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ABSTRACT

Power DC-DC converters are notorious sources'of electromagnetic interference in electronic
products; therefore, suppression of*EMI is an-important topic in the design of switch-mode
power converters. Conventional EMI suppression-methods may employ LC filters and metal
shielding, but this can significantly increase cost, size, and weight. In this paper we propose
a chaos-based method to reduce peak EMI magnitude and spread the energy to a wide range
of frequencies. This method is to add a chaos-modulation clock to a converter maintaining in
regular period state, in order to create chaotic behaviors in the converter. Our results show
that this method is effective in suppressing EMI in DC-DC converters without much impact
on the performance of converters. System stability is also analyzed and discussed.
Moreover, compared with conventional methods, the method can be easily implemented in

CMOS technology.
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Chapterl
Introduction

1.1 Significance of the Research

The chaos technique is an important topic for study in power electronics because many
applications employ it. At present, there are two study fields applying the chaos technique in
DC-DC converters. The first field is the control of chaos. It mainly uses small perturbations to
stabilize unstable periodic orbits which are abundant in chaotic attractors. A famous method
for chaos control strategy was reported by Ott-Grebogi-Yorke(OGY) [1]. In addition, other
methods are also proposed. For. example, occasional proportional feedback method[2],
versions of OGY method[3], and time-delayed auto-synchronization method [4, 5]. The other
study field is that of reducing EMI in switching-mode power supplies which are notorious
generator of both conducted and radiated Electromagnetic interference (EMI), owing to high
rates of voltages and currents. In the paper, we focus on the problem of reducing EMI for
DC-DC converters by chaos technique.

Nowadays, a very large amount of electromagnetic emission exists, so that the problem of
designing electromagnetic compatible (EMC) systems has become a great and widespread

practical concern. Especially for power electronic designers, the goal of reducing EMI



emission is of paramount importance. Due to the rapid switching of high currents and

voltages, interference emission may become severe. Conventional methods to tackle the EMI

problems include LC filters and metal shielding for EMI. These solutions generate their own

problems like increased cost, size, and weight. Moreover, such designs are not suitable in

different EMC norms because each time the application domain of main system changes,

filters and screens have to be redesigned even if the converter specifications themselves are

unchanged. This incurs additional expenses and increases design time [6]. In addition, a

soft-switching technique is one of the methods directly tackling the EMI problems. However,

the result that can be achieved by thisimethod is limited[7].

Because of the quality of containing many frequencies in chaos, chaos technique can be

applied to expand frequency band in“systems[8].-Moreover, it can achieve the purpose of

dispersing the energy in spectrum so that the peak values in fundamental frequency and the

harmonics are reduced. Compared with the high peak value in a narrow frequency band, the

quality of the low peak value in a wider frequency band is easy to conform to various EMC

norms. Therefore, operating under the chaos state for switching converters is practical to

improve EMC problems.

Up to now, switching converters have two methods to achieve suppression of EMI by

chaos technology. The first method is the parameter-controlling method [9-14]. Switching

converters are operated under the chaos state by controlling currents, controller parameters,



and reference voltage and loading, etc. For example, converters may operate under the chaos

state when output loading is changed. Besides, the properties of converters are affected when

parameters are adjusted. Because the controlling condition is very complex, it is difficult to

achieve a satisfying design. The second method is variable- frequency-modulation method[15].

It mainly utilizes the broadband nature of clock signal generated by chaotic system to reduce

EMI. The main advantage for this method is that the system is forced into the chaos state

without changing the properties of the main system. Since the chaos generator affects the

clock signal, the proposed method of EMI reduction can be applied to any existing converters.

Some methods of spreading the spectrum through chaotic modulation have been proposed in

[16-19], However, analyses of stability are not‘analyzed and discussed further in above papers.

Moreover, someone employ Chua’s Circuit [20-23].as a chaos generator generating chaotic

signals, but it has some difficulties in IC design, owing to an inductor element in the circuit.

1.2 Motivation

We propose a circuit frame applying the EMI reduction technique to drive a

current-controlled boost converter. The circuit frame mainly employs the characteristic of fast

charge and discharge of a capacitance to generate a set of chaotic signals. The main advantage

of the circuit frame is to be built and still achieve the purpose of suppression of EMI of a

converter by using characteristic of power spectrum of chaos. Besides, compared to Chua’s



circuit which oscillates chaotic signal by an inductor and a capacitance, it is appropriate to use
the circuit frame in VLSI regime. In the article, we will compare performances of the two
mentioned EMI reduction methodologies in terms of PDS peak reduction and the inductor
current ripple. Furthermore, in order to estimate the influence of this method on its
performance, we particularly analyze the stability of the converter in every quasi-period state
by analyzing duty ratio. The results of simulation show that every power of harmonics in an

inductor current under chaos state is reduced by more 45%.

1.3 Organization

The rest of the thesis is organized as fellows: Chapterl of the article is a review of the
literature. This is followed by the method of studying discrete models for chaos. The Chapter3
section describes the design of chaos generator and analysis of stability. The results for the
simulation analysis are presented in the fourth section. Finally, conclusions are presented and

suggestions are made for further research.



Chapter2
Basic Theory of Boost Converter and Chaos

2.1 State Analysis of Boost Converter

DC-DC Converters are widely used in regulated switch-mode dc power supplies. The
input to these converters is an unregulated dc voltage obtained by rectifying the line voltage;
therefore it will fluctuate due to changes in the line-voltage magnitude. Switching DC-DC
converters are used to convert the unrégulated de input into a controlled dc output at a desired
voltage level.

