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The growing demand for high voltage, compact pulsed power supplies has gained 

great attention. It requires power supplies with high power density, low profile and high 

efficiency. In this thesis, topologies and techniques are investigated to meet and exceed 

these challenges.  

Non-isolation type topologies have been used for this application. Due to the high 

voltage stress of the output, non-isolation topologies will suffer severe loss problems. 

Extremely low switching frequency will lead to massive magnetic volume. For non-

isolation topologies, PWM converters can achieve soft switching to increase switching 

frequency. However, for this application, due to the large voltage regulation range and 
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high voltage transformer nonidealities, it is difficult to optimize PWM converters. 

Secondary diode reverse recovery is another significant issue for PWM techniques.  

Resonant converters can achieve ZCS or ZVS and result in very low switching loss, 

thus enabling power supplies to operate at high switching frequency. Furthermore, the 

PRC and LCC resonant converter can fully absorb the leakage inductance and parasitic 

capacitance. With a capacitive output filter, the secondary diode will achieve natural 

turn-off and overcome reverse recovery problems. With a three-level structure, low 

voltage MOSFETs can be applied for this application. Switching frequency is increased 

to 200 kHz. 

In this paper, the power factor concept for resonant converters is proposed and 

analyzed. Based on this concept, a new methodology to measure the performance of 

resonant converters is presented. The optimal design guideline is provided. 

A novel constant power factor control is proposed and studied. Based on this control 

scheme, the performance of the resonant converter will be improved significantly. 

Design trade-offs are analyzed and studied. The optimal design aiming to increase the 

power density is investigated. The parallel resonant converter is proven to be the 

optimum topology for this application. The power density of 31 W/inch3 can be 

achieved by using the PRC topology with the constant power factor control. 
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Chapter 1  

Introduction 

1.1 Background and Objectives 

Pulsed power is a broad technical field that is united by a common activity—the 

transformation of electrical energy into high-peak power pulses. The value in this 

activity is the effect pulsed power achieves in a variety of applications. For just a brief 

moment, pulsed power enables the generation of extremely high temperatures, brilliant 

flashes of light and powerful bursts of sound. It accelerates particles to great velocities, 

produces tremendous forces, detects objects at a great distance, and creates many other 

extreme conditions that are simply impossible to sustain continuously.  

Pulsed power is an enabling technology that is often overlooked as a part of 

everyday life. In medicine, pulsed power drives the accelerator devices that generate X-

ray treatments for millions of cancer patients worldwide. It provides the life-giving jolt 

in pacemakers and defibrillators, but also gives us the ability to visualize a developing 

fetus with gentle ultrasonic pulses. In industry, pulsed power drives the lasers that do 

the raw work of cutting and welding as well as the lasers that do the delicate work of 

semiconductor fabrication with intense ultraviolet radiation. Pulsed power is at work 

behind the scenes: from the miniature power supply in a laptop computer, to the motor 
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speed controls in a modern subway system, to the flash in our camera, pulsed power is 

the service technology that makes it all possible [A-1, A-2]. 

Recent world events have spotlighted the need for high voltage pulsed power 

systems in new applications. The need to treat mail contaminated with anthrax and the 

use of accelerators to produce high power X-rays for security screening are highly 

visible examples. High voltage pulses, both directly and as the front end of particle 

accelerators, enable multiple processes for killing microorganisms in food processing, 

medical equipment sterilization, and wastewater treatment. Development of faster 

microcircuits has driven significant research in the use of high voltage pulsed power 

systems for lithography and ion implanters for wafer fabrication. High Definition 

Television (HDTV) is driving a large-scale upgrade of broadcast transmitters. Each of 

these commercial applications requires high voltage pulsed power systems [A-4, A-5]. 

The recent advancements in new solid-state devices and high energy density 

components have enabled pulsed power systems to remain powerful, yet shrink in size 

and weight. Our thirst for reducing the size of overall products or systems with 

improved efficiency extends well beyond the general consumer market to include 

defense, industry, medicine and research. A growing demand for size and weight 

reduction of pulsed power systems has stimulated substantial development and research 

efforts in high power density, low-profile pulsed power supplies. 

Typical durations of the single or repetitive power pulses are in the range between 

nanoseconds and seconds. Most pulsed power devices use capacitors to feed the 
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respective electric loads, via a high-power switch, with electrical energy. The capacitive 

energy is used to generate electric or magnetic fields. Electric fields can be used to 

accelerate charged particles leading in general to thermal, chemical, mechanical, 

electromagnetic-wave or break-down effects. Magnetic fields together with electric 

fields transfer energy as electromagnetic waves. X-ray, microwaves and laser beam 

generation are typical examples. Magnetic fields facilitate the generation of extremely 

high pressures in ranges of 0.1 GPa and more. These effects can be applied to remodel, 

compress, weld and segment materials as well as to modify the surface of organic and 

inorganic parts. 

Time

Capacitor
Voltage

Charge
Cycle

Target
Vo

Discharge
Cycle

 

Fig. 1.1. The capacitor charging voltage 

The short but intense bursts of energy required for pulsed power systems are often 

obtained by rapidly discharging an energy storage capacitor. These capacitors must be 

charged by a capacitor-charging power supply (CCPS) prior to releasing the stored 

energy to the load. Fig. 1.1 shows the voltage across the energy storage capacitor 

connected to the output of the CCPS. As seen in this figure, the capacitor voltage is 
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divided into two cycles: charging and discharge. During the discharge cycle, the CCPS 

is disabled while the capacitor is rapidly discharged by the load, which is inactive in the 

charge cycle. The discharge cycle is normally much shorter than the charge cycle. The 

CCPS enters the charge cycle with near short-circuit conditions across its output 

terminals and begins operation in the charging mode. In this mode, the CCPS operates 

at its maximum charging capability while charging the capacitor to the target voltage. 

The CCPS moves from the charging mode to the refresh mode when the target voltage 

is reached and remains in this mode until the load discharges the capacitor. The output 

voltage may drift due to capacitor leakage and output voltage sensing network. The 

CCPS compensates for any drift by supplying a small current to the energy storage 

capacitor. This current may be supplied continuously in a manner similar to trickle 

charging a battery or discontinuously in short bursts [A-7, A-8]. The refresh mode is 

important when the repetition rate, the frequency at which the load discharges the 

energy storage capacitor, is low. 

In contrast to a conventional high-voltage DC power supply that delivers constant or 

near-constant power to its load, the output power of the CCPS varies over a wide range. 

The charging mode is characterized by high peak power. The instantaneous output 

power is almost zero at the beginning of the charging mode, and, if the charging current 

is constant, the peak instantaneous output power occurs at the end of the charging 

mode. The refresh mode is typically a low-power mode because the currents are small 

compared to those in the charging mode. The average output power for a CCPS 
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depends on the repetition rate and is at its maximum when the capacitor is discharged at 

the end of the charging mode. 

Due to the high amount of energy per discharge, the load is often operated in a short 

burst mode. This allows operation of both the load and the rapid capacitor charger in so-

called “Thermal Inertia” mode, meaning that the generated heat is absorbed by the 

thermal capacity of the circuit elements themselves. Operation in “Thermal Inertia” 

mode always means that cooling fins, plumbing, heat exchangers etc. can be eliminated. 

In some cases, circuit elements can also be overloaded. For example, current levels in 

power resistors and magnetic coils can significantly exceed rated levels for a few 

seconds. However, this is not true for currents in power semiconductors, where rated 

levels can typically only be exceeded for microseconds. Furthermore, exceeding flux 

levels in magnetic structures, which can lead to saturation will immediately limit their 

performance and is therefore not helpful in most cases. 

1.2 Objective of This Study 

The objective of this thesis is to develop designs of high voltage, high efficiency 

and high power density pulsed power supply for capacitor charger. The specifications 

of this pulsed power supply are list below: 

Load capacitor:                400 µF  

Input DC bus voltage:             600 V 
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Capacitor bank charging target voltage     10 kV 

Charging time                 8~10 S 

Charging power during charging mode     >2kJ/S 

System power density             >20 W/in3 

System efficiency of full power operation    >90% 

System operation temperature          37 oC 

System thermal management          Natural cooling 

Capacitor charging operation scenarios: 

Vo

8~10s
one  cycle

10kV

3s Time8~10s 15min

 

Fig. 1.2. Capacitor charging operation scenarios 

The overall requirement of this pulsed power supply is much more stringent than 

the conventional CCPS. The high power density requirement is far beyond state-of-the-

art technology and becomes the primary design criteria. In addition, the thermal 

condition of this pulsed power system is very severe due to high ambient temperature 
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and a non-cooling environment. Also, the high efficiency and high step-up voltage raise 

the design difficulty further. In short, the design of such high power density, high 

efficiency pulsed power supply is a very serious challenge and will involve circuit 

topologies investigation, high frequency operations, magnetic designs and system 

optimization. 

1.3 Thesis Organization 

This dissertation is divided into five chapters. They are organized as following. 

The first chapter is the background review of pulsed power systems and capacitor-

charging power supplies. Trends for this application are high-power density, high 

efficiency and low profile. To achieve high-power density, high switching frequency is 

a must. This calls for advanced technology. The primary target of this thesis is to 

develop technique to achieve high-voltage, high-efficiency, high-power-density pulsed 

power supplies that could be optimized under the stressed thermal environment while 

being able to provide the energy to the load capacitor very rapidly. 

