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Abstract

A switching power supply, namely switching converter, which is characterized by high

efficiency, small volume and light weight, has developed rapidly in recent years and has

been gradually deployed instead of linear power supplies in electronic and electrical do-

mains. The switching power supply makes use of the pulse-width modulation (PWM)

technology to control the nonlinear components, so that they have a switching action of

high frequency, resulting in high change rates of voltage and current. Consequently, the

switching converter generates serious electromagnetic interference (EMI), which impairs

other devices’ performance and harms human being’s health. Hence, suppressing EMI has

become a common concern in the design and the application of switching converters.

Traditionally, EMI is dealt by filtering or shielding, or both. Filtering aims to reduce the

conducted EMI by adding the filters to the system. In practice, multiple filters should

be employed in a switching converter because a single filter is restricted by its narrow

frequency band. Shielding aims to block the converter from emitting or receiving the

radiated EMI with barriers made of conductive material. These traditional filtering and

shielding techniques have the disadvantages in weight, size and cost, and their engineering

applications depend on the experience of engineers. Additionally, it has been found that

soft switching technique can be used to reduce EMI. However, it needs an auxiliary control

module to guarantee zero voltage or zero current during the transformational period of

transistors, resulting in a complicated design. Hence, using chaos in switching converters

has become new preferable technique to tackle the EMI problems due to the pseudo-random

and continuous spectrum characteristics of chaos.

As a way of chaos technique, chaotic modulation has been developed to suppress EMI of

the switching converter by dispersing the energy into a wide frequency band and smoothing

the peaks of the EMI spectrum. It is well known that the effectiveness of EMI suppression

is related to chaotic signals used for chaotic modulation. From this study, it is further

found that the central frequency of a chaotic signal, corresponding to the largest peak of

its frequency spectrum, should be close to a half of the switching frequency of a power

supply to reach optimal EMI suppression.

Unlike the well-studied chaotic frequency modulation, the chaotic duty modulation is con-

cerned in this dissertation, which is just to change the duty of the transistor driving-pulse

while maintains the fixed switching frequency. Chaotic duty modulation is realized by ap-

pending an external chaotic signal to the existing PWM module of the switching converter,

which is practicable without the loss of the generality.

It is followed with a qualitative verification of the stability of power supplies under chaotic

duty modulation via the classic control theory, and practically, the useful life through the

failure model and critical components, which is also ensured under chaotic duty modula-

tion. It is thus verified that this proposal of using chaotic duty modulation in switching

converters for EMI suppression is feasible and lays a foundation for industrial applications.
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1 Introduction

1.1 Switching Converters

A power supply is the device which transforms the electrical energy between the alternative

current (AC) and the direct current (DC), or changes the voltage or frequency [1]. It makes

use of the rectifier or the inverter, or both. A rectifier converts AC into DC while an inverter

DC into AC, which are called AC-DC converter and DC-AC converter respectively. The

cascade of the inverter and the rectifier changes the amplitude of DC output, which is

named DC-DC converter. Having the rectifier and the inverter connected in series will

change the frequency or amplitude of AC, which is AC-AC converter. One switching mode

power supply, namely a switching converter, completes the transformation of the electrical

energy in a circuit by controlling switching actions of transistors to obtain a stable output.

Hence, the technology of switching converters involves the circuit topology, transistor and

switching control approach.

There are many converter topologies [2] categorized according to how many transistors are

used and whether a transformer is employed to isolate the output from the input electri-

cally. Buck and boost converters are the basic non-isolated single-transistor topologies,

based on which other non-isolated converters have been developed, such as buck-boost,

Cuk, Zeta and single ended primary inductor converters. The isolation topologies in-

clude the single-transistor forward and backward converters, two-transistor half-bridge

and four-transistor full-bridge converters. All the single-transistor converters are normally

applied in small-medium power outputs while the multiple-transistor ones are widely used

in medium-large power outputs. Each topology has its pros and cons.

Power semiconductor technology labels the development of power electronics [3]. Bell

Labs developed the first p-n-p-n silicon controlled rectifier (SCR) in 1957, which opened

the new era of power electronics. Afterwards, bipolar junction transistors (BJT), metal-

oxide-semiconductor field-effect transistor (MOSFET) and insulated gate bipolar transistor

(IGBT) appeared. Up to now, power semiconductor devices have been improved and

innovated for the characteristics of high current, high voltage, low conducting loss and

high switching frequency.

The converters adopt the principle of pulse modulation to control the switching actions.

According to the output feedback, the frequency or width of the transistor driving-pulses

is modulated to obtain stable outputs. Between the two ways, pulse-width modulation

(PWM) is mostly applied in switching converters. A PWM module is composed of discrete

components or an integrated circuit (IC) with several peripheral elements. Nowadays, the

module normally uses the customized PWM ICs, such as TL494, SG3525 and UC3842.

Along with the development of IC and power semiconductor technology, switching convert-

ers have been characterised by small size, high working frequency and high efficiency [4].

Because of applying some nonlinear components such as the transistor, transformer and

1
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diode, and deploying the PWM technology to control switching actions of the transistor,

the converter produces high change rates of current and voltage, resulting in the seri-

ous electromagnetic interference (EMI). Therefore, the switching converter has become

an emission source of EMI to its surroundings, which hinders the development and the

application of switching converters.

1.2 EMI and EMC

1.2.1 EMI Elements

EMI refers to any electromagnetic phenomenon possibly either doing harm to the life and

the nonliving, or causing device, equipment and system degrading performance [5]. As

shown in Figure 1.1 [6], EMI includes three elements, namely, disturbing source, coupling

channel and receiver. Through conducting or radiating, a device or system emits EMI to its

environment. The radiated disturbance, especially with the frequency range from 30 MHz

to 1 GHz, spreads itself via the space with the characteristics of electromagnetic wave.

The conducted disturbance, with the frequency range from 150 kHz to 30 MHz, transmits

itself via the conductor connected physically between the source and the receiver. It is the

immunity that keeps device, equipment or system from degrading their performance under

the EMI. Electromagnetic compatibility (EMC) is defined as the ability of an equipment to

function satisfactorily in its electromagnetic environment without introducing intolerable

electromagnetic disturbance to other equipments in the same environment. Hence, on one

hand, some measurements should be taken to suppress EMI resulting from high change

rates of current and voltage in switching converters. On the other hand, the converters

should have the immunity to the electromagnetic disturbance from its surrounding and

other equipments or devices.

Source Receiver

(30 MHz 1 GHz)

Figure 1.1: Three elements of EMI

1.2.2 EMC Test

Facing the unwanted EMI, the international communities have agreed on standard reg-

ulations, i.e. the EMC standards, which are supposed to ensure all kinds of electronic
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and electrical equipments to comply with regulatory requirements. The relevant basic

standards called up in EN61204-3 are: EN55022 and EN55011.

As above mentioned, switching converters emit the conducted and/or radiated EMI, in

which the conducted EMI dominates because of the operation frequency range of con-

verters. Therefore, the EMI refers to conducted disturbance here and throughout the

dissertation. An receiver is normally applied to test conducted EMI, which involves three

options: peak (PK), quasi-peak (QP) and average (AV), respectively. The EMI test, as

the major part of EMC test for switching converters, is categorized into Class A applied

in industry and Class B applied in home application, in which the latter is more stringent.

Take the PC’s power supply as an example. The conducted disturbance test is implemented

according to EN55022 Class B conducted QP and EN55022 Class B conducted AV. The

frequency range and the limits are demonstrated in Figure 1.2. The red line presents the

emission limit under Class B conducted QP test, and the blue presents the emission limit

under Class B conducted AV test. The test is passed when the testing curve is under

the corresponding limit, otherwise it is unqualified. The testing curves demonstrated in

Figure 1.2 indicate that the equipment has passed the test.
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Figure 1.2: Conducted EMI test under EN55022 Class B

1.2.3 Visualization of EMI

A time domain signal, i.e. the transistor driving-pulse in a switching converter, can be

observed by transforming to a frequency domain signal with Fourier Transform [7]. The
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main idea of Fourier Transform is that any periodical signal can be transformed to a

discrete spectrum and any aperiodic signal can be transformed to a continuous spectrum.

Denote f(t) as a time domain signal. If it is periodical, its Fourier series in exponential

form is expressed by

f(t) =

∞∑
n=−∞

Fne
jnωt, (1.1)

where Fn is the n-th series coefficient, and ω is the angular frequency. Denote t0 as the

initial instant of the cycle and T the width of the cycle. Fn is given by

Fn =
1

T

t0+T∫
t0

f(t)e−jnωtdt. (1.2)

Fn presents the amplitude at the corresponding frequency of f(t) in frequency domain,

and it is named as the spectral component or the spectral coefficient.

If f(t) is aperiodic, its Fourier Transform leads to a continuous spectrum. f(t) can be

expressed as

f(t) =
1

2π

∞∫
−∞

F (ω)ejωtdω. (1.3)

F (ω) is the spectrum density function and defined as

F (ω) =

∞∫
−∞

f(t)e−jωtdt. (1.4)

According to the Parseval theory [8], the energy spectrum density of f(t) can be calculated.

If f(t) is periodical, its energy spectrum density is

Sn = |Fn|2. (1.5)

If f(t) is aperiodic, its energy spectrum density is

S(ω) = |F (ω)|2. (1.6)

Figure 1.3 demonstrates the periodical transistor driving-pulse and its spectrum in a DC-

DC converter operating at the frequency of 30 kHz. All peaks scatter at the fundamental

component of the switching frequency and harmonics. Each peak value reflects the energy

of the corresponding frequency. In Figure 1.3, F1, F2, F4 and F7 are the fundamental

component, 2nd, 4th and 7th harmonic component, respectively.

Figure 1.4 shows the current through the output inductor and its spectrum when the

converter operats at the frequency of 50 kHz. The spectrum is continuous due to the

aperiodic current, but it can be observed that there are some peaks at the fundamental
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F1

F2

F4
F7

Figure 1.3: Periodic signal (upper) and its FFT (lower)

F 50k F(100k)

Figure 1.4: Aperiodic signal (upper) and its FFT (lower)
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component and harmonics. As shown in Figure 1.4, F (50 k) and F (100 k) are the

fundamental component and 2nd harmonic respectively.

In summary, for periodic and aperiodic signals, their EMI can be observed and measured

by their frequency spectra with Fourier Transform. The signal energy can be estimated

according to the spectral amplitudes of the fundamental component and harmonics, which

is the basic of mathematical analysis and experimental test for EMI.

1.3 EMI Suppression in Switching Converters

1.3.1 Filtering and Shielding

EMI reduction techniques have been developed and applied by considering the above men-

tioned three elements: disturbing source, coupling channel and receiver.

Some measures are taken to suppress EMI by fighting the disturbing source, which weaken

the EMI generation or reduce the EMI emission. Normally, the heat sink of switching

converter is tightly grounded to avoid changing the electrical potential, which facilitates

to weaken the EMI generation. Then, the active shielding is often amounted to reduce the

EMI emission. Additionally, the optimization of hardware design is also effective to weaken

the EMI generation and reduce the EMI emission, which involves the printed circuit board

(PCB) wiring, the component layout, transformer winding and so on.

EMI filtering is normally used to cut off the coupling channel to suppress EMI from the

aspect of transmitting the disturbance. As seen in Figure 1.5, the filters, which use the

choking inductors (L1L2L3 and L4) and the filtering capacitors (C1C2 and C3), are phys-

ically connected to the coupling channel of the conducted interference and blocks the

interference passing between the public grid and the main circuit.

L1

L2

L3

C2

C3

C1

L4

Main circuitPublic grid

Figure 1.5: EMI filter

To suppress EMI from the aspect of receiver or victim, the passive shielding is mainly used

to avoid receiving the external disturbance.

However, the above methods have their own drawbacks. Because transistors, inductors and

capacitors possess the distribution properties of component characteristics, the effective-

ness of optimized designs and their applications depend on the experience of designers and
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engineers, increasing the complexity of system design. Multiple filters should be applied to

execute filtering in a wide frequency range, because a single filter works just for a narrow

frequency band, which increase the hardware cost and volume. In recent decades, the

researchers have been focusing on the mechanism of the interference sources and proposed

soft switching techniques and chaos techniques.

1.3.2 Soft Switching

The voltage and current change sharply when transistors turn on or shut off under the

normal PWM control, which is called the hard switching. Because neither of the voltage

and current equals zero during the switching period, the instantaneous power of transistors

(p(t) = u(t)i(t)) exists during the process of switching from “ON” to “OFF” and vice

versa, which results in the switching loss and noise. Consequently, the higher the working

frequency of transistors is, the heavier the switching loss and noise will be.

The Soft switching technique was first presented [9] in 1990 and has rapidly developed in

recent years, which makes up for the deficiency of the hard switching. Many researchers

have proposed a variety of soft switching techniques, such as the resonant or the quasi-

resonant converter [10], zero current switching PWM converter [11, 12], and zero voltage

switching PWM converter [13–15] since 1993. Using soft switching technique, transistors

are turned on with zero current and turned off with zero voltage through importing res-

onance. As shown in Figure 1.6, the transistor Q is turned off at t0 , and the switching

current iQ(t) falls to zero until t1. At the same time, the voltage across the transistor Q

rises from zero in sinusoidal way. Therefore, the instantaneous power p(t) = uQ(t)iQ(t)

becomes tiny while turning off. In the same way, the current through the transistor Q

rises from zero in sinusoidal way and the instantaneous power is also tiny while turning on,

which reduces the switching loss and noise. Meanwhile, the high change rates of voltage

and current of transistor are alleviated, thus the EMI can be reduced.

However, one auxiliary switch circuit is demanded in the soft switching system, which gives

rise to increasing the difficulty of control. The improper control will increase EMI, so it is

not sure that the soft switching techniques can improve EMC of switching converters.

1.3.3 Chaos Technique

Mathematically, chaos means a deterministic aperiodic behavior, which is characterized

by the pseudo-random and continuous spectrum. The switching converter will exhibit

chaotic behaviours under chaos, so that the spectral fundamentals of the switching voltage

and current and their harmonics scatter their energies to an extended bandwidth, which

implies the EMI suppression. Therefore, chaos technique attracts the attention and interest

of the researchers in EMI reduction of switching converters. Chaos technique is applied

in switching converters by two methods: parameter control [16–19] and spread spectrum

modulation [20–23].

a. Parameter Control

This method refers to making the system chaotic through adjusting some parameters, such

as the feedback coefficient [18] and the reference of current and voltage [17]. The controlled
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Figure 1.6: Soft switching circuit and working waves
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parameter should be precisely adjusted to maintain chaos under various conditions, i.e.,

different loads, which makes it difficult to design the system and implement the hardware.

b. Spread Spectrum Modulation

Basically, spread spectrum modulation is realized by attaching an external disturbance

to PWM control module, which modulates the duty or frequency of transistor driving-

pulses [17, 21, 22, 24–29]. Thus, the energy is expanded to a wide bandwidth and the EMI

peaks are flattened. It is demonstrated in Figure 1.7 that the peak at fO is modulated to

[fO−Δf, fO+Δf ] and the amplitude is reduced. Spread spectrum modulation is depicted

by modulation mode and modulation signal.

Figure 1.7: Spread spectrum modulation

Four modulation modes have been reported [30–32]: pulse width modulation with varying

duty and fixed cycle (PWM), pulse position modulation with varying position of pulse

and fixed cycle (PPM), frequency modulation with varying duty (FMVD) and with fixed

duty (FMFD). By analyzing the power spectrum density of output signals, it has been

proved that all the above modulations can reduce the amplitudes of spectral fundamental

component of switching frequency and harmonics [24].

Both periodic and aperiodic signals can act as the modulation signals, among which ape-

riodic ones mainly refer to random signals and chaotic signals. The effectiveness of spread

spectrum varies among different modulation signals under the same modulation mode [29].

Denote fS as the switching frequency under normal PWM control. The frequency modula-

tion with fixed duty is taken as an example of modulation mode, under which three kinds

of modulation signals have been used: periodic signal, random signal and chaotic signal.

The periodic signal has a fixed frequency denoted by fP and its spectrum is inter-

mittent. Periodic modulation makes the energies at harmonics of switching frequency

nfS(n∈ Z, and n≥ 1) spread over the frequency band with an interval of fPwhich reduces

the amplitudes at harmonics nfS [29].
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The random signal has a continuous and smooth spectrum. Random modulation makes

the energies at harmonics of switching frequency nfS(n∈ Z, and n≥ 1) spread over the

frequency band averagely, which flattens the peaks [29].

The chaotic signal is of pseudo-randomness with a continuous spectrum, but it is not

smooth. Chaotic modulation makes the energies at harmonics of switching frequency

nfS(n∈ Z, and n≥ 1) fluctuate over the whole spectral range [29].

Thus, period modulation distributes the energy in discrete points, which has the least

effectiveness. Chaotic modulation spreads the energy into a wide frequency band with a

continuous and fluctuant spectrum, which is less effective for spread spectrum. Random

modulation spreads the energy over a continuous and smooth spectrum, which is the most

effective for spread spectrum. However, it is difficult to obtain the genuine random signal

and it is costly to manufacture the random generator [29]. Taken all together, chaotic

signal is more suitable for commercial applications due to the less cost for generators and

the better effect for spread spectrum modulation.

Factually, chaotic frequency modulation is the most common modulation reported about

spread spectrum [21, 22, 29], where the frequency of transistor driving-pulse is modulated

by a chaotic signal. However, this modulation possesses the varying frequency of transistor

driving-pulse, which causes the difficulty in designing circuitry parameters.

