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Abstract 

A buck converter with a given output filter is operated with pulse-width modulated 

and quasi-resonant switching schemes at the same nominal load and switching frequency. 

Electromagnetic interference generated by the natural switching action of the converter is 

examined by Fourier spectral analysis. Interference caused by excitation of parasitic 

elements is examined experimentally. Quasi-resonant converters are found to have a lower 

switching frequency harmonic bandwidth than the equivalent pulse-width modulated 

converter. The most significant parasitic responses are the turn-on current and turn-off 

voltage of the catch diode, and the gate charge current of the MOSFET switch. A 

significant decrease in radiated and conducted noise is obtained when the gate drive voltage 

rise and fall times are increased, which is possible without loss of efficiency using quasi-

resonant switching. 
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CHAPTER 1 

INTRODUCTION 

Electromagnetic interference (EMI) is a critical issue in the design of electronic 

power processing systems. It is especially important in more demanding applications, such 

as distributed power systems, in which the converter is mounted direcdy on the circuit 

board and is very near the signal processing components. Higher packaging density also 

increases the importance of EMI considerations because the proximity of power supply and 

processing circuitry increases the likelihood of undesired interactions. This is especially 

important in instrumentation electronics with sensitive transducers, where EMI must be 

severely limited to obtain accurate and reliable measurements. 

Electromagnetic interference must be carefully defined. In power converter circuits, 

noise is translated to be the periodical or random deviations from the ideal converter 

waveforms. The ideal dc-to-dc converter is a device in which only frequencies that 

contribute to the actual power transfer (dc in this case) appear at the input or output ports of 

the converter or are radiated to the surrounding environment (Fig. l-l(a)). The traditional 

linear regulator fits this description well. The instantaneous input power Pj(t) is equal to 

the average input power <Pi(t)> because both input voltage and current are dc. The 

generated fields are also independent of time and hence do not induce voltages or currents 

in the surrounding components. A switching regulator such as a buck converter (Fig. 1-

1(b)), on the other hand, has a square-wave input current containing infinite switching 

frequency harmonics, of which only the dc component contributes to average power 

transfer. Hence the instantaneous input power is not equal to the average input power. 

The switching frequency harmonics can be considered conducted interference. The 
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radiated fields are also time-varying and therefore tend to induce currents and voltages in 

nearby conductors. In order to prevent the switching frequency harmonics from being 

conducted to the source, an energy storage element must be provided to absorb the 

difference between instantaneous and average power (Fig. l-l(c». Hence filters must be 

used if near-ideal dc-to-dc terminal characteristics are to be obtained, although in practice 

some switching frequency harmonics are still present when finite filter elements are used. 

Of course, the problem with radiated fields remains unchanged. Obtaining near-ideal 

performance with switching converters is further complicated by the fact that the switching 

action excites various parasitic elements in the converter, which results in conducted and 

radiated energy at unpredictable frequencies (Fig. l-l(d)). In practice it is these parasitic 

oscillation frequencies which are most difficult to filter, and which often cause the most 

interference with signal processing circuitry. 

1.1 Background 

Before a comparison between quasi-resonant and PWM converters can be 

performed, the operation of these converters must be discussed to enhance understanding 

of the following material. Converter operation is reviewed in 1.1.1 and 1.1.2. Some 

previous work related to this research is mentioned in 1.1.3. 

1.1.1 Review of PWM converter 

In the traditional linear regulator (Fig. 1(a)), the input current and input voltage both 

are continuous (the transistor is always on). Moreover, the transistor through which the 

full regulator output current is flowing has a significant voltage drop (transistor operates in 
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the active region). Hence, there is large amount of continuous power consumption in the 

switch of the traditional linear regulators. 

The pulse-width modulated (PWM) converter, however, is controlled such that the 

switch-on time is controlled by the switching duty cycle D (Fig. 1-2). Therefore, the 

unnecessary power consumption of the switch (conduction loss) can be greatly reduced and 

the efficiency of the regulator improved over the linear regulator. The average output 

voltage of the PWM converter is equal to DVg. By changing the switching duty cycle, the 

average output voltage can be adjusted to a specific value without changing the switching 

frequency. Hence, the PWM converter is a constant-frequency-controlled converter. 

Nevertheless, the switching action of the PWM converters introduces the square switch 

current and voltage waveforms, as shown in Fig. 1-2, that can cause serious problems with 

electromagnetic interference (EMI) for the circuit and its environment. 

1.1.2 Review of Quasi-resonant Converter 

Although PWM converters reduce the switch conduction loss, they introduce 

switching loss, which is due to non-zero switch current and voltage during turn-on and 

turn-off. Further attempts to reduce the switching power losses and the EMI generation of 

the PWM converters at the same time leads to the development of the quasi-resonant 

converters. There are four basic types of quasi-resonant converters: half wave zero-current 

switching (ZCS-1/2), full wave zero-current switching (ZCS-1), half wave zero-voltage 

switching (ZVS-1/2), full wave zero-voltage switching (ZVS-1). Either zero-current 

switching (switch current is zero at turn-on and turn-off) or zeio-voltage switching (switch 

voltage is zero at turn-on and turn-off) converters have lower switching losses than the 

PWM converters. Moreover, the quasi-sinusoidal switch cuiTent or voltage waveforms of 
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these converters intuitively seem better than the square waveforms of PWM converters in 

reducing the generation of EMI. 

The operation of these quasi-resonant converters is briefly reviewed here for better 

understanding of the following work. Detailed explanation of their operation can be found 

in [1-3]. The circuit and resonant inductor current (switch current) and resonant capacitor 

voltage waveforms of ZCS-1/2 are shown in Fig. 1-3. In the first interval, when the 

switch is on, the catch diode (labeled in Fig. 1-3) will still be on until the resonant inductor 

current ramps up to the filter inductor current. In the second interval, the catch diode is off 

and the resonant inductor and capacitor begin to resonate. When the resonant inductor 

current reaches zero, the switch is turned off and the second interval ends. In the third 

interval, the resonant capacitor voltage discharges to zero through the filter inductor. In the 

fourth interval, the catch diode turns on again. The operation of ZCS-1, shown in Figure 

1-4, is slightly different from ZCS-1/2 in the second interval. For ZCS-1, the resonant 

inductor current can continue to resonate to negative current because of the anti-parallel 

mode diode (labeled in Fig. 1-4) across the switch. 

The circuit and resonant inductor current and resonant capacitor voltage (switch 

voltage) waveforms of ZVS-1/2 are shown in Fig. 1-5. In the first interval, when the 

switch is off, the resonant capacitor voltage ramps up to the input voltage through the filter 

inductor current. In the second interval, the catch diode (labeled in Fig. 1-5) is on and the 

resonant capacitor and inductor begin to resonate. When the resonant capacitor voltage 

reaches zero, the switch turns on and the second interval ends. In the third interval, the 

resonant inductor current ramps up to the filter inductor current. In the fourth interval, the 

catch diode is off. The difference between ZVS-1/2 and ZVS-1 arises because the resonant 
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capacitor voltage can continue to resonate to negative voltage in the ZVS-1 because of the 

conduction-blocking mode diode (labeled in Fig. 1-6) in series with the switch. The 

operation of ZVS-1 is shown in Fig. 1-6. 

1.1.3 Previous Work 

Earlier study of noise generation in switching converters has found that noise is 

generated whenever there is a difference between an input or output current waveform and 

its corresponding voltage waveform [4]. For example, the buck converter has a dc input 

voltage, but the input current is pulsating. Hence, the obvious difference between the input 

voltage and current indicates noise generation in the buck converter. These waveform 

differences usually involve undesired current waveforms having high harmonic contents 

that are difficult to filter and cause conducted or radiated interference. In [4], two types of 

switching frequency harmonic noise are defined: pulsating noise and ripple noise. The 

pulsating component is present if the current has pulsed waveform, i.e. is zero for some 

portion of the switching cycle. The ripple component consists of a small ac waveform 

superimposed on a large dc level. It is important to realize that both of them are caused by 

the switching function and have the switching frequency harmonic interference generation. 

The methods introduced in [4] to reduce noise are well-known today. The principle is to 

keep the corresponding input or output current and voltage waveforms as much the same as 

possible. Hence, the pulsating noise is reduced by putting a shunt capacitor, and the ripple 

noise is reduced by adding a large enough LC filter. 

