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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 
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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 
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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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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. 

 

 

 

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. 
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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 
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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 
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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 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, 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 
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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 

 

 

Figure 2.1: Block diagram for a conventional dc-dc resonant converter. 

 

\ 

 

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. 
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inverters at zero current across wide operating ranges1. 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 (+jX and -jX) at the switching frequency, the effective 

admittances seen by the two inverters (Y1 and Y2 of Fig. 2.3) under fundamental frequency approximation 

and assuming a lossless converter are given by: 

OUT OUT
1 2

IN IN

sin cos 1V VY Y j
NV X NV X X

∗  Δ Δ= = + − 
  . (2.1) 

Here VIN is the input voltage, VOUT is the output voltage, N is the transformer turns ratio, and 2Δ 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: 

1 IN

OUT

2 2cos
NV
V

−  
Δ =  

  . (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 

                                                            
1 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 Lr - Cr 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.  

 
 

(a) 
 

 
(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 Y1 or Y2 as given by (1)) and susceptance (absolute 
value of imaginary part of Y1 or Y2) seen by the two inverters as a function of their relative phase shift 

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 Ω and N is 5.3. 

 

Figure 2.5: Effective conductance seen by the two inverters (real part of Y1 or Y2, as given by (1)) as a 
function of input voltage when the ICN converter with X equal to 2.026 Ω and N equal to 5.3 is 

operated with zero effective susceptance, at output voltage of 250 V. 

 

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 Ω 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: 

2 2 2
IN OUT IN

OUT 2

4V V N V
P

NXπ
−

=
. (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. 

 

 

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 

                                               (a)                                                                               (b) 

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. 
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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 (ܳ) 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 

 

(a) 

 

(b) 

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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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) 

 

Figure 3.2: A full-bridge series resonant converter. ୍ܸ ୒ is the input voltage and ୓ܸ୙୘ is the output 
voltage. 

 

       
                                                       (a)                                               (b) 
Figure 3.3: The equivalent model of the full-bridge series resonant converter of Fig. 2, together with 

waveforms of the equivalent voltage sources. 
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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 k=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 ݒଵ 

and the rectifier input voltage ݒଶ of Fig. 3.2) modeled by square-wave sources (50% duty ratio). These 

voltages (ݒଵ and ݒଶ) are plotted in Fig. 3.3(b), where ୰ܶ଴ 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:  

(ݐ)ଵݒ = ۔ۖەۖ
ۓ ୍ܸ୒଴ − (୍ܸ୒ + ୍ܸ୒଴)ݑ(t) + ∑ 2୍ܸ୒ݐ)ݑ୏ᇱ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2୍ܸ୒ݑ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ ,			0 ≤ ୏ᇱݐ < ౩்ଶ 	୍ܸ ୒଴ − (୍ܸ୒ + ୍ܸ୒଴)ݑ(t) + ∑ 2୍ܸ୒ݐ)ݑ୏ᇱ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2୍ܸ୒ݑ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ ,			 ౩்ଶ ≤ ୏ᇱݐ < ୱܶ ,                   (3.1) 

(ݐ)ଶݒ =
ەۖۖۖ
۔ۖ
ۓۖۖ ୓ܸ୙୘଴ − ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݐ)ݑ − ୰ܶ଴) + ∑ 2 ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶ଴ + ݉ ୱܶ) −௄ିଵ௠ୀଵ∑ 2 ୓ܸ୙୘ݑ ቀݐ௄ᇱ − ୰ܶ଴ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ , 0 ≤ ୏ᇱݐ < ୰ܶ଴

୓ܸ୙୘଴ − ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݐ)ݑ − ୰ܶ଴) + ∑ 2 ୓ܸ୙୘ݐ)ݑ௄ᇱ − ୰ܶ଴ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2 ୓ܸ୙୘ݑ ቀݐ௄ᇱ − ୰ܶ଴ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ , 	 ୰ܶ଴ ≤ ୏ᇱݐ < ୰ܶ଴ + ౩்ଶ
୓ܸ୙୘଴ − ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݐ)ݑ − ୰ܶ଴) + ∑ 2 ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶ଴ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2 ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶ଴ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ , 		 ୰ܶ଴ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 

(3.2) 

Here, ୍ܸ୒଴ is the initial value of the input voltage, ୓ܸ୙୘଴ is the initial value of the output voltage, ݐ is taken 

to be zero when the converter is turned on, ୱܶ is the switching period of the converter, (… ,2 ,1=) ܭ is the 
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number of the switching cycle of interest (the ܭ୲୦ switching cycle), and ݐ୏ᇱ  is the time elapsed within the 

switching cycle of interest. The relationship between ݐ ,ݐ୏ᇱ  and ܭ is given by: ݐ୏ᇱ = ݐ − ܭ) − 1) ୱܶ.                                                                (3.3) 

    The response of the tank current, ݕ୳(ݐ), to a unit step assuming very low damping (ܴ ≈ 0) is given by: 

(ݐ)୳ݕ  = ଵఠౚ௅ ݁ିఈ௧ sin߱ୢ(3.4)                                                        ,ݐ 

where ߙ = ோଶ௅ and ߱ୢ = ට ଵ௅஼ − ቀ ோଶ௅ቁଶ. Each step in (3.1) and (3.2) excites a similar current response and 

the components ݅ଵ and ݅ଶ of the tank current	݅, generated by the two voltage sources ݒଵ and ݒଶ, respectively, 

can be obtained by adding the individual responses: 

݅ଵ(ݐ) = ۔ۖەۖ
ۓ −(୍ܸ୒ + ୍ܸ୒଴)ݕ୳(ݐ) + ∑ 2୍ܸ୒ݕ୳(ݐ୏ᇱ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2୍ܸ୒ݕ୳ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ ,			0 ≤ ୏ᇱݐ < ౩்ଶ−(୍ܸ୒ + ୍ܸ୒଴)ݕ୳(ݐ) + ∑ 2୍ܸ୒ݕ୳(ݐ୏ᇱ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2୍ܸ୒ݕ୳ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ ,			 ౩்ଶ ≤ ୏ᇱݐ < ୱܶ,                            (3.5) 

݅ଶ(ݐ) =
ەۖۖۖ
۔ۖ
ۓۖۖ ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݕ୳(ݐ − ୰ܶ଴) − ∑ 2 ୓ܸ୙୘ݕ୳(ݐ୏ᇱ − ୰ܶ଴ + ݉ ୱܶ) +௄ିଵ௠ୀଵ∑ 2 ୓ܸ୙୘ݕ୳ ቀݐ୏ᇱ − ୰ܶ଴ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ ,			0 ≤ ௄ᇱݐ < ୰ܶ଴( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݕ୳(ݐ − ୰ܶ଴) − ∑ 2 ୓ܸ୙୘ݕ୳(ݐ୏ᇱ − ୰ܶ଴ + ݉ ୱܶ) +௄ିଵ௠ୀ଴∑ 2 ୓ܸ୙୘ݕ୳ ቀݐ୏ᇱ − ୰ܶ଴ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ ,			 ୰ܶ଴ ≤ ୏ᇱݐ < ୰ܶ଴ + ౩்ଶ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݕ୳(ݐ − ୰ܶ଴) − ∑ 2 ୓ܸ୙୘ݕ୳(ݐ୏ᇱ − ୰ܶ଴ + ݉ ୱܶ) +௄ିଵ௠ୀ଴∑ 2 ୓ܸ୙୘ݕ୳ ቀݐ୏ᇱ − ୰ܶ଴ − ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ ,			 ୰ܶ଴ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 .         

(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 ݅(ݐ) = ݅ଵ(ݐ) + ݅ଶ(ݐ), where: 

		݅ଵ(ݐ) = ۔ۖەۖ
ۓ ௏౅ొఠౚ௅ ୱ୧୬ቀఠౚ௧ᇲే ିభరఠౚ ౩்ቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					0 ≤ ୏ᇱݐ < ౩்ଶ௏౅ొఠౚ௅ ୱ୧୬ቀయరఠౚ ౩்ିఠౚ௧ᇲే ቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					 ౩்ଶ ≤ ୏ᇱݐ < ୱܶ	 ,                                                   (3.7) 
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			݅ଶ(ݐ) =
ەۖۖ
۔ۖ
ۓۖ − ௏ో౑౐ఠౚ௅ ୱ୧୬ቀିఠౚ௧ᇲే ିభరఠౚ ౩்ାఠౚ ౨்బቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					0 ≤ ୏ᇱݐ < ୰ܶ଴− ௏ో౑౐ఠౚ௅ ୱ୧୬ቀఠౚ௧ᇲే ିభరఠౚ ౩்ିఠౚ ౨்బቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					 ୰ܶ଴ ≤ ୏ᇱݐ < ୰ܶ଴ + ౩்ଶ− ௏ో౑౐ఠౚ௅ ୱ୧୬ቀିఠౚ௧ᇲే ାయరఠౚ ౩்ାఠౚ ౨்బቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					 ୰ܶ଴ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 .                                  (3.8) 

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 ( ୰ܶ଴) can be obtained using the fact that at ݐ୏ᇱ = ୰ܶ଴, rectifier switches 

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

             ୰ܶ଴ = ୟ୰ୡୱ୧୬൬ିೇో౑౐ೇ౅ొ ୱ୧୬ቀഘౚ೅౩ర ቁ൰ାഘౚ೅౩రఠౚ .                                                             (3.9) 

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 

 

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 ܮ = 100 μH and ܥ = 1.0132 nF. 
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voltage, 50 V output voltage and 505 kHz switching frequency. The values of the tank components are ܮ =100	μH and ܥ = 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 - k=1 CCM mode, where ୱ݂ is 

lower than ଴݂, but higher than ଴݂/2	[41].  

