output power of the ICN converter.
An issue associated with burst mode operation is that it takes several switching cycles for the converter to
achieve steady state and during this startup transition ZVS and near ZCS operation may be lost. This has a
negative impact on converter efficiency, especially at light loads when the burst duty ratio is low and the
converter spends a large fraction of its total on-time in the startup transition. Therefore, a startup control is
needed to minimize the duration of the startup transient.
5.2 Methodology for Determining Optimized Startup

To determine the optimal startup control for the ICN converter, accurate time domain waveforms
obtained using step-superposition (S2) analysis approach are used to find the startup sequence that
minimizes the settling time of the startup transient. In this approach, the voltages imposed on the impedance
control network by the inverter and rectifier switches are modeled by three rectangular-wave voltage
sources. The inverter output currents (i; and i,) can be determined via superposition of the individual
responses to the three voltage sources, e.g., i1 (t) = i11(t) + i12(t) + i13(t), where i1, (t) is the component
of i; generated by v, (where x is 1, 2 or 3). These individual current responses can be determined by
modeling each rectangular voltage waveform as a series of positive and negative steps, and by adding their
step responses as discussed in Chapter 3. The summations of the step responses can be simplified using
Euler’s identity, trigonometric identities and geometric series analysis to yield closed-form expressions for
the tank currents. Using this technique, i;,(t) is given by iy1(t) = i115(t) + i11¢(t), where i;,5(t) and
i11¢(t) are the steady state and transient components, respectively, and given by (5.1) and (5.2).

i11s(t) =
hansin (6 — 2 [2c0s (2] 4 s (wte - 225)[2cos (22)], 0 = e < 7,72

I;11sin (Bw:TS - a)lt{()/[ZCOS (wZTS)] + I;1,sin (3w:TS — a)ztI’()/[ZCOS (wiTs)] T2 < th <Ts

(5.1)




51

34T, w4 T,
i11,(t) = =l e~ K~ DaTsgin (-wltf( + 41 = - NwlTS)/[ZCOS( 1} S)]

3wy Ts

2% — Na, Ty ) /[2c0s (5)]. (5.2)

Here, time ¢ is taken to be zero at the beginning of each burst cycle, Ty is the switching period of the

— 1,0~ K= DaTsgip (—a)z tg +

converter, K is the number of switching cycles that have passed since the converter turned on in the current
burst cycle and given by K = floor(t/Ty), ti is the time elapsed within the current switching cycle, given
by txy =t — KT, 1111, I112, @1, @3, w; and w, are parameters that depend on input voltage, reactive
component values, transformer turns ratio and converter losses. Their expressions are provided in Appendix
C, along with complete expressions for all the tank currents. This model has been verified against simulated
and experimental results, and some of this verification is provided in the next subsection.
5.3 Optimized Startup Control

The medium-Q ICN resonant converter as described in Chapter 4, is targeted for developing and
demonstrating an optimized startup control approach. This ICN converter is operated in burst mode, which
involves periodic startup and shutdown of the converter at a frequency much lower than its switching
frequency. The measured burst mode startup waveforms of the top inverter of the ICN converter are shown
and compared with their model-based counterparts in Fig. 5.1 for two operating points: 25 V input voltage
and 400 V output voltage; and 40 V input voltage and 400 V output voltage. As can be seen in Fig. 5.1,
there is an excellent match between the model and experimental waveforms. From Fig. 5.1, it can also be
seen that both the phase and amplitude of the top inverter output current have oscillations, which result in
the loss of ZVS and near ZCS during the startup transients. Similar oscillations also exist in the bottom
inverter output current. The S2-analysis-based accurate time-domain model can be used to determine the
optimal startup sequence. When operating with 40 V input voltage and 400 V output voltage, the model
predicts that by modifying the duty ratio of the bottom inverter in the third switching cycle we can minimize
the startup transients for both inverters. The duty ratio of the third switching cycle which minimizes the

oscillations in the envelope of the inverter output currents, and hence the startup transients, is 10 %, as can
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Figure 5.1: Comparison of model and experimental burst-mode startup waveforms of the top inverter
of the ICN converter operating at two operating points without startup control.

be seen from Fig. 5.2. Applying this optimal duty ratio to the ICN converter confirms this prediction. The
measured startup waveforms of the ICN converter with the duty ratio for the bottom inverter in the third
switching cycle set at 10% are shown in Fig. 5.3. The current envelope oscillations for both inverters are
considerably reduced. As compared to no startup control, the settling time with optimized startup control is

reduced by 88%; the duration of the startup transient is reduced from 68.7 ps to 8.4 ps. Furthermore, the
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Figure 5.3: Startup waveforms of the ICN converter operating under optimized startup control at 40 V

input voltage and 400 V output voltage.
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optimized startup control technique eliminates 75% of the non-ZVS events; reducing the non-ZVS events

from 20 to 5 events per burst cycle.

5.4 Efficiency Improvement due to Optimized Startup Control

The efficiency improvement brought by the optimized startup control is shown in Fig. 5.4. The startup

control reduces the total losses by 12% when operating at 40 V input voltage, 400 V output voltage and 20
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Figure 5.4: Measured efficiencies for ICN converter operating under startup control and without
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Figure 5.5: Measured efficiencies for the ICN converter across variations in (a) input voltage, (b)
output voltage and (¢) output power.
W output power (which corresponds to 10% of the full power), and results in 0.7% improvement in overall
converter efficiency.
The efficiency of the prototyped converter with optimized startup control has been measured across its

entire operating range. The measured efficiency is fairly flat across variations in input voltage, output
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voltage and output power, as shown in Fig. 5.5. The prototype ICN converter achieves a peak efficiency of
97.2% and maintains greater than 96.2% full power efficiency at 250 V output voltage across the nearly 2:1
input voltage range, and maintains full power efficiency above 95.8% at 40 V input voltage across its full
output voltage range. It also maintains efficiency above 96.6% over a 10:1 output power range at 40 V input
voltage and 250 V output voltage, owing to the use of burst-mode control with startup optimization. The
high efficiencies are a result of the converter maintaining ZVS and near-ZCS operation across its entire

design range, both during startup and steady-state operation.



Chapter 6

ICN Converter with Enhanced Phase-Shift Control

6.1 Issues with Burst Mode Control

As discussed earlier, the use of burst-mode control introduces several challenges. Operating the converter
with burst-mode control requires a large output capacitance, limiting the converter’s power density. To
further increase the power densities and efficiencies of ICN converters, there is a need for new control
techniques to regulate their output voltage and power. In ICN converters that utilize synchronous rectifiers,
such as the converter shown in Fig. 6.1, an effective alternative is enhanced phase-shift control, in which
the inverter and rectifier phase-shifts are controlled to achieve both soft-switching and output voltage
regulation.
6.2 Enhanced Phase-Shift Control

The ICN converter of Fig. 6.1 incorporates two half-bridge inverters, a full-bridge synchronous rectifier,
and an impedance control network, and is well-suited for low output voltage and high output current step-
down applications. Similar to the ICN converter shown in Chapter 4 and 5, this converter is operated at
fixed switching frequency, and all inverter and rectifier legs are operated at a fixed duty ratio (~50%). At
the switching frequency, the two ICN branches, which are directly connected to the inverters, are designed
to have equal but opposite reactances (jX and —jX) to provide resistive loading of the inverters. However,
there is a slight difference in this ICN converter implementation is that a small extra impedance jX;, is
incorporated in each branch to make the impedance seen by each inverter inductive and enable ZVS
operation of the inverters.

A phase-shift of @ is introduced between the two rectifier legs, as shown in Fig. 6.2. Under fundamental
frequency approximation the equivalent resistance of the rectifier with this phase-shift is given by

2
8Vout

. o ® . . . .
—p sin? 5 Compared to the equivalent resistance of a full bridge rectifier where the two legs operate
ouT
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Figure 6.2: Phase-shift between the two legs of the synchronous full bridge rectifier as shown in Fig. 6.1.