Besides these switching frequency noise mentioned above, some higher frequency 

parasitic-induced noise taking place at switching instants has also been found in the 
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switching converter. Later research on higher frequency parasitic noise generation was 

done through some analysis of different equivalent high frequency converter circuit models 

at several turn-on and turn-off switching operation intervals [5-7]. These equivalent high 

frequency circuits are formed by some high frequency circuit models for the transistor and 

diodes, and include some parasitic inductance of the wire or the lead and stray capacitances 

of the transformer windings. The computer-aided numerical circuit analysis and the 

experimental results of the study show that these higher parasitic frequency noise 

generation relates to the switching speed (rise time and fall time), the depletion capacitance 

of the transistor, and the stored charge and depletion capacitance of the catch diode. 

Although these studies cover the whole range of the noise generated from switching 

converters, only the PWM converters were analyzed. Since the quasi-resonant converters 

can further reduce converter size and weight and increase the operating switching frequency 

compared to PWM converters, they are preferred in some special applications. Therefore, 

it becomes necessary to understand their noise generation behavior which is investigated in 

this study. Moreover, a comparison between the quasi-resonant and PWM converters is 

performed to quantify the relative merits. 

1.2 Statement of Problem 

Switching converters are more efficient than the traditional linear converters as 

explained in section 1.1.1. They also have the advantages of reduced component size and 

weight. However, the switching converters cause serious electromagnetic interference 

problems, because of the fast-switching sharp-edged component waveforms from the 

natural switching action. In addition, these fast-switching waveforms will inevitably excite 
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some high-frequency parasitic oscillations from parasitic inductive and capacitive elements 

in the circuits. Both these characteristics could generate conducted and radiated noise that 

may affect the desired circuit functions and therefore should be eliminated or reduced to an 

acceptable magnitude. 

Among these switching converters, the pulse-width modulated (PWM) switching 

converters, which have square switch voltage and current waveforms, are the most widely-

used power converters. Recently some quasi-resonant converters (QRCs) have attracted a 

lot of interest among researchers in power electronics. They can further reduce the 

component size and weight and operate more efficiently in higher switching frequencies 

than the PWM converter. Moreover, their quasi-sinusoidal waveforms intuitively seem 

much better than the square waveforms of the PWM converters in producing less 

interference. 

Although the previous work has pointed out the correlation between noise 

generation and the parasitic elements or the switching speed in the switching converters, the 

actual mechanisms for the noise generation and the efficient methods to suppress these 

noise have not been addressed. Furthermore, the relatively quantitative comparison of the 

noise magnitude and bandwidth at the same output power delivery between several 

different widely-used switching converters has not been done yet In this thesis, the noise-

generation behavior of the quasi-resonant and PWM converters will be characterized, and 

efficient methods to eliminate or reduce the noise are demonstrated. On the other hand, the 

question of whether or not quasi-resonant converters actually generate less interference than 

PWM converters will be investigated in a quantitative manner. 
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The approach used to study the interference of the switching converters in this 

research is depicted in Fig. 1-7. Fourier analysis of switching waveforms is used to study 

the conducted and radiated behavior of switching frequency harmonics. Experiments are 

used to study the conducted and radiated behavior of parasitic frequency interference. 

In this work, Fourier analysis is first applied to several possibly noise-inducing 

waveforms (switch current and voltage; catch diode current and voltage) in quasi-resonant 

and PWM converters to get the Fourier spectral content of these waveforms. The analysis 

also includes several load variations of the quasi-resonant and the PWM converters. As 

explained in section 1.1.1, for the PWM converters there is no switching frequency change 

when the load changes. Hence, the Fourier spectra of the PWM converters will not change 

significantly when load current is changed. However, this is not the case for the quasi-

resonant converters. For quasi-resonant converters, the output voltage is a function of both 

the load current and the switching frequency. When the output voltage is fixed in quasi-

resonant converters, the load current change is obtained by changing the switching 

frequency. Therefore, the Fourier spectra of the quasi-resonant converter waveforms 

change since the switching frequencies of the quasi-resonant converters change when the 

load current changes. 

The quantitative comparison of the noise magnitude and bandwidth between these 

converters with the same output power becomes possible when the relative spectral content 

magnitudes are known. Two types of noise bandwidth (shown in Fig. 1-8) are useful to 

compare and judge the relative EMI generated by these converters. The noise total 

bandwidth (which is the harmonic whose magnitude is one hundredth of the magnitude of 

the dc component) indicates how high the frequency is for which the filter must remain 
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ideal to eliminate die higher switching frequency harmonic interference. Since ideal filter 

components do not exist, if the filter cannot function ideally up to the total bandwidth, the 

higher switching frequency harmonics can cause interference problems. The noise 3dB 
\ 

bandwidth (which is the frequency whose magnitude is \H1 times of the magnitude of the 

dc component) shows how low the cutoff frequency the filter should be to suppress the 

high power lower switching frequency harmonics to obtain a dc waveform. 

On the other hand, an experimental approach is used to identify the parasitic 

oscillation interference sources of these switching converters and to find successful 

methods for suppressing these oscillation. First, several noise pick-up traces around the 

converter prototype are utilized to extract the induced signal, from which the interference 

sources are identified. The most significant interference source of these switching 

converters then can be found. The interference effect of parasitic oscillations on the input 

current and output voltage is explored. The methods to suppress these respective 

interference sources are then demonstrated. 

1.3 Overview of the results 

Two different approaches to compare and characterize the noise behavior of the 

quasi-resonant and the PWM switching converters have been employed, as mentioned in 

section 1.2. The ideal converter waveforms are analyzed by Fourier analysis. The 

experimental approach is used to identify the interference sources of these converters, to 

study the effect induced from these interference on input current and output voltage, and to 

find efficient methods to suppress these interference sources. 
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From Fourier analysis of ideal converter waveforms in chapter 2, the input current 

of quasi-resonant converters is found to have lower total bandwidth than that of the PWM 

converter, even though there is switching frequency change from the load current change in 

quasi-resonant converters. Hence low-noise quasi-resonant converters are easier to 

physically realize the input filter than the PWM converter, because ideal filter function is 

not required at high frequency in the quasi-resonant converters. However, the 3dB 

bandwidth of quasi-resonant converters is higher than that of the PWM converter, 

therefore, quasi-resonant converter will need a lower filter cutoff frequency to achieve the 

same ripple limitation as PWM converter. 

The results from experiments in chapter 4 show that besides the natural switching 

frequency harmonic interference, two other higher parasitic frequency interference 

mechanisms are identified from the induced signal by the noise pick-up method. Both the 

natural switching frequency haimonics and two parasitic frequency interferences affect the 

output voltage and input current of these switching converters. One of the parasitic 

interferences from the MOSFET gate charge current spike can be alleviated by the slow 

switching for the MOSFET in quasi-resonant converters. The other parasitic interference 

from the catch diode parasitic oscillation can be reduced by adding the ferrite beads on the 

catch diode leads. 
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CHAPTER 2 

FOURIER ANALYSIS OF IDEAL CONVERTER WAVEFORMS 

2.0 Introduction 

Fourier analysis of the converter waveforms provides a comparison between quasi-

resonant and PWM switching converters operated with the same average power and 

switching frequency by quantifying the relative spectral content. In the following, a 

derivation of the spectra of the ideal converter waveforms is shown in 2.1. All the 

switching converters are specified to operate at the same input voltage, output voltage, and 

output current Io so that the comparison is based on all the converters delivering the same 

output power. The switching frequency of these converters is specified to be as much the 

same as possible (true for nominal operating point only), such that the comparison is based 

on the same switching frequency harmonic spectral content. The comparison of several 

other operating points of each switching scheme with the same output power delivery at 

each operating point requires the measure definition of total and 3dB bandwidth, because 

there are different switching frequencies resulting from changing the output load current 

for the quasi-resonant converters. The result of the comparison on several operating points 

by this measure is shown in Table I in section 2.2. The discussion of the result from 

Fourier analysis is presented in 2.3. It is found that the quasi-resonant converters have a 

lower total bandwidth than the PWM converter of equivalent power even with variable 

switching frequency control, however, they have a higher 3di$ bandwidth than the PWM 

converters. 
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2.1 Derivation of Fourier Spectra of Ideal Converter Waveforms 

In the derivation of Fourier spectra of ideal converter waveforms, all the converters 

are specified to operate at the same input voltage Vg (26 V), the same output voltage V0 

(13 V), and the same output current Io such that the comparison is based on the same 

output power delivery. At the nominal operating point discussed in this particular section 

with IQ = 4 A, the switching frequency is specified to be 100 kHz for both quasi-resonant 

and PWM converters. 

