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Abstract: The steady-state responses of the chosen
non-isolated DC-DC converters are determined by
measurement and presented in a form of one-parameter
bifurcation diagrams by using WaveStar Software for
Oscilloscopes and MATLAB. It is shown that observed
converters can be driven into chaos through a process of
bifurcations. The period doubling route to chaos was
recognized. The experimental bifurcation diagrams
agree well with those obtained by simulation from
previous studies.
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1. INTRODUCTION

DC-DC converters are time-varying nonlinear
dynamical systems which exhibit several periodic steady
state responses [1-3]. The correct design of the dc
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 like increased output ripple or audible sound
when device is in operation regime.

In the paper the experimental bifurcation diagrams
of chosen, non-isolated DC-DC converters are obtained
by collecting data with WaveStar software for Tektronix
oscilloscope. The computation of bifurcation diagrams
was done by using MATLAB as the most often used
technical computing language. Knowledge of bifurcation
diagrams [4-6] is important to the converter designers as
it helps them, at the design stage, to choose converter
parameters in such manner that possible undesirable
steady-state responses of the converter can be avoided.

All bifurcation diagrams are obtained for fixed set
of converter parameters by varying input voltage only. In
our opinion, collecting data directly with oscilloscope
and computing with MATLAB is the simplest and the
most cost effective way how to obtain the experimental
bifurcation diagrams without additional and external
electronic circuits [7-8].

2. PHYSICAL MODELS AND SET-UP

The two non-isolated DC-DC converters are chosen:
a) the buck converter 15V-40V/7V, 10W; Fig.1,
b) the boost converter 15V-24V/ 25V, 25W; Fig.2.

The low-power laboratory set-up of converters is
used in laboratory exercises of Power Electronics at
Faculty of Electrical Engineering Osijek [9]. The low
switching frequencies f=3.4kHz and 2 kHz are chosen to
minimize parasitic effects, making the converter closer to
ideal and therefore easier to compare measurement
results with simulation results.
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Fig. 1. The low-power buck converter realization
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Fig. 2. The low-power boost converter realization
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The laboratory set-up for obtaining experimental
bifurcation diagrams consists of PC with installed
software WaveStar for collecting data from Tektronix
oscilloscope, TDS 224. Firstly, chosen waveforms of
characteristic currents and voltages were recorded by
oscilloscope. Then data compatible to characteristic
values of current and voltage were collected with
WaveStar and afterwards data were processed in
MATLAB, Fig.3a.
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Fig. 3. a) The laboratory set-up, b) The experimental set-up

3. EXPERIMENTAL RESULTS AND
OBSERVATION

The experimental set-up is shown in Fig.3b. The
characteristic waveforms for identification steady-state
responses of the converter were: inductor current, i,
input voltage E, and sawtooth ramp voltage as only
autonomous signal of the driver circuit, Uymp.

3.1. The buck converter, 15V-40V/7V, 10W
The chosen buck converter is operated in continuous

conduction mode in whole range of the input voltage;
from 15V to 41V.
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Fig. 4. The waveforms for |dent|f|cat|on steady -state
responses , E=27V

The characteristic steady-state responses of the buck
converter firstly was identified by measurement.
Identification of the buck converter steady-state
responses were performed by comparing the period of
sawtooth ramp voltage, Uym, With the period of inductor
current, i.. For example, on Fig.4, the period of inductor
current is twice time longer then the period of sawtooth
ramp voltage. Therefore period two operation is
recognized. The same procedure is implemented for
increasing input voltage in whole range. Chaos as
characteristic steady-state resoinse is identified by using
phase portraits [10-12]. All identified steady-state
responses are shown in Table 1. For identification of
steady-state responses the WaveStar was only used.

For obtaining experimental bifurcation diagram the
measurement data should be prosessed in MATLAB. In
all bifurcation diagrams, presented here, samples of

inductor current i (t,) for each value of the input voltage
were taken at the instants which are displayed on Fig.5.

Table 1. Steady-state responses of the chosen buck
converter.

Steady-state Input voltage E | Output voltage
responses V) - Ta (V)
Period one operation 15,04 —22.48 6,75 —6.92
Period two-operation | 22,48 — 32,47 6,92 —7.03
Period four-operation | 32,47 — 36,52 7.03-7.05
Chaos 36,52 — 41,57 7,05 — 7,07
Period three operation =41,57 7.07

The maximum number of data which can be collected
with WaveStar is 2500 for one characteristic waveform
[13]. The input voltage was increased in step of 0.1V.

The sampled points are collected once with period of
the sawtooth ramp voltage. The first sampled point is
chosen in instant when Uym, is on the maximum and then
the sampling is obtained with frequency of sawtooth
ramp voltage, Fig.5. The period-N operation of the
converter will be represented by exactly N points on a
bifurcation diagram for each value of input voltage.
Also, points dispersed randomly between the maximum
and the minimum value of sampled variable i_ indicate
the chaos.
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Fig. 5. Principle of sampling |ﬁdu.ctor current

The experimental bifurcation diagram of the buck
converter is shown on Fig.6a.

