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Abstract - This paper aims to investigate the step-down dc-
dc converters from circuit analysis viewpoint. These 
converters have a lot of utilizations, including different 
applications in power energy conversion domain, being 
mentioned also in electromagnetic compatibility studies. 
That is why the study and the analysis of such devices were 
and continue to be of a real interest for the scientific 
community. For this purpose this paper aims to bring a 
contribution in the domain, by offering equivalent schemes 
of different accuracies and alternative methods of analysis 
in time-varying regimes for step-down dc-dc converters 
used in electromagnetic compatibility investigations. 
Various time analysis methods are used here in order to 
analyze the step-down dc-dc converter circuit. Each method 
is well explained, starting from the basic equations of the 
circuit, continuing with the particularities of the approaches 
and finalizing with the presentation of the equations sets in 
the final form. For each method a program was created 
where the obtained equations were implemented. The most 
important results are presented in each case; they 
correspond both to the steady state and to the initial 
variable regime. The final part focuses on the differences 
between the results obtained using the real nonlinear 
characteristics of some elements and those resulted using 
their linearized model. The resulted waveforms are 
discussed comparatively not only using different methods of 
analysis and linear and nonlinear schemes of the converter, 
but also using results offered by commercial software 
specialized in electric and electronic circuit analysis. Finally 
the advantages and the disadvantages of each method are 
underlined and some conclusions are depicted. 

Keywords: circuit simulation, linear circuits, nonlinear      
circuits, time varying circuits, converters. 

I. INTRODUCTION 
The dc-dc voltage converters are static switching 

electrical equipments that change the input constant dc 
voltage to an adjustable dc output voltage. The principal 
component responsible of this transformation is the 
electronic (semiconductor) switching element that changes 
its state from on to off. This switching element could be a 
GTO thyristor, an IGBT or a MOSFET transistor.  

Because there is a small power loss inside these 
semiconductor elements, they achieve high energy 
conversion efficiency [1], [2]. As a consequence the 
power electronic switches are used to operate at high 
frequencies. Also the filter inductors and capacitors have 
smaller values. 

The step-down dc-dc converter is commonly known as 
a buck converter. Among buck derived dc-dc converters, 
the most used are the forward converter, the push-pull 
converter, the half-bridge converter, and the full-bridge 
converter [1]. They are used in many applications such as: 
dc electric drives, dc power supplies (having the role of 
galvanic isolation), renewable dc sources, transportation 
systems and even in computer and telecommunication 
equipment [1]–[7]. Another area where the dc-dc 
converters are mentioned is the electromagnetic 
compatibility investigation. Taking the example of the 
power electronic loads, they pollute the supply grid with 
harmonics; that is why the dc-dc converters are used as 
intermediate stage to improve the power factor and to 
decrease the harmonic content. 

The most popular type of dc-dc converters is the pulse 
width modulated converters [1], [2], [7]. Its advantages 
include high efficiency, simple control and relatively low 
component count. A disadvantage is due to the turn-on 
turn-off losses that limit operating frequencies to some 
hundreds of kilohertz. 

The studies made in time on the dc-dc converters 
focused on finding new topologies, on developing 
improved solution in the converter production, but also on 
the analysis of their operation. For this purpose the circuit 
analysis of their equivalent diagrams played an important 
role [8]–[13].    

 In this paper a circuit analysis of a step-down dc-dc 
(buck) converter is made. The proposed analysis methods 
were applied on the linearized equivalent circuit of the 
converter, but also on the nonlinear variant of its diagram. 
For the linear circuit two methods were used: the state 
equation method and a mathematical method based on 
Kirchhoff’s laws. For the nonlinear circuit, the circuit 
equations were brought to the form of a system that 
includes state equations and output equations. The final 
relations were implemented in MATLAB programs; their 
results were discussed comparatively. The advantages and 
the disadvantages of each approach are underlined. Finally 
our results were compared with the simulation results 
obtained using a software specialized in the electric circuit 
analysis (SPICE). The conclusions are formulated 
regarding the relation with previously published results of 
some researchers. 

