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ABSTRACT 

This article contains the results of modelling and researching the parameterization of DC-DC-converters, in 
particular, a converter output stage as a controlled object of the automatic control system. This research is focused on 
deriving the mathematical models of DC-DC-converters and their analysis. The operational analysis of a down DC-DC-
converter frequency domain was made. The main part of a converter is a low pass filter (LPF). Unipolar pulse sequence is 
supplied in the LPF input. Output stage parameters are chosen by analyzing the signal spectrum components and the 
analytic form of a LPF transfer function. The research was made on the basis of various filter circuits: RC-circuit and RLC-
circuit. There also made an operational analysis of a down DC-DC-converter in the time domain. Electronic switches were 
used for deriving a voltage source. Electronic switches are controlled by two pulse patterns. The research deals with 
organizing control modes of electronic switches. Difference equation systems, which describe a DC-DC converter 
operation, are given. This converter was modelled by means of the Miro-Cap circuit analysis program. The derived voltage 
and current waveforms of a DC-DC-converter with diode and transistor switches are given. 
 
Keywords: DC-DC-converter, undervoltage, modeling, transfer function, low pass filter, electronic switch, regulating characteristic, 
mutual characteristic. 
 
INTRODUCTION 

DC-DC-converters modelling (“DC” -direct 
current) deals with a solution to the problem about 
choosing the parameter parts of a converter output stage 
[1], and the parameters of feedback circuits. Feedback 
circuits provide the defined transient performances and 
marginal stability. Any DC-DC-converter is an 
autostabilizer and a regulation [3, 4, 6, 11-13], which has a 
definite marginal stability. If this system has a big 
marginal stability, it solves the problem of electrical value 
transformation exactly. For automatical stabilization and 
regulation, it is important to know what marginal stability 
it possesses. Therefore, the high-power output stage of a 
DC-DC-converter is considered as a controlled object in 
the automatic control system [1, 2, 14]. When designing 
the automatic control system, the problem of object 
parameter identification is solved. If solving the problem 
of object parameter identification allows defining the 
coefficients of its transfer function exactly enough, one 
can also choose reactor parameters exactly enough. 
Solving this problem successfully allows providing the 
defined quality indices of the automatic control system 
with enough high fidelity, which is a vital task. A solution 
to the problem of analyzing the direct voltage pulse 
converter is given in this article. Also, its analog and 
discrete transfer functions were obtained [5, 9, 10]. 
 
THE ANALYSIS OF A DOWN DC-DC-CONVERTER 

FREQUENCY DOMAIN 
We shall present the block-scheme of a converter 

in the form of two series -connected blocks as it is shown 
in Figure-1. A down DC-DC-converter consists of voltage 
source e(t) and low pass analog filter – LPF [7, 8, 10]. 
Voltage source generates an output voltage, which is 
applied in the LPF input in the form of unipolar pulse 

sequence with the amplitudeЕ, theinterval andtheperiod Т 
as it is shown in Figure-2.  
 

 
 

Figure-1.The block-scheme of a down DC/DC-converter. 
 

 
 

Figure-2. Voltage waveform in the LPF output. 
 

The model of rectangular waves is analytically 
defined in Fourier’s series [15, 16]: 
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where q=/T is a pulse duty factor; Q=1/q is a 
relative pulse duration; 1=2π/T is a fundamental 
frequency.  

The analysis of this formula (1) shows that the 
signal spectrum contains the constant component 

T
E
  and 
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also the infinite number of harmonic components. The 
fundamental frequency 1. 

As an example there shown spectra of unipolar 
pulse sequence with the amplitude E=1 В, the fundamental 
frequency f=1000 Hz, the relative pulse duration Q=2 
(Figure-3а) and the relative pulse duration Q=10 (Figure-
3b) in Figure-3. It was modelled in the Micro-Cap. 
 

 
(a) 

 

 
(b) 

 

Figure-3. Unipolar pulse sequence spectra with the 
relative pulse duration Q=2 (a) and Q=10 (b). 

