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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
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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.

Radiation (30 MHz—1 GHz) >

Source Receiver

Conduction (150 KHz—30 MHz) >

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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1.2 EMI and EMC

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.

65 Class B Conducted QP

Class B Conducted AV

Pegel in dB(pV)
3

0,15 5,15 10,15 15,15 20,15 25,15 30
Frequenz in MHz

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

o0
fy="> Fud™, (1.1)
n=—oo
where F}, is the n-th series coefficient, and w is the angular frequency. Denote ¢y as the
initial instant of the cycle and T the width of the cycle. F, is given by

to+T
F,=— / Ft)e ™t (1.2)

to

F,, presents the amplitude at the corresponding frequency of f(¢) 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(¢) can be

expressed as
(o]

1 .
flt) = o / F(w)eddw. (1.3)
—00
F(w) is the spectrum density function and defined as

o0

Flw) = / F(t)e—itd. (1.4)

—0o0

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

S = | Ful2 (15)
If f(¢) is aperiodic, its energy spectrum density is
S(w) = [F () (L6)

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, Fy, Fb, Fy 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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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 (L;LoL3 and L4) and the filtering capacitors (C1Cs 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
C:

ci| Ls
Public grid ? ——— Main circuit

L2

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) = wu(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 @ is turned off at ¢y , and the switching
current ig(t) falls to zero until ¢;. At the same time, the voltage across the transistor @
rises from zero in sinusoidal way. Therefore, the instantaneous power p(t) = ug(t)ig(t)
becomes tiny while turning off. In the same way, the current through the transistor @
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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‘am 24.01.2026, 01:48:01. ©
m ‘mit, fr oder in KI-Syster



https://doi.org/10.51202/9783186850102

1.3 EMI Suppression in Switching Converters

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—Af, fo+Af] and the amplitude is reduced. Spread spectrum modulation is depicted
by modulation mode and modulation signal.

|
[
|
I Amplitude after modulation
[
[
|
|

e

Amplitude before
modulation

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 fg 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 nfg [29)].
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The random signal has a continuous and smooth spectrum. Random modulation makes
the energies at harmonics of switching frequency nfg(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.

- [ am 24.01.2026, 01:48:01. @ Urheberrachtiich geschlitzter Inhatt.
tersagt, m ‘mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186850102

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 ¢ and the cycle by 7. 71 is described by chaos mapping x:

7 = X(T-1), k= 1,2,3, ., (2.1)

where 7;,_1 € (0, 1), 79 is the initial value of the chaotic series and represents the cycle of
the first pulse. The initial time ¢4 of the (k 4+ 1)-th pulse is

thp1 =t + 7 =t + X(Th—1), k= 1,2,3, ..., (2.2)

where 7,1 € (0,1). The variable t; is the initial time of the transistor driving-pulse, and
assume tp = 0. The variable ¢j; is determined by both t; and 7i. Therefore, 7, and ¢
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 7 represents
the occupied time of the k-th pulse, and the k-th period of v(¢) can be expressed by

14
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Figure 2.1: Chaotic frequency modulation pulses
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According to Fourier Transform [7], the pulse spectrum denoted by Fj(tx,w) is [39]
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so the spectrum of v(t) denoted by F(w) is
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As shown in Eq. (2.5), the variables t;1; and 7 are chaotic series, which are of the
pseudo-randomness. F(w) is the function of ¢;1; and 7, so that F(w) has the continuous
spectrum. That is, the signal energy of v(¢) is spread into a wide frequency range, which
results in EMI suppression.
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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 @, 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.

IR
Vo
Vs = l

Power converting
module

1

—

Vsawtooth

Chaotic signal
generator Ven

Figure 2.2: The schematic diagram of chaotic frequency modulation

The chaotic signal v, is processed by the resistor R.p, then the processed signal is con-
nected to the comparator input vsqutooth- Denote the proportionality coefficient by kg,
there exists

Usawtooth = kO'Uchn (26)

Denote the output sampling voltage by vs and the reference voltage by Viet. The error
between vs and Ve is amplified to become the control voltage veon. Once the system
keeps stable, veop is approximately constant denoted by 79. PWM pulse are obtained by
comparing veon, and Vgguwtooth- Denoting the pulses by z, one can obtain

1, vsqu > Vcons
y = s Usawtooth con s (27)

07 Usawtooth <Vcon -

In terms of Eq. (2.6) and veon~70, 2 can be expressed by

17 Uch > %37

Zz =
0, U¢h§%3~,

(2.8)
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where the cycle 7 of the PWM pulse is determined by the signal v, which performs
chaotic frequency modulation, as shown in Figure 2.3.

Vsawtooth
7’ 7\ Veon
(6] t
PWM | 111 [] IR
O t

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 Tg keeps constant and the duty varies
chaotically. Denote the initial time of the k-th pulse by ¢; and the duty by dj. The variable
dy. is described by chaos mapping

di, = Y(dr1),k=1,2,3, .., (2.9)

where di, € (0,1), do is the initial value of the chaotic series representing the first pulse
duty. Denote the pulse amplitude by the constant A. The conduct of di and Tg 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]

0, t) <t <tprs —diTs,
wlt—ty) =4 0 F =TT RS (2.10)
Aty — dipTs <t <tpyr
In terms of Fourier Transform [7], there is
17
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v(t)
A do di1 dk di+1
4
———————— Ts ‘Ts R
(0]
h 123 tk+1 tk+2

Figure 2.4: The switching pulses under chaotic duty modulation

tr+Ts
Fde) = [ o= e ar
tr
te+diTs te+Ts
= / ot — t)e tdt + / ot — tp)e Ildt
th tr+diTs
ti+diTs t+Ts
= / Ae It qt + / Oe @t at
tr tr+diTs
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= /Ae‘j“tdt. (2.11)
tr

The cycle Tg is constant, the initial time of the (k 4 1)-th pulse is ¢x41 = (k + 2)Tg, and
Fi(w) can be expressed as follows.

(k+2)Ts
F(dy,w) = / Ae™I9tqt
(k+2—di.)Ts
i, Ts
= - / Ae It
0
A _
= ey, (2.12)
Hence, the spectrum function F(w) is
+00 jA jA +00
_ S —jwdiTs _ 11 . J5 —jwdrTs _
F(w)fg eIt ) = ;[e WTs _ 1], (2.13)

As indicated by the equation (2.9), the pulse duty dj. is a chaotic series. F(w) possesses
the characteristic of chaos and the continuous spectrum, which implies the EMI reduction.
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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).