1.3.4 Effect of Chaotic Signal on Modulation

Some researches [22, 33] have probed the characteristics of chaotic signal used by chaotic

modulation. Based on statistical theory and random point process theory, the charac-

teristic function and probability density function of PWM driving pulses under chaotic

frequency modulation have been analyzed, by which the effectiveness of chaotic modula-

tion to EMI suppression in converters has been theoretically verified [33]. Lorenz, Chua’s

circuit, Rossler third-order and forth-order circuits have been respectively used to generate

a chaotic signal as the modulation signal [20]. It has been found that use of Lorenz signal

is most effective for EMI reduction under chaotic frequency modulation. Another scheme

of chaotic frequency modulation has been designed to suppress EMI in DC-DC boost con-

verters by connecting an external Chua’s chaotic signal to modulate the frequency and

amplitude of the sawtooth [22], in which the frequency of Chua’s oscillator needs to be

close to the switching frequency in order to reach the best effectiveness of EMI reduction.

The spectral characteristics of chaotic signal have been concerned by the above researchers,

which manifests itself as spectral distribution, i.e. spectral peaks and width. Although a

small amount of literature is involved in studying the effect of chaotic signal on chaotic

modulation, it is evident that the effectiveness of EMI suppression is related to the spectral

characteristics of chaotic signal used by chaotic modulation.

1.4 Motivation

Chaotic modulation has a promising application for EMI suppression in switching convert-

ers due to the pseudo-random and continuous spectrum characteristics of chaos. Nowadays,
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research achievements of chaotic modulation are mostly embodied in the theory and lab-

oratory prototype, but its real industrial applications have not been witnessed. Chaotic

frequency modulation has been the most commonly reported about EMI suppression in

switching converters, which features the varying working frequency. Because the opera-

tions of nonlinear component, such as the transistors and transformers, are susceptible to

the varying frequency, chaotic frequency modulation will increase the difficulty in designing

circuitry parameters. Chaotic signals, as modulation signals, their spectral characteristics

affect the effectiveness of EMI suppression, which still lacks a quantitative estimation.

Thus, combined with the modulation mode and modulation signal, practical schemes of

EMI reduction for commercial power supplies are needed. And, for a practical scheme,

its system performance should comfort to the corresponding specifications such as EMC

standards before launching it in the market.

Having this consideration in mind, we focus on chaotic duty modulation instead of chaotic

frequency modulation. Chaotic duty modulation possesses the fixed frequency, which can

not only overcome the disadvantages of chaotic frequency modulation, but also facilitate

the operations of transistors and high frequency transformers. Chaotic modulation will be

realized by connecting an external chaotic signal to the PWM integrated circuit (IC). In

order to obtain the typical practical scheme without any loss of generality, a commercial

power supply, i.e., a personal computer’s (PC’s) power, will be regarded as the objective

based on two aspects. On one hand, it is of half-bridge topology, which represents the

medium-power type widely used in commercial switching converters. On the other hand,

it possesses a PWM module, a typical IC applicable to many topologies. Simulations and

experiments will be carried out to further verify the effectiveness of the proposed scheme

for EMI reduction.

Meanwhile, we will make an intensive study about the effect of chaotic signal on EMI

suppression. In order to analyze the chaotic signal conveniently, its central frequency

will be defined as the frequency of its largest spectral peak. With the help of the central

frequency, it can be quantitatively estimated whether the spectral characteristics of chaotic

signal is suitable for the chaotic modulation.

Additionally, we will apply the classic control theory for analysing the system stability

under chaotic duty modulation and deduce two prerequisites for the chaotic signal. Then,

effects of chaotic modulation on the remaining useful life will be investigated. Finally, for

the scheme of PC’s power supply, system input and output characteristics under chaotic

modulation will be tested and compared with those under normal PWM control.

1.5 About the Dissertation

The dissertation is organized as following.

Chapter 1 reviews the main techniques of EMI suppression in switching converters, and in

the meantime, introduces the background and significance of this research, and summarizes

the contents as well as the innovations.

The following chapter proceeds chaotic duty modulation comparing with chaotic frequency

modulation. Mathematical deductions and computer simulations are separately conducted
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for these two modulation modes, which demonstrate that chaotic duty modulation is effec-

tive for EMI suppression in switching converters just like chaotic frequency modulation.

Chapter 3 defines the central frequency as the corresponding frequency of the greatest

spectral peak of chaotic signal. By Duffing equation and Chua’s circuit, it is proved that the

central frequency exists and is determined by the interior parameters of nonlinear system.

By adjusting some interior parameters, chaotic signals with different central frequencies

can be obtained. it is observed that the central frequency reflects the changing speed of

chaotic signal, which means that the faster the chaotic signal evolves, the higher its central

frequency is. With the help of the definition of central frequency, the following chapter

will quantitatively analyze the effect of chaotic signal on EMI reduction.

Chapter 4 focuses on the effects of central frequency on chaotic modulation. According to

the mathematical deduction, chaotic modulation results in the spectral superposition of

chaotic signal and normal PWM pulse while spreading the spectrum of PWM pulse. The

amplitude of the fundamental component of the switching frequency reaches the greatest

value when the central frequency of chaotic signal equals the sawtooth frequency or the

switching frequency under chaotic duty modulation. In order to suppress EMI, the central

frequency needs to stagger the switching frequency or its multiples. Thus, when the central

frequency of chaotic signal is the half of the sawtooth frequencytheir respective spectral

peaks exist independently, which implies that EMI reduction becomes the most effective.

The chaotic analogue and digital signal generators are designed and built into a DC-DC

buck, respectively. Simulations and experimental tests verifies the effect of the central

frequency of chaotic signal on suppressing EMI.

Chapter 5 designs a chaotic duty modulation scheme for switching converters and conducts

respective experiments. Based on a commercial half-bridge converter, i.e., PC’s power

supply ATX2.0, chaotic modulation is realized in analogue and digital ways. Simulations

and experimental tests verify the design feasibility. Further, comparison is made between

the analogue design and the digital one.

Chapter 6 investigates the stability of switching converters under chaotic duty modulation.

A switching converter is a typical nonlinear control systemwhose stability refers to regaining

the equilibrium once suffering a disturbance according to the classical control theory. In

order to analyze the stability, a kinetics model, the circuit average model is adopted,

which is accomplished by four steps. Firstly, the average large signal model (ALSM) is

established through equivalently averaging the system variables during a switching period.

Then, impose the disturbance on ALSM, and construct the direct current model (DCM)

and the small signal circuit model (SSCM). Thirdly, the closed-loop transfer function of

SSCM is built via Laplace Transform. Finally, on the basis of the transfer function, the

conditions of close loop stability are obtained for switching converters under the chaotic

duty modulation.

Chapter 7 studies the effects of chaotic modulation on the remaining useful life of switching

converters. From the failure modes of switching converters, key components are listed

with their failure models including transistor, electrolytic capacitor and rectifier. The

further research demonstrates that the output ripples resulting from chaotic modulation

influence the remaining useful life of the electrolytic capacitor, which shortens system life.

Additionally, once chaotic signal generator runs from chaos status into period, chaotic
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modulation fails to suppress EMI effectively, and thus the system performance degrades.

Chapter 8 indicates that the effects of chaotic modulation are mainly embodied in input

and output characteristics of switching converters. The respective test items and their

specifications are listed. Analyses are conducted on experimental results for PC’s power

supply ATX2.0 under chaotic modulation.

The last chapter draws the conclusions and looks forward to the future work.
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2 Circuitry Design for Chaotic Modulation

2.1 Introduction

By normal PWM control, switching converters generate serious electromagnetic interfer-

ence (EMI) because of the high change rates of voltage and current. Chaotic modu-

lation can be applied to reduce EMI by spreading the discrete EMI energy to a wide

frequency band due to the pseudo-randomness and the continuous spectrum characteris-

tics of chaos [34–36]. This chapter presents a qualitative analysis to explain why EMI of

switching converts can be suppressed by chaotic frequency modulation and chaotic duty

modulation, followed by proposals how to implement chaotic modulation.

The spectrum under chaotic modulation is obtained on the basis of Fourier Transform.

Effectiveness of EMI suppression can be evaluated from the frequency spectrum, by which

the greater the amplitudes of the fundamental of the switching frequency and harmonics

are, the more seriously the system generates EMI. On the contrary, EMI is suppressed if

their amplitudes are reduced.

Chaotic modulation has been conducted to reduce EMI in switching converters [30, 36–

38], commonly by attaching a disturbance to PWM control module. Taking the voltage-

controlled DC-DC buck as an example, this chapter propose the implementation circuits for

chaotic frequency modulation and chaotic duty modulation, respectively. The simulation

verifies the effectiveness of the proposed schemes.

2.2 Chaotic Frequency Modulation

2.2.1 Principle of Spectrum Spreading

Chaotic frequency modulation makes the cycle vary with a fixed duty. Denote the initial

time of the k-th pulse by tk and the cycle by τk. τk is described by chaos mapping χ:

τk = χ(τk−1), k = 1, 2, 3, ..., (2.1)

where τk−1 ∈ (0, 1), τ0 is the initial value of the chaotic series and represents the cycle of

the first pulse. The initial time tk+1 of the (k + 1)-th pulse is

tk+1 = tk + τk = tk + χ(τk−1), k = 1, 2, 3, ..., (2.2)

where τk−1 ∈ (0, 1). The variable t0 is the initial time of the transistor driving-pulse, and

assume t0 = 0. The variable tk+1 is determined by both tk and τk. Therefore, τk and tk
are both chaotic series. The transistor driving-pulse are shown in Figure 2.1, where A is

the amplitude and D is the duty, both are constant. The product of D and τk represents

the occupied time of the k-th pulse, and the k-th period of v(t) can be expressed by

14
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2.2 Chaotic Frequency Modulation

tO

v(t) k-1 k

A
D k-1 D k

tk-1 tk tk+1

Figure 2.1: Chaotic frequency modulation pulses

vk(t− tk) =

{
0, tk≤t < tk + (1−D)τk,

A, tk + (1−D)τk≤t < tk+1.
(2.3)

According to Fourier Transform [7], the pulse spectrum denoted by Fk(tk, ω) is [39]

Fk(τk, ω) =

tk+1∫
tk

vk(t− tk)e
−jωtdt

=

tk+(1−D)τk∫
tk

vk(t− tk)e
−jωtdt

+

tk+1∫
tk+(1−D)τk

vk(t− tk)e
−jωtdt

=

tk+1∫
tk+(1−D)τk

Ae−jωtdt

=
jA

ω
e−jωtk+1 [1− ejωDτk ], (2.4)

so the spectrum of v(t) denoted by F (ω) is

F (ω) =

+∞∑
k=1

jA

ω
e−jωtk+1 [1− ejωDτk ]

=
jA

ω

+∞∑
k=1

e−jωtk+1 [1− ejωDτk ]. (2.5)

As shown in Eq. (2.5), the variables tk+1 and τk are chaotic series, which are of the

pseudo-randomness. F (ω) is the function of tk+1 and τk, so that F (ω) has the continuous

spectrum. That is, the signal energy of v(t) is spread into a wide frequency range, which

results in EMI suppression.
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2 Circuitry Design for Chaotic Modulation

2.2.2 Circuitry Design

The schematic diagram of the voltage-controlled DC-DC converter is shown in Figure 2.2

and it is constituted by two modules. One is the power conversion which is made of the

switch Q, the rectifier diode D, the inductor L, and the capacitor C, and the other one

is the control module which ensures the closed-loop stability and produces the transistor

driving-pulse.

L

Q

DVs

RL

CPWM

is iL io

vo

A
C

Rs

Rch

chv

conv

Chaotic signal 
generator

sv

Vref

Power converting
 module

Control module
vsawtooth

Figure 2.2: The schematic diagram of chaotic frequency modulation

The chaotic signal vch is processed by the resistor Rch, then the processed signal is con-

nected to the comparator input vsawtooth. Denote the proportionality coefficient by k0,

there exists

vsawtooth = k0vch. (2.6)

Denote the output sampling voltage by vs and the reference voltage by Vref . The error

between vs and Vref is amplified to become the control voltage vcon. Once the system

keeps stable, vcon is approximately constant denoted by γ0. PWM pulse are obtained by

comparing vcon and vsawtooth. Denoting the pulses by z, one can obtain

z =

{
1, vsawtooth > vcon,

0, vsawtooth≤vcon.
(2.7)

In terms of Eq. (2.6) and vcon≈γ0, z can be expressed by

z =

{
1, vch > γ0

k0
,

0, vch≤γ0
k0
,

(2.8)
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2.3 Chaotic Duty Modulation

where the cycle τ of the PWM pulse is determined by the signal vch, which performs

chaotic frequency modulation, as shown in Figure 2.3.

t

vcon

vsawtooth

O

t

PWM

O

Figure 2.3: Switching pulses of chaotic frequency modulation

2.3 Chaotic Duty Modulation

2.3.1 Principle of Spectrum Spreading

For the chaotic duty modulation, the PWM cycle TS keeps constant and the duty varies

chaotically. Denote the initial time of the k-th pulse by tk and the duty by dk. The variable

dk is described by chaos mapping ψ

dk = ψ(dk−1), k = 1, 2, 3, ..., (2.9)

where dk ∈ (0, 1), d0 is the initial value of the chaotic series representing the first pulse

duty. Denote the pulse amplitude by the constant A. The conduct of dk and TS is the

occupied time of the k-th pulse, as shown in Figure 2.4. For the k-th period, the PWM

function v(t) is defined as [40]

vk(t− tk) =

{
0, tk ≤ t < tk+1 − dkTS ,

A, tk+1 − dkTS ≤ t < tk+1.
(2.10)

In terms of Fourier Transform [7], there is
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2 Circuitry Design for Chaotic Modulation

t

v(t)

O

A

t1

d0 dk-1 dk dk+1

Ts

tk tk+1 tk+2

Ts

Figure 2.4: The switching pulses under chaotic duty modulation

Fk(dk, ω) =

tk+TS∫
tk

vk(t− tk)e
−jωtdt

=

tk+dkTS∫
tk

vk(t− tk)e
−jωtdt+

tk+TS∫
tk+dkTS

vk(t− tk)e
−jωtdt

=

tk+dkTS∫
tk

Ae−jωtdt+

tk+TS∫
tk+dkTS

0e−jωtdt

=

tk+dkTS∫
tk

Ae−jωtdt. (2.11)

The cycle TS is constant, the initial time of the (k + 1)-th pulse is tk+1 = (k + 2)TS, and

Fk(ω) can be expressed as follows.

Fk(dk, ω) =

(k+2)TS∫
(k+2−dk)TS

Ae−jωtdt

= −
dkTS∫
0

Ae−jωtdt

=
jA

ω
[1− e−jωdkTS ]. (2.12)

Hence, the spectrum function F (ω) is

F (ω) =

+∞∑
k=1

jA

ω
[e−jωdkTS − 1] =

jA

ω

+∞∑
k=1

[e−jωdkTS − 1]. (2.13)

As indicated by the equation (2.9), the pulse duty dk is a chaotic series. F (ω) possesses

the characteristic of chaos and the continuous spectrum, which implies the EMI reduction.
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2.3 Chaotic Duty Modulation

2.3.2 Circuitry Design

As shown in Figure 2.5, the circuit is demonstrated for the chaotic duty modulation in

DC-DC buck converter by injecting the chaotic signal to the PWM module. As the output

of the control module, PWM is also expressed by Eq. (2.7).

LQ

DVs

RL

CPWM

is iL io

vo

A
C

Rs

Rch

refv

chv

refv
c o nv

Chaotic signal 
generator

Sv

Vrefvsawtooth

Figure 2.5: The schematic diagram of chaotic duty modulation

The feedback voltage vS is gotten by sampling the output through the resistor RS . If the

system runs stable, vS is nearly constant denoted by γ1. The variable vch is the external

chaotic signal and is linearly processed to be Δvref through the resistor Rch. Denote the

linear coefficient by k1, there

Δvref = k1vch. (2.14)

Hence, vref is

vref = Vref +Δvref , (2.15)

where Vref is constant, which completes a translation for Δvref , so vref reaches a reason-

able value range.

The variable vcon is the control voltage, which is the issue of amplifying the error between

vS and vref . Assume that the amplifier gain is constant, and denote the gain by A1. The

variable vcon is described by

vcon = A1(vS − vref ) = A1(γ1 − Vref)− A1k1vch, (2.16)

where includes two parts. One part of the equation is A1(γ1 − Vref), which is constant

denoted by γ2. The other one is A1k1vch, and the product of A1 and k1 is constant, which

is denoted by γ3. Therefore, vcon is simplified as
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2 Circuitry Design for Chaotic Modulation

vcon = γ2 + γ3vch. (2.17)

Define the sawtooth as

vsawtooth = VL + (VU − VL)(
t

Ts
mod1), (2.18)

where VL and VU are the minimum and maximum values respectively, and Ts is the cycle

of the sawtooth.

As depicted by the preceding, vcon is the result of processing vch by the linear transfor-

mation and translation, therefore, vcon persists the chaotic characteristic of vch. PWM is

further expressed

z =

{
1, vsawtooth > γ2 + γ3vch,

0, vsawtooth≤γ2 + γ3vch.
(2.19)

Hence, vcon and vsawtooth work together to produce PWM pulses. The pulse cycle is the

same as the cycle of vsawtooth, but the duty is determined by vcon and vsawtooth. In essence,

the duty varies along with vch, which means realizing the chaotic duty modulation, as

shown in Figure 2.6.

t

vcon

vsawtooth

O

t

PWM

O

VU

1Ts 2Ts 3Ts 4Ts 5Ts 6Ts

VL

Figure 2.6: Switching pulses of chaotic duty modulation

2.4 Simulations

In terms of Figures 2.2 and 2.5, simulations are conducted by the software Saber. Assume

that US=28 V, fS=50 kHz, RL = 1 Ω, L=1 mH, C=470 uF and the power switch model

is IRF130 sl2. Comparisons are conducted among the normal PWM, chaotic duty modu-

lation and chaotic frequency modulation. In order to keep the system stable and obtain

the best effect, the chaotic signal with the central frequency 25 kHz is applied in chaotic
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2.5 Summary

duty modulation, while the chaotic signal with the central frequency 48 kHz in chaotic

frequency modulation.