In Chapter 2, a set of topologies and characterization techniques for pulsed power 

systems are introduced. The state-of-the-art topologies for a capacitor-charging power 

supply are analyzed and compared. Extremely high voltage stress makes non-isolation 

topologies such as boost converters not suitable for this application. The conventional 

PWM technique will suffer from the high switching loss and therefore low switching 

frequency and large magnetic components volume. The operation with phase-shift 
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control allows the implementation of soft-switching techniques. However, the large 

turns ratio of the transformer will exacerbate the transformer nonidealities. These 

nonidealities will cause undesirable voltage and current spikes which can damage 

circuit components and greatly increase switching loss. Finally, the resonant converter 

has been analyzed and compared for this application. With the soft-switching technique 

and transformer parasitics utilization, the LLC and parallel resonant converter (PRC) 

are considered as good candidates to achieve the goal of high power density. 

In Chapter 3, a novel developed power factor concept of resonant converters is 

addressed. Based on this concept, optimized designs of resonant converters are 

discussed. According to the analysis of resonant converter power factor, the optimal 

design guideline is provided. 

Chapter 4 is dedicated to the investigation of optimal designs for capacitor-charging 

power supplies. A novel constant-power factor control scheme is proposed. With this 

control method, the system efficiency will be highly improved. LCC and PRC are both 

good candidates based on this new control method. Finally, PRC is chosen due to the 

less passive components volume and therefore higher power density. The power density 

of this CCPS will be 31 W/in3, which may be among the highest power densities that 

have ever been reported before. 

The conclusions and the suggestions for future work are given at the end of this 

thesis. 
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Chapter 2  

Literature Survey on Topologies and Techniques 

for Pulsed Power Supplies 

2.1 State-of-The-Art Topologies 

2.1.1 Non-Isolated Topologies 

As this pulsed power system does not require the isolation in the power flow, the 

use of a high voltage transformer will not be the first solution. Therefore, several non-

isolated type topologies are discussed in this section. 

The single boost converter has been reported to be applicable in this application [B-

1]. According to the system specifications, the converter needs to step up the 600 V 

input voltage to 10 kV target voltage. The DC voltage gain will exceed 16. In order to 

provide such a large DC gain, a normal boost converter would have to operate at a 

pretty high steady state duty cycle—larger than 94%. Operation at high switching 

frequency would be impossible, due to the fact that the diode does not turn on or turn 

off instantaneously. The switching times will take all the diode conduction time. For 

compensating changes in load or line, the duty cycle may have to be increased, and a 

serious latch-up operation appears [B-2, B-3]. An extremely high duty cycle is also not 
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desirable owing to diode reverse recovery problems: the diode would conduct for a very 

short time period, and the high diode forward current and output voltage would degrade 

the efficiency. The circuit is limited to around several kHz due to the switching loss in 

the power devices. As a result the boost inductor becomes bulky and leads to low power 

density. 

 

Fig. 2.1. The cascaded boost converter 

A cascade of two DC/DC boost converters has been proposed in [B-4], where an 

intermediate DC voltage is established between the two stages. As seen in Fig. 2.1, by 

applying this structure, the high duty cycle problem can be solved. However, this 

cascade of two boost converters implies a low total efficiency, which is equal to the 

product of the efficiencies of each converter. Furthermore, the high voltage stress (10 

kV) on power devices of the second boost converter still remains. At high voltage 

levels, excessive series of switch elements such as MOSFETs or IGBTs to share high 

voltage stress becomes physically cumbersome and impractical, while SCRs or GTOs 

limit the operating frequency and result in lower efficiency, greater switch drive 

requirements and large magnetic volume. 

10 
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Fig. 2.2. The three-level boost converter 

Another non-isolated step-up topology is the multilevel boost converter. The three-

level boost converter, which is shown in Fig. 2.2, has been widely investigated in Power 

Factor Correction (PFC) application [B-5, B-6, B-7]. By using the three-level boost 

topology in the high-voltage applications, some advantages can be achieved over the 

usual boost converter. With the three-level boost converter, the inductance of the boost 

inductor can be reduced, and the semiconductor devices’ voltage rating is half of the 

output voltage. Therefore, the converter power density and efficiency will be improved. 

As can be seen, even though the voltage stress across the power devices has been 

reduced to half of the output voltage, it is still difficult to apply the fast switching 

devices such as MOSFETs and IGBTs. 

In order to reduce the voltage stress of the semiconductor devices, further 

development of three-level boost converter will lead to a higher multilevel boost 

converter, which is proposed here and depicted in Fig. 2.3. It should be noted that when 

the number of levels is beyond four, bidirectional voltage-blocking devices have to be 

11 
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used. In Fig. 2.3, two combined IGBT constitute such a bidirectional voltage-blocking 

device. 

600V 10 kV

 

Fig. 2.3. The high multilevel boost converter 

If N-level (N>4) boost converter is used, the voltage stress on an active switch will 

reduced to 1/(N-1) of output voltage. Therefore, a high switching IGBT device can be 

applied. More important, the frequency of boost inductor will increase to N-1 times of 

the device switching frequency. This will result in smaller magnetic volume. However, 

the drawback of this kind of topology is obvious. This converter requires a high number 

of switching devices. The bank of series capacitors’ voltage balancing is another serious 

issue. Also, these series capacitors are energy storage components. Therefore, large size 

of these capacitors is inevitable. 

12 
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According to above discussion, a conclusion may be drawn here that the non-

isolated type topologies are not a good fit for this stringent space application due to 

high voltage stress and a large volume of passive components.  

2.1.2 High Voltage Transformer Model 

For the isolated type topology, a transformer is always necessary. In this section, a 

simplified high-voltage transformer model is given.  

Power transformers designed for high-voltage applications contain parasitic 

reactances that are generally much larger than those of their low-voltage counterparts. 

The leakage inductances and the reflected distributed capacitance are large due to the 

following reasons. When a high-voltage transformer is employed, it requires a relatively 

large space between the primary and secondary windings due to the insulation 

requirement. This leads to relatively large leakage inductance. The distributed 

capacitance is the total lumped capacitance that is associated with the windings. In a 

high-voltage transformer, the secondary layer-to-layer and terminal capacitances are the 

major contributors to this total. The effect of parasitics associated with the transformer 

becomes accentuated as the secondary to primary turns ratio is increased. 

Fig. 2.4 illustrates the equivalent circuit of a high-voltage transformer. In Fig. 2.4, 

L1 and L2 are leakage inductance, R1 and R2 are resistances related with winding 

losses, C1 and C2 are intra-winding self-capacitances, and C12 is mutual capacitance 

between primary and secondary windings. Lm is the magnetizing inductance and Rcore is 

the resistance corresponding to core losses. 

13 
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C1 C2

C12L1

R1

L2

R2

Rcore Lm
Ideal tran.

1:NC1 C2

C12L1

R1

L2

R2

Rcore Lm
Ideal tran.

1:N

 

Fig. 2.4. The equivalent circuit of high voltage transformer 

In the transformer inductances, magnetizing inductance Lm can be considered 

negligible because it is in parallel with the primary windings and is much greater than 

other inductances. If the magnetizing inductance is neglected, leakage inductance can 

be treated as the lumped leakage inductance Lk of the transformer when reducing 

secondary leakage inductance into primary. In aforementioned capacitances, C12 can be 

neglected because it is much smaller than the others. In particular, when secondary to 

primary turns ratio is very high, C1 is small enough to be neglected as compared with 

C2 which is reduced to the primary side by factor N2. Therefore, C2 is considered as 

the dominant winding capacitance Cs of the high-voltage transformer. 

 As discussed above, a lumped-element high-voltage transformer circuit model is 

expressed in terms of the leakage inductance Lk, the winding capacitance Cs, and the 

ideal transformer with the turns ration N. The model is shown in Fig. 2.5. 

14 
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Lk

sc

1:N

 

Fig. 2.5.A lumped-element high-voltage transformer circuit model 

2.1.3 PWM Converter 

 
 

Fig. 2.6. Phase-shift full-bridge converter and operating waveforms 

The full bridge (buck-derived) DC/DC converter with isolation on the intermediate 

high frequency AC link is a very popular topology in many applications. The main 

advantages of this topology include constant frequency operation which allows optimal 

design of the magnetic filter components, pulse width modulation (PWM) control, 

minimum voltage current stresses and good control range and controllability. However, 

the increase in device switching losses as the frequency increases and the high voltage 
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stress induced by the parasitic inductances following diode reverse recovery are major 

drawbacks of this topology. 

Various soft-switching schemes (ZVS and ZCS) have been proposed to improve the 

performance of hard switching PWM converters. One of the most popular topologies is 

the phase shift full bridge converter, which is illustrated in Fig. 2.6 [B-8, B-9, B-10, B-

11, B-12]. In this topology, the transformer leakage inductance and the device’s output 

capacitance are effectively utilized to achieve zero voltage switching (ZVS). The load 

range can be extended by properly sizing the leakage inductance of the transformer. In 

[B-16, B-17], capacitor-charging power supplies were implemented by this PWM 

technique. However, there are several disadvantages of this topology. To assure ZVS in 

a wide range of loads, it is necessary to have sufficient stored energy in the leakage 

inductor. Especially at light loads, the energy stored in the leakage inductor of the 

transformer is not sufficient to achieve ZVS. Therefore, there is a need of adding 

another external inductor in series with the primary winding of the load, where ZVS can 

be maintained. A large commutating inductor enables ZVS in wide range of loads but 

also causes higher circulating energy. It will increase the conduction loss. The smaller 

the duty cycle, the more circulating energy there is. In the capacitor-charging power 

supply, it is expected that the load and output voltage will be variable. Therefore, the 

duty cycle range will be 0% - nearly 50%. This will increase circulating energy. 

