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Abstract: Large-signal input characteristics of three DC–DC converter types: buck, boost
and flyback working in the continuous conduction mode (CCM), obtained by simulations
and measurements are investigated. The results of investigations are presented in the form
of the analytical formulas and the exemplary results of the measurements and two forms
of simulations: based on the full description of the converter components and on the
averaged models. The parasitic resistances of the converter components are included in the
simulations and their influence on the simulation results is discussed.
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1. Introduction

Switching DC–DC converter modeling may be considered separately in two time scales: for
short time segments ∆t comparable with the switching period length TS and for much longer
segments containing many switching periods (∆t ≫ TS). It corresponds to the high or low
frequency range. For the converter description in the low frequency range, the averaged models
may be used, which neglect the fast changes of the currents and voltages during each switching
period. We may also distinguish large-signal description (DC or time-dependent) and averaged
small-signal characteristics, usually in the form of a set of transmittances. The first group of the
above mentioned characteristics is considered in this series of two papers.
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The description of the switch mode converters is considered widely in textbooks, as [1],
and [2], and many papers, for example [3–10]. Typical description concerns usually the output
voltage response to the changes of the input voltage, control signal or the load current. The
knowledge of the large-signal input characteristics seems to be necessary in the precise simulation
of interdependencies of real power sources and voltage converters or in cascaded connections
of converters as in the distributed power systems [11]. It would be useful in particular, in the
designing converters to be applied in the power factor correction in rectifying systems and to
maximum power point tracking in photovoltaic systems [12–14]. The description of the input
characteristics of switching converters is presented in some papers in the context of the input
filter design [15–17] where only the small-signal input impedance of a converter is analyzed. The
input characteristics are considered in the above papers for the assumed constant output voltage
as a consequence of the proper control of the duty ratio (for the closed control loop). In such
a situation the input conductance of a converter is negative. On the other hand it seems to be
interesting to consider the influence of the duty ratio on the input characteristics of the converter
without the control of the output voltage.

The main purpose of these paper series is the description of the large-signal input charac-
teristics of three basic DC–DC converters: buck, boost and flyback, obtained by measurements,
numerical simulations and analytical description. The open loop characteristics of converters
are investigated. Two operation modes: continuous conduction mode (CCM) and discontinuous
conduction mode (DCM) are considered. The results obtained for CCM are presented in the
first part of the paper series and for DCM – in the second part. In the description of currents,
voltages and a duty ratio of the switching signal, the small letters with capital subscripts denote
the instantaneous values and the capital letters with capital subscripts denote DC terms of given
quantities. The input and output voltages are denoted by vG and vO, respectively, and the load
conductance – by G. In some equations, the load resistance R = 1/G is used for convenience. Par-
asitic resistances of converter components are taken into account in the analysis and simulation.
The Spice circuit simulator is used in the majority of simulations.

The schemes of the power stages of the converters are shown in Fig. 1 with the symbols of
the real components used (for example, symbol LF denotes inductor).

The waveforms of currents and voltages in the power stage of switching converters are very
complex and the accuracy of their simulations is limited. It is caused mainly by the inaccurate
description of converter components. In the popular approximation of a power converter descrip-
tion, the components are treated as ideal switches, inductors and capacitors. The better accuracy
may be achieved if the parasitic series resistances is included in models of components but the
phenomena in components and PCB are even more complex and the attempts to precise descrip-
tion of components may be found in some sources. The additional source of the inaccuracy of
the averaged models is the procedure of averaging. On the other hand the simulation based on the
averaged models is much simpler than full-wave simulation.

In Section 2, the time dependencies of the input current in the time segments comparable to the
length of the switching period, observed by measurements and large signal PSpice simulations, are
presented. The description of the averaged models of buck, boost and flyback converters operating
in CCM is given in Section 3 and the DC input characteristics resulting from averaged models – in
Section 4. The results of the measurements and calculations of the input characteristics for large
time segments are shown in Section 5 in the form of DC characteristics (Section 5.1) and the time
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(a)

(b)

(c)

Fig. 1. The power stage schematics of a buck (a), boost (b) and flyback (c) converters

dependencies of the input currents (Section 5.2). A discussion and conclusions are presented in
Section 6.