. . . . L @
180° out of phase, this equivalent resistance has an additional factor of sin? 5 The resultant output power

of the ICN converter of Fig. 6.1 is then given by:

aN2V2 - sin22
Vi [aN2VE g sin2 2oy, (1P
p IN ouT SIN"5—ViIN VIN (6.1)
ouT — m2X 1-r2 ’ ’

Here 7 is the ratio of X}, to X. To maintain ZVS and near-ZCS of the inverter transistors, the phase-shift

between the inverters is given by:

2
Vin 2
2y72 in22
4N VOUTsm >
1-r2

2A = 2cos™?! (6.2)
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The phases of the leading and lagging legs of the rectifier relative to the phase of the leading inverter are
given by:
> (6.3)
Dpag = A+ +2. (6.4)
With this enhanced phase-shift control, burst-mode operation can be avoided over much of the output
power range of the ICN converter. As a result, the output capacitance required in the converter is greatly
reduced, as the capacitor no longer has to filter the low-frequency burst-mode ripple. The size of the input
EMI filter is also reduced. Furthermore, switch stresses are lowered and efficiency is improved as hard-
switching during startup transitions is avoided. Another advantage of the proposed enhanced phase-shift
control is that the conduction losses in the components on the primary side of the transformer back-off
faster with output power than in burst-mode control (where they back-off linearly). This variation in
conduction losses with output power is shown in Fig. 6.3.
One potential disadvantage of this enhanced phase-shift control is that the transistors of the lagging leg
of the rectifier can lose ZVS at some operating points. This could be a major drawback of this control

approach in step-up ICN converters with high output voltages where loss of ZVS could result in high losses.

100
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Figure 6.3: Variations in conduction losses in the components on the primary side of the transformer as a
function of power delivered by the ICN converter with burst-mode control and with enhanced phase-shift
control.
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Figure 6.4: ZVS recovery region for the lagging leg of the ICN converter’s full-bridge rectifier.

However, this is not a major concern in step-down converters, especially with low output voltages, as is the
case in the ICN converter considered in this section. Furthermore, the transistors of the lagging leg of the
rectifier recover ZVS at partial power levels, as indicated in Fig. 6.4.
6.3 Prototype Design

The design of the ICN converter involves three steps. In the first step the value of r (which is the ratio
of X1, to X) is selected. If the value of r is too small, the inverter switches will not achieve ZVS. On the
other hand, if the value of r is too large, inverter turn-off will occur at large currents and sizeable circulating
currents and associated losses will exist. To ensure that the selected value of r is the minimum needed to
achieve ZVS under the worst-case operating condition, an accurate model for the ICN converter currents is
required. The step-superposition approach is used to develop this accurate model for the ICN converter,
and used to determine the optimal value for r using a numerical approach. The second step of the design is

to calculate the needed values for N, X, and X},. These values can be determined from:

VI%\I,min"'VI%\I,max
=11 = (6.5)

2VoyuTtV1+r2 ’

212
24N“Vout

2 2 1-1ré—m——"
4VIN,min /‘WZVOUT_VIN,min VN min
X = (6.6)

b

T[ZPOUT,max 1-72
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and X, = rX, where VN min and VN max are the minimum and maximum input voltages of the converter,
and Poyt max 18 the maximum output power of the converter. The third and final step is to calculate the
values of Lxq, Cx1, Lx2, Cxz, Ly and C,. An effective approach is to divide these components into their
functional parts. For example, Ly, provides two functions: (i) realizing jX + jX; and (ii) forming a series

resonant filter along with Cx, to attenuate higher-order current harmonics. The value of the part of Ly, that

X+XL, where wg is the radial switching frequency of the
S

realizes jX + jX|, can be computed from Ly, =

- R . .
converter, and the remaining part of Ly, can be computed from Ly, , = Qoz—lx, where Qgx; is the quality
S

factor of the series resonant tank formed by Ly, , and Cx;, and Ry is the effective series resistance of this
tank (which depends on the effective impedance of the rectifier reflected through the transformer). The
value of Ly, is then given by Ly, ; + Lx; ». The values of the other components can be computed using a
similar approach. An advantage of this approach is that it allows the efficiency of the ICN converter to be
optimized by selecting appropriate resonant tank quality factors.

A 1-MHz step-down isolated ICN resonant converter (similar to the one shown in Fig. 6.1) has been
designed, built and tested for the following specifications: an input voltage range of 18 V to 75 V, an output
voltage of 12 V, and a maximum output power of 120 W. Figure 6.5 shows the top and bottom views of

this prototype ICN converter. The circuit element values for this prototype are provided in Table II. The

TABLE 1T
Components Used in the Prototype Step-Down ICN Resonant Converter
Component Value Description
Inverter Transistors - EPC2001C 100-V/25-A eGaN FETs
Rectifier Transistors - EPC2023 30-V/60-A eGaN FETs
Lx 1.4 uH RMS8 Ferroxcube 3F46
Cxi 44 nF 250-V NPO
Lx> 695 uH RMS8 Ferroxcube 3F46
Cx2 17.8 nF 250-V NPO
L, 646 nH Leakage of Transformer
G 26 nF 250-V NPO
RMS Ferroxcube 3F46
Transformer 4:1 Primary 4 turns
Secondary 1 turn
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values are selected to be: r =0.1, N =4, X =520Q, X;, =052, Ly; = 1.4 uH, Cx; =44nF, Ly, =
695nH, Cx, = 17.8nF, L. = 646 nH, and C. = 26 nF. For the inverters, EPC 100-V/36-A eGaN

transistors (EPC2001C) are used. For the rectifier stage EPC 30-V/60-A eGaN transistors (EPC2023) are

used.

Step-Doun 1CN Converter
Rev 1, October 2015

e Lu
Knurram Afridy
Unaversity of Colorado Boulder

Figure 6.5: Photogranh of the ton and bottom of the nrototvne ICN resonant converter.
6.4 Experimental Results
The ICN converter is first operated under enhanced phase-shift control. Figure 6.6 shows the measured
waveforms for all the transistors of the ICN converter operating at 120 W output power and 18 V input
voltage. As can be seen from Fig. 6.6, all the inverter and rectifier transistors achieve ZVS and near ZCS
operation. Figure 6.7 shows the measured waveforms of the ICN converter operating at 120 W output power
and 75 V input voltage, and again all the inverter transistors operate with ZVS and near ZCS. However, for

the rectifier, the leading leg operates with ZVS, while the lagging leg operates with ZCS. At this input
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Figure 6.6: Measured waveforms for the ICN resonant converter operating at 18 V input voltage and 120

W output power.
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Figure 6.7: Measured waveforms for the ICN resonant converter operating at 75 V input voltage and 120
W output power.
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Figure 6.8: Measured waveforms for the ICN resonant converter operating at 75 V input voltage and 60
W output power.

voltage, the lagging leg of the rectifier recovers ZVS when the output power is reduced below 60 W, as can
be seen from Fig. 6.8. The converter has also been operated under burst-mode control, and the measured

waveforms for the converter operating at 60 W output power and 18 V input voltage are shown in Fig. 6.9.
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Figure 6.9: Burst mode operation of the ICN resonant converter delivering 60 W power at 18 V input
voltage. Waveforms shown are the output voltage and output current of the top half-bridge inverter: (a)
long timescale showing multiple startup and shutdown sequences, (b) zoomed timescale to show the
startup dynamics, and (¢) zoomed timescale to show the shutdown dynamics.

The efficiency of the prototyped converter has been measured across its entire operating range under
enhanced phase-shift control and compared with its efficiency under burst-mode control, as shown in Fig.
6.10. With the enhanced phase-shift control, the ICN converter has higher efficiencies across its full input
voltage range and most of its output power range. The ICN converter under enhanced phase-shift control
achieves a peak efficiency of 95.7%. Relative to burst-mode control, the maximum full-power efficiency is
improved by up to 1.5%, and the efficiency at 40% of full load is improved by up to 3%. This corresponds

to a 30% reduction in losses. In addition, with enhanced phase-shift control the ICN converter maintains
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full-power efficiency above 91.7% across its 4:1 input voltage range. Note that the efficiency of the ICN
converter with inverter phase-shift and burst-mode control is not shown for 75 V input (Fig. 6.10(c) and
(d)); this is because the hard-switching of the inverter transistors during the repeated startup transients
imposes extra voltage stresses on the devices, preventing the converter from operating safely. Hence higher-
voltage-rating devices are needed if the converter is operated under burst-mode control. On the other hand,
under enhanced phase-shift control, the ICN converter is able to operate across its entire operating range
with relatively low voltage devices.