    For k=1 CCM mode, the inverter output voltage (ݒଵ) is plotted along with the rectifier input voltage (ݒଶ) 

in Fig. 3.5, where ୰ܶଵ (larger than ௦ܶ/2) is the phase lag of the rectifier input voltage with respect to the 

inverter output voltage. The voltage ݒଵ is the same as the previous case and given by (3.1). The voltage ݒଶ 

is given by: 

(ݐ)ଶݒ =
ەۖۖۖ
۔ۖ
ۓۖۖ ୓ܸ୙୘଴ − ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݐ)ݑ − ୰ܶଵ) + ∑ 2 ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶଵ + ݉ ୱܶ) −௄ିଵ௠ୀଵ∑ 2 ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶଵ + ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ , 0 ≤ ୏ᇱݐ < ୰ܶଵ − ౩்ଶ

୓ܸ୙୘଴ − ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݐ)ݑ − ୰ܶଵ) + ∑ 2 ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶଵ + ݉ ୱܶ) −௄ିଵ௠ୀଵ∑ 2 ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶଵ + ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ , ୰ܶଵ − ౩்ଶ ≤ ୏ᇱݐ < ୰ܶଵ
୓ܸ୙୘଴ − ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݐ)ݑ − ୰ܶଵ) + ∑ 2 ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶଵ + ݉ ୱܶ) −௄ିଵ௠ୀ଴∑ 2 ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶଵ + ౩்ଶ + ݉ ୱܶቁ ,௄ିଵ௠ୀ଴ 		 ୰ܶଵ ≤ ୏ᇱݐ < ୱܶ

.       
(3.10) 

Similarly, the component ݅ଵ of tank current ݅ is given by (3.5) and (3.7). The component ݅ଶ of tank current ݅ is given by: 

   
 

Figure 3.5: Waveforms of the inverter output voltage (ݒଵ) and rectifier input voltage (ݒଶ). 
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݅ଶ(ݐ) =
ەۖۖۖ
۔ۖ
ۓۖۖ ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݕ୳(ݐ − ୰ܶଵ) − ∑ 2 ୓ܸ୙୘ݕ୳(ݐ୏ᇱ − ୰ܶଵ + ݉ ୱܶ) +௄ିଵ௠ୀଵ∑ 2 ୓ܸ୙୘ݕ୳ ቀݐ୏ᇱ − ୰ܶଵ + ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀଵ ,			0 ≤ ୏ᇱݐ < ୰ܶଵ − ౩்ଶ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݕ୳(ݐ − ୰ܶଵ) − ∑ 2 ୓ܸ୙୘ݕ୳(ݐ୏ᇱ − ୰ܶଵ + ݉ ୱܶ) +௄ିଵ௠ୀଵ∑ 2 ୓ܸ୙୘ݕ୳ ቀݐ୏ᇱ − ୰ܶଵ + ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ ,			 ୰ܶଵ − ౩்ଶ ≤ ୏ᇱݐ < ୰ܶଵ( ୓ܸ୙୘ + ୓ܸ୙୘଴)ݕ୳(ݐ − ୰ܶଵ) − ∑ 2 ୓ܸ୙୘ݕ୳(ݐ୏ᇱ − ୰ܶଵ + ݉ ୱܶ) +௄ିଵ௠ୀ଴∑ 2 ୓ܸ୙୘ݕ୳ ቀݐ୏ᇱ − ୰ܶଵ + ౩்ଶ + ݉ ୱܶቁ௄ିଵ௠ୀ଴ ,					 ୰ܶଵ ≤ ୏ᇱݐ < ୱܶ

.             

(3.11) 

Using the results in the Appendix B, the simplified expression of ݅ଶ in steady state is: 

			݅ଶ(ݐ) =
ەۖۖ
۔ۖ
ۓۖ − ௏ో౑౐ఠౚ௅ ୱ୧୬ቀఠౚ௧ᇲే ାయరఠౚ ౩்ିఠౚ ౨்భቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					0 ≤ ୏ᇱݐ < ୰ܶଵ − ౩்ଶ− ௏ో౑౐ఠౚ௅ ୱ୧୬ቀିఠౚ௧ᇲే ିభరఠౚ ౩்ାఠౚ ౨்భቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					 ୰ܶଵ − ౩்ଶ ≤ ୏ᇱݐ < ୰ܶଵ− ௏ో౑౐ఠౚ௅ ୱ୧୬ቀఠౚ௧ᇲే ିభరఠౚ ౩்ିఠౚ ౨்భቁଶୡ୭ୱቀഘౚ೅౩ర ቁ ,					 		 ୰ܶଵ ≤ ୏ᇱݐ < ୱܶ

.                                  (3.12) 

Again, the complete tank current is simply given by ݅(ݐ) = ݅ଵ(ݐ) + ݅ଶ(ݐ). Evaluating the full tank current 

at the rectifier commutation time instant ( ୰ܶଵ) yields the expression for ୰ܶଵ: 

୰ܶଵ = ୟ୰ୡୱ୧୬൬ೇో౑౐ೇ౅ొ ୱ୧୬ቀഘౚ೅౩ర ቁ൰ାయഘౚ೅౩రఠౚ .                                                        (3.13) 

This concludes deriving the expressions for the tank current of SRC when operating in k=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: 

୓ܲ୙୘ = 2 ୱ୍݂ܸ୒ ׬ (ݐ)݅ ∙ ೅౩మ଴ݐ݀ .                                                             (3.14) 

Substituting the expression of ݅(ݐ) into (3.14), gives the following closed-form expression for the output 

power of the SRC operating in the k=0 CCM mode: 

୓ܲ୙୘଴ = ସ௏౅ొ௏ో౑౐௙౩ఠౚమ௅ ቈୡ୭ୱቀഘౚ೅౩ర ିఠౚ ౨்బቁୡ୭ୱഘౚ೅౩ర − 1቉,                                                  (3.15) 
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where ୰ܶ଴ 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: 

୓ܲ୙୘ଵ = ସ௏౅ొ௏ో౑౐௙౩ఠౚమ௅ ቈ1 − ୡ୭ୱቀఠౚ ౨்భିయഘౚ೅౩ర ቁୡ୭ୱഘౚ೅౩ర ቉.                                                  (3.16) 

Here, ୰ܶଵ 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 ܮ = 100	μH and ܥ = 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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(a) 

 

 
(b) 

 
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. 
 

 
(a) 

 
(b) 

 
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). 
 

1 N: Resonant
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 ݅୳,୶୷(ݐ) = ୶୷ଵ݁ିఈభ௧ܫ sin߱ଵݐ + ୶୷ଶ݁ିఈమ௧ܫ sin߱ଶ(3.17)                                              ,ݐ 

where ݅୳,୶୷(ݐ) is the step response of ݅୶ to ݒ୷ (x is 1 or 2, and y is 1, 2 or 3), ܫ୶୷ଵ, ܫ୶୷ଶ, ߙଵ, ߙଶ, ߱ଵ and ߱ଶ 

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, ݅ଵ and ݅ଶ (as shown in Fig. 3.7(a)), can be obtained by the superposition of the 

three single-source responses, as follows: ݅ଵ(ݐ) = ݅ଵଵ(ݐ) + ݅ଵଶ(ݐ) + ݅ଵଷ(ݐ), 	݅ଶ(ݐ) = ݅ଶଵ(ݐ) + ݅ଶଶ(ݐ) + ݅ଶଷ(ݐ).                                                 (3.18) 

Here, ݅୶୷(ݐ) is the component of ݅୶ generated by ݒ୷ (x is 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, ݅ଵଵ(ݐ) is given by: 

݅ଵଵ(ݐ) = ۔ۖەۖ
ۓ ூభభభୱ୧୬ቀఠభ௧ᇲే ିഘభ೅౩ర ቁଶୡ୭ୱቀഘభ೅౩ర ቁ + ூభభమୱ୧୬ቀఠమ௧ᇲే ିഘమ೅౩ర ቁଶୡ୭ୱቀഘమ೅౩ర ቁ , 0 ≤ ୏ᇱݐ < ౩்ଶூభభభୱ୧୬ቀయഘభ೅౩ర ିఠభ௧ᇲే ቁଶୡ୭ୱቀഘభ೅౩ర ቁ + ூభభమୱ୧୬ቀయഘమ೅౩ర ିఠమ௧ᇲే ቁଶୡ୭ୱቀഘమ೅౩ర ቁ , ౩்ଶ ≤ ୏ᇱݐ < ୱܶ,                                     (3.19)  

Here, ݐ is taken to be zero when the converter is turned on, ୱܶ is the switching period of the converter, ܭ 

(=1, 2, …) is the number of the switching cycle of interest (the ܭ୲୦ switching cycle), and ݐ୏ᇱ  is the time 

elapsed within the switching cycle of interest. 

    The ideal phase lag ( ୰ܶ) of the rectifier is found at the instant ݐ୏ᇱ = ୰ܶ, when the rectifier current (݅ଵ + ݅ଶ) 

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 ୰ܶ. This delay, ∆ ୰ܶ, 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: ׬ ௜భା௜మே౨்ା∆ ౨்౨் ݐ݀ = ୧୭ୢୣୢܥ2 ୓ܸ୙୘ × ଵଶ,                                                          (3.20) 

where ܰ is the transformer turns ratio and ୢܥ୧୭ୢୣ is the parasitic capacitance of the rectifier diode. This 

equation neglects the slight change in the rectifier input current during the delay (∆ ୰ܶ) 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 ୰ܶ + ∆ ୰ܶ. 
    When the converter is operating in burst mode, ݅ଵଵ(ݐ) will have an additional transient component, as 

given by:  

݅ଵଵ୲(ݐ) = −௏భ,బ௏౅ొ ݅୳,ଵଵ(ݐ) − ூభభభ௘ష(ಿషభ)ഀభ೅౩ୱ୧୬ቀିఠభ௧ᇲే ାయഘభ೅౩ర ିேఠభ ౩்ቁଶୡ୭ୱቀഘభ೅౩ర ቁ − ூభభమ௘ష(ಿషభ)ഀమ೅౩ୱ୧୬ቀିఠమ௧ᇲే ାయഘమ೅౩ర ିேఠమ ౩்ቁଶୡ୭ୱቀഘమ೅౩ర ቁ .       

(3.21)  

Here, the first term is the startup transient component generated by the initial value ( ଵܸ,଴) of ݒଵ, and the 

remaining two terms describe the startup transient components generated by the continuously-imposed 

steps from ݒଵ. The full expression for ݅ଵଵ(ݐ) 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 ݅ଵ 

and ݅ଶ. 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: ܰ = ଡ଼ଵܮ ,5.33 = 1.38	μH, ܥଡ଼ଵ = 141	nF, 	ܮଡ଼ଶ = 0.84	μH, ܥଡ଼ଶ = 68	nF, 	ܮ୰ = 18.8	μH and ܥ୰ = 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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(a) 

 

 
(b) 

 
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. 
 
 

 
(a) 

 
(b) 

 
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. 
 

 
(a) 

 
(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 N and the reactance X of the impedance control network are 

selected using: 

 OUT,min

2 2
IN,min IN,max

V
N

V V
=

+
,                                                                      (4.1) 

2 2 2
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2
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= ,                                                           (4.2) 

where VIN,min is the minimum input voltage, VIN,max is the maximum input voltage, VOUT,min is the minimum 

output voltage and POUT,max is the maximum output power. For the given design specifications, N is 5.3 and 

X is 2.03 Ω. 