In the following, among all the converter waveforms, the reason for analyzing only 

the current waveforms is first explained in 2.1.1. A few definitions concerning the 

normalization are introduced in 2.1.2 to facilitate the Fourier analysis. An example of 

Fourier analysis procedure on ZCS-1/2 resonant inductor current then is given in 2.1.3. 

2.1.1 Rationale for Current Waveform Analysis 

Fourier analysis is applied to those converter waveforms that are more likely to 

cause significant radiated and conducted EMI. These waveforms include the switch current 

and voltage of the PWM converters, the resonant inductor current and the resonant 

capacitor voltage of the quasi-resonant converters, and the catch diode current and voltage 

of quasi-resonant and PWM converters. For the PWM converters, all the converter 

waveforms are similar square waveforms. Therefore, the analysis result of the switch 

current can adequately represent all of the PWM converter waveforms. On the other hand, 

because of the duality relationship between zero-current switching resonant inductor current 

(resonant capacitor voltage) and zero-voltage switching resonant capacitor voltage (resonant 
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inductor current), the analysis of the quasi-resonant converter resonant inductor current 

actually includes the analysis result of the quasi-resonant converter resonant capacitor 

voltage. Similarly, the duality relationship between ZCS catch diode voltage (catch diode 

current) and ZVS catch diode current (catch diode voltage) saves half of the analytic work. 

Therefore, in the following work, Fourier analysis is applied to the quasi-resonant and 

PWM converter current waveforms only. 

2.1.2 Terminology of Normalization 

A few definitions about normalization are introduced here for convenience in the 

Fourier analysis of the converter waveforms. Define the characteristic impedance as 

R0 = YIV C = tOoL = 1 / CDoC (2-1) 

where Wo is the radian resonant frequency 

CD0 = 1 /VTC (2-2) 

Second, define the normalized current J as 

J - I / O V R o )  ( 2 . 3 )  

where I is the current to be normalized and Vg / R<, is the base current of normalization. 

Define the normalized voltage m as 

m- i  
e (2-4) 

where V is the voltage to be normalized and Vg is the input voltage. Define the normalized 

frequency ^ as 

Y = jc^ 
f« (2-5) 

where f0 is the resonant frequency and fs is the switching frequency. 
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2.1.3 Fourier Analysis Example of ZCS-1/2 Resonant Inductor Current 

In the following example, the quasi-resonant converter waveform is first 

normalized so that a general result of the Fourier spectral content magnitude is obtained 

independent of the component values and power levels. Fourier series expansion of the 

converter waveform then is performed in a piecewise fashion because the converter 

waveforms all consist of piecewise waveforms. The final actual result will need to be 

denormalized by multiplying the normalization factor of the base current 

Consider the resonant inductor current (equal to the switch current) of the half-wave 

zero-current switching quasi-resonant converter in Fig. 1-3. The piecewise resonant 

inductor current is normalized with respect to the input voltage Vg and the characteristic 

impedance of the resonant tank RQ, where Ro is equal to VTO ; i.e., = iLr / (Vg/R0). 

There are three expressions for the three piecewise conduction intervals during a switching 

period: 

ju( t) = coot 0 £ t £ ti 
jLr( t) = ^ + sin G)o(t-ti) ti £ t £ t2 

jLr( t ) = 0 t2 £ t £ Ts (2-6) 

The time intervals ti and t2 can be found from the interval boundary conditions, and <*>o is 

the radian frequency of the tank [1-3]. The Fourier series expansion of jLr(t) is: 

oo 

j L r ( t ) =  X  F n e * " *  
n=~ (2-7) 

where g>s is the radian switching frequency. The complex Fourier coefficient for each 

harmonic is: 
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T. 

jLr(t)e-nc*,dt 
(2-8) 

, which can be integrated in a piecewise fashion, 

F„ =J-{| (wot^dt+l (l+sinCtaod-tiWe'Wdt] 

This integral can be solved by means of integration by parts, and the result is: 

(2-9) 

ticabe"^®*11 «0(e-jMW,-l) .e-in(Wi-e-jn<0,tl 

ntos (n£0s)2 2na>, 

(n®, ~ >s)2 rc^,yCDoCos ta0(t2-ti) t sin to0(t2-ti)\ 

- <Bo2 L \ (ncos)2 nc°s / (ntos)2 

. _®o__e-jn«Biti I I 
(ntos)2 J J (2-10) 

The magnitude of the spectral content can be computed: 

I F„ | = VRe
2(Fn) + Im

2(F„) H jLr(n£Ost) | (2- ll) 

The actual current magnitude iu can be obtained by multiplication of (6) by the base current 

Vg/Ro. This procedure can be applied to all of the converter waveforms. When the 

magnitude of each frequency harmonic is known, the Fourier spectrum can be plotted. 

Figure 2-1 shows the spectrum of the inductor current of half-wave zero-current switching 

quasi-resor.ant converter. The same procedure can be applied to find the inductor current 

(equal to input current) spectra of ZCS-l, ZVS-l/2, and ZVS-l quasi-resonant converters 

and the switch current spectrum of PWM converter (Appendix A). These spectra are 

shown from Fig. 2-2 to Fig. 2-5. The catch diode current spectra of quasi-resonant 

converters (ZCS-l/2, ZCS-l, ZVS-l/2, ZVS-l) are shown in Appendix B. 

Note that the inductor current is equal to the switch current for both the half and full 

wave zero-current switching quasi-resonant converters, but not for the half and full wave 
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zero-voltage switching quasi-resonant converters. The transistor current and mode diode 

current waveforms (Figs. 2-6,2-7) of ZVS-QRC have sharp edges and are different from 

the quasi-sinusoidal inductor current. Although the transistor current and mode diode 

current will not affect conducted interference, they may contribute to radiated interference. 

The ZVS-1/2 transistor and mode diode current Fourier spectra and the ZVS-1 transistor 

current spectrum are shown in Appendix B. The spectrua of quasi-resonant converter 

resonant inductor waveforms contain odd and even harmonics. For ideal square PWM 

converter waveform, the spectrum should contain odd harmonics only. The reason the 

spectrum in Fig. 2-5 has any even harmonics at all is that the square waveform has been 

more practically superimposed a 10% current ripple. 

2.2 Comparison of Fourier Spectra 

Since the Fourier spectra of these five switching converter input current waveforms 

are known, the EMI generation of the quasi-resonant and PWM converters can be 

compared on the basis of spectral harmonic frequency content. The Fourier spectrum of 

the PWM switch current (input current) is shown in Fig. 2-5. Compared to the input 

current spectra of quasi-resonant converters (ZCS-1/2, ZCS-1, ZVS-1/2, ZVS-1) from 

Fig. 2-1 to Fig. 2-4, the PWM converter is seen to have a wider bandwidth for its input 

current. The spectra result from the same Fourier analysis procedure for the catch diode 

current of these five switching converters is shown in Appendix B. The PWM converter 

has wider catch diode current waveform spectral bandwidth frequency than the quasi-

resonant converters also. 
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However, when considering how output load current change affects the spectra, 

quasi-resonant converters seem more likely to have bigger spectral changes than the PWM 

converters because of their variable switching frequency control. For the PWM converters, 

the switching frequency is not changed, because the output voltage is controlled by the duty 

cycle and the output load current is almost independent of the switching frequency. It is 

therefore interesting to know how the spectra of the quasi-resonant converters is affected 

by load current change. 

Two other operating points are evaluated to obtain the answer. The load current is 

changed from 4 A up to 5.4 A and down to 2.6 A. For the PWM converter, the ZCS-1 and 

the ZVS-1 converters, the switching frequency stays approximately the same, because the 

switching frequency of full wave quasi-resonant converters is nearly load-insensitive. The 

new switching frequencies for ZCS-1/2 and ZVS-1/2 are found to be 142 kHz and 

85.8 kHz respectively for the case IQ = 5.4 A, and 79.5 kHz and 117 kHz respectively for 

the case Io = 2.6 A [1-3]. 