II. STEP-DOWN DC-DC CONVERTER WITH LINEAR 
PASSIVE COMPONENTS 

We consider the case of a step-down dc-dc converter 
used  in  electromagnetic compatibility investigations.  We  
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Fig. 1.  Real step-down dc-dc converter diagram. 

intend to take into account the energy dissipated in the 
passive elements, so - unlike previous works [1], [14] 
where ideal components were mainly considered - its 
equivalent electric circuit includes parasitic components 
(Fig. 1) [1]. The realistic model of the capacitor includes, 
besides its capacitance C, a series equivalent resistance 

 - due to the dielectric losses and the electrical   
connections - and a series inductance  of very small 
value that appear at high frequencies. The series 
inductance is rather important because it causes a 
limitation of the operating frequency [1].  The real coil has 
as parameters its inductance 

Cr

CL

L , but also a series resistance 
 due mainly to the Joule losses in the conductive media. Lr
For the diode D (considered here as linear element) we 

must consider its resistance  that varies function of its 
conductive state. It has a rather low value in the 
conduction state ( Ω) and a very high value in 

the blocked state  ( Ω). 

Dr

≈onDr 110−

≈offDr 610

The dc voltage source and the switching 
(semiconductive) element were replaced in the diagram by 
a pulse voltage source . Its equivalent internal 
resistance has a small value, r (Fig. 1). 

)(tvs

As for the load we considered only the case of a 
resistive load of value R because we are interested mainly 
in the model structure of the converter and its analysis 
method in time domain. After the validation of the model 
and the obtaining of valid results, it can be used in more 
complex schemes or for different types of consumers.  

A. Circuit Analysis using the State Equation Method 
Because the step-down dc-dc converter operates in a 

variable regime the most general approach that can be 
used is based on the state equation method. We can utilize 
it both for linear and nonlinear circuits, having the highest 
level of generality [8], [12], [13], [16]–[18].   

In order to use state equation method for the circuit in 
Fig. 1 we must put the circuit equations in the general 
form [12], [13]: 

  (1) 
⎩
⎨
⎧

=
=

,
    

00 x)x(t
t)s,f(x,x&

where  is the state variables vector,  is the sources 
vector and  is a vector that includes the values of the 
state variables at the initial moment . 

x s
0x

0t

 

 

 

 

  

 
 

Fig. 2.  The oriented graph of connexion for the converter circuit. 

In our analysis we started from the topology of the 
circuit in Fig. 1. We establish for it the graph of connexion 
(Fig. 2). 

Each node and each branch of the oriented graph was 
numbered. Consequently the subsequent study will use 
this numbering for the current and the voltage associated 
to each branch / element. 

In the oriented graph we chose a normal tree that was 
marked in Fig. 2 with thick arcs. Its associated cotree is 
represented by thin arcs. 

For this configuration we determined the essential 
incidence matrix  [12], [16], [17]: 0D
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The lines of  were rearranged in the order of the el-
ement type situated on each branch, as: branches with 
resistors, branches with capacitances and branches with 
voltage sources.  Thus we obtained the matrix 

0D

D  that can 
be partitioned afterwards taking into account the different 
types of element on each branch [12]: 
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Based on matrix D  we can write the tree branches 
currents as function of cotree branches currents: 

 ct iDi ⋅−= , (4) 
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and the cotree branches voltages as function of the tree 
branches voltages: 
 , (5) tc uDu ⋅= t

where 

( ) ttuuu )(841 LRcc uuu ==  
( ) ttuuuuuu )(269753 ECRtt uuuu ==  

In the relations (4) and (5) if we consider only the 
branches with resistances [12], we can write that: 

 , (6) 14×=⋅+⋅+ 0LRLRcRRRt iDiDi
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with . )(tvs=−= Eue
These relations are completed with the equations 

specific to the resistive branches: 
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The relations (8) replace the correspondent terms from 
(6) and (7), obtaining 
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In the equations (4) and (5) we consider now only the 
branches with capacitances and inductances 
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These relations are completed with the equations of 
evolution for capacitances and inductances 
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By replacing (9) and (12) in (10) and (11) we obtain the 
state equations in the form 
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For our circuit 
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with RrrrrrR LDDe −−+⋅−= )/( . 
We implemented the differential system (13) in a 

MATLAB program [15] in order to verify the efficiency 
of the method. The circuit parameters we considered are:  

1.0=r Ω, 75=L μH, 25=C μF, Ω, 10=R 1.0=Lr Ω, 
02.0=Cr Ω, μH 10=CL , , kHz 100=f 5.0=rD  (the 

duty ratio at the pulse equivalent source), 
0.4574on =Dr Ω and Ω. They correspond to 

possible values of those parameters of a step-down dc-dc 
converter used in electromagnetic compatibility studies 
[19]–[21]. Some results are presented in Figs. 3 – 8. 

6
off 01=Dr

Fig. 3 presents the variation in time of the voltage 
Cuu =6  at the capacitance terminals. One can observe 

that the steady state is obtained after 1.6 ms. The 
oscillations during the transient regime are not greater 
than 9.1V, i.e. 57% over the mean value of the voltage 
during the steady state.   