    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 LX1-CX1 tank provides 
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the +jX reactance and some filtering of the harmonics, the LX2-CX2 tank provides the –jX reactance and also 

some filtering, and the Lr-Cr tank only provides filtering of higher-order harmonics. Hence, part of the LX1-

CX1 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 LX2-CX2 tank needs to be tuned 

to the switching frequency for filtering, and the remaining part needs to provide the – ݆ܺ reactance. Hence, 

to determine the values of these reactive components it is simplest to split LX1 into two series inductors LX0 

and LXr1; and split CX2 into two series capacitors CX0 and CXr2. With this division, LX0 of the top tank can 

provide the +jX reactance, and LXr1 together with CX1 form the filter. For the bottom tank, CX0 can provide 

the -jX reactance, and LX2-CXr2 form the filter. Figure 4.1 shows the model of the ICN converter under 

fundamental frequency approximation. The division of the two tanks (LX1-CX1 and LX2-CX2) is also shown 

in Fig. 4.1. Also CX1 is relabelled as CXr1 and LX2 is relabelled as LXr2. The voltage source ෠ܸଵ models the 

fundamental component of the output voltage of the top inverter, the voltage source ෠ܸଶ models the 

fundamental component of the output voltage of the bottom inverter, and the phase difference between ෠ܸଵ 

and ෠ܸଶ has the specific value determined by (2.2) to make the susceptance seen by the inverters zero. The 

 

Figure 4.1: Primary side reactive elements broken up into their conceptual constituents: differential 
reactances LX0 and CX0, and series resonant tank elements (LXr1, CXr1, LXr2 and CXr2). In the top branch, 

LX0 and LXr1 collectively form LX1 and CXr1 is simply CX1 of Fig. 2.3.  In the bottom branch, CX0 and 
CXr2  collectively form CX2 and LXr2 is simply LX2 of Fig. 2.3. The ෠ܸ1 and ෠ܸ2 are the fundamental 

components of the output voltages of the inverters, and the ܫመ1 and ܫመ2 are the fundamental components of 
the output currents of the inverters. 
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remaining parts of the ICN converter of Fig. 2.3 are the transformer, the Lr-Cr 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 Lr-Cr tank have 

been reflected to the primary side of the transformer.  

    The values of the differential reactive elements (LX0 and CX0) are determined using:  

X0
s

XL
ω

= ,                                                                                (4.3)         

X0
s

1C
X ω

= ,                                                                             (4.4)                           

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

determined using: 
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where Z0X1, Z0X2 and Z0r are the desired characteristic impedances of the tanks (≡ ඥLXr1 CXr1⁄ , ඥLXr2 CXr2⁄ , 

and ඥLr Cr⁄ /ܰଶ, respectively).  Their values are determined from Z0X1 = Q0X1RX, Z0X2 = Q0X2RX and Z0r = 

Q0rRX, where Q0X1, Q0X2, and Q0r are the desired loaded quality factors of the resonant tanks, and RX 

(= 2VOUT
2 π2N2POUTൗ ) 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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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 (Q0X1 = 

0.28, Q0X2 = 0.29, and Q0r = 0.41) when RX has its minimum value of 2.25 Ω (corresponding to the operating 

point VOUT = 250 V and POUT = 200 W). For the given specifications, the values of the reactive components 

are: LX1 = LX0 + LXr1 = 0.645 μH + 0.2 μH = 0.845 μH, CX1 = CXr1 = 507 nF, LX2 = LXr2 = 0.211 μH, and CX2 

 

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. 
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= CXr2 ∥ CX0 = 480 nF ∥ 157.1 nF = 118 nF, Lr = 8.34 μH and Cr = 10 nF. For the medium-Q ICN converter, 

the actual quality factors are: Q0X1 = 0.96, Q0X2 = 1.13, and Q0r = 1. For the given specifications, the values 

of the tank elements are LX1 = LX0 + LXr1 = 0.645 μH + 0.685 μH = 1.33 μH, CX1 = CXr1 = 147 nF, LX2 = LXr2 

= 0.81 μH, and CX2 = CXr2 ∥ CX0 = 125 nF ∥ 157.1 nF = 69.6 nF, Lr = 19.1 μH and Cr = 4.9 nF. For the high-

Q ICN converter, the actual quality factors are: Q0X1 = 2, Q0X2 = 2, and Q0r = 2. For the given specifications, 

the values of the tank elements are LX1 = LX0 + LXr1 = 0.645 μH + 1.44 μH = 2.085 μH, CX1 = CXr1 = 70.6 

nF, LX2 = LXr2 = 1.44 μH, CX2 = CXr2 ∥ CX0 = 70.6 nF ∥ 157.1 nF = 48.71 nF, Lr = 38.5 μH, and Cr = 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 Cr 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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TABLE I 

Actual Components Used in the Prototype ICN Resonant Converters 

Component Low-Q Design Medium-Q Design High-Q Design 
Q1, Q2, Q3, Q4 EPC2001, 100-V/25-A eGaN FETs 

D1, D2 C3D02060E, 600-V/2-A Schottky Diodes 

LX1 

0.89 μH 
Core: RM10 EPCOS N49 
Winding: 4 turns of 4000-
strands 48 AWG litz wire 

1.38 μH 
Core: RM12 EPCOS N49 
Winding: 4 turns of 6000-

strands 
48 AWG litz wire 

2.147 μH 
Core: RM12 EPCOS N49 
Winding: 5 turns of 6000-
strands 48 AWG litz wire 

CX1 
507 nF 

250-V NP0 
141 nF 

250-V NP0 
68 nF  

250-V NP0 

LX2 

0.25 μH 
Core: RM10 EPCOS N49 
Winding: 2 turns of 4000-
strands 48 AWG litz wire 

0.84 μH 
Core: RM10 EPCOS N49 
Winding: 3 turns of 4000-

strands 
48 AWG litz wire 

1.508 μH 
Core: RM10 EPCOS N49 
Winding: 4 turns of 4000-
strands 48 AWG litz wire 

CX2 
115 nF 

250-V NP0 
68 nF 

250-V NP0 
47 nF 

250-V NP0 

Lr 

8.11 μH 
Core: RM12 EPCOS N49 
Winding: 10 turns of 450-
strands 46 AWG litz wire 

18.8 μH 
Core: RM10 EPCOS N49 
Winding: 19 turns of 450-

strands 
46 AWG litz wire 

39 μH 
Core: RM10 EPCOS N49 
Winding: 27 turns of 450-
strands 46 AWG litz wire 

Cr 
8.72 nF 

1000-V Mica 
4.66 nF 

1000-V Mica 
2.47 nF  

1000-V Mica 

TX 
1 : 5.33, RM10 EPCOS N49 core, Primary winding: 3 turns of 2000-strands 48 AWG Litz wire, 
Secondary winding: 16 turns of 450-strands 46 AWG Litz wire, Leakage inductance referred to 

the secondary side: 2.16 μH 
CIN 2.2 mF × 2, 63-V electrolytic capacitors 

COUT 47 μF × 1, 450-V electrolytic capacitors 
 
 

            

                              (a)                                                                               (b)   

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 μF, and the minimum input capacitance that does not exceed RMS current 

limit is 4.4 mF. Hence, a 47 μF 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 (Cds2 in Fig. 4.4(a)), while simultaneously charging the output 

capacitance of the top transistor (Cds1 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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(a) 

 

(b) 

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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    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 ZVS 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 

 

                                            (a)                                                                             (b) 
 

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. 



39 
 

(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 (VIN = 25 V) and minimum output voltage (VOUT = 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 μs) and corresponds to an angle of 115.16°. This is within 0.5% of the theoretically predicted 
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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 

 
(a) 

 

(b) 

 

(c) 

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. 
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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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(a) 

     

                                           (b)                                                                             (c)                                          

Figure 4.7: Burst mode operation of the medium-Q ICN resonant converter delivering full power (200 
W) at 25 V input voltage and 400 V output voltage. Waveforms shown are the output voltage and output 

current of the bottom half-bridge inverter: (a) long timescale showing multiple startup and shutdown 
sequences, (b) zoomed timescale to show the startup dynamics, and (c) zoomed timescale to show the 

shutdown dynamics. 
 

 
(a) 

 

 
(b) 

 
Figure 4.8: Output voltage for the low-Q ICN converter operating with 40 V input voltage, 400 V output 

voltage, and 200 W output power measured in (a) 100 V/division and (b) 1 V/division. 
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                                                    (a)                                                         (b) 

 
                                                    (c)                                                         (d)   

Figure 4.9: Measured waveforms confirming ZVS and near ZCS operation of the medium-Q ICN 
resonant converter at four extreme operating points in terms of input voltage (VIN) and output voltage 

(VOUT): (a) VIN = 25 V, VOUT = 250 V, (b) VIN = 40 V, VOUT = 400 V, (c) VIN = 25 V, VOUT = 400 V, (d) VIN

= 40 V, VOUT = 250 V. 

 
                                                                 (a)                                                                      (b) 
Figure 4.10: Measured waveforms confirming ZVS operation of the medium-Q ICN resonant converter 
with VIN = 25 V, VOUT = 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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                                                (a)                                                                      (b) 

 
                                                (c)                                                                      (d) 

 
                                                (e)                                                                       (f) 
 

Figure 4.11: Measured efficiency of the low-Q, medium-Q and high-Q ICN resonant converters across 
variations in input voltage (VIN), output voltage (VOUT) and output power (POUT): (a) variation in input 

voltage with VOUT = 250 V and POUT = 200 W, (b) variation in input voltage with VOUT = 400 V and POUT 
= 200 W, (c) variation in output voltage with VIN = 25 V and POUT = 200 W, (d) variation in output 

voltage with VIN = 40 V and POUT = 200 W, (e) variation in output power with VIN = 25 V and VOUT = 400 
V, and (f) variation in output power with VIN = 40 V and VOUT = 250 V. 
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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 

of 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 inଷ. 

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 

 

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. 
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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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(a) 

 

(b) 

 

(c) 

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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Figure 4.14: Comparison of measured and theoretically predicted total losses in the medium-Q ICN 
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 (݅ଵ and ݅ଶ) can be determined via superposition of the individual 

responses to the three voltage sources, e.g., ݅ ଵ(ݐ) = ݅ଵଵ(ݐ) + ݅ଵଶ(ݐ) + ݅ଵଷ(ݐ),	where ݅ ଵ௫(ݐ) is the component 

of ݅ଵ generated by ݒ௫ (where ݔ 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, ݅ଵଵ(ݐ) is given by ݅ଵଵ(ݐ) = ݅ଵଵ௦(ݐ) + ݅ଵଵ௧(ݐ), where ݅ଵଵ௦(ݐ) and ݅ଵଵ௧(ݐ) are the steady state and transient components, respectively, and given by (5.1) and (5.2). 