Secondary-diode reverse recovery is another significant problem in PWM converters. 

These high-voltage diodes are located between the leakage inductance of the 

transformer and the output filter inductance. Hence, they serve as switches connecting 
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two current source elements and experience very high stresses. Excessive voltage 

overshoots occur when the secondary diodes snap off. Higher output voltages require 

higher voltage diodes that have very poor recovery characteristics which exacerbate the 

problem. If softer, lower voltage diodes are used in series, a very lossy voltage-sharing 

circuit is required. Usually, a resistor-capacitor-diode (RCD) arrangement is used to 

clamp the voltage overshoot and dissipate the recovery energy. If the converter 

operation demands a significant variation in duty cycle, the clamp design cannot be well 

optimized, leading to higher losses. Alternative techniques have involved the use of an 

active or passive secondary side clamp [B-13, B-14, B-15]. However, due to the high 

voltage stress and variation of operation conditions, very few clamp circuits are 

favorable for this application. 

Because of these disadvantages of PWM converters, high power density CCPS can 

not be achieved by applying PWM topologies.  

2.1.4 Resonant Converters 

In the previous section, the high voltage transformer model was derived. The 

leakage inductance and the stray capacitance can significantly change converter 

behavior. The former causes undesirable voltage spikes which can damage circuit 

components, and the latter results in a current spike and slow rise time. An attractive 

alternative for high-voltage DC-DC applications is the use of the resonant converter in 

which the transformer parasitics can be incorporated into the basic operation of the 

circuit. We could utilize the leakage inductance and parasitic capacitance partially or 
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wholly as resonant tank elements, and thereby turn these nonidealities into useful 

articles.  
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Fig. 2.7. The SRC with transformer equivalent circuit included 

The series resonant converter (SRC) has been widely used in CCPS [B-18]-[B-21]. 

It can achieve ZCS or ZVS and lead to very low switching loss thus enabling CCPS to 

operate at a high switching frequency. A simplified SRC with transformer parasitics is 

shown in Fig. 2.7. As this figure shows, the transformer leakage inductance Lk is 

integrated into the power topology because it contributes to the resonant inductance Lr. 

However, the parasitic capacitance Cs is not placed in parallel with the resonant 

capacitor Cr, and thereby can not be absorbed by the resonant converter. The winding 

capacitance adds an additional element to this tank circuit which prevents the output 

rectifiers from switching instantly. As a result, an additional subinterval is created 

during which the winding parasitic capacitance is charged from positive peak voltage to 

negative one or vice-versa. During this time, all four output diodes are reverse-biased 

and no charge is transferred to the output. Therefore, the output voltage is reduced 

somewhat from the ideal series resonant converter case, while the tank and switch 
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current are increased. This effect has been quantified in [C-1]. Another drawback of 

SRC is that the frequency band to achieve output voltage regulation over an appreciable 

range of loads will be very large. Therefore, optimization of the converter is very 

difficult. 

Though it cannot utilize the transformer parasitic capacitance, SRC is still applied to 

the application of pulsed power systems. If another resonant topology could absorb both 

parasitic inductance and stray capacitance, it would be the optimum topology for the 

high voltage capacitor-charging power supply. 
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Fig. 2.8. The PRC with transformer equivalent circuit included 

The Parallel Resonant Converter (PRC) overcomes the drawbacks of the SRC. A 

high-voltage version of the PRC with no output filter inductor is represented in Fig. 2.8. 

Note that the resonant capacitor Cp has been moved to the transformer secondarily. 

Therefore, the parasitic capacitor of the transformer appears directly in parallel with the 

resonant capacitor. Meanwhile, the transformer leakage inductance appears in series 

with the resonant inductor. Consequently, the PRC topology can integrate the high-
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voltage transformer parasitics very well and transformer nonidealities do not degrade 

operation of the converter. 

Another promising topology is the LCC or series parallel resonant converter shown 

in Fig. 2.9. Similar to PRC topology, LLC can fully absorb the transformer parasitics. 

Furthermore, with an additional resonant element, LLC exhibits better control 

characteristics than the conventional two elements resonant converters. It is also shown 

that, by a proper choice of operating point, transformer winding capacitance can 

completely replace the external discrete resonant capacitor and the leakage inductance 

can add to the external resonant inductor. As a result, depending on the topology used, 

the transformer nonidealities can become an asset rather than a liability. 
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Fig. 2.9. The LLC with transformer equivalent circuit included 

In short, both PRC and LCC resonant converters can provide soft switching and 

avoid the reduction of efficiency with the increment of the switching frequency. The 

high switching frequency can effectively reduce the reactive elements such as inductors, 

capacitors and the high-voltage transformer. The transformer parasitics like leakage 

inductance and stray capacitance can be fully utilized by PRC and LCC converters. 
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These converters also show good voltage regulation and operation with a large variation 

of the load. Based on the above topology analysis, the PRC and LCC have been 

considered as good candidates in high voltage DC-DC converter design.  

2.2 Pulsed Power Supplies with High Power Density 

2.2.1 Introduction 

In the Center for Power Electronics Systems (CPES), 2004, Yang Qiu and Bing Lu 

proposed a high frequency three-level LCC converter for high-voltage capacitor-

charging power supplies. Their specification is almost same as the one described in 

previous chapter. The charging power rate is 2.6 kJ/S. The power density of the 

converter is 25 W/in3, which is among the highest power densities that have ever been 

reported. The topology and the control schemes of this converter are briefly discussed 

in this section. 

Vin=600VVin=600V

 

(a) Full bridge structure            (b) Three-level structure 

Fig. 2.10. Primary side structure comparisons 
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2.2.2 Topology Description 

At these power levels, it is recommended to use a full bridge structure in the 

primary side as shown in Fig. 2.10. (a). In this case, each switch in the full bridge 

structure topology is subjected to the full bus voltage. In this voltage range, MOSFET 

devices with a high Rdson may be used. This approach may increase the conduction loss. 

Another option for this power range is to use IGBT devices. However, in this case the 

switching frequency, and consequently the power density of the converter, must be 

reduced. One way to reduce the voltage stress in the main devices and keep the 

requirements of high power operation is by using three-level structures as shown in Fig. 

2.10 (b) [B-22, B-23, B-24]. In this kind of structure, the voltage stress across the power 

switch is reduced to half of the input voltage without increasing both the complexity 

and operation of the converter. In this way, lower voltage devices, which present better 

electrical characteristics, can be used. 

Table 2-1. Main characteristics for the primary side of the load converter. 

Structure Device Rating Rdson 

(Ω) 
Qgd 
(nC) 

FOM 
(Ω∗nC) 

Full Bridge APT12040L2FLL 1200V 
30A 0.40 179 71.6 

Three-level APT6013LFLL 600V 
43A 0.13 58 7.54 
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Table 2-1 presents the main characteristics of two devices that can be used for each 

structure for this application. As can be seen, the use of a three-level structure for the 

primary side will provide a significant improvement in efficiency at higher switching 

frequencies. Typically, the industry benchmark figure-of-merit (FOM) product 

Rdson*Qgd is used here to represent the performance of different devices [B-25, B-26, B-

27]. It is obvious that the FOM of 600 V MOSFET is much lower than 1200 V 

MOSFET. Therefore, 600 V MOSFET is preferred for this application. Taking into 

account these results, the three-level structure also becomes an interesting option when 

higher switching frequencies are required to increase the power density of the load 

converter. 

The 10kV output is generated with the use of a three-level converter and a step-up 

transformer to convert the 600V input to 10 kV output. One single secondary can be 

used to generate the 20kV peak-to-peak waveform at a sufficiently high switching 

frequency. This method, although possible to implement, has a large voltage stress as a 

result of the large secondary voltage. Depending upon the type of insulation system that 

is used (epoxy, oil, air, etc.), the long-term reliability will be reduced due to the corona. 

Large reflected capacitances, due to the turns ratio (>1:12) will also limit the maximum 

switching frequency of the converter. Lower secondary AC voltages are desired in 

order to reduce the voltage stress on the insulation system. Four high-voltage secondary 

windings (approximately 2500 V zero to peak each) can be rectified, filtered and 

stacked in series to charge the 400 µF capacitor.  
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(a) Inductive filter. (b) Capacitive filter. 

Fig. 2.11. Output filters for resonant converters 

Another aspect of the circuit structure is the choice of the output filter. With an 

inductive or a capacitive output filter, which is shown in Fig. 2.11, the resonant 

converter will have different performances. With an inductive filter, the converter is 

able to achieve smaller output current ripple. However, with a capacitive filter, the 

bridge diodes are able to realize natural turn-off, as demonstrated in Fig. 2.12, therefore 

the reverse recovery stress is reduced. In this high-voltage application, the diode reverse 

recovery is a stringent issue. In addition, the high voltage inductor is saved with a 

capacitive filter. High voltage drop on this inductor is also avoided Size could be 

reduced. Consequently, the capacitive filter is adopted. 