Since the switching frequencies are not equal in the presence of load current 

variation, the comparison cannot be based on the relative switching frequency harmonic 

spectral content. To obtain a general quantitative comparison, two figures of merit are 

introduced and defined to evaluate various spectra no matter what the converter switching 

frequency is. The" 3dB bandwidth " (BW3) is defined by 

| In(BW3) |£  ̂  
VZ (2-12) 

and the" total bandwidth " (BWj) is defined by 

l«B W T ) lS i& (2-13) 
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By adoption of the measure defined above, the 3dB and total bandwidth of these five 

switching schemes evaluated are shown in Table-I for all the three operating points (spectra 

of these current waveforms at the other different operating points from nominal point are 

shown in Appendix B). 

2.3 Discussion of the Results from the Fourier Analysis 

In the following, the observations about input current Iin of these converters from 

Table I is discussed first. Then the results for catch diode current of these converters from 

Id column of Table I are discussed. Beyond the result can be observed in Table I, the 

comparison of conducted and radiated interference behavior of these converters is 

addressed. An intuitive insight of why the spectral bandwidth of the ZVS quasi-resonant 

converters increases when the load changes is explained. Concluding this discussion, 

ZVS-1 is found to be the best choice for generating less interference. 

From input current column of Table I, the switching frequency change from the 

load current change is seen to increase the total bandwidth of quasi-resonant converter input 

current. Nevertheless, each of the input currents Iin (equal to the inductor current) of 

quasi-resonant converters still has lower total bandwidth than that of the PWM converter. 

Hence, quasi-resonant converters should have less conducted harmonic interference at the 

input than does the equivalent PWM converter. However, the 3dB-bandwidth of the quasi-

resonant converters is higher than that of the PWM converter. In other words, the spectra 

of the quasi-resonant converters are more "square-like" in the frequency domain, i.e., 

contain more power in the lower harmonics, than the PWM converter. Hence, quasi' 

resonant converters will be easier to filter at high frequencies, i.e., ideal filter performance 



44 

Table I The 3dB and total bandwidth of five switching schemes at three 

different operating points (unit: MHz). 

Iin Id 
fs BW3 BWT BW3 BWT 

I o = 5.4 A L 

PWM 0.1 0.1 6.4 0.1 6.4 
ZCS-1/2 0.14 0.14 3.08 0.14 5.18 
ZCS-1 0.1 0.2 3.4 0.1 4.0 
ZVS-1/2 0.086 0.086 3.44 0.086 3.44 
ZVS-1 0.1 0.1 0.6 0.1 0.6 

Io= 4  A 
PWM 0.1 0.1 6.4 0.1 6.4 
ZCS-1/2 0.1 0.2 1.6 0.1 6.1 
ZCS-1 0.1 0.2 1.6 0.1 5.7 
ZVS-1/2 0.1 0.1 0.6 0.1 0.6 
ZVS-1 0.1 0.1 0.6 0.1 0.6 

I o = 2.6 A 
PWM 0.1 0.1 6.4 0.1 6.4 
ZCS-1/2 0.08 0.24 1.76 0.08 4.88 
ZCS-1 0.1 0.3 1.9 0.1 5.3 
ZVS-1/2 0.12 0.12 0.96 0.12 0.96 
ZVS-1 0.1 0.1 0.8 0.1 0.8 
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at high frequencies is not required, but a lower filter cutoff frequency is needed to achieve 

the same ripple magnitude as a PWM converter for lower order harmonics. 

From the catch diode current Id column of Table I, the zero-current switching quasi-

resonant converter has a square catch diode current waveform, which is known from Table 

I to have a wide spectrum, but the zero-voltage switching quasi-resonant converter has a 

quasi-sinusoidal catch diode current waveform with a narrow spectrum. Since the ZVS 

converter is the topological dual of the ZCS converter, if the radiated interference coupling 

mechanism is magnetic, the ZVS converter is better because of the quasi-sinusoidal catch 

diode current, and if the mechanism is electric, the ZCS converter is better because of the 

quasi-sinusoidal catch diode voltage. The multi-resonant converter (MRC) has a ZVS-like 

switch waveform and a ZCS-like catch diode waveform, hence the EMI generation 

behavior of the MRC can be predicted by combining the ZVS switch waveform and the 

ZCS catch diode waveform. 

As discussed earlier in this section, from the standpoint of conducted interference, 

the quasi-resonant converters are better than the PWM converter (Table I), especially the 

input current But from the standpoint of radiated interference, both the quasi-resonant and 

the PWM converters have wide bandwidth spectra (ZCS has square diode current and ZVS 

has quasi-square switch current as in Figs. 2-6, 2-7). Hence, the intuition that quasi-

resonant converter is better than the PWM converter in generating less EMI caused by 

switching frequency harmonic interference is not necessarily correct from the standpoint of 

radiated interference (the comparison of the interference from parasitic oscillations of these 

converters are addressed in section IV). 
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Some of the reasons why the spectral bandwidth of the ZVS quasi-resonant 

converters increases when the load changes can be explained quite intuitively. The 

examination of the resonant inductor current total bandwidth after the load change indicates 

that variable switching frequency control changes the total bandwidth of the ZVS quasi-

resonant conveners. The half wave quasi-resonant converters are dependent on load 

current. For the ZVS-1/2, increasing the output load current will increase the resonant 

amplitude while decreasing the resonant interval. This changes the resonant inductor 

current waveform from quasi-sinusoidal to a more triangular waveform which will have a 

higher total bandwidth than that of the quasi-sinusoidal waveform. For the ZVS-1 

converter, increasing the output load current will increase both the resonant amplitude and 

the resonant interval. There is only a little change in the resonant inductor current 

waveform and therefore the total bandwidth does not change significantly. It is not easy to 

find the intuitive reason for the ZCS quasi-resonant converters, however. For the ZCS-1/2 

and ZCS-1, increasing or decreasing the output load current from the nominal value of 4 A 

will increase the total bandwidth of resonant inductor current but will decrease the total 

bandwidth of the catch diode current. 

Concluding all the observation discussed before, from Table I, the ZVS-1 quasi-

resonant converter is found to be the best of the five converters analyzed because: 1) both 

the input current and catch diode current total bandwidth of ZVS-1 are lower than that of 

the others, 2) the variant switching frequency almost does not change either the input 

current or the catch diode current total bandwidth at all, 3) there is no switching frequency 

change from the load current change, which makes the control easy because of the fixed 

filter bandwidth instead of some filter bandwidth range otherwise. Notice that, like ZVS-1, 

the switching frequency of ZCS-1 stays the same when the output load current changes, 
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however, the total bandwidth of the input current and catch diode current changes 

significandy, which is worse than that of ZVS-1. 



48 

CHAPTER 3 

DESIGN AND CONSTRUCTION OF THE EXPERIMENTAL 

PROTOTYPE 

In the previous chapter, the theoretical Fourier analysis on ideal converter 

waveforms has been done which reveals the effect of switching frequency harmonics. 

However, as been pointed out in 1.1.3, some higher parasitic frequency noise are also 

found in switching converters. To find the actual noise mechanism, an experimental 

approach is best. In addition, efficient methods to reduce the interference effect are 

investigated experimentally in this study. Therefore, a good prototype circuit is built for 

experiment. In the following, the prototype circuit construction and design consideration is 

pointed out in section 3.1. The design constraints for these converters being examined are 

given in section 3.2. 

3.1 Prototype Circuit Construction and Design Consideration 

The prototype circuit construction and layout is considered to allow six different 

switching converter configurations on the same circuit board, and to isolate the relationship 

between noise generation and the converter topology. Hence, the fewest components 

possible are changed from one topology to the other (as seen in Fig. 3-1, only the switch 

part of the converters is changed), and the components of the same converter function 

(e.g., resonant inductors) in the circuit are kept in the same physical position in the circuit 

layout (Fig. 3-2(a) shows the layout of these converters). In addition, the resonant 

frequency of the quasi-resonant converters is kept as constant as possible to make the 

comparison more meaningful. 
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3.2 Prototype Circuit Design Constraints 

There are two design constraints for these converters in the construction of the 

prototype circuit First, as in the Fourier analysis in chapter 2, six switching converters 

(shown in Fig. 3-1) are operated nominally at the same input voltage Vg (26 V), output 

voltage V0 (13 V), output current IQ (4 A) and switching frequency fs (100 kHz). This is 

the most important design constraint so that the comparison are based on the same output 

power delivery from each converter and the same switching harmonic frequencies. 