Fig. 4 shows the same voltage in steady state. One can 
notice a very good limitation of the ripples; the peak-to-
peak value is of only 16 mV that represents only around 
2.7% of this voltage mean value. 

Fig. 5 shows the variation in time of the current Lii =4    
through the coil. One can remark that the steady state is 
obtained after 1.6 ms (as in Fig. 3). The oscillations during 
the transient regime reach the value of 3.15 A, that means 
they can be five times bigger than the mean value of the 
current during the steady state.   
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Fig. 3.  Time variation of the capacitance voltage . 6u

 

Fig. 4.  Capacitance voltage  in steady state. 6u

 

Fig. 5.  Time variation of the inductance current .     4i

Fig. 6 presents the same current in steady state. One can 
notice that the peak-to-peak value is 0.35 A while the 
current mean value is 0.58 A. 

Fig. 7 presents the variation in time of the voltage 
at the resistive load terminals. One can make the 

same observation that the steady state is obtained after 1.6 
ms. 

ouu =9

 

Fig. 6. Inductance current  in steady state. 4i

 

Fig. 7.  Time variation of the load voltage . 9u

 

Fig. 8. Load voltage  in steady state. 9u

The oscillations during the transient regime are not 
greater than 9.3V, i.e. 60% over the mean value of the 
voltage during the steady state.  Fig. 8 shows the same 
voltage in steady state. One can notice that the peak-to-
peak value is of 1.38 V that represents around 23.7% of 
this voltage mean value. 

By comparing the shape of the waveforms with those 
presented in the technical literature [1]–[3] we could 
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remark that they are similar. This fact proves that the 
circuit analysis using the state equation method was well 
done.  

In what concerns the time variation of the electrical 
quantities obtained here we must put the question if they 
represent precisely their variation during the transient 
regime or they are influenced by the convergence of the 
numerical procedure. That is why we decided to use an 
alternative method of analysis for the step-down dc-dc 
converter linearized circuit. 

B. Circuit Analysis Using a Mathematical Method 
Based on Kirchhoff’s Laws 

We started from the same step-down dc-dc converter 
diagram presented in Fig. 1. By applying the Kirchhoff’s 
laws to this circuit we obtained: 
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This system is completed with the relation between the 

current and the voltage of the capacitor C: 

 . (17) tuCi CC d/d⋅=

By applying successive substitutions we obtained a 
differential equation with the unknown variable  [14]: Cu
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Using the notation , the differential equation 
(18) takes the form [14] 

Cuy =
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The differential equation of order 3 (19) can be replaced 
by a system of equations of order 1 [14], [15]. Thus (19) 
can be written as 
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the differential equation (19) is transformed into the 
system (22): 
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For the system (22) we implemented a Runge-Kutta 
method of third order in a MATLAB function [15] and 
thus we obtained the variation of the capacitance voltage 

 and afterwards the output voltage  and coil current 
 (other electric quantities could be determined if it is 

desired). 

Cu ou

Li

By keeping the same values for the circuit parameters 
we obtained the results presented in Figs. 9 – 13. 

Fig. 9 presents the variation in time of the voltage  
at the capacitance terminals, obtained using the second 
method of analysis. One can observe that the steady state 
is obtained in less that 2.5 ms. The oscillations peaks 
obtained during the transient regime are not greater than 
6.15V, i.e. 6.3 % over the mean value of the voltage 
during the steady state. This fact shows a different 
behavior during the first 2.5 ms by comparing with the 
result obtain using the state equation method. 

Cu

 

Fig. 9. Time variation of the capacitance voltage .   Cu
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Fig. 10. Capacitance voltage  in steady state. Cu

 

Fig. 11. Time variation of the load voltage . ou

These different results show that the numerical method 
used in solving the same electric circuit influences the 
time variation of the electric quantity. Thus in the first 2.5 
ms we observe not only the transient regime but also 
information on the stability and the convergence of the 
numerical procedure. From this viewpoint we concluded 
that the second method that uses a mathematical method 
based on Kirchhoff’s law for the circuit analysis improves 
the numerical stability, offering lower peaks in the initial 
transition interval. 

Fig. 10 shows the same voltage in steady state. One can 
notice that this result is similar to that one depicted in Fig. 
4. So we concluded that the results in steady state are not 
influenced by the chosen method. 