 
The analysis of the pulse spectra shows that the 

signal constant component changes in inverse proportion 
to the change of the relative pulse duration. There 
observed the growth of higher harmonic amplitudes with 
the growth of the relative pulse duration in the signal 
spectrum. If all harmonic components are taken away out 
of this signal spectrum, there is a constant component left. 
Such work can be performed by using the LPF. The LPF 
cutoff must be much less than the fundamental frequency. 
The attenuation of its amplitude-frequency response on a 
fundamental frequency must be sufficient for applying a 
small level of output voltage ripple at the output of a DC-
DC-converter. The simplest circuit of the LPF is a first 
order circuit, based on the integrating the RC-circuit [17, 
18], shown in Figure-4. 
 

 
 

Figure-4. The LPF of the first order. 
 

AFR (amplitude-frequency response) and LPF 
behavior depends on a choice (task) of its transfer function 

coefficients. The circuit transfer function, given in Figure-
4, is defined by the following formula: 
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where Р is a pole frequency. 

The AFR type of the considered LPF is defined 
by the only transfer function coefficient that determines a 
cutoff. For the transfer function of the first order a cutoff 
coincides with a pole frequency. Let us define 5 Hz cutoff 
and choose 100 ufd (microfarad) capacitance value and 
find the resistor resistance value from the following 
formula:  
 


Cf

R
p2

1 328 Ohm.                   (3) 

 
The AFR of the LPF with the chosen part 

parameters is shown in Figure-5. The AFR attenuation on 
a cutoff of this LPF comes to 3dB, on a frequency of 
1 kHz comes to 46 dB. This neutralization of the 
fundamental frequency can turn out to be insufficient for 
applying a small level of pulses at the output of a DC-DC-
converter, so let us decrease the LPF cutoff by 1 Hz, for 
instance, increasing a capacitance by 500 ufd. The AFR 
with the new filter parameters is shown in Figure-6.  
 

 
 

Figure-5. The AFR’s low pass filter of the first order with 
a cutoff, equal to 5 Hz. 

 

 
 
Figure-6. The AFR low pass filter of the first order with a 

cutoff, equal to 1Hz. 
 

The attenuation of the derived AFR filter on a 
frequency of 1 kHz comes to 60 dB that corresponds to the 
fundamental frequency neutralization of the input pulse 
pattern more than 1000 times.  
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If to apply a voltage with the form, shown in 
Figure 2 at the inlet of the LPF, the voltage that is equal to 
the constant component, in proportion to the relative pulse 
duration, as it is shown in Figure-7, will be adjusted in its 
output some time later. Figure-7 also shows the level of 
ripples in voltage output, whose value is defined by the 
final level of attenuating the AFR’s low pass filter. 
Voltage ripples amplitude in the filter output, measured 
“peak” to “peak”, made approximately 0,5 mV (millivolt) 
with 1B input pulse and 10 pulse ratio amplitude.  
 

 
 

Figure-7. Adjusting voltage output in the LPF output. 
 

DC/DC-converter must work for an effective 
load, so it is necessary to connect resistance to the LPF 
output as a load (Figure-8). 
 

 
 

Figure-8. The LPF with the resistance load Rн. 
 

The LPF transfer function with a resistance load 
is defined by the following formula:  
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 is a transfer constant of the LPF on 

DC, н

н1
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Cp




 is the LPF’s pole frequency.  
The transfer constant was changed to a zero 

frequency under the load resistance in the filter that is an 
undesirable factor, as it leads to stepping down the voltage 

output of a DC/DC - converter. The maximum possible 
voltage output is defined by the following formula: 
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where E is voltage amplitude of input pulses.  

The pole frequency is changed in the filter under 
the load resistance. As load resistance reduces, pole 
frequency increases. Another disadvantage of using the 
considered filter in a DC-DC-converter is a low efficiency 
output (EO), as R (resistance) is used in the filter on which 
power dissipates. One had better use RLC-circuit as a low 
pass filter (Figure-9).  
 

 
 

Figure-9. LPF circuit on a RLC-circuit basis. 
 