A major difference between the ICN converter when operated under enhanced phase-shift control versus
under burst-mode control is in the size of the output capacitance. To meet a £3% output voltage ripple
requirement, the output capacitance required under burst-mode control is 868 pF, while under enhanced

phase-shift control it is only 8.68 pF, i.e., a two orders of magnitude reduction.
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Figure 6.10: Measured efficiency of the ICN converter across variations in: (a) output power with an
input voltage of 18 V; (b) output power with an input voltage of 60 V; (c¢) output power with an input
voltage of 75 V; and (d) input voltage with an output power of 120 W.



Chapter 7

Closed-Loop Control of ICN Converter

7.1 Closed-Loop Control Architecture

All the ICN converters presented thus far are operated under open-loop control. This chapter introduces
a closed-loop control architecture for the ICN converter that combines feed-forward and feedback control.
To improve the closed-loop performance of the ICN converter across wide operating conditions, the
controller also incorporates state feedback.

Figure 7.1 shows the simplified block diagram for the proposed control architecture of the ICN
converter. The objective of the controller is to regulate the output voltage of the ICN converter when large
variations exist in input voltage and output power. As shown in Fig. 7.1, the output voltage of the
converter is sensed and compared with a reference voltage, and the error is processed by a linear
compensator. The output of this compensator, defined as a new variable, power ratio, and denoted by pg,
serves as a control input to a lookup table. The power ratio pr has a direct correlation with the output
power delivered by the ICN converter, which can be understood as follows. Referring back to the formula
for the output power of an enhanced phase-shift controlled ICN converter presented in Chapter 6, the
output voltage and power can be regulated by controlling the phase-shift between the two rectifier legs

(P, Fig. 6.2). The power ratio is a function of the rectifier phase-shift, and is given by:
pr = sin? %. (7.1)

The output power of the ICN converter can be expressed in terms of the power ratio as:

2
2 2 1—7‘274NZVOUTPR
4ViN 4N2VOUTPR_VIN VIZN
\ . (72)

m2x 1-r2

Pour =
It can be seen from (7.2) that apart from the power ratio, the output power depends on the output voltage
and the input voltage of the converter. These are incorporated into the control architecture in the

following manner: the output voltage reference, Voyr ref, is used as a second control input of the lookup
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Figure 7.1: Proposed closed-loop control architecture for output voltage regulation in the ICN converter.

table, while the sensed input voltage vy serves as the third control input. The lookup table then generates

the required inverter and rectifier phase shifts, based on the following relationships:

2 2172 —r2
2A = 2cos™?! \/VIN/(‘W Vlo_U:Z'rEpr) = (7.3)
Djeaqg = A + g —sin™! /pg, (7.4)
Djag = A+ 2+ sin™" /pg. (7.5)

Here, 2A is the phase of the bottom inverter, ®j¢,q is the phase of the leading leg of the rectifier, and @,4
is the phase of the lagging leg of the rectifier, all relative to the phase of the top inverter. Applying these
phases to the ICN converter of Fig. 6.1 ensures that both output voltage and power regulation as well as
soft-switching (ZVS and near-ZCS) are achieved. It is to be noted that utilizing the sensed input voltage
vy as a control input for the lookup table, which represents a feedforward path in the control architecture,
ensures that the output voltage of the ICN converter is regulated in the face of wide input voltage
variations. The power ratio pr, which is part of the feedback path in the control architecture, ensures that
the output voltage is also regulated in the face of output power variations. This can be intuitively
understood as follows: consider a scenario in which the output voltage of the ICN converter is regulated

to a certain value, and the output power requirement (load) increases. With no control action taken yet,
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the output power delivered by the converter is momentarily less than the power consumed by the load,
causing the output voltage to decrease. Referring to Fig. 7.1, this increases the error between the sensed
output voltage and its reference, and as a result, the output of the compensator, the power ratio pg,
increases. This, in turn, increases the power delivered by the converter, bringing the output voltage back
up to its reference value. The feedback and feedforward based control architecture shown in Fig. 7.1 only
requires sensing the input and output voltage of the converter, both of which have relative low-frequency
variations, and is hence simple and inexpensive to implement. Depending on the required control
resolution, the lookup table can also be implemented in a low-cost microcontroller.
7.2 Small-Signal Dynamic Model for the ICN Converter

To facilitate the design of the compensator of the feedback loop shown in Fig. 7.1, a small-signal
dynamic model for the ICN resonant converter is developed and shown in Fig. 7.2. This model comprises
three parts: a dependent current source (iy), an output resistance (ry), and an output capacitor (Coyt). The
dependent current source models the dependence of output current on the power ratio pg , and the output
resistance models the dependence of output current iy, on the output voltage v,,;. To obtain the value of
the dependent current source and the output resistance, an expression for the accurate average output
current of the ICN converter is required. The step-superposition (S2) analysis approach introduced earlier
and described in Chapter 3 is used to develop this expression for the average output current. The

expression is given by:
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Figure 7.2: Proposed small-signal dynamic model for the ICN converter.
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(7.6)

where vy is the input voltage, voyr is the output voltage, pg is the power ratio, f; is the switching

frequency, N is the transformer turns ratio. Qyy (x = 1lor2, y =1or2) is the integration of the

component of iy (inverter output current) that is generated by vy (inverter output voltage) over one

switching period, and its two components corresponding to the two inverters are given by:
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Here, Iyy1, Ixy2, @1, @3, @, and w, are parameters that depend on input voltage, reactive component

values, transformer turns ratio and converter losses. Detailed expressions for these parameters are

provided in Appendix C. The small-signal parameters iy and 1y are then obtained by linearizing the

accurate average output current given by (7.6) around the dc operating points of the converter, utilizing

the following relationships:

N = of /dvouTt

(7.9)

(7.10)
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Based on the dynamic model shown in Fig. 7.2, the transfer function from the power ratio Py to the

output voltage of the ICN converter, hereafter called the control-to-output transfer function, is given by:

_ vour(s) _ _inR
Gien(8) == 57 = Treck (7.11)

where R = %. Since the small-signal model of the ICN converter shown in Fig. 7.2 has one state (the
N L

converter output voltage), the control-to-output transfer function has a single pole. Figure 7.3 shows how
the dc gain and pole location of this transfer function varies with output power, when the input voltage is

18 V and the output voltage is 12 V.
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Figure 7.3: Variations in (a) dc gain and (b) pole location of the control-to-output transfer function of the
ICN converter given by (7.11) as a function of the output power of the converter. Here the ICN converter
operates with an input voltage of 18 V and an output voltage of 12 V.

7.3 State Feedback Control for the ICN Converter

As can be seen from Fig. 7.3, both the dc gain and pole location of the ICN converter’s control-to-
output transfer function Gjcn(s) have significant variation as the output power changes for fixed input
and output voltages. Figure 7.3(b) shows that the pole of Gicn(s) moves closer to the right-half plane
(RHP) as the output power decreases, eventually entering the RHP at very light loads. This makes it
difficult to design a compensator that guarantees good dynamic performance of the closed-loop system at
all power levels. To solve this problem, an inner state-feedback loop is introduced in the feedback control

architecture, as shown in Fig. 7.4. The sensed output voltage vy, Which is the only state in the

converter model of Fig. 7.2, is scaled by a constant K, and subtracted from the output of the feedback
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Figure 7.4: New control architecture incorporating an inner state-feedback loop. Appropriately choosing
the state-feedback gain K simplifies the design of the outer feedback loop compensator by reducing the
sensitivity of the converter’s open-loop control-to-output transfer function to operating conditions, and

ensuring that the open-loop pole stays in the left-half plane at all power levels.