        ݅ଵଵ௦(ݐ) =ቐ ଵଵଵsinܫ ቀ߱ଵݐ୏ᇱ − ఠభ ౩்ସ ቁ ቂ2cos ቀఠభ ౩்ସ ቁቃ + ଵଵଶsinܫ ቀ߱ଶݐ୏ᇱ − ఠమ ౩்ସ ቁ ቂ2cos ቀఠమ ౩்ସ ቁቃൗ ,ൗ 	0 ≤ ୏ᇱݐ < ௦ܶ/2ܫଵଵଵsin ቀଷఠభ ౩்ସ − ߱ଵݐ୏ᇱ ቁ ቂ2cos ቀఠభ ౩்ସ ቁቃ + ଵଵଶsinܫ ቀଷఠమ ౩்ସ − ߱ଶݐ୏ᇱ ቁ ቂ2cos ቀఠమ ౩்ସ ቁቃൗ ,ൗ ௦ܶ/2 ≤ ୏ᇱݐ < ௦ܶ, (5.1) 
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݅ଵଵ௧(ݐ) = ଵଵଵ݁ି(௄ିଵ)ఈభܫ− ౩்sin ൬−߱ଵݐ୏ᇱ + 3߱ଵ ୱܶ4 − ܰ߱ଵ ୱܶ൰ ൤2cos ൬߱ଵ ୱܶ4 ൰൨൘  − ଵଵଶ݁ି(௄ିଵ)ఈమܫ ౩்sin ቀ−߱ଶݐ୏ᇱ + ଷఠమ ౩்ସ − ܰ߱ଶ ୱܶቁ ቂ2cos ቀௗ ೞ்ସ ቁቃൗ 	.                                  (5.2) 

    Here, time t is taken to be zero at the beginning of each burst cycle, ௦ܶ is the switching period of the 

converter, K is the number of switching cycles that have passed since the converter turned on in the current 

burst cycle and given by ܭ = floor(ݐ ௦ܶ⁄ ௄ᇱݐ ,(  is the time elapsed within the current switching cycle, given 

by ݐ௄ᇱ = ݐ − ܭ ௦ܶ, ܫଵଵଵ, ܫଵଵଶ, ߙଵ, ߙଶ, ߱ଵ and ߱ଶ 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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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 μs to 8.4 μs. Furthermore, the 

 

(a) 

 

(b) 

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. 
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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 

 

Figure 5.2: Inverter current envelope oscillation amplitude as a function of the duty ratio of the third 
switching cycle of the bottom inverter. 

 

(a) 

 

(b) 

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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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 

 

Figure 5.4: Measured efficiencies for ICN converter operating under startup control and without 
startup control across a power range of 20 W to 200 W at 40 V input and 400 V output. 

 

 
(a)                                                         (b) 

 

(c) 

Figure 5.5: Measured efficiencies for the ICN converter across variations in (a) input voltage, (b) 
output voltage and (c) output power. 
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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 (݆ܺ and −݆ܺ) to provide resistive loading of the inverters. However, 

there is a slight difference in this ICN converter implementation is that a small extra impedance ݆ܺ୐ 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 Φ 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 

଼௏ో ౑౐మ஠మ௉ో౑౐ sinଶ ஍ଶ . Compared to the equivalent resistance of a full bridge rectifier where the two legs operate 



57 
 

180° out of phase, this equivalent resistance has an additional factor of sinଶ ஍ଶ . The resultant output power 

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

P୓୙୘ = ସ୚౅ొටସ୒మ୚ో౑౐మ ୱ୧୬మಅమି୚౅మొ஠మଡ଼ ඨଵି୰మరొమ౒ో౑౐మ ౩౟౤మಅమ౒౅మొଵି୰మ .                                   (6.1) 

Here ݎ is the ratio of ܺ୐ to ܺ. To maintain ZVS and near-ZCS of the inverter transistors, the phase-shift 

between the inverters is given by: 

2Δ = 2 cosିଵ ඨ ౒౅మొరొమ౒ో౑౐మ ౩౟౤మಅమି୰మଵି୰మ .                                                      (6.2) 

 
Figure 6.1: One implementation of the ICN resonant converter architecture, appropriate for voltage step-

down. 
 

 

Figure 6.2: Phase-shift between the two legs of the synchronous full bridge rectifier as shown in Fig. 6.1.
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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: Φ୪ୣୟୢ = Δ	 + ஠ଶ − ஍ଶ ,                                                                (6.3) 

Φ୪ୟ୥ = Δ + ஠ଶ + ஍ଶ .                                                                 (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. 

 
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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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 ݎ (which is the ratio 

of ܺ୐ to ܺ) is selected. If the value of ݎ is too small, the inverter switches will not achieve ZVS. On the 

other hand, if the value of ݎ 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 ݎ 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 ݎ using a numerical approach. The second step of the design is 

to calculate the needed values for ܰ, ܺ, and ܺ୐. These values can be determined from: 

ܰ = ට௏౅ొ,ౣ౟౤మ ା௏౅ొ,ౣ౗౮మଶ௏ో౑౐√ଵା௥మ ,                                                               (6.5) 

 ܺ = ସ௏౅ొ,ౣ౟౤ටସேమ௏ో ౑౐మ ି௏౅ొ,ౣ౟౤మ஠మ௉ో౑౐,ౣ౗౮
ඨଵି௥మరಿమೇో౑౐మೇ౅ొ,ౣ౟౤మଵି௥మ ,                                             (6.6) 

 
Figure 6.4: ZVS recovery region for the lagging leg of the ICN converter’s full-bridge rectifier. 
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and ܺ୐ = ୍ܸ where ,ܺݎ ୒,୫୧୬ and ୍ܸ ୒,୫ୟ୶ are the minimum and maximum input voltages of the converter, 

and ୓ܲ୙୘,୫ୟ୶ is the maximum output power of the converter. The third and final step is to calculate the 

values of ܮଡ଼ଵ, ܥଡ଼ଵ, ܮଡ଼ଶ, ܥଡ଼ଶ, ܮ୰ and ܥ୰. An effective approach is to divide these components into their 

functional parts. For example, ܮ௑ଵ provides two functions: (i) realizing ݆ܺ + ݆ܺ୐ and (ii) forming a series 

resonant filter along with ܥଡ଼ଵ to attenuate higher-order current harmonics. The value of the part of ܮଡ଼ଵ that 

realizes ݆ܺ + ݆ܺ୐ can be computed from  ܮଡ଼ଵ,ଵ = ௑ା௑ైఠ౩ , where ߱ୱ is the radial switching frequency of the 

converter, and the remaining part of ܮଡ଼ଵ can be computed from ܮଡ଼ଵ,ଶ = ொబ౔భோ౔ఠ౩ , where ܳ଴ଡ଼ଵ is the quality 

factor of the series resonant tank formed by ܮଡ଼ଵ,ଶ and ܥଡ଼ଵ, and ܴଡ଼ is the effective series resistance of this 

tank (which depends on the effective impedance of the rectifier reflected through the transformer). The 

value of ܮଡ଼ଵ is then given by ܮଡ଼ଵ,ଵ +  ଡ଼ଵ,ଶ. The values of the other components can be computed using aܮ

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 II 
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 

LX1 1.4 μH RM8 Ferroxcube 3F46 
CX1 44 nF 250-V NP0 
LX2 695 μH RM8 Ferroxcube 3F46 

CX2 17.8 nF 250-V NP0 

Lr 646 nH Leakage of Transformer 

Cr 26 nF 250-V NP0 

Transformer 4 : 1 
RM8 Ferroxcube 3F46 

Primary 4 turns 
Secondary 1 turn 
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values are selected to be: ݎ = 0.1, ܰ = 4, ܺ = 5.2	Ω, ܺ୐ = 0.52	Ω, ܮଡ଼ଵ = 1.4	μH, ܥଡ଼ଵ = 44	nF, ܮଡ଼ଶ =695	nH, ܥଡ଼ଶ = 17.8	nF, ܮ୰ = 646	nH, and ܥ୰ = 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. 

 

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 

 
 

 
 

Figure 6.5: Photograph of the top and bottom of the prototype ICN resonant converter.
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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. 

 
 

Figure 6.6: Measured waveforms for the ICN resonant converter operating at 18 V input voltage and 120 
W output power. 

 

 
 

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

 

 
 

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

 

(a) 

 

(b) 

 

(c) 

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 (c) zoomed timescale to show the shutdown dynamics. 
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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 μF, while under enhanced 

phase-shift control it is only 8.68 μF, i.e., a two orders of magnitude reduction. 

 

 
                                                  (a)                                                                   (b) 

  
                                                  (c)                                                                    (d) 
 

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 ୖ݌, 

serves as a control input to a lookup table. The power ratio ୖ݌ 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 

(Φ, Fig. 6.2). The power ratio is a function of the rectifier phase-shift, and is given by: ୖ݌ = sinଶ ஍ଶ .                                                                   (7.1) 

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

୓ܲ୙୘ = ସ௏౅ొටସேమ௏ో ౑౐మ ௣౎ି௏౅మొగమ௑ ඨଵି௥మరಿమೇో౑౐మ ೛౎ೇ౅మొଵି௥మ .                                          (7.2) 

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, ୓ܸ୙୘,୰ୣ୤, is used as a second control input of the lookup 
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table, while the sensed input voltage ୍ݒ୒ serves as the third control input. The lookup table then generates 

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

2Δ = 2 cosିଵ ට௏౅మొ (ସேమ௏ో ౑౐,౨౛౜మ ௣౎)ൗ ି௥మଵି௥మ ,                                            (7.3) 

Φ୪ୣୟୢ = Δ	 + గଶ െ sinିଵ ඥ(7.4)                                                   ,ୖ݌ Φ୪ୟ୥ = Δ + గଶ + sinିଵ ඥ(7.5)                                                   .ୖ݌  

Here, 2Δ is the phase of the bottom inverter, Φ୪ୣୟୢ is the phase of the leading leg of the rectifier, and Φ୪ୟ୥ 

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 ୍ݒ୒ 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 ୖ݌, 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, 

 

 
Figure 7.1: Proposed closed-loop control architecture for output voltage regulation in the ICN converter.
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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 ୖ݌, 

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 (݅୒), an output resistance (ݎ୒), and an output capacitor (ܥ୓୙୘). The 

dependent current source models the dependence of output current on the power ratio ୖ݌ , and the output 

resistance models the dependence of output current ݅୭୳୲ on the output voltage ݒ୭୳୲. 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: 

 

 

Figure 7.2: Proposed small-signal dynamic model for the ICN converter.  
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 ݅୓୙୘ = ,୒୍ݒ)݂ ,୓୙୘ݒ (ୖ݌ = 2 ୱ݂ܰ(ܳଵଵ + ܳଵଶ + ܳଶଵ + ܳଶଶ),                           (7.6) 

where	୍ݒ୒ is the input voltage, ݒ୓୙୘ is the output voltage, ୖ݌ is the power ratio, ୱ݂ is the switching 

frequency, ܰ is the transformer turns ratio. ܳ୶୷ (ݔ = 1	or	2, ݕ = 1	or	2) is the integration of the 

component of ݅୶ (inverter output current)  that is generated by ݒ୷ (inverter output voltage) over one 

switching period, and its two components corresponding to the two inverters are given by: 