FFT of PWM pulse and inductor current are demonstrated in Figure 2.7. Table 2.1 lists

the amplitudes of the fundamental component and harmonics under three cases. It can

be found that the peaks at the fundamental and harmonics are smoothed under chaotic

modulation, which means the EMI suppression. For PWM pulse, under normal PWM

control, chaotic duty modulation and chaotic frequency modulation, the amplitudes of

its fundamental component are -39.2 dB, -40.8 dB and -45 dB, respectively. From the

viewpoint of EMI reduction, chaotic frequency modulation is more effective than chaotic

duty modulation, however, more serious output ripples occur under chaotic frequency

modulation, as shown in Figure 2.8.

(a) FFT of the transistor driving-pulse
(b) FFT of the inductor current

Figure 2.7: FFT waveforms (Upper: normal PWM, middle: chaotic duty modulation, lower:

chaotic frequency modulation)

2.5 Summary

Chaotic frequency modulation and chaotic duty modulation have been respectively ana-

lyzed for suppressing EMI. The respective implementation circuit for DC-DC buck con-

verter has been proposed. Chaotic modulation has been performed by injecting the chaotic

signal into the PWM control module. According to the simulation results, these two types

of chaotic modulations can smooth the peaks of the fundamental of the switching frequency
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2 Circuitry Design for Chaotic Modulation

Figure 2.8: Output ripples

Table 2.1: The amplitudes of inductor currents under the different PWM controls

fS 2fS 3fS 4fS 5fS 6fS

Normal PWM -39.2 -54.5 -63 -63 -72 -70

Chaotic frequency -45 -62 -70 -73 -78 -80

Chaotic duty -40.8 -57 -64 -70 -72 -73

and harmonics and reduce EMI. In the meantime, the output ripple under the chaotic duty

modulation is less than that under the chaotic frequency modulation.
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3 Central Frequency of Chaotic Signals

3.1 Introduction

Chaotic modulation has been widely applied in the security communication, the EMI

suppression of power electronics and so on [34–36], because the spectrum can be spread

through chaotic modulation due to the pseudo-randomness and the continuous spectrum

characteristics of chaos. Some researches [20, 22, 33] have probed that the effectiveness of

EMI suppression is related to the spectral characteristics of the chaotic signal used by the

chaotic modulation.

The spectral characteristics of chaotic signal mainly refers to the spectral distribution, i.e.

spectral peaks and width. Factually, with some peaks and a limited spectral rangespec-

tral curve of chaotic signal is not smooth, which makes itself a non-ideal wide spectrum

signal [41]. In order to analyze quantitatively, this study defines the central frequency

of chaotic signal as the frequency corresponding to the greatest spectral peak of chaotic

signal, denoting the central frequency as fo.

A chaotic signal is produced by some deterministic rules [42], which are categorized into

discrete chaos mapping systems and continuous chaos systems. Under certain conditions,

some discrete nonlinear mapping systems generate the chaotic series, like Logistic map,

Henon map and Tent map. The continuous chaos system is commonly described by a

nonlinear differential equation, presenting that the chaotic signal is continuous on its am-

plitude and time. The systems are classified into the non-autonomous system and the

autonomous one according to the relation between system status and time.

This chapter mainly focuses on central frequencies of chaotic signals produced by a non-

autonomous system and an autonomous one, respectively, taking the Duffing oscillator

as the example of non-autonomous system and Chua’s circuit as the example of an au-

tonomous one.

3.2 Duffing Oscillator

The Duffing equation describes the status of an elastic system under the external periodic

force [43], as shown in Eq. (3.1).

ẍ+ aẋ+ kx+ μx3 = F cos(ωt), (3.1)

where F and ω are amplitude and angular frequency of the external periodic force, respec-

tively. a, k and μ are constant coefficients of elastic system. Given k=1, μ=1, a=-0.5, and

the initial values of ẍ and ẋ stand for -0.1, simulation is conducted with Matlab software.

Firstly, keep ω constant and enable F changeable. Here, let ω=2, then the trajectories and

power spectrum curves of Duffing elastic system are shown in Figure 3.1.
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-1.5 -1 -0.5 0 0.5 1
-2

-1

0

1

2

0 300 600 900 1200 1500
-120

-100

-80

-60

-40

freq Hz

P
S

D
 d

B

(a) F=3.5

-0.5 0 0.5 1 1.5
-2

-1

0

1

2

0 300 600 900 1200 1500
-120

-100

-80

-60

-40

freq Hz

P
S

D
 d

B

(b) F=3.25

-3 -2 -1 0 1 2
-4

-2

0

2

4

0 300 600 900 1200 1500
-120

-100

-80

-60

-40

freq Hz

P
S

D
 d

B

(c) F=3.0

Figure 3.1: The system trajectory and the PSD of the signal when ω=2

Once F is changed, the elastic system status evolves among the period, multi-period and

chaos, as demonstrated in Figure 3.1.

When F=3.5, the system appears periodic and the trajectory is close-loop. There are

three distinct peaks on the signal power spectrum curve. The fundamental component f1
is highlighted by an arrow in this figure, and the adjacent peaks refer to the 2nd. and the

3rd. component denoted by 2f1, 3f1, respectively.

When F=3.25, the system runs into bi-period. The signal power spectrum curve appears

multiple components like 0.5f1, f1, 1.5f1, 2f1, 2.5f1 and 3f1.

When F=3.0, the system displays chaotic. The signal power spectrum curve flattens its

peaks, but the component f1 still remains its greatest peak.

Then, keep F constant and change the value of ω. The trajectories and power spectrum

curves can be seen in Figure 3.2 when ω is equal to 4, 5 and 6, respectively. Each power

spectrum curve has a distinct peak located at the fundamental component. Along with

increasing ω, the frequency of the fundamental component increases.

Thus, Duffing elastic system develops in many statuses like single-period, multi-period

and chaos when the amplitude of the external force varies. However, the frequency of

the fundamental component is invariant on the signal power spectrum curve as long as the

angular frequency ω of external force keeps constant. On the contrary, when the amplitude

of external force keeps constant and the angular frequency ω varies, the system behaviour

can be changed from period to chaos. The frequency of fundamental component varies

along with ω, on which the greatest spectral peak appears.
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3.3 Chua’s Circuit
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Figure 3.2: The system trajectory and the PSD of the signal while changing ω

3.3 Chua’s Circuit

Chua’s circuit is composed of a sine oscillator and a voltage-controlled nonlinear resis-

tor [42], which includes three energy storage elements, an inductor and two capacitors.

Figure 3.3 (a) shows Chua’s circuit, in which we denote i1 as the current through the in-

ductor L1, v1 and v2 as the voltages across the capacitors C1 and C2. Figure 3.3 (b) presents

the v− i characteristic curve of the nonlinear resistor Nr, which is piecewise linear function

with the outer line slope m0, the internal line slope m1, and the abscissas +BP,−BP of

the two breakpoints. Chua’s circuit is expressed by the following equations (3.2).

⎧⎪⎨
⎪⎩

dv1
dt = 1

C1
[(v2 − v1)G− f(v1)],

dv2
dt = 1

C2
[(v1 − v2)G+ i1],

di1
dt = 1

L1
v2,

(3.2)

where G = 1
R , f(v1) is the current ir through Nr, which is the function of v1. It can be

expressed as

f(v1) = m0v1 + 0.5(m1 −m0)[|v1 + BP| − |v1 − BP|]. (3.3)
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Figure 3.3: Chua’s circuit and the characteristic of the nonlinear resistor

3.3.1 Unitary Processing

A unitary processing is made for the equations (3.2) and (3.3). Set the parameters as

follows [44].

x =
v1
BP

, y =
v2
BP

, z =
Ri1
BP

, τ =
t

RC2
,

α′ =
C2

C1
, β′ =

C2R
2

L1
, a = Rm1, b = Rm0.

(3.4)

The dimensionless equations (3.5) is obtained for Chua’s circuit.⎧⎪⎨
⎪⎩

dx
dτ = α′(y − x− f(x)),
dy
dτ = x− y + z,
dz
dτ = −β′y,

(3.5)

where

f(x) = bx+ 0.5(a− b)[|x+ 1| − |x− 1|], (3.6)

and the function (3.6) is three segment linear, which has two slopes of a and b.

For the equations (3.5) and (3.6), simulations are conducted under the parameter set:

α′ = 9.0, β′ = 14.87, a = −1.183 and b = −2.3114. The evolving waveform of v2 and the

trajectory of v2 − v1 are shown in Figure 3.4.

It can be seen that Chua’s circuit holds the chaotic behavior as long as the parameter set

remains invariant. According to the equation (3.4), there is no effect on α′, β′, a and b

when increasing or decreasing C1, C2 and L1 simultaneously.

3.3.2 The Oscillating Frequency

The equation (3.6) can be described as a third-order linear polynomial function, which is

the complex frequency domain as expressed [45],
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Figure 3.4: The chaotic signal of Chua’s circuit and the trajectory of v2 − v1

s3 + q2s
2 + q1s+ q0 = 0, (3.7)

where s is the complex frequency, q0, q1 and q2 are determined by C1, C2, G, L1 and

mi(i = 0, 1). That is, q0 =
G+mi

L1C1C2
, q1 =

1
L1C2

+ G+mi

C1C2
, q2 =

G
C2

+ G+mi

C1
.

When the oscillator of Chua’s circuit runs in sine periodic status, the oscillating frequency

remains at a constant value, on which the energy concentrates. Hence, the spectrum of

oscillating signal is discrete. The component of oscillating frequency is demonstrated in

Figure 3.5 (a). According to the oscillating condition, the oscillating frequency of Chua’s

circuit is estimated as [45],

f =
1

2π
√
L1C2

√
1 +

GL1mi

C1
, i = 0, 1. (3.8)

Once Chua’s circuit runs into chaotic status, the energy is scattered at each component.

However, the energy is relatively concentrated on the limited scope centered the oscillating

frequency, as displayed in Figure 3.5 (b).

3.4 Central Frequency

From the above analysis of Duffing oscillator and Chua’s circuit, the nonlinear systems

run from period to chaotic status under certain conditions. Consequently, the signal spec-

trum curves vary, but a distinct peak locates at the fundamental component. For Duffing

oscillator, the fundamental frequency is determined by the angular frequency of external

force. For Chua’s circuit, the fundamental frequency is the oscillating frequency, which is

determined by device parameters. The fundamental frequency is just the central frequency

fo of chaotic signal determined by the interior parameters of the system.

In Duffing elastic system, fo is the fundamental frequency of chaotic signal, which is

influenced by the angular frequency ω. As a result, the greater ω, the greater fo. Figure 3.6

shows the evolving waveforms of Duffing chaotic signals under two different ω. The evolving
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Figure 3.5: The trajectory of Chua’s circuit and the PSD of the signal

speed is higher when ω=14 than when ω=2. Figure 3.7 exhibits two sets of chaotic signals

and their spectra produced by Chua’s circuit simulated by Saber 7.0. One is about the

central frequency fo=12.4 kHz, the other is about fo=24 kHz.

In short, the central frequency fo is an attribute of chaotic signal and describes its evolving

speed, which is corresponding to the greatest spectral component of chaotic signal.

4960 4965 4970 4975 4980 4985 4990 4995 5000
-2

-1

0

1

2

t

dx
/d

t

(a) F=3.0 ω=2

4960 4965 4970 4975 4980 4985 4990 4995 5000
-1.02

-1.01

-1

-0.99

-0.98

t

dx
/d

t

(b) F=3.0 ω=14

Figure 3.6: The evolving waveform of the chaotic signal in Duffing system
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(a) C1 : 2.45nF, C2 : 22.7nF, L1 : 5mH (b) C1 : 1.20nF, C2 : 11.2nF, L1 : 2.5mH

Figure 3.7: The chaotic signals of Chua’s circuit (upper)and their spectra (lower)

3.5 Summary

The study has been developed through Duffing oscillator and Chua’s circuit that the non-

linear system would be oscillating around the central frequency once it shows the chaotic

behavior. The central frequency is defined as the frequency corresponding to the great-

est spectral peak of chaotic signal. Meanwhile, the central frequency reflects the changing

speed of chaotic signal. In the following chapter, the further study is to explore the effect of

the central frequency on EMI reduction in switching converters under chaotic modulation.
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4 Effect of Central Frequency on EMI Reduction

Chaotic signals have the characteristics of fluctuant and continuous spectrum waveform due

to the pseudo-randomness of chaos. The frequency corresponding to the largest spectral

peak of a chaotic signal is defined as the central frequency in the previous chapter. This

chapter is concerned with the effect of the central frequency on chaotic modulation. As one

kind of spread spectrum modulation, the chaotic duty modulation is adopted to suppress

electromagnetic interference (EMI) in switching converters. Simulations and experiments

are conducted to verify the idea on a DC-DC buck converter. In terms of the central

frequency, whether the chaotic signal being the most optimal for chaotic modulation or

not can be estimated.

4.1 Introduction

Due to the pseudo-randomness and continuous spectrum of chaos, chaotic modulation has

been widely applied in the security communication, the EMI reduction of power electronics

and so on [34–36]. However, the spectrum waveform of chaos is fluctuant with some peaks

and the energy concentrates upon a limited range of frequency [41]. It is reported in [46]

that the spectrum range of the chaotic signal is required to match the actual bandwidth of

the communication channel in the security communication. In another paper [22], a chaotic

frequency modulation has been implemented to reduce EMI by connecting external Chua’s

chaotic signal to the PWM module of a DC-DC boost converter, and the chaotic oscillating

frequency is required to approach the switching frequency of the converter. Therefore, the

effectiveness of chaotic modulation is related to the spectral characteristics of chaotic signal.

As an attribute of chaotic signal, its central frequency fo has been defined as the frequency

corresponding to the the largest spectral peak in Chapter 3. In this chapter, on the basis of

Fourier Transform, the spectrum expressions are derived for the normal PWM signal and

the chaotic duty modulation signal, respectively. It is certified that the PWM spectrum

under chaotic modulation is continuous in the frequency and the amplitude, for which the

spectral amplitudes of the fundamental component and its harmonics are affected by the

central frequency of the chaotic signal. Based on Chua’s circuit, the simulation and the

experimental results indicate that the optimal central frequency is related to the switching

frequency fs. Meanwhile, an algorithm is designed to produce the chaotic signal from the

discrete chaos map. A chaotic digital signal generator is realized through embedding the

micro-controller unit (MCU) or micro-processor unit (MPU) into the system, on which the

simulation and experimental tests are verified that the central frequency has an effect on

the EMI suppression.
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4.2 Frequency Spectrum under Chaotic modulation

4.2 Frequency Spectrum under Chaotic modulation

The voltage-controlled PWM module has been taken as an example, in which an oscillator

generates the periodic sawtooth waves. The following is about the PWM spectrum under

the chaotic duty control.

4.2.1 Chaotic Duty Modulation

As shown in Figure 2.5, the circuit is demonstrated for the chaotic duty modulation in a

DC-DC buck converter by injecting the chaotic signal to the PWM module.

The variable vch is the external chaotic signal and is linearly processed to be Δvref through

the resistor Rch. Denote the linear coefficient by k1, there

Δvref = k1vch. (4.1)

The variable vcon is the control voltage. It is the issue of amplifying the error between vS
and vref . Assume that the amplifier gain is constant and denoted by A1. The variable

vcon is described by

vcon = A1(vS − vref ) = A1(γ1 − Vref)− A1k1vch, (4.2)

which includes two parts. One part of the equation is A1(γ1 − Vref), which is constant

and denoted by γ2. The other one is A1k1vch, where A1k1 is constant and denoted by γ3.

Therefore, vcon is simplified as

vcon = γ2 + γ3vch. (4.3)

Because vcon is the result of processing vch by linearization and translation, vcon is also

chaotic and the duty of the modulation pulse is consequently chaotic, as shown in Fig-

ure 4.1.

t

vcon

vsawtooth

O

t

PWM

O

VU

1Ts kTs (k+1)Ts

tk tk+1

VL

Figure 4.1: Waveforms of vsawtooth, vcon and chaotic modulation pulse
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4 Effect of Central Frequency on EMI Reduction

4.2.2 Spectral Analysis

Define the sawtooth as

vsawtooth = VL + (VU − VL)(
t

Ts
mod1), (4.4)

where VL and VU are the minimum and the maximum respectively, and Ts is the cycle of

the sawtooth. In Figure 4.1, high-level initial time tk of the kth pulse is determined by the

crosspoint of vcon and vsawtooth:

tk = (k − 1)Ts +
vcon − VL

VU − VL
Ts

= (k − 1)Ts +
γ3vch + γ2 − VL

VU − VL
Ts. (4.5)

Denote vch at the crosspoint by vch(k) in the kth cycle. In terms of Fourier transform [7],

the spectrum for the kth pulse is expressed as

Fk(ω) =

kTs−tk∫
0

Ae−jωtdt =
jA

ω
[e−jω(kTs−tk) − 1], (4.6)

further, the equation (4.6) can be rewritten as

Fk(ω) =
jA

ω

[
e
−jω

(
Ts−

(
γ3vch(k)+γ2−VL

VU−VL
Ts

))
− 1

]
. (4.7)

Assume γ3vch+γ2−VL

VU−VL
= μvch + b1, then μ = γ3

VU−VL
> 0, and b1 = γ2−VL

VU−VL
> 0. The

equation (4.7) can be expressed as

Fk(ω) =
jA

ω

[
e−jωTs(1−μvch(k)−b1) − 1

]
. (4.8)

Hence, the spectrum of chaotic modulation pulse denoted by F (ω) is

F (ω) =

+∞∑
k=1

jA

ω

[
e−jωTs(1−μvch(k)−b1) − 1

]
. (4.9)

From Eq. (4.9), the F (ω) is a continuous function because of the chaotic PWM pulse.