Second, the design consideration mentioned in 3.1, that the resonant frequency of the 

quasi-resonant converters is kept the same as much as possible, constrains the values of the 

resonant components. Therefore, from the first design constraint, the conversion ratio 

M = Vo/Vg = 1/2 is chosen for all the quasi-resonant converters. From the second design 

constraint, the switching frequency is 100 kHz for all converters in this particular nominal 

operating point. 

For quasi-resonant converters, the output voltage (hence conversion ratio) is a 

function of both the switching frequency and the output current. In the following, the 

formula of the conversion ratio for these quasi-resonant converetrs are given to demonstrate 

the procedure to obtain the values of the resonant components [1-3]. First, define the 

normalized average resonant capacitor voltage as: 

(mcr) = (Vcr)/Vg (3-i) 

the normalized resonant inductor current as: 

VE/r° (3-2) 
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the normalized frequency: 

Y=J t fo / f .  (3 -3)  

and the normalized output load current* 

Vg/R° (3-3) 

where I is the output load current. For convenience, denote Jc for ZCS-QRC and Jv for 

ZVS-QRC. For ZCS-1/2, 

M = (mo-) = Ki/2 ( Jc ) 
2Y (3-4) 

For ZCS-1, 

For ZVS-1/2, 

For ZVS-1, 

K1/2  ( Jc )  =  ̂  Jc  +  rc  +  s in _ 1 (  J c )  +  ̂  (1  +  V1 -  Jc 2  )  ^  

M = (mcr) = ^-Ki (Jc) 
2y (3-6) 

Ki  ( Jc )  =  \  Jc  +  2ic  -  s in* 1 1  ( J c )  +  f  (1  -VTj?)  
2 Jc (3-7) 

M=l-<mcr)=l-IK 1 / 2(-M 
2Y Jv (3-8) 

Ki /2 (J - )==f-  +JC +  s in" 1 ( 1
L )  +  Jv+ V j v 2 - l )  

Jv 2Jv Jv (3-9) 

M=l- (m C r )= l - iK 1 ( f )  
2Y Jv (3-10) 

K , ( f  )  =  J -+27C-s in 1 ( 1
L )  +  Jv-VJv 2 - l )  

Jv 2Jv Jv (3-11) 

If the input voltage, output voltage, output current, switching frequency, and resonant 

frequency are kept the same for these converters, there are too many boundary conditions 

(five) to satisfy four set of equations of each quasi-resonant converters at the same time. 
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Therefore, the reasonable choice is let the resonant frequency be a free variable. It is 

desired that half wave converters are operated at one resonant frequency and full wave 

converters at another, which is the third design constraint Notice that the conversion ratio 

is equal to 1/2 (M = 1/2) for all quasi-resonant converters, which sets Eq. (3-4) equal to 

Eq. (3-8) and Eq. (3-6) equal to Eq. (3-10). The third constraint then gives that Eq. (3-5) 

equals Eq. (3-9) and Eq. (3-7) equals Eq. (3-11). These computations show that Jc equals 

1/2 and Jy equals 2. At nominal operating point (fs = 100 kHz), half wave converter 

resonant frequency is found to be 243 kHz, and full wave converter resonant frequency is 

200 kHz. The values of resonant components according to these constrains now can be 

calculated from J (Jc or Jy) and f0 of each quasi-resonant converter [1-3]. 

The values for the multi-resonant converter (MRC) are evaluated by the method 

presented in [7-8]. The minimum capacitor ratio Cn chosen is equal to two. The 

normalized resistance Rn is chosen to be 0.5. With the conversion ratio M known as 0.5, 

and Cn and Rn specified, the normalized frequency fN equals to 0.8 can be read from the 

output plane provided by [7-8]. The MRC in this particular study is designed for the 

operation with the catch diode voltage going to zero first Since fN and Rn are found, the 

resonant component values can be calculated. The values obtained are shown in Table n. 

The output filter is the same for all converters. To determine the values of filter 

inductance and capacitance, two constraints are chosen: 1) the output current ripple is 

limited to 10 % of the output current, 2) the quality factor Q of the filter is chosen to be 1.5 

to limit the peaking in the frequency response. All the values of the filter and the resonant 

inductance and capacitance are listed in Table n. 
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Table II Summary of filter and resonant inductance and capacitance. 

Type L(filter) C(filter) L(resonant) Ci (resonant) C2(resonant) 

PWM 81.25 uH 17.31 uF 

ZCS-QRC 1/2 81.25 uH 17.31 uF 2.125 uH .2012 uF 

ZCS-QRC 1 81.25 uH 17.31 uF 2.589 uH .2451 uF 

ZVS-QRC 1/2 81.25 uH 17.31 uF 8.5 uH .0503 uF 

ZVS-QRC 1 81.25 uH 17.31 uF 10.35 uH .0613 uF 

ZVS-MRC 1/2 81.25 uH 17.31 uF 8.379 uH .1983 uF .3972 uF 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.0 Introduction 

Besides the inevitable harmonic frequency interference generated by switching, two 

other high frequency interference caused by excitation of parasitic elements have been 

found, which significantly influence both the conducted and radiated emissions. One 

oscillation happens when the catch diode turns on (ZCS), or off (ZVS), the other effect 

arises from the exponential gate charge cuirent waveform when the MOSFET turns on or 

off. The effects of these sources on the radiated-field-induced waveforms, on the output 

voltage, and on the input current are discussed in the following sections. Approaches for 

reducing the effect of these parasitic frequencies on the output and input waveforms are 

given. It is found that the effect of gate charge current is greater than that from the catch 

diode turn-on or turn-off. 

4.1 Radiated Interference 

In this section, experimental results show the parasitic interference effect on several 

converter waveforms. The experimental setting for picking up the radiated interference 

signal is demonstrated. By examining the picked-up signal, the parasitic interference 

sources are identified. 

Spurious oscillations have been found in converter waveforms. For zero-current 

switching converters, the interference on the experimental waveforms is generated by the 
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parasitic oscillation of the catch diode junction capacitor and the catch diode leads when the 

catch diode turns on. The length of the diode leads affects the value of the parasitic 

inductance and changes the oscillation frequency (Figs. 4-1, 4-2). For zero-voltage 

switching converters, the interference on the experimental waveforms is also generated 

from the parasitic oscillation of the catch diode junction capacitor and the catch diode leads. 

However, it occurs when the catch diode turns off and the catch diode lead length does not 

appear to significantly affect the oscillation frequency (Figs. 4-3,4-4). 

In order to find the interference sources in these switching converter circuits and 

then to find efficient methods suppressing these sources, the following experimental setting 

is employed. To determine the actual radiated noise waveforms picked up by electrical 

coupling to the circuits surrounding the converter, two copper traces of 8.3 cm long and 

0.17 cm wide terminated by a 22 kQ resistor to ground on both sides are added to the 

circuit in different physical orientations (Fig. 3-2(b)) [9]. 

The comparison between the picked-up radiated noise waveforms and the quasi-

resonant converter waveforms allows identification of the respective noise sources 

contributing to the actual noise waveforms. For example, a typical picked-up radiated 

signal (experimental waveforms will be shown later) from the copper trace in ZCS-1/2 and 

ZVS-1/2 (Figs. 4-5,4-6) is divided into three portions for indicating different interference 

sources causing the respective picked-up noise. These interference sources are the gate 

charge current spikes, the catch diode parasitic osciUation, and the electrostatic effect of the 

switching frequency harmonics. The experimental proof for ZCS-1/2 and ZVS-1/2 

waveforms are shown in Figs. 4-7,4-8. In zero-current switching converters, the parasitic 

oscillation from catch diode occurs when the catch diode turns on (Fig. 4-7). In zero-
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Fig. 4-1 ZCS-1/2 diode current (top, 2.5 A/ div) and diode voltage (bottom, 20 V/ 
div) waveforms observed on oscilloscope with a short diode lead. 
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Fig. 4-2 ZCS-1/2 diode current (top, 2.5 A/ div) and diode voltage (bottom, 20 V/ 
div) waveforms observed on oscilloscope with a long diode lead. 
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Fig. 4-3 ZVS-1/2 diode current (top, 5 A/ div) and diode voltage (bottom, 20 V/ div) 
waveforms observed on oscilloscope with a short diode lead. 
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Fig. 4-4 ZVS-1/2 diode current (top, 5 A/ div) and diode voltage (bottom, 20 V/ div) 
waveforms observed on oscilloscope with a short diode lead. 
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From Gate Charge Current Spike 
From Catch Diode Parasitic Oscillation 
(When Catch Diode Turns On) 

tr 

Electrostatic Effect of Switching Frequency Harmonics 

Fig. 4-5 Typical waveform of picked-up signal in ZCS-1/2. 
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From Gate Charge Current Spike 