In DC-DC converters, the average output level.can be adjusted to a desired value when
input or output loading is varying. Switch-mode conversion concept can be illustrated with

Fig.2-1(a). The average output value V,depends on t, and tos in Fig.2-1(b).

VO A .
Vd
V, [T CT
» !
on [

off

Fig.2-1(a) Switch-mode DC-DC conversion(b) The average output value V, depends on t,
and toff



DC-DC converters have many types and wide applications including step-down
converter, step-up converter, buck-boost converter, Cuk DC-DC converter, full bridge DC-DC
converter, etc. In this thesis, a boost converter in Fig.2-2 is employed as the main system.

Therefore, the following will expound the fundamental theorem of the boost converter.

Fig.2-2 Boost Converter circuit

For a boost converter, as the’nameimplies, the.output voltage is always greater than the
input voltage. When the switch turns on, the diode is revered biased, so isolating the output
stage. The input saves energy in the inductor. However, when the witch turns off, the output

stage receives energy from the inductor as well as from the input.

2.1.1 Continuous Condition Mode(CCM)

When system is in steady state and the inductor current i, is all greater than zero, the

system operates in continuous condition mode. In Fig.2-3(a), when the switch turns on, the

inductor voltage v, =E, and the inductor current i, increases linearly. Besides, the



capacitance discharges to the resister. In Fig.2-3(b), when the switch is off, the inductor
voltage increase v, = E—v,, and the input voltage and the inductor voltage charge to the

capacitance. Besides, the inductor current i, decreases linearly.

L
I— +
B . .
E Ve T: R Vo
(a) (b)

On

Off

«— § e ({ —>
on off

< T

»
< K »

Fig.2-4 Waveforms of voltage and current of inductance

In steady state, because the average value of the inductor voltage at one period is zero,

therefore,



[ vide=["v,de+["v,dr=0 2.1)

In Fig.2-4, the area On is equal to the area Off.

Therefore,
Eton = _(E_ I/o)toﬁ' (22)
and
t Lo
2 =D, —~=1-D
T T (2:3)

AL e 1 2.4)
S
If the circuit is lossless,
P =P =EIl =V,1I, (2.5)
Therefore,
1
]—” =(1-D) (2.6)

2.1.2 Boundary between CCM and DCM
When the inductor current is just equal to zero at end of ,; ata period, the boundary

between continuous condition mode and discontinuous condition mode is happened.

8-



Fig.2-5 The inductor current at the boundary

In Fig.2-5, the average value of the inductor current at the boundary is

1. E V.
Iy :EZL,peak :ZDTS = oL D(1-D)T, (2.7)
From (2.6)
V
Ty =1,(1-D) == DT, (- D’ (2.8)

Therefore, if a boost converter is:operated in CCM,-the condition is as

I>1,= :L DT, (1- D)’ (2.9)

or the value of the inductor is chosen as

L>L,= 2’;0 DT.(1- D)? (2.10)

oB

2.1.3 Discontinuous Condition Mode(DCM)
From (2.10), if L is less than L, , the system is operated under discontinuous
condition mode. Fig.2-6 are series of three circuits illustration that there are three conditions

at a period under DCM. The first duration is D,7, when the switch is on and the diode is off.

9-



The second duration is D,7, when the switch is off and diode is on, and the inductor current

Is zero. The third duration is D,T, when the switch and the diode are off. All of the above

have shown the relation of D,,D,,D, as:

D +D, <1
D +D,+D,=1
L
TN
" VL B + ) +
TE Tc R
C VC § vO

(c) The witch is off, the diode id off

Fig.2-6 The circuit the boost converter operates under DCM

-10 -

(2.11)

(2.12)



According as the integral of the inductor voltage over one time period to zero,

EDlTv = (Vo - E)DZTY

(2.13)
Therefore, from (2.13),
V, D +D,
E D (2.14)
If the circuit is lossless,
P =P :>1_0:—D2 (2.15)
I, D +D,
From (2.15),
: (2.16)
LA )
i
« DT — >« D,T—» !
DT>
«— T >
Fig.2-7 The inductor current under DCM
From Fig.2-7, we can get:
I, =%E121TS (D, +D,) (2.17)

From (2.16), (2.17), we can get the relation of D,, D,

-11 -



2
D, = (—E a4 14+ 22 RT:
DR, L (2.18)

Therefore, (2.18) shows that change of D,, D, is relative to loading under DCM.

Compared to the condition under DCM, the duty ratio in CCM is simpler.

2.2 Analysis of Discrete Model

The discussion of the chaotic phenomenon of DC-DC converters starts from the
modeling of chaotic systems. Chaos and quasi-periodicity are difficult to identify using
standard time-domain simulationsor frequency-domain measurements. They are usually
identified by bifurcation diagrams. In order to capture-a certain bifurcation diagram by means
of simulation, we need to devise an elaborate procedure which may require the use of specific
computational techniques. Some papers have proposed that the discrete modeling is suitable
to observe the phenomenon of chaos[24-26]. Before describing the discrete modeling, some

expressions are introduced.

2.2.1 Sampled Data

Several discrete time maps have been defined to develop the analysis of nonlinear
phenomena in power electronics. The stroboscopic and the S-switching maps have been

mostly used in converters. The S-switching map is sampled when a switch changes. Since the

-12 -



samples of S-switching map are rare, the skipped cycle is ignored. The stroboscopic map is
the most widely used discrete time model for DC-DC converters. This map can be obtained
by observing the system dynamics every T seconds. Fig.2-8 and Fig.2-9 show the sampling

types of waveforms under voltage and current modes respectively.