EMI peaks of the converter are commonly known at the fundamental component and its

harmonics of the switching frequency, so F (ω) have the extremal points. Denote nω1

as angular frequency of the nth harmonic (n is a integer, it represents the fundamental

when n = 1, otherwise it represents the harmonics). According to the equation (4.9), the

fundamental and the harmonics can be expressed as

F (ωn) =

+∞∑
k=1

jA

ωn

[
e−j2nπ(1−μvch−b1) − 1

]

=

+∞∑
k=1

jA

ωn

[
e−j2nπej2nμvch(k)πej2nb1π − 1

]
, (4.10)
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4.2 Frequency Spectrum under Chaotic modulation

where e−j2nπ and ej2nb1π are constant, ej2nπμvch(k) is variable, and F (ωn) varies along

with vch(k). Because F (ωn) is the extremal point, there exists extremal values at the

fundamental and the harmonics for ej2nπμvch(k). In terms of the extremal conditions, one

can get
d(ej2nπμvch(k))

dω = 0, and
d2(ej2nπμvch(k))

dω2 < 0. Further,

d
(
ej2nπμvch(k)

)
dω

= j2nπμej2nπμvch(k)
dvch(k)

dω
, (4.11)

d2
(
ej2nπμvch(k)

)
dω2

= −(2nπμ)2ej2nπμvch(k)
(
dvch(k)

dω

)2

+ j2nπμej2nπμvch(k)
d2vch(k)

dω2
. (4.12)

When
dvch(k)

dω = 0, the equation (4.11) becomes 0. When
dvch(k)

dω = 0 and
d2vch(k)

dω2 < 0,

Eq. (4.12)<0. Therefore, when vch spectrum obtains the extremal values at the funda-

mental component of the switching frequency and its harmonics, the modulation pulse

spectrum reaches the extremal value. Hence, at the fundamental and the harmonics, vch
spectrum maximizes, so does F (ωn) spectrum.

The frequency of the chaotic signal spectrum peak has been defined by central frequency,

which is denoted by fo. Hence, the fundamental component and its harmonics of the

modulation pulse maximize when fo equals the switching frequency fs, as shown in Fig-

ure 4.2 (a). In order to smooth the spectrum peaks of the modulation pulse to suppress

EMI, fo should be deviated from the fundamental and the harmonics of the switching

frequency, for example, fo = (0.5 + n)fs, n = 0, 1, 2.... Figure 4.2 (b) is for fo = 0.5fs.
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(b) fo = 0.5fs

Figure 4.2: Illustration for spectra of vch (upper),vsawtooth (middle) and driving-pulse (lower)
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Table 4.1: Combinations of parameters and the relative central frequency

parameters fo(kHz)

C1 = 44 nF, C2 = 396 nF, L1 = 88 mH 0.7

C1 = 22 nF, C2 = 198 nF, L1 = 44 mH 1.4

C1 = 11 nF, C2 = 99 nF, L1 = 22 mH 2.8

C1 = 5.5 nF, C2 = 49.5 nF, L1 = 11 mH 5.6

C1 = 2.7 nF, C2 = 25 nF, L1 = 5.5 mH 11.2

C1 = 2.45 nF, C2 = 22.7 nF, L1 = 5 mH 12.5

C1 = 1.70 nF, C2 = 15.8 nF, L1 = 3.5 mH 17

C1 = 1.45 nF, C2 = 13.5 nF, L1 = 3 mH 20.5

C1 = 1.20 nF, C2 = 11.2 nF, L1 = 2.5 mH 24

C1 = 0.95 nF, C2 = 9.0 nF, L1 = 2 mH 29

C1 = 0.80 nF, C2 = 7.65 nF, L1 = 1.7 mH 34.57

C1 = 0.76 nF, C2 = 7.20 nF, L1 = 1.65 mH 36

4.3 Chaotic Analogue Signal

4.3.1 Parameter Configuration for Central Frequency

Chaotic analogue signal generator usually applies Chua’s circuit and its improved cir-

cuits [17, 37]. According to the equation (3.4) in Chapter 2, the system still runs in chaos

while adjusting the capacitors C1, C2 and the inductor L1 as well as remaining the pa-

rameters α′, β′, a and b unchanged [44]. For a practical circuit scheme, each component

is selected according to its nominal values, so the theoretical values of C1, C2 and L1 are

adjusted slightly in accordance with their nominal value. From the equation (3.8), differ-

ent central frequency can be obtained by adjusting the parameters of C1,C2 and L1 [44].

Table 4.1 lists some sets of parameter combinations and the respective center frequencies.

The analysis is conducted on a DC-DC buck converter as shown in Figure 2.5. According

to Eq. (2.7), the chaotic duty modulation is realized with two analogue signals acting as

the inputs of the comparator, which produces the chaotic duty pulses. Once the system

generates the steady output voltage, vcon is expressed by Eq. (4.3) in case of γ2 and γ3
being constant. Hence, vcon is the result of the linearization and the translation of vch.

The values of γ2 and γ3 make the period of vcon as same as the period of vch, which keep

the frequency character unchanged after the linearization and the translation. Figure 4.3

shows the evolving waves of the control voltage vcon, the sawtooth and the chaotic duty

pulse, respectively.

4.3.2 Simulations and Experiments

a. Simulations

Based on Figure 2.5, the parameters are listed as follows: RL = 1 Ω, L = 1 mH, C =

470 uF, α′ = 0.25,VL = 0 V,VU = 3 V,Vs = 25 V,Vref = 2.4 V, Rch = 10 kΩ. The

sawtooth oscillating frequency of PWM module is set up at 48 kHz, so the switching
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vcon

vsawtooth

pwm

Figure 4.3: Chaotic duty modulation

Table 4.2: The amplitudes of the fundamental component (unit:dB)

fO (kHz) 0.7 1.4 2.8 5.6 11.2 12.5 13.5 17 20.5

PWM FFT 18.10 18.17 18.38 18.04 17.93 17.66 17.77 17.52 17.36

iL FFT -39.40 -39.84 -39.89 -40.29 -40.34 -40.36 -40.43 -40.82 -40.92

fO (kHz) 24 29 34.5 36 40 48.5 54 63 no chaos

PWM FFT 17.34 15.78 17.11 17.57 17.67 18.55 19.32 19.41 19.22

iL FFT -41.10 -41.89 -40.93 -40.68 -39.56 -39.56 -38.60 -38.43 -38.78

frequency fs is 48 kHz. When the system is controlled by the normal PWM without

chaotic modulation, the resistor Rch is disconnected. When the system is controlled by

chaotic PWM, the external chaotic signal vch, which is drawn from the voltage v2 of Chua’s

circuit, is connected to the resistor Rch.

Simulations are conducted to compare EMI reduction effects with different center frequen-

cies of chaotic signals. The parameters of Chua’s circuit are set up according to Table 4.1.

Taking the amplitude of the fundamental component as the object, Table 4.2 lists the val-

ues about the PWM and the inductor current under different center frequencies. Further,

it can be also observed in Figure 4.4 that FFT fundamental amplitudes vary along with

the central frequency. The lowest value appears when fo ≈ 0.5fs, which means the optimal

EMI suppression.

b. Experimental Results

The scheme in Figure 2.5 is realized by hardware. Assume RL = 1 Ω, L = 1 mH, C =

470 uF,VL = 0 V,VU = 3 V,Vs = 25 V,Vref = 2.4 V, Rch = 10 kΩ, and the switching

frequency fs = 25 kHz. Chaotic signals with fo = 24 kHz and fo = 12.5 kHz are respec-

tively produced by adjusting the parameters of C1, C2 and L1 in Chua’s circuit according

to Table 4.1. PWM waveforms and their spectra are shown in Figure 4.5. It can be

observed that the amplitudes of the fundamental and harmonics are reduced more when

fo = 12.5 kHz than when fo = 24 kHz.
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(a) fo = 12.5 kHz (b) fo = 24 kHz

Figure 4.5: The experimental waveforms for transistor driving-pulse
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4.4 Chaotic Digital Signal

4.4 Chaotic Digital Signal

4.4.1 Chaotic Maps

A chaotic signal can be generated by some various means which sre categorized into the

analogue and the digital, but an analogue chaos circuit is infamous for the questions of

parameter drift and parameter adjusting. Compared with chaotic analogue signal gen-

erator, the digital one possesses two advantages for using the chaos map to produce the

chaotic signal. One is adjusting parameters easily by programming, the other one is the

code remaining unchanged once burned into the chip.

There are some typical chaotic maps such as Logistic map, Henon map and Tent map,

which are listed as follows.

1. Logistic map:

xn+1 = axn(1− xn),

3.5699456 < a ≤ 4, n = 1, 2, 3, ... xn ∈ (0, 1). (4.13)

2. Henon map: {
xn+1 = yn+1 − ax2n+1,

yn+1 = bxn,

a ∈ (0, 1.4), 0.2 < b ≤ 0.314, n = 1, 2, 3, ... (4.14)

3. Tent map

xn+1 = a− (1 + a)|xn|,
a ∈ (0, 1), n = 1, 2, 3, ... xn ∈ (0, 1). (4.15)

To generate the chaotic signal based on the chaos map, the following steps are demanded

to complete. Firstly, design the algorithm to make the signal chaotic. Then, on the basis

of the algorithm, program the chaos map into the micro-controller unit (MCU) or the

micro-processor unit (MPU). Thirdly, convert the MCU or MPU output into the analogue

signal via the digital-analogue conversion (DAC). Finally, linearize the analogue signal in

order to suit the application.

4.4.2 Algorithm Design

According to Logistic equation (4.13), the system runs in chaos when the factor a and the

initial value x0 are chosen as follows: a = 4x0 = 0.3. The key for the algorithm is how

to convert xn+1 to the digital signal and the continuous waveform, such as the triangle,

rectangle, sine and so on. Every discrete value is corresponding to the cycle of the wave.

Denote the corresponding cycle is Tn+1, which is calculated as

Tn+1 = N · (k · (xn+1 − 0.5) + TC), (4.16)

where TC and N are set up as two constants and k is a adjusting factor. On the basis

of Eq. (4.13), xn ∈ (0, 1), hence, (xn+1 − 0.5) ∈ (−0.5,+0.5) and Tn+1 is the magnifying
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4 Effect of Central Frequency on EMI Reduction

result based on TC with a left or right offset. That is Tn+1 ∈ (N(TC−0.5k),N(TC+0.5k)).

Once TC, N and k are determined, the cycle Tn+1 can be estimated. In another word, the

wave can be expected through configuring TC, N and k.

For a triangle wave, the algorithm flow chart is presented in Figure 4.6.

i=N ?

xn+1=4xn(1-xn) Tn+1=N(Tc+k(xn+1-0.5))

            i=i+1

yes

no

Tn+1/N
VUp

VLo

Setup for N, k and Tc
i=0, n=0, x0=0.3

n=n+1

Figure 4.6: Algorithm flow chart of generating chaotic signal based on Logistic map

Assume the maximum and the minimum of the triangle wave as VU and VL respectively,

as shown in Figure 4.7. From the algorithm, the (n+1)th wave undergoes N steps from

the minimum VL to the maximum VU. Suppose that i, j, t are variables. There exists

vt = VL + (VU − VL)(t−
n∑

j=1

Tj),

n∑
j=1

Tj < t <

n+1∑
j=1

Tj , (4.17)

where t =
∑n

j=1 Tj + iTn+1

N , i = 1, 2, ...N, i is a counter that counts the running step, as

shown in Figure 4.6.

The greater the value of N is, the smoother the waveform appears. Meanwhile, the time

that every step holds also reflects the smoothness, which is determined by Tn+1/N.

T1

Figure 4.7: Triangle wave

Essentially, the algorithm converts the discrete variable of the chaos map to the changeable

cycle of the wave. Hence, Tn+1 is determined by xn+1 and the slope of the (n+1)th triangle
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4.4 Chaotic Digital Signal

Table 4.3: The parameter configuation for the virtual oscillator

horizontal trigger

source: trace source: channel A

position: 250.00 mS level: 1.00 V

S/Div: 25.00 mS coupling: AC

edge: Rising

mode: Auto

wave is determined by Tn+1. Denote tanα as the slope. It is calculated by

tanα =
VU − VL

Tn+1
. (4.18)

Because xn+1 belongs to the chaos sequence, Tn+1 varies chaotically and the triangle wave

is chaotic.

4.4.3 Simulations and Experiments

a. Simulations

Normally, any MCU or MPU and DAC have their operating speed, which determines the

maximum frequency of processed signals. In this premise, the speed of discrete status

switching can be adjusted by the parameters like TC and k according to Eq. (4.16).

Simulation is implemented by the software Proteus 7.0. The micro-controller STC89C52RC

and DAC1230LC are main components in the simulating schematic and the external os-

cillating frequency is 11.0592 MHz. The settings of virtual oscilloscope are followed in

Table 4.3.

Figure 4.8 shows the output waves when k = 10 and TC varies. Figure 4.8 (a), (b) and (c)

are corresponding to the three different values of TC, 20, 10 and 5 respectively. According

to the equation (4.16), while TC is decreasing, Tn+1 is decreasing, that is, the system is

faster to convert xn+1 into chaotic analogue signal as demonstrated in Figure 4.8. On the

contrary, the greater the TC, the slower the system completes the conversion.

After the system having run for some time, it can be observed that the output waveform

escapes from the chaos and appears periodic, as shown in Figure 4.9. The reason is that

any MCU or MPU has a limited floating point arithmetic precision. The more times the

variable iterates, the more information it loses. In the end, the output signal evolves to

be periodic. The higher the floating point arithmetic precision is, the longer the variable

keeps chaotic. However, the system will eventually run into the periodic status, so it is

necessary to figure out the solution.

Basic thought of the solution is to reset and initialize the discrete map before entering

the periodic status. One method is to unconditionally initialize the system in every fixed

period of time. Another method is to reset the system only when the discrete series are

detected to repeat cyclically, which means that xn+1 = xn.

b. Experimental Results
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(a) TC = 20 (b) TC = 10

(c) TC = 5

Figure 4.8: DAC outputs with the different TC

Figure 4.9: From chaos to periodic status

The hardware design is made on the basis of the schematic of the simulation. In order to

facilitate, the MPU STM32f10x dac with a module of DAC inside is used to replace the

MCU STC89C52RC and DAC1230LC, as shown in Figure 4.10.

The algorithm of generating chaotic signal by Logistic map is accomplished in the micro-

processor STM32f10x dac. After being converted by the DAC module, the processed

signal undergoes the linearlization by two-stage OP285GP amplifying circuit. Magnifying

function is realized at the first stage, and the translation is completed at the second stage,

so that the output chaotic signal has the reasonable range suitable for the application.

The experimental tests are demonstrated in Figure 4.11. Under the same value of k, TC

varies among 100, 25 and 3.6. Each sub-graph includes the time evolution and its Fast
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Figure 4.10: Schematic of the generating the chaotic signal

Fourier Transform (FFT).

In Figure 4.11 (a), TC=100, the time evolution is slow and the peak of FFT is located

at 100 Hz, which demonstrates the main frequency component of the chaotic signal. In

Figure 4.11 (b), TC=25, the peak of FFT increases to 400 Hz. Figure 4.11 (c) shows the

higher frequency of 2.8 kHz when TC=3.6. The frequency of the FFT peak reflects the

speed that the chaotic signal varies.

The tests are conducted on the output voltage of the power switch, and the sub-figures

in Figure 4.12 show the output FFTs under the normal PWM control and the chaotic

PWM control with the central frequency fo equal to 100 Hz, 400 Hz, 2.8 kHz, respectively.

With the normal control, the comparisons indicate that chaotic modulation suppresses

EMI through reducing the amplitudes of the fundamental component and its harmonics

components. What’s more, the effectiveness of EMI suppression is improved along with

the increasing value of central frequency fo.

4.5 Summary

This chapter proves that the central frequency has an effect on the EMI suppression in

switching converters under chaotic modulation. Simulation and experimental results have

verified that it is optimal for reducing EMI with chaotic duty modulation when the central

frequency of chaotic signal is close to one half of the switching frequency, which supplies a

reference for the application of chaotic modulation.

Chaotic modulation is realized by two ways of the analogue circuit and the digital circuit.

Chua’s circuit and its improved circuits are commonly used to produce chaotic analogue

signal. Although Chua’s circuit is simple and mature, it is sensitive to the surrounding and

device parameters, which leads to the variation between the chaos and multi-period status.
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(a) TC = 100 (b) TC = 25

(c) TC = 3.6

Figure 4.11: Chaotic signals and their spectra

(a) Normal PWM (b) fo = 100 Hz

(c) fo = 400 Hz (d) fo = 2.8 kHz

Figure 4.12: FFT of the Switch Output Voltage under Normal PWM and Chaotic PWM
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4.5 Summary

A chaotic digital signal is produced through programming the chaos map and burning the

codes into MCU or MPU everlastingly, which has the shortcomings , such as the limited

float precision and operating speed.
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5 Realizing Chaotic Duty Modulation

5.1 Introduction

Spread spectrum modulation is categorized as four modes [30–32]: pulse width modula-

tion with variable duty and fixed cycle (PWM), pulse position modulation with variable

position of the pulse and fixed cycle (PPM), frequency modulation with variable duty

(FMVD) and frequency modulation with fixed duty (FMFD). All the above modulations

reduce the amplitudes of the fundamental component and its harmonics of the switching

frequency [24]. Among the four modes, FMFD is the most effective spread spectrum [25],

which is the most common mode used to spread the spectrum and suppress EMI in the

switching converters [17, 21, 22]. However, FMFD is limited in applications because its

varying frequency affects the circuit design and the power component selection.

The chaotic duty modulation keeps at a fixed frequency, which facilitates the action of the

power components , such as power switch, high-frequency transformer and rectifier diode.

In Chapter 3, the chaotic duty modulation was analyzed on spread spectrum used for

suppressing EMI, and the implementation circuit for DC-DC buck converter was proposed

for simulation verification. This chapter gives the method to implement the chaotic duty

modulation in the half-bridge topology that is widely used in low-medium power output.

The PC’s power supply ATX2.0. is adopted to be the test bed. ATX2.0 has a typical

integrated circuit (IC), TL494, which is a universal voltage-controlled PWM IC. Analogue

and digital schemes of chaotic duty modulation are respectively designed on the basis of

TL494. The simulation and experimental tests verify the effectiveness of the proposed

schemes, and the comparisons of the results are made for them in the end.

