F19EFIM
2002 E 6 A

25 it 5 0 A
CONTROL THEORY AND APPLICATIONS

Vol.19 No.3
June 2002

Article ID: 1000 - 8152(2002)03 - 0387 - 08

Study of Bifurcation and Chaos in the Current-Mode

Controlled Buck-Boost DC-DC Converter ( I ) *
——Modeling and Simulation

WU lie,

LIU Mingjian and YANG Ping

(Electric Power College, South China University of Technology * Guangzhou, 510640, P. R. China)

Abstract: This paper studies the bifurcation and chaos in current-mode controlled Buck-Boost converter. The discrete
model for Buck-Boost converter in continuous conduction mode (CCM) is derived. The bifurcation and chaos phenomena of
Buck-Boost converter have been investigated with input voltage E, reference current /.., resistor R, inductor L and capacitor C

as bifurcation parameters.
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1 Introduction

It is well known that the topologies of DC-DC con-
verters are changed due to the switching operation. Usu-
ally, switched-mode DC-DC converters may be thought
of as nonlinear and time-varying system. Hence, DC-
DC converters exhibit a wide range of bifurcation and
chaos behavior under some conditions. The nonlinear
phenomena, which appear to behave randomly in a de-
terministic system even though there is no random input,
are particularly interesting and have interested power
electronics, circuit and system, mathematics and con-
trol. Recently, the research on bifurcation and chaos in

DC-DC converters has been greatly developed. In [1],

detailed information about recent developments is avail-
able. Most published papers are mainly about the bifur-
cation and chaos study in Buck converter'2" 8!, Boost

converter® "2 and Cuk converter!®~16), On the other
hand, Buck-Boost converter, one of the important con-
verters that have wide industrial applications, has not yet
been reported. Our paper deeply studies the bifurcation
and chaos in the current-mode Buck-Boost DC-DC con-
verter. It must be pointed out that power converters usu-
ally work at 20kHz to 50kHz in practical engineering. In
other published papers, people have used switching fre-
quencies which are much lower than the actual value in
practical power electronics to avoid high-frequency prob-
lems, such as 500Hz, 2.5kHz, 5kHz, etc. Here, this
paper presents the results at 20KHz, which is the highest
switching frequency in this area.

This paper is organized as follows. In Section 2, the
state equations of the current-mode Buck-Boost DC-DC
converter are presented and the discrete model is derived
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under the condition of continuous conduction mode
(CCM) . In Section 3, we investigate the bifurcation and
chaos phenomena under variation of a range of circuit
parameters including input voltage, reference current,
load resistance, inductance and capacitance. The simula-
tion results including the strange attractors, bifurcation
diagrams and waveforms are presented. A conclusion is
given in Section 4
2 Iterative model for the Buck-Boost con-
verter

In power electronics circuits, the famous state-space-
averaging model is widely adopted by power electronics
engineers in their analysis and design. However, an av-
eraged model abandons the switching details and only fo-
cuses on the envelope of the dynamical motion. It is on-
ly useful to analyze the low-frequency characteristics in
the power electronics circuits. Therefore, in order to ex-
plore the nonlinear phenomena which may appear across
a wide spectrum of frequency, the exact discrete-time
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maps must be derived. In this paper, we use stroboscop-
ic map, the most widely used type of discrete-time maps
for modeling DC-DC converters, to obtain the Poincare
section. i.e. the system states, the inductor current and
capacitor voltage, are periodically sampled at time in-
stants, ¢t = nT.

The current-mode Buck-Boost converter is shown in
Fig.1 (a). The waveforms of inductor current and ca-
pacitor voltage are shown in Fig.1(b). We assume that
the converter operates in CCM, where the inductance
and switch period T are so chosen that the inductor cur-
rent never falls to zero. Hence, there are two circuit
configurations, according to whether S is closed or
opened. It is assumed that S is closed at the beginning of
each cycle, i.e., at ¢t = nT. The inductor current rises
linearly until : = /.. Any clock pulse arriving during
this period is ignored. When i = I, switch S opens
and remains open until the arrival of the next cloak
pulse, where it is closed again.
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Fig. | The circuit diagram and waveforms in current-mode Buck-Boost converter

When switch S is closed, the state equations are (1)
and (2):

di E

d_;:f’ (1)
dv, 1

di = RC™ @

When switch S is opened, the state equations are (3)
and (4):
di 1

dt =~ LY (3)
dv, 1. 1
d = C'~ RC™ (4)

Where we omit the parasitic elements of inductor and
capacitor so as to simplify the derivation of discrete
model.