2. The waveforms of the input current of buck, boost and flyback
in the short time segments

In the laboratory models of buck and boost converters, a NVD5867NLT4G MOS transistor
and MBRS340 diode have been used, whereas in flyback the transistor is HEMT TPH3206 and
diode MBRD1035. The parameters of the converters are: in the buck converter, L = 90.8 µH,
C = 108.8 µF; in the boost, L = 22.6 µH, C = 321 µF; in the flyback, L (magnetizing inductance
of transformer) is 150 µH and C = 470 µF, n = 0.2. Switching frequency of the buck is 100 kHz;
in the boost and flyback it is 200 kHz.

The examples of the input current waveforms for the power stage of the buck, boost and
flyback converters obtained by measurements and simulations for the short time segments are
shown in Fig. 2. The values of the input voltage, load conductance and duty ratio are: for buck,
vG = 10 V, G = 0.2 S, dA = 0.4; for boost vG = 6 V, G = 0.2 S, dA = 0.3; for flyback vG = 20 V,
G = 1 S, dA = 0.5. The presented results correspond to the steady state of converters, where the
waveforms of currents and voltages in a given switching period are identical as the waveforms in
the previous period.
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(a) (b)

(c)

(d)

Fig. 2. Input current waveforms of converters obtained by measurements and large signal PSpice simulations:
(a) buck; (b) boost; (c) flyback; d) comparison – flyback with and without snubber

Fig. 3. The diagram of the snubber

The transistors and diodes in the direct large signal PSpice simulations are represented by
their models accessible in the PSpice library. The inductors and capacitors in the simulations
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are treated as a series connections of the ideal elements L and C with parasitic resistances RL

and RC . The model of the transformer used in the simulation of flyback is shown in Fig. 4.
Parasitic parameters of capacitors, inductors and the transformer, obtained by the independent
measurements and used in PSpice simulations (notation in accordance with Figs. 5 and 6) are: RC

for buck, boost and flyback is 18.6 mΩ, 70 mΩ and 76 mΩ, respectively, RL for buck and boost
is 121.6 mΩ and 35 mΩ; RL1 is 0.5 Ω, RL2 is 23 mΩ. Leakage inductances of the transformer
are: LR1 = 1.53 µH; LR2 = 1.0 nH.

Fig. 4. Model of a transformer used in the large signal PSpice simulations [18]

The input current of the buck and flyback converters changes abruptly during the switching
process, and temporary oscillations at switching instants occur. The fast switching and oscillations
may be treated as the sources of electromagnetic interference signals (EMI). The relatively
high amplitude of the parasitic oscillations in flyback are caused mainly by the resonances of
transformer leakage inductances with the output capacitances of the transistor. A similar effect is
observed in the buck converter, because of the parasitic inductance of the input path, and the good
consistency of the measurements and simulations is achieved after introducing the parasitic input
inductance 1 µH to the model of the converter. These oscillations may be partially suppressed by
the use of “snubbers” and the exemplary result of the use of a snubber in a flyback converter is
shown in Fig. 2(d). The changes of the boost input current are more soft, because this converter
does not contain a switch in the input loop. The measured oscillations in the boost converter are
not observed in the large signal PSpice simulations, even after introducing the parasitic inductance
in series with the transistor or diode to the model.

3. The large-signal averaged models of non-ideal converters

In the derivation of the large-signal averaged models of converters, the equivalent circuits of
converters are used, as shown in Fig. 5. The transistors and diodes are described as switches with
series parasitic resistances RT and RD respectively. The transformer in the flyback converter is
represented by the pair of controlled sources, the magnetizing inductance L and series resistances
RL1 and RL2. The parasitic resistances of capacitors and inductors are also included in the
averaged model derivation whereas other parasitic components such as diode and transistor
internal capacitances and transformer leakage inductances are not included because they don’t
influence the averaged models.

