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Abstract— The different steady-state responses of a boost
converter are observed during measurements carried out on
the physical model of the chosen boost converter. It is shown
that by varying the input voltage only, the boost converter
exhibits hysteretic behavior. The various set of steady-state
responses are recognized by increasing the dc input voltage
regarding the set of steady state responses which are
obtained by decreasing the dc input. Also, the steady-state
responses of the boost converter are determined by means of
computer simulation and presented in figure of bifurcation
diagram. The results of computer simulation and results of
experiment coincide very well for one trend of varying input
voltage only. Therefore, impact of initial conditions of the
state variables in the form of bifurcation diagram is studied.

Keywords — boost converter, steady-state responses,
hysteretic behaviour, impact of initial condition.

I. INTRODUCTION

The boost converters are time-varying nonlinear
dynamical systems [1-3] exhibiting several steady-state
responses, from subharmonic responses as well as
quasyperiodic responses to chaos [4-6]. The transitions
between steady-state responses are strongly dependent on
the converter parameter choice [7-10]. In the research of
steady-state responses of the DC-DC converters the
experimental studies are often used approach [11-13].

The correct design of the boost converters assumes
that all possible steady-state responses and their
dependence on variation of converter parameters are
known in advance. In this way it is possible to avoid
occurrence of some undesirable properties during service
like increased output ripple or audible sound.

In the paper computer simulation and experiments
carried out on the physical model of the converter have
been used and presented. Simulation results are presented
by waveforms of state variables and by bifurcation
diagram. Measurements are presented as waveforms of
steady state variables and control voltage. It is shown that
different set of steady-states were obtained by increasing
the dc input voltage relating to the set of steady states
which were obtained by decreasing the dc input voltage
throughout experiment. This characteristic behavior of the
boost converter which is dependent on trend of the
varying input voltage we called hysteretic behavior.

The steady-state analysis obtained by using the
mathematical model of the boost converter is verified for
one set of steady-state responses, which agree to the
decreasing input voltage only.

In our study of steady-state behaviour of the boost
converter a special attention is paid to the explanation of

discrepancy between measurement results and simulation
results. Therefore, the impact of initial conditions on
hysteretic behaviour of the boost converter is studied by
using bifurcation diagrams with initial values of state
variables as bifurcation parameters. In our opinion, the
initial conditions are parameters of converter which can't
be controlled during measurements.

II.  BOOST CONVERTER REALIZATION

The boost converter controlled by naturally-sampled
constant frequency pulse-width, low-cost modulator
MC34060A is realized, Fig.1. The realization of the given
boost converter was taken over from the datasheet-
catalog of MC34060A [14]. The typical values for the
boost converter realization are: input voltage; 7V- 40V,
maximum output voltage; 40V, typical frequencies;
1kHz-200kHz; typical power; <100W. The average value
of output voltage was set from 26.5V to 27.5V and was
depended of the characteristic steady-state responses.
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Fig. 1. Schematic of the experimental boost converter.

The controlled switch is realized by the bipolar transistor
BDY 901 and the uncontrolled switch by the diode BYW
95C. The low switching frequency, /=5 kHz, guarantees
that high-frequency effects are minimized. The choke is
designed with characteristic inductance L; L=1.08mH and
characteristic resistance, R, R=0.7Q. In this way the
converter is made closer to ideal and therefore easier to
compare results of measurements with simulation results.

III. HYSTERETIC BEHAVIOUR

The characteristic steady-state responses were
identified by comparing the waveforms of inductor
current; i and output voltage uc simultaneously with
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sawtooth ramp voltage, um, , as one of the control
voltage for operating pulse-width modulator, MC34060A.

TABLEI
REGIONS OF STEADY-STATE RESPONSES OF THE BOOST CONVERTER BY
VARYING INPUT VOLTAGE

Increasing E; U Decreasing E; ]
E(V) Steady-state E(V) Steady-state
17-22.5 Period-one

operation, U
22.5-23.1 Period-two 17.-23.02 Period-three
operation, U operation,
23.1-23.45 Period-six 23.02-23.38 Period-six
operation, U operation, ﬂ
23.45-24.28 Chaos, U | 23.38-24.02 Chaos, N
23.28-24.55 Period-four 24.02-24.39 Period-four
operation, U operation, ﬂ
24.55-24.64 Period-eight 24.39-24.59 Period-eight
operation, U operation, ﬂ
24.64-25.57 Chaos. { [ 24.59-25.53 Chaos. T
25.57-25.86 Period-five 25.53-25.83 Period-five
operation, U operation, ﬂ
25.86-26.80 Chaos. 4 | 25.83-26.62 Chaos. T
26.80-26.98 Period-six 26.62-27 Period-six
operation, U operation, ﬂ
26.98-27 Chaos