Let (i,,v,) be the inductor current and capacitor volt-

age at a clock pulse at which the switch is closed.
From Fig.1(b), we know that the switch S is opened
when the inductor current reaches reference current /..
The close-state time ¢, can be obtained from (1) by inte-
gration, so the closed-state time ¢, is calculated by (5):

ty, = L(Iref_ ln) (5)

The capacitor voltage corresponding to instant ¢, is
calculated by (6) :

t
v.(t,) = v,eRC, (6)

The iterative model for the Buck-Boost converter can
be derived as follows according to two situations, i.e.,
t, = Tandt, < T.

Case 1 t, = T. It means that the switch S in the
converter is held on closed-state during a switching peri-
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od T. The values of i, and v, at next clock instant, i,
and v,,1, are calculated from (1) and (2) with i, and v,
as initial values.

i'n+1 = l:n + —Z_E}T’
(7)

_T

Unyl = 0V * € RC,
Case 2 t, < T. It means that the switch S in the
converter is switched from closed-state to open-state dur-
ing a switching period T. The values of i, and v, at next

clock instant, i,,; and v,,, are calculated from (3) and

(4) with I and v,,e'l_;'é as initial values.

According to the relationship of R, L and C, the iter-
ative model} for the Buck-Boost converter is divided into
three forms.

2
®l—ilz—g >0, i.e. R<%M%.Inthiscase,

the roots of the characteristic equation corresponding to
the original differential equations (3) and (4) are real
and distinct. It describes a monotonous rising process
without oscillatory motion. Hence, (8) and (9) give

the iterative map for the Buck-Boost converter.

in+l = clerl(T_’") + CZer2(T_"')’ (8)
Vpyp = — L[clrle'l(r"n) + czrze'Z(T"n)], 9)
where
o1 1/, 4R*C
TMET2RCY2RCN T L
1 1/, 4R’ C
"2=T2RCT2RCN " T L
¢
_ 7 v,e RC + Ll
C1 = Lpf — L(r1 _ 7'2) ’
¢
= I 1),,(3_1_eé + Lrllm[
2= el (- 1)
2
@1—‘%@ =0,i.e. R = %A/%. In this case,

the roots of the characteristic equation corresponding to
the original differential equations (3) and (4) are real
and equal. It also describes a monotonous rising process
without oscillatory motion. Hence, (10) and (11) give
the iterative map for the Buck-Boost converter.

ina1 = Loy + (T = 1) ]en(T4, (10)

vner = =L T (gt rici+rica(T~1)], (11)

1 Uy ert
where ry=r; = ~3RC' 61T Ty 2= ——T~r11mf.
@1 —4—122—@ <0,i.e. R > %\/Tét In this case,
the solutions of the characteristic equation corresponding
to the original differential equations (3) and (4) are a
pair of complex conjugate roots. It leads to a damped
oscillatory process. Hence, (12) and (13) give the iter-
ative map for the Buck-Boost converter.
i =T % [c1008B(T = 1,) + csinB(T - t,)],
(12)

tpeg = = LT[ (cia + c8)cosf(T - t,) +
(cra - 1B)sinB(T - ¢,)], (13)
where
1 1_ /4R*C

__1’

@=-3rc’ P =2rcN L
t

. e~ RC

[ Iref’ Ca =—%(BE—LL+1R§&).

3 Simulation study of bifurcation and
chaos in the Buck-Boost converter

Based on the iterative map in Section 2, we can study
the bifurcation and chaos in the Buck-Boost converter
with numerical method. Several visual aids that we can
utilize to visualize chaos and bifurcation phenomena in-
cluding time-waveform of state variables, phase portrait,
Poincare or first-retum maps and bifurcation diagrams.
Among them, bifurcation diagram is the most powerful
tool to investigate the nonlinear phenomena. In a bifur-
cation diagram, a periodic steady state of the system is
represented as a signal point or several points equal to
the periodicity of the system for a fixed parameter. For
chaos, numerous points are plotted in the diagram be-
cause chaos means period infinity and the points never
fall at the same position. Therefore, in such a bifurca-
tion diagram, the change of behavior of a system is
clearly shown as a parameter is varied.

From the theoretical point of view, any circuit param-
eter can work as bifurcation parameter. In this section,
we will investigate the change of behavior in the Buck-
Boost converter when a parameter, such as input voltage
E, reference current 1., load resistance R, inductance
L and capacitance C, is varied.