@@ Stroboscopic Map
@ S-switching Map

Skippgd
cycle
= = = = =
Fig.2-8 Sampling Types of controlvoltagerand ramp waveforms under voltage mode
control

b N £ £ £ £ £ .

7o) b I Tea Liva liss liva Stl‘ObOSCOpIC Map
. - . - ‘@, - - S-switching Map

Fig.2-9 Sampling Types of the desired level and inductor current under current mode
control

-13 -



In this study, the model is built by the stroboscopic map. For periodical systems, like
most of the fixed frequency switching converters, information can be easily obtained by
sampling waveforms at constant intervals. Fig.2-10 illustrates how this sampling process

reveals the periodicity of waveforms at period-1 and period-2 states by the stroboscopic map.

Period-1

[ AN
L\ [N/
[N/ AV
¢ . ¢ . .
o o ‘»

Time (ms)

Fig.2-10 Waveform sampled at constant‘intervals giving (a)one fixed point(b) two fixed
points.

2.2.2 Mapping

From Figure Fig.2-11, a mapping is a mathematical function that takes each point of a
given space to another point. If a certain point in the space maps to itself, it is said to be a
fixed point. A mapping F that converts a point in the n-dimensional real space R" to
another point in the same space can be written 7 : R" +— R", where F is a nonlinear

transformation, and R" is an n-dimensional space. In functional notation,

14 -



, Where here x, is the state variable. In this thesis, F is a discrete model of a converter.

St spane

(¥ ae¥onl

Flrr)

LA

Fig.2-11 Hllustration of a discrete mapping

2.2.3 Phase Portrait and Attractor

Suppose that the discrete model of a system is available. We can iterate the map starting

from any initial condition and plot the discrete time evolution in the 2-D state space. The

picture obtained is called a phase-portrait.of the system. It can be a point, or region of the

state space. If an initial condition is placed outside this region, in subsequent iterations of the

map it moves to the set of points shown in the figure. If points in the state space are attracted

to this region in the state space and in this sense the region shown in the figure is called an

attractor. We can judge what state the system is by phase portrait and attractor.

Fig.2-12 from [26] presents a phase portrait of the converter at E = 35) obtained from

simulation. Because there are many attractors in Fig.2-12, it is under chaos state.

-15 -



11.6 11.8 12 12.2 - 12.4 12.8 12.8

v

Fig.2-12 The phase portrait of the buck converter E =35V

2.2.4 Bifurcation Diagram

The purpose for using bifurcatien diagram is that operating state can be observed easily.
In a bifurcation diagram, the chdracteristics of bifurcation for a system are exhibited by some
parameters varying. For example“Fig.2-13, most biftrcation diagram consists of an x-y plot,

where sampled data are plotted against the chosen parameter.

12.3 ' . T .

122

121

11‘? 1 L 1 1
15 20 25 C 30 35 40
E

Fig.2-13 The bifurcation diagram of output and the parameter £

-16 -



2-3 Model of a Boost Converter with Peak Current Control

The discussion of the chaotic phenomenon of DC-DC converters starts from the
modeling of chaotic systems. Chaos and quasi-periodicity are difficult to identify using
standard time-domain simulations or frequency-domain measurements. They are usually
identified by bifurcation diagrams. In order to capture a certain bifurcation diagram by means
of simulation, we need to devise an elaborate procedure which may require the use of specific
computational techniques. Some papers have proposed that the discrete modeling is suitable
to observe the phenomenon of chaos[24-26]. Before describing the discrete modeling, some
expressions are introduced.

As the above-mentioned expression, a model of a boost converter with peak current
control in CCM mode is discussed in the following.example. First, we must build a formula
for a boost converter. Fig.2-13 presents the conditions of different switch states for a boost
converter. In Fig.2-13, we assume that the switch is on whens, <¢<¢,, and the switch is off
when ¢ <t<¢ . Besides, we assume the state variable are v. andi, . In Fig.2-13(a), when

the switch is on, the behavior of the circuit is as:

{vc (l):| { v.(t, )e;’(m/RC)} o 220
. =1 t—t)| t, <t<t, :
lL (t ) lL (tn) + T

From (2.20), when =1, , the following expression can be yielded:

-17 -



VC (tﬂ') = v(_‘ (tn )eidT/RC

(¢ —r) When r=z (2.21)

lL(tn ) :lL (tn)+ L

In Fig.2-13(b), when the switch is off, (2.21) can be as the initial state in the mode and the

following expression can be yielded:

1
——(t') :
v.()=E+Ke > " cosaft—t, )+

1
kz _kl *EC' i([_l”') ,
T 2RC ™ inggr—t)
(4]

E () (2.22)
iL(t):Te +K,e ¢ " cosaft—t, )+
k4 _k3 *i 7l(t—t ) .
" 2RC " singgr—t )
w

, Where

1 1
0 P ST
N e
kl:vc(tnl)_E
1 , E
ke, =—i (t) - ——
2 CZL(n) RC
. . E
k3:lL(tn)_E
R 1 .F
___)_

1 ‘ 1 :
ky=—i,(t,)-=v(t,)+
4 RC lL(n) ch(n) (L RC R

From (2.22), if ¢t=¢,, ,t,,—t. =(@1-d)T, the form of this difference equation is

x(t,4) = f(x(z,).d) (2.23)

, Where

f(x.d)= [jl ﬂﬂ {Bl }E (2.24)

and

-18 -



,i,;u,d)r
A, =e * 2 [cos(1-d)wT -

S RCw sin(1-d)wT ]
1 ——=a-ar
Az :Te 2RC Sln(l—d)wT
w
1 Tl aar
ASZ__L e CR 2RC sin(1-d)wl
w.