 

 

(a) Inductive filter waveform (b) Capacitive filter waveform 
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Fig. 2.12 Voltage and current waveforms on bridge diodes with different output filters 
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According to the above discussion, the topology of the resonant converter is shown 

in Fig. 2.13. A three-level structure is placed in the primary side in order to reduce the 

voltage stress across the primary switches, allowing the use of devices with better 

characteristics. A LCC resonant tank is used to absorb the transformer parasitic 

components and to provide ZVS operation for the primary switches. At the secondary 

side, four high-voltage secondary windings can be rectified, filtered and stacked in 

series to charge the load capacitor. Relatively low voltage rating diodes can be used. 

These diodes naturally commute during operation, resulting in a small reverse recovery 

issue. In addition, variation of the switching frequency is used to control the resonant 

tank current, output current, and therefore, the charging rate of the load capacitor.  
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Fig. 2.13. The resonant converter topology for pulsed power supply 
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2.2.3 Control Analysis 

The most common capacitor charging techniques are i) constant current and ii) 

constant power [C-31]. The constant current charging method provides a constant 

current during the charge period. The selection of the constant-charge current is 

determined by the required time. 
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(a) Required constant charging current as a 

function of the charging time 
(b) Output power as a function of the charging 

time for a 0.5A constant current charge 

Fig. 2.14. Constant current charging method characteristics 

Fig. 2.14 (a) shows the necessary constant current to charge the load as a function of 

the charging time. As can be seen in the graphs, to charge the equivalent capacitance of 

400 µF within 8 seconds, it is necessary to select a constant current charge higher than 

0.5 A. One of the problems that this method of charging presents is that at the end of the 

charge period, the output peak power of the converter exceeds the 5000 W as shown in 

Fig. 2.14 (b). This peak power imposes extra stress to the converter.  

Constant-output power charge is another possible method to charge the equivalent 

capacitance without exceeding the output peak power. In this way, by changing the 
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output current as a function of the output voltage, it is guaranteed that during the charge 

process the peak power never exceeds the capabilities for the high-voltage converter. 

Considering a 2500 W constant-output power charge, the time to charge the equivalent 

capacitor will be 8 S. As shown in Fig. 2.15 (b), one of the disadvantages for this 

charging mode is that at a low output voltage the charge current will be very high.  
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(a) Required constant charging power as a 

function of the charging time 
(b) Output current as a function of the charging 

time for the 2500 W constant power charge 

Fig. 2.15. Constant power charging method characteristics 

In order to overcome the problems presented by these two methods of charge, Yang 

Qiu and Bing Lu proposed a hybrid charge method for this application. The main idea is 

to start the charge process using a constant-current charge mode. In this way, the 

current stress in the primary and secondary devices is limited. When the output power 

reaches the allowed output peak power, the process of charge is changed from a 

constant current charge to a constant power charge. The initial constant charging 

current will be set as 0.75 A. The constant charging power will be 3000 W. The load 

capacitor charging time will be 7.73 S. The power density of 25 W/in3 is achieved  
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Chapter 3  

Power Factor of Resonant Converters 

3.1 Introduction 

Resonant converters have become very attractive for power conversion, due to 

numerous advantages such as elimination of switching loss, low switching transients, 

reduced EMI and small size. However, most of the resonant converters developed so far 

include some inherent problems which have to be solved, such as reduced power 

conversion efficiency due to circulating energy generation. In order to increase the 

performance of resonant converters, it is necessary to reduce the circulating energy and 

improve the power conversion efficiency. In this chapter, the circulation energy or 

reactive power of resonant converters will be evaluated. 

In general, the current and voltage of the primary side in isolated PWM converters 

are square wave and without a noticeable phase shift, as shown in Fig. 3.1. Therefore, 

virtually no circulating energy is generated during the power processing.  
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Fig. 3.1. Power processing in PWM converters 

For the resonant converter, a square-wave inverter and a resonant network transfers 

and controls the fundamental power to the output in a piece-wise sinusoidal manner. As 

a result, the input voltage and current of the resonant tank exhibit a phase shift, which 

leads to circulating energy as shown in Fig. 3.2. The typical LCC resonant converter 

with inductive filter is exhibited in Fig. 3.2. Generally speaking, the amount of power 
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processed by the resonant converter is usually larger than that of a PWM counterpart 

with the same output power. This has an adverse effect on the performance of resonant 

converters. With the increment of circulating energy, the current stress of devices and 

resonant tank will increase. Therefore, the device loss and resonant tank size will be 

larger.  
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Fig. 3.2. Power processing of resonant converters 
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From the above discussion, it can be seen that a methodology to measure the 

effectiveness of power conversion is very important. It can help to optimize the 

resonant converter design with minimizing the circulating energy. 

3.2 Analysis of Reactive Power and Power Factor 

The rms value of the supply current )( ti ω that is mathematically continuous and 

periodic in  is given by: cT ∫⋅= cT

c
rms tdti

T
I

0

2 )(1 ωω  

Similarly, the rms value of the supply voltage )( tv ω that is mathematically 

continuous and periodic in  is given by: cT ∫⋅= cT

c
rms tdtv

T
V

0

2 )(1 ωω  

The real or average power of the supply can be given by: 

∫ ⋅⋅= cT

c

tdtitv
T

P
0

)()(1 ωωω  

The apparent power or apparent voltampers can be given by:  

rmsrms IVS ⋅=  

The reactive power or circulating energy of the supply can be given by: 

22 PSQ −=  
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The power factor is a figure of merit that measures how effectively energy is 

transmitted between a source and load network. It is defined as the ratio of the average 

power (or real power) entering the circuit to the product of root mean square (rms) 

voltage and rms current at the circuit terminals (or apparent power) [C-27, C-28, C-29]. 

Using the symbols defined above, the power factor can be written as: 

rmsrms IV
P

S
PPF

⋅
==  

It should be noted that the definition of the power factor is independent of current or 

voltage waveforms because P, Vrms and Irms are all independent of waveform. Also, the 

equations expressed above can be derived by Fourier series analysis. The power factor 

always has a value between zero and one. The ideal case, unity power factor, occurs 

when the voltage and current waveforms have the same shape, contain the same 

harmonics and are in phase. For a given average power throughout, the rms current and 

voltage are minimized at the unity power factor. 

3.3 Optimal Design to Reduce Reactive Power 

The power factor of resonant converter is defined as the ratio of the output load 

power to the product of the rms voltage and rms current at the input of the resonant tank 

[C-30], as shown in Fig. 3.3. In this work, the described approach is extended to 

calculate the power factor of the resonant converter. A new methodology will be 
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proposed to evaluate the performance of the resonant converter and provide guidelines 

to optimize the design with the concept of power factor. 
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Fig. 3.3. The power factor of resonant converter 

The major expressions of the resonant converter are represented below. For the sake 

of simplicity, the rms voltage and current at the input of the resonant tank are expressed 

as Vin and Iin respectively. Io is the average output current. 
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Power Factor:            
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The resonant converter power factor can be expressed as the ratio of normalized 

resonant current to normalized power. Because the power factor can be described by the 

normalized parameters, it is very convenient to apply this concept to analyze and design 

the resonant converter. 

The power factor curves of the LCC resonant converter are illustrated in Fig. 3.4. 

Seen from this figure, there are some remarkable characteristics. First, the maximum 

power factor is obtained when the converter operates at the resonant frequency. The 

resonant frequency  is defined as the frequency at which the phase shift of the 

voltage and current is equal to zero. The resonant frequency is different from the corner 

frequency or undamped natural frequency . Secondly, the maximum achievable 

power factor of the resonant converter is around 0.91. Namely, the power factor of the 

resonant converter can not reach unit value. The power transfer from input to source is 

primarily via the fundamental component of the switching frequency. The harmonics of 

the source and load contribute little to the power transfer. Therefore, though voltage and 

current are in phase, the harmonics of voltage can not contribute much to the power 

conversion. In Fig. 3.5, Fourier series analysis shows that the rms value of the 

rf

of

34 



Chapter 3 

fundamental component of Vin is about 0.9 times the rms value of the total harmonics, 

which implies a good agreement with the above discussion.  

 

Fig. 3.4. 3-D power factor curves of LCC resonant converter versus fs/fo and Q 
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Fig. 3.5. The fourier series analysis of Vin 

Further analysis shows that the power factor of the resonant converter is a good 

indicator to represent the efficiency of the resonant tank. The higher the power factor, 

the higher the system efficiency.  
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Fig. 3.7. The circulating energy of different operation points 

With the same QL, at operating point (a), the converter is working close to the 

resonant frequency and has a relatively high power factor. As operating frequency 

increases, at operating point (b), the converter is working far away from the resonant 

frequency and the power factor becomes low, which can be observed from Fig. 3.6. 

From simulation waveforms shown in Fig. 3.7, at operating point (b), the circulating 

energy is much larger than at operating point (a). With a lower power factor, more 

energy should be sent back to the source during each switching cycle and more energy 

needs to be processed by the semiconductors and resonant tank, and therefore raise the 

conduction loss. On the other hand, with higher power factor, devices can turn off at a 

lower current, meaning a reduction of turn-off loss. 
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In summary, the power factor is an important property to determine the efficiency of 

the resonant converter. It is desirable for resonant converters to operate at high power 

factor mode. Thus, low conduction loss and low switching loss can be achieved. An 

optimal design based on the power factor concept will be investigated in the following 

chapter. 