The bifurcation diagram was also computed by
analyzing mathematical model by solving state equation
of mathematical model in [14]. The simulated bifurcation
diagram is shown on Fig. 6b.
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Fig. 6. a) Experimental bifurcation diagram of the buck converter, E=15-40V,4E=0.1V,
b) Bifurcation diagram of the buck converter obtained by simulation, E=15-40V,AE=0.1V

A process of period doubling is recognized easily in
the both bifurcation diagrams.

In our opinion the most complete insight into
behavior of some non-insolated DC-DC converter is
provided by using bifurcation diagrams in characteristic
range of input voltage.

3.2. The boost converter, 15V-24V/ 25V, 25W
The chosen boost converter is operated in discontinuous

conduction mode, Fig 7, in whole range of input voltage
of 15V to 24V.
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Fig. 7. The characteristic waveforms for period two
operation at E=19V

The identification of steady-state responses were
performed by varying input voltage only. The
characteristic steady-state responses for period doubling
route to chaos are shown in Table 2.

The experimental bifurcation diagrams are obtained
by using MATLAB routine which collect sampled points
of inductor current and display them wversus input
voltage, Fig.8a. Therefore period one operation is
presented on bifurcation diagram with one sampled
point. The period two is presented with two, etc.

The bifurcation diagram with input voltage as
bifurcation parameter is also obtained with computer
simulation in [15]. The result is shown on Fig.8b. Newly,
process of period doubling is identified.

Table 2. Steady-state responses of the chosen boost

converter.
Steady-state Input voltage, | Output voltage,
responses EN) U. (V)
Period one operation | 7.61 — 18,45 24,44 -2549
Period two operation | 18,45 —20.04 25492561

Period four

20,04 - 20,84 25,61 —25,65

operation
Chaos 2084-221 | 2565-2582
Period three 221-2242 | 25822585
opera.tlon
Chaos 32242 25 85

3.3. Observations

Some observation can be particularly helpful in
obtaining bifurcation diagram with experiment as well as
by simulation. By comparison experimental bifurcation
diagrams in Fig. 6a and Fig. 8a with bifurcation diagrams
which are obtained by simulation in Fig. 6b and Fig.8b.
Some advantages and disadvantages of obtained
bifurcation diagrams can be noticed:

- the basic limitations in quality of obtained
experimental bifurcation diagrams (number of
sampled points) are: step of the increasing input
voltage and number of data which could be collected.
Therefore, the maximum collected data by using
WaveStar for Tektronix oscilloscope is 2500 for each
chosen waveform. So, for period-N operations the
oscilloscope time base rang should be selected in
such way that 2N periods of sawtooth ramp voltage
will be displayed. The oscilloscope time base should
be selected at maximum for chaos. In this way
optimal number of sampled points will be collected.
The step of increasing input voltage is determined by
technical characteristics of the input DC-source. We
suggest switch-type of source instead fine-tuned type
of source. In this way the sampled points will be
collected uniformly with the same step. The
minimum increasing input voltage step for obtained
experimental bifurcation diagrams was 0.1V.
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Fig. 8. a) Experimental bifurcation diagram of the boost converter, E=15-40V,4E=0.1V,
b) Bifurcation diagram of the boost converter obtained by simulation, E=15-40V,4E=0.005V

- the limitations regarding step of increasing input
voltage and number of sampling points do not exist
for bifurcation diagrams obtained by simulation. The
only limitation is time processing which is dependent
of chosen integration method and technical
characteristic of computer processor.

For this reason the bifurcation diagrams obtained by
simulation are smooth by comparison with
experimental bifurcation diagrams. For example, the
step of increasing input voltage is 0.005V for
bifurcation diagram on Fig. 8b.

Next characteristic of physical model is variability of
the frequency of external sawtooth voltage.
Consequently, the sampling points of inductor current
for maximum value of ramp voltage of period-N
operation is collected with some deviation. The
deviation could be minimized by using some filter
functions in MATLAB. The choosing of the filter
parameters is purely empiric.

the number of bifurcation parameter is restricted for
obtaining experimental bifurcation diagrams. The
input voltage is proposed as bifurcation parameter in
obtaining experimental bifurcation diagrams due to
technical possibility to vary parameter uniformly with
small step size. The bifurcation diagrams obtained by
simulation do not have such limitation. Any converter
parameters can be bifurcation parameter in simulation
(e.g. inductance, period of external sawtooth voltage,
capacitance, etc.)

From converter designer’s point of view the most
important objective is to choose converter parameters in
such a way that under any expected variations of system
parameters the desired operating regime is not changed.
So, for instance, if the desired operating regime of a
particular converter is the period-one operation, the
designer should choose the converter parameters well
inside the zone of period-one operation. But, there is a
strong dependence of the bifurcation diagram structure
with one bifurcation parameter on other fixed converter
parameters. Therefore, correct decision is possible if the

designer has more bifurcation diagrams with different
bifurcation parameters on his disposal.