7%(17(1”
2RC [cos( 1—d)elT +

L1

RC 2RC

St aayr

B, =1-¢ 2F¢ [cos( 1—d)elT —
1 ,dT 1

T " 2re

A, =

1 ysin(1— d)wT ]

)sin( 1—d)wT ]

1 .
B, =1/ R{l+ e 2" [(LiT —1)*

cos(1—-d)wl + e
w

1 1 . RdT
(- ) 2

C 2RC L
R__ L gsin(1-d)ywr I3

L, +2RC

[

In the open loop for a boost converter under current mode control, the control parameter
of interest is the reference currentr ;.  Furthermore, duty ratio 4 is a main factor for
controlling output voltage, and d, presents the iteration parameter of 4. Therefore, the

relation between 7, and 4, can presentin following expression:

P T
dt aT
i =t T (2.25)
" (E/DT

So the discrete model of the boost converter in open loop is
‘fC,nJrl — Al (dn ) AZ (dn ) ‘fC,n + Bl (dn ) E (2 ) 26)
lL,n+1 AS (dn ) A4 (dn ) lL,n BZ (dn )
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Table 2-1

ref

4 | Im | 120u 20 10k | 0.7~1.6

We define a set of specification in Table 1 and employ the Matlab tool to iterate (2.26). When

I, varies, the sampled data of the inductor i, always change, too. The bifurcation diagram
is presented in Fig.2-. We can find the way from a period-1 to chaos. When 7, <0.874, the
system operates under period-1 state. When 7 ,>0.874 , the system is under the
period-doubling state. Finally, when the reference current s , increases up to a level,

I, >1524, operating state can not be'judged. We define the state to be a chaos state.
; P GEle

=L |
|

= (.98 = 1.52

Fig.2-14 The bifurcation diagram of the boost converter by 7, varying
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Chapter3
Design of Converters with Chaos Generator

Compared to the Chua’s circuit [22, 23], we propose a circuit as a chaotic generator. It is
similar to that discussed in[27] for the theory . It does not involve any inductor like other
popular chaos generator architectures such as Chua’s circuits; hence, it is particularly

compatible to fully analog on-chip realization

3.1 Modeling of Chaos Generator

R2

Fig.3-1 Schematic of chaos generating circuit

Fig.3-1 shows the schematic of simple chaotic generator. The circuit mainly consists of a
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DC voltage, two resisters, two switches, a comparator, a reference voltage, and a R-S latch.,
The process is controlled by a set-rest latch. The clock signal is an impulse train at
frequency f, =%. The impulse train is using a periodic waveform with a period 7 and a low
duty cycle. Firstly, when clock generator sends a high level signal to R edge, O edge is on
high level and drives the switchl. The capacitor C is charged by a voltage source V.
through a resister R, . In addition, the comparator provides a high level signal and sends to S
edge when the capacitor voltage reaches a reference voltage /7, which is a desired value.
Therefore, Q sends a high level signal and makes the switch2 turn on. The capacitor C is
discharged to ground through a resisterR, . Because of the motion of the switches turning on
and off repeatedly, a signal of charging and discharging is produced.

Fig.3-2 shows the derivation of the capacitor” voltage. When the switchl is on, the

switch2 is off. Thus, the capacitor is charged. The behavior of the circuit is as

cve Voo (3.1)
dt R

,\where 7 is the capacitor voltage.

When the switch2 is on, the switchl is off. So, the capacitor is discharged. The behavior of
the circuit is as

dv. v

C—+—==0 3.2
dt R, (3.2)

From (3.1), (3.2), we get
v () =V~ —v.())e " 1t <t<t, (3.3)
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v(t)=Ve % t,<t<t (3.4)

t=t,
Vg | _
R I Vi
|
Vbo : !
: |
| !
i | . Vi i
i - i i
o e—— i
it : z
nT ' (n+D)T (n+2)T

Fig.3-2 The derivation of the capacitor voltage
In order to build a model of the circuit, we employ stroboscopic map to describe the
behavior of the circuit. First of all, as shown-in Fig.3-2, we define a borderline voltage 7,
and ¥, which is the value of v(z)at7). When V', >/%,, the capacitor charges for a time ¢,
and ¢, is smaller than a period 7 . On the other hand, whenV, <V, the capacitor charges and
the waveform has no effect on the next clock pulse until the V,. The time ¢, is over a

period T.

From (3.3), assuming thats =¢,, ¢, =t, —t,, we can calculate thez , as

n

I

V, -V, -v.(n)e % =V,

—v.(n

—t,=RCln( V; ) (3.5)

K R

From (3.5), if ¢, =T, the capacitor voltage is the borderline voltage V, ,

T

v (m)=V, =V, =(V, ~Vy)e "€ (3.6)
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Therefore, when v_(n) >V, , the next sample value of the capacitor voltage is as

T

v.(n+) =V, —(V, —v, (n))e " 3.7)

Whenv_(n) <V, , assuming a’:%1 and 1—d=t"72 we can get v, (n+1) from (3.4)

Y

v.(n+1l)=Vze R

_aa),
=V,e ko€
T
“zc V. —v.(n) V
= Ve ¢ () ke 3.8
@ O (38)

Therefore, from (3.7) and (3.8), the stroboscopic map of the system is as:

T

e N A ) e () <V, o9
Vc n+ = _L = R ]
Ve RZC(%‘);/T)) AZ v.(n) >V,

3-2 Simulation of Numerical Analysis

Fig.3-3 The circuit frame of the new chaos generator
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Fig.3-3 is the circuit frame of the new chaos generator. The circuit parameters are listed
in Table 3-1. Based on the iterating map from (3.9), we can generate the bifurcation diagram
handily and fast. By controlling the ¥, as the bifurcation parameter, we periodically collect
the discrete-time values of v, with the initial transient discarded. Thus, we have one set of
data for each value of ¥/, A bifurcation diagram can then be constructed after a sufficient
number of data sets are obtained as shown in Fig.3-4.