ܳ୶ଵ(ݐ) =
ەۖۖ
۔ۖۖۖ
ۖۖۖ
ۓ ூ౮భభ൤ୡ୭ୱቀಅౢ౛౗ౚమഏ ఠభ ౩்ିഘభ೅౩ర ቁାୡ୭ୱ൬ିಅౢ౗ౝమഏ ఠభ ౩்ାయഘభ೅౩ర ൰ିଶୡ୭ୱቀഘభ೅౩ర ቁ൨ଶఠభୡ୭ୱቀഘభ೅౩ర ቁ+ ூ౮భమ൤ୡ୭ୱቀಅౢ౛౗ౚమഏ ఠమ ౩்ିഘమ೅౩ర ቁାୡ୭ୱ൬ିಅౢ౗ౝమഏ ఠమ ౩்ାయഘమ೅౩ర ൰ିଶୡ୭ୱቀഘమ೅౩ర ቁ൨ଶఠమୡ୭ୱቀഘమ೅౩ర ቁ

, Φ୪ୣୟୢ ≤ ߨ ≤ Φ୪ୟ୥
ூ౮భభ൤ୡ୭ୱቀಅౢ౛౗ౚమഏ ఠభ ౩்ିഘభ೅౩ర ቁିୡ୭ୱ൬ಅౢ౗ౝమഏ ఠభ ౩்ିഘభ೅౩ర ൰൨ଶఠభୡ୭ୱቀഘభ೅౩ర ቁ+ ூ౮భమ൤ୡ୭ୱቀಅౢ౛౗ౚమഏ ఠమ ౩்ିഘమ೅౩ర ቁିୡ୭ୱ൬ಅౢ౗ౝమഏ ఠమ ౩்ିഘమ೅౩ర ൰൨ଶఠమୡ୭ୱቀഘమ೅౩ర ቁ

, Φ୪ୣୟୢ ≤ Φ୪ୟ୥ ≤ ߨ
	,     (7.7) 

ܳ୶ଶ(ݐ) =
ەۖۖ
۔ۖۖۖ
ۖۖۖ
ۓ ூ౮మభ൤ିୡ୭ୱቀିಅౢ౛౗ౚమഏ ఠభ ౩்ିഘభ೅౩ర ା∆ഏఠభ ౩்ቁାୡ୭ୱ൬ಅౢ౗ౝమഏ ఠభ ౩்ିഘభ೅౩ర ି∆ഏఠభ ౩்൰ାଶୡ୭ୱቀഘభ೅౩ర ቁ൨ଶఠభୡ୭ୱቀഘభ೅౩ర ቁ+ ூ౮మమ൤ିୡ୭ୱቀିಅౢ౛౗ౚమഏ ఠమ ౩்ିഘమ೅౩ర ା∆ഏఠమ ౩்ቁାୡ୭ୱ൬ಅౢ౗ౝమഏ ఠమ ౩்ିഘమ೅౩ర ି∆ഏఠమ ౩்൰ାଶୡ୭ୱቀഘమ೅౩ర ቁ൨ଶఠమୡ୭ୱቀഘమ೅౩ర ቁ

, Φ୪ୣୟୢ ≤ ∆	≤ Φ୪ୟ୥
ூ౮మభ൤ୡ୭ୱቀಅౢ౛౗ౚమഏ ఠభ ౩்ିഘభ೅౩ర ି∆ഏఠభ ౩்ቁିୡ୭ୱ൬ಅౢ౗ౝమഏ ఠభ ౩்ିഘభ೅౩ర ି∆ഏఠభ ౩்൰൨ଶఠభୡ୭ୱቀഘభ೅౩ర ቁ+ ூ౮మమ൤ୡ୭ୱቀಅౢ౛౗ౚమഏ ఠమ ౩்ିഘమ೅౩ర ି∆ഏఠమ ౩்ቁିୡ୭ୱ൬ಅౢ౗ౝమഏ ఠమ ౩்ିഘమ೅౩ర ି∆ഏఠమ ౩்൰൨ଶఠమୡ୭ୱቀഘమ೅౩ర ቁ

, ∆≤ Φ୪ୣୟୢ ≤ Φ୪ୟ୥
	. 

(7.8) 

Here, ܫ௫௬ଵ, ܫ௫௬ଶ, ߙଵ, ߙଶ, ߱ଵ and ߱ଶ 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 ݅୒ and ݎ୒  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: ݅୒ = డ௙డ௣ೃ,                                                                       (7.9) 

୒ݎ = ିଵడ௙ డ௩ో౑౐⁄ .                                                                (7.10) 
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Based on the dynamic model shown in Fig. 7.2, the transfer function from the power ratio ୖ࣪ to the 

output voltage of the ICN converter, hereafter called the control-to-output transfer function, is given by: ୍ܩେ୒(s) = ௩ో౑౐(௦)௣౎(௦) = ௜ొோଵା௦஼ோ,                                                             (7.11) 

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

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. 

 

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 ୍ܩେ୒(s) have significant variation as the output power changes for fixed input 

and output voltages. Figure 7.3(b) shows that the pole of ୍ܩେ୒(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 ݒ୓୙୘, which is the only state in the 

converter model of Fig. 7.2, is scaled by a constant ܭ, and subtracted from the output of the feedback 

 
(a)                                                                         (b) 

 

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. 
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compensator (shown as a PI compensator in Fig. 7.4). The output of the feedback compensator served as 

the power ratio ୖ݌ 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 (ୖ݌,୓୳୲୮୳୲୊୆ 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:  ୍ܩେ୒,ୗ୲ୟ୲ୣ୊୆(s) = ௩ో౑౐(௦)௣౎,ో౫౪౦౫౪ూా(௦) = ௜ొோଵା௄௜ొோ ଵଵା ೞ಴ೃభశ಼೔ొೃ,                                    (7.12) 

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 ܭ (note that setting ܭ = 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, 

 

 

Figure 7.4: New control architecture incorporating an inner state-feedback loop. Appropriately choosing 
the state-feedback gain ܭ 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.   
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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. 

 

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 ܭ	is selected to be 0.07. 

A PI controller (ܩ୔୍(ݏ) = ୮ܭ + ୧ܭ ⁄ݏ , where ܭ୮ = 0.01 and ܭ୧ = 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.   

  

 
(b)                                                                         (b) 

 

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 ܭ is 0.07. 
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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. 

 
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 7.7: Measured waveforms for a) turn-on transient at 36 W output power; b) load step-up transient 

(6 A to 10 A); c) input voltage ramp-up transient (18 V to 22 V). 



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 (Y1 and Y2), 

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, ෠ܸ1	and ෠ܸ2	are the fundamental components of the output voltages 

of the inverters, ܫመ1 and ܫመ2 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. The expressions for ෠ܸ1, ෠ܸ2 and Rx are given below:  

1 IN

2ˆ ,jV V e
π

Δ=
                                                               (A.1) 

2 IN

2ˆ ,jV V e
π

− Δ=
                                                             (A.2)  

2
OUT

X 2 2
OUT

2
.

VR
N Pπ

=
                                                            (A.3) 

 

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 (+݆ܺ and –݆ܺ). V෡1 and V෡2 are the fundamental components of the output voltages of the 

inverters, Iመ1 and Iመ2 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 VIN is the input voltage, VOUT is the output voltage, POUT is the output power, N is the transformer turns 

ratio, and 2Δ is the phase shift between the two inverters. The expressions for ܫመ1 and ܫመ2 can be derived using 

superposition: 

x x
1 1 22 2
ˆ ˆ ˆ ,

R jX RI V V
X X
−= −                                                           (A.4) 

x x
2 2 12 2

ˆ ˆ ˆ .
R jX RI V V

X X
+= −                                                           (A.5) 

Hence, the effective admittances seen by the two inverters are given by: 

21 x x
1 2 2

1

ˆ
e ,

ˆ
jI R jX RY

V X X
− Δ−≡ = −

                                                 (A.6) 

22 x x
2 2 2

2

ˆ
e .

ˆ
jI R jX RY

V X X
Δ+≡ = −

                                                  (A.7) 

Here, Rx is an unknown that can be eliminated using (A.3) and an additional expression relating Rx and 

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

( )
2

* * * * X
OUT IN 1 1 1 2 2 2 IN 2

1 1 2ˆ ˆ ˆ ˆRe 1 cos2 .
2 2

RP P VV Y V V Y V
Xπ

   = = + = − Δ   
   

                    (A.8) 

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

OUT
X

IN

.
2 sin

V XR
NV

=
Δ                                                               (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): 

OUT OUT
1 2

IN IN

sin cos 1V VY Y j
NV X NV X X

∗  Δ Δ= = + − 
  .                                      (A.10) 

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

IN OUT
OUT 2

4 sin
.

V VP
NXπ

Δ=
                                                  (A.11) 

The effective susceptance seen by both inverters is zero when the phase shift between them is given by: 
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1 IN

OUT

2 2cos
NV
V

−  
Δ =  

  .                                                           (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): 

2 2 2
IN OUT IN

OUT 2

4V V N V
P

NXπ
−

=
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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: ݕୱ୳୫(ݐ) = ∑ ݁ିఈ൫௧ᇲే ା௠ ౩்൯ sin߱ୢ(ݐ୏ᇱ + ݉ ୱܶ)௄ିଵ௠ୀ଴ .                                                  (B.1) 

Using Euler’s formula, (B.1) can be expressed as follows: 

(ݐ)ୱ୳୫ݕ = ∑ ݁ିఈ൫௧ᇲే ା௠ ౩்൯ ௘ೕഘౚቀ೟ᇲే శ೘೅౩ቁି௘షೕഘౚቀ೟ᇲే శ೘೅౩ቁଶ௝௄ିଵ௠ୀ଴ .                                           (B.2) 

Rearranging (B.2) yields: 

(ݐ)ୱ୳୫ݕ = ௘(షഀశೕഘౚ)೟ᇲేଶ௝ ∑ ݁(ିఈା௝ఠౚ)௠ ౩்௄ିଵ௠ୀ଴ − ௘(షഀషೕഘౚ)೟ᇲేଶ௝ ∑ ݁(ିఈି௝ఠౚ)௠ ౩்௄ିଵ௠ୀ଴ .                          (B.3) 

Under the light damping condition (ߙ ≈ 0), (B.3) can be expressed as: 

(ݐ)ୱ୳୫ݕ = ௘ೕഘౚ೟ᇲేଶ௝ ଵି௘షഀ(಼షభ)೅౩∙௘ೕഘౚ(಼షభ)೅౩ଵି௘ೕഘౚ೅౩ − ௘షೕഘౚ೟ᇲ಼ଶ௝ ଵି௘షഀ(಼షభ)೅౩∙௘షೕഘౚ(಼షభ)೅౩ଵି௘షೕഘౚ೅౩ ,                           (B.4) 

which can be further expressed as: 

(ݐ)ୱ୳୫ݕ = ଵଶ௝ ቂ௘ೕഘౚ೟ᇲ಼ ቃൣଵି௘షഀ(಼షభ)೅౩∙௘ೕഘౚ(಼షభ)೅౩൧ൣଵି௘షೕഘౚ೅౩൧ିቂ௘షೕഘౚ೟ᇲ಼ ቃൣଵି௘షഀ(಼షభ)೅౩∙௘షೕഘౚ(಼షభ)೅౩൧ൣଵି௘ೕഘౚ೅౩൧ൣଵି௘ೕഘౚ೅౩൧ൣଵି௘షೕഘౚ೅౩൧ .           

