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Abstract: A boost converter controlled by naturally-
sampled constant frequency pulse-width modulation in a
discontinuous conduction mode of operation is analysed
in the frequency-domain. Several steady-state responses
are recognised by varying the dc input voltage only. A
reasonable accordance between results of computer
simulation and experiments is obtained.
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1. INTRODUCTION

One of the most active research topics in power
electronics is the analysis of all steady-state responses of
the boost converter [1-3]. It is motivated by the
widespread application of this type of dc converters as a
basic building block of single-phase power factor
correction circuits.

The correct design of the boost converter assumes that
all possible modes of operation and their dependences on
variation of converter parameters are known in advance.
In this way it is possible to avoid certain undesirable
performance during service such as occurrence of
increased dc output ripple or audible sound.

A series of papers has been published recently
investigating possible steady-state responses with special
attention paid to the chaotic behaviour of the boost
converter [4-7].

In our study of boost converter a special attention is
paid to the calculation of harmonic content of state
variables. Also, we are interested how to present
characteristic sub-harmonic in such a way that ensure
easy identification of the steady-state responses of the
boost converter.

2. STATE EQUATIONS

The equivalent circuit of the realised boost converter
is shown in Fig.1. The proposed mathematical model was
verified in [8]. The discontinuous conduction mode is
assumed, i.e. there are three changes of power circuit
topology in a period of operation T=1/f,

a) V1 closed, V2 open
b) V1 open, V2 closed
c¢) Vl1and V2 open

Therefore, the boost converter can be modelled by
piece-wise linear time-varying network which passes in a
period of operation 7T through three different
configuration.

a) When upmp > u;, the controlled switch V; is in the
ON-state and the diode 7, is in the OFF-state. The
state equations are:
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b) When ), < u;, i>0, the controlled switch V) is in the
OFF-state and the diode V, is in the ON-state. The
state equations are:

duc _i i _¥c
d  c\" R,
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c) When s, < u;, i;=0, the controlled switch V; and the
diode ¥, are in the OFF-state. The state equations are:
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According to Fig.1 the input voltage of the operational
amplifier OA2 u,(¢) is given by

R R
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The external saw-tooth ramp voltage:
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uramp = ?t + 0’7 [V] (5)

In all simulations the fourth-order Runge-Kutta
method with the same step size #=50 ns was used for the
numerical integration of state equations. The parameters
of converter which were taken as constant are: R;=22KkQ),
Ry=1.22kQ, R=2.7MQ), Rs=3.9kQ, R=1.05Q, L=698uH,
C=470uF, R=56Q, U,=5V and T=500us with the dc

input voltage £ varying only.



Fig 1. The equivalent circuit of the boost converter.

3. FREQUENCY-DOMAIN ANALYSIS

The time-domain analysis enables us to solve several
important design problems, like the determination of
voltage and current stresses of converter devices. But,
there are other important design problems not traceable by
the time-domain analysis.

Let us assume, for instance, that the boost converter is
intended to be used as a dc power supply. Then, in
additional to the given static and dynamic deviation of the
dc output voltage the most important data determining
quality of the dc power supply are the maximum
allowable ac component of the current injected into the dc
supply as well as the maximum allowable ac component
of the voltage applied to the dc load.
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Fig. 2. DC component (n=0) and the first four harmonics
of inductor current (n=1,2,3,4).

It means that these ac components ought to be known
to the designer in order to design or not the additional
input filter and/or the output filter.

For this purpose it is not sufficient to know the ac
component of the input current (inductor current i;) as
well as the ac component of the output voltage (capacitor
voltage uc) only, but their harmonic content. Here, under
the term harmonic content we mean a set of RMS values
of the wvariable under question at each significant
frequency. Therefore, it is necessary to carry out the
harmonic analysis of state variables for all possible steady
states.

In our case, harmonic analysis was carried out by
using a standard software package of MATLAB 6.0. The
computed waveforms of inductor current i; and capacitor
voltage uc, from extended time interval [S07-1707], were

used as input data. The results obtained for the first four
harmonics of the inductor current /;(nf), n=1,2,3,4 as well
as the dc component /;(0) versus the dc input voltage £
are shown in Fig. 2.
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Fig. 3. Second sub-harmonic of inductor current (n=1/2).