5.2 Implementation of Chaotic Duty Modulation

In order to realize the chaotic PWM in half-bridge topology, the system includes the gen-

eration of the chaotic PWM, output sampling, PWM distribution and driver. In addition,

the dead-time control is essential to avoid conducting two transistors of half-bridge at

the same time. The schematic is shown in Figure 5.1, in which the sawtooth oscillator

generates the wave with the fixed frequency.

The chaotic signal vch becomes vref after linearization and translation. There exists

vref = a1vch + b. (5.1)

The displacement b is constant and a1 is the scale coefficient. The amplifier output vcon is

expressed as

vcon = kA(vref − vS) = k[(a1vch + b)− ηvO], (5.2)

where kA is the gain of the amplifier, η is the sampling coefficient. Denote V as the nominal

output voltage. Hence, the practical output is vO = V + Δv and the equation (5.2) is

44
https://doi.org/10.51202/9783186850102 - Generiert durch IP 216.73.216.60, am 24.01.2026, 01:48:01. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte

Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783186850102
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PWM1 PWM2
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Bridge topology 

Load

Sampling
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translation

convDead-time 
control

Chaotic signal

vo

vsawtooth

Figure 5.1: The schematic of half-bridge topology under chaotic modulation

described as

vcon = kA(b− ηV+ a1vch − ηΔv) = kA(b− ηV) + kA(a1vch − ηΔv). (5.3)

PWM signal is obtained by comparing the amplifier output vcon and the sawtooth vsawtooth

in the comparator C2. Because vsawtooth possesses the fixed frequency and the amplitude,

the duty of PWM is determined by vcon. In Eq. (5.3), vcon consists of the constant part

kA(b− ηV) and the chaotic variable part kA(a1vch − αΔv).

The duty of chaotic modulation satisfies

d = D+Δd, (5.4)

where D is the duty of normal PWM and keeps constant. Chaotic duty modulation makes

the duty of PWM fluctuate around D, and the variation is Δd. When Δd is chaos series, d

is likewise. In Eq. (5.3), kA(b− ηV ) corresponds to D and kA(a1vch − αΔv) to Δd, which

implements the algorithm of chaotic duty.

5.3 Analogue Chaotic Duty Modulation

5.3.1 System and TL494

a. System Schematic

PC’s power accessory is chosen as the test bed whose model is ATX 2.0. The power device

possesses the following parameters.

nominal input voltage: 220 VAC

operating voltage range: 200∼240 V/3.5 A, 50 Hz

nominal output power: 200 W

multiple DC outputs: +3.3 V, +5 V, -5 V, +12 V, -12 V and +5 V standby.

The power system consists of many modules, as shown in Figure 5.2 [47]. The grid AC

input is filtered and rectified to acquire the DC voltage 310 V, which provides the main
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5 Realizing Chaotic Duty Modulation

circuit with the source for power conversion. The main circuit includes half-bridge power

conversion and the high-frequency transformer, as demonstrated in the dash-dotted line

box of Figure 5.2. The output of high-frequency transformer proceeds to rectify and

filter. Then, the multiple DC outputs are obtained in the low-pass filter network. PWM

control module supervises the states of half-bridge transistors to conduct by turns with

the suitable dead-time. There are some other modules like the auxiliary power, detection

and protection. The external chaotic signal is connected to the PWM control module of

ATX 2.0. The chaotic signal is produced by Chua’s circuit and processed linearly, as shown

in the dotted line box of Figure 5.2.

EMI
filter

Rectifier 
and filter

Half-Bridge 
conversion and 
high frequency 

transformer

Output
rectifier and 

filter

Auxiliary
power

PWM
control 

Auxiliary
parts

Chua s
circuit Linearization 

AC 220V
Multiple 

DC outputs

Feedback

Main circuit

Figure 5.2: The PC’s schematic under chaotic modulation

b. Chaotic Modulation Based on TL494

IC TL494 is a dedicated chip used for PWM control, which is a fixedCfrequency pulse

width modulation control circuit. Its interior is shown in Figure 5.3 [48]. An internal

linear sawtooth oscillator is frequencyCprogrammable by two external components, RT

and CT . The oscillator frequency is determined by

fO =
1.1

RTCT
. (5.5)

The control signals are external inputs that are fed into the dead-time control (DTC)

through the pin 4, the error amplifier inputs through the pins 1, 2, 15, 16, or the feedback

input through the pin 3, as shown in Figure 5.3. Pulse width modulation is accomplished

by comparing the positive sawtooth waveform across the capacitor CT with either of non-

inverting inputs of dead-time comparator and PWM comparator. The NOR gates, which

drive output transistors T1 and T2, are enabled only when the flip-flop clock-input line,

denoted by CK, is changed to low-level (logic 0). This happens only during that portion of

time when the sawtooth voltage is greater than the control signals. Therefore, an increase
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5.3 Analogue Chaotic Duty Modulation

Figure 5.3: The block diagram of TL494

in control-signal amplitude causes a corresponding linear decrease of output pulse width.

Assume that the output control at pin 13 keeps at high-level (logic 1).

Denote vct as the signal at the pin 5, vdead as the input of the dead-time comparator, and

vfdb as the feedback input through the pin 3. An external chaotic signal vchao is injected

to TL494 through the pin 3, hence [48]

vfdb = vchao. (5.6)

When vct > vdead and vct > vchao − 0.7, there exists at the statue n

CK = 0, T1b = Qn, T2b = Qn, (5.7)

otherwise,

CK = 1, T1b = 0, T2b = 0, (5.8)

where Qn and Qn represent the output of the flip-flop at the statue n, which are the

opposite. If Qn is at logic 1, Qn is at logic 0. It is remarked that a change in chaotic signal

amplitude causes a corresponding change of output pulse width, which accomplishes the

chaotic duty modulation.

5.3.2 Design of Chaotic Signal Generator

This design is for generating the chaotic signal and connecting to the pin 3 of TL494, as

shown in Figure 5.4. Module 1 is the chaotic signal generator, module 2 gets the feedback

by output sampling, module 3 builds the reference voltage, and module 4 does amplifying.

Module 1 is Chua’s circuit, which is commonly adopted as the chaotic signal generator

due to its maturity and simplicity. Nr is Chua’s diode implemented by the active circuit.

Chapter 4 has developed intensive study for Chua’s circuit.
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According to the TL494 specification [48], the electrical character of pin 3 is specified from

0.5 V to 3.5 V as the working voltage range. Accordingly, the output range of the amplifier

is designed from 0.5 V to 3.5 V.

Nr
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Figure 5.4: The chaotic PWM module

Combining module 2, 3, 4 together, based on the principle of the operating amplifier, the

amplifier output is given by

vchao = (1 +
Rf

R13
+

Rf

RS1
+

Rf

RS2
)(

RbR12vch +R11R12Vref

RbR12 +R11R12 +RbR11
)− Rf

RS1
vo1 −

Rf

RS2
vo2. (5.9)

Let 1 +
Rf

R13
+

Rf

RS1
+

Rf

RS2
= k′, RbR12

RbR12+R11R12+RbR11
= a and R11R12

RbR12+R11R12+RbR11
= b.

When all the resistors, k′, a and b keep constant, Eq. (5.9) is described by

vchao = k′(auch + bVref)−
Rf

RS1
vo1 −

Rf

RS2
vo2, (5.10)

where − Rf

RS1
vo1 − Rf

RS2
vo2 is the feedback of the system output and Vref is the reference

voltage. Basically, vchao is in proportion to vch with the translation, so the variation

trends of their waveforms are consistent.

5.3.3 Simulations and Experiments

a. Simulations

Assume that RT = 12 kΩ, CT = 1.5 nF and adopt the component parameters originating

from the practical product ATX 2.0. The operating frequency of the IC internal oscillator
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Table 5.1: The amplitudes of the fundamental of the switching frequency and its harmonics

Item harmonic number 1 2 3 4 5 6 7 8

iP (dB) PWM -8 4 -9 -15 -10 -9 -12 -20

CPWM -9 0 -19 -22 -18 -14 -25 -25

decrement 1 4 10 7 8 5 13 5

iL+12 (dB) PWM -9 -2 -18 -18 -28 -27 -27 -32

CPWM -19 -10 -20 -20 -29 -38 -29 -32

decrement 10 8 2 2 1 11 2 0

iL+5 (dB) PWM -10 -11 -30 -32 -41 -43 -47 -52

CPWM -20 -18 -34 -39 -48 -50 -50 -53

decrement 10 7 4 7 7 7 3 1

is fin = 50 kHz and the switching frequency fs of the transistor is half of fin. The

parameters of Chua’s circuit are chosen as L1 = 2.2 mH, C22 = 4.7 nF, C11 = 500 pF, and

R = 1.75 kΩ. The parameters of the operating amplifier and its peripheral components

are R11 = R12 = R13 = 10 kΩ, Rs1 = 36 kΩ, Rs2 = 90 kΩ, and Rf = 7 kΩ. With these

parameter settings, the simulations are conducted by Saber 7.0. Comparisons are made

between the normal PWM control and the chaotic PWM control. Some typical power

signals are chosen as the observed objects , such as

iP , the current through the primary winding of the high frequency transformer.

iL+12, the current through the output branch at +12 V.

iL+5, the current through the output branch at +5 V.

Fast Fourier Transforms (FFTs) of the above signals are demonstrated in Figure 5.5. The

EMI strength is commonly estimated according to the amplitudes of the fundamental of

the switching frequency and its harmonics. Table 5.1 lists the amplitudes under the normal

PWM control and the chaotic PWM control, respectively.

From Figure 5.5 and Table 5.1, the amplitudes of the fundamental of the switching fre-

quency and its harmonics are reduced under the chaotic PWM, compared to those under

the normal PWM control, indicating that the EMI is suppressed under the chaotic PWM.

b. Hardware Implementation and Experimental Tests

The hardware design and experiment are conducted to further verify the effectiveness of

the chaotic PWM. Based on PC’s power product ATX 2.0, an external part is designed for

generating the chaotic signal and processing it, which makes the processed signal suitable

for injecting TL494.

The improved Chua’s circuit is proved to be easier to implement with hardware than the

standard Chua’s circuit. As shown in Figure 5.6, Chua’s Diode Nr and the inductor L

of Chua’s oscillator respectively consist of two operating amplifiers which are powered by

the outputs ±12 V of ATX 2.0. Copy the previous simulation circuit for Nr [49], whose

parameters are Rd1 = 2.4 kΩ, Rd2 = 3.3 kΩ, Rd3 = Rd4 = 220 Ω, Rd5 = Rd6 = 20 kΩ.

Refer to Rioden inductance circuit to build the inductor L [50], the peripheral component

parameters are set as R1 = R2 = R3 = R4 = 2 kΩ, C1 = 10 nF, C2 = 100 nF, C3 =

4.7 nF, and R = 1.78 kΩ. The hardware implementation and the experimental test are
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5 Realizing Chaotic Duty Modulation

(a) The current through the transformer

(b) The current through the output branch of +12 V

(c) The current through the output branch of +5 V

Figure 5.5: FFTs under the normal PWM (upper) and the chaotic PWM (lower)
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5.3 Analogue Chaotic Duty Modulation
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Figure 5.6: Improved Chua’s circuit

demonstrated in Figure 5.7. Figure 5.8 shows the test result of the chaotic signal and the

trajectory of v2 − v1 across the resistor R.

Figure 5.7: Experimental test

c. EMC Tests

The EMC tests are executed under the EMC standard EN55022 Class B Conducted QP

and EN55022 Class B Conducted AV with the device ROHDE&SCHWARZ ESIB26 20 HZ-

26.5 GHZ. The results of the EMI of the power supplier ATX 2.0 applying the conven-

tional PWM and the chaos-based PWM are given in Figure 5.9, respectively, showing the
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5 Realizing Chaotic Duty Modulation

(a) The evolving wave of vch (b) The trajectory of v2 − v1

Figure 5.8: The experimental tests for the improved Chua’s circuit

effectiveness of using the chaotic PWM for suppressing EMI. The following is the test

configuration.

For Figure 5.9 (a) and (b), test range: 0.15 MHz-30 MHz, the bandwidth: 9 kHz, the step:

5 kHz.

For Figure 5.9 (c) and (d), test range: 0.15 MHz-2 MHz, the bandwidth: 200 Hz, the step:

100 Hz.

From the test results, the largest peak reaches to 55 dB under the normal PWM control,

while it is reduced to 47 dB under the chaotic PWM control. Compared to those under the

normal PWM control, the first peaks of EMI curve are flatten and the amplitudes of the

fundamental component and its harmonics are reduced under the chaotic PWM control,

which proves that EMI is suppressed under the chaotic modulation.

In Figure 5.10, the further observation is made for the EMI AV test, where the grey

zone represents the normal PWM control and the black zone represents the chaotic PWM

control. The comparison indicates that the amplitude variation range is less under the

chaotic PWM than that under the normal PWM, and that the amplitude maximum is

reduced by 5 dBμV.

5.4 Digital Chaotic Duty Modulation

5.4.1 Scheme Design

As shown in Figure 5.11, the design is made for half-bridge topology with digital chaotic

modulation. The PWM module of the converter is injected by the external chaotic signal

produced by the generator. The generator is composed of MPU, DAC and other modules,

which are described in Chapter 4.

The application scheme is made and still applied on the power ATX2.0, which is demon-

strated in Figure 5.12. STM32f10x dac is used as MPU and DAC, whose oscillating fre-

quency is 11.0592 MHz and MPU working frequency is 72 MHz. DAC output is processed

linearly to suit the injecting pin of PWM module.
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(a) EMI under the normal PWM
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(b) EMI under the chaotic PWM
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(c) EMI under the normal PWM
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(d) EMI under the chaotic PWM

Figure 5.9: Conducted EMI tests

Figure 5.10: Test curves under the normal PWM (grey) and the chaotic PWM (black)

5.4.2 EMC Test

The EMC tests are exhibited in Figure 5.13. The blue curve is corresponding to QP test

and the red curve to AV test. Figure 5.13 (a) and (b) are about the normal PWM and

chaotic PWM, respectively. Table 5.2 lists the scanning values of the test curves, which

illustrates that the amplitude redundancies of the first six peaks is greater under chaotic

modulation than those under the normal PWM. The amplitude margin of the largest

peak and the margin average of the first six peaks under the normal PWM are respective

14.03 dB and 23.51 dB, while those under the chaotic PWM are 16.30 dB and 27.23 dB.
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A

chv

refv

Sawtooth oscillator

Sv
C

PWM drive

DC-DC
converter

Output 

Sampling

STM32f10x_dac:
CPU
D/A converter
Memory
Oscillator

conv

Chaotic 
signal

vo

Linearization
and

translation

vsawtooth

Figure 5.11: The diagram of voltage-controlled converter with digital chaotic modulation
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Figure 5.12: Digital chaotic modulation scheme for ATX 2.0

Therefore, the amplitudes of the fundamental component and its harmonics are reduced,

that is, EMI is suppressed under chaotic modulation.

5.5 Summary

This chapter focuses on the application of chaotic duty modulation and develops the prac-

tical schemes on the basis of PC’s power ATX 2.0. The suitable external chaotic signal is

connected to PWM control module to accomplish the chaotic duty modulation. Because

PWM IC is commonly used in the switching converter, the proposed scheme possesses the

practical significance for the external chaotic signal injecting to the pre-existing PWM IC.
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Figure 5.13: Conducted EMI tests

Table 5.2: Comparison of EMI AV tests (* margin of the largest peak)

Item
Frequency

(Hz)

Level

(dBuV)

Limit

(dBuV)

Margin

(dBuV)
Margin average

Chaotic PWM 166.0 k 30.75 65.16 34.41 27.23

230.0 k 30.59 62.45 31.86

274.0 k 44.69 61.00 16.30*

410.0 k 27.64 57.65 30.01

550.0 k 27.43 56.00 28.57

686.0 k 26.61 56.00 29.39

Normal PWM 234.0 k 36.13 62.31 26.17 23.51

274.0 k 46.96 61.00 14.03*

366.0 k 30.10 58.59 28.49

414.0 k 33.20 57.57 24.37

550.0 k 31.24 56.00 24.76

690.0 k 32.79 56.00 23.21
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5 Realizing Chaotic Duty Modulation

The analogue and digital schemes are respectively applied for the half-bridge power device

to verify the EMI reduction effectiveness under chaotic modulation. The analogue scheme

is simpler and maturer compared to the digital one. However, the component parameters

in the analogue circuit are susceptive to the surroundings and a low accuracy. Digital

scheme is realized by programming in micro-controller (MCU) or micro-processor (MPU),

in which the algorithm codes keep unchanged in the surroundings. The central frequency

can also be adjusted but limited, because the operating speeds are limited for MCU or

MPU and DAC. High central frequency demands high-speed MCU or MPU, so there exists

a compromise between the cost and the performance.
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6 System Stability under Chaotic Duty Modulation

6.1 Introduction

The switching converter is a typical nonlinear control system because of the deployment of

the nonlinear components , such as the power switch, the core inductance or transformer.

Any disturbance possibly causes the deviation, which keeps the system away from the

original state of equilibrium. Once the disturbance disappears, the system gets back to a

state of equilibrium, which is named as the stability of the control system [43].

According to the classical control theory, the stability analysis of the switching converter

is normally based on its kinetics models. As one of the kinetics models, the average

model (AM) is categorized as the state space model (SSM) [51] and the circuit average

model (CAM) [52]. Hong Li applied SSM to analyze the stability of boost converter with

chaotic frequency modulation [53], and CaliskanV used CAM to verify the stability of

the soft-switch converter [54]. Because CAM focuses on the switching character, such

as conducting resistors of transistors and diodes, the equivalent circuit model is of high

precision. The steps of applying CAM for stability analysis are as follows.

(1) According to the basic relations among the voltage, the current and the power of each

component, the average large signal model (ALSM) is established through equivalently

averaging the system variables during a switching period.

(2) Impose the disturbance on ALSM and construct the direct current model (DCM) and

the small signal circuit model (SSCM).