The LPF transfer function on a RLC-circuit basis 
is defined by the following formula:  
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where 
LCp
1

 - LPF pole frequency; 
L
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1
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attenuation, M=1 - filter gain on a zero frequency. 
 
The analysis of the RLC-circuit transfer function 

(6) shows that the transfer constant on a zero frequency 
does not depend on part parameters and is always equal to 
1 that is important for creating a DC/DC-converter. The 
analysis of the formula (6) showed that the transfer 
function had a second order and the filter pole did not 
depend on a load resistance. When varying a load 
resistance, pole attenuation changes. 

Figure-10 shows the family of the AFR low pass 
filter of the second order in varying a load resistance from 
1 to 200 Ohm at a pitch of 20 Ohm, 20 Hz pole frequency, 
100 ufd capacitance and the induction coefficient equal to  
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(a) 

 

 
(b) 

 

Figure-10. The family of the AFR (a) and the LPF second 
order mutual characteristic (b) in varying a load resistance 

from 1 to 200 Ohm at a pitch of 20 Ohm. 
 

The filter of the second order on a pole frequency 
of 20 Hz provides both approximately the same 
attenuation of the AFR on a frequency of 1 kHz and the 
filter of the first order on a pole frequency of 1 Hz. If to 
apply pulse pattern with a voltage waveform, as it is 
shown in Figure-2, many mutual characteristics will be 
obtained (Figure-10b).  

A voltage level in steady-state at the output of the 
filter is defined by the relative pulse duration and their 
amplitude. Eruption value of the mutual characteristic 
when connected is inversely proportional to the pole 
attenuation that is also in inverse proportion to the load 
resistance. Voltage ripples amplitude in the filter of the 
second order output, shown in Figure 10b scaled-up and 
measured “peak-to-peak”, made approximately 0,5 mV 
with 1B input pulse and 10 pulse ratio amplitude.  

Filter output voltage in steady-state does not 
depend on a load resistance. It was determined by the fact 
that the filter gain on a zero frequency was equal to 1. 
However, it is just when the resistance of an induction 
coefficient is equal to 1. 
 
THE ANALYSIS OF A DOWN DC-DC-CONVERTER 

IN THE TIME DOMAIN 
Direct current is the voltage input of a DC-DC-

converter. Electronic switches are used for deriving a 
voltage source with a voltage output in rectangle waves. 
For instance, connecting two electronic switches to a 
constant voltage source, which are controlled by the 
antiphased pulsed signals, one can receive one of the 
possible circuits of a down DC-DC-converter [1-5], shown 
in Figure-11.  
 

 
 

Figure-11. The circuit of a down pulse DC-DC-converter 
based on two electronic switches. 

 
The two switches are controlled by two pulse 

patterns, shown in Figure-12.  
 

 
 

Figure-12. Time diagrams of the directing pulses of 
electric switches. 

 
The regulating characteristic in the constant 

voltage pulse regulators is the dependence of a voltage 
output regulator on a ratio of directing pulses. The 
regulating characteristic is obtained for a DC-DC-
converter from the formula (1), when all spectrum 
components are equal to 0, except for that component, not 
depending on the frequency: 
 

qEE
T

Uout 


                                (8) 

 
Figure-13 shows the graph of the regulating 

characteristic of a down pulse DC-DC-converter.  
 

 
 

Figure-13. The regulating characteristic of a down DC-
DC-converter. 

 
The analysis of the regulating characteristic 

shows that at any value of pulse ratio ranging from 0 to 1, 
a converter output voltage cannot be more than the input 
voltage E. Therefore, it is called a down converter.  

In real circuits of a down converter the regulating 
characteristic can have modifications from that given in 
Figure 1.13, as it was obtained for elements with idealized 
parameters by assuming that the resistance of electronic 
switches in the open position is equal to eternity and it is 
equal to 0 in the closed condition. Switches are on and off 
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instantly, the resistance of an inductance coefficient is 
equal to zero and there are no losses in a condenser. 