Vs —_

—

Figure 2.5: The schematic diagram of chaotic duty modulation

The feedback voltage vg is gotten by sampling the output through the resistor Rg. If the
system runs stable, vg is nearly constant denoted by 7. The variable v, is the external
chaotic signal and is linearly processed to be Av,.y through the resistor R.j,. Denote the
linear coefficient by kj, there

A’Uref = k‘lych‘ (2.14)

Hence, vy is
Uref = Vet + A'Urefa (2'15)

where Vi is constant, which completes a translation for Av,.s, so v,y reaches a reason-
able value range.

The variable vep, is the control voltage, which is the issue of amplifying the error between
vg and v,cr. Assume that the amplifier gain is constant, and denote the gain by Aj. The
variable veop, is described by

Veon = A1 (US - 7/‘7'ef) =A ('Yl - Vref) - Alklvcha (2'16)

where includes two parts. One part of the equation is Aj(y1 — Vyer), which is constant
denoted by ~2. The other one is Ajkjv.p,, and the product of A and & is constant, which
is denoted by 3. Therefore, veop, is simplified as
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Vcon = V2 + V3Vch- (2'17)

Define the sawtooth as
t
Vsawtooth = VL + (VU - VL)(TimOdl)a (2'18)
S

where Vi, and Vy are the minimum and maximum values respectively, and Ty is the cycle
of the sawtooth.

As depicted by the preceding, veo, is the result of processing v., by the linear transfor-
mation and translation, therefore, veoy, persists the chaotic characteristic of vy,. PWM is
further expressed

P 17 Usawtooth = Y2 + Y3Vch (219)

0, Vsawtooth <72 + V3Vech-
Hence, veon and vggpiooth Work together to produce PWM pulses. The pulse cycle is the
same as the cycle of vsgutooth, but the duty is determined by veon and vggptootn- In essence,
the duty varies along with v, which means realizing the chaotic duty modulation, as
shown in Figure 2.6.

Vu Vsawtooth

v/ 7 >/7 7 ‘ !

o t
PWM [ 17 1 11 I

ITs 2Ts 3Ts 4Ts 5Ts 6Ts

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 Ug=28 V, f¢=50 kHz, Ry, =1 Q, L=1 mH, C=470 uF and the power switch model
is IRF130_s/2. 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

oNn
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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.

{dBV) : 1{H2) @By :t(H2)
0.0
0.0 P PWM
25.0 E— .mo.o-,l“| “Il N
-50.0
-75.0 200.0
(dBV) : 1(H2) o0 @89 1(H2)
0.0 chaotic d ) chaotic d
-25.0 — .100.0-“"’1"‘-’:%
-50.0
-75.0 2000
; dB-) : t{Hz)
{dBV) : 1{HZ) % _
00 chaotic ¢ haotic f
-25.0 _ 100,04 ¥ Werrsmyriarres
g5 00.0
‘7l T T ] ] R T T
0.0 100.0k 200.0k 300.0k 0.0 100.0k 200.0k 300.0k

1(Hz) t(Hz)

(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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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 f,.

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).

i+ ai + kx4 pad = Feos(wt), (3.1)

where F'and w are amplitude and angular frequency of the external periodic force, respec-
tively. a, k and p are constant coefficients of elastic system. Given k=1, p=1, a=-0.5, and
the initial values of Z and & stand for -0.1, simulation is conducted with Matlab software.
Firstly, keep w constant and enable F' changeable. Here, let w=2, then the trajectories and
power spectrum curves of Duffing elastic system are shown in Figure 3.1.
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Figure 3.1: The system trajectory and the PSD of the signal when w=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 f;
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 3 f;.

When F=3.0, the system displays chaotic. The signal power spectrum curve flattens its
peaks, but the component f; still remains its greatest peak.

Then, keep F constant and change the value of w. The trajectories and power spectrum
curves can be seen in Figure 3.2 when w is equal to 4, 5 and 6, respectively. Each power
spectrum curve has a distinct peak located at the fundamental component. Along with
increasing w, 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 w of external force keeps constant. On the contrary, when the amplitude
of external force keeps constant and the angular frequency w varies, the system behaviour
can be changed from period to chaos. The frequency of fundamental component varies
along with w, on which the greatest spectral peak appears.

Y|

- [ am 24.01.2026, 01:48:01. @ Urheberrachtiich geschlitzter Inhatt.
tersagt, m ‘mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186850102

3.3 Chua’s Circuit

o
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Figure 3.2: The system trajectory and the PSD of the signal while changing w

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 i; as the current through the in-
ductor L1, v1 and vg as the voltages across the capacitors Cy and Co. Figure 3.3 (b) presents
the v —i characteristic curve of the nonlinear resistor NV,., which is piecewise linear function
with the outer line slope myg, the internal line slope my, and the abscissas +Bp, —Bp of
the two breakpoints. Chua’s circuit is expressed by the following equations (3.2).

b = &[(va — v1)G = f(m)),

&2 — df(n —v)G + 1], (3.2)
dip 1

a TvQ?

where G = %, f(v1) is the current 7, through N,, which is the function of v;. It can be
expressed as

f(v1) = mov1 + 0.5(m1 — mo)[|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].

U1 V2 Ri t
x = Yy=—=—,2=—T= —-r
Bp'! TBp YT Bp' RCy
C CoR?
o = C—?B/ = 21 ,a = Rmqy,b = Rmy.
(3.4)
The dimensionless equations (3.5) is obtained for Chua’s circuit.
de _ 1 g
o~ o/(y -z~ f(2),
By, (3.5)
% = 7/6lys
where
f(x) =bx+0.5(a—b)[|x + 1| — |z —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:
o =90, 8 =14.87, a = —1.183 and b = —2.3114. The evolving waveform of vy and the
trajectory of vy — 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 o/, ', a and b
when increasing or decreasing C7, Co and L; 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 vy — v1

s+ qs® +qus +qo =0, (3.7)
where s is the complex frequency, qo, 1 and g2 are determined by Cp, Co, G, L1 and
mi(i = 0,1). That is, g0 = 5%, 01 = 7oy + i @ = & + S5
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],

- 1 Glei
B 27T\/ Llcg Cl '

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

f i=0,1 (3.8)

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, f, is the fundamental frequency of chaotic signal, which is
influenced by the angular frequency w. As a result, the greater w, the greater f,. Figure 3.6
shows the evolving waveforms of Duffing chaotic signals under two different w. 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 w=14 than when w=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 f,=12.4 kHz, the other is about f,=24 kHz.