compensator (shown as a PI compensator in Fig. 7.4). The output of the feedback compensator served as
the power ratio pr in the control architecture shown earlier. In comparison, the difference of the
compensator output and the scaled output voltage serves as the power ratio in the new architecture of Fig.
7.4. The new control-to-output transfer function of the ICN converter, defined as the transfer function

from the output of the feedback compensator (pg outputrs in Fig. 7.4) to the converter output voltage, is

obtained by evaluating the closed-loop transfer function of the inner loop, and is given by:

vouT(S) _ _INR 1 (7.12)

s)  1+KiNR SCR_>
PR,0utputfFB(S) N 1+1+Kl.NR

Gicn,staters () =

Comparing this new control-to-output transfer function to the earlier transfer function given by (7.11), it
can be seen that the both the dc gain and the pole location are now modified with factors relating to the
state-feedback gain K (note that setting K = 0 reduces the new transfer function to the old one). Figure
7.5 shows the variation of the dc gain and pole location of the new transfer function as the ICN
converter’s output power is varied, when the input voltage is 18 V and the output voltage is 12 V. As
compared to Fig. 7.3, the variation of the dc gain is now limited to a narrow range, and the pole is in the

left-half plane for all power levels. Owing to the stabilizing effect of this state feedback control,
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conventional feedback control is more easily synthesized around the new plant (represented by the inner

state-feedback loop), and is far less susceptible to changes in operating conditions.
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Figure 7.5: Variations in a) dc gain and b) pole of (7.12) as a function of the output power of the ICN
converter. Here the ICN converter operates with an input voltage of 18 V and an output voltage of 12 V,
and the state feedback constant K is 0.07.

7.4 Closed-Loop Control Simulated and Experimental Results

The above-described closed-loop control is applied to the enhanced phase-shift controlled step-down
ICN converter presented in Chapter 6. The control functions, including the feedback compensator and the
lookup table, are implemented in a DSP microcontroller, and the control commands (the inverter and
rectifier phase-shifts) are updated every switching cycle. The state feedback gain K is selected to be 0.07.

A PI controller (Gpi(s) = K, + K;/s, where K, = 0.01 and K; = 1250) is used to ensure a phase margin

greater than 60° across a 10:1 output power range at 18 V input voltage and 12 V output voltage. Figure
7.6 shows the simulated and model-predicted open-loop responses of the converter. As can be seen from
Fig. 7.6, the model-predicted open-loop response closely matches the simulated open-loop response.
Figure 7.7 shows experimental closed-loop waveforms demonstrating that the closed-loop controller

successfully regulates the ICN converter’s output voltage in the face of load and input voltage variations.
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Figure 7.6: Open-loop responses of the ICN converter to a small step change in the power ratio at 18 V
input voltage and 120W output power.
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Chapter 8

Conclusions

8.1 Summary and Conclusions

Compact isolated converters operating at large conversion ratios are needed for applications ranging from
off-line power supplies for electronic loads to solar micro-inverters. Such converters based on conventional
architectures often do not achieve very high efficiencies, and their efficiencies typically drop from peak
values as the operating conditions change.

Chapter 2 of this thesis introduces a new resonant converter architecture (now also published in [31]-
[32], [34]-[40]) that operates at fixed frequency and maintains zero-voltage switching (ZVS) and near-zero-
current switching (ZCS) across wide operating ranges in terms of input/output voltages and output power,
minimizing device stresses and switching losses, and enabling both high efficiency and power density.
Unlike a conventional resonant converter, which utilizes a single inverter and a single rectifier, this
Impedance Control Network (ICN) resonant converter has multiple inverters and one or more rectifiers. It
also utilizes a lossless impedance control network, which provides a differential phase shift in the voltages
and currents, whereby the effective impedances seen at the inverter outputs look highly resistive at the
fundamental frequency, enabling switching of the inverters at zero current across wide operating ranges.
By modifying the network for slightly inductive loading of the inverters, one can realize simultaneous ZVS
and near-ZCS. Hence, the ICN converter is able to maintain high efficiency across wide variations in
operating conditions. Furthermore, owing to its soft-switching characteristics, the ICN converter can be
operated at high switching frequencies, enabling high power densities. The output voltage and power of the
ICN converter can be regulated using burst mode (on/off) control, where the converter is turned on and off
periodically at a frequency much lower than its switching frequency.

To optimize the design of the ICN converter, an accurate analysis approach for modeling the ICN
converter is required. Resonant converters are typically analyzed and designed using fundamental

frequency analysis, wherein network waveforms are approximated by their fundamental components and
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switching frequency harmonics are neglected. This approach becomes inaccurate when the converter tank
waveforms are significantly non-sinusoidal, as is often the case when the quality factor (Q) of the resonant
network is low. There are two (related) general approaches for exact analysis of resonant converters: state
space analysis, and state plane analysis. State space analysis is an accurate and general approach to the
analysis of resonant converters, but it requires complicated and time-consuming matrix computations. On
the other hand, state plane analysis converts the time-domain analysis of resonant converters to geometrical
analysis, and simplifies the exact analysis of complicated resonant tank behavior. However, its application
is practically limited to simple resonant converters. Chapter 3 of this thesis introduces a new analysis
approach to modeling resonant converters that can be used to determine closed-form expressions for the
exact resonant network waveforms. This approach, based on superposition of step responses to inverter and
rectifier imposed steps, does not require analysis of the different operating modes of a resonant converter,
and can easily be applied to resonant converters with high-order resonant networks and multiple inverters
and/or rectifiers, such as the ICN converter. In view of its salient features, this approach is termed step-
superposition (S2) analysis ([33]). This new modeling approach enables resonant converters with low-Q
resonant networks to be accurately analyzed and optimized.

Chapter 4 of this thesis presents three ICN converter prototypes, which cater to a high step-up
photovoltaic application that requires input voltages varying between 25 V — 40 V to be converted to output
voltages in the range of 250 V — 400 V, while delivering up to 200 W of power (now also published in [31]-
[32]). These three ICN converter prototypes differ in terms of the Q-factor of their resonant tanks. The low-
Q ICN converter, analyzed and optimized using the S2 analysis approach, is found to perform the best,
achieving a peak efficiency of 97.1%, maintaining greater than 96.4% full-power efficiency at 250-V output
voltage across the nearly 2:1 input voltage range, and full power efficiency above 95% across its full input
and output voltage range. It also maintains efficiency above 94.6% over a 10:1 output power range across
its full input and output voltage range.

An issue with burst-mode control is that the converter suffers from non-ZVS transitions during the

repeated turn-on transients. To tackle this issue, Chapter 5 of this thesis presents an optimized startup
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control to improve the efficiency of ICN converters operating under burst-mode control ([34]). The
optimized startup control minimizes the startup transients of the burst-mode operated ICN converters and
helps the converters maintain ZVS and near-ZCS operation even during startup. This startup optimization
is made possible by applying the above-mentioned S2 analysis to modeling the ICN converter. It reduces
the number of non-ZVS startup transitions by 75%, and reduces losses by up to 20%.

Another issue with burst-mode control is that it introduces a low-frequency ripple in the output voltage
of the ICN converter, requiring the converter to have large input and output capacitances. Chapter 6 of this
thesis addresses this issue by introducing an ICN converter that utilizes enhanced phase-shift control to
achieve both soft-switching and output voltage regulation (now also published in [35]). The avoidance of
burst-mode control also simplifies the design of the converter’s input EMI filter, reduces switch stresses
due to startup overshoots, and improves converter efficiency by eliminating startup and shutdown losses as
well as by reducing conduction losses when backing off in power. To demonstrate the efficacy of this new
control approach, as well as the performance of the ICN converter in high step-down applications, Chapter
6 of this thesis also presents an enhanced phase-shift controlled ICN converter prototype that operates over
an input voltage range of 18 V to 75 V, an output voltage of 12 V, and a 10:1 output power range. This
prototype ICN converter achieves a peak efficiency of 95.7% and maintains full-power efficiency above
91.7% across its 4:1 input voltage range. Compared to when operated under burst-mode control, the ICN
converter with enhanced phase-shift control reduces converter losses by up to 30% and reduces input and
output capacitances by two orders of magnitude.