Fig.3-4 presents the results of the way from period-1 to chaos. The relationship of system
states and controlling parameter V. is shown in Table 3-. It is worth noting that the circuit
generates chaotic signal when 7 4%s less than 11.7V from Table 3-. Moreover, the

waveforms of different states in time:domain are shown in Fig.3-5.

Table 3-1 The specifications of the boost converter
V. Vi C Ri R T

15~7V 5 1uF 200 100 1/100K

Table 3-2 The relation of operating states and Vs

V, State
>14.28V Period-1
13.65V ~14.28V Period-2
11.71V ~13.68V Period-4

<11.71V Chaos
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Fig.3-5 The waveforms of different states in time domain
<AL,
3.3 A Current-Controlled . odst . Converter without Chaos
¥ =k 3
-
Generators b

outb

CURRENT .
MODULATOR F[COMPENSATOR ref

Lot

CONSTANT FREQUENCY CLOCK

Fig.3-6 blocks of the close loop circuit with constant frequency signal

In order to introduce DC-DC converters with chaos generators, we firstly describe an
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operating condition of a boost converter without chaos generators. The system consists of a
DC-DC converter, a compensator, a current modulator, and a PWM modulator. Fig.3-6 shows
the blocks in close loop. When the system is at transient state, the output voltage and
reference voltage are always adjusted to the desired voltage level. The error signal produced
by the output voltage and reference voltage passes through the compensator which makes
system operate stably in period-1 state. A signal from the compensator becomes a peak level
of the inductor current to control the inductor current in current modulator block. Finally, in
the driving circuit block, a S-R flip-flop is controlled to generate a switch signal by the
constant frequency clock signal andsthe modulation signal. By adjusting the output voltage
continuously, a set of switching signals are produced t6 make the system stay in steady state.
When duty ratio is small than 0:54n peak current control, it is stable in period-1 state.

Therefore we assume a specification of a boost converter operating in the period-1state:

v, =20~ 32V,
P ... =140,
f, =100kHz,

V. =40V,
Duty=0.2~0.5

(3.10)

In addition, the simulations will be shown in Chapter 4.

3.4 A Current-Controlled Boost Converter with Chaos Generators
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<t ref
MODULATOR

CHAOTIC FREQUENCY

Fig.3-7 blocks of the close loop circuit with chaotic signal

Inductor

Error signal L = ] |q Switch signal

1L

Chaotic signals

@)

= Error signal

i &= |nductor current

. e Chaotic signal

»
|

<= Switch signal

»
>

(b)
Fig.3-8 The behavior of driving circuit (a) the circuit of S-R flip-flop(b) the signals of
driving circuit
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Compared with Fig.3-6, the main point in Fig.3-7 is the block of driving circuit. A set of
chaotic clock signals and modulation signals are used for a S-R flip-flop. In Fig.3-8(a),
because the O signal of S-R flip-flop can control the switch to turn on: therefore a system
can be operated to be under the chaos state when the S signal of S-R flip-flop is chaotic. It
is worth noting that the switch is still to be on when the inductor current charges and R

signal have a pulse at that time. Fig.3-8(b) illustrates the behavior of driving circuit.

3.5 Analysis of Stability of a Boost Converter with Chaos
Generators
Because important point is-stability for-a DC-DC converter, therefore we analyze the

stability of a boost converter with‘chaos generator in-the section

3.5.1 The Clopes of Charge and Discharge of an Inductor Current in a
Boost Converter under Current Mode Control

it m, ,m, :slope
L

m,
7

A

Charge: Discharge:

Flgs

Fig.3-9 Inductor current waveform of the boost converter under current-mode control
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Fig.3-9 presents the behavior of the inductor current waveform of the boost converter

under current mode control. When the inductor charges, the slope of the inductor is yielded:

(3.11)

Where 1, is a reference current, Eis the input voltage. When the inductor discharges, the

slope of the inductor is yielded:

When the system is in the steady sate, the , is constant. Therefore, from (18) and (19),

m,and m, IS constant in the steady state.

3.5.2 The Influence of the Gain.of P\'WM Circuit and Current Modulator

" i_| Current | i PWM Power v
. A
re Compensator [ "%y lator — Modulator——L Stage ~"
g A(s) T(s) D(s)
Ad
D(s)T(s)=—-
Alref

Fig.3-10 Block diagrams of a close-loop for a power converter with current control

In the beginning, we must analyze the influence of the gain of driving circuit and current

modulator when the clock signal is varying. Fig.3-10 presents block diagrams of a close loop

for a power converter with peak current control. It must be noted for the gain of PWM
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modulator and current modulator. Fig.3-11 analyzes in detail the influence. There are an
inductor current in the steady state, the rising slope of an inductor current, duty ratios,
different currents ,the reference currents’ ., ,/,,,, and varying frequency clock signals in
Fig.3-11. The relations of duty ratio and the difference of reference current are presented in

the following expression:

D, —D,)T, 1 1
Ad :( 1 2) 1 —_ = (313)
Alref 71 Ire_fl _IrefZ rnl
Ad — (D3_D3)T1; 1 :i (314)
A[rcff ];: Ircf _IrcffZ 77’11

When the system is in the stéady state, the slopes of charge and discharge of an inductor
current are constant. Therefore; (3.13).-and (3:14) depict that the gain are not affected in

despite of the varying frequency of clock signals.

i, i“l ‘ .
SZNEZAN 7N 7
AV

raf 2

) S |

DT, i Dyl g

ﬁ : i
DT, i D ’3T3

I Tl I TE I T, I Ti I
Clock

Fig.3-11 The inductor current waveform for different reference currents
3.5.3 Analysis of Period-1
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Clock

Fig.3-12 The inductor current waveform in period-1

Fig.3-12 indicates the behavior of an inductor current in steady state under period-1 state.