(3) According to SSCM, the closed-loop transfer function is built via Laplace Transform.

(4) Analyze the stability on the basis of the transfer function.

The switching converter includes the power conversion, feedback, sampling, compensation

control and PWM control. For each module, its transfer function is obtained from SSCM,

based on which the system transfer function comes into being. Then, the phase redundancy

and the gain redundancy can be obtained by Potter diagram or direct calculation of the

transfer function, by which the system stability can be estimated. This chapter is to explore

how to maintain the system stability in a switching converter under chaotic modulation.

6.2 Circuit Average Model of a Half-Bridge Converter

6.2.1 Circuit Description

Figure 6.1 shows a half-bridge topology converter, which includes the nonlinear transformer

with the leak inductance and equivalent serial resistor. Assume that the current through

the primary winding of the transformer rises linearly during the “ON” state. Output

inductor keeps continuous current and two transistors (power switches) never operate in

shoot-through.
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6 System Stability under Chaotic Duty Modulation
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Figure 6.1: Half-bridge topology converter

Some hypothetical conditions are made for modelling the half-bridge converter [55].

(1) Parameters of two transistors are identical and those of two diodes are also identical.

(2) The output capacitor of the transistor and the capacitor of the diode are neglected.

All the switching powers are regarded as zero.

(3) For the transistor, its equivalent resistor is linear during “ON” state, but infinite during

“OFF” state.

(4) For the diode, it is regarded as the combination of a linear power and a linear resistor

during “ON” state, but the infinite resistor during “OFF” state.

(5) The passive component is linear and time-invariance.

(6) The inductor current keeps constant during the switching process, which means that

the current instantaneous value equals the DC component [56].

(7) The output impendence of the input voltage power is regarded as zero.

Simulated by the software Saber 7.0, the main working waves are demonstrated in Fig-

ure 6.2. Denote the duty of PWM1 or PWM2 as D and the cycle as T. Thus, t1 = DT,

t2 =
T
2 , t3 =

T
2 +DT and t4 = T.

At the initial time, the switch S1 runs into the conducting state under the positive pulse

of PWM1. The conducting current can’t change instantly because of the inductance of

the transformer. The current through the collector of the switch keeps rising linearly (The

rising slope is 0.5Vi

LP+LKP
, Vi is the input, LP is the primary inductance of the transformer and

LKP is the primary leakage inductance). There exists UAB equal to 1
2Vi while assuming the

terminal ”A” the positive potential. At the same time, the currents through the switch

and the primary winding of the transformer feed the load current and the magnetizing

current of the transformer.

At the time t1, the positive pulse of PWM1 comes to an end, as well as the switch S1 runs

into the close state. The current continues flowing to the starting terminal of the primary
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6.2 Circuit Average Model of a Half-Bridge Converter

Figure 6.2: The working waves of the symmetric half-bridge converter

winding because of the inductance of the transformer, but the potential of the terminal

”A” turns into the opposite and UAB becomes −1
2Vi. Thus, the diode D2 runs into the

conducting state instantly, then it runs into the close state rapidly. Meanwhile, the current

through the primary winding falls to zero quickly. Because UAB is slightly less than 1
2Vi,

it maintains the continuous current through the secondary winding. To the time t2, the

positive pulse of PWM2 arrives.

At the time t2, the switch S2 begins to conduct and the current through its collector rises
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6 System Stability under Chaotic Duty Modulation

linearly (The rising slope is 0.5Vi

LP+LKP
). The potential of the terminal “A” is negative, and

UAB is equal to −1
2Vi.

At the time t3, the switch S2 closes. The potential of the terminal “A” changes into the

positive, and UAB becomes 1
2Vi. The diode D1 conducts instantly, then close instantly.

Meanwhile, the current through the primary winding falls to zero rapidly. Because UAB is

slightly less than 1
2Vi, it maintains the continuous current through the secondary winding.

The time t4 is the end of the whole cycle and the beginning of the next new cycle.

For the output loop of the transformer, the Diode D3 conducts while the switch S1 is

“ON” and the current through D3 keeps the direction the same as the current through

the primary winding. Once S1 is “OFF”, D2 conducts. Meanwhile, the voltage across the

primary winding turns into the negative, D3 closes and D4 conducts. When D2 turns into

closing, the negative voltage across the primary winding still exists. Thus, D4 continues

to conduct with a falling current.

Once the switch S2 is “ON”, D4 continues to conduct with a rising current until S2 changes

into “OFF”. D1 conducts while S2 is “OFF”. Therefore, the voltage across the primary

winding becomes positive, D4 closes and D3 conducts. When D1 turns into closing, the

positive voltage across the primary winding still exists. Thus, D3 continues to conduct

with a falling current until the next new cycle comes.

The cycle of PWM1 or PWM2 has been denoted as T before, thus, the switching frequency

is fs = 1
T . Denote the ”ON” time slot as ton and the ”OFF” time slot as toff . So,

T = ton + toff . For the symmetric half-bridge topology, the duty of each switch PWM

satisfies the expression D = ton
T ≤ 0.5.

Figure 6.3 is the equivalent circuit with the conducting loss and the leakage inductance,

where

Ron the conducting resistor of power switch

Rtp the resistor of the primary winding

Rts the resistor of the secondary winding

VF the forward voltage drop of the diode

RF the forward resistor of the diode

Rleqr the equivalent serial resistor of the inductor L

Rceqr the equivalent serial resistor of the capacitor C.

Denote iL and IL as the current instantaneous value and the DC component, respectively.

According to the previous assumption, there exists iL=IL. iS1
, iS2

and IS1
, IS2

are the

current instantaneous values and the DC components of the switches S1 and S2. iD3
, iD4

and ID3
, ID4

are the current instantaneous values and the DC components of the diodes

D3, D4.

6.2.2 Large Signal Model

a. The Equivalent Average Resistor

When the diode D3 conducts, the current through it is expressed as
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Figure 6.3: The equivalent circuit with parasitic elements

iD3 =

⎧⎪⎨
⎪⎩
iL, 0≤t < t1,

0, t1≤t < t3,

iL, t3≤t < t4,

(6.1)

where t1 = DT, t3 =
T
2 +DT, t4 = T. Hence,

T∫
0

iD3
dt =

t1∫
0

iD3
dt+

t3∫
t1

iD3
dt+

t4∫
t3

iD3
dt

=

DT∫
0

iD3
dt+

T
2
+DT∫

DT

iD3
dt+

T∫
T
2
+DT

iD3dt

=

DT∫
0

iLdt+

T∫
T
2
+DT

iLdt

=

DT∫
0

iLdt+

T
2∫

DT

iLdt

=
1

2

T∫
0

iLdt. (6.2)
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6 System Stability under Chaotic Duty Modulation

According to the previous equation, there exists

iD3
=

iL
2
. (6.3)

On the basis of the above-mentioned assumption, IL = iL. IS is the average current

through the switching branch, VD and VS are the average voltages of the ideal diode and

the ideal switch, respectively. During a cycle with the duty D, the current iS1
through

the switch S1 goes through two different cases. When 0≤t < DT, iS1
�= 0 and iS1

≈ 1
nIL.

When DT≤t < T, iS1
= 0. Therefore,

T∫
0

iS1
dt =

DT∫
0

iS1
dt+

T∫
DT

iS1
dt =

DT∫
0

iS1
dt ≈ 1

n

DT∫
0

ILdt =
1

n

DT∫
0

iD3
dt. (6.4)

Because
∫ DT

0
iD3

dt = DT
T
2

∫ T

0
iD3

dt, there

T∫
0

iS1
dt ≈ 1

n

DT∫
0

iD3
dt =

2D

n

T∫
0

iD3
dt. (6.5)

Further, the following expressions are obtained.

IS1
=

2D

n
ID3

, iS1
=

2D

n
iD3

. (6.6)

For the symmetric half-bridge topology, ID4
= ID3

. On the basis of Kirchhoff’s current

law [57], IL = ID3
+ ID4

. There exists

ID3
=

IL
2
. (6.7)

The equations (6.6) and (6.7) are the DC components of the transistor switch and the

diode, respectively.

According to the operating principle, the output voltage vS1
of the switch evolves in ac-

cordance with the following conditions.

When 0≤t < DT, vS1
= 0.

When DT≤t < T
2 , vS1

≈Vi.

When T
2≤t < T

2 +DT, vS1
= Vi.

When T
2 +DT≤t < T, vS1

≈ 0.

The DC component VS1
of the switch voltage vS1

is
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6.2 Circuit Average Model of a Half-Bridge Converter

VS1
=

1

T

[ DT∫
0

vS1
dt+

0.5T∫
DT

vS1
dt+

0.5T+DT∫
0.5T

vS1
dt+

T∫
0.5T+DT

vS1
dt

]

≈ 1

T

[ DT∫
0

0dt+

0.5T∫
DT

Vidt+

0.5T+DT∫
0.5T

Vidt+

T∫
0.5T+DT

0dt

]

=
1

T

[ 0.5T∫
DT

Vidt+

0.5T+DT∫
0.5T

Vidt

]

= Vi(0.5−D) + ViD =
Vi

2
. (6.8)

The diode voltage would be equal to the switch voltage if the duty D is great enough.

According to the references [55, 58], there exists

VD3
=

2DVS1

n
=

2DVi

n
. (6.9)

Because S1 and S2 are identical and work symmetrically in turn, D3 and D4 are likewise,

the following expressions are obtained.

ID = ID3
= ID4

=
IL
2
. (6.10)

IS = IS1
= IS2

=
2D

n
ID3

=
D

n
IL. (6.11)

VS = VS1
= VS2

=
Vi

2
. (6.12)

VD = VD3
= VD4

=
2DVS1

n
=

DVi

n
. (6.13)

When 0≤t < DT, iS �= 0 and iS ≈ 1
nIL. When DT≤t < T, iS = 0. From the expression

IS = D
n IL, it is obtained that IL = n

DIS . On the basis of the definition of the root-mean-

square (RMS) [57], the switch current RMS is

ISrms =

√√√√√ 1

T

T∫
0

i2sdt =

√√√√√ 1

T

DT∫
0

i2sdt ≈

√√√√√ 1

T

DT∫
0

(
IL
n
)2dt

=

√
1

T
(
IL
n
)2DT =

√
(
IL
n
)2D =

√
(
Isn

Dn
)2D =

Is√
D
. (6.14)
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6 System Stability under Chaotic Duty Modulation

From the equation (6.3), the diode current RMS is

IDrms =

√√√√√ 1

T

T∫
0

i2Ddt =

√√√√√ 1

2T

T∫
0

i2Ldt =

√
2

2
ILrms =

√
2

2
IL =

√
2ID ≈ n

√
2IS

2D
. (6.15)

The total conducting loss of Ron and Rtp is

P1 = (Ron +Rtp)I
2
Srms = (Ron +Rtp)

(
IS√
D

)2

=
Ron +Rtp

D
I2S . (6.16)

The magnetic energy of the primary leakage is

WLKP =
1

2
LKP I

2
Srms =

1

2
LKP

(
IS√
D

)2

=
1

2

LKP

D
I2S . (6.17)

The magnetic energy of the secondary leakage is

WLKS =
1

2
LKSI

2
Drms =

1

2
LKS

(√
2ID

)2

=
1

2
(2LKS)I

2
D. (6.18)

The power loss of RF and Rts is totally

P2 = (RF +Rts)I
2
Drms = 2(RF +Rts)I

2
D. (6.19)

The power consumption of the forward voltage drop VF is

PV F = VFID =
VFIL
2

. (6.20)

b. Large Signal Model

From Eq. (6.16), the equivalent average resistor of the power switch branch is Ron+Rtp

D .

From Eq. (6.17), the equivalent average leakage of the power switch branch is LKP

D .

From Eq. (6.18), the equivalent average leakage of the output diode branch is 2LKS .

From Eq. (6.19), the equivalent average resistor of the output diode branch is 2(RF +Rts).

Considering the above equivalent average components, ALSM is built as shown in Fig-

ure 6.4. From Eqs. (6.11) and (6.13), the average current through the switch branch and

the average voltage across the ideal output diode are respectively

IS =
D

n
IL, VD =

2D

n
VS =

D

n
Vi. (6.21)

In terms of the principle of energy conservation, all the conducting resistance is converted

into the loss resistance of the inductor, therefore, the model shown in Figure 6.4 is simplified

and demonstrated in Figure 6.5. In the light of the calculating the resistance loss and the

inductance magnetic energy, the following expressions are obtained.

P1 =
Ron +Rtp

D
I2S =

Ron +Rtp

D

(
D

n
IL

)2

=
D(Ron +Rtp)

n2
I2L, (6.22)
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L

0.5Vi

RL

C

0.5Vi

B

(Ron+Rtp)/D

vs1

2(Rts+RF)

2Lks VF

Rlesr

Rcesr

vo

iL

Lkp/D

iL

K:D/n
-

+

iL

K:D/n
-

+

(Ron+Rtp)/D Lkp/D

K:2D/n

K:2D/n

2(Rts+RF)
2Lks

VF

Figure 6.4: ALSM of half-bridge circuit with the original average parasitical components

P2 = 2(RF +Rts)I
2
D =

1

2
(RF +Rts)I

2
L, (6.23)

PV F = VFID =
VFIL
2

, (6.24)

WLKP =
1

2

LKP

D
I2S =

1

2

LKP

D

(
D

n
IL

)2

=
1

2

DLKP

n2
I2L, (6.25)

and

WLKS =
1

2

(
2LKS

)
I2D =

1

2

(
2LKS

)
(
IL
2
)2 =

1

2

(
1

2
LKS

)
I2L. (6.26)

Hence, take the output inductor branch as the destination. The conversions are made for

the following.

The equivalent average resistor of the switch branch Ron+Rtp

D is converted into
D(Ron+Rtp)

n2 .

The equivalent average resistor of the diode branch 2(RF +Rts) is converted into 1
2(RF +

Rts), and the equivalent average voltage is VF

2 .

The primary leakage is converted into
DLKP )

n2 and the secondary leakage is converted into
1
2LKS , so the equivalent average inductor is

Leq =
2DLKP

n2
+ LKS + L. (6.27)

The equivalent average resistor Req serial to Leq is

Req =
2D(Ron +Rtp)

n2
+RF +Rts +Rlesr. (6.28)
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Leq

Vi

RL

C
VF

Req

Rcesr

vo

iL

iL

K:D/n
K:D/n

iS

Figure 6.5: ALSM of half-bridge circuit with the average parasitical components converted to

the inductor branch

Based on ALSM, the disturbance is exerted on the input and output. DC model is built

under three hypotheses, such as open circuit for capacitors, short circuit for inductors and

zero disturbance. Some parameters can be calculated on direct current model (DCM). If

the disturbance is focused on ALSM without considering the steady components like the

constant-current or constant-voltage source, SSCM is established by linearizing the small

signal near the steady state operating point.

6.2.3 Direct Current Model and Small Signal Model

Exert the disturbance on the input and output in Figure 6.5 [55, 58]. Assume the input

disturbance as Δui and the output disturbance as Δuo. Each instantaneous value is the

sum of the steady component and the disturbance, that is vi = Vi +Δvvo = Vo +Δv,d =

D+Δd, iL = IL +ΔiL.

From the equation (6.11), there exists

iS = IS +ΔIS =
D+Δd

n
(IL +ΔiL) =

D

n
IL +

D

n
ΔiL +

IL
n
Δd+

ΔiL
n

Δd, (6.29)

vD = VD +ΔvD =
D+Δd

n
(Vi +Δvi) =

D

n
Vi +

D

n
Δvi +

Vi

n
Δd+

Δvi
n

Δd. (6.30)

a. Direct Current Model

When analyzing the steady state of the circuit, the inductor Leq is regarded as being short-

circuit, the capacitor C is considered as being open-circuit and the disturbance is supposed

zero. According to Eqs. (6.29) and (6.30), DC model is built for the continuous working

mode, which is shown in Figure 6.6.

On the basis of this DC model, some steady state components can be calculated like Vo
and IL.

Vo =
DVi

n − VF

1 + Req

Rload

, (6.31)

IL =
Vo

Rload
. (6.32)
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Vi
RL

VF

Req

Vo

IL

IL

K:D/n
K:D/n

IS

Figure 6.6: DC model of half-bridge converter

b. Small Signal Circuit Model

The steady state components are supposed to be zero while analyzing the small signal.

Now, Δd
D 	 1, ΔiL

IL
	 1Δvi

Vi
	 1, so ΔiL

n Δd and Δvi
n Δd are neglected. Then Eqs. (6.29)

and (6.30) are described as

ΔiS =
Δd

n
IL +

D

n
ΔiL, (6.33)

ΔvD =
Δd

n
Vi +

D

n
Δvi. (6.34)

The equivalent circuit is shown in Figure 6.7. SSCM is the basis for gaining the transfer

function and analyzing system stability.

vi

vo

IL

d/n

d/n

iL

D/n

D/n
vi

Vi

Leq

RL

C

Req

Rcesr

iL

Figure 6.7: The small signal circuit model of half-bridge topology
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6 System Stability under Chaotic Duty Modulation

6.3 Stability

A typical switching converter consists of power conversion, PWM control, compensating

control and error feedback. Here, take the voltage-controlled PWM IC labelled TL494 as

the instance. For the chaotic duty modulation, the external disturbance is injected to the

compensating control, which functions the sum operation between the chaotic signal and

the error feedback. The converter block diagram is demonstrated in Figure 6.8 [59]. Gvd(S)

and Gm(S) are the transfer functions of the power conversion and PWM control module,

respectively. H(S) is that of the output sampling and Gc(S) is that of the compensating

control. The dotted line frame in Figure 6.8 is the external chaotic module. Then, on

the basis of analyzing the stability under the normal PWM control, the influence of the

external chaotic signal is considered.