Finally, Chapter 7 of this thesis introduces a closed-loop control approach for the ICN converter. A
control architecture incorporating a combination of input feed-forward and output feedback control is
utilized to regulate the converter output voltage. To facilitate compensator design of the feedback loop, a
small-signal dynamic model for the ICN converter is developed. The parameters of the converter transfer
function obtained from this model vary widely across the converter’s wide operating range, complicating
the compensator design. To address this issue, an additional state feedback controller is included to make

the parameters of the transfer function insensitive to the operating conditions. This closed-loop control
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approach successfully regulates the output voltage of the step-down ICN converter prototype presented in
Chapter 6 over its 4:1 range of input voltage and 10:1 range of output power.
8.2 Recommendations for Future Work

This thesis introduces the ICN resonant converter, develops techniques to optimize its power stage design
and presents alternative control strategies to regulate its output power and voltage. However, since the ICN
converter is a new type of resonant converter, there are numerous unexplored areas that should be
investigated in the future.

One aspect of the ICN converter that merits further exploration is its dynamic model. The dynamic model
for the ICN converter developed in this thesis is a first order model valid only in the low frequency range.
A more accurate dynamic model is required to predict the higher frequency characteristics of the ICN
converter and to facilitate the design of a higher bandwidth controllers for this converter.

In this thesis, the parameters of the state feedback controller and the output feedback controller are
designed to have fixed values for the entire operating range of the ICN converter. As a result, the
performance of the converter across its full operating range is difficult to optimize. It would be valuable to
incorporate a nonlinear control technique, such as gain-scheduling, to improve the closed-loop performance
of the ICN converter.

Finally, it would also be useful to investigate the performance of the ICN converter in other potential
applications, such as point-of-load converters and bi-directional converters for energy storage applications.
For some applications, it would also be valuable to explore other topological variations of the ICN converter

architecture.
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Appendix A

Effective Admittance and Output Power of ICN Converter

This appendix derives the expression for the effective admittances seen by the two inverters (Y; and Y>),

as given by (2.1), and the expression for the output power of the ICN converter under fundamental

frequency approximation, as given by (2.3).

Figure A.1 shows an equivalent circuit model for the ICN converter of Fig. 2.3 under fundamental

frequency approximation. In this model, V; and ¥, are the fundamental components of the output voltages

of the inverters, [, and [, are the fundamental components of the output currents of the inverters, and Ry is

the equivalent resistance of the rectifier referred to the primary side of the transformer. The expressions for

1\, V, and Ry are given below:

Al = zI/INejAa
4 (A.1)
Ao 2
, =—Ve ",
V4 (A2)
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Figure A.1: An equivalent circuit model for the ICN converter of Fig. 2.3 under fundamental frequency
approximation. The two input branches of the impedance control network have equal but opposite
reactances (+jX and —jX). V; and V, are the fundamental components of the output voltages of the

inverters, I, and 1, are the fundamental components of the output currents of the inverters, and Rx is the
equivalent resistance of the rectifier referred to the primary side of the transformer.
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Here Vv is the input voltage, Vour is the output voltage, Pour is the output power, N is the transformer turns

ratio, and 2A is the phase shift between the two inverters. The expressions for [; and [, can be derived using

superposition:
=5y Rp, (A4)
X X
- R +jX ., R .

Yy =o=——— ;

nooxt x? (A.6)
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Here, Ry is an unknown that can be eliminated using (A.3) and an additional expression relating Ry and

output power, as follows. Assuming a lossless converter, output power is equal to input power:

2
1 A Sk E 1 At e 2 R
Four =Py =RG{EV1V1 Y, +EV2V2 Y, }=(;VINJ X_);(I_COSZA)' (A.8)

Combining (A.3) and (A.8) yields an expression for Ry that is in terms of given quantities:

= VorX

X

2NV, sinA’ (A.9)

Substituting (A.9) into (A.6) and (A.7) gives the desired expression for the effective admittances seen by

the two inverters, which is the same as (1):

Y =Y, = Vour SINA ny Vour€osA 1
NV X N X X

. (A.10)
Now, substituting Ry, as given by (A.9), into the expression for output power, as given by (A.8), gives:

P _AVVour sinA
ot T°NX (A.11)

The effective susceptance seen by both inverters is zero when the phase shift between them is given by:
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2A=2cos” [%J
out /., (A.12)

Substituting (A.12) into (A.11) yields the desired expression for the output power of the ICN converter

when operated with both inverters seeing zero effective susceptance, which is the same as (2.3):

_ 4VIN VOZUT - NZVHZ\I
o 7w NX . (A.13)




Appendix B

Closed-form Expressions for the Summation of Time-shifted Decaying Sinusoidal Functions

The summation of a series of time-shifted decaying sinusoidal functions, as given below:
Youm (8) = Zzh e~ ™TS) sin wq (£ +mTy). (B.1)
Using Euler’s formula, (B.1) can be expressed as follows:

jwd(t;(+st) _e—jwd(t;(+st)

— — ! e
Youm () = YKL e~ altictmTs) - (B.2)
Rearranging (B.2) yields:
(—a+jwd)tf( i (—a— ]a)d)tK
Ysum (t) = QT mooelmatjoamTs — eT oo eCaTjwamTs, (B.3)
Under the light damping condition (@ = 0), (B.3) can be expressed as:
e}a)dtKl e—a(K-DTs,pjwg(K-1)Ts e—jwdt;( 1—e-a(K-1Ts.p—jog(K-1)Ts
Ysum (t) - 2j 1_e]u)de - 2j 1_e—jwdTS H (B4)

which can be further expressed as:

1 [ej(udtK][l e~ @(K-1)Ts.pjwg(K- 1)TS][1 e‘f“’dTS] [e ]wdtK][l e~ @(K-1)Ts. e—]wd(K—i)Ts][l e]wde]

Ysum () = [1-e)@dTs|[1-¢ 1@dTs]

(B.5)

Letting A = [ej“’dtll(] [1 — e @K-DTs . ej“’d(K'l)TS][l - e_j“’dTS], (B.5) can be expressed as:

A-A"
ysum (t) 1 e]a)de][l e—]u)de] (B6)
Using double angle identities, (B.6) can be further simplified into:
1 A-A*

Ysum () = - n2(24T5) (B.7)

By expanding 4 and using Euler’s formula, A — A* can be expressed as:

A—-A"=4j [cos (a)dtk - w‘;TS) sin (%ZITS) — 7@ cog (wdtﬁ — wqTs + wgKTs —

wqT. . wqT.
dS)Sln( ds)].
2 2
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(B.8)

Substituting (B.8) into (B.7) yields:

wyT wyT
cos(wdt{(— C; S)—e‘“(K‘l)TS cos(wdt}'(+deTs—wde— d S)

Ysum (£) = wqTs o (B.9)
Zsin(—)

When K approaches infinity (which implies that the converter reaches steady state), (B.9) can be simplified

into:

T
cos(wdtK 2d S)

Ysum (£) = (B.10)



Appendix C

Derivations of Expressions for Inverter Output Currents of ICN Converter

This appendix presents the derivation of closed-form expressions for the inverter output currents of the

ICN converter. Figure C.1 shows one implementation of an ICN converter. Under S2 analysis, the switch-

Al
31

Vin = = Vour Q]

(b)
Figure C.1: One implementation of an impedance control network (ICN) resonant converter,
appropriate for voltage step-up: (a) converter topology and (b) switch gating signals.