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

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

Figure 3.6:
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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 f, 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 vy, is the external chaotic signal and is linearly processed to be Av, ¢ through
the resistor R.,. Denote the linear coefficient by kj, there

A“rcf = k1vep. (4 1)

The variable vggy, is the control voltage. It is the issue of amplifying the error between vg
and vp.y. Assume that the amplifier gain is constant and denoted by A;. The variable
Veon 18 described by

Vecon = Ay ('US - 'Uref) = Al('Yl - Vref) - Alklvch,a (4'2)

which includes two parts. One part of the equation is Aj(y1 — Vyer), which is constant
and denoted by 2. The other one is Ajkjv.,, where Ak is constant and denoted by 3.
Therefore, veop is simplified as

Ucon = V2 + V3Uch- (43)
Because vop is the result of processing v., by linearization and translation, veo, is also

chaotic and the duty of the modulation pulse is consequently chaotic, as shown in Fig-
ure 4.1.

Vu Vsawtooth
vo /T /7 7/ - Veon
o : ‘ t

1Ts kTs (k+1)Ts
PWM ] ] *
[¢] t
173 Tk+1

Figure 4.1: Waveforms of vq.t00th, Vecon and chaotic modulation pulse
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4.2.2 Spectral Analysis
Define the sawtooth as

t
Usawtooth = VL + (VU - VL)(T777LOd1)7 (44)
s

where V1, and Vy are the minimum and the maximum respectively, and Ty is the cycle of
the sawtooth. In Figure 4.1, high-level initial time ¢, of the kth pulse is determined by the
crosspoint of veen, and Vsgwtooth:

UC[)TL_VL
tp = (k— 1)Tg + 2= — L
e= BTt g T
Y3Ven + 72 — VL
= (h—1)Ty+ Bk T 27 Thp 4.5
S s A (45)

Denote v, at the crosspoint by vep (k) in the kth cycle. In terms of Fourier transform [7],
the spectrum for the kth pulse is expressed as

kTs—t )
Fr(w) = / Ae’j“’tdt:%[e’jw(kTS’“‘)—IL (4.6)
0

further, the equation (4.6) can be rewritten as

; . v (R)+72—V
Fu(w) = 22 {e‘J“(T (Bgrveer)) 1} : (4.7)
w
Assume % = pwep, + b1, then p = ¢y > 0, and by = \}’ii\\/,‘L > 0. The
equation (4.7) can be expressed as
Fi(w) = JA [S*MT s(I=pven (k) =b1) _ 1} (4.8)
w
Hence, the spectrum of chaotic modulation pulse denoted by F(w) is
—+00 iA
— IO —jwTo(1—pven (k)—br1) _ 1] 4.9
=27 E . (49)

From Eq. (4.9), the F(w) 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(w) have the extremal points. Denote nw;
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

Z |: —j2nm(1—pven—b1) _ 1i|

Z & |:€—j2n7r6j2nuvch(k)neﬂnbl7r _ 1} , (4.10)
w
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4.2 Frequency Spectrum under Chaotic modulation

where e 72" and /217 are constant, ed2nmpven(k) g variable, and F(wy) varies along

with v, (k). Because F(wy) is the extremal point, there exists extremal values at the
fundamental and the harmonics for e/2mHven(k)  In terms of the extremal conditions, one

can get w =0, and %M < 0. Further,
d 6j2n7'r;w,,h(k) ) d k
d (e ) o ) :j2n7rueﬂ””“”“"(’“>7vgﬁ ), (4.11)
2 j2 en (k 2
d (6-7 N e )) _ _(Qnﬂ-M)ZejZmr”v"”(k) dl}ch(k)
dw? dw
; d?vep, (k
+ j2n7rueﬂm‘wc”(k)t;+2()‘ (4.12)

When dv%w(k) = 0, the equation (4.11) becomes 0. When dv%@(k) = 0 and % < 0,
Eq. (4.12)<0. Therefore, when v, 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, v,
spectrum maximizes, so does F'(wy,) spectrum.

The frequency of the chaotic signal spectrum peak has been defined by central frequency,
which is denoted by f,. Hence, the fundamental component and its harmonics of the
modulation pulse maximize when f, 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, f, should be deviated from the fundamental and the harmonics of the switching
frequency, for example, f, = (0.5 +n)fs,n =0, 1,2.... Figure 4.2 (b) is for f, = 0.5fs.

Veh Ve

dB dB
H s | ;
fo Hz fo Hz
Vrap Veanp
B aB
L, L,
5 2% 3 e / o8 3 e
PW PWM
dB dB
; MJ)\I_’\ ,
g 2f 3 Hz Lo S 2 3 Hz
(@) fo=1s (b) fo = 0.5,

Figure 4.2: lllustration for spectra of v.p, (Upper),vsqwtootr (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,Cy = 396 nF, L1 = 88 mH 0.7
C1=22nF,Cy =198 nF, L1 = 44 mH 1.4

C1 =11 nF,Cy =99 nF, L; =22 mH 2.8
C1=55nF,Co =495 nF, L1 =11 mH 5.6

C1 =27nF,Cy =25 nF,L; =5.5 mH 11.2

C1 =245 nF,Cy =22.7nF, L1 =5 mH 12.5
C1 =170 nF,Cy =158 nF, Ly =3.5mH | 17
C1=145nF,Cy =13.5 nF, L1 =3 mH 20.5
C1=120nF,Cy =112nF, Ly =25 mH | 24
C1=0.95nF,Cy=9.0nF,L; =2 mH 29
C1=0.80nF,Cy = 7.65 nF,L; = 1.7 mH | 34.57
C1=0.76 nF,Cy =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, C3 and the inductor L; as well as remaining the pa-
rameters o', #', a and b unchanged [44]. For a practical circuit scheme, each component
is selected according to its nominal values, so the theoretical values of Cy, Co and L 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,Co and L; [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, veon is expressed by Eq. (4.3) in case of 72 and 73
being constant. Hence, veo, is the result of the linearization and the translation of v.y,.
The values of 72 and 3 make the period of v.yy, as same as the period of v.p, which keep
the frequency character unchanged after the linearization and the translation. Figure 4.3
shows the evolving waves of the control voltage vcop, 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: Ry, = 1 Q, L = 1 mH,C =
470 uF,o/ = 0.25,V, = 0 V,Vy = 3 V, Vg, = 25 V, Vi, = 24 V, Ry, = 10 kQ. The
sawtooth oscillating frequency of PWM module is set up at 48 kHz, so the switching
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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 | 1793 |17.66 | 17.77 | 17.52 | 17.36

i, 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 | 1855 | 19.32 | 19.41 | 19.22

i, 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 R, is disconnected. When the system is controlled by
chaotic PWM, the external chaotic signal v, which is drawn from the voltage vs of Chua’s
circuit, is connected to the resistor Ry

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 f, ~ 0.5 f5, which means the optimal
EMI suppression.