We assume the duty ratio D and-periody 7| are.as:
PEDIE D, 4D, =D, (3.15)
eeY, =7, =T, (3.16)

DI, _ DT +D,T, _

D =
ave _ period—1
T T +T,

(3.17)

In addition, because of the slopes of charge and discharge for an inductor current, we can
define the peak-to-peak value of the inductor current isA7. Thus the slope of charge m, and

the slope of discharge m, are as:

Al
= 3.18
m, DT, ( )
m,———BL__ (3.19)
(1_ Dl)Tl



D =D=-"02 (3.20)

m,_m,
3.5.4 Analysis of Period-2
. Am n,
l L i \ // Iref
Al
9

DT @=D)r

Clock

4
v

Fig.3-13 The inductor current waveform in a period T

ANANANYAN:

- -
nr o, T, DT, DT
Id—bld—lrd—lrl I )‘ Clock

i T, T 4

Fig.3-14 The inductor current waveform in period-2

Before analyzing the condition under period-2 state, we discuss the relation of the
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peak-to peak value of the inductor current and a period7 . From Fig.3-13, (3.18) and (3.19),
m,andm, can be as:

_ mym,T

(3.21)

So, from (3.20), we can know

Al T (3.22)

Because the clock frequency becomes slower, the duration that an inductor current
charge and the period of an inductor current is in the period-2 state. Fig.3-14, we assume the

relation of duty ratio D', a period 7T.3and duty ratio in the period-2 state are as:

D =D %~Dy+D, =D, (3.23)
I =T =T &%, =T, =T, (3.24)
P (3.25)
DT, DT
From (3.23), because T = 2T,
Al =2AI (3.26)

From(3.11), (3.18), (3.19), (3.25) and (3.26)

m, = £ = constant =22 - i (3.27)
L DT DT
=DT =2DT (3.28)
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So, the average duty ratio in period-2 state is as:

DT, +D,T, +D,T, +D,T, 8DT

ave _ period—2

3.5.5 Analysis of Period-4

1.00
0.80
0.60

T, +T, +T, +T,

8T

=D

(3.29)

0.40 |-

0.20
0.00

5.05
5.00
4.95
4.90
4.85
4.80

1.00
0.80
0.60
0.40
0.20

0.00
153620.00

153640.455

153660.911
Time (us)

153681.366

Fig. 3-15 The waveformof Q signal in period-4 state

153701.822

Because clock signal is mainly generated by Q signal ,we observe the Q signal by chaos

signal. From Fig.3-15, because the quality of chaos, a small difference causes period-2 state to

be period-4 state.

«— Z—

«— 2 —

Clock

Fig.3-16 The inductor current waveform in period-4
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Fig.3-16 presents the inductor current waveform in period-4 state. We define a period in
the period-4 state as7, +7, , whereT, =7 +5, I, =T -5 and & have small differences.
The dotted line presents the inductor current in the period-2 state and the solid line presents
the inductor current in the period-4 state. Because a pulse of clock signal delays in period-4
state, the duration of the inductor discharged becomes longer. Besides, because the slope of

discharge of the inductor current is equal tom, = V()= E

, It results in the inconsistency
the slope of discharge of the inductor current. But the slope of charge of the inductor current

is still constant. From Fig.3-16, we define the slopes as:

Al Al
my = e = 80 (3.30)
Dl 71 DZ TZ
e W LI (3.31)
(1_D1 )Tl
m, ———8h (3.32)
(1-D, )T,

, where m, #m,

We assume the peak-to-peak values of the inductor current are AZ,,Al, as shown in Fig.3-16.

The relations of A/ and the slope of inductor current are as:

AL =" gty ZTWT g (3.33)
mz —ml m2 +m1

AL, =" gy T (3.34)
m2 —ml mz + ml
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From (3.22) and Fig.3-16, we can know

AlcT , DT = AL (3.35)
m
Therefore the expressions can present as:
DT ="z 74 " 5 (3.36)
m, —m,; m, + my
D, 1, =—"2 74+ T2 (3.37)
m, —m, m, + my
From (3.20), (3.36), and (3.37) the average duty ratio is as:
Dave_period—4 = Dl Tl +D2 TZ . Dl Tl +P2 T2 = m2 =D (338)
I +T, 2T m, —my
3.5.6 Analysis of Chaos
; A
lL \/\/\/\/\/\ IWf
| | | 11 1 1 Clock
Duty ratio
) Ton1 > :Ton2 > ?()n(%= :TonA > ?onz ':I'on=6

Fig.3-17 The inductor current (clock frequency is increasing)

It is complex to analyze the duty ratio in the chaos state. However, we can divide two

parts to observe the behavior in the chaos state. When the frequency of clock signal is
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constant, the duration that the switch is on is constant in steady state. However, when the

frequency of clock signal is increasing, that isT , < T, it results that duration that the switch

on2 <Lou s
is on is longer the duration that the switch is off. Fig.3-17 shows that the behavior of the
circuit is controlled by 7. In conclusion, the output voltage will be lower when the inductor
current is increasing.