Fig. 4-6 Typical waveform of picked-up signal in ZVS-1/2. 
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Fig. 4-7 ZCS-1/2 noise waveform (bottom, 0.2 V/ div) picked up from copper trace. 
The resonant inductor current waveform (top, 2.5 A/ div) is given as a time 
reference. 
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Fig. 4-8 ZVS-1/2 noise waveform (bottom, 0.2 V/ div) picked up from copper trace. 
The inverted resonant capacitor voltage waveform (top, 50 V/ div) is given 
as a time reference. 
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voltage switching converters, the parasitic oscillation from catch diode occurs when the 

catch diode turns off (Fig. 4-8). Furthermore, some high-frequency spikes from gate 

charge current appear in the pick-up waveforms (Figs. 4-7,4-8) when the MOSFET switch 

turns on and off in the PWM and all the quasi-resonant converter circuits. It is further 

proved that these radiated noise spikes are due to the gate charge current turn-on and turn-

off pulses, and are present on the traces even if the drain is disconnected and carries no 

current, as shown in Fig. 4-9, in which only the gate drive circuit is operating. It is 

important to observe that the influence of the turn-on and turn-off spikes from the 

MOSFET switch gate charge current appears to be much greater in magnitude than that of 

the parasitic oscillation of the catch diode (Figs. 4-7 and 4-8). This phenomenon will be 

discussed in more detail below. The other portion of the experimental results are simply 

the electrostatic effect of the switching frequency harmonics generated from the natural 

switching function. This electrostatic effect however could be important when the 

converter is in close proximity to signal processing circuitry board mounted. 

4.2 Conducted Interference 

The conducted interference of ZVS-1/2 quasi-resonant converter is investigated by 

examining the interference effect on the output voltage and input current. The interference 

on the output voltage is studied in 4.2.1. The interference on the input current is studied in 

4.2.2. The methods to remove interference are demonstrated in both sections. 
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Fig. 4-9 MOSFET gate charge current waveform (top, 0.1 A/div) and the noise 
waveform picked up from the copper trace (bottom, 20 mA/ div). Only the 
gate-drive circuit is operating, with the converter disconnected. 
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4.2.1 Interference on the Output Voltage 

When examining the ZVS-1/2 quasi-resonant converter, high-frequency radiated 

noise (from gate charge current), high-frequency conducted noise (from the parasitic 

oscillation of the catch diode), and low-frequency conducted harmonics (from the normal 

switching operation) are found on the output load voltage waveform. In the following 

discussion, the mechanisms contributing to the radiated and conducted noise on the output 

voltage are identified, and methods of reducing these noise from interference sources are 

demonstrated. 

The influence of the load inductance on the conducted noise at the output is very 

important Before the output load resistor can be used to examine the converter circuit, the 

parasitic inductance of the output resistor must be reduced to a reasonable amount. Many 

spurious high frequency components were present in the first load, which was composed 

of several connecting wires and resistors in parallel and series. A much cleaner output 

voltage waveform was obtained by using only one resistor, mounted on a large aluminum 

heat sink with the shortest possible lead lengths. 

The output load voltage as measured by a differential voltage probe is shown in 

Fig. 4-10 for a ZVS-1/2 converter. The components of the ripple arise from switching 

frequency harmonics, catch diode turn-off oscillation, and gate current spikes. To reduce 

the interference from the catch diode oscillation, the addition of ferrite beads on the catch 

diode leads is found to be effective as shown in Fig. 4-11 where one cylindrical fenite bead 

is added on each catch diode lead. 
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Fig. 4-10 ZVS-1/2 output voltage (bottom, 10 mV/ div). The experiment used new 
load and with no ferrite beads on catch diode leads and without using slow 
switching in the gate drive circuit. 
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Fig. 4-11 ZVS-1/2 gate charge current (top, 20 mA/ div) and output voltage (bottom, 
10 mV/ div). The experiment used new load and 320 Q resistor in the gate 
drive circuit with one ferrite bead on each catch diode lead. 
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To reduce the interference from the gate charge current, the gate can be switched 

with longer rise time or fall time. Both zero-voltage switching and zero-current switching 

converters can use slow switching without a significant loss of efficiency (it approximately 

only increases the power dissipation of the resistor putting into the gate drive circuit for 

slow switching). Slow-switching does not increase the power dissipation in the converter 

circuit because in the increased switch conduction interval the switch current (ZCS-1/2 and 

ZVS-1) or switch voltage (ZCS-1 and ZVS-1/2) is nearly zero as shown from Fig. 4-12 to 

Fig. 4-15. The ZVS converters can have longer rise time; the ZCS converters can have 

longer fall time. If longer fall time is used by ZVS converters or longer rise time is used by 

ZCS converters, there is only a little switching loss, because the resonant components help 

keeping the switch voltage or current at zero. However, for the PWM converter, the slow 

switching significantly reduces efficiency because of significant switch cuiTent and voltage 

levels present during switching. The slow switching is implemented in the experimental 

prototype by adding a resistor of proper value in the gate-drive circuit (Fig. 4-16). For half 

wave zero-voltage switching, the maximum rise time is approximately given by the length 

of the ton interval in which the mode diode is conducting the negative inductor current as 

shown in Fig. 4-14 (ton = 1-13 |is, for the nominal operating point of I0 = 4 A). In 

practice, a resistance of R = 320 £2 is found to increase the rise time and reduce the 

amplitude of the gate current pulses, and hence causes the noise shown on the output load 

voltage earlier (Fig. 4-10) to disappear (note the change in the gate charge current scale 

from Fig. 4-9 to Fig. 4-11). For ZCS-1/2, ZCS-1, and ZVS-1, the maximum slow-

switching intervals are indicated in Figs. 4-12,4-13, and 4-15. 

To suppress the switching-frequency sinusoidal ripple on the output voltage 

waveform, another capacitor is added across the output load. The ripple is not appreciably 
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Fig. 4-12 The slow-switching interval of ZCS -1/2 QRC. 
Interval t2 to t3 can be used for slow switching, 
because the switch current is zero. 
(The mode diode is blocking the negative 

resonant inductor current.) 
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Fig. 4-13 The slow-switching interval of ZCS-1 QRC. 
Interval t2 to t3 can be used for slow switching, 
because the voltage across the switch is zero. 
(The mode diode is conducting the negative 

resonant inductor current.) 
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Fig. 4-14 The slow-switching interval of ZVS-1/2 QRC. 
Interval t2 to t3 can be used for slow switching, 
because the voltage across the switch is zero. 
(The mode diode is conducting the negative 

resonant inductor current.) 
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Fig. 4-15 The slow-switching interval of ZVS-1 QRC. 
Interval t2 to t3 can be used for slow switching, 
because the switch current is zero. 
(The mode diode is blocking the negative 

resonant inductor current.) 



Fig. 4-16 Circuit scheme of slow switching by adding a resistor 
(320Q for ZVS-1/2) in the gate drive circuit. 
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reduced using electrolytic capacitors even up to 2200 pF, therefore, higher quality 

capacitors are needed, because the low frequency sinusoidal ripple is attributed to the ESR 

(equivalent series resistance) of the filter capacitor. Another stage of output filter composed 

of a 50 jiH inductor and a 23.5 |iF ceramic capacitor is added to the existing filter. The 

low frequency ripple is successfully suppressed, as shown in Fig. 4-17. 

4.2.2 Interference on the Input Current 

When examining the ZVS-1/2 converter, high-frequency radiated noise (from gate 

charge current) and low-frequency conducted harmonics (from the normal switching 

operation) are found on the input current waveform. The input current waveform measured 

by a current probe is shown in Fig. 4-18, with the input filter consisting of a capacitor 

only. The low frequency harmonics are related to the natural switching operation. A two 

pole input filter obtained by adding a 50 |iH inductor to the original filter reduces the low 

frequency harmonics (Fig. 4-19). The other observable spikes on the input current 

waveform (Figs. 4-18 and 4-19) are induced from the gate charge current spikes. Using 

the slow switching, these spikes can be reduced effectively (Fig. 4-20). Note that the two 

pole input filter could effectively reduce the low-frequency harmonics but could not 

effectively reduce the high-frequency noise. The high-frequency noise can only be 

suppressed by the slow switching technique as shown in Figs. 4-19 and 4-20. 