b. Experimental Results

The scheme in Figure 2.5 is realized by hardware. Assume Ry =1 Q,L = 1 mH,C =
470 uF,Vy, =0V, Vg =3 V, Vg = 25 V, Vs = 2.4 V, Ry, = 10 k2, and the switching
frequency fs = 25 kHz. Chaotic signals with f, = 24 kHz and f, = 12.5 kHz are respec-
tively produced by adjusting the parameters of C1, Cy and L; 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 f, = 24 kHz.
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Figure 4.4: The central frequency vs the amplitude of the fundamental
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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:

Tpy1 = azp(l — ),
3.5699456 < a < 4,n=1,2,3,... z, € (0,1). (4.13)

2. Henon map:

Ynt+1 = brp,
a€(0,1.4),02<b<0.314,n=1,2,3,.. (4.14)

. — .2
{1n+1 = Yn+1 — AT 49,

3. Tent map

Tnt1 = a — (1 + a)|ay],
a€(0,1),n=1,23,..1z,€(01). (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 zg are chosen as follows: a = 4xg = 0.3. The key for the algorithm is how
to convert x,41 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 T;,41, which is calculated as

Top1 =N (k- (zn41—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), xp, € (0,1), hence, (zp+1 — 0.5) € (—=0.5,40.5) and Tp41 is the magnifying
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result based on T¢ with a left or right offset. That is Tj,11 € (N(T¢—0.5k), N(T¢+0.5k)).
Once T, N and k are determined, the cycle 7,41 can be estimated. In another word, the
wave can be expected through configuring T¢, N and k.

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

Setup for N, k and Tc
: =d(1-x, = 210, v
=0, =0, x0=0.3 sra—dedl-xm) T NAeHkeon 0D 1= N r T

T

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 Vy and Vy, respectively,
as shown in Figure 4.7. From the algorithm, the (n+1)th wave undergoes N steps from
the minimum Vi, to the maximum Vy. Suppose that i, j, ¢ are variables. There exists

n n n+1
v=Ve+ (Vo= Vi)t = > 1)), Y Ti<t< > T, (4.17)
j=1 j=1 j=1

where t = Z?:I T; + iT'f\I“ ;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 7,41 /N.

Vu

0 |

T o1, —>| 7, €T —>

Figure 4.7: Triangle wave

Essentially, the algorithm converts the discrete variable of the chaos map to the changeable
cycle of the wave. Hence, T;,41 is determined by zp,41 and the slope of the (n+1)th triangle
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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 T),+1. Denote tan « as the slope. It is calculated by

Vy -V
tanq = ————L (4.18)
Tht
Because z,,+1 belongs to the chaos sequence, T;,41 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 T 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 T varies. Figure 4.8 (a), (b) and (c)
are corresponding to the three different values of T, 20, 10 and 5 respectively. According
to the equation (4.16), while T¢ is decreasing, T4 is decreasing, that is, the system is
faster to convert z,4+1 into chaotic analogue signal as demonstrated in Figure 4.8. On the
contrary, the greater the T, 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 z,+1 = xp.

b. Experimental Results

20
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(C) Tc :5

Figure 4.8: DAC outputs with the different T

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 ST M32f10x_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 O P285G P 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, T¢
varies among 100, 25 and 3.6. Each sub-graph includes the time evolution and its Fast
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R3¢ DAC_om
3V U6A,
12v OP285GP
RI_1 ef-12v
?
100K $2
R4 RS - =
10K [ 5
5 OP2E5GP - 50K [ 1
| VA converter |
|CPU |
i o | Memory :
3K 1K=20K L
Oscillator
e oruscy ol |
SV STM32f10x_dac

Figure 4.10: Schematic of the generating the chaotic signal

Fourier Transform (FFT).

In Figure 4.11 (a), T¢=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), T¢=25, the peak of FFT increases to 400 Hz. Figure 4.11 (c¢) shows the
higher frequency of 2.8 kHz when T¢=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 f, 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 f,.

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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CH2e 2.80U  Time 10.868ms 040.0000s

(c) Tc = 3.6

Figure 4.11: Chaotic signals and their spectra

(c) f, = 400 Hz

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

A9

- am 24.01.2026, 01:48:01. @ Inhak.
tersagt, m ‘mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186850102

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 v, becomes v;..p after linearization and translation. There exists

Upef = A1Vch + b. (5.1)

The displacement b is constant and a; is the scale coefficient. The amplifier output vey, is
expressed as

Veon = kA(vref - 7)5) = k[(alvch + b) - 777)OL (5'2)
where k 4 is the gain of the amplifier, 7 is the sampling coefficient. Denote V as the nominal
output voltage. Hence, the practical output is vo = V + Av and the equation (5.2) is
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Main circuit of Half- Vo Load
Bridge topology 0
T T Chaotic signal

\&mpling v,

Linearization and
translation

PWM drive

Sawtooth
oscillator

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

described as
Veon = ka(b—nV + arvep, — nAv) = ka(b—nV) + ka(arven, — nAv). (5.3)

PWM signal is obtained by comparing the amplifier output vee, and the sawtooth vggutooth
in the comparator Co. Because vgqutooth POSsesses the fixed frequency and the amplitude,
the duty of PWM is determined by veon. In Eq. (5.3), veon consists of the constant part
ka(b—nV) and the chaotic variable part k4(aive, — aAv).

The duty of chaotic modulation satisfies

d=D + Ad, (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 Ad. When Ad is chaos series, d
is likewise. In Eq. (5.3), ka(b—nV) corresponds to D and k4(aivep, — aAv) to Ad, 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, 45V, -5V, +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.

|_ Main circuit

|
! |
| Half-Bridge | .
AC 220V | | conversion and Output | Dl\é[ultlple
i H i outputs
EMI Rectifier _|_> high frequency rectifier and | |
filter and filter |_ transformer filter |
T Feedback
Auxiliary PWM Auxiliary
power control [ parts
_____ N
:— Chua’ s | :— |
I circuit | 2 Linearization k—
c———-= I

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, Rp
and Cp. The oscillator frequency is determined by

1.1

fo= ReCr (

ut
ot
=

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 Cr with either of non-
inverting inputs of dead-time comparator and PWM comparator. The NOR gates, which
drive output transistors 77 and T3, are enabled only when the flip-flop clock-input line,
denoted by C'K, 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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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 v as the signal at the pin 5, vgeqq as the input of the dead-time comparator, and
vsap as the feedback input through the pin 3. An external chaotic signal vep,, is injected
to TL494 through the pin 3, hence [48]

Vfdb = Vchao- (5.6)

When v > Vgeqq and ver > Vengo — 0.7, there exists at the statue n
CK =0,Tiy = Qn, Top = Qn, (5.7)

otherwise,
CK=1,T1,=0,Ty =0, (5.8)

where @, and Q,, represent the output of the flip-flop at the statue n, which are the
opposite. If Q,, is at logic 1, Q,, 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
0.5V 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.