This effect that firstly bifurcation diagram obtained
by measurement and simulated bifurcation diagram
should be compared for the same bifurcation parameter
(i.e. input voltage) and afterwards mathematical model is
verified and analysis of steady-state responses should be
extend with simulation for any bifurcation parameter.

The procedure for obtaining experimental bifurcation
diagrams is not so much demanded as procedure to
obtaining bifurcation diagrams by computer simulation.
Only basic knowledge about MATLAB is needed. The
knowledge about mathematical modeling, knowledge of
writing steady-state equations and using numerical
integration methods for solving steady-state equations as
well as competence in writing computer codes are
required for obtaining bifurcation diagrams by
simulation.

4. CONCLUSIONS

The cost effective and reliable laboratory-set up for
obtaining experimental bifurcation diagrams is proposed.
The realization of such set up do not require external
electronic circuits which were usually used.

For two chosen non-isolated DC converter (buck and
boost) the experimental bifurcation diagrams with input
voltage as bifurcation parameter were obtained. The
limitations of bifurcation diagram quality are specified.
Minimum step size of input voltage is 0.1 V and
maximum number of collected data with Wave Star is
2500 for each chosen waveform.

A reasonable accordance between experimental
bifurcation diagrams and bifurcation diagrams obtained
by simulation for the same bifurcation parameter implies
the validity of the mathematical model of the non-
isolated DC-DC converters. It can be used to predict all
possible steady state responses occurring actually in
applications.

In accordance with observations, the
recommendations about choice of input DC source and
selection of bifurcation parameter as well as oscilloscope



time base option for obtaining experimental bifurcation
diagram are given. Also, the discrepancy between
experimental bifurcation diagrams and bifurcation
diagrams obtained by simulation were clarified.

5. REFERENCES

[1] M.J Hasler: “Electrical circuits with chaotic
behaviour”, Proceedings of the IEEE, vol. 75, No. 8,
pp. 1058-1071, August 1987.

[2] D.C.Hamill, D.J Jeffries: “Subharmonics and chaos
in a controlled switched-mode power converter”,
IEEE Transactions on Circuits and Systems-I, vol.
35, no. 8, pp. 1059-1062, August 1988.

[3] J.H.B.Deane, D.C.Hamill, “Instability, subharmonics
and chaos in power electronic systems”, IEEE
Transactions on Power Electronics, vol.5, pp. 260-
268, no.3, 1990.

[4] S.Banerjee, K.Chakrabarty: “Nonlinear modeling
and bifurcations in the boost converter”, |EEE
Transactions on Power Electronics, vol. 13, no. 2, pp
252-260, March 1998.

[5] CK.Tse: “Bifurcation behaviour of

converters”, CRC-_Press, Hong-Kong, 2001.

[6] K.W.E.Cheng, M.Liu, J.Wu: ”Chaos study and
parameter-space analysis of the DC-DC buck-boost
converter,” IEE Proc.Electr.Power Application., vol.
150, no.2, pp. 126-138, March 2003.

[7] G.Olivar, R.Quiles, A.Manuel, J.Del Rio: “Two-
dimensional bifurcation diagram with data
acquisition”, IEEE Instrumentation and
Measurement Technology Conference Anchorage,
AK, USA, 21-23 May, pp.1443-1447, 2002.

DC/DC

[8] K.Mili¢evi¢, D.Pelin, I.Flegar: “ Measurment system
for model verification of nonautonomous second-
order nonlinear systems”, Chaos,Solitonss and
Fractals, 38, pp.939-948, 2008.

[9] D.Pelin, K.Mili¢evi¢, D.Vulin:
handbook for Power Electronics,
Electronic Engineering Osijek, 2013.

[10] I.Flegar, D.Pelin, T.Adamovi¢; ,,Identify attractors
in a boost converter<, Computation Methods in
Circuits and Systems Applications, WSEAS Press
ISBN 960-8052-88-2, pp. 264-268, Corfu, Greece,
July 7-10.2003.

[11] S.Banerjee: “Coexisting attractors, chaotic saddles
and fractal basins in power electronic circuit”, IEEE
Transactions on Circuits and Systems-I, vol. 44, no.
9, pp 847-849, September 1997.

[12] K.T.Alligood, T.D.Sauer, J.A York: “Chaos -
introduction to dynamical systems”, Springer-Verlag,
New York 1996.

[13]WaveStar-User manual: Tektronix,
www.fer.unizg.hr/_download/repository/wavestar_m
anual.pdf , June, 2013.

[14] 1. Flegar, D.Pelin, D.Zagek, “Bifurcation diagram of
the buck converter“, International Conference on
Electronics, Circuits and Systems: IEEE ICECS
2002, Volume I, pp. 975-978, Dubrovnik, Croatia,
September 15-18.2002.

[15] I.Flegar, D.Pelin:”Bifurcation diagrams-Insight into
the modes of operation of a boost converter,”
Proceedings of IEEE International Conference of
Industrial Technology, pp. 866-871, Maribor,
Slovenia, December 2005.

“Laboratory
Faculty of




	Broj rada: Paper No. T1-1, pp. 1-5