The described analysis and procedure can be easily extended to any other resonant 

converter. 
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Chapter 4  

Resonant Converter Design and Optimization for 

Pulsed Power Supplies 

4.1 LCC and PRC Resonant Converter 

4.1.1 Introduction 

In previous chapters, the trends and technical challenges for pulsed power systems 

were discussed. High power density, high efficiency and high frequency are the major 

goals for this application. A topology capable of higher switching frequency with 

higher efficiency is the key to achieve these goals. Resonant converters have many 

advantages over PWM converters. They have lower switching losses at higher 

switching frequencies, easier EMI filtering, circuit parasitics absorption and higher 

efficiency. For reasons such as these they have sparked an increasing interest over the 

past decade. 

SRC, PRC and LCC resonant converters are the most popular topologies. There are 

several main disadvantages of the SRC: (i) The switching frequency varies directly with 

the load. This leads to poor cross-regulation in multi-output power supplies such as 

capacitor charging power systems. (ii) The SRC cannot absorb the transformer parasitic 
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capacitance, which has an adverse effect on the performance of the converter. (iii) The 

SRC can not operate at zero load. However, LCC and PRC resonant converters can 

fully absorb the high voltage transformer nonidealities and have full power control 

range with a small variation in frequency. Therefore, these two converters could be 

considered an optimum topology for pulsed power supply. In this chapter, LCC and 

PRC resonant converters will be evaluated for a capacitor-charging power supply. 

4.1.2 DC Analysis of LCC and PRC Converters 

The DC characteristic is the most important information for the converter design. 

With the DC characteristic, the parameters can be chosen; the design trade-offs can be 

made. For LCC and PRC resonant converters, the DC characteristic will define the 

relationship between voltage gain and switching frequency for different load condition. 

Traditionally, fundamental element simplification method was used to analyze the 

DC characteristic of a resonant converter. The fundamental element simplification 

method (FEM) assumes only the fundamental component of switching frequency is 

transferring energy. With this assumption, the nonlinear parts of the converter, like 

switches and diode bridges, could be replaced with linear components. The simplified 

converter will be a linear network to analyze. So, with this method, the DC 

characteristic could be derived very easily. And the result will be a close-form equation, 

which is easy to use. Most of the literature on resonant converters provides the DC 

characteristic equations with fundamental element simplification method. However, 

these equations are only suitable for the LCC resonant converter with inductive output 
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filter. If a capacitive output filter is adopted, things are changed significantly. In this 

case, the diode rectifier only conducts part of the time during the cycle. Thus, the 

rectifier current and voltage are far from the regular square waveform or sinusoidal 

waveform. It is not adequate to use the well-known equivalent AC load resistor to 

model the resonant converter and derive the DC characteristic equation. 

The detailed analysis of the LCC or PRC converter is complex because the 

capacitive output filter stage is decoupled from the resonant stage for a significant 

period within the switching cycle. As a result, the number of resonant elements changes 

during the switching cycle and thus the converter operates multi-resonantly. Ivensky 

proposed another analytical methodology for analysis of LCC and PRC resonant 

converter with capacitive filter [C-2]. In this model, the rectifier, output capacitor and 

load are replaced by an equivalent circuit which includes a capacitor and resistor 

connected in parallel. With this model, fundamental approximation method can be still 

used, but the derivation is much more complicated than the conventional model with 

simple equivalent AC resistor. 

With the help of the AC model for LCC and PRC converters with a capacitive filter, 

DC characteristic equations can be derived as follows. 

)
)1(

1
2

tan(2
nLn CQ

a
+⋅⋅

⋅⋅=
ω

πθ  

)sin(27.01 θ⋅+=vK   

 40



                                                                                                                     Chapter 4 

))sin(25(
180

θπβ ⋅−⋅=  

⋅
+⋅⋅⋅

⋅
=

)1(
)tan(2

2
nvLn

e CKQ
K

ω
β

 

[ ] [ ]
⎪⎩

⎪
⎨
⎧

⎭
⎬
⎫

+⋅⋅⋅
−+⋅⋅

++⋅+⋅−⋅++

⋅
=

2

2

2
22

)1(
)1(2)1()1(1

4

nvLn

nnn
nennen

v

in

o

CKQ
CCCKCKC

K
V
V

ω
ω

ω

π

 

22n
KRR v

oeq ⋅=  (Equivalent load resistor) 

2

22)tan(
vono

eq KR
nC

⋅⋅⋅
⋅=

ωω
β  (Equivalent load capacitor) 

2nZ
RQ
o

o
L ⋅

=  (Load quality factor) 

pr

pr

r
o

CC
CC

LZ

+

⋅
=  (Characteristic impedance) 

r

p
n C

C
C =  (Ratio of two resonant capacitors) 

For this method, there are some limitations. Because this method is a simplified 

method, an error will be generated with different operating points. To evaluate this 
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error, a more accurate DC characteristic is needed. Here simulation is used to derive the 

accurate DC gain characteristic. A time-domain switch circuit model is built in 

simulation software such as SABER. By changing the switching frequency and load 

condition, an output voltage can be obtained for each point. Sweeping load and 

switching frequency, an accurate DC characteristic is achieved. The results of these two 

methods are shown in following figures, and the error is also shown. 
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Fig. 4.1. DC characteristic of LCC from simplified model 
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DC Characteristic of LCC by Simulation

0

1

2

3

4

5

6

0.6 0.8 1.0 1.2 1.4 1.6fs/fo

Vo
/V

in
Q=0
Q=0.1
Q=0.2
Q=0.3
Q=0.4
Q=0.5
Q=0.6
Q=0.7
Q=0.8
Q=0.9
Q=1.0
Q=1.5
Q=2.0
Q=2.5
Q=3.0
Q=3.5
Q=4.0
Q=4.5
Q=5.0

Vo
lta

ge
 G

ai
n

 

Fig. 4.2 DC characteristic of LCC from simulation method 
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Fig. 4.3. Error of simplified circuit model for LCC 
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Fig. 4.4. DC characteristic of PRC from simplified model 
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Fig. 4.5. DC characteristic of PRC from simulation method 
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Error of Simplified Model for PRC
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Fig. 4.6. Error of simplified circuit model for PRC 

For the design of LLC resonant converter, the trade-offs are more affected by an 

operating point with maximum gain. With a simplified model, much error will be 

introduced. Simulation gives accurate results; the issue is that it is time-consuming. A 

better method is to combine these two methods. During primary design, use simplified 

model to get a trend. To optimize the design, simulation method is preferred to get a 

better design. 

4.1.3 Operation of LCC and PRC converters 

The DC characteristic of an LCC resonant converter could be divided into ZVS 

region and ZCS region as shown in Fig. 4.7. For this converter, there are two resonant 

frequencies. One is determined by the resonant components Lr and Cr. The other one is 

determined by Lr, Cr and Cp. As the load gets lighter, the resonant frequency will shift 

to higher frequency. The two resonant frequencies are: 
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Fig. 4.7. Operation regions of LCC resonant converter 

The LCC resonant converter exhibits intermediate characteristics between those of 

the SRC and PRC. When it operates with a heavy load, this converter has same 

characteristics of SRC. In the region near the , SRC will be dominant. When the 

load gets lighter, characteristics of PRC will float to the top. With these interesting 

characteristics, when the load varies we could design the converter working along the 

1fo
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resonant ridge to achieve high efficiency. Advantages of both SRC and PRC can be 

utilized properly.  
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Fig. 4.8. Operation regions of PRC resonant converter 

Similarly, the DC characteristic of PRC could be divided into ZVS region and ZCS 

region as shown in Fig. 4.8. For this converter, the corner frequency (undamped natural 

frequency) is determined by the resonant components Lr and Cp. For the conventional 

PRC with inductive filter, the resonant frequency is almost fixed at the corner frequency 

and does not change with the variation of loads. However, for the PRC with capacitive 

filter, as loads get lighter, the resonant frequency will shift to a higher frequency. As a 

result, the PRC for this application exhibits similar characteristics as an LCC converter. 

The analysis of LCC converters can be extended to that of PRC. 
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More importantly, when Cn (ratio of two resonant capacitors) of LCC turns to zero 

(the series capacitor becomes infinite or shorted), the LCC converter will become PRC. 

As a result, in this work, PRC is considered as a particular case of LCC when Cn is 

equal to zero.  

4.2 Constant Power Factor Control Scheme for Resonant Converter 

In the previous Chapter, it is pointed out that a hybrid charging scheme was chosen 

by existing literature for capacitor-charging power supplies. That is, a hybrid of 

constant current charging in the first stage of the charging period and constant power in 

the second stage of the charging period. For this control method, the normalized output 

current and the normalized output power are the most important parameters used to 

design the resonant tank. The surface plots of these two parameters against the Q and fn 

have been shown in Fig. 4.9. The constant current charging trajectory can be depicted 

as the border line shown in Fig. 4.9 (a). It is noted that resonant converters could 

achieve constant output current when operating at this line. Similarly, the constant 

power charging trajectory can be illustrated in Fig. 4.9 (b). Resonant converters can 

achieve constant output power when operating at this line. On the other hand, these 

charging trajectories can be also mapped to voltage gain surface, which is shown in Fig. 

4.10. 

Based on this charging mode, careful selection of resonant tank parameters will lead 

to a good design to achieve high power density. 
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(a) Constant current trajectory on the 
normalized output current surface versus 

fs/fo and  Q 

(b) Constant power trajectory on the 
normalized output power surface versus 

fs/fo and Q 

 Fig. 4.9. Surface plot of Io_N and Po_N 
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(a) Constant current trajectory on the 
normalized voltage gain surface versus 

fs/fo and  Q 

(b) Constant power trajectory on the 
normalized voltage gain surface versus 

fs/fo and Q 

Fig. 4.10. Different charging trajectories on the surface of normalized voltage gain 

The constant current charging trajectory is a line segment of Fig. 4.9 (a) or Fig. 4.10 

(a). The constant power charging trajectory is a line segment of Fig. 4.9 (b) or Fig. 4.10 

(b). Combining two charging trajectories, the complete charging profile is shown in Fig. 