|

|
I :
: | Pul PWMi
| Cz2| |V Cnl |vi NrE | . u SP Half- | V!
S T T : pin9 |— division Bridge —
: | pin10|— af‘d PWM2| main | vo:
| | TL494 drive circuit |—

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

R R Ry . RyR + R11R12V:, R Ry
Vehao = (1 4+ =L + =L 4 Ly =22 120ch * BunfuoVeer Ay (5.9)
Ri3  Rs1 Rge’ RpyRiz+ RuRiz+ RyRii” R Rgo
Ry Ry Ry _ 4 Ry Ru: _ Ri1 R _
Let 1+ 5L + g + 7% = ¥, mroricpirme: = ¢ ad g gmg. = b-
When all the resistors, &', a and b keep constant, Eq. (5.9) is described by
R R
Vchao = k,(auch + bvref) - 7f'001 S Vo2 (5'10)
Rgy Rso

where —1%’11)01 — %vog is the feedback of the system output and Ve is the reference
voltage. Basically, vepqo 18 in proportion to wve, with the translation, so the variation
trends of their waveforms are consistent.

5.3.3 Simulations and Experiments

a. Simulations
Assume that Rp = 12 k2, Cp = 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

Ttem harmonic number | 1 2 3 4 5 6 7 8
ip (dB) PWM 8 |4 9 |-15|-10|-9 |-12]-20
CPWM 9 10 -19 | -22 | -18 | -14 | -25 | -25
decrement 1 4 10 |7 8 5 13 |5
ir+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
irys (dAB) | PWM 210 [ 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 f;,. The
parameters of Chua’s circuit are chosen as L = 2.2 mH, Coo = 4.7 nF, C1; = 500 pF, and
R = 1.75 k). The parameters of the operating amplifier and its peripheral components
are R11 = Ri9s = Ri3 = 10 kQ, Rs1 = 36 kQ, Rgs = 90 k2, and Rf = 7 k2. 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.

ir+12, the current through the output branch at +12 V.

ir+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 N, 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 N, [49], whose
parameters are Rg; = 2.4 k), Rgo = 3.3 k0, Rg3 = Rgs = 220 Q, Rg5 = Rgg = 20 k2.
Refer to Rioden inductance circuit to build the inductor L [50], the peripheral component
parameters are set as R = Ry = R3 = Ry = 2 kQ2,C7 = 10 nF,Cy = 100 nF,C5 =
4.7 nF, and R = 1.78 k2. The hardware implementation and the experimental test are
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Figure 5.5: FFTs under the normal PWM (upper) and the chaotic PWM (lower)
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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 vg — v 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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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 dBuV.

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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Figure 5.9: Conducted EMI tests
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5.4.2 EMC Test

15.15
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curves under the normal PWM (grey) and the chaotic PWM (black)

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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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)

Frequency | Level Limit Margin
(Hz) (dBuV) | (dBuV) | (dBuV)

Item 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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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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0.5Vi—

0.5Vi —

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 PWM; or PW M; as D and the cycle as T. Thus, t; = DT,
t2:%7t3:%+DTandt4:T.

At the initial time, the switch S runs into the conducting state under the positive pulse
of PWM;. 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 %,
Lk p is the primary leakage inductance). There exists Uap equal to %Vi while assuming the

Vj is the input, Lp is the primary inductance of the transformer and

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 ¢1, the positive pulse of PW M; comes to an end, as well as the switch S7 runs
into the close state. The current continues flowing to the starting terminal of the primary
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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 Uag becomes —%Vi. Thus, the diode Dy 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 Uyagp is slightly less than %Vi,
it maintains the continuous current through the secondary winding. To the time to, the
positive pulse of PW My arrives.

At the time t2, the switch S2 begins to conduct and the current through its collector rises
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inear \ risine slope is - 9:5Vi
linearly (The rising slope is YA g

). The potential of the terminal “A” is negative, and
Uap is equal to —%Vi.

At the time t¢3, the switch Sy closes. The potential of the terminal “A” changes into the
positive, and Uap becomes %Vi. The diode D; conducts instantly, then close instantly.
Meanwhile, the current through the primary winding falls to zero rapidly. Because Uap is
slightly less than %Vi, 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 S; is
“ON” and the current through D3 keeps the direction the same as the current through
the primary winding. Once S; is “OFF”, Dy conducts. Meanwhile, the voltage across the
primary winding turns into the negative, D3 closes and Dy conducts. When D turns into
closing, the negative voltage across the primary winding still exists. Thus, D4 continues
to conduct with a falling current.

Once the switch Sy is “ON”, Dy continues to conduct with a rising current until Sy changes
into “OFF”. D; conducts while S is “OFF”. Therefore, the voltage across the primary
winding becomes positive, Dy closes and Ds conducts. When D; 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 PW My or PW Ma has been denoted as T before, thus, the switching frequency
is fs = % Denote the "ON” time slot as t,, and the "OFF” time slot as t,fr. So,
T = ton +topp. For the symmetric half-bridge topology, the duty of each switch PWM
satisfies the expression D = % <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

Ry,  the resistor of the primary winding

R;s  the resistor of the secondary winding

Vi the forward voltage drop of the diode

Rp the forward resistor of the diode

Rjeqr  the equivalent serial resistor of the inductor L

Reeqr  the equivalent serial resistor of the capacitor C'.

Denote iy, and I}, as the current instantaneous value and the DC component, respectively.
According to the previous assumption, there exists ir=Iy. ig,, is, and Ig,, Ig, are the
current instantaneous values and the DC components of the switches S1 and Sa. ip,, ip,
and Ip,, Ip, are the current instantaneous values and the DC components of the diodes
D3, Dy.