In the simulation, the values of the components are
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chosen to ensure that the converter operates theoretically
in the continuous conduction mode.
3.1 E as the bifurcation parameter

In the Buck-Boost converter with input voltage K as
bifurcation parameter, input voltage E is varied from
45V to 7V with a step of 0.1V, while other circuit pa-
rameters are fixed at the following values. i.c., Iy =
4A, R =200, L =0.5mH, C =4F, T =50 (f=
20kHz). The bifurcation diagram of the converter is
shown in Fig.2.

40

5 10 15 20 25 30 35 40 45

E/V
Fig. 2 The bifurcation diagram in the Buck-Boost
converter with input voltage as parameter

As shown in Fig.2, the Buck-Boost converter goes
through period-1, period-2, period-4, pericd-8, and
eventually exhibits chaos as input voltage E is varied
from 45V to 7V. The stable period-1 is observed while

the input voltage E is varied from 45V to 43.2V. The
first bifurcation occurs at £ =43.3V and the converter
enters a stable period-2 region. As the input voltage is
continuously decreased to 29.0V, the converter bifur-
cates to period-4. Further, peroid-4 bifurcates to period-8
at 24.4V and so on. Hence, the converter goes to chaos
via period-doubling route.

In Fig.2, it can be interestingly observed that a small
periodic window, which also exhibits period-doubling
cascade, is embedded in the chaos region. In the period-
ic window, the converter experiences period-3 to period-6
and so on when the input voltage E is changed from
12.4V to 11.8V.

At E =20V, the waveforms and phase portrait of the
converter are shown in Fig.3(a),(b),(c). In Fig.3, it
can be observed that the waveforms appear to behavior
randomly and there is a strange attractor in the phase
portrait. A strange attractor occurs means that the con-
verter is working in the chaotic state.

Moreover, if input voltage is respectively equal to
50V, 35V, and 25V, which correspond to period-1,
period-2, and period-4, the waveforms and phase por-
traits of the converter are shown in Fig.4, Fig.5, and
Fig.6 respectively.

4.5 40
4 i 35
3.5 30
3 >
<
=25 N
) | eltll)
1.5 15
x102 o x10% g
1152253354455556 1152253354455556 I 15 2 25 3 35 4 45
t/s t/s i/A
(a) (b} (©)
Fig. 3 The waveforms and phase portrait in the Buck-Boost converter with E=20V
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Fig. 4 The waveforms and phase portrait in the Buck-Boost converter with E=50V
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Fig.5 The waveforms and phase portrait in the Buck-Boost converter with £=35V
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Fig.6 The waveforms and phase portrait in the Buck-Boost converter with £=25V

3.2 I, as the bifurcation parameter

In this section, we use reference current /. as bifur-
cation parameter. Reference current /. is varied from
0.8A to 4.5A with a step of 0.01A, while other circuit
parameters are fixed at the following values. i.e., E =

behave randomly and there is a strange attractor in the
phase portrait.

For the concision of the paper, here, the waveforms
and phase portrait of period-1, period-2, and period-4
are not presented again.

12V,R =20Q, L =0.5mH, C = 4¢F, T = 50us (f = 40
20kHz). The bifurcation diagram of the converter is 33
shown in Fig.7. 30
Similarly in Fig.7, the Buck-Boost converter goes Z 25
through period-1, period-2, period4, period-8, and = 20
eventually exhibits chaos as reference current /. is var- 15
ied from 0.8A to 4.5A. 10
At I =4.5A, the waveforms and phase portrait of 05 1 15 [ir/ij 335 4 45

the converter are shown in Fig.8 (a), (b),(c). In
Fig.8, it can be observed that the waveforms appear to

Fig. 7 The bifurcation in the Buck-Boost con-
verter with reference current as parameter
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Fig. 8 The waveforms and phase portrait in the Buck-Boost converter with /ref =4.5A

3.3 R as the bifurcation parameter eter, the resistance is varied from 1) to 25Q2 with a step

Similarly, load resistor R works as bifurcation param- of 0.05(2, while other circuit parameters are fixed at the
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following values. i.e., E =12V, I s =4A, L = 0.5 40

mH, C = 44F, T = 50us(f = 20kHz) . The bifurcation di- 35

agram of the converter is shown in Fig.9. 2(5)
Similarly in the bifurcation diagram in Fig. 9, the E 20