4.11 (a). In addition, the power factor of this design is shown in Fig. 4.11 (b). 
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(a) The capacitor charging trajectory on 
the normalized voltage gain surface 

versus fs/fo and Q 

(b) The capacitor charging trajectory on 
the power factor surface versus fs/fo and 

Q 

Fig. 4.11. Charging trajectory of LCC resonant converter 
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Fig. 4.12. Power factor versus output voltage for LCC converters 

From Fig. 4.12, it can be observed that the power factor trajectory during the 

charging processing is variable with the output voltage. For this trajectory, there is only 

a short line segment whose value is above 0.8. Namely, the power factor is below 0.8 

and the converter circulates more than 20% of the energy during most of the charging 

time. Though ZVS can help to reduce the switching loss effectively, the conduction loss 

of MOSFET is still high. 
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From Fig. 4.12 and Fig. 4.13, it can be seen that the lowest loss is achieved with the 

maximum power factor. In order to decrease the loss and increase the efficiency, it is 

desirable to improve the power factor of resonant converters. However, with the 

conventional constant current and constant power control methods, it is very difficult to 

achieve this.  
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(a) The primary side rms current of LCC (b) The MOSFETs total loss 

Fig. 4.13. Primary side rms current and MOSFETs loss 

In this work, a new methodology is proposed to further improve the efficiency and 

performance of the resonant converter.  

A promising method to decrease the circulating energy is to keep the power factor at 

a constant value as high as possible during the charging time. Based on this concept, a 

novel constant power factor control method is proposed. For this control scheme, the 

switching frequency is variable and regulated to maintain the constant power factor of 

the resonant converter during the operation.  
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Q

 

Fig. 4.14. An operation trajectory for constant power factor control method 

With the expression of
N

No

I
P

PF _= , the normalized power factor of resonant 

converters can be calculated. Therefore, with the variation of loads, the switching 

frequency can be regulated to obtain the anticipated value of power factor. The 

operation trajectory is the border line of a horizontal plane and the power factor surface, 

as shown in Fig. 4.14. When resonant converters operate along this line, the power 

factor can be achieved as a constant value. It can be found that the higher power factor 

leads to lower circulating energy and higher system efficiency. However, excessively 

operating close to the resonant frequency will result in little turn-off current which can 

not guarantee ZVS operation. Furthermore, due to the effect of noise, the converter will 

run into the ZCS operation region. For power MOSFETs, zero voltage switching is 
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preferred. ZCS operation will degrade the performance of the converter. As a result, 

 is considered a suitable value to obtain high power factor and guarantee 

ZVS operation. 

84.0=PF

Q

Traj. with old control

Traj. with new control

 

Fig. 4.15. Charging trajectories comparison during the whole period 

The charging trajectory of constant power control method is illustrated in Fig. 4.15. 

The power factor of the resonant converter remains a constant value—0.84. Comparing 

this with the constant power control, it can be derived that the converter will reduce a 

lot of circulating energy and therefore higher efficiency can be achieved. The optimal 

constant power factor scheme is an attractive control method. However, it cannot be 

accomplished during the entire charging period. At the beginning of the charging 

process, the voltage of the load capacitor is very low. This leads to the very low Q. To 

maintain the high power factor at a low Q, the converter needs to operate at very high 
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power levels which will exceed the input capability. As a result, a combined charge 

method is adopted for this application. The principle is to start the charge process by 

applying a constant-current charge mode. When the load capacitor is charged, the 

output voltage will increase. The power factor of the converter will also increase. Once 

the power factor reaches the predetermined value, the converter will change to constant 

power factor charge mode.  

For the sake of simplicity, the hybrid constant current and constant power control is 

written as CCCP, while the new constant current and constant power factor control is 

written as CCCPF.  

Q

 

Fig. 4.16. CCCPF charging trajectory shown on the 3D surface of normalized output power 

The optimal design based on the CCCPF will be investigated in the following 

sections. 
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4.3 Resonant Converter Optimal Designs Based on Power Factor 

Control Scheme 

4.3.1 Design Introduction 

In previous section, the charging scheme was chosen, constant current charging in 

the first stage and constant power factor charging in the second stage. Based on this 

charging mode, we will design the pulse power supply with the highest power density. 
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Fig. 4.17. The topology chosen for pulsed power supplies 

The circuit structure is shown in Fig. 4.17. The characteristics of this topology were 

discussed in the previous chapter. The objective is to design the resonant tank, i.e., the 

resonant inductor, resonant capacitor, and the transformer, to achieve high efficiency 

and high power density. 

High frequency is expected to minimize the size of the passive components. 

However, it is limited by the switching loss of the secondary diodes. Operating at very 
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high switching frequency, High-voltage diodes’ reverse recovery problem becomes 

very severe. High-voltage diodes’ reverse recovery characteristics have been tested and 

the result is shown in Fig. 4.18. It can be seen that 200 kHz switching frequency is a 

good choice for safe operation. Therefore, it is assumed that the highest switching 

frequency is 200 kHz. This assumption is valid throughout the design procedure. With 

this assumption, designs are compared to find out the guideline for the low power loss 

and minimum converter volume. 

Diode current
(1A/div)

Diode current
(1A/div)

1µs/div 1µs/div

 
(a) Operating at 200 kHz         (b) Operating at 300 kHz 

Fig. 4.18. Reverse recovery test waveform for 1N6863 (2kV, 30n) with different operation frequencies 

From the charging mode proposed in the previous section, the following 

specifications can be given. 

(a) The initial constant charging current is 0.75 A. 

(b) The highest switching frequency is set as 200 kHz. 

(c) The total charging time is 7.73 S (< 8 S). 

 56



                                                                                                                     Chapter 4 

(d) Because three-level structure is applied, the input voltage of the resonant tank 

is half of the input DC bus; that is 300 V. 

(e)  is adopted. 5.0/ == rpn CCC

For the design with CCCPF control, the constant power factor is set as 0.84. From 

Fig. 4.14,  and , are chosen at the operating point of 10 kV and 200 

kHz. kHz can be calculated. For this operation point, , due to 

5.2=Q 97.0=nf

2.206=of 37.3=M

)( nVVM ino ⋅=  transformer turns ratio will be 10. From Fig. 4.16, it can be observed 

that  for this operating point. For CCCPF control, the output power is not 

constant but variable. The output power is set as 3.7 kW at this operating point. From 

8.3_ =NoP

)/( 2
_ oinoNo ZVPP = , . Therefore, the value of resonant tank can be derived 

from 

Ω= 92oZ

5.0== rpn CCC ,

pr

pr
r
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CC
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⋅
⋅
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1
π

 and

pr

pr
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o

CC
CC

LZ

+

⋅
= , then  

µH,  nF and  nF, which is referred to primary side. The constant 

power factor charging trajectory of this design is a line segment of trajectory shown in 

Fig. 4.14.  kV is the critical point at which the charging mode turns from 

constant-current charge into constant power factor charge. At this point,  and 

can be calculated and 

8.70=rL

2.25=rC 6.12=pC

8.3=oV

29.1=M

6.0=Q 77.0=nf  can be observed from Fig. 4.20. During the 

constant-current charge mode, 71.0=oI  A and 2.2)/(_ =⋅= oinoNo ZVnII  are 

obtained. The constant-current charging trajectory of this design is shown in Fig. 4.19. 
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Combining the two charging trajectories, the complete charging profile can be 

illustrated on voltage gain surface, which is shown in Fig. 4.20.  

In Fig. 4.20, the charging trajectory of CCCP is also depicted. It can be observed 

that the charging trajectory of CCCPF is closer to the resonant frequency than that of 

CCCP. It results in lower circulating energy and lower turn-off current, which reduce 

the MOSFET loss effectively. Higher efficiency can be achieved. 

 

Fig. 4.19. Constant current charging trajectory for CCCPF control 
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Fig. 4.20. Charging trajectories of different control methods on the surface of voltage gain 

The design result of CCCPF and CCCP are compared and shown in Table 4-1.  

Table 4-1. Design result for different control schemes 
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(a) Comparison of rms current for primary 

side with different control  
(b) Comparison of MOSFET loss with 

different control 

Fig. 4.21 RMS current and MOSFET loss comparison for different control methods 

The CCCPF control scheme can fully utilize the capability of the resonant tank to 

transfer the power to the output. More importantly, during the power delivery, the high 

efficiency could be obtained. This can be demonstrated from the loss comparison 

shown in Fig. 4.21.  

4.3.2 Trade-off Designs for the Fixed Value of Cn 

The previous section shows that the novel constant power factor control can reduce 

the circulating energy of resonant converters and improve their performance. In this 

section, based on CCCPF control, optimum design aiming to increase the power density 

will be provided.  

For  and , the several designs will be obtained if different values 

of  and  are chosen at the operating point of 10 kV and 200 kHz. Following the 

aforementioned design procedure, several designs can be made. These different design 

5.0=nC 84.0=PF

nf Q
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parameters are shown in Table 4-2 for comparison. The charging trajectories of these 

designs are illustrated in Fig. 4.22 and Fig. 4.23. 