6.2.2 Large Signal Model

a. The Equivalent Average Resistor

When the diode D3 conducts, the current through it is expressed as

AN
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Figure 6.3: The equivalent circuit with parasitic elements

i, 0<t < 1y,
ipg =4 0,t1<t < t3, (6.1)
ir,t3<t < 4,

where t; = DT, t3 = % + DT, t4 = T. Hence,

T

/iDSdt = /7D3df+/7D3dT+/7D3df

0

/ At + D, dt + / ip3dt
T+DT

= /7Ldf+

0 T
2

%
= /ZLdt-‘r/lLdt
DT

1/,
= E/ZLdt- (6.2)
0

irdt

[
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According to the previous equation, there exists

ip, = EL (6.3)

On the basis of the above-mentioned assumption, I = iy. Ig is the average current
through the switching branch, Vp and Vg are the average voltages of the ideal diode and
the ideal switch, respectively. During a cycle with the duty D, the current ig, through
the switch S goes through two different cases. When 0<t < DT, ig, # 0 and ig, ~ %LIL.
When DT<t < T, i¢g, = 0. Therefore,

T DT T DT DT DT
1 1
/igldt:/igldtJr/iSldt: ig,dt = f/lLdtzf/iD,ddt. (6.4)
n n
0 0 DT 0 0 0
Because fODT ip,dt = % fOT ip,dt, there
2
T DT T
) 1 . 2D [ .
/zsldtz ﬁ/zngt: W/ZDSdt. (6.5)
0 0 0
Further, the following expressions are obtained.
2D . 2D .
[S1 = 7[D377’SJ = XZDBI (66)

For the symmetric half-bridge topology, Ip, = Ip,. On the basis of Kirchhoff’s current
law [57], I, = Ip, + Ip,. There exists

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 vg, of the switch evolves in ac-
cordance with the following conditions.

When 0<t < DT, vg, = 0.

When DT<t < %., vg, ~Vi.

When %St < % + DT, vg, = Vi.

When % +DT<t < T, vg, =0.

The DC component Vg, of the switch voltage vg, is

RD
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DT 0.5T 0.5T+DT T
1
Vs, = T / vs, dt + s, dt + / vg, dt + / v, dt}
0 DT 0.5T 0.5T+DT
DT 0.5T 0.5T+DT T
1
~ T /Odt + / Vidt + / Vidt + / ()dt]
0 DT 0.5T 0.5T+DT
_0.5T 0.5T+DT
1
= T / Vidt + / Vidf,:|
Vi
= Vi(0.5-D)+ VD= Eh (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

2DV, 2DV;
Vp, = —2 = =11 (6.9)
n n
Because S and Sy are identical and work symmetrically in turn, D3 and Dy are likewise,
the following expressions are obtained.

I

Ip=1Ip,=1Ip, = EL (6.10)
2D D

]S = ISl - 152 - TID’; = gIL (611)

V4
Vs =V = Vs, = 5 (6.12)

2DV, DV;

Vb =Vp, = Vp, = — - . (6.13)

When 0<t < DT, ig # 0 and ig ~ %IL. When DT<t < T, ig = 0. From the expression
Ig = %]L, it is obtained that Iy, = fjIs. On the basis of the definition of the root-mean-
square (RMS) [57], the switch current RMS is

T DT DT
1. 1 [, 1[I
= 2 ea= |2 [2a~ |2 [y
Isrms T/zsdt T /zsdt T /( n) dt
0 0 0
1.1, \/ \/Isn I,
= Ly2pT = /(“£)2D = 2P = 5 14
\/ (=) (=) ™) 75 (6.14)
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From the equation (6.3), the diode current RMS is

T T

1. 1 [, V2 V2 nv21g
Iprms = | 7 / i3dt = 5T / i2dt = 5 ims = 511 = V2Ip & oD (6.15)

0 0

The total conducting loss of Ry, and Ry, is

175‘)2 _ R07L+Rtp

b= (Ron + Rtl’)]g’rms = (Ron + Rtp) (\/B D

2. (6.16)
The magnetic energy of the primary leakage is

1 ([5)2_11/}(1)2
vD

1
Wrkp = ELKPL%W =5lkp =5 Is (6.17)

The magnetic energy of the secondary leakage is

1 1 2 1
Wiks = 5LKsThoms = 3LKs (\/§ID) = SCLs)I. (6.18)
The power loss of Rp and Ry is totally
Py = (Rp + Ris) 1%, = 2(Rp + Ris) I3, (6.19)

The power consumption of the forward voltage drop Vy is

VFrI,
Pyp=Vglp= F2 L (6.20)

b. Large Signal Model

From Eq. (6.16), the equivalent average resistor of the power switch branch is %.
From Eq. (6.17), the equivalent average leakage of the power switch branch is L’?““.

From Eq. (6.18), the equivalent average leakage of the output diode branch is 2Lkg.
From Eq. (6.19), the equivalent average resistor of the output diode branch is 2(Rp + Rys).
Considering the above equivalent average components, ALSM is built as shown in Fig-
ure 6.4. From Egs. (6.11) and (6.13), the average current through the switch branch and

the average voltage across the ideal output diode are respectively
D 2D D
Ig = —Ip,Vp=—Vg=—V,. (6.21)
n n n
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.

P

_ Ron + Rtp [g _ Ron + Rtp (D]L) 2 _ D(Rgn + Rtp) [% (622)

D D n n2

Y]
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Figure 6.4: ALSM of half-bridge circuit with the original average parasitical components

1 f
Py =2(Rp + Ris) I3 = 5 (Re + Ris)I2, (6.23)
I
Pyp=Vyplp = VF2 L, (6.24)
1Lgp 2 1Lgp /D 2 1DLkp 2

= _ZRPp_ _ZEP(Zq) = _Z2EPy 2

Wikr =575 15=57 (n L) 2 2 L (6:25)
and 1 I 1/1

Wiks = 5(QLKS)II% - 7(2LK5)( 2y -2 (§LKS)I%. (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 w is converted into D(R“;;iw
The equivalent average resistor of the diode branch 2(Rp + Rys) is converted into (1? Pt

Rys), and the equivalent average voltage is VZF

DLKP)

The primary leakage is converted into and the secondary leakage is converted into

—L KS, so the equivalent average mductor is

oDL
Leg = ’L"P+LK s+ L. (6.27)

The equivalent average resistor Req serial to Leg is

2D(]%on + Rtp)

Reg =
“ n?

+ RF + Rys + Rlesr~ (628)
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6 System Stability under Chaotic Duty Modulation

Vi ——

@

K:Din K:D/n Reesr

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 Au; and the output disturbance as Au,. Each instantaneous value is the
sum of the steady component and the disturbance, that is v; = Vi + Avv, =V, + Av,d =
D+ Ad, i, = I, + Aip.

From the equation (6.11), there exists

D+ Ad D Ai
is=Ig+ Alg = %(IL + i) = —Ip+ AZL + LAd+ 2Ag, (6.29)

D+ Ad

D Av
vp=Vp+Avp = (V+Av): V+ A,+V‘Ad+ Yin

Ad. (6.30)
a. Direct Current Model

When analyzing the steady state of the circuit, the inductor Ley is regarded as being short-
circuit, the capacitor C' is considered as being open-circuit and the disturbance is supposed
zero. According to Egs. (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 V,,
and Iy,

2V Vi

Vv, = niR} , (6.31)
eq
L+ Rioad
Vo
=V 6.32
Rload ( )
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6.2 Circuit Average Model of a Half-Bridge Converter

K:D/n

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, % < 1, A%[’f < 1% < 1, so %Ad and %Ad are neglected. Then Egs. (6.29)
and (6.30) are described as

Ad D

Aig = —Ip + —Aip, (6.33)
n n
Ad D

The equivalent circuit is shown in Figure 6.7. SSCM is the basis for gaining the transfer
function and analyzing system stability.