1 A U T D  P L O T  
£,0tn.U .j_ SRELF. . . )a 

T = 0 0 0 j u B  

is_au 

S P M P l L E  

Fig. 4-17 ZVS-1/2 output voltage before adding another output filter (bottom, 10 mV/ 
div) and output voltage after adding another output filter (top, 10 mV/ div). 
The experiment used new load and 320 Q resistor in the gate drive circuit 
with one ferrite bead on each catch diode lead. 



eJ< 
10mC 

Fig. 4-18 ZVS-1/2 input current before input capacitor (top, 2 A/ div) and input 
current after input capacitor (bottom, 2 A/ div). The experiment used new 
load without an input inductor and without a 320 Q resistor in the gate 
drive circuit. Note the high frequency spike noise on the waveforms. 
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Fig. 4-19 ZVS-1/2 input current before input inductor and capacitor (top, 2 A/ div) 
and input current after input inductor and capacitor (bottom, 2 A/ div). The 
experiment used new load without a 320 CI resistor in the gate drive circuit. 
Note the high frequency spike noise on the waveforms. 
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Fig. 4-20 ZVS-1/2 input current before input inductor and capacitor (top, 2 A/ div) 
and input current after input inductor and capacitor (bottom, 2 A/ div). The 
experiment used new load with a 320 Q resistor in the gate drive circuit. 
Note the high frequency spike noise have been removed. 
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CHAPTER 5 

CONCLUSION 

Any switching converter will generate two kinds of electromagnetic interference 

(EMI): 1) the EMI produced by the natural action of the switch, which occurs at multiples 

of the switching frequency, and 2) the EMI produced by excitation of parasitic elements 

when the semiconductor devices are turned on or off. The former is a natural consequence 

of the switching action, and the latter is a consequence of the non-ideal realization of the 

switch. To reduce the total EMI, both effects must be considered. 

The EMI produced by the switching action can be characterized by Fourier series 

expansions of the waveform functions. From Table I, for a given load, the total bandwidth 

of the input current of quasi-resonant converters is only one-half to one-eighth of that of the 

PWM converter at the same average power level. However, almost all quasi-resonant 

converters have higher 3dB bandwidth of the input current than does the PWM converter. 

Hence, for a given low frequency ripple specification, a lower cutoff frequency is needed 

on the quasi-resonant converter filter than for the PWM converter filter. Although the filter 

elements may be larger for a quasi-resonant converter than a PWM converter, these filter 

elements do not have to be ideal over as large a frequency range, whereas a PWM converter 

requires ideal filter performance over a large switching frequency harmonic range. This 

consideration is especially important at higher switching frequencies, where ideal filter 

behavior is difficult to obtain in practice. 

The catch diode current is as important to EMI concerns as the transistor current. 

Fourier analysis on the catch diode current waveform of the quasi-resonant converters 
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shows that zero-current switching quasi-resonant converters (ZCS-QRCs) have very high 

total bandwidth comparable to that of the FWM converter, because of their square catch 

diode current waveform. Although zero-voltage switching quasi-resonant converters 

(ZCS-QRCs) have low total bandwidth in the quasi-sinusoidal catch diode current 

waveform, they have quasi-square switch and mode diode current waveforms which have 

high total bandwidth. Hence, from the standpoint of radiated interference caused by 

switching harmonics, some quasi-resonant converters will cause severe radiated EMI 

harmonics like the PWM converter. Moreover, the ZCS-QRC is the topological dual of the 

ZVS-QRC. Since the ZCS-QRC has a square diode current waveform which will have a 

wide spectrum, and since the ZVS-QRC has a quasi-sinusoidal diode current waveform 

with a narrow spectrum, therefore, if the radiated interference coupling mechanism is 

magnetic, the ZVS-QRC is better, and if the mechanism is electric, the ZCS-QRC is better. 

The effects of load current variation, and hence switching frequency variation, are 

examined in chapter 2 for all converter topologies and given in Table I. Switching 

frequency control does indeed increase the total bandwidth of the input current waveforms 

in all schemes except for ZVS-1 quasi-resonant converter. However, the quasi-resonant 

converters still maintain a lower total bandwidth than the PWM converter at all operating 

points examined. 

The EMI induced by excitation of parasitic elements is investigated by the 

experimental measurement of the radiated noise-induced waveforms in nearby traces, the 

converter output voltage, and the converter input current. The parasitic oscillation source 

from the catch diode and a EMI source from the gate charge current spike are found to be 

the most significant. The parasitic oscillation of the catch diode is conducted to output load 
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voltage (Fig. 23) and radiated to the surroundings (Fig. 20, 21). This EMI can be 

effectively reduced by adding a cylindrical ferrite bead to each catch diode lead (Fig. 25). 

The EMI from the MOSFET switch gate charge current is radiated to the input current 

(Fig. 27) and output load voltage (Fig. 23). However, the quasi-resonant converters have 

a distinct advantage over the PWM converters in that slow gate switching (i.e., using 

longer gate voltage rise and fall times) has been shown to significantly reduce the effect of 

the most severe EMI source in the circuit (Fig. 25, 29) without reducing the overall 

converter efficiency (section 4.2). 
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Appendix A: Derivation of Fourier Spectral Content Magnitude 

In the following discussion, the approach to obtain the Fourier spectral content 

magnitudes of the quasi-resonant converter (ZCS-1/2, ZCS-1, ZVS-1/2, and ZVS-1) 

resonant inductor current and the PWM converter filter inductor current at the nominal 

operating point of Io = 4 A is demonstrated. The normalized spectral content magnitude 

formula expression of the quasi-resonant converters obtained can be utilized to compute the 

spectral content magnitude at different operating points by substitution for appropriate 

parameter values. The actual spectral content magnitude then is obtained by multiplying by 

the respective base current factor. 

When deriving the formula for the PWM converter, the normalized process is not 

applied because there is no resonant circuit in the PWM converter. Moreover, a more 

practical PWM converter filter inductor current with a 10 % current ripple is derived instead 

of the ideal square waveform. 
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(1) ZCS-1/2 

Referring to Fig. 1-3, the normalized resonant inductor current can be expressed by 

jLr( t) = toot 0 £ t £ ti 

\iA t) = 1# + sin cao(t-ti) ti ^ t ^ t2 

jLr( t ) =  0  t 2 ^ t ^ T ,  

where »<> is the radian resonant frequency, T, is the switching period, and ti and t2 are to be 

solved from the boundary conditions of the expression above [1-3]. It is found that 

G>0 = 27rfi/2 = 2TC x 243 x 103 = 1.53 xlO6 

ti = 0.33 x 10'6 second 

t2 = 2.72 x 10"6 second 

Ts = 1/ fs = 10-5 second (fs = 100 kHz) 

Following the derivation described in chapter 2.2, the complex Fourier coefficient for each 

harmonic is: 

Fn (tOot)e'jnw dt+jf (1 +sin (oJo(t-ti))e-Jn£0»t dt ] 

where co, is the radian switching frequency (W« = 2n x f, = 2JT x 10s). 

F  = J L J  (  cdoCe-j"03-11-!) f.e-j^-e-i"0*' 
Ts ncos (ncOs)2 ^ 2ncos 

+ (n(0s)2 Vc-jnw2(^°cos (Oofa-tQ + .sin co0(t2-ti)\ _ _C0o_e.jn<0,tl"I 1 

(ncos)2- coo2 L \ (ntos)2 nc°s / (na>s)2 J J 
The normalized magnitude of the spectral content can be computed: 

I F„ | = VRe2(Fn) + Im
2(F„) = | jLr(nO)st) | 

The actual (denoimalized) magnitude of the spectral content is obtained by multiplying by 

the base current Vg / RQ. 
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(2) ZCS-1 

Referring to Fig. 1-4, the normalized resonant inductor current can be expressed by 

jLr( t) = coot OStSti iiA t) = 1/2 + sin OdoCt-ti) ti £ t £ t2 

jLr( t ) = 0  t 2 « S t £ T ,  

where <*><> is the radian resonant frequency, Ts is the switching period, and ti and t2 are to be 

solved from the boundary conditions of the expression above [1-3]. It is found that 

to0 = 2rcfi = 2JI x 200 x 103 = 1.26 xlO6 

ti = 0.4 x 10"6 second 

t2 = 5 x 10"6 second 

Ts = 1/ fs = 10"5 second (fs = 100 kHz) 

Following the derivation described in chapter 2.2, the complex Fourier coefficient for each 

harmonic is: 

Fn -j~[j (coot)e"jnaw dt+J (1 +sin (cooO-t^e-i™0*1 dt ] 

where to, is the radian switching frequency (m« = 2JC x f, = 2n x 10s). 