Cx1 Lx1  Rxa

R,/N? C,N? L /N?
000

U3

\%
Figure C.2: Equivalent circuit model for the ICN converter of Fig. C.1. The resistors model converter
losses.

node voltages of the two inverters and the rectifier of this converter are modeled as square-wave voltage
sources, as shown in the equivalent circuit of Fig. C.2. These square-wave sources can be decomposed
into a sum of time-shifted positive and negative steps, as given by:

Viini — Voinin(® + Xzt Vinu(tg + mTs) —
Y= Vinu (t{< - % + mTS)

Viini — Vainit(©) + Xzt Vinu(tg + mTy) —
NZbVinu (t['< - % + mTS)

, 0<tg <2
vi(t) = (C.1

T
,fs&<n
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Va,ini = Vainitt(t — 24,) + X5 Vinulty — 28, +mTy) —
N4 Vinu (b — 28, = Z + mTy)
Va,ini = Va,inith(t — 24¢) + X026 Vinu(ty — 24, +mTy) —
N Vinu (b — 28, = Z + mTy)
Vaini = Vainitt(t — 28¢) + X026 Vinu(ty — 24, +mT) —
\ N Vinu (t — 28, — 2+ mTy)

, 0 <tg <24,

v, () =4 20 St <28, +2,  (C2)

T.
,2A,3+;Ss:tl’<<TS

Vs,ini = Vainit(t — Tp) + X2h Vouru(ty — Ty + mTy) —
T2 Vouru (th — T — =+ mTy)
Vs,ini = Va,init(t — Tp) + X026 Vouru(tg — Ty + mTy) —
N Vouru (tk — T = =+ mTy)
Vs,ini = Va,initt(t — Tp) + X526 Vouru(tg — T + mTy) —

— T.
\ Z%J) VOUTu (tll( - Tr - ;S + st)

, 0<ty <T;

» TSt <T+2.  (C3)

z|r

v3(t) =

T
, Tr+§s:tl’<<TS

Here, v,(t) and v,(t) model the switch-node voltages of the top and bottom inverters, respectively, and
v3(t) models the switch-node voltage of the rectifier. Vj jpn;, V5 inj and V3 i, are the voltages at the switch
nodes of the two inverters and the rectifier before the converter is turned on, t is taken to be zero when
the converter is turned on, T is the switching period of the converter, K (=1, 2, ...) is the number of the
switching cycles that have passed since the converter was turned on, including the current switching cycle
(the K™ switching cycle), and tk is the time elapsed within the current switching cycle. The relationship
between t, ty and K is given by:
ty =t— (K —DTs. (C.49)
Each of the inverter and rectifier imposed steps in (C.1) — (C.3) produces a response in the resonant
tank currents of the ICN converter. The inverter output currents of the ICN converter (i; and i, in Fig.
C.2) are obtained by summing all these responses. This is done systematically by splitting the inverter
output currents into three components, two generated as a response to the steps imposed by the two
inverters (given in (C.1) and C.2)), and the third generated by the steps imposed by the rectifier (given in
(C.3)), as under:
i1 (6) = i31(8) + i12(2) + 443(0), (C5)

ip(t) = i3 (t) + ip2(t) + ix3(0). (C.6)
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Here, iy, (t) is the component of iy generated by v, (where x signifies the two inverters and equals 1 or 2,
and y signifies the two inverters and the rectifier and equals 1, 2 or 3, as shown in Fig. C.2). The three
components of the inverter output currents are individually expressed as:

v
(— 220y, step (D) + X020 ixa step (ti + mTs) —

T
ViN , 0<tp <=
Zm_zl lx1,step (tK - ;S + st)

k@ =9 v, S , (C.7)
- % ix1,step (D) + Ym0 ix1,step (tg + mTs) — T
N , TSt <Ts
\ %_ 0 lxl ,step (tK =+ st)
14
[ - ;ml ixzstep(t = 20¢) + X02h ixo step (tk — 28¢ + mTy) — o<t <A
) S tK < t

Zm_:l ixz,step (tI’( — 20 — —S + st)
T bxzstep (= 280) + Yo bz step(tK 24, + mTy) —

VZ ini

b2 () = 4 (20 <ty <20+,
11\711_ 1lx2 ,step (tK 20, — ;S + mTS)
V —_— .
— ;Iml ) ,Step (t ZAt) + Zmzo lx2,step (tll( - ZAt + st) —_ T ,
N-— Ts ’2At+;StK<TS
m= O Ix2,step (tK 2A; — > + mTS)
(C.8)
|4 . L
V(S):Jm Ix3,step (t - r) + Z;Vn=11 lx3,step (tI,( - T+ st) — ,
<
- ’ T Ts T ’ 0 = tK < TI‘
2m=1 lx3,step tg — T — ; + mTg
v 3 L
. VZml Ix3 ,step (t Tr) + 211\7]1:% lX3,Step (tI’( - Tr + mTS) _ , "
ix3(t) =4 Ne Ts VTSt <Tr+7. (C.9)
m= 1 lx3 ,step (t]( T — 4+ st)
4 .
VZEU lx3 ,step (t T, ) + Z lx3 step (tK Tr + mTS) — . . , ;
+3<t, <
_ , T+ <ty .
\ % 0lx3 ,step (t}( T. — ;S + st)

Here, iyy step(t) is the response of the inverter output current iy to a step in the inverter/rectifier switch-
node voltage v,. The magnitude of this step equals the input voltage Viy when the step is in the inverter

switch-node voltages, and the output voltage Voyr when the step is in the rectifier switch-node voltage.

For instance, i1,step (t) is the response of the top inverter output current to a step of magnitude Viy in the
top inverter switch-node voltage. iyy step(t) is given by a sum of two exponentially decaying sinusoidal

functions, as follows:



Ixy,step(t) = Lyyre ™Mt sinw t + Iyyre %2t sin wyt,
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(C.10)

where Iyyq, Iyy2, @1, @y, w1 and w, are parameters that depend on input voltage, output voltage, reactive

component values, transformer turns ratio and converter losses.

These parameters can be obtained by evaluating the ICN converter model of Fig. C.2 in the frequency

domain. The inverter output currents are expressed in the frequency domain as:

i(s) = v1(9)[Z2(8)+23()] _ v2(8)Z3(s) _ v3(5)Zz(s)
el z(s) z(s) z(s)

i(s) = V2(9[Z1()+2Z3()] _ v1()Z3(s) _ v3(s)Zi(s)
2 Z(s) z(s) z(s)

Here, Z(s), Z,(s) and Z3(s) are the impedances of the three resonant tanks, given by:

1

Z1(s) = Lx;5 + Rxy + )
sCx1

1
SCXZ,

ZZ(S) = LXZS + RXZ +

1
SCN?’

Z3(s) =55+ 5+
and Z(s) is given by:
Z(s) = Z1(8)Zy(s) + Z1(s)Z3(s) + Z5(s)Z3(s).
Rearranging (C.11) and (C.12), the inverter output currents can be expressed as:

i1(s) = %([fz(s) + £3()]v1(5) = f3(8)v2(s) = fo(8)v3(s)),

ir(s) = ]% [/1(8) + fa()]v2(8) = fa()v1(s) — fi()va(s)),

where f;(s), f>(s), and f3(s) are given by:

1
f1(s) = Lyy5% + Rxys oo
X1

1
f2(s) = Lx25* + Rxys oo
X2

1
CrN?’

L R
fa(s) =5s?+ s+

and f(s) is given by:

f(s) = f1(8)f2(s) + f1(8)f3(5) + f2(s)f3(s).

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)

(C.17)

(C.18)

(C.19)

(C.20)

(C.21)

(C.22)
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The parameters in (C.10) can now be systematically obtained by applying a step to one of the

inverter/rectifier switch-node voltages, while the other two voltages are set to zero. For instance, consider

a step of magnitude Vi in the top inverter switch-node voltage, that is, v, (s) = VITN, while v,(s) = 0 and

v3(s) = 0. Applying these conditions to (C.17) and (C.18), the responses of the two inverter output

currents to the step in v, (s) are given by:

; L2()+15(5)

f11tep (8) = Vin =55 (C23)
; —f5(s)
i21,5tep () = Vin f?; . (C.24)

It can be seen from (C.23) and (C.24) that the poles of i, 11(s) and iy »,(s) are given by the two pairs
of complex-conjugate roots of the fourth-order polynomial f(s). The absolute value of the real parts of
these poles correspond to the exponential coefficients (a; and @), while the absolute value of the
imaginary parts correspond to the damped frequencies (w; and w,) in (C.10). Values for the parameters
aq, Ay, w, and w, can be obtained by numerically solving f(s) = 0. This procedure is repeated by
applying steps to the bottom inverter and rectifier switch-node voltages. It can be observed that the poles
of the step responses in each case are given by the roots of the same polynomial f(s).Therefore, a4, a5,
w4 and w, are the same for all combinations of the inverter/rectifier switch-node voltages (indexed by y)
and inverter output currents (indexed by x). The magnitude parameters Iyy; and Iy, in (C.10) are
obtained by evaluating the zeroes of the step responses of the inverter currents, as obtained by applying
the above procedure. These parameters have different values depending on the combination of
inverter/rectifier voltage and inverter output current being evaluated.