Air

] E—d

Leg

m C::

L+ AVi ) Re

Y ppm— -
I D/n
fala) ] |
SN——

ad/n L Reer Ave

Vi )
Adn

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]. G,4(.S)
and Gy, (S) are the transfer functions of the power conversion and PWM control module,
respectively. H(S) is that of the output sampling and G.(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.

Ad(s) I Av, (s)
W Gvd(S)

Power stage

A&, ()
Gm(S) H Ge(s)

PWM module

Chaotic signal .
generating module TVref

Figure 6.8: System block diagram under chaotic modulation

a. Transfer Function of the Power Conversion

From Figure 6.7, there exists

1

DAw; + AdV;
jWLeq + Req + (W% + Rcesr)//Rload jUJC

A’UO = Rcesr) //Rload) .

Conduct the Laplace transformation to equation (6.35),

NP
o(S) = (148C Recer) Rioa '
SLey+ Req + St SC Reesr + Bir)
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6.3 Stability

So, the transfer function of the output to duty is

_ Ayy(95) N
Gvd(s) = Ad(S) ‘All(é) =0
_ MV 1+ SReesrC
T n S2(Rp+ Reesr)LegC + S(Leg + CRegRL + CRegReesy + CReesr Rr) + Reg + RrL
RrV; 142
= . ' = (6.37)
(e ) 142 () + ()

_ Reg+RyL 1 _ Leg+CReqRL+CReqRecsr +CReesr RL
where wo =\ /TR Lo WA = Rono £ :

2y/(Req+Rp)(Rp+ Recsr) LegC

From equation (6.37), G,4(S) possesses bi-pole and single zero point, that is

Wzl = Rilcnwpl = wO(f -V 52 - 1)7"‘}172 = w0(§ + vV 52 - 1)' (6'38)

b. Transfer Function of PWM Control

The control signal vey, interacts with the sawtooth vsgteotn to regulate the duty of the
pulse within PWM control module. According to Eq. (4.4), the maximum and the mini-
mum of Vgt are Vi and Vg, and the sawtooth cycle is 7', which rises linearly. From
Figure 6.9, the control signal v, intersects the sawtooth at the point with the vertical
axis vp. If v, = Vy, d=0. If v, = Vi, d = 1. The duty d varies along with v, in inverse
proportional linearity.

Adit) 1
Avcon(t) Vi, —Vy

where k, is a constant determined by the sawtooth amplitude, and the equivalent gain of

= Fim, (6.39)

PWM control module. The transfer function G,,(S) is expressed as

Co(S) = fd—% ~ k. (6.40)

For PWM IC TL494 [60], the sawtooth amplitude is 3.5V, so the equivalent gain is

1 1

b = e = — 2=
VL-Vu 35

(6.41)
c. Transfer Function of Output Feedback
For the single-output, the sampling module consists of Ry and R, where R} connects the
output terminal and R acts as the pull-down resistor, hence, the transfer function is

Ry

H(S) =1 5=l (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 G(S) as the transfer function.
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6 System Stability under Chaotic Duty Modulation

Vu
v Vsawtooth

Veon

wm
K- g

Figure 6.9: Sketch of PWM generation

Vi

Ts

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 Egs. (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
Veon becomes chaotic, which makes the duty chaotic. According to the relation between
the control signal v, and the sawtooth vsguiooth, there are three possibilities during one
cycle of the sawtooth, as shown in Figure 6.10.

When veon < Usqwtooth, the pulses of PWM stay at high-level during the whole sawtooth
cycle shown as in Figure 6.10 (a).

When v.op, is greater than the minimum of vggqt00tp and less than the maximum of vsqutooth
the pulses of PWM retain the variation of high-level and low-level during one cycle, as
shown in Figure 6.10 (b).

When veon > Vsquwtooth, 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 Vi, < veon < Vy. Under these two preconditions, the transfer function of the
chaotic PWM is a constant value kj,, 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 veyy, is required to meet two conditions accordingly. The first condition is
that the frequency (changing speed) of veop, 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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6.4 Summary

Yy vy Vi i
'sawtooth lVSawtooth \ sawtooth
v [~ /,-" \‘-‘Vcon R \"l_V(ron _____ ‘-'-.‘v“"’
7 g Vi ¥y
P PWM P
(a) Veon < VL (b) Vi, < Veon < Vu (C) Veon > VU

Figure 6.10: Three cases of v, and the respective PWM

amplitude of vey, which is greater than the minimal of vggt00tn and less than the maximal

of Vsawtooth-
Assume that the system is stable under the normal PWM. From Eq. (4.3), there is

Vcon = V2 + V3Vch- (6'44)

Basically, veop, is the linearity of the external chaotic signal v.,. The central frequency f,
of v, represents the evolving speed of veon. The amplitude of v, is determined by 7o
and 3. Because the spectrum of the chaotic signal is mainly distributed in 0 ~ 2f,, the
conditions that maintain the stability are simplified as

(1) fs > 2fo, that is f, < %fg fo is the central frequency of the chaotic signal, fs is the
frequency of the sawtooth.

(1) Vi, < 72 + v30en, < Vy, Vi and Vy are the interior parameters of the sawtooth
oscillator. The coefficients 2 and 73 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.

R (ESR) C

R» (EPR)

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 FPR, the equivalent serial resistor SR and the inductor Lg. C' is the ideal
capacitor across the cathode and the anode of the electrolytic capacitor. PR represents
the dielectric loss and the leakage resistance between the cathode and the anode. FSR and
L 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].