F = •tiCQ0e'jnWl 
| (0b(e-j"Wl-l) | 

Ts ntos (ncoj)2 ^ 2ncos 

(ntOs) ,2 [c-inffl.tY COpCOS 0)o(t2-ti) t .sin(0o(t2-ti)\ <p0 1 

\ (ncos)2 n0)s / (ncos)2 J J 
The normalized magnitude of the spectral content can be computed: 

I F„ | = VRe
2(F„) + Im

2(Fn) = | jLrCnWst) | 

The actual (denormalized) magnitude of the spectral content is obtained by multiplying by 

the base current Vg / RQ. 
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(3) ZVS-1/2 

Referring to Fig. 1-5, the normalized resonant inductor current can be expressed by 

J'LT( t) = 2cosco0 0 £ t £ ti 

jLr( t )  =  -VJ + COo(t-ti) ti^t^t2 

jLrC t ) = 2 t2£t£T, 

where (Oo is the radian resonant frequency, Tc is the switching period, and ti and t2 are to be 

solved from the boundary conditions of the expression above [1-3]. It is found that 

ct>o = 27tfi/2 = 2nx 243 x 103 = 1.53 xlO6 

ti = 2.4 x 10"6 second 

t2 = 4.8 x 10"6 second 

Ts = 1/ fs = 10"5 second (fs = 100 kHz) 

Following the derivation described in chapter 2.2, the complex Fourier coefficient for each 

harmonic is: 

F„ =j~lj (2cosca0t)e-in03,tdt+J (-V3" + (coo(t-ti))e-jnowdt + J 2e-in<0«tdt] 

where ©« is the radian switching frequency (®«= 2it x f, = 2rc x 105). 

F _ 1 f • - VT( e-Jn0)»t2 - e-Jnw ) + 2 + (Wb(t2-ti)-l) c-*10** cOoe-^12- e^"**1 

" "<* (ntOj)2 

] (n(0s)2 I"- 2o)0sinco0tie"jnm,tl 
| . 2cos (Qotie'jn0),tl - 2 "1 1 

(ntDs)2-too2 L (ncos)2 3 na)s J J 
The normalized magnitude of the spectral content can be computed: 

|F„| = VRe
2(Fn) + Im

2(Fn) = | jLrCnCDst) | 

The actual (denormalized) magnitude of the spectral content is obtained by multiplying by 

the base current Vg / RQ. 
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(4) ZVS-1 

Referring to Fig. 1-6, the normalized resonant inductor current can be expressed by 

ju (  t )  =  2COSG>0 0£ t£ t i  

3Lr( t) = V3" + <Oo(t-ti) ti£t<St2 

jL*(t) = 2  t 2 <St£T f  

where (0o is the radian resonant frequency, T, is the switching period, and ti and t2 are to be 

solved from the boundary conditions of the expression above [1-3]. It is found that 

(do = 2refi = 2k x 200 x 103 = 1.26 xlO6 

ti = 4.6 x 10"6 second 

t2 = 4.8 x 10"6 second 

Ts = 1/ fs = lO'5 second (fs = 100 kHz) 

Following the derivation described in chapter 2.2, the complex Fourier coefficient for each 

harmonic is: 

Fn 
=T~^ (2cos<0Ot)e-jn<o,t dt+J (VT + dt + j  2e--in<°»t dt ] 

where <o» is the radian switching frequency (®« = 2n x f, = 2rc x 10s). 

t. _ 1 f ; VT( e-jnt0»t2 - e-j"w) + 2 + (t0o( t 2 - t i ) - l )  e - J "^  .  tObe- j^ ' 2 -  e ^ 1 1  
_ — •€ J 1 

Ts I nc°s (no)s)2 

+ . (ncos)2 [- 200oSinC0otie'jnc°'tl | . 2cos (O0tie*^nco'tl - 2 *1 1 

(no*)2 J nos J J (ntos)2- too21 

The normalized magnitude of the spectral content can be computed: 

I F„ I = VRe^FJ + I^n) = | jlXW) | 

The actual (denormalized) magnitude of the spectral content is obtained by multiplying by 

the base current Vg / RQ. 
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(5)FWM 

The filter inductor current of PWM converter actually has ripple. To make a more 

practical comparison, Fourier analysis on PWM converter will include 10% current ripple. 

^ ILF 
4.4 

4 
3.6 

0 Ts 

From the figure above, the filter inductor current can be expressed by 
y 

ig( t) = 3.6 + ^-t 0£t£ti 

i g ( t )  =  4 , 4 "^ ( t ' t l )  0£ t£T s  

where ti = Tg/ 2 = 5 x 10'6 second 

Ts = 1/ fs = 10'5 second (fs = 100 kHz) 

Following the derivation described in chapter 2.2, the complex Fourier coefficient for each 

harmonic is: 

i / V« -jnoit 
F »=i [ l  ( 3 - 6  +  2L^ , ) e  

Jo 
a + f  

/tl 

( 4 4 "  ̂ ( t ~ l l ) ) e -^d t ]  

where ©« is the radian switching frequency (to. = 2n x f, = 2it x 10s). 

r  ̂ . 0 - 4 . 4 ; 4 . 4  -  3 . 6  -  (  T s  -  t i  )  
= .... ( 3 6 - 4 - 4 ) + ^  

ntos 

Xi ( e-jnc*t, . 1 ) 
+ LE 

ncos 

^ e-j""*1' -1) 1 

(ncos )2 J 

The normalized magnitude of the spectral content can be computed: 

I F„ I = VRe2(Fn) + Im
2(Fn) = I lLF(n(0st) | 
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Appendix B: The Fourier Spectra at Three Operating Points 

From the spectral content magnitude formulas in appendix A, the spectral content 

magnitudes at switching frequency multiples can be calculated and used to depict the 

Fourier spectra. In the following, several Fourier spectra of the quasi-resonant converter 

resonant inductor current and catch diode current are shown. 

1) At the nominal operating point (Io = 4 A): 

(a) The spectra of the quasi-resonant converter resonant inductor current are shown 

earlier from Fig. 2-1 to Fig. 2-4, chapter 2. 

(b) The spectra of the quasi-resonant converter catch diode current are shown from 

Fig. B-l to Fig. B-4. 

(c) The spectrum of the ZVS-1/2 quasi-resonant converter switch current is shown 

in Fig. B-5. 

(d) The spectrum of the ZVS-1/2 quasi-resonant converter mode diode current is 

shown in Fig. B-6. 

(e) The spectrum of the ZVS-1 quasi-resonant converter switch current is shown in 

Fig. B-7. 

2) At the operating point Io = 5.4 A: 

(a) The spectra of the quasi-resonant converter resonant inductor current are shown 

f rom F ig .  B-8  to  F ig .  B- l l .  

(b) The spectra of the quasi-resonant converter catch diode current are shown from 

Fig. B-12 to Fig. B-15. 
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3) At the operating point Io = 2.6 A: 

(a) The spectra of the quasi-resonant converter resonant inductor current are shown 

from Fig. B-16 to Fig. B-19. 

(b) The spectra of the quasi-resonant converter catch diode current are shown from 

Fig. B-20 to Fig. B-23. 
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Fig. B-3 ZVS-1/2 QRC catch diode current Fourier spectrum (output resistance 3.25 £2). 
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Fig. B-4 ZVS-1 QRC catch diode current Fourier spectrum (output resistance 3.25 £2). 
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Fig. B-9 ZCS-1 QRC input current Fourier spectrum (output resistance 5 Q). 
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Fig. B-19 ZVS-1 QRC input current Fourier spectrum (output resistance 2.4 CI). 
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