The steady-state responses of the boost converter are
identified by increasing the input voltage, £ from 17V to
27V and also by decreasing the input voltage, £ from
27V to 17V. The results obtained by measurements are
shown in Table 1. The tendency off appearing the steady-
states is denoted with symbol “U”, for increasing input
voltage and with symbol “fI”, for decreasing input
voltage.
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Fig. 2. Period-three; ( E=22.77V, Uc(0)=27.16V ), increasing E; U
a) Measured inductor current, ir; (1A/div)
b) Measured sawtooth ramp voltage,Uramp (2V/div),
¢) Measured AC component of output voltage,u. (1V/div)

The hysteretic behavior [15] of the boost converter can be
easily recognized from Table 1. The set of the steady-
states which have appeared in the same order
irrespectively to the trend of varying input voltage is
denoted with grey shading in the Table 1. The hysteresis
of the steady-state responses was noticed at the critical
values of the input voltage from 23.02 V to 23.15 V.
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Fig. 3. Period -two( E=22.77V , U¢(0)=26.95V ), decreasing E; ﬂ
a) Measured inductor current, ir; (1A/div),
b) Measured sawtooth ramp voltage,urmp (1V/div).

The waveforms of inductor current, i; and sawtooth ramp
voltage, uwnm, for the same value of input voltage
(E=22.77V), but for the different trend of changing input
voltage are shown on Fig.2.-3. Two different steady-state
responses are identified: period-three operation for
decreasing input voltage and period-two operation for
increasing input voltage.

IV. STATE EQUATIONS

The equivalent circuit of the realized boost converter is
shown in Fig.4. The discontinuous conduction mode as
well as continuous conduction mode are assumed, i.e.
there are three/two changes of power circuit topology in a
period of operation 7=1/f.

Fig. 4. The equivalent circuit of the boost converter

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

When 2 u;, the controlled switch V; is in the ON-
state and the diode ¥, is in the OFF-state. The state
equations are:
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duc 1
== .

dt  CR, 0
di; 1 .
—==—(E—Ri

=7 (E=Ri)

When ump < u;, i;>0, the controlled switch ¥, is in the
OFF-state and the diode ¥ is in the ON-state. The state

equations are:
=] -=<
da C R,

di 1 )
%=Z(E_R1L _”C)

@

When ump, < u;, i;=0, the controlled switch V; and the
diode V, are in the OFF-state. The state equations are:

duc 1
==y,

dt CR, 3)
ip=0

According to Fig.4 the input voltage of the operational
amplifier OA2 u,(7) is given by
-R R R
ui =_4Ure/' + 1+_4 '—ZUC (4)
R; ' Ry ) R+R,

The external sawtooth ramp voltage:

3
u ?t+0,7 [V] 5

ramp —

is obtained by measurements carried out on the pulse-
width modulator MC34060A.

V. COMPARING SIMULATION RESULTS WITH
MEASUREMENTS

All simulations are carried out for a fixed set of
converter parameters: R;=22kQ, R,=1.22kQ, R,;=2.7TMQ,
Rs=3.9kQ, R=0.7Q, L[=1.08mH, C=100pF, R~39Q,
U=5V and T=200 ps. Three parameters are considered
as bifurcation parameter: the input voltage E, the initial
value of output voltage u-(0) and the initial value of
inductor current #;(0). State equations are integrated by
using the fourth-order Runge-Kutta numerical integration
method. The program was written in “C++” programming
language for solving state equations (1-3) and the results
of computation were presented by using MATLAB.
Simulation results were presented as waveforms of the
state variables uc and i and as bifurcation diagrams.

All steady-state variables are presented in time period
from 1407 to 1507 with the initial conditions of state
variables: u(0)=27.20V and i;(0)=0A.

For bifurcation diagram, presented on Fig.6, 250
samples of output voltage uc(f) for each value of the
bifurcation parameter, taken at the instants #=kT;
k=101,102,...350 are displayed. Although the boost
converter is at steady state after a few periods, the safety
margin of 100 periods is accepted. In this way we are
sure that period-N operation of the converter will be

represented by exactly N points on a bifurcation diagram.
Also, 250 points dispersed between the maximum and the
minimum value of sampled variable uc indicates the
chaos. It is irrelevant which state variables will be
sampled for identification of steady-state responses.
Bifurcation diagrams for the both state variables lead to
the same dynamical behavior of the converter.
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Fig. 5. Period- three operation
a) Computed inductor current, ip at E=22.77 V,
b) Computed output voltage, uc at E=22.77 V.