The regulating characteristic (8) of a down DC-
DC-converter is found through a spectral representation of 
pulse input sequence. It is possible when the low-pass 
postfilter can be explicitly extracted in the circuit of a 
down converter. However, there is no opportunity to find 
the regulating characteristics for inverting boost 
converters, as their circuits do not contain low-pass filters.  
The regulating characteristic can also be found from the 
transfer function, according to the works [14, 16]. For 
finding the transfer function of the down converter (see 
Figure-11) we shall locate an input source in its input and 
consider the operation of the circuit for two switches. 

According to Figure-11, the electronic switch S1 
is closed, and the one S2 is opened in phase “a”. For this 
phase of electronic switches wiring the down convertor 
circuit considering the initial conditions (capacitor voltage 
and inductance current in phase “a”) is shown in Figure-
14. 
 

 
 

Figure-14. Circuit condition in phase “a”. 
 

The electronic switch S2 is closedand the one S1В 
is opened in phase “b”. Figure-15 shows circuit condition 
after transferring from the phase “a” to the phase “b”:  
 

 
 

Figure-15. Circuit condition in phase “b”. 
 

The symbols are as follows in these figures: n- 
period number; E(nT) - input voltage in n- period; IL(n-
1)T) - inductance current at the end of the preceding 
period (n-1)T; UC((n-1)T) - capacitor voltage at the end of 
the preceding period; )(nTU а

out - circuit output voltage at 

the end of the commutating phase “а”; )(nTU б
out - circuit 

output voltage at the end of the commutating phase “b”; 

)(nTI аL - inductance current at the end of the commutating 

phase “a”; )(nTU а
C - capacitor voltage current at the end of 

the commutating phase “а”; RL- inductance loss resistance; 
RH- load resistance.  

The transfer function can be found by generating 
simultaneous equations, which connect current and voltage 
for each commutating phase. The condenser current iC(t) 
and its voltage drop uC(t), related by 
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where uc(t0) - capacitor voltage at the moment of 
t0, current flow (initial conditions). 

In real circuits of voltage switching regulators the 
switching frequency of electronic switches is chosen rather 
high. It is usually ranged from 10 kHz and above; it can be 
higher than 1 MHz in modern voltage stabilizers. 
Therefore, the commutating period T turns out to be rather 
small. As the commutating period is small, one can 
consider that the condenser current does not change 
practically at the time of the circuit being in phase “a”; it 
remains constant. According to Equation (9) the capacitor 
voltage by the time of the phase “a” terminating will have 
been equal to 
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The last expression can be written as a finite-
difference equation:  
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The voltage applied to the inductance coil and 

current flowing in it, related by

di( t )
u( t ) e( t ) L

dt
  

. 
Solving this equation for the current and considering the 
initial current range in the coil before commutating, we 
find current by formula: 
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By analogy with the condenser, we shall consider 
that the voltage across inductance remains unchangeable 
practically at the time of the circuit being in the phase “a”. 
The current in the coil by the time of the phase “a” 
terminating will have been equal to:  
 

τ τ а
а а а L
L L L L L L

0 0

τU1 1
i (t)= u (t)dt + i (0)= U (t)dt + i (0)= + i (0)
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 (13) 

 
Expression (13) can be written as a finite-

difference equation. 
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Considering the accepted symbols in Figure-3.40 
and ratios (11) and (14), we shall find the full difference 
equation system, describing the circuit condition in phase 
“a”  
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and in phase “b” 
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For simplifying records of equations in variables, 
depending on period number n (n=0, 1, 2, 3….), this 
period T is not usually written. Then the above-mentioned 
equations are given in the form: 
- for the phase “a”: 
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- for the phase “b”: 
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Solving the simultaneous equations (17) and (18) 
about input E(n) and output voltage Uout(n), and 
considering that the circuit voltage is equal to the capacitor 
voltage Uout(n)=Uc(n), and neglecting the values of the 

second order of infinitesimals such as (T-)0, we find 
the difference equation system:  
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Applying the cycling method to the finite-
difference equations that defines a connection between 
variables in different periods (for instance, capacitor 
voltage at the end of the preceding Uc(n-1)) and 

succeeding periods 
)(nU б

C  and considering the 
connection between the variables of the finite-difference 
equation and the Laplace discrete transformation, t.e. 
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we find  
 