(B.5) 

Letting ܣ = ቂ݁௝ఠౚ௧ᇲ಼ ቃ ൣ1 − ݁ିఈ(௄ିଵ) ౩் ∙ ݁௝ఠౚ(௄ିଵ) ౩்൧ൣ1 − ݁ି௝ఠౚ ౩்൧, (B.5) can be expressed as: 

(ݐ)ୱ୳୫ݕ = ଵଶ௝ ஺ି஺∗ൣଵି௘ೕഘౚ೅౩൧ൣଵି௘షೕഘౚ೅౩൧.                                                             (B.6) 

Using double angle identities, (B.6) can be further simplified into: ݕୱ୳୫(ݐ) = ଵ଼௝ ∙ ஺ି஺∗ୱ୧୬మቀഘౚ೅౩మ ቁ.                                                                    (B.7) 

By expanding A and using Euler’s formula, ܣ − ܣ :can be expressed as ∗ܣ − ∗ܣ = 4݆ ቂcos ቀ߱ௗݐ୏ᇱ − ఠౚ ౩்ଶ ቁ sin ቀఠౚ ౩்ଶ ቁ − ݁ିఈ(௄ିଵ) ೞ் cos ቀ߱ୢݐ୏ᇱ − ߱ୢ ୱܶ + ߱ௗܭ ௦ܶ −
ఠౚ ౩்ଶ ቁ sin ቀఠౚ ౩்ଶ ቁቃ. 
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(B.8) 

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

(ݐ)ୱ୳୫ݕ = ୡ୭ୱቀఠౚ௧ᇲే ିഘౚ೅౩మ ቁି௘షഀ(಼షభ)೅౩ ୡ୭ୱቀఠౚ௧ᇲే ାఠౚ௄ ౩்ିఠౚ ౩்ିഘౚ೅౩మ ቁଶ ୱ୧୬ቀഘౚ೅౩మ ቁ .                               (B.9) 

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

into: 

(ݐ)ୱ୳୫ݕ = ୡ୭ୱቀఠౚ௧ᇲే ିഘౚ೅౩మ ቁଶ ୱ୧୬ቀഘౚ೅౩మ ቁ .                                                                  (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-

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:  

(ݐ)ଵݒ = ۔ۖەۖ
ۓ ଵܸ,୧୬୧ − ଵܸ,୧୬୧ݑ(t) + ∑ ୍ܸ୒ݐ)ݑ୏ᇱ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ୍ܸ୒ݑ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ ,			0 ≤ ୏ᇱݐ < ౩்ଶ 	

ଵܸ,୧୬୧ − ଵܸ,୧୬୧ݑ(t) + ∑ ୍ܸ୒ݐ)ݑ୏ᇱ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ୍ܸ୒ݑ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀ଴ ,			 ౩்ଶ ≤ ୏ᇱݐ < ୱܶ ,                     (C.1) 

 

 
 

 
(a)                                                            (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. 

 

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

losses. 

1 N: Resonant
Tank

+jX

-jX
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(ݐ)ଶݒ =
ەۖۖۖ
۔ۖ
ۓۖۖ ଶܸ,୧୬୧ − ଶܸ,୧୬୧ݐ)ݑ − 2Δ௧) + ∑ ୍ܸ୒ݐ)ݑ୏ᇱ − 2Δ௧ + ݉ ୱܶ) −ேିଵ௠ୀଵ∑ ୍ܸ୒ݑ ቀݐ୏ᇱ − 2Δ௧ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 0 ≤ ୏ᇱݐ < 2Δ௧

ଶܸ,୧୬୧ − ଶܸ,୧୬୧ݐ)ݑ − 2Δ௧) + ∑ ୍ܸ୒ݐ)ݑ୏ᇱ − 2Δ௧ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ୍ܸ୒ݑ ቀݐ୏ᇱ − 2Δ௧ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 2Δ௧ ≤ ୏ᇱݐ < 2Δ௧ + ౩்ଶ
ଶܸ,୧୬୧ − ଶܸ,୧୬୧ݐ)ݑ − 2Δ௧) + ∑ ୍ܸ୒ݐ)ݑ୏ᇱ − 2Δ௧ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ୍ܸ୒ݑ ቀݐ୏ᇱ − 2Δ௧ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀ଴ , 2Δ௧ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 ,        (C.2) 

(ݐ)ଷݒ = ଵே ∙
ەۖۖۖ
۔ۖ
ۓۖۖ ଷܸ,୧୬୧ − ଷܸ,୧୬୧ݐ)ݑ − ୰ܶ) + ∑ ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶ + ݉ ୱܶ) −ேିଵ௠ୀଵ∑ ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 0 ≤ ୏ᇱݐ < ୰ܶ

ଷܸ,୧୬୧ − ଷܸ,୧୬୧ݐ)ݑ − ୰ܶ) + ∑ ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 	 ୰ܶ ≤ ୏ᇱݐ < ୰ܶ + ౩்ଶ
ଷܸ,୧୬୧ − ଷܸ,୧୬୧ݐ)ݑ − ୰ܶ) + ∑ ୓ܸ୙୘ݐ)ݑ୏ᇱ − ୰ܶ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ୓ܸ୙୘ݑ ቀݐ୏ᇱ − ୰ܶ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀ଴ , 		 ୰ܶ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 .       (C.3) 

Here, ݒଵ(ݐ) and ݒଶ(ݐ) model the switch-node voltages of the top and bottom inverters, respectively, and ݒଷ(ݐ) models the switch-node voltage of the rectifier.  ଵܸ,୧୬୧, ଶܸ,୧୬୧ and ଷܸ,୧୬୧ are the voltages at the switch 

nodes of the two inverters and the rectifier before the converter is turned on, ݐ is taken to be zero when 

the converter is turned on, ୱܶ is the switching period of the converter, (… ,2 ,1=) ܭ is the number of the 

switching cycles that have passed since the converter was turned on, including the current switching cycle 

(the ܭ୲୦ switching cycle), and ݐ୏ᇱ  is the time elapsed within the current switching cycle. The relationship 

between ݐ ,ݐ୏ᇱ  and ܭ is given by: ݐ୏ᇱ = ݐ − ܭ) − 1) ୱܶ.                                                                (C.4) 

    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 (݅ଵ and ݅ଶ 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:  ݅ଵ(ݐ) = ݅ଵଵ(ݐ) + ݅ଵଶ(ݐ) + ݅ଵଷ(ݐ),                                                     (C.5) ݅ଶ(ݐ) = ݅ଶଵ(ݐ) + ݅ଶଶ(ݐ) + ݅ଶଷ(ݐ).                                                     (C.6) 
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Here, ݅୶୷(ݐ) is the component of ݅୶ generated by ݒ୷ (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:  

݅୶ଵ(ݐ) =
۔ۖۖەۖۖ
−ۓ ௏భ,౟౤౟௏౅ొ ݅୶ଵ,ୱ୲ୣ୮(t) + ∑ ݅୶ଵ,ୱ୲ୣ୮(ݐ୏ᇱ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ݅୶ଵ,ୱ୲ୣ୮ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ ,			0 ≤ ୏ᇱݐ < ౩்ଶ 	− ௏భ,౟౤౟௏౅ొ ݅୶ଵ,ୱ୲ୣ୮(t) + ∑ ݅୶ଵ,ୱ୲ୣ୮(ݐ୏ᇱ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ݅୶ଵ,ୱ୲ୣ୮ ቀݐ୏ᇱ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀ଴ ,			 ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 ,                          (C.7) 

݅୶ଶ(ݐ) =
ەۖۖ
۔ۖۖ
ۓۖۖ − ௏మ,౟౤౟௏౅ొ ݅୶ଶ,ୱ୲ୣ୮(ݐ − 2Δ௧) + ∑ ݅୶ଶ,ୱ୲ୣ୮(ݐ୏ᇱ − 2Δ௧ + ݉ ୱܶ) −ேିଵ௠ୀଵ∑ ݅୶ଶ,ୱ୲ୣ୮ ቀݐ୏ᇱ − 2Δ௧ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 0 ≤ ୏ᇱݐ < 2Δ௧− ௏మ,౟౤౟௏౅ొ ݅୶ଶ,ୱ୲ୣ୮(ݐ − 2Δ௧) + ∑ ݅୶ଶ,ୱ୲ୣ୮(ݐ୏ᇱ − 2Δ௧ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ݅୶ଶ,ୱ୲ୣ୮ ቀݐ୏ᇱ − 2Δ௧ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 2Δ௧ ≤ ୏ᇱݐ < 2Δ௧ + ౩்ଶ− ௏మ,౟౤౟௏౅ొ ݅୶ଶ,ୱ୲ୣ୮(ݐ − 2Δ௧) + ∑ ݅୶ଶ,ୱ୲ୣ୮(ݐ୏ᇱ − 2Δ௧ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ݅୶ଶ,ୱ୲ୣ୮ ቀݐ୏ᇱ − 2Δ௧ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀ଴ , 2Δ௧ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

 ,         

(C.8) 

݅୶ଷ(ݐ) =
ەۖۖۖ
۔ۖۖ
ۓۖۖۖ

− ௏య,౟౤౟௏ో౑౐ ݅୶ଷ,ୱ୲ୣ୮(ݐ − ୰ܶ) + ∑ ݅୶ଷ,ୱ୲ୣ୮(ݐ୏ᇱ − ୰ܶ + ݉ ୱܶ) −ேିଵ௠ୀଵ∑ ݅୶ଷ,ୱ୲ୣ୮ ቀݐ୏ᇱ − ୰ܶ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 0 ≤ ୏ᇱݐ < ୰ܶ− ௏య,౟౤౟௏ో౑౐ ݅୶ଷ,ୱ୲ୣ୮(ݐ − ୰ܶ) + ∑ ݅୶ଷ,ୱ୲ୣ୮(ݐ୏ᇱ − ୰ܶ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ݅୶ଷ,ୱ୲ୣ୮ ቀݐ୏ᇱ − ୰ܶ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀଵ , 	 ୰ܶ ≤ ୏ᇱݐ < ୰ܶ + ౩்ଶ− ௏య,౟౤౟௏ో౑౐ ݅୶ଷ,ୱ୲ୣ୮(ݐ − ୰ܶ) + ∑ ݅୶ଷ,ୱ୲ୣ୮(ݐ୏ᇱ − ୰ܶ + ݉ ୱܶ) −ேିଵ௠ୀ଴∑ ݅୶ଷ,ୱ୲ୣ୮ ቀݐ୏ᇱ − ୰ܶ − ౩்ଶ + ݉ ୱܶቁேିଵ௠ୀ଴ , 		 ୰ܶ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ
 .           (C.9) 

Here, ݅୶୷,ୱ୲ୣ୮(ݐ) is the response of the inverter output current  ݅୶ to a step in the inverter/rectifier switch-

node voltage ݒ୷. The magnitude of this step equals the input voltage ୍ܸ୒ when the step is in the inverter 

switch-node voltages, and the output voltage ୓ܸ୙୘ when the step is in the rectifier switch-node voltage. 