The derivation of the averaged models may be performed in several ways: a) by state-space
averaging, b) by the so called circuit averaging (or switch–pair averaging), and c) by the separation
of variables. The last approach is used in the derivation of the large-signal averaged models of
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(a)
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(c)

Fig. 5. Equivalent circuits of buck (a), boost (b) and flyback (c) converters
used for averaged models derivation

buck, boost and flyback converters in papers [9] and [20]. The results for converters working in
CCM are repeated here for convenience in the form shown in Figs. 6, 7, and 8.

Fig. 6. A large-signal averaged model of a buck converter in CCM [9]

Fig. 7. A large-signal averaged model of a boost converter in CCM [9]

The description of the element RX in Figs. 6 and 7 is [9]:

RX = dA · RT + (1 − dA) · RD . (1)
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Fig. 8. A large-signal averaged model of a flyback converter in CCM [20]

The description of the element REQ is [20]:

REQ = dA · RTL + (1 − dA) · RDL

n2 , (2)

where:
RTL = RT + RL1, (3)

RDL = RD + RL2. (4)

4. DC input characteristics

DC input characteristics of converters are derived from the DC equivalents of the models
from Section 3, (for inductors shorted and capacitors opened) and for CCM are described by:

A) buck

IG (CCM) =
D2

A · VG

1 + G · RZ
· G, (5)

B) boost

IG (CCM) =
G · VG

(1 − DA)2 + G · RZ
, (6)

where:
RZ = DA · RT + (1 − DA) · RD + RL , (7)

C) flyback [19]

IG (CCM) =
G · M2

Vi · VG

1 + G · REQ ·
n2

(1 − DA)2

, (8)

where:
MVi(CCM) =

n · DA

1 − DA
. (9)

The dependencies of the DC input current on the input voltage are linear. The corresponding
input conductances are nearly proportional to the load conductance and the deviation from the
proportionality is the result of parasitic resistances.
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4.1. Calculations and measurements of the input characteristics
for DC or the large time segments

The converter behavior for large time segments ∆t ≫ TS may be described by the averaged
models and calculations based on such models are verified by the full-wave simulations (with the
full converter description) and by measurements. The examples of DC input characteristics are
presented below in the form of the dependencies of the input conductance on the load conductance.
The time-domain input characteristics are presented in the form of the input current response to
the step change of the input voltage or duty ratio.

The results described in subsections 5.1 and 5.2 as the precise large signal PSpice simulations
are obtained by averaging large-signal PSpice simulations, i.e. all of the samples related to
a specific switching period were replaced by an averaged value. The value was calculated by
performing a numerical integration (trapezoidal interpolation), over the switching cycle, and
dividing it by the length of the switching period. Therefore the simulations may be considered
as the results of numerical averaging. The trapezoidal interpolation is required when averaging
simulation results because it is not possible to set a constant sample rate in PSpice simulations – the
program automatically choses the simulation step, making it denser in critical moments. Therefore
adding the samples and dividing them by the number of samples in one period would give an
invalid result. Similar numerical averaging is applied to samples obtained by measurements,
except that the sample rate during the measurements was constant (e.g. for the buck converter it
was equal to 20 MSPS). In the case of the measurements the trapezoidal interpolation was used
because it’s a good approximation of a numerical integration.

4.2. DC input characteristics

The measured and simulated dependencies of the DC input current on the input voltage of
converters are linear according to the characteristics presented in Section 4, therefore the input
conductances GG may be found. The examples of the dependencies of the input conductance on
the load conductance obtained by measurements and simulations are shown in Figs. 9(a), (b) and
(c). Two kinds of simulations are presented – based on analytical Formulas (5), (6) and (8) and
based on full-wave Spice simulations for steady state. The data presented in Fig. 8 are obtained
for DA = 0.5 and the input voltage is equal to: 10 V, 6 V and 20 V for buck, boost and flyback,
respectively. The deviation from the linearity, caused by parasitic resistances is best visible in the
case of the flyback converter.