).z(z)z(z

)z(z)z(z)z()z(z)z(

);z(z)z(z

)z(z)z(z)z()z(

1-1-

1-1-1-б

1-1-

L
1-1-

out

CLL

LLCLL

LС
H

С
б
С

U
L

Т
IR

L

Т

IR
L

U
L

E
L

II

I
C

Т
U

СR

I
С

UUU









 (21) 
 

Solving equation (21) about input E(z) and output 
voltage Uout(z), we find the transfer function of a down 
converter  
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The regulating characteristic of the converter is 
by its transfer function and is defined as a transfer constant 
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on a zero frequency of a loop input signal, t.e. on a DC 
voltage.  

Considering that the variable z=ei, and = is 
a complex frequency on the zero =0, the variable z is 
equal to 1. Inserting this value in Formula (22), we find 
the transfer constant of a DC-DC-converter  
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If the constant voltage source E has been adjusted 
at the input of a converter, voltage is equal to q in its 
output according to Formula (23). If to neglect the impact 
of inductance coil resistance, we have the regulating 
characteristic from Formula (23)  
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that coincides with the earlier found expression (8) 
through the spectrum analysis.  

At a charge coefficient equal to 1 (q=1), we have 
a maximum voltage at the output of a down converter 
from Formula (23)  
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The analog circuit of a converter is shown in 

Figure-16. The inductance coil in each commuting phase 
of switches is either hooked into a voltage source or a 
global bus. An electric switch is on in each phase in series 
with inductance. If this switch has been realized on n-
channel MOS transistor, it is easy to consider the impact 
of its resistance channel on the regulating characteristic.  
 

 
 

Figure-16. The analog circuit of a converter. 
 

Considering the resistance channels of switches 
in the closed condition to be equal and symbolizing them 
as Rcl (cableline), we find 
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It follows from Formula (25) that the inductance 
coil resistance and the final value of electronic switch 
resistance in the closed condition limit the maximum value 
of a converter output voltage.  

In phase “b” the current is maintained by the 
condenser and by the coil inductance. The current in the 
coil inductance in this phase is opposite in sign. For the 
purpose of simplifying the circuit, in many cases diode is 
used as a switch instead the second transistor (Figure-17).  
 

 
 

Figure-17. Converter circuit with a diode switch. 
 

Using the diode in the circuit allows simplifying 
the control circuit of a converter, as it is enough to form 
one sequence of directing pulses for one switch. The 
efficiency output of a converter with a diode switch is 
lower than with a switch made on a fieldistor. It deals with 
rather a big loss of voltage across the diode (0,2 - 1V). The 
loss of efficiency is considerably shown in undervoltage 
converters. 

If the duration of directing pulses changes, LPF 
parameters change too. Let us convert the discrete transfer 
function (22) to its analog equivalent for evaluating these 
changes. This transformation will be made by replacing 
the variable z in the transfer function. The variables of the 
Laplace discrete transformation z and the continuous 
transformation p, related by z=epT . Transforming ep in the 
Laurent series 
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and being limited to two series terms, we find  
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Inserting Formula (28) in Formula (22) and 
neglecting the coefficients of the second order of 
infinitesimals, we find  
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Under T= (the switch S1 in the circuit is being 
on all the while) and also the expressions of the transfer 
functions (6) and (29) fully coincide in the inductance coil 
resistance equal to 0 (RL=0). By analogue with the RLC-
circuit transfer function, we find the pole frequency.  
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the pole attenuation  
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and the transfer constant on a zero frequency 
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The analysis of the last three formulas shows that 
all parameters of the filter depend on the charge 
coefficient q. The less the value of the coil resistance is, 
and the closer the value q to1 is, the less the deviations of 
these parameters from the circuit with ideal elements are. 