On the other hand, the duration that the switch is off is longer when the frequency of

clock signal is decreasing. Fig.3-18 presents that the behavior of the circuit is controlled by

T,, and the behavior of the circuit is controlled by 7, .
Z.L 1 I”Q’f
L 1| | | [
H H Duty ratio
Toffl ~ Toff2 Toff3 Toff4 Toff5

Fig.3-18 The inductor current (clock frequency is decreasing)

From analysis of the above, some conclusions can be known.
1. The gain of the current modulator circuit is constant:

Because the operating frequency of system is changed by chaos clock signals in feedback

control, the performance of system seems be affected. Practically, the slopes of charge and

discharge of an inductor are constant in steady state. Therefore there is no influence for the
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gain of the current modulator circuit by changing the clock frequency.
2. The average output voltage is not affected:

In steady observation, the stability of a converter is decided by duty ratio. From the

analysis of quasi-period, we know the average output voltage is the same in despite of

period-1, period-2, period-4 or chaos states. In transient observation, because the frequency of

clock signal under chaos state is broadband and well mixed, therefore frequency of clock

frequency is longer or shorter at different time and it affects the duration of charge or

discharge of an inductor and then the output voltage ripple is affected. In chaos analysis of the

above, the average value of the voltage ripple is zero. So the average output voltage is not

affected.
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Chapter 4
Simulation Result and Analysis

To prove accuracy for the analysis of the Chpater3, we employ the PSIM and Matlab

numerical tools to accomplish the circuit simulation.

4.1The Circuit Frame of a Current-Controlled Boost Converter
We must build a boost converter in period-1 state to be compared a boost converter
under chaos state. Therefore, the parameters -must-be-set by the specifications of (3.10). To

make the system operate in CCM,"we tan know the relation by (2.10):

L >MD(1—D)2
21

oB

*40
=1 >%00—ko.5(1—0.5)2 = 7.uH (4.1)
2*35
,where I, = 149 _ 3.54 (4.2)
40

Table 4-2 The specifications of the boost converter

E |11 cl |R C, R, Vi |V, | R, R,

28V | 195uH | 2mF | 11.2Q | 0.23uF | 72.2kQ2 | 2V | 40V | 40.05kQ | 2.5kQ
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The circuit frame of boost converter by PSIM is shown in Fig.4-1. We set a specification

that input £ = 28) raises to output ¥, =40/ . Other parameters are shown in Table 4-1.

%? (;)Uoh
l 2 [ ).
=\ LT

28
(53 “2m "11.2 :DD_

TTT
Il
1

0

[

el

et

F<:> D 23u ?2 2k

Clock =47 .5k
100k

i
v*
m
o e
L

.
7

Fig.4-1 Circuit diagram of the current-controlled boost converter

Because we must promise that the boost converter works under the stable period-1 state,
we add a compensator in the feedback loop to the system be stable. Fig.4-2 presents the
circuit of the compensator. The circuit consists of an Op amplifier, resisters, and a capacitor.

One point is worth making about Fig.4-2. A circuit of divided voltage is built to protect Op

amplifier from high voltage. Therefore, ¥, is not equal to¥, and the relation of 7 and
V. is yielded:

4 (3.12)
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Because our goal mainly focus on chaos behavior, the compensator of the boost

converter considered is described in [28].

47 .5k
Ea

2.5k
R

Fig.4-2 The compensator

The simulation of the close loop circuit is generated by PSIM simulation tool. The result

is shown in Fig.4-3. Fig.4-3 presents that the system keeps in stable period-1 state and the

inductor current is in continuous:condition mode.

(a) Simulation of the output voltage

(b) Simulation of the inductor current
Fig.4-3 Simulation of the boost converter by PSIM

Secondly, we employ the PSIM and Matlab numerical tools to accomplish the circuit

simulation with new model. Fig.4-4 is the simulation circuit by PSIM. There are four parts
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including a boost converter, a compensator, a driving circuit, and a chaos generator. The

specification presents in Table 3-1 and Table 4-1.

o 1 ———m—m— . —
Boost Converter |

. _@_ﬁj‘l e @Dh - .
O F e Eedad
.| = I ol

i
T4
_—t

L P

Vdelay

Fig.4-4 The circuit frame of a boost converter with chaos generator

4.2 Simulation of Stability

When the input voltage of chaos generator, V., is adjusted to be quasi-period state, the

s

simulations present in following simulation diagrams. From Fig.4-5 to Fig.4-8, every average

duty ratio and average output voltage are as:

1. When ¥, =151, the system is in period-1 state
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%1 -6
_ 310 =03 and v =40V

ave _ period-1 10—_5 0
2.When ¥V, =12.5V, the system is in period-2 state

*1 -6
6*10 =03 and v =40V

ave _ period -2 = W . o
3. When ¥V, =11.8V, the system is in period-4 state

_5%10° +7*10°°

jiod—4 -5
ave _ perio 4*10

=03 and v, =40V

4. When V=10V, the system is under chaos state

_4*10° +10° +5*10° +9*10° +107° +3*10° +5*10° +9*10°°

ave _chaos — 2.9*10_4
=0.304..~0.3

and v, =40V
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Fig.4-5 Simulation in Period-1(Vs=15V)
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Fig.4-6 Simulation in Period-2(Vs=12.5V)
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In addition, from Fig.4-9, because the frequ 2ncy is broadband and the time of charge and
discharge for the inductor currel 'E"'V‘g tput voltage ripple vibrates slightly.