Table 4-2. Comparison for different designs with new CCCPF control 
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Fig. 4.22. Charging trajectories for different designs on power factor surface 
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Fig. 4.23. Charging trajectories for different designs on voltage gain surface 

The rms current of primary side and MOSFET loss for different designs (labeled D, 

E and F) are shown in Fig. 4.24. It can be observed that: for the part with constant 

power factor control, the difference of MOSFET loss for different designs is minor. 

However, for the part of constant current control, the loss is totally different. Because 

the power factor can not be effectively controlled during this period, the higher the 

initial charging current (design D), the more circulating energy will be generated. In 

order to reduce the loss, low charging current is preferred during the constant-current 

charge mode. But excessive low initial charging current (design F) will require high 

power capability of the converter. Therefore, the current and voltage stress will 

increase. Design E is a good trade-off to obtain low loss and low current stress. 
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(a) Comparison of rms current for primary 
side with different designs  

(b) Comparison of MOSFET loss with 
different designs 

 

Fig. 4.24. RMS current and MOSFET loss comparison for different designs 

As discussed previously, a good design is not only reliant on the high efficiency but 

also on the passive components’ size. In Fig. 4.25, comparison for different designs is 

given. In Fig. 4.25 (a), the instantaneous device losses of the three designs are 

illustrated. It can be seen that the device loss is high for design D in the low-output-

voltage region, while it is high for design F at high-output-voltage region, and design E 

is located between the two. Similarly, it is found that the volt-second of inductor and 

voltage stress of the series capacitor are high for design F in the high-output-voltage 

region. For design D, these happen in the low-output-voltage region. And for design E, 

the stresses are distributed more evenly. When the transformer volt-second is taken into 

account, the transformer size of design D should be larger than design E and design F. 

The transformer volt-second of design F is slightly less than that of design E. For series 

resonant capacitors, design D and design F both have much higher voltage stress than 

design E. Finally, design E is shown as an optimal design based on so many involved 

trade-offs mentioned above. 
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(c) Comparison of transformer volt-second 
with different designs  

(d) Comparison of voltage stress on series 
capacitor with different designs 

 

Fig. 4.25. Performance comparison of LCC resonant converter for different designs with new CCCPF 

control method 

By applying the new CCCPF control method, the reactive power of resonant 

converters can be reduced and gain higher efficiency. But the characteristics of passive 

components will change also. An entire comparison between the two proposed control 

schemes including variation of passive components is necessary. The comparison result 

is shown in Fig. 4.26. 
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(c) Comparison of voltage stress on series 
resonant capacitor with different control 

methods 

(d) Comparison of inductor volt-second 
with different control methods 

Fig. 4.26. Design comparison for different control methods 

It can be observed that there are pros and cons for the new CCCPF control. The 

benefits are: the device loss can be reduced and transformer volt-second turns slightly 

lower. The drawbacks are obvious: the inductor volt-second increases and voltage stress 

on the series resonant capacitor also increases. It seems that when  (ratio of resonant 

capacitances) is equal to 0.5, the new control method cannot improve the performance 

of the passive components. Therefore, the size of passive components can no be 

reduced; on the contrary, it will increase a little bit. This was not expected. Further 

investigation is still necessary. 

nC
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4.3.3 The Optimal Design for Capacitor Chargers 

nC , ratio of resonant capacitances is another important parameter, which is worth 

considering seriously. 

Table 4-3 Optimal designs comparison for different  nC

110~200 kHz

1:11

214.8 kHz

63.5 Ω

128 nF

12.8 nF

47 µH

3.5

3

0.1

CCCPF

0.5Cn

158~200 kHz

1:10

206.2 kHz

92 Ω

25.2 nF

12.6 nF

70.8 µH

3.0

3.37

CCCPF

Cp (Prim.-side)

Zo

fo

M at 10 kV

Q at 10 kV

fs Range

Np:Ns

Cr  (Prim.-side)

Lr (Prim.-side)

Control Mode

110~200 kHz

1:11

214.8 kHz

63.5 Ω

128 nF

12.8 nF

47 µH

3.5

3

0.1

CCCPF

0.5Cn

158~200 kHz

1:10

206.2 kHz

92 Ω

25.2 nF

12.6 nF

70.8 µH

3.0

3.37

CCCPF

Cp (Prim.-side)

Zo

fo

M at 10 kV

Q at 10 kV

fs Range

Np:Ns

Cr  (Prim.-side)

Lr (Prim.-side)

Control Mode

 

1.0=nC  is chosen for the next design. The constant power factor is set as 0.84. 

There are many designs if initial and end operating points are chosen differently. All 

these designs can be compared and the optimal design should be a good trade-off. At 10 

kV, 200 kHz operating point, if Q is chosen as a low value (<1.5), then current and 

voltage stresses of the resonant converter will be high at the low-output-region. And if 

Q is chosen as a high value (>4.5), then current and voltage stresses of the resonant 

converter will be high at the high-output-region. Both of these two cases (low Q and 
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high Q) will lead to high electrical stress of the converter, which degrade the 

performance of the resonant converter. Consequently, the value of Q is recommended to 

be between 2 and 4 for the overall good performance of resonant converters. 

Based on the above analysis, the optimal choice is the design whose current and 

voltage stresses are relatively low and evenly distributed during the entire charging 

period. The Q at the end of the charging trajectory is set as 3.5. This optimal design 

with  is shown in Table 4-3 and compared with the previous design for 

. 

1.0=nC

5.0=nC

The charging trajectory of the design is shown in Fig. 4.27 and Fig. 4.28 

respectively.  
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Fig. 4.27. Charging trajectory on power factor surface with 1.0=nC  
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QQ

 

Fig. 4.28. Charging trajectory on voltage gain surface with 1.0=nC  

The performance of the resonant converter with different  is compared and 

shown in Fig. 4.29. 
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(a) Comparison of voltage stress on series 
resonant capacitor with different Cn  

(b) Comparison of inductor volt-second 
with different Cn 
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(c) Comparison of device loss with 
different Cn 

(d) Comparison of transformer volt-second 
with different Cn 

Fig. 4.29. Design comparison for 1.0=nC  and 5.0=nC  

It is obvious that the performance of the resonant converter is improved by a change 

the value of . As seen from Fig. 4.29 (a), with the lower , the voltage stress of the 

series resonant converter is reduced. From Fig. 4.29 (b), the inductor volt-second is 

lower when  becomes less. Meanwhile, the device loss and transformer volt-second 

don’t change too much. The difference is minor. As a result, when  is reduced, the 

passive components size will be shrunk and the efficiency of the converter won’t 

reduce. 

nC nC

nC

nC

It should be expected: if  is reduced even less, the power density of the resonant 

converter will be probably be improved. 

nC

The method is to push  into infinite smallness, namely turn it to zero. The LCC 

resonant converter will become PRC. For this application, the characteristic of PRC is 

nC
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very similar to the LCC converter. Therefore, it is very convenient to follow the same 

design procedure of LCC.  

Table 4-4. Optimal designs comparison for different  nC

110~200 
kHz

1:11

214.8 kHz

63.5 Ω

128 nF

12.8 nF

47 µH

3.5

3

0.1

CCCPF

0 (PRC)0.5Cn

158~200 
kHz

1:10

206.2 kHz

92 Ω

25.2 nF

12.6 nF

70.8 µH

3.0

3.37

CCCPF

13.3 nFCp (Prim.-side)

80~200 kHz

1:11

215.7 kHz

55.4 Ω

/

40.8 µH

4

3

CCCPF

Zo

fo

M at 10 kV

Q at 10 kV

fs Range

Np:Ns

Cr  (Prim.-side)

Lr (Prim.-side)

Control Mode

110~200 
kHz

1:11

214.8 kHz

63.5 Ω

128 nF

12.8 nF

47 µH

3.5

3

0.1

CCCPF

0 (PRC)Cn

158~200 
kHz

1:10

206.2 kHz

92 Ω

25.2 nF

12.6 nF

70.8 µH

3.0

3.37

CCCPF

13.3 nFCp (Prim.-side)

80~200 kHz

1:11

215.7 kHz

55.4 Ω

/

40.8 µH

4

3

CCCPF

Zo

fo

M at 10 kV

Q at 10 kV

fs Range

Np:Ns

Cr  (Prim.-side)

Lr (Prim.-side)

Control Mode

0.5

 

 

For the PRC design with the CCCPF control, the constant power factor is set as 

0.84. At 10 kV, 200 kHz operating point, if Q is chosen as a low value (<2), then 

current and voltage stresses of the resonant converter will be high at the low-output 

region. And if Q is chosen as a high value (>5), then current and voltage stresses of the 

resonant converter will be high at the high-output region. Both of these two cases (low 

Q and high Q) will result in high-current stress of the resonant inductor and the high 

volt-second of the transformer, which increase the volume of the magnetic components. 
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Consequently, the value of Q is recommended to be between 2 and 5 for the overall 

good performance of resonant converters. 