7

- [ am 24.01.2026, 01:48:01. @ Urheberrachtiich geschlitzter Inhatt.
tersagt, m ‘mit, fr oder in Ki-Syster



https://doi.org/10.51202/9783186850102

7 The Remaining Useful Life under Chaotic Modulation

Table 7.1: Failure modes of the switching power

occurrence

failure mode | component | failure reason | possible effect . criticality
probability .
electrical .
efficiency decrease,
overstress, .
contact BJT ’ conducting . .
. . . temperature, . high disastrous
migration diode . resistance
high current .
. increase
density
BJT
. diode . interior corrosion, .
corrosion . moisture ) low critical
capacitor pad corrosion
MOSFET
electricalal
electrical . overstress, short-circuit, . .
capacitor L. high disastrous
breakdown overvoltage, open-circuit
temperature
electrical
BJT
. overstress, .
electro diode metal internal "
. . . temperature, . . low critical
migration capacitor high current connection failure
MOSFET | 18"
density
threshold voltage
. increase,
ate oxide electrical cond ct:
¢ X1 nductin . .
& MOSFET | overstress, . £ high disastrous
breakdown resistance
temperature .
increase,
effeciency decrease
hot carrie large electrical
10t carrier o o .
ot MOSFET | field in the short-circuit low critical
effec .
channel region
work-
BJT temperature
thermal . . . . .
naway diode increase, short-circuit high disastrous
Y MOSFET | gate oxide
breakdown
ambient
BJT temperature
thermal diode cycle, midium ..
K X : thermal runaway . critical
cycling capacitor power high
MOSFET | fluctuation
cycle
74
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7.2 Failure Model of Critical Components

Table 7.2: Failure mechanism of the aluminum electrolytic capacitor

. - . manufacturin,
failure mode | failure behaviour reason £
process defects

. the conductor influenced
the connection of

by an irregular bad riveting wire
L. the wire and the d & . & .
open-circuit . . external stress, and aluminum foil
aluminum foil . . .
use of adhesives mechanical stress

badly corroded .
and coating agents

the conductor influenced

the destruction of by an irregular metal particle
. the oxide film external stress attachment,
short-circuit | . . . . .
insulation and the high temperature, aluminum foil and
electrolytic paper over-use, and wire failure

over-voltage

. over-voltage,
electrolyte volatile, et Tinnle current
. the decrease of great tbp ’
capacitance

decrease

. hargi d dischargi .
the capacitance of ;rlemg:lfl Ana ASCAATBING | 4 sufficient electrolyte
uen

anode and cathode d ¥

foil high temperature,

and over-use

over-voltage,

great ripple current,
. internal temperature | charging and dischargin;

ESR increase | . P &g sing

rise 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
Clds 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.

D
R(m
- ng
0,
G — [AD=Cs
T Ce Lps
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

1
w= 501)2, (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 P, as the output power. Within a fluctuation cycle, the capacitor is charged to the
maximum v, then is discharged to the minimum v,_. Hence, the ripple is described as
Upp = Upt+ — Vp—. On the basis of Eq. (7.1), there exists

11
Pof—R = 50 (vz+ — vg,) , (7.2)

and 2P, 2P,
C= = = 2 ‘ (7.3)

(2, =02 ) fr vpp(vpr +0p-)fR

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.

V| ——>ipp— H(OC)TH ESRT

T |

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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7 The Remaining Useful Life under Chaotic Modulation

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 €2,
the circuit runs in chaos. The voltage trajectory between C; and Cy 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 + Ad, (7.4)

where D is the duty under the normal PWM control and Ad 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 ©  (b) 3-period R = 1820 (c) 4-period R = 1885 {2

(d) Single-scroll R = 1800 Q2 (e) Bi-scroll R = 1600 Q2

Figure 7.4: Trajectory of vg — v1 with various R in Chua's circuit
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(a) Evolving waveform (s/Div: 500 ms)
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(b) Fractionated gain (s/Div:2.47 ms)

Figure 7.5: From chaos to periodic status
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when Ad is equal to zero, modulation pulse possesses the fixed duty D.

When Ad is chaotic, modulation pulse is consequently chaotic.

When Ad is periodic, modulation pulse is also periodic.

If the modulation signal connected to PWM module changes from the chaos to the periodic
state, Ad is likewise. Chaotic modulation turns into the period modulation, From Chapter
1, period modulation scatters the energy of the fundamental f. and its harmonics n f. into
[nfe- (1= 9),nfe- (14 §)],n > 1 with the interval of f; (o 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, v.,, PWM, i;, and their FFTs are shown in Figure 7.6 from
top to bottom. Under the period modulation, v.,, PWM, ir, and their FFTs are shown in
Figure 7.7.
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Figure 7.6: FFT of v.,, PWM, iy, and iy under chaos modulation
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Figure 7.7: FFT of v,,PWMir, and iz, in periods

The comparisons illustrate that once Chua’s circuit evolves from chaos to period, the
following happens.

a. The amplitude of the signal v, increases.

b. PWM probably happens to lose some pulses.

c. i1, 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
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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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8 Tests of Input and Output Characteristics

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 p;, and output power py: are separately measured under different loads.
The input current ¢;, can be tested when p;, 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 u, as the output voltage, e, as the maximum, uy,;, as the
minimum and u,qe 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 ¢yqze = 115 V) or from
180 V to 264 V (rated value upqre = 230 V) and noting the maximum g, and minimum
Umin Of output voltage

(4) Applying the mathematical formula (tmaz — 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 g, and minimum

(4) Applying the mathematical formula (tmaz — tUrate)/Urate - 100% OF (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) | tin (A) | pout(W) | Effi (%) | cosa (%)
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 Qutput 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 pjn, i; and p, are the test results. The efficiency is calculated as
Effi = pout/pin - 100%, and the power factor is cos o = pjy /(230is,) - 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 (upqte=230 V), the output voltage varies
and the maximum g, and the minimum wyy,;, are produced. The voltage regulation ratio
is calculated by the expression (Umaz — 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) | tin (A) | pout(W) | Effi (%) | cosa (%)
Normal PWM | 1269 | 0.81 100 78.8 68.0
chaotic PWM | 128.0 | 0.83 | 100 78.1 67.5
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RA

Table 8.4: Efficiency at 1/5 Load

Item Pin (W) | iin, (A) | pour (W) | Effi (%) | cosa (%)
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 Umaz (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 Umaz (V) | umin(V) | Voltage regulation ratio(%)
Normal PWM 5.02 4.98 0.8
chaotic PWM 5.035 4.99 0.9
3885010 a:ﬂ?l.lﬂ.]ﬂ?!, M:l&,‘:{ 'Om rheberechtlch geschitzar Inhalt.
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8.5 Summary

Table 8.9: Load regulation ratio of +12V output

Ttem Max Load | 50%Load | 20%Load | 0%Load | -0 Load
reg-ratio 1 | reg-ratio 2

Normal PWM | 11.6V 118V | 1185V | 125V 12 33

chaotic PWM | 11.65V | 1185V | 1187V | 125V 12 3.0

Table 8.10: Load regulation ratio of +5 V output

Ttem Max Load | 50%Load | 20%Load | 0%Load | 0% Load
reg-ratio 1 | reg-ratio 2

Normal PWM | 4.85V 490V | 495V | 5.05V 1.0 30

chaotic PWM | 4.88V 4,95V 50V | 5.08V 1.6 24

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 (Umaz — 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 (412 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 (45 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
PWM module 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 Vi, < veon < Vyy.

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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