Sampling moduleControl  module
PWM module

Power stage

( )refv s

Gvd(S)

H(S)Gc(S)Gm(S)
( )conv s

( )d s ( )ov s

Chaotic signal
generating module 

( )samv s

Vref

Figure 6.8: System block diagram under chaotic modulation

a. Transfer Function of the Power Conversion

From Figure 6.7, there exists

Δvo =
DΔvi
n + ΔdVi

n

jωLeq +Req +
(

1
jωC +Rcesr

)
//Rload

(( 1

jωC
+Rcesr

)
//Rload

)
. (6.35)

Conduct the Laplace transformation to equation (6.35),

Δvo(S) =
DΔvi(S)

n +
Δd(S)Vi

n

SLeq +Req +
(1+SCRcesr)Rload

SC(Rcesr+RL)

(1 + SCRcesr)RL

SC(Rcesr +RL)
. (6.36)
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So, the transfer function of the output to duty is

Gvd(S) =
Δvo(S)

Δd(S)
|Δvi(s) = 0

=
RLVi

n
· 1 + SRcesrC

S2(RL +Rcesr)LeqC + S(Leq + CReqRL + CReqRcesr + CRcesrRL) +Req +RL

=
RLVi

n(Req +RL)
· 1 + S

ωz1

1 + 2ξ
(

S
ω0

)
+
(

S
ω0

)2 , (6.37)

where ω0 =
√

Req+RL

(RL+Rcesr)LeqC
, ωz1 =

1
RcesrC

, ξ = Leq+CReqRL+CReqRcesr+CRcesrRL

2
√

(Req+RL)(RL+Rcesr)LeqC

.

From equation (6.37), Gvd(S) possesses bi-pole and single zero point, that is

ωz1 =
1

RcesrC
, ωp1 = ω0(ξ −

√
ξ2 − 1), ωp2 = ω0(ξ +

√
ξ2 − 1). (6.38)

b. Transfer Function of PWM Control

The control signal vcon interacts with the sawtooth vsawtooth to regulate the duty of the

pulse within PWM control module. According to Eq. (4.4), the maximum and the mini-

mum of vsawtooth are VU and VL, and the sawtooth cycle is T , which rises linearly. From

Figure 6.9, the control signal vcon intersects the sawtooth at the point with the vertical

axis vp. If vp = VU, d=0. If vp = VL, d = 1. The duty d varies along with vp in inverse

proportional linearity.

Δd(t)

Δvcon(t)
=

1

VL − VU
= km, (6.39)

where km is a constant determined by the sawtooth amplitude, and the equivalent gain of

PWM control module. The transfer function Gm(S) is expressed as

Gm(S) =
Δd(S)

Δvcon(S)
= km. (6.40)

For PWM IC TL494 [60], the sawtooth amplitude is 3.5V, so the equivalent gain is

km =
1

VL − VU
= − 1

3.5
. (6.41)

c. Transfer Function of Output Feedback

For the single-output, the sampling module consists of Rb and R, where Rb connects the

output terminal and R acts as the pull-down resistor, hence, the transfer function is

H(S) = 1− Rb

Rb +R
. (6.42)

d. Transfer Function of Compensating Control

Compensating control module is designed according to zero and pole points in equa-

tion (6.38). Denote Gc(S) as the transfer function.
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pwm

Ts

d

pv

VL

VU

vsawtooth

vcon

Figure 6.9: Sketch of PWM generation

e. Transfer Function of the Open-Loop System

The stability is estimated by the open-loop amplitude margin and phase margin. The

transfer function of the open-loop system is expressed as

T (S) = Gc(S)Gm(S)Gvd(S)H(S). (6.43)

Through taking Eqs. (6.37), (6.41) and (6.42) into Eq. (6.43), the amplitude margin and

phase margin of T (S) can be calculated.

f. Effect of Chaotic Modulation on the Stability

Once the external chaotic module connects to the compensating control, the control signal

vcon becomes chaotic, which makes the duty chaotic. According to the relation between

the control signal vcon and the sawtooth vsawtooth, there are three possibilities during one

cycle of the sawtooth, as shown in Figure 6.10.

When vcon < vsawtooth, the pulses of PWM stay at high-level during the whole sawtooth

cycle shown as in Figure 6.10 (a).

When vcon is greater than the minimum of vsawtooth and less than the maximum of vsawtooth,

the pulses of PWM retain the variation of high-level and low-level during one cycle, as

shown in Figure 6.10 (b).

When vcon > vsawtooth, the pulses of PWM stay at low-level during the whole sawtooth

cycle shown as in Figure 6.10 (c).

Assume that two conditions are satisfied in the converter system. One is to assure PWM

in a fixed cycle, during which the switching state goes through ”OFF” and ”ON” for once.

That means that the system performs the switching only once in each cycle T. The other

is to assure VL < vcon < VU. Under these two preconditions, the transfer function of the

chaotic PWM is a constant value km, which has no influence on the system stability.

In order to guarantee the stability of the converter with the chaotic duty modulation, the

control signal vcon is required to meet two conditions accordingly. The first condition is

that the frequency (changing speed) of vcon is not larger than that of the sawtooth, which

allows only one switching motion during one cycle. The second condition is about the
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vsawtooth

vcon

(a) vcon < VL

vsawtooth

vcon

(b) VL < vcon < VU

vsawtooth

vcon

(c) vcon > VU

Figure 6.10: Three cases of vcon and the respective PWM

amplitude of vcon which is greater than the minimal of vsawtooth and less than the maximal

of vsawtooth.

Assume that the system is stable under the normal PWM. From Eq. (4.3), there is

vcon = γ2 + γ3vch. (6.44)

Basically, vcon is the linearity of the external chaotic signal vch. The central frequency fo
of vch represents the evolving speed of vcon. The amplitude of vcon is determined by γ2
and γ3. Because the spectrum of the chaotic signal is mainly distributed in 0 ∼ 2fo, the

conditions that maintain the stability are simplified as

(1) fs ≥ 2fo, that is fo ≤ 1
2fs. fo is the central frequency of the chaotic signal, fs is the

frequency of the sawtooth.

(1) VL < γ2 + γ3vch < VU, VL and VU are the interior parameters of the sawtooth

oscillator. The coefficients γ2 and γ3 are both determined by the linearity circuit.

6.4 Summary

This chapter applied the circuit average model to study the system stability with the

help of the classical control theory. Mainly based on the small signal circuit model of

half-bridge topology converter, the system transfer function has been established and the

stability analysis has been made. However, the foothold of the chapter was to explore

how to keep the system stable under chaotic modulation. Taking the voltage-controlled

converter under chaotic modulation as an example, this chapter has drawn a conclusion

that the external chaotic signal connecting to PWM module is limited by the amplitude

and the central frequency.
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7 The Remaining Useful Life under Chaotic Modulation

7.1 Introduction

The service life is a terminology about the prognostic and health management (PHM) [61].

The technology has sprung up in the aerospace and the military fields for decades. The

earliest research on PHM technology about electronic products was developed by the Center

for Advanced Life Cycle Engineering in University of Maryland. The center put forward

the electronic system reliability theory based on physics of failure (PoF). On the basis of

PoF, Michael Pecht proposed the concept of the useful life PHM [62, 63], which emphasizes

the failure warning, the optimization of maintenance, and the reduction of equipment life

cycle cost. Along with the rapid development of PHM, the relative standards have been

set, such as IEEE Std-1232 and IEEE P1856.

Prediction technique of the useful life usually refers to predicting the remaining useful

life, which belongs to the fault prediction and Health Management. Firstly, based on the

characteristics of the product, the key component is figured out for stimulating the failure

process. Then, the failure model is built for the key component by focusing on the key

parameters. A large amount of data analysis and experimental tests are necessary for the

prediction technique. The basic prediction algorithm includes the physical failure model

and the statistics analysis.

The switching power supply has already been broadly used in the electronic and electrical

system due to its miniaturization and high-efficiency. However, the switching power device

has a more potential disability because it works at a higher frequency than the linear

power. Besides, it will deteriorate or fail because of over-stress, temperature, moist and

over-current. Working status of the power device directly affect the precision, stability

and reliability of the system. Its failure and deterioration do harm to the electronic or

electrical system [64, 65].

Orsagh and etg al. probed the physical failure models of the electrolytic capacitor and

the switch transistor and formed the relation between the component failure and the key

parameters in 2005 [65], in which two conclusions have been drawn that the capacitance

and the equivalent parallel resistor (ESR) are the critical parameters of the electrolytic

capacitor, and the conducting resistance is that of the switch transistor. Li.F.Wu and

his team testified that the capacitance falling and ESR rising result in the increase of the

output voltage ripples in buck DC converter with computer simulation in 2011[66].

This chapter studies the service life or remaining useful life of a power supply under the

chaotic modulation. At present there is a lack of analysis for the effect of chaotic modu-

lation on the remaining useful life of switching converters. Firstly, from the failure modes

of the switching converter, the critical components and their failure model are obtained,

which lead to the whole converter failing and affect the remaining useful life. Secondly, the

research is made for whether or not the chaotic modulation influences the critical compo-
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7.2 Failure Model of Critical Components

nents. Lastly, chaotic modulation failure is investigated for its impact on the remaining

useful life.

7.2 Failure Model of Critical Components

The failure of the switching converter possesses many modes, which are different in creating

consequence, emerging probability and the degree of harm. Many literatures about the

reliability of the switching power [65, 67, 67–70] report that most of the failures of the

power device result from a few components, which is listed in Table 7.1 [65].

Failure modes are related to the circuit topology, component model, variable parameter

and operating condition. However, according to the statistical data, the critical com-

ponents include the electrolytic capacitor, transistor, inductor and rectifying diode whose

disability [67, 70] is up to 60%, 31%, 6% and 3% respectively. So, the electrolytic capacitor

and the transistor are the focus of the power failure.

a. Electrolytic Capacitor

The output capacitor of the power device acts to filter the high-frequency noise, which

suffers from the voltage ripples. The capacitor commonly applies the tantalum capacitor

or the aluminum electrolytic capacitor. The tantalum capacitor is characterized by small

size, high reliability and high cost, while the aluminum electrolytic capacitor is by high-

capacity, low cost and great bulk. Normally, the aluminum electrolytic capacitor is used

in the switching power. The main parameters of the capacitor include the capacity, the

equivalent serial resistor ESR, current ripple and temperature rise [66]. The equivalent

model of the aluminum electrolytic capacitor is shown in Figure 7.1.

Ls

Rs (ESR)

Rp (EPR)

C

Figure 7.1: The equivalent model of the electrolytic capacitor

For a practical capacitor, its model consists of the capacitor C, the equivalent parallel

resistor EPR, the equivalent serial resistor ESR and the inductor Ls. C is the ideal

capacitor across the cathode and the anode of the electrolytic capacitor. EPR represents

the dielectric loss and the leakage resistance between the cathode and the anode. ESR and

Ls are the serial resistance, the equivalent inductance of the electrodes and their connecting

points, respectively.

The capacitor failure probably occurs at open-circuit, short-circuit, the capacity decrease

and ESR increase, as shown in Table 7.2 [71].
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Table 7.1: Failure modes of the switching power

failure mode component failure reason possible effect
occurrence

probability
criticality

contact

migration

BJT

diode

electrical

overstress,

temperature,

high current

density

efficiency decrease,

conducting

resistance

increase

high disastrous

corrosion

BJT

diode

capacitor

MOSFET

moisture
interior corrosion,

pad corrosion
low critical

electrical

breakdown
capacitor

electricalal

overstress,

overvoltage,

temperature

short-circuit,

open-circuit
high disastrous

electro

migration

BJT

diode

capacitor

MOSFET

electrical

overstress,

temperature,

high current

density

metal internal

connection failure
low critical

gate oxide

breakdown
MOSFET

electrical

overstress,

temperature

threshold voltage

increase,

conducting

resistance

increase,

effeciency decrease

high disastrous

hot carrier

effect
MOSFET

large electrical

field in the

channel region

short-circuit low critical

thermal

runaway

BJT

diode

MOSFET

work-

temperature

increase,

gate oxide

breakdown

short-circuit high disastrous

thermal

cycling

BJT

diode

capacitor

MOSFET

ambient

temperature

cycle,

power

fluctuation

cycle

thermal runaway
midium

high
critical
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7.2 Failure Model of Critical Components

Table 7.2: Failure mechanism of the aluminum electrolytic capacitor

failure mode failure behaviour reason
manufacturing

process defects

open-circuit

the connection of

the wire and the

aluminum foil

badly corroded

the conductor influenced

by an irregular

external stress,

use of adhesives

and coating agents

bad riveting wire

and aluminum foil

mechanical stress

short-circuit

the destruction of

the oxide film

insulation and the

electrolytic paper

the conductor influenced

by an irregular

external stress

high temperature,

over-use, and

over-voltage

metal particle

attachment,

aluminum foil and

wire failure

capacitance

decrease

electrolyte volatile,

the decrease of

the capacitance of

anode and cathode

foil

over-voltage,

great ripple current,

charging and discharging

frequently,

high temperature,

and over-use

insufficient electrolyte

ESR increase
internal temperature

rise

over-voltage,

great ripple current,

charging and discharging

frequently,

high temperature,

and over-use
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7 The Remaining Useful Life under Chaotic Modulation

b. Transistor Switch

There are three kinds of transistors used as the power switch in the switching power,

namely, bipolar junction transistor (BJT), metallic oxide semiconductor field effect tran-

sistor (MOSFET) and insulated gate bipolar transistor (IGBT). Each possesses its specific

failure mode and probability [65]. BJT is of small size and high efficiency, but it works at

a low frequency. Oppositely, both of MOSFET and IGBT can work at a high frequency

without the priority of the volume and efficiency. MOSFET and IGBT are commonly

applied in the switching power because of their high working frequency. Take MOSFET

as the example to probe the equivalent circuit model [72], as shown in Figure 7.2. Ron is

the resistor between the drain and the source while MOSFET stays “ON”. Cgs, Cgd and

Cds are the capacitors between the gate and the source, the gate and the drain, the drain

and the source, respectively. Lps is the inductor parallelled with the source, which reflects

the influence of the distribution parameter. D is the interior diode.

Lps

Cds

Cgd

Cgs

Q

Ron

DG

D

S

Figure 7.2: The equivalent model of MOSFET

Thermal stress and the electric over-stress result in the increase of Ron, which eventually

makes MOSFET degrade or fail. The carriers migrate difficultly under the thermal stress.

Less migration or movement leads to the increase of the conducting resistor. As a result, the

switching characteristic of the semiconductor changes and MOSFET gradually degrades.

7.3 Impact of Chaotic Modulation on Critical Components

7.3.1 Electrolytic Capacitor

Under chaotic modulation, DC-DC converter is proved to suppress EMI, but its output

voltage ripples are increased. The ripples are related with the performance of the elec-
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7.3 Impact of Chaotic Modulation on Critical Components

trolytic capacitor, which put forward higher requirements for the capacitor parameters.

The electric charge energy is expressed as

w =
1

2
Cv2, (7.1)

where C is the capacitance, v is the voltage across the capacitor and w represents the

energy produced by the capacitor.

Denote fR as the ripple fluctuating frequency of the output voltage in DC-DC converter

and Po as the output power. Within a fluctuation cycle, the capacitor is charged to the

maximum vp+, then is discharged to the minimum vp−. Hence, the ripple is described as

vpp = vp+ − vp−. On the basis of Eq. (7.1), there exists

Po
1

fR
=

1

2
C
(
v2p+ − v2p−

)
, (7.2)

and

C =
2Po(

v2p+ − v2p−
)
fR

=
2Po

vpp(vp+ + vp−)fR
. (7.3)

From Eq. (7.3), the ripple is inversely related to the capacitance. Once the converter

generates the slightly larger ripple, the larger-capacity capacitor is required to filter the

ripple. The smaller the capacitance, the larger the ripple voltage.

If the ripple voltage is beyond the standard, the capacitor undergoes the excessive ripple

current, which leads to the increase of the interior temperature and ESR likewise. Further,

the ripple voltage aggravates to be worse. Simultaneously, electrolyte liquid vaporizes

with the leakage through the sealing part of the capacitor while the interior temperature

rises. Hence, the interior electrolyte liquid is gradually decreased and the capacitance

declines. Furthermore, the ripple current brings more heat because of the decrease of the

electrolyte liquid. The whole process exacerbates degrading the capacitor, which is shown

in Figure 7.3.

PPv PPi 0( )C ESR

Figure 7.3: Degradation and failure process of capacitor

7.3.2 Power Switch

The power switch mainly refers to the power transistor and the rectifier diode. The switch-

ing frequency is regarded as their important parameter. For chaotic duty modulation, the
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duty of the transistor driving-pulse chaotically fluctuates based on the nominal duty, but

the switching frequency is fixed, which facilitates the switch component selection without

the extra requirement. For chaotic frequency modulation, the switching frequency varies

in chaos, so the switch is demanded to work at the frequency with the larger margin, which

is harsh to select the power switch and design the circuit.

7.4 Failure Influence of Chaotic Modulation

For the chaotic frequency modulation system, the modulation signal changes into the

periodic signal if chaotic modulation fails. Compared with the standard PWM control,

EMI is reduced under the periodic modulation. But comparing under chaotic modulation

and random modulation, the periodic modulation is less effective for EMI reduction [28].

The followings focus on the chaotic duty modulation.

7.4.1 Parameters of Analogue Signal Generator

Take Chua’s circuit as the example of chaotic analogue signal generator, as shown in

Figure 3.3. One of the key components is the resistor R. The resistance of R varies due

to the thermal stress and humidity. With the inductor L as 18 mH, when R = 1600 Ω,

the circuit runs in chaos. The voltage trajectory between C1 and C2 is tested under the

different resistance of R by adjusting R within the 25% variation. Figure 7.4 shows the

simulations with the software PROTUES, where the circuit appears some different status

like the single-period, multi-period, single-scroll and bi-scroll once the resistor varies.

When the modulation signal extracted from Chua’s circuit changes from chaos to period,

chaotic modulation fails.

7.4.2 Operation Precision of Digital Signal Generator

A chaotic digital signal generator is commonly realized by MCU or MPU, which is lim-

ited by the arithmetic precision. Hence, some information is lost while MCU or MPU

is processing the float-point calculation. The higher the arithmetic precision is, the less

information it loses. The chaotic digital signal derivers from the discrete maps through

the iteration. No matter how high the arithmetic precision is, iterative process eventually

enable the variable to go from the chaos to the period, as shown in Figure 7.5. Chapter 4

has presented the solution for keeping chaos.