After the first bifurcation, i.e. transition from period-
one operation to period-two operation at £=18.2V, the
second sub-harmonic (harmonic of order n=1/2) increases
rapidly as shown in Fig. 3. That explains a significant
decrease of all harmonics after the first bifurcation, as
noticeable in Fig. 2.

The second bifurcation, i.e. transition from period-two
operation to period-four operation starts at £=19.8V, and
the fourth sub-harmonic (harmonic of order n=1/4)
increases, as shown in Fig. 4.
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During the chaotic mode of operation the RMS values
of harmonics as well as sub-harmonics, as expected,
change irregularly. In the vicinity of the dc input voltage
E=22V, period-three operation is noticeable in Figures 2.-
4. The third sub-harmonic (harmonic of order n=1/3)
versus the dc input voltage E is displayed in Fig. 5.

In order to verify the results of harmonic analysis we
have carried out measurements of the first four significant
harmonics and of the second sub-harmonic of state
variables at particular values of the dc input voltage.
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Fig 5. Third sub-harmonic of inductor current (n=1/3).

inspection and qualitative comparison of the measured
and computed harmonic content of inductor current for
characteristic steady-state.

The measurements were obtained by using a
Tektronix oscilloscope series TDS224 with additional
module for fast Fourier transformation TDS2MM. The
measurement data were calculated with the software
package of WSTRO. The computed results and the results
obtained by measurements at E=19V (period-two
operation) are shown in Table 1. The qualitative
accordance between results is observed. Also, a process of
period-doublings is recognised as one of the known route
to chaos.

Table 1. Harmonic content of state variables at E=19V
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Figure 6. Period two-operation (E=19V)

Harmomne Inductor current Ip. () RIMS; %o a) Computed inductor current
order Mleasured Computed b)  Measured inductor current
" vahies values (14/div,500us/div)
12 | 0724; 100% 0654; 100%
1 0344; 746% 057 4; 88.1% As an example, the characteristic steady-state is
2 017 A; 242% 019 4; 289% period-two operation and waveforms of inductor current
E 005 &; 75 % 008 A; 125 % obtained by measurement and simulation are shown in
Fig.6. In this way, for all bifurcation points given in
E s e LRI G EE) Table 2, like 17.9V; 19.7V; 20V, etc. are determined.
These results correspond very well to the results obtained
from the bifurcation diagram of characteristic sub-
Harmoric Capacitor voltage U (n) RMS; %0 harmonics.
order Mleasured Computed
M values values
172 1826 mV: 100%% | 1824 mV; 100% Table 2. Regions of steady-state responses
1 860 mV; 476% | THEmV; 50.46%
2 227 mV; 124% | 179mV; 115% LV
Steady state responses Measured Computed
3 162 mV; 88 % 26 mV; 6.1 % values values
4 106 m¥V; 58 % 49 mV; 31 % Period-one operation 14-17.9 14-18.2
. . . . . Period-two operation 17.9-19.7 18.2-19.8
Bifurcation points, i.e. the values of dc input voltage F
at which the new period of operation occurs, are obtained Period-four operation 19.7-20 198-20.2
easily from the corresponding bifurcation diagram of sub- Period-eight operation - 20.2-20.3
harmonics  (Fig.2-5.). To wverify the proposed 20-21.8 20.3-21.8
. .. Chaos
mathematical model of the boost converter it is necessary 21.9-24 21.9-24
to compare the results of simulation with the results of Period-three operation 21.8-21.9 21.8-21.9

measurements. At the moment, we are not able to obtain
the bifurcation diagram of characteristic sub-harmonic by
measurements. So, the direct comparison was made by




4. CONCLUSIONS

The boost converter has been studied from bifurcation
point of view. The bifurcation diagrams of the
characteristic harmonic for period doubling route to chaos
provide a clear picture about boundaries between
bifurcation and in that way ensure the designers to choose
converter parameters for the desired operating regime. A
good agreement between simulation results and
measurement implies the validity of the chosen
mathematical model.
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