However, the average output voltage
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Fig.4-9 Simulation in Chaos during 10ms (Vs=10V)
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4.3 Response of Output Voltage to loading current
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Fig.4-10 The circuit for testing varying loading

Fig.4-11 The testing circuit of testing varying loading

When loading is varying, the stability may change. We add and pump the loading circuit

to test the stability of the boost converter with chaos generator. The simulation circuit is

shown in Fig.4-10. The testing circuit is shown in Fig.4-11. We add a loading current of

original 20% loading current and then pump it from the converter. From Table 4-1, the

original current is yielded:

=——=38574
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The simulation result is shown in Fig.4-12. We can observe that the output voltage still retain

to be 40V in the steady state even through loading is varying.
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Fig.4-12 Simulation of load current change

4.4 Clock Times of Frequency.@fthe clock signal
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Fig.4-13 The statistical chart of the clock times of frequency for the clock signal

We analyze the clock times of frequencies for the clock signal. The clock times of
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different frequencies of chaotic signal by chaos generator for some duration is shown in
Fig.4-13. The total times of frequencies are 13400 times. We can observe that the clock times
of frequencies for the clock signal are dispersed. In addition, because the characteristic of
chaos, the clock times of low frequencies are more and cause the power in low frequency is
higher.
4.5 Simulation of PSD

Secondly, we get data of simulation in PSM and calculate PSD by Matlab tool. The
following are the simulation diagrams of PSD in quasi-period. The power in quasi-period
states calculated by Matlab is shown in Table 4-5.;Therefore, in spite of the different operating
states, every power is still the samexCompare-the period-1 state with different operating state
form Fig.4-14 to Fig.4-18, the results present the degree of reduction and are shown in Table
4-2, Table 4-3, and Table 4-4. Table 4-5 shows the power in different states is the same. In
Fig.4-14, we can observe that there is obviously discrete spectrum in period-1 state and peak
values of harmonics in period-2 state have reduced. Fig.4-15 and Fig.4-16 show the spectrum
in period-4 state. There is the continue spectrum under chaos in Fig.4-17. Fig.4-18 shows the
obvious difference with period-1 and chaos state. Because power is constant and chaos is
broadband, the peak values in harmonics originally are reduced. Therefore, the chaos can

improve the question of EMI.
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_________________________________________________

logz

Fig.4-14 Simulation of PSD (Period-1 and Period-2)

Table 4-2 Degree of reduction(Period-1 & Period-2)

fs Perios-1 Period-2 Reduction
(dBul) (dBul) (dBul)
1 76.33384 71.71917 4.614664
2 65.69836 55.49231 10.20604
3 48.59668 48.45855 0.438125
4 49.47079 47.62989 1.840904
5 50.21335 44.3838 5.82955
6 42.43602 40.58597 1.850049
7 34.14725 33.70555 0.441701
8 41.60542 35.41556 6.18986
9 38.15995 33.52151 4.638447
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Fig.4-16 Amplification of simulation of PSD (Period-1 and Period-4)
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dBul

Table 4-3 Degree of reduction(Period-1 & Period-4)

fs Perios-1 Period-4 Reduction
(dBul) (dBul) (dBul)
1 76.33384 71.41194 04.92189

65.69836 54.33205 11.36630

48.89668 46.1163 02.78038

49.47079 42.04028 07.43051

50.21335 40.65071 09.56264

43.43602 27.06299 15.40903

34.14725 33.02843 01.11882

41.60542 35.27654 06.32888

O 0| N| o o | W| DN

38.15995 30.63433 07.52562

10° 10° 107
logHz

Fig.4-17 Simulation of PSD (Period-1 and chaos)
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Fig.4-18 Amplification of simulation of PSD (Period-1 and chaos)

Table 4-4 Degree of reduction(Period-1 & Chaos)

fs Perios-1 Chaos Reduction
(dBul) (dBul) (dBul)
1 76.33384 42.2693018 33.06453
2 65.69836 | 35.7387797 | 29.95958
3 48.89668 30.656851 18.23982
4 49.47079 25.5436384 23.92715
5 50.21335 26.1424526 24.07089
6 43.43602 20.6228786 21.81314
7 34.14725 14.5116641 19.63558
8 41.60542 16.6259601 24.97945
9 38.15995 13.8021154 24.35783
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Table 4-5 The power in different operating states
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Fig.4-19 The relation of Reduction percent and harmonics

Fig.4-19 presents the relation of reduction percent and harmonics. In period doubling
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state, the peak values of operating and harmonics frequencies in the spectrum can be reduced.

It must be noted that the operating frequency is reduced to 43% under chaos state and other

harmonics are reduced to 35% at least. Therefore, chaos generator has well effects for

suppressing EMI of harmonics.
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Chapter 5
Conclusion

In this thesis, we mainly employ a new chaos generator to suppress EMI of DC-DC
converters. Unlike other chaos technique, our scheme can maintain the performance of
DC-DC converters while significantly reduce their EMI. Moreover, the chaos-modulated
clock by the new chaos generator can be realized by a simple analog circuit without any
inductor. Therefore, it is possible to have inexpensive implementation in CMOS.

This study have given a comparative investigation into the effects of the randomness
level on the PSD of a chaos-modulation scheme -that are applied to classical DC-DC
converters operating in CCM. The result'has-been demonstrated that controlling the degree of
chaos can gradually spread the discrete frequency over the frequency spectrum, and harmonic
power can be reduced up to 35%. Moreover, according to our theoretical analysis and
numerical simulation, the average output voltage is not affected in the chaos state. In
conclusion, a DC-DC converter operating in chaos state can effectively suppresses peak

values of EMI in a converter, and can conform to several EMI norms.
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