These computed results agree very well to the results
obtained by measurements for decreasing input voltage
only. The computed waveform of inductance current and
output voltage which are shown on Fig.5., coincide very
well to the measured waveforms which are shown on
Fig.2. It looks like the mathematical model can be
verified only for decreasing input voltage.
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Fig. 6. Bifurcation diagram with the input voltage E as the bifurcation
parameter. E=22.5-27V, AE=0.001V
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It is supposed that the reason for different set of
steady-state responses should be related to the impact of
initial conditions. The initial conditions are parameters
which can't be controlled in laboratory conditions.
Therefore, ripple of the measured output voltage and the
range of inductor current, Fig.2. were used as input
values for computing bifurcation diagrams. For example,
the average value of output voltage, U-(0) was 27,16 V.
Then the maximum value of input voltage can be scan
from Fig.2. and is equal to 28,16V and minimum value of
output voltage is nearly about 25.51V. The minimal
initial value of output voltage, uc(0) as bifurcation
parameter is adjusted on 26.73V, Fig.8. The range of
inductor current was acquired from 0 to 2.35A. These
values were used as data for the initial values of inductor
current, #;(0), as bifurcation parameter, Fig.7.

IMPACT OF INITIAL CONDITIONS
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Fig. 7. Bifurcation diagrams with initial value of the inductor current
ir(0) as bifurcation parameter; i (0)=0A-2.35A, uc(0)=26.95V,
Ai(0)=0.001A ; a) E=22.75V, b) E=23.15V.

Bifurcation diagrams were computed in range of the
critical value of input voltages, E of 22.75V to 23.15V
with step size of input voltage of AE=0.1V. Bifurcation
diagrams for the inductor current, i as state variable for
the two value of input voltage (£=22.75V and critical
value of input voltage £=23.15V ) and for two bifurcation
parameters (initial values of inductor current, i;(0) as well
as initial value of output voltage, u(0) ) are shown on
Fig.7 and Fig.8.

The identification of steady-state responses from
bifurcation diagrams was provided by using magnify
details of the bifurcation diagrams, Fig.9.a and computed
inductor currents as well as Poincaré maps Fig.9.b-9.c for
the characteristic values of bifurcation parameter, u(0).

18+

16

14+

121

iL[A]

a) E=22.15V

08

06

04

021

27!.5
ue() 11

iLA]

b) E=23.15V

08}
06}
04F—

02—

0
26.73

27

275
ue(0) V]

28.16

Fig. 8. Bifurcation diagram with initial value of the output capacitor
voltage uc(0) as bifurcation parameter;
i2(0)=0A, Auc(0)=0.001V : a) E=22.75V,b) E=23.15V.
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Fig. 9. a) The magnify detail of bifurcation diagram on the Fig 7b
b) Poincaré map at ,(0)=0.398 A, period-six operation
¢) Poincaré map at ;(0)=0.445 A, period three operation.
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The period-six operation was identified, Fig. 9.b. The
period three-operation was also shown on Fig. 7.a and 8.a
respectively. The period-two operation wasn't identified
by analysis of the bifurcation diagrams for characteristic
value of input voltage and step size of input voltage. It
looks like the initial values of inductor current, , i;(0)
and initial values of output voltage, u~(0) are mutually
more dependent. Also, existing of the different steady-
state responses (period-two operation and period-three
operation), for the same value of input voltage
(£=22.77V ) might be perhaps the physical characteristic
of chosen boost converter[16].

VII. CONCLUSION

The hysteretic behavior was obtained for chosen boost
converter by measurements. The proposed mathematical
model of the boost converter can be used for prediction
set of steady-state responses recognized by varying the
input voltage in one tendency, only for decreasing input
voltage.

The different steady-state responses; from period-
three to period-six operation were identified by using
analyzed bifurcation diagrams. The different steady-state
responses are observed especially for the critical values
of input voltage £=23.02V + 23.15V but the appearance
of period-two operation, which was identified by
measurements wasn’t obtained by analysis of impact of
initial conditions. Therefore, the mutual correlation
between the initial conditions of inductor current, #;(0) as
well as output voltage u(0) with value of input voltage £
would be more intensive.

Future work will include the analysis of impact of
initial conditions at the appearance of steady-state
responses on the critical values of input voltage. The
parameter space maps with initial conditions and input
voltage as bifurcation parameters will be researched.
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