These design parameters with PRC ( 0=nC ) are shown in Table 4-4 and compared 

with the previous design for different .  nC

The charging trajectory of the design is shown in Fig. 4.30 and Fig. 4.31 

respectively. It should be noted that with the new proposed constant power factor 

control, the performance of PRC is improved significantly. For the conventional design, 

when PRC operates at high Q or a light load, it suffers large circulating energy. If the 

voltage regulation varies within a wide range, the PRC will circulate more energy and 

result in very poor efficiency. Therefore, the PRC is seldom considered as a candidate 

for this application in the existing literature. However, in this work, the proposed 

constant power factor control scheme will enable the resonant converter to operate at 

high-power factor mode. This overcomes the adverse effect of load variation and wide 

voltage regulation. More importantly, if optimal design is achieved, the PRC will 

exhibit good performance and become a good candidate for this capacitor-charging 

application. 
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Fig. 4.30. Charging trajectory on power factor surface for PRC 
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Fig. 4.31. Charging trajectory on voltage gain surface for PRC 

The performance of the resonant converter for different  is shown in Fig. 4.32. nC
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(c) Comparison of voltage stress on series 
resonant capacitor with different Cn 

(d) Comparison of transformer volt-second 
with different Cn 

Fig. 4.32. Design comparison for PRC, 1.0=nC  and 5.0=nC  

As expected, the PRC ( 0=nC ) has the best performance of the all designs. The 

inductor volt-second of PRC is the lowest of these three designs. This means that the 

volume of the resonant inductor will be significantly reduced. Meanwhile, the device 

loss of PRC remains low when compared with the other two designs. The volt-second 

of the transformer still stays almost the same for all three cases. Last, a considerable 

improvement of PRC is the reduction of resonant elements from three to two, which 

means the series resonant capacitor can be saved without hurting the performance of the 
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resonant converter. With these minor or major improvements, PRC will prove to be the 

optimum design after the entire investigation. 

Finally, two designs are compared to show the improvement. The first one is an 

LCC resonant converter design based on the CCCP control method. The second one is 

the PRC with the CCCPF control scheme. Their circuit parameters are shown in Table 

4-5. 

Table 4-5. Circuit parameters for LCC and PRC converter with different control schemes 

0 (PRC)

80~200 kHz

1:11

215.7 kHz

55.4 Ω

/

13.3 nF

40.8 µH

4

3

CCCPF

149~200 kHz

1:13

202 kHz

79.0 Ω

30.0 nF

15.0 nF

62.4 µH

2.5

2.6

0.5

CCCP

Cn

Cp (Prim.-side)

Zo

fo

M at 10 kV

Q at 10 kV

fs Range

Np:Ns

Cr  (Prim.-side)

Lr (Prim.-side)

Control Mode

149~200 kHz

1:13

202 kHz

79.0 Ω

30.0 nF

15.0 nF

62.4 µH

2.5

2.6

0.5

CCCP

Cn

Cp (Prim.-side)

Zo

fo

M at 10 kV

Q at 10 kV

fs Range

Np:Ns

Cr  (Prim.-side)

Lr (Prim.-side)

Control Mode

0 (PRC)

80~200 kHz

1:11

215.7 kHz

55.4 Ω

/

13.3 nF

40.8 µH

4

3

CCCPF

 
 
 

The performance of the two designs based on different control schemes is shown in 

Fig. 4.33. 
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(c) Comparison of voltage stress on series 
resonant capacitor with different control 

methods 

(d) Comparison of inductor volt-second 
with different control methods 

Fig. 4.33. Design comparison for resonant converters with different control methods 

Needless to say, the performance of the parallel resonant converter is much 

improved when compared with LCC converter. The control is the key to accomplish 

such improvement. As a result, the parallel resonant converter with the new CCCPF 

control is adopted as the final optimum design.  

4.3.4 Control Implementation and Design Result 

The parallel resonant converter is controlled by changing the switching frequency. 

The charging trajectory of the converter is illustrated in Fig. 4.31. Because the 
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switching frequency is relative to the output voltage, the output voltage can be used to 

control the operating frequency. Due to the variation of operation points, it is very 

difficult to provide the precise analytical solution of the control. Numeric solutions are 

applied to implement the variable switching frequency control. The relationship 

between output voltage and operation frequency is shown in Fig. 4.34.  
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Fig. 4.34. Curve fitting results for the relationship between the operating frequency and the output 

voltage 

The curve fitting result is shown below: 
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Both digital control and analog control can implement the control function. In Fig. 

4.35, the control schematic is shown. The conventional analog control circuit could be 

easily designed based on this control schematic. To achieve variable frequency control, 

instead of a PWM comparator in a PWM controller, a Voltage Controlled Oscillator 

(VCO) is used to convert control voltage Vo to the variable frequency square wave, 

which is used to drive the switches.  

Vo≤V1 

 
Fig. 4.35. The variable switching frequency control schematic of the parallel resonant converter  

The operation of the PRC is demonstrated by simulation in SABER. In Fig. 4.36, it 

is demonstrated that the PRC can achieve the goal very well with the CCCPF control 

method. 

Vo≥V2 a

Vo From output 
voltage divider fs 

b 

c 

d 

e 

f g

To 
converter

 77



                                                                                                                     Chapter 4 

 78

 

Fig. 4.36. Load capacitor charging waveforms with PRC by simulation. The upper trace: output voltage 

of the load capacitor; the lower trace: output current of the load capacitor 
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Fig. 4.37. Components volume comparison for resonant converters with different control methods 

Volumes of the major components for different designs are compared in Fig. 4.37. It 

should be noted that the normalized size is applied to the comparison. Also, the 

normalized loss comparisons of the major components are illustrated in Fig. 4.38. 
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Fig. 4.38. Components loss comparison for resonant converters with different control methods 

The prototype dimensions of different designs are shown in Fig. 4.39. The size of 

the LCC converter is .2.2.2.4.2.11 ininin ××  (length:width:height). With a charging rate 

of 2.6kJ/S, the power density of the LCC converter is 25W/inch3. For the parallel 

resonant converter, the size will be reduced to .2.2.9.3.8.9 ininin ×× . With the same load 

capacitor charging rate, the power density will increase to 31W/inch3.  

4.4 Summary 

In this chapter, optimal designs of resonant converters have been thoroughly studied 

for high-voltage pulsed power application. The target has been to design the resonant 

converter, which could be optimized for the requirement of high efficiency and high 

power density. 
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Fig. 4.39. Prototype dimensions comparison for different designs. The upper prototype: the LCC 

converter with CCCP control; the lower prototype: the PRC converter with CCCPF control 

A novel constant power factor control is proposed. With the new CCCPF control 

scheme, the efficiency of the resonant converter will be effectively improved. With 

optimal selection of resonant tank values, the passive components size will be reduced. 

The parallel resonant converter is proved to be the most suitable topology for this 

application. The optimum design is provided, and the power density of 31W/inch3 will 

be achieved. 
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Chapter 5  

Summary and Future Work 

5.1 Summary 

Pulsed power technologies are widely used for X-ray generators, lithography, 

brilliant flashes of light and newly developed HDTV. The core of any pulsed power 

application is a high power density, low weight and efficient electric energy producer—

pulsed power supply. One of the requirements for the next generation of pulsed power 

supplies is to achieve high power density with high efficiency. 

Non-isolation type topologies have been used in this application. Due to the high 

voltage stress of the output, series-connected devices are inevitable. This will lead to 

slow switching transience and very low switching frequency. A multilevel boost 

converter is proposed to reduce the voltage stress of the devices. However, due to its 

complex structure, a multilevel boost converter suffers large passive components size.  

A phase shift full-bridge PWM converter can achieve ZVS operation and reduce the 

switching loss. However, high-voltage transformer nonidealities will degrade the 

performance of this converter. Large voltage regulation range will exacerbate the 
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problem of circulating energy. Also, secondary diodes reverse recovery will be a severe 

problem for PWM techniques. 

Resonant converters are well-known for their low switching loss. PRC and LCC 

resonant converters can fully utilize the high voltage transformer nonidealities and have 

full power control range with a small variation in frequency. Therefore, PRC and LCC 

are considered good candidates for pulsed power systems. With the help of the three-

level structure, the low-voltage MOSFET can be used. The switching frequency can be 

increased to 200 kHz. 

The power factor concept for the resonant converter is proposed and studied. Based 

on this concept, a new methodology to indicate the performance of the resonant 

converter is proposed and explored. The main idea is to optimize the resonant converter 

to operate in the high-power factor mode. 

In order to increase the efficiency and power density of the converter, a new 

constant-power factor control is proposed and investigated. By applying this control 

scheme, the efficiency of the resonant converter will be much increased. By reducing 

the ratio of resonant capacitance of LCC, the passive components size will be shrunk. 

Finally, PRC is proven to be the optimum topology for the pulsed power application 

due to its high efficiency and small passive components size.  

Based on the new CCCPF control, the power density of the parallel resonant 

converter can be achieved as high as 31 W/inch3 with natural cooling. 
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5.2 Future work 

As this thesis is proposed, the prototype of PRC with the new CCCPF control is 

being built. All the design results will be verified by the experiments in the future. 

With the new constant power factor control, the MOSFETs’ loss could be 

minimized. This gives us opportunity to push the pulsed power supplies to higher 

switching frequency. Therefore, the passive components size could be reduced. The 

high-voltage diodes’ reverse recovery loss could be reduced if the high voltage Silicon 

Carbide (SiC) diodes are provided commercially in the near future. 

In this work, the new constant power factor control is proposed. Following the 

control trajectory, the performance of the resonant converter should be very good. 

However, it is a kind of open-loop control. For capacitor-charging applications, the 

precise control is not so critical because no strict regulation process is required. But if 

used for the other applications, the precise control is needed. The study of closed-loop 

control is necessary. It is needed to develop the small-signal circuit model for this 

topology to complete the closed-loop control  
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