It is evident from (C.7) — (C.9) that the inverter output currents of the ICN converter can be expressed
as a summation of time-shifted decaying sinusoidal functions. Utilizing the procedure described in
Appendix B, the inverter output currents can be expressed in closed-form. For clarity, these expressions

are split into steady-state and startup transient components. The expressions for the inverter output
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currents, as a response to the top and bottom inverter switch-node voltages, iy, (t) and iy, (t), are given
by:
ix1 () = Ixqs(8) + ix1c(2), (C.25)
ix2 () = ixas(t) + ixae(2), (C.26)

where the steady-state (iy;5(t) and iy,s(t))and startup transient components (iyq¢(t) and iy,(t)) are

given by:
. w1qT, . wT.
lelsm(wlt{(— 14 S) lezsm(wztl'(— 24 S) 0<t < Ty
15(0) 2cos(%47) 2eos() T KT (€27)
Ix1s t) = . (3wqT s (3waT > '
lelsln( " S—wlt['() + lezsm( 2 S—wztk) Ts _ ¢ o< T
2cos(wlTTs) 2cos(szTS) 2 = K S
: _ Vijini —aqt o Viini —ayt o Ix11 —(K-1)a;Ts o; ’
ix1t(t) = o L1 %t sinwqt + vy lx128 2 smwzt—me (K=DerTs gin (—w, tf —
4
3w1T, I —(K- . 3w, T,
Kw Ty +— S) — 22 e~ (K-DaxTs gjp (—w2t1'< — Kw,Ts + = S) , (C.28)
4 ZCOS(T) 4
Ixas(t) =
Ixo1 . 1 w1Ts A Ixz2 . 1 w2y A ' A
msm —wqlg — T'l‘ leTS +m$ln —wytg ———+ wZETS , 0=t < ;Ts
4 4
Ix21 : / w1Ts A Ix22 ; / w2 Ts A A / A Ts
mSln (x)ltK———a):l;TS +m$ln wyty — —(1)2;TS , ;TSStK<;TS+;
4 4
Ix21 . r 3wqTs A Ix22 . r 3wy Ts A A Ts ’
kmsu’l —wltK+—+w1;TS +m$ln —wytkg + +w2;TS ) ;Ts +?StK<Ts
4 4
(C.29)
iyoe(t) = Vajni e~ gin @t + 20 [ o=t gin gt — — 22 o=(K=DerTs i (—gy, ¢l —
x2t(t) = x21 1 x22 2 01Ts 1tk
Vin Vin ZCOS(T)
3wqT. I —(K- . 3w, T,
Ko Ty +225) — L2t o =Dt sin (—w,ty — Ko, Ty + 222) (C.30)

reos (o)
V1 ini and V5 are the initial voltages at the two inverter switch nodes at time ¢ = 0 (i.e., at the start of
each burst cycle).

For the remaining two terms in (C.5) and (C.6), ix3(t) (x is 1 or 2), closed-form expressions for steady-
state operation are given by (C.31). Here, T, is the phase lag of the rectifier, which is defined as the time
tg = T, when the rectifier current ((i; + i,)/N) is zero and hence the rectifier switches commutate. It

may be noted that the charging and discharging of the parasitic capacitances of the actual rectifier diodes



93

during the switching transitions introduce extra delay into T,.. This delay, AT,., can be approximated by the

time required to discharge the parasitic capacitances of the rectifier diodes to half of the output voltage

Tr+AT,- 11+12 dt =

1 . .
and can be obtained from: f 2Cgai0aeVour X > where N is the transformer turns ratio and

Caioqe 18 the parasitic capacitance of the rectifier diode. The actual phase lag of the rectifier is given by
T, + AT,..

ix35(t) =

Ix31 wlTs a)ZTS

. I .
Wsm (—(ultl’( + w,T; ) + —22 - —sin (—wztﬁ
2cos(*21s) 2

wZTs)
COS( 4

I
- wlTr) + ZCL sin (wz tg —

(25

I . 30,T, I . 30,T,
— 2 sin (—wltﬁ + % + wlTr) +—22sin (—thK 22Ty a)zT) T, + S <ty < T
ZCOS(T) 2COS(T) 4

+(u2T) 0<ty<T;

Ix31 w2 Ts

wlTS
— (wlTS) sin (wltK
4

—szr), T, <ty <Tp+2

(C.3D)
For startup transients, closed-form expressions for i;5(t) and i,3(t) are difficult to obtain as an
expression for the commutation time of the diode rectifier at the very beginning of the startup transient is
difficult to determine. Thus the actual commutation time is determined numerically by searching across
the entire switching period, and utilizing the condition that the rectifier current is near-zero at the
commutation instant, taking into account that the actual commutation happens when the parasitic
capacitances of the rectifier diodes are fully charged or discharged. It is worth mentioning that for an ICN
converter with active rectifier (using transistors), the closed-form expressions for i;5(t) and i,3(t) can
also be obtained, and the resultant expressions are similar to those in (C.28).

Expressions for all the parameters used in (C.27) — (C.31) are listed below:

I111 = Vinpy [(C vz T C_Xz) - w} (% + sz)]; (C.32)
Iz = Vinbs | (G + o) — @3 (5 + L) | (C.33)
Ii21 = —Vinpy (C:VZ w? Lr): (C.34)

1
ho = —VinBz (i — 03 5) (C.35)



Iizp = — (V(I)VUT) B1 (C_; - w%sz);

I139 = — (V(I)VUT) B2 (Cixz - w%sz) ;

1 L
21b NP1 N @inz)
1 L
I = -V (_ — 0)2 r) .
21d INB2 N ©2y3)

1

o = Vo + 25 - o (54 )]

I32q4 = VinB2 [(ﬁ + CLXl) — w5 (% + LXl)];
(

s = = (5577)

X1
— _ VOUT) (L_ 2 )
123d_ ( N ﬁz Cx1 (l)zLX1 5
B = : ;
| =
a’l(w%_“’%)(LmLXz +LX1%+LX2%) ’
1
B. =

2 2 Ly Lr\*
w2 (w1‘wz)(Lx1sz +LX1F+LX2F)
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(C.36)

(C.37)

(C.38)

(C.39)

(C.40)

(C.41)

(C.42)

(C.43)

(C.44)

(C.45)



Appendix D

Loss Model

This appendix provides the loss model that is used to estimate the efficiency and loss breakdown of the
ICN converter. This loss model includes transistor losses, diode losses, inductor losses, transformer losses,
capacitor losses, and the PCB trace losses. The equations used to estimate the losses are summarized below.
Inverter Losses

The turn-on losses of the transistors in the inverters are negligible as they achieve ZVS at all operating
points. Therefore, only conduction losses, turn-off losses and gate charge losses are considered for these
transistors. The conduction losses in each transistor are calculated using:

Ptrans,cond = IlngRdS(On)ﬂ (D.1)
where, I, is the RMS current through the transistor, Rqs(on) is the on-state resistance of the transistor.
The turn-off losses of each transistor are calculated assuming the current through its channel decreases
linearly to zero upon transistor turns off. The remaining current (which increases linearly) flows into its
output capacitance, leading to a quadratic rise in the transistor’s drain-source voltage. The overlap between

the channel current and the drain-source voltage results in losses, and is given by:

P _ Losrtorefow (D.2)
trans,off 48Coss .

Here I, 55 is the current through the transistor at the turn-off instant, t, ¢ is the fall time of the current, f;,,,
is the switching frequency of the converter, and C,¢ is the output capacitance of the transistor. The gate
charge losses of each transistor are calculated using:

Ptrans,gate = nggfsw: (D.3)
where Vs is the gate-to-source voltage of the transistor, and @ is the total gate charge of the transistor.
Rectifier Losses

The rectifier diode in on-state can be modeled as a voltage source in series with an on-state resistor.

Therefore, diode losses are calculated using:
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Pdiode = Iangt + II%mSRU (D.4)
where I, is the average current through the diode, V; is the diode’s voltage drop, I, is the RMS current
through the diode, and R; is its on-state resistance.