For instance, ݅ଵଵ,ୱ୲ୣ୮(ݐ) is the response of the top inverter output current to a step of magnitude ୍ܸ୒ in the 

top inverter switch-node voltage. ݅୶୷,ୱ୲ୣ୮(ݐ) is given by a sum of two exponentially decaying sinusoidal 

functions, as follows: 
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 ݅୶୷,ୱ୲ୣ୮(ݐ) = ୶୷ଵ݁ିఈభ௧ܫ sin߱ଵݐ + ୶୷ଶ݁ିఈమ௧ܫ sin߱ଶݐ,                                   (C.10) 

where ܫ୶୷ଵ, ܫ୶୷ଶ, ߙଵ, ߙଶ, ߱ଵ and ߱ଶ 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: ݅ଵ(ݏ) = ௩భ(௦)ሾ௓మ(௦)ା௓య(௦)ሿ௓(௦) − ௩మ(௦)௓య(௦)௓(௦) − ௩య(௦)௓మ(௦)௓(௦) ,                                         (C.11) 

݅ଶ(ݏ) = ௩మ(௦)ሾ௓భ(௦)ା௓య(௦)ሿ௓(௦) − ௩భ(௦)௓య(௦)௓(௦) − ௩య(௦)௓భ(௦)௓(௦) .                                         (C.12) 

Here, ܼଵ(ݏ), ܼଶ(s) and ܼଷ(ݏ) are the impedances of the three resonant tanks, given by: ܼଵ(ݏ) = ݏଡ଼ଵܮ + ܴଡ଼ଵ + ଵ௦஼౔భ,                                                       (C.13) 

ܼଶ(ݏ) = ݏଡ଼ଶܮ + ܴଡ଼ଶ + ଵ௦஼౔మ,                                                       (C.14) 

ܼଷ(ݏ) = ௅౨ேమ ݏ + ோ౨ேమ + ଵ௦஼౨ேమ,                                                         (C.15) 

and ܼ(ݏ) is given by: ܼ(ݏ) = ܼଵ(ݏ)ܼଶ(ݏ) + ܼଵ(ݏ)ܼଷ(ݏ) + ܼଶ(ݏ)ܼଷ(ݏ).                                     (C.16)      

Rearranging (C.11) and (C.12), the inverter output currents can be expressed as: ݅ଵ(ݏ) = ௦௙(௦) ൫ሾ ଶ݂(ݏ) + ଷ݂(ݏ)ሿݒଵ(ݏ) − ଷ݂(ݏ)ݒଶ(ݏ) − ଶ݂(ݏ)ݒଷ(ݏ)൯,                      (C.17) 

݅ଶ(ݏ) = ௦௙(௦) ൫ሾ ଵ݂(ݏ) + ଷ݂(ݏ)ሿݒଶ(ݏ) − ଷ݂(ݏ)ݒଵ(ݏ) − ଵ݂(ݏ)ݒଷ(ݏ)൯,                      (C.18) 

where ଵ݂(ݏ), ଶ݂(ݏ), and ଷ݂(ݏ) are given by: 

ଵ݂(ݏ) = ଶݏଡ଼ଵܮ + ܴଡ଼ଵݏ + ଵ஼౔భ,                                                        (C.19) 

ଶ݂(ݏ) = ଶݏଡ଼ଶܮ + ܴଡ଼ଶݏ + ଵ஼౔మ,                                                        (C.20) 

ଷ݂(ݏ) = ௅౨ேమ ଶݏ + ோ౨ேమ ݏ + ଵ஼౨ேమ,                                                        (C.21) 

and ݂(ݏ) is given by: ݂(ݏ) = ଵ݂(ݏ) ଶ݂(ݏ) + ଵ݂(ݏ) ଷ݂(ݏ) + ଶ݂(ݏ) ଷ݂(ݏ).                                         (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 ୍ܸ୒ in the top inverter switch-node voltage, that is, ݒଵ(ݏ) = ௏౅௦ొ , while ݒଶ(ݏ) = 0 and ݒଷ(ݏ) = 0. Applying these conditions to (C.17) and (C.18), the responses of the two inverter output 

currents to the step in ݒଵ(ݏ) are given by: ݅ଵଵ,ୱ୲ୣ୮(ݏ) = ୍ܸ୒ ௙మ(௦)ା௙య(௦)௙(௦) ,                                                       (C.23) 

݅ଶଵ,ୱ୲ୣ୮(ݏ) = ୍ܸ୒ ି௙య(௦)௙(௦) .                                                           (C.24) 

    It can be seen from (C.23) and (C.24) that the poles of  ݅௨,ଵଵ(ݏ) and ݅௨,ଶଵ(ݏ) are given by the two pairs 

of complex-conjugate roots of the fourth-order polynomial ݂(ݏ). The absolute value of the real parts of 

these poles correspond to the exponential coefficients (ߙଵ and ߙଶ), while the absolute value of the 

imaginary parts correspond to the damped frequencies (߱ଵ and ߱ଶ) in (C.10). Values for the parameters ߙଵ, ߙଶ, ߱ଵ and ߱ଶ can be obtained by numerically solving ݂(ݏ) = 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 ݂(ݏ).Therefore, ߙଵ, ߙଶ, ߱ଵ and ߱ଶ are the same for all combinations of the inverter/rectifier switch-node voltages (indexed by ݕ) 

and inverter output currents (indexed by ݔ). The magnitude parameters ܫ௫௬ଵ and ܫ௫௬ଶ 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 



92 
 

currents, as a response to the top and bottom inverter switch-node voltages, ݅୶ଵ(ݐ) and ݅୶ଶ(ݐ), are given 

by: ݅୶ଵ(ݐ) = ݅୶ଵୱ(ݐ) + ݅୶ଵ୲(ݐ),                                                          (C.25) ݅୶ଶ(ݐ) = ݅୶ଶୱ(ݐ) + ݅୶ଶ୲(ݐ),                                                          (C.26) 

where the steady-state (݅୶ଵୱ(ݐ) and ݅୶ଶୱ(ݐ))and startup transient components (݅୶ଵ୲(ݐ) and ݅୶ଶ୲(ݐ)) are 

given by: 

݅୶ଵୱ(ݐ) = ۔ۖەۖ
ۓ ூ౮భభୱ୧୬ቀఠభ௧ᇲే ିഘభ೅౩ర ቁଶୡ୭ୱቀഘభ೅౩ర ቁ + ூ౮భమୱ୧୬ቀఠమ௧ᇲే ିഘమ೅౩ర ቁଶୡ୭ୱቀഘమ೅౩ర ቁ , 0 ≤ ୏ᇱݐ < ౩்ଶூ౮భభୱ୧୬ቀయഘభ೅౩ర ିఠభ௧ᇲే ቁଶୡ୭ୱቀഘభ೅౩ర ቁ + ூ౮భమୱ୧୬ቀయഘమ೅౩ర ିఠమ௧ᇲే ቁଶୡ୭ୱቀഘమ೅౩ర ቁ , ౩்ଶ ≤ ୏ᇱݐ < ୱܶ	,                                 (C.27) 

݅୶ଵ୲(ݐ) = ௏భ,౟౤౟௏಺ಿ ௫ଵଵ݁ିఈభ௧ܫ sin߱ଵݐ + ௏భ,౟౤౟௏಺ಿ ௫ଵଶ݁ିఈమ௧ܫ sin߱ଶݐ − ூೣభభଶ ୡ୭ୱቀഘభ೅౩ర ቁ ݁ି(௄ିଵ)ఈభ ౩் sin ቀ−߱ଵݐ୏ᇱ ଵ߱ܭ− ୱܶ + ଷఠభ ౩்ସ ቁ − ூೣభమଶ ୡ୭ୱቀഘమ೅౩ర ቁ ݁ି(௄ିଵ)ఈమ ౩் sin ቀ−߱ଶݐ୏ᇱ − ଶ߱ܭ ୱܶ + ଷఠమ ౩்ସ ቁ ,                                (C.28) ݅୶ଶୱ(ݐ) =

۔ۖەۖ
ۓ ூ౮మభଶୡ୭ୱቀഘభ೅౩ర ቁ sin ቀ−߱ଵݐ୏ᇱ − ఠభ ౩்ସ + ߱ଵ ∆గ ୱܶቁ + ூ౮మమଶୡ୭ୱቀഘమ೅౩ర ቁ sin ቀ−߱ଶݐ୏ᇱ − ఠమ ౩்ସ + ߱ଶ ∆గ ୱܶቁ , 0 ≤ ୏ᇱݐ < ∆గ ୱܶூ౮మభଶୡ୭ୱቀഘభ೅౩ర ቁ sin ቀ߱ଵݐ୏ᇱ − ఠభ ౩்ସ − ߱ଵ ∆గ ୱܶቁ + ூ౮మమଶୡ୭ୱቀഘమ೅౩ర ቁ sin ቀ߱ଶݐ୏ᇱ − ఠమ ౩்ସ − ߱ଶ ∆గ ୱܶቁ , ∆గ ୱܶ ≤ ୏ᇱݐ < ∆గ ୱܶ + ೞ்ଶூ౮మభଶୡ୭ୱቀഘభ೅౩ర ቁ sin ቀ−߱ଵݐ୏ᇱ + ଷఠభ ౩்ସ + ߱ଵ ∆గ ୱܶቁ + ூ౮మమଶୡ୭ୱቀഘమ೅౩ర ቁ sin ቀ−߱ଶݐ୏ᇱ + ଷఠమ ౩்ସ + ߱ଶ ∆గ ୱܶቁ , ∆గ ୱܶ + ೞ்ଶ ≤ ୏ᇱݐ < ୱܶ

    

 (C.29) ݅୶ଶ୲(ݐ) = ௏మ,౟౤౟௏಺ಿ ௫ଶଵ݁ିఈభ௧ܫ sin߱ଵݐ + ௏మ,౟౤౟௏಺ಿ ௫ଶଶ݁ିఈమ௧ܫ sin߱ଶݐ − ூೣమభଶ ୡ୭ୱቀഘభ೅౩ర ቁ ݁ି(௄ିଵ)ఈభ ౩் sin ቀ−߱ଵݐ୏ᇱ ଵ߱ܭ− ୱܶ + ଷఠభ ౩்ସ ቁ − ூೣమమଶ ୡ୭ୱቀഘమ೅౩ర ቁ ݁ି(௄ିଵ)ఈమ ౩் sin ቀ−߱ଶݐ୏ᇱ − ଶ߱ܭ ୱܶ + ଷఠమ ౩்ସ ቁ                          (C.30) 

ଵܸ,୧୬୧ and ଶܸ,୧୬୧ are the initial voltages at the two inverter switch nodes at time ݐ = 0 (i.e., at the start of 

each burst cycle). 