7.4.3 Simulations

For the chaotic duty modulation, the EMI suppression would be less effective if chaotic

modulation turns into the period modulation. The modulated duty is expressed as

d(t) = D +Δd, (7.4)

where D is the duty under the normal PWM control and Δd is the duty offset while

modulating. From Eq. (7.4), there are the following conclusions.
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7.4 Failure Influence of Chaotic Modulation

(a) 2-period R = 1990 Ω (b) 3-period R = 1820 Ω (c) 4-period R = 1885 Ω

(d) Single-scroll R = 1800 Ω (e) Bi-scroll R = 1600 Ω

Figure 7.4: Trajectory of v2 − v1 with various R in Chua’s circuit

(a) Evolving waveform (s/Div: 500 ms)

(b) Fractionated gain (s/Div:2.47 ms)

Figure 7.5: From chaos to periodic status
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7 The Remaining Useful Life under Chaotic Modulation

when Δd is equal to zero, modulation pulse possesses the fixed duty D.

When Δd is chaotic, modulation pulse is consequently chaotic.

When Δd is periodic, modulation pulse is also periodic.

If the modulation signal connected to PWM module changes from the chaos to the periodic

state, Δd is likewise. Chaotic modulation turns into the period modulation, From Chapter

1, period modulation scatters the energy of the fundamental fc and its harmonics nfc into

[nfc · (1 − α
2 ), nfc · (1 + α

2 )], n ≥ 1 with the interval of fs (α is the modulation coefficient

and fs is the periodic frequency). Period modulation reduces the EMI energy at the

fundamental component and its harmonics, but the spread spectrum is less effective when

compared that under chaotic modulation.

Based on Figure 2.5, the schematic is made for simulation, where the external chaotic

signal produced by Chua’s circuit is injected to the PWM control module of the buck

converter. Figures 7.6 and 7.7 demonstrate the evolving waves from the chaos state to

the period state by simulating Chua’s circuit.

Under chaotic modulation, vch, PWM, iL and their FFTs are shown in Figure 7.6 from

top to bottom. Under the period modulation, vch, PWM, iL and their FFTs are shown in

Figure 7.7.

Figure 7.6: FFT of vch, PWM, iL and iL under chaos modulation
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7.5 Summary

Figure 7.7: FFT of vchPWMiL and iL in periods

The comparisons illustrate that once Chua’s circuit evolves from chaos to period, the

following happens.

a. The amplitude of the signal vch increases.

b. PWM probably happens to lose some pulses.

c. iL changes into the periodic wave.

d. The FFTs appear the larger peak that means EMI suppression reduced.

e. From the chaos state to the period state, an extra frequency is fixed to the converter

and a risk of resonance oscillation is added to some components in the converter , such as

the capacitor, the transformer and the conductor.

7.5 Summary

This chapter made the research for the remaining useful life of the switching converter on

the viewpoint of the fault prediction and Health Management. According to the statistics,

the critical components of the switching converter are the electrolytic capacitor and the

transistor switch.

ESR is the key parameter of the electrolytic capacitor. Chaotic modulation normally

leads to the increase of the output ripple, making the ESR increase and the capacitance

reduce. Therefore, it is obliged to limit the amplitude of the output voltage ripple while

designing and applying the converter under chaotic modulation. Otherwise, over-ripple

makes the capacitor degrade and fail, which shortens the useful life of the whole switch

81https://doi.org/10.51202/9783186850102 - Generiert durch IP 216.73.216.60, am 24.01.2026, 01:48:01. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783186850102


7 The Remaining Useful Life under Chaotic Modulation

power supply. The chaotic duty modulation keeps the cycle unchanged, so the modulation

has no impacts on the power switches. However, chaotic frequency modulation makes the

switching frequency change within a range, so the modulation influences the power switches

and demands the switches with an enough margin of the working frequency. Meanwhile,

the possible failure of chaotic modulation will influence the service life of the switching

converter. A chaotic analogue signal generator, such as Chua’s circuit, fails to output

the chaotic signal because of variable parameters under high temperature and humidity.

The chaotic digital signal generator varies from chaos to periods due to the limited float

precision of MCU or MPU. Once chaotic modulation fails, the modulation mode becomes

a periodic modulation, weakening the EMI reduction.
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8 Tests of Input and Output Characteristics

8.1 Introduction

Some researchers have reported the experimental tests about the effects of the chaotic

modulation on efficiency, power factor, current harmonics and output ripples [17, 21, 22].

In addition to these items, commercial power devices are obliged to confront a series of

prescribed tests like the reliability, functional specifications, protection features, safety

regulations and other specific requirements.

Functional specifications mainly refer to voltage regulation, load regulation, output ripple

and noise, power factor, efficiency, energy efficiency ratio, rise time, fall time, boot delay

time, holdup time, overshoot amplitude and output transient response. Protection fea-

tures include over-voltage protection, short-circuit protection and over-current protection.

Safety regulations involve the input current, leakage current, voltage insulation, tempera-

ture resistance, chassis ground, transformer output characteristic and negative tests. There

are some other specific tests , such as electrostatic discharge, fast transient or impulse in-

terference, surge, voltage drop or interruption and boot impulse current.

For a switching converter, protection functions through some sensors and actuators, where

these sensors separately detect over-voltage, short-circuit and over-current, and the cor-

respondent actuator responds executing. Although the protection module acts on PWM

control, it is independent of the latter. Hence, chaotic modulation will not affect the

protection features. Meanwhile, safety regulations emphasize the safe clearance, ground,

flame retardancy of components, transformer output characteristic and abnormal opera-

tion, which don’t involve PWM control. Therefore, protection features and safety regula-

tions are neglected while analyzing the effect of chaotic modulation on system performance.

Chaotic modulation is essentially the closed loop control of output feedback, which in-

fluences the input and output of the system. From the stability analysis in Chapter 5,

chaotic modulation has no impact on the system stability, as long as the chaotic signal

meets the requirements of amplitude and central frequency in chaotic duty modulation.

Chapter 6 probes the effects of chaotic modulation on the useful life of the system from the

aspects of health management technology, failure modes and critical components of the

switching converter. Consequently, the output ripple resulting from chaotic modulation

should be confined. By combining the converter function with other specific requirements

of the switching converter, this chapter focuses on the testing specification of the input

and output characters.

8.2 Input Characteristics

Switching converters normally make use of single-phase two-wire power as the input. The

AC specification depends on the country or the region that uses the grid, which is catego-
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rized as 90 V ∼ 132 V (rated value as 115 V) and 180 V ∼ 264 V (rated value as 230 V),

both with the working frequency range of 47 Hz ∼ 63 Hz. The input characteristics cover

efficiency, power factor, voltage drop interrupt and inrush current. Voltage drop inter-

rupt refers the state that the electrical equipment can not be damaged when the input

voltage drops or breaks instantly. Inrush is about the current spikes that occur when the

device switches on or off frequently. Voltage drop interrupt and inrush current are both

for examining whether the power device can protect itself or not.

As for the efficiency and power factor, the test conditions about the input voltage and

the output loads are uniform. The input voltage is normally specified as 115 V/60 Hz,

230 V/50 Hz or 220 V/50 Hz/60 Hz depending on the area of the customer. The output

load is commonly considered as three levels of the maximum load, its fifth and its half.

The input power pin and output power pout are separately measured under different loads.

The input current iin can be tested when pin refers to the active power. Based on the

above, the efficiency and the power factor (PF) can be calculated.

8.3 Output Characteristics

The Output characters are demanded that the output voltage and current meet the rated

requirements under the rated loads. Besides, the precision and the transient response

of output should be considered when the input voltage or the output load varies. The

voltage precision refers to the voltage regulation ratio, load regulation ratio and the ripple

and noise of output. Denote uo as the output voltage, umax as the maximum, umin as the

minimum and urate as the rated output.

8.3.1 Voltage Accuracy

a. Voltage Regulation Ratio

Voltage regulation ratio means the stability of the output voltage varying along with AC

input voltage at a certain load, which is required less than 1%. The test process is

(1) Keeping the load at a fixed value

(2) Keeping the working frequency at a certain value from 47 Hz to 63 Hz

(3) Regulating the input voltage from 90 V to 132 V (rated value urate = 115 V) or from

180 V to 264 V (rated value urate = 230 V) and noting the maximum umax and minimum

umin of output voltage

(4) Applying the mathematical formula (umax−umin)/urate ·100% to calculate the voltage

regulation ratio

b. Load Regulation Ratio

Load regulation ratio refers to the stability of the output voltage varying along with the

load at a certain AC input voltage, which is required less than ±5%. The test process is

(1) Keeping the AC input voltage at a fixed value within 90 V ∼ 132 V or 180 V ∼ 264 V

(2) Keeping the working frequency at a certain value from 47 Hz to 63 Hz

(3) Regulating the load and noting the maximum umax and minimum umin

(4) Applying the mathematical formula (umax−urate)/urate ·100% or (umin−urate)/urate ·
100% to calculate the Load regulation ratio
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8.4 Comparisons of Test Results

Table 8.1: Test conditions

Frequency (Hz) Max Load (W) 50% Load (W) 20% Load (W)

50 200 100 40

Table 8.2: Efficiency at maxLoad

Item pin (W) iin (A) pout(W) Effi (%) cosα (%)

Normal PWM 264.6 1.64 200 75.6 70.0

chaotic PWM 266.3 1.67 200 75.1 69.5

8.3.2 Output Transient Response

Output transient response means the stability of output voltage varying along with the

rapidly changing output load, which is specified that the maximum and the minimum of

the output voltage aren’t greater than ±10% of urate.

8.4 Comparisons of Test Results

By taking PC’s power as the test bed, tests are conducted under the normal PWM and

the chaotic PWM, respectively. The rated full-load power of this device is 200 W, whose

test conditions are listed in Table 8.1.

Tables 8.2, 8.3 and 8.4 list the efficiency when AC input is 230 V and the working frequency

is 50 Hz. In the tables pin, iin and po are the test results. The efficiency is calculated as

Effi = pout/pin · 100%, and the power factor is cosα = pin/(230iin) · 100%.

Tables 8.5 and 8.6 list the efficiency and the power factor at the different load, where three

different loads are considered. The total efficiency is the efficiency average at three loads

and the total power factor is likewise. From the tables, the efficiency and power factor

under chaotic modulation are slightly lower than those under the normal PWM, because

the external chaotic signal generator is powered by the test object, PC’s power device,

which increases the system load.

Tables 8.7 and 8.8 list the voltage regulation ratios of +12V output and +5V output. While

regulating the input voltage from 180 V to 250 V (urate=230 V), the output voltage varies

and the maximum umax and the minimum umin are produced. The voltage regulation ratio

is calculated by the expression (umax−umin)/urate ·100%. Although the voltage regulation

ratios are slightly greater under chaotic modulation than the normal modulation, they are

still less than the limit of 1%.

Tables 8.9 and 8.10 are load regulation ratio of two outputs, +12 V output and +5V

Table 8.3: Efficiency at 1/2 Load

Item pin (W) iin (A) pout(W) Effi (%) cosα (%)

Normal PWM 126.9 0.81 100 78.8 68.0

chaotic PWM 128.0 0.83 100 78.1 67.5
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Table 8.4: Efficiency at 1/5 Load

Item pin (W) iin (A) pout (W) Effi (%) cosα (%)

Normal PWM 52.7 0.36 40 75.9 63.5

chaotic PWM 52.8 0.37 40 75.7 62.7

Table 8.5: Efficiency (%)

Item MaxLoad 50% Load 20% Load Average

Normal PWM 75.6 78.8 75.9 76.8

chaotic PWM 75.4 78.1 75.7 76.4

Table 8.6: Power factor (%)

Item MaxLoad 50% Load 20% Load Average

Normal PWM 70.0 68.0 63.5 67.2

chaotic PWM 69.5 67.5 62.7 66.6

Table 8.7: Voltage regulation ratio of +12V output

Item umax(V) umin(V) Voltage regulation ratio (%)

Normal PWM 12.06 12.01 0.41

chaotic PWM 12.05 11.95 0.83

Table 8.8: Voltage regulation ratio of +5 V output

Item umax(V) umin(V) Voltage regulation ratio(%)

Normal PWM 5.02 4.98 0.8

chaotic PWM 5.035 4.99 0.9
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8.5 Summary

Table 8.9: Load regulation ratio of +12V output

Item Max Load 50%Load 20%Load 0%Load
Load

reg-ratio 1

Load

reg-ratio 2

Normal PWM 11.6V 11.8V 11.85V 12.5V 4.2 -3.3

chaotic PWM 11.65V 11.85V 11.87V 12.5V 4.2 -3.0

Table 8.10: Load regulation ratio of +5 V output

Item Max Load 50%Load 20%Load 0%Load
Load

reg-ratio 1

Load

reg-ratio 2

Normal PWM 4.85V 4.90V 4.95V 5.05V 1.0 -3.0

chaotic PWM 4.88V 4.95V 5.0V 5.08V 1.6 -2.4

output. Keeping the input voltage at 230 V and the working frequency at 50 Hz, the

tests proceed under the load at Max Load, 50% Load, 20% Load and no-load, respectively.

According to the expressions (umax − urate)/urate · 100% and (umin − urate)/urate · 100%,

the load regulation ratios are achieved. Comparisons show that chaotic modulation affect

the load regulation ratio in accordance with the normal PWM control.

Table 8.11 list the output ripple and noise. The tests are conducted under same conditions

as the previous one. The respective output ripple is obtained and recorded at Max Load,

50% Load, 20% Load and no-load. The test results indicate that chaotic PWM results in

increasing the ripple within the limit of specification.

8.5 Summary

Regarded as the research object, a PC’s power supply has been tested under normal PWM

control and chaotic PWM control, respectively. It shows that the efficiency and PF are

slightly lower under chaotic PWM control than the normal one by comparison. The reg-

ulation ratio of voltage and load almost keep steady under this two controls. Besides, the

output ripples are slightly greater under the chaotic PWM control than the normal one.

However, all the test results are within the scope permitted by the respective specifications.

In a word, the chaotic modulation schedule applied in this project is proved to be feasible.

Table 8.11: Tests of output ripples

Item Max Load 50% Load 20% Load 0% Load

Normal PWM (+12 V output) 96 mV 86 mV 74 mV 20 mV

chaotic PWM (+12 V output) 102 mV 98 mV 81.8 mV 50 mV

Normal PWM (+5 V output) 40 mV 36 mV 30 mV 18 mV

chaotic PWM (+5 V output) 48 mV 40 mV 38 mV 30 mV
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9 Conclusions

Switching converters play an important role in many fields. However, converters produce

serious electromagnetic interference (EMI) because of high change rates of current and volt-

age by applying PWM technology to control switching actions of transistors. Therefore, it

is obliged to suppress EMI for application of switching converters. Chaotic modulation has

been developed to suppress EMI of the switching converter by dispersing the energy into

a wide frequency band and smoothing the peaks of the EMI spectrum. Chaotic frequency

modulation is most commonly reported for EMI suppression in switching converters, which

features the varying working frequency and thus increases the difficulty in designing cir-

cuitry parameters. Hence, this research aims at the chaotic duty modulation and probes

into its feasibility and practicability. The main contributions are summarized as following.

a. The chaotic duty modulation has been concerned in this dissertation, instead of the

well studied chaotic frequency modulation. Chaotic duty modulation is just to change

the duty of the transistor driving-pulse while maintains the fixed switching frequency,

which facilitates the hardware design of switching converters. Chaotic duty modulation

has been realized by appending an external chaotic signal to the existing PWM module of

the switching converter, which is practicable without the loss of the generality.

b. The central frequency of a chaotic signal has been verified to affect the EMI suppression.

With the help of the central frequency, the effectiveness of EMI suppression is studied on

relating to chaotic signals used for chaotic modulation. The central frequency is defined

as the frequency corresponding to the largest spectral peak of a chaotic signal, which is an

attribute of chaotic system decided by interior parameters. Quantitative analysis, simula-

tion and experimental results have verified that it will reach the optimal EMI suppression

under chaotic duty modulation when the central frequency of chaotic signal is close to a

half of the switching frequency, providing a reference for engineering application.

c. A qualitative verification has been conducted for the stability of switching converters

under chaotic modulation via the classic control theory. Based on the half-bridge model,

stability can be judged by the margin of the gain and the phase in the way of the normal

control transfer function, which requires that the external chaotic signal connecting to

PWMmodule is limited by the amplitude and the central frequency. The two preconditions

can be described: 1) the chaotic signal switches in every period T synchronously for only

once; 2) the control voltage meets the condition VL < vcon < VU .

d. Through the failure model and critical components, the remaining useful life is also

ensured under chaotic duty modulation. As for typical input and output characteristics

testing items, comparisons have been made between normal PWM and chaotic modulation.

The testing results indicate that the efficiency of the switching converter under chaotic

modulation is slightly lower than that under the normal PWM, and voltage regulation ratio,

load regulation ratio and output ripples are slightly higher, but all within the permitted

scope. Therefore, it is verified that this proposal of using the chaotic duty modulation in
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switching converters for EMI suppression is feasible in practice and lays a foundation for

industrial applications.

In addition, some tasks will be further done in the future as follows:

a. The research on frequency character of chaotic signal is confined to the specific analogue

and chaos mapping, so exploration in-depth will be given for the general chaotic signal.

The relation between the output ripples and the central frequency will be strictly deduced.

b. The stability analysis is confined to the chaotic duty modulation, more modulation

modes will be investigated and compared to find out a universal way of the stability

analysis. Meanwhile, it is useful to research how to apply the non-linear kinetic modeling.

c. The further research is about the impacts chaotic modulation on the magnetic compo-

nents, such as the transformer and inductor. It is significant to study the magnet and the

heat under chaos in order to provide some theory bases for the EMC design.
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