Buck-Boost converter goes through period-1, period-2, 15

period-4, period-8, and eventually exhibits chaos as re- “5)

sistor R is varied from 102 to 25Q. 0 0' x n v 5 55
At R = 15Q), the waveforms and phase portrait of the RIQ

Fig.9 The bifurcation in the Buck-Boost

converter are shown in Fig. 10 (a), (b), (c). converter with resistance as parameter

4.5 30
4 25
3.5 |
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< 3 Z 2
~ 1S N
2.5 !
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L5 X107 5 x107?
1 152253354455556 11.52253354455556 4.5
t/s t/s
(@ (b)
Fig. 10 The waveforms and phase portrait in the Buck-Boost converter with R=15Q
3.4 L as the bifurcation parameter Fig.12 (a),(b),{c) show the waveforms and phase

Similarly, in this section, inductor L is used as bifur- portrait of the converter at L =1.5mH.
cation parameter. The inductance is varied from 0.07mH
to 1.5mH with a step of 0.001mH, while other circuit
parameters are fixed at the following values. i.e., E =
12V, I¢=1.7A, R=20Q, C=2F, T=50us (f=
20kHz) . The bifurcation diagram of the converter is
shown in Fig.11.

Similarly in the bifurcation diagram in Fig. 11, the
Buck-Boost converter goes through period-1, period-2,

. . " . L/mH
period-4, period-8, and eventually exhibits chaos as in- Fig. 11 The bifurcation in the Buck-Boost
ductance is varied from 0.07mH to 1.5mH. converter with inductor as parameter
1.9 25 25
1.8 N\
17 20 l 201 N
1.6 is il il ‘ 15
<15 < 11l Z
<14 210 ‘ ' =10
E ; s
1.1 )(lo—3 0 xlo—3 0
T1152253354455556 11.52253354455556 1.1 .213141516171819
t/s ts ilA
(a) (b) (©)
Fig. 12 The waveforms and phase portrait in the Buck-Boost converter with Z=1.5mH
3.5 C as the bifurcation parameter at the following values. i.e., E =12V, I s=4A,R =

Similarly, we use capacitor C as bifurcation parame- 16Q, L = ImH, T =50t (f =20kHz) . The bifurcation
ter. The capacitance is varied from 384F to 0.3uF with a diagram of the converter is shown in Fig.13. The zoom-
step of 0.014F, while other circuit parameters are fixed in of Fig.13 (a) is shown in Fig.13 (b).
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Fig. 13 The bifurcation in the Buck-Boost converter with capacitor as parameter

From the bifurcation diagram shown in Fig. 13 (a)
and Fig.13 (b), we can see that the Buck-Boost con-
verter goes through period-1, period-2, period-4, peri-
od-7, and eventually exhibits chaos as capacitance C is

varied from 384F to 0.3¢F. The stable period-1 is ob-
served while the capacitance C is varied from 384F to
33.99uF. At C = 1#F, the waveforms and phase portrait
of the converter are shown in Fig.14 (a),(b),(c).
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Fig. 14 The waveforms and phase portrait in the Buck-Boost converter with C=IuF

4 Conclusion

It is well known that the topologies of DC-DC con-
verters are changed due to the switching operation. This
results in a nonlinear time-varying system. Hence, DC-
DC converters exhibit a wide range of bifurcation and
chaos behavior under some conditions. In this paper, we
deeply study the bifurcation and chaos phenomena in the
current-mode Buck-Boost converter.

This paper derives an iterative map for the Buck-Boost
converter under current-mode control. On the basis of
the model, the bifurcation phenomena under variation of
a range of circuit parameters including input voltage,
reference current, load resistance, inductance and capac-
itance have been investigated.

The simulation results state that the Buck-Boost con-
verter exhibits a wide range of nonlinear behavior. As
the bifurcation parameter is varied, the system goes to
chaos via period-doubling route. It must be specially
pointed out that sometimes period-adding occurs in the
period-doubling route. It can also be seen that the solu-
tions of the system equations appear to behave randomly
in a deterministic system even though there is no random

input.

The research about the domains of bifurcation and
chaos in the parameter space is particularly important be-
cause the power electronics engineers must choose the
parameter values in order to obtain the desirable behav-
ior. Moreover, the engineers will consciously avoid the
bifurcation and chaos domains if they thoroughly under-
stand when the nonlinear phenomena occur. We will dis-
cuss this topic in our future papers, numerical analysis
and experiment.
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