4.3. Time-domain input characteristics

The examples of the time-domain input characteristics of the converters, in the form of the
input current response to the step change of the input voltage or duty ratio, for time segments
containing many switching periods are shown in Figs. 10, 11 and 12 for buck, boost and flyback,
respectively. In the figure captions, the step change of a given quantity is described in the
exemplary form – vG : 8−10 V, whereas the constant quantity is marked in the figure. Curves 1 in
Figs. 10–12 denote results of the detailed, large signal PSpice simulations, curves 2 – simulations
based on the averaged models and 3 – measurements.
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(a) (b)

(c)

Fig. 9. Dependence of the DC input conductance GG on the load conductance G of the buck (a),
boost (b) and flyback (c) converters. Curve 1 – large signal PSpice simulations, 2 – calculations on

Eqs. (5–8), 3 – measurements

(a) (b)

Fig. 10. The input current response in buck, to the step change: (a) vG : 8 − 10 V; (b) dA : 0.3 − 0.5

It is observed, that the waveforms of the input current obtained as the response to the step
changes of the input voltage or the duty ratio have the form of damped oscillation. For the buck
and boost converters it is possible to roughly estimate the frequency of these oscillations as a little
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(a) (b)

Fig. 11. The input current response in boost, to the step change: (a) vG : 4 − 6 V; (b) dA : 0.3 − 0.5

(a) (b)

Fig. 12. The input current response in flyback, to the step change: (a) vG : 18 − 24 V; (b) dA : 0.45 − 0.55

higher than 1 kHz. It is the value similar to the resonant frequency of the LC circuit composed
of inductors and capacitors used actually in these converters. The consistency of waveforms of
the input current observed experimentally and obtained by the simulations based on the full large
signal PSpice models as well as by the simulations based on the averaged models seems to be
quite satisfactory.

Fig. 13 shows the very strong influence of the parasitic resistances of the flyback converter
components on the results of calculations based on the averaged model. Calculations taking
into account the parasitic resistances are consistent with the measurements and large signal
PSpice simulations shown in Fig. 11(a) (note the different scales). It should be pointed out that
the simulations based on averaged models are much faster than the precise large signal PSpice
simulations. For example for flyback (averaged models 90 ms, full-wave 2132.63 s). On the other
hand the simulations based on averaged models give the results of accepted accuracy.

Fig. 13. Simulations of the input current response in
flyback, to the input voltage step 18 to 24 V, based
on the averaged model: curve 1 – without parasitic

resistances; 2 – with parasitic resistances
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5. Summary and conclusions

The large-signal input characteristics of the power stage of DC–DC converters: buck, boost
and flyback working in continuous conduction mode (CCM) are presented. The characteristics
are obtained by simulations and by measurements. In Section 2 – the fast changes of the input
current in the time segments comparable with the switching period are shown. The parasitic
oscillations at switching moments of different characters in different converters are visible. In the
case of the flyback converter the suppression of the oscillations by the snubber is shown. Further
results are obtained for large time segments and the measurement results are compared with two
kinds of simulations: detailed large signal PSpice simulations and the simulations based on the
averaged models. The parasitic resistances of the converter components are taken into account in
the simulations. The response of the input current in the time domain to the step change of the
input voltage or the duty ratio has the oscillatory form typical to the second order system. The
waveform obtained experimentally are consistent with the results of simulations. The influence of
the parasitic resistances on the results of simulations are revealed in Fig. 13 where the waveforms
of the input current obtained by the simulations performed with and without parasitic resistances
are compared. The results of the simulations performed without including the parasitic resistances
are completely erroneous.

The input characteristics of converters in DCM are presented in the second part of the paper.
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