While designing the circuit, it is difficult to 
consider all nonidealities of elements, as bulky analytical 
formulas are obtained. It is limited to finding the idealized 
characteristics for the purpose of studying the principles of 
a device operation. The nonidealities of those elements, 
which have the most significant impact on the output 
parameters of a device, are just considered in calculating 
formulas.  

Schematic design programs allow studying the 
principle of the circuit operation and obtaining the 
characteristics, which are the closest to the real circuits. 
These programs allow identifying the deficiencies of 
calculations before modelling and wiring up, and 
eliminating them before modelling.  

Figure-18 shows the circuit modeling of a 
converter in the Miro-Cap circuit analysis program [19].  
 

 
 

Figure-18. The circuit modeling of a down DC-DC-
converter with a diode switch. 

 
A voltage source is shown as the battery V1 in the 

circuit (Figure-18). The sequence of directing pulses for 
the electronic switch S1 is formed by the rectangular pulse 

source V2 as a pulse pattern with the period T=1ms and 
the charge coefficient q=0,5. The coil resistance of the 
electronic switch in the model is given equal to 0,001 
Ohm. For the purpose of reducing losses in the circuit, the 
Schottky diode was used as a diode. 

The results of modelling the circuit are shown in 
Figure-19. The graphs of the diode voltage Uin (in the 
RLC-filter input), the converter output voltage Uout and the 
current inductance IL1 in this figure. 
 

 
 

Figure-19. Voltage and current waveforms in the circuit 
of a down DC-DC-converter with a diode switch. 

 
On completing the transient phenomenon, the 

calculated value of the output voltage under the chosen 
parameters must be 5V. The modeling showed that the 
value of the output voltage is adjusted at the level of 4,885 
V. It deals with the fact that the diode was used as the 
second electronic switch and the voltage of 224 mV falls 
on it (see the graph in Figure-19), and the diode 
parameters were not considered in the formulas.  

The nature of the current change in the 
inductance coil, the ripple amplitude and its flow are 
shown in the bottom graph (Figure-19). 

The graph analysis of the output voltage shows 
that the circuit output voltage can exceed the final value 
greatly after switching on the circuit before completing the 
transient phenomena. Exceeding the set value of an output 
voltage can lead to the failure of the electronics, connected 
to a converter. The special circuits for “soft start”, which 
allow avoiding an overvoltage in the course of turning on 
the converter, are used for eliminating this effect in control 
circuits of stabilizers. Figure-20 gives the circuit modeling 
of a down DC-DC-converter with electronic switches 
transistorized. The sequence of directing pulses for the 
second switch S2 is formed by the impulsive energy 
source V3 in the circuit.  
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Figure-20. The circuit modeling of a down DC-DC-
converter with transistor switches. 

 
Figure-21 shows the results of modeling a down 

DC-DC-converter with transistor switches:  
 

 
 

Figure-21. Voltage and current waveforms of a down 
DC-DC-converter with transistor switches. 

 
An output voltage in the steady conditions comes 

up to 0,5 V, and the voltage Uin is equal to 44 мkV under 
the second switch being on in Figure-21.  

If to use a channel resistance on-state voltage 
instead the diode in the controlled electronic switch of the 
fieldistor with a low value, one can reduce losses in a 
converter and upgrade its efficiency. 
 
CONCLUSIONS 

The made research and modeling results showed 
that when designing down DC-DC-converters, the vital 
task is providing a stability factor of the automatic 
stabilization and regulating system. The research of the 
article is aimed at substantiating the parametrization of a 
converter output stage. While analyzing the DC-DC-
converter frequency-domain, it was shown that using the 
RLC-circuit ensured the efficient operation of the low pass 
filter. While analyzing the DC-DC- converter in the time 
domain it was shown that using the controlled electronic 
switch instead the diode on the fieldistor with the low 
value of a channel resistance on- state voltage, allowed 
reducing losses in a converter and upgrading its efficiency.  

This article was prepared according to the 
research plan No.213.01-07-2014/02 SGC (Secondary 

Group Converter) Developing the methods of 
polyoptimizing the parameters of the hybrid adaptive 
intelligent controllers of the ill-formalized technical 
objects. 
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