For the remaining two terms in (C.5) and (C.6), ݅୶ଷ(ݐ) (x is 1 or 2), closed-form expressions for steady-

state operation are given by (C.31). Here, ௥ܶ is the phase lag of the rectifier, which is defined as the time ݐ୏ᇱ = ௥ܶ when the rectifier current ((݅ଵ + ݅ଶ)/ܰ) 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 
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during the switching transitions introduce extra delay into ௥ܶ. This delay, ∆ ௥ܶ, 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 from: ׬ ௜భା௜మேೝ்ା∆ ೝ்ೝ் ݐ݀ = ௗ௜௢ௗ௘ܥ2 ைܸ௎் × ଵଶ, where ܰ is the transformer turns ratio and ܥௗ௜௢ௗ௘ is the parasitic capacitance of the rectifier diode. The actual phase lag of the rectifier is given by 

௥ܶ + ∆ ௥ܶ. ݅୶ଷୱ(ݐ) =

۔ۖەۖ
ۓ ூ౮యభଶୡ୭ୱቀഘభ೅౩ర ቁ sin ቀ−߱ଵݐ୏ᇱ − ఠభ ౩்ସ + ߱ଵ ୰ܶቁ + ூ౮యమଶୡ୭ୱቀഘమ೅౩ర ቁ sin ቀ−߱ଶݐ୏ᇱ − ఠమ ౩்ସ + ߱ଶ ୰ܶቁ , 0 ≤ ୏ᇱݐ < ୰ܶூ౮యభଶୡ୭ୱቀഘభ೅౩ర ቁ sin ቀ߱ଵݐ୏ᇱ − ఠభ ౩்ସ − ߱ଵ ୰ܶቁ + ூ౮యమଶୡ୭ୱቀഘమ೅౩ర ቁ sin ቀ߱ଶݐ୏ᇱ − ఠమ ౩்ସ − ߱ଶ ୰ܶቁ , ୰ܶ ≤ ୏ᇱݐ < ୰ܶ + ౩்ଶூ౮యభଶୡ୭ୱቀഘభ೅౩ర ቁ sin ቀ−߱ଵݐ୏ᇱ + ଷఠభ ౩்ସ + ߱ଵ ୰ܶቁ + ூ౮యమଶୡ୭ୱቀഘమ೅౩ర ቁ sin ቀ−߱ଶݐ୏ᇱ + ଷఠమ ౩்ସ + ߱ଶ ୰ܶቁ , ୰ܶ + ౩்ଶ ≤ ୏ᇱݐ < ୱܶ

.  
(C.31) 

    For startup transients, closed-form expressions for ݅ଵଷ(ݐ) and ݅ଶଷ(ݐ) 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 ݅ଵଷ(ݐ) and ݅ଶଷ(ݐ) 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: ܫଵଵଵ = ୍ܸ୒ߚଵ ቂቀ ଵ஼౨ேమ + ଵ஼౔మቁ − ߱ଵଶ ቀ௅౨ேమ + ଡ଼ଶቁቃܮ ;                                            (C.32) 

ଵଵଶܫ = ୍ܸ୒ߚଶ ቂቀ ଵ஼౨ேమ + ଵ஼౔మቁ − ߱ଶଶ ቀ௅౨ேమ + ଡ଼ଶቁቃܮ ;                                            (C.33) 

ଵଶଵܫ = −୍ܸ୒ߚଵ ቀ ଵ஼౨ேమ − ߱ଵଶ ௅౨ேమቁ ;                                                           (C.34) 

ଵଶଶܫ = −୍ܸ୒ߚଶ ቀ ଵ஼౨ேమ − ߱ଶଶ ௅౨ேమቁ ;                                                            (C.35) 
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ଵଷୠܫ  = −ቀ௏ో౑౐ே ቁ ଵߚ ቀ ଵ஼౔మ − ߱ଵଶܮଡ଼ଶቁ ;                                                      (C.36) 

ଵଷୢܫ = −ቀ௏ో౑౐ே ቁ ଶߚ ቀ ଵ஼౔మ − ߱ଶଶܮଡ଼ଶቁ ;                                                      (C.37) 

ଶଵୠܫ = −୍ܸ୒ߚଵ ቀ ଵ஼౨ேమ − ߱ଵଶ ௅౨ேమቁ ;                                                       (C.38) 

ଶଵୢܫ = −୍ܸ୒ߚଶ ቀ ଵ஼౨ேమ − ߱ଶଶ ௅౨ேమቁ ;                                                       (C.39) 

ଶଶୠܫ = ୍ܸ୒ߚଵ ቂቀ ଵ஼౨ேమ + ଵ஼౔భቁ − ߱ଵଶ ቀ௅౨ேమ + ଡ଼ଵቁቃܮ ;                                           (C.40) 

ଶଶୢܫ = ୍ܸ୒ߚଶ ቂቀ ଵ஼౨ேమ + ଵ஼౔భቁ − ߱ଶଶ ቀ௅౨ேమ + ଡ଼ଵቁቃܮ ;                                          (C.41) 

ଶଷୠܫ = −ቀ௏ో౑౐ே ቁ ଵߚ ቀ ଵ஼౔భ − ߱ଵଶܮଡ଼ଵቁ ;                                                  (C.42) 

ଶଷୢܫ = −ቀ௏ో౑౐ே ቁ ଶߚ ቀ ଵ஼౔భ − ߱ଶଶܮଡ଼ଵቁ ;                                                   (C.43) 

ଵߚ = ଵఠభ൫ఠమమିఠభమ൯ቀ௅౔భ௅౔మା௅౔భ ಽ౨ಿమା௅౔మ ಽ౨ಿమቁ ;                                                (C.44) 

ଶߚ = ଵఠమ൫ఠభమିఠమమ൯ቀ௅౔భ௅౔మା௅౔భ ಽ౨ಿమା௅౔మ ಽ౨ಿమቁ.                                                 (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: P୲୰ୟ୬ୱ,ୡ୭୬ୢ = I୰୫ୱଶ Rୢୱ(୭୬),                                                                                     (D.1) 

where, ܫ௥௠௦ is the RMS current through the transistor, ܴௗ௦(௢௡) 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: 

P୲୰ୟ୬ୱ,୭୤୤ = ୍౥౜౜మ ୲౥౜౜మ ୤౩౭ସ଼େ౥౩౩ .                                                                                              (D.2) 

Here ܫ௢௙௙ is the current through the transistor at the turn-off instant, ݐ௢௙௙ is the fall time of the current, ௦݂௪ 

is the switching frequency of the converter, and ܥ௢௦௦ is the output capacitance of the transistor. The gate 

charge losses of each transistor are calculated using: P୲୰ୟ୬ୱ,୥ୟ୲ୣ = V୥ୱQ୥fୱ୵,                                                                                           (D.3) 

where ௚ܸ௦ 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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 Pୢ୧୭ୢୣ = Iୟ୴୥V୲ +	 I୰୫ୱଶ R୲,                                                                                   (D.4) 

where ܫ௔௩௚ is the average current through the diode, ௧ܸ is the diode’s voltage drop, ܫ௥௠௦ is the RMS current 

through the diode, and ܴ௧ 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: P୵୧୬ୢ୧୬୥ = ∑ I୰୫ୱ,୧ଶ RୢୡF୰,୧ଵଵ୧ୀଵ ,                                                                              (D.5) 

where ܫ௥௠௦,௜ is the RMS value of the ith harmonic of the current through the winding, ܴ ௗ௖ is the dc resistance 

resistance of the winding, and ܨ௥,௜ 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]: Pୡ୭୰ୣ = Vୡ ଵ୘ ׬ k୧ ቚୢ୆ୢ୲ ቚ஑ (∆B)ஒି஑dt୘଴ ,                                                                   (D.6) 

k୧ = ୩(ଶ஠)ಉషభ ׬ |ୡ୭ୱ஘|ಉଶಊషಉୢ஘మಘబ .                                                                               (D.7) 

Here ௖ܸ is the core volume, ܤ is the flux density, ∆ܤ is the peak-to-peak flux density, ܶ is the cycle period 

of the flux density (the same as switching period), and ݇, ߙ and ߚ are material parameters used in the basic 

Steinmetz equation ௩ܲ = ݂݇ఈܤ௣௞ఉ , where ௩ܲ is the core loss per unit volume, and ܤ௣௞ is the peak value of a 

sinusoidal excitation, and ݂ is the frequency of the sinusoidal excitation. 

Capacitor Losses 

    The losses in the capacitors are calculated using: Pୡୟ୮ = I୰୫ୱଶ Rୣୱ୰,                                                                                                      (D.8) 

where ܫ௥௠௦ is the RMS current through the capacitor, and ܴ௘௦௥ is the equivalent series resistance of the 

capacitor. 

PCB Trace Losses 
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    The PCB trace losses are calculated using: P୔େ୆ = I୰୫ୱଶ Rୢୡ ୦ஔ,                                                             (D.9) 

where ܫ௥௠௦ is the RMS current through the PCB trace, ܴௗ௖ is the dc resistance of the PCB trace, ℎ is the 

thickness of the trace, and ߜ 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 LX1 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 LX1 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 LX1 decreases, 

and with a large decrease in LX1 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 LX1 is reduced by around 2.5% 

from its nominal value. When the value of LX1 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 LX1. The 

change in performance of the ICN converter with variations in the values of the other components (CX1, 

LX2, CX2, Lr, 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 CX1, LX2, or CX2 decrease or when Lr or Cr 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 LX1, 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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(a) 

                                              (b)                                                                              (c) 

 

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 LX1. 
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(a) 

 

                                                 (b)                                                                   (c) 

 

                                                 (d)                                                                   (e) 

 

Figure E.2: Change in top inverter turnoff current of the medium-Q ICN converter across ±10% 
variations in the value of a) CX1, (b) LX2, (c) CX2, (d) Lr, and (e) Cr. 
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      (a) 

 

                                               (b)                                                                              (c) 

 

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 (c). 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 LX1 decreased by 10% from its nominal value, 

while Fig. E.6 shows the same waveforms with LX1 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 LX1 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 LX1 had decreased and 

LX2 had increased, requiring a differential adjustment in the inverter currents, a slight adjustment in phase 

could additionally be employed to compensate for these changes.  

 

      (a) 

 

                                              (b)                                                                                (c) 

 

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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                                               (a)                                                                             (b) 

Figure E.5: Inverter output voltage and current for the medium-Q (Q=1) ICN converter with LX1 
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. 

 

 

                                                (a)                                                                             (b) 

Figure E.6: Inverter output voltage and current for the medium-Q (Q=1) ICN converter with LX1 
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]. 

 