Magnetic Losses
Losses in the inductors and the transformer include winding losses and core losses. Winding losses are
calculated using:

Pwinding = Yi=11fms,iRdcFr,i» (D.5)
where Iy, ; is the RMS value of the ith harmonic of the current through the winding, R, is the dc resistance
resistance of the winding, and F,.; is a factor that relates the ac resistance to the dc resistance, and is
determined using equation (2) of reference [22]. The first eleven harmonics of the winding current are used

to calculate the winding losses. The core losses are calculated using the improved generalized Steinmetz

equation (iGSE) [23]:

1T, |dB[% -
Peore = Vc?fo k; |E| (AB)B “dt, (D.6)

ki = K (D.7)

T (2m)e-t foznlcos g|a2B-adg’

Here V. is the core volume, B is the flux density, AB is the peak-to-peak flux density, T is the cycle period

of the flux density (the same as switching period), and k, a and f are material parameters used in the basic
Steinmetz equation P, = kf “Bf , where P, is the core loss per unit volume, and By, is the peak value of a

sinusoidal excitation, and f is the frequency of the sinusoidal excitation.
Capacitor Losses
The losses in the capacitors are calculated using:

= IlgmsResra (D.8)

Pcap
where I,,,,s is the RMS current through the capacitor, and R,g, is the equivalent series resistance of the

capacitor.

PCB Trace Losses
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The PCB trace losses are calculated using:

h
Ppcg = IIZ‘I‘IlSRdC Y (D.9)

where I, is the RMS current through the PCB trace, Ry, is the dc resistance of the PCB trace, h is the

thickness of the trace, and & is the skin depth.



Appendix E

Sensitivity Analysis

To investigate the robustness of the ICN converter to variations in component values, and the possibility
of compensating for these variations through slight changes in the available control handles, the sensitivity
of the ICN converter’s key performance metrics to variations in component values, switching frequency,
and the phase shift between the inverters is studied. The performance metrics of interest are the converter’s
soft switching ability, maximum output power, and conversion efficiency. The change in these performance
metrics as the value of inductor Lx; varies across a +10% range is shown in Fig. E.1. As can be seen from
Fig. E.1 (a), the sensitivity of the inverter turnoff current to variations in in value of Lx; depends on the
converter’s operating point. The inverter turnoff current for both inverters is most sensitive when the ICN
converter is at its maximum boost operating point (25 V input voltage and 400 V output voltage). At all
operating points the inverter turnoff current tends towards a positive value when the value of Lx; decreases,
and with a large decrease in Lx; the inverter switches will lose ZVS. At the worst case operating point (25
V input voltage and 400 V output voltage) the loss in ZVS occurs when Lx; is reduced by around 2.5%
from its nominal value. When the value of Lx; increases, the inverter turnoff current becomes more
negative, which leads to the eventual loss of near ZCS. Interestingly the maximum output power and the
efficiency of the ICN converter do not change too much across a +10% variation in the value of Lx;. The
change in performance of the ICN converter with variations in the values of the other components (Cxi,
Lxa, Cxa, Ly, Cr) is also investigated in the same way. Figure E.2 shows the change in the top inverter turnoff
current across +10% variations in the values of these components. The top inverter turnoff current tends
to become less negative when Cxi, Lx», or Cx, decrease or when L, or C; increase, and the top inverter
turnoff current becomes more negative when the component values change in the opposite direction. The
change in the bottom inverter turnoff current is very similar to that in the top inverter. Also, as with
variations in Lx;, the maximum output power and efficiency of the ICN converter do not change much with

slight changes in these component values.
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Figure E.1: Variations in (a) inverter turn-off current, (b) maximum output power, and (c) average full-
power efficiency of the medium-Q (Q=1) ICN converter as a function of variations in Lx;.
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Figure E.2: Change in top inverter turnoff current of the medium-Q ICN converter across +10%
variations in the value of a) Cxi, (b) Lxz, (¢) Cxz, (d) L, and (¢) C..
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Figure E.3: Variations in (a) inverter turn-off current, (b) maximum output power, and (c) average full-
power efficiency of the medium-Q (Q=1) ICN converter as a function of variations in switching
frequency.
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As shown above, variations in component values do change the soft switching ability of the ICN
converter; therefore it is valuable to see if the available control handles (switching frequency and phase
shift between inverters) can be adjusted slightly to compensate for the change in turn-off current. Figure
E.3 shows the change in performance of the ICN converter across +£5% variations in switching frequency.
As can be seen from Fig. E.3 (a), the inverter turnoff current is quite sensitive to the switching frequency.
The inverter turnoff current will become less negative (and eventually positive) when the switching
frequency decreases, and it will become more negative when switching frequency increases. Moreover, the
change in maximum output power and efficiency is quite small with such variations in the switching
frequency, as shown in Fig. E.3 (b) and (¢). Hence, switching frequency is a good candidate to compensate
for changes in inverter turn-off currents and recover the soft switching ability of the ICN converter in case
it is lost due to variations in component values. Another potential candidate is the phase shift between the
inverters. Figure E.4 shows the change in performance of the ICN converter across +20% variations in
phase shift between the inverters. As can be seen from Fig. E.4 (a), the top and bottom inverter turnoff
currents change in the opposite directions with variations in phase shift. Again, the change in maximum
output power and efficiency is quite small with variations in phase shift, as can be seen in Fig. E.4 (b) and
(c). Hence, phase shift can be used to compensate for any differential-mode changes in the top and bottom
inverter turnoff currents.

To demonstrate the above-mentioned compensation techniques for variations in inverter turn-off current
due to variations in component values, two examples are considered. Figure E.5 shows the inverter output
voltage and current for the medium-Q ICN converter with Lx; decreased by 10% from its nominal value,
while Fig. E.6 shows the same waveforms with Lx; increased by 10% from its nominal value. In Fig. E.5
(a), the switching frequency of the converter is 505 kHz, which results in positive turnoff current for both
inverters, and both inverters lose ZVS. To recover ZVS capability, the switching frequency is increased by
5% (to 530 kHz) in Fig. E.5 (b). The resultant inverter turn-off currents become slightly negative and both
inverters achieve ZVS and near ZCS. In Fig. E.6 (a) (with Lx; increased), the converter switches at 505

kHz, and the inverter turn-off currents are very negative so near ZCS is not achieved. In Fig. E.6 (b), the
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switching frequency is decreased by 3% to 490 kHz to make the inverter turn-off current only slightly
negative to achieve ZVS and near ZCS. Hence, slightly adjusting the switching frequency is an effective
way to compensate for variations in the component values of the ICN converter. If Lx; had decreased and
Lx» had increased, requiring a differential adjustment in the inverter currents, a slight adjustment in phase

could additionally be employed to compensate for these changes.
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Figure E.4: Variations in (a) inverter turn-off current, (b) maximum output power, and (c) average full-
power efficiency of the medium-Q (Q=1) ICN converter as a function of variations in phase shift.
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Figure E.5: Inverter output voltage and current for the medium-Q (Q=1) ICN converter with Lx;
decreased by 10% from its original value. The switching frequencies used in (a) and (b) are 505 kHz and
530 kHz, respectively. In both cases, the converter is operated with 25 V input voltage and 400 V output

voltage.
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Figure E.6: Inverter output voltage and current for the medium-Q (Q=1) ICN converter with Lx;
increased by 10% from its original value. The switching frequencies used in (a) and (b) are 505 kHz and
490 kHz, respectively. In both cases, the converter is operated with 25 V input voltage and 400 V output

voltage.
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The above discussion shows that with known component values, for a given combination of input and
output voltages, there is an optimum choice of switching frequency and phase shift that results in a turnoff
current which maximizes the converter efficiency. With known component values, one way to achieve this
optimal turnoff current automatically would be to use a lookup table that stores the optimum values of
switching frequency and phase shift as a function of input and output voltages. However, with component
tolerances in a practical converter, the above method needs to be augmented with a self-learning algorithm
that determines the optimum switching frequency and phase shift as a function of input and output voltages
during converter operation to maximize efficiency. This can be achieved through an online efficiency

optimization technique similar to the one presented in [24], [25].