Fig. 11 presents the variation in time of the voltage  
at the resistive load terminals. One can make the 
observation that the steady state is obtained after 1.1 ms. 

ou

The oscillations during the transient regime are not 
greater than 6.8V, i.e. 17.2 % over the mean value of the 
voltage during the steady state. This confirms the above 
conclusion that there is a different behavior during the 
first 2 ms by comparing with the result obtained using the 
state equation method and that the second method 
improves the numerical stability, offering lower peaks in 
the transition interval. 

 

Fig. 12. Load voltage in steady state ou

 

Fig. 13.  Inductance current  in steady state. Li

Fig. 12 shows the same voltage  in steady state. This 
result is similar to those depicted in Fig. 8, obtained using 
the first method. 

ou

Fig. 13 presents the current through the coil  in 
steady state. Also in this case the waveform is similar to 
those obtained using the state equation method (Fig. 6). 

Li

III. STEP-DOWN DC-DC CONVERTER WITH NONLINEAR 
PASSIVE COMPONENTS 

In this part we consider the same general diagram in 
Fig. 1. However the diode is treated in a realistic manner, 
i.e. as a nonlinear element. Because it is characterized by a 
nonlinear current-voltage dependence, the diode can be 
symbolized as a nonlinear conductance (Fig. 14). By 
applying the Kirchhoff’s laws in this circuit we obtained: 
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Fig. 14.  Nonlinear step-down dc-dc converter diagram. 

 
Fig. 15.  Nonlinear current-voltage characteristic of the diode. 

The system (23) is completed by the relation between 
the current and the voltage of the capacitor C (17) and by 
the nonlinear current-voltage dependence of the nonlinear 
element, i.e. the diode (Fig. 15): 

 . (24) )( DDD uii =

In order to be solved, the system of equations (17), (23), 
(24) is brought to the general form [12], [13]: 
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where we treated the nonlinear element as a voltage 
controlled nonlinear resistor with a locally linearized 
characteristic:  is its dynamic conductance in the 
operating point and  is its correspondent ideal current 
source [8], [12], [13]. 
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Making a correspondence between the systems (26) and 
(25), 
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and (26) is written as 
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The equations (28) are solved numerically for each time 
step. The two types of equations (state equations and 
output equations) are solved alternately [12], [13]. Firstly 
the output equation is solved for a given value of  (e.g. 
initial conditions ); then for the next time interval the 
state equations are integrated numerically, using the value 
of  previously calculated. These two steps repeat 
consecutively until the entire time interval of analysis is 
covered. 

x
0x

y

This algorithm was implemented in a MATLAB 
the parameters of the circuit we chose the 

same values as above. As diode we used a 1N916 type 
diode. Its characteristic was depicted in Fig. 15.   

program. For 

Firstly a duty ratio  of 0.2 was considered. The 
pulse supply voltage and the obtained diode voltage are 

cted in Fig. 16 and Fig. 17 respectively. 

rD

depi
The load voltage  and the coil current   obtained 

in this case (for steady state) are presented in Fig. 18 and 
Fig. 19 respectively. 

ou Li

 

Fig. 16.  The pulsed supply voltage   for the duty ratio of 0.2. )(tvs
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Fig. 17.  The diode voltage  for the duty ratio of 0.2. Du

 

Fig. 18.  The load voltage   in steady state for the duty ratio of 0.2. ou

 

Fig. 19. The inductance current  in steady state for the duty ratio of 
0.2. 
Li

Because the supplying interval is much small, the 
waveforms obtained for  are different 
comparative with those obtained for . If the coil 
current is different only in what concerns the slope in ‘on’ 
and  in  ‘off’ mode,  the  output  voltage   has a pointed 

2.0=rD
5.0=rD

ou

 

Fig. 20.  The diode voltage  for the duty ratio of  0.5.  Du

 

Fig. 21.The time variation of the load voltage   for the duty ratio of 
0.5. 

ou

 

Fig. 22.  The time variation of the coil current  for the duty ratio of 
0.5. 

Li

form that suggests a more important influence of the 
higher order harmonics and consequently a worsening in 
the power quality. Of course, because the duty ratio is 
lower, the mean value of the electrical quantities are lower 
that for 5.0=rD . 
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Fig. 23.  Comparative waveforms for the load voltage  in steady 
state for the duty ratio of 0.5: nonlinear characteristic of the diode vs. 

linearized characteristic of the diode.  

ou

 

Fig. 24. Comparative waveforms for the coil current  in steady state 
for the duty ratio of 0.5: nonlinear characteristic of the diode vs. 

linearized characteristic of the diode. 

Li

Returning to the case of 5.0=rD  we can proceed to a 
comparative analysis of the electrical quantities variations. 

Fig. 20 presents the resulted time variation of the diode 
voltage for the duty ratio of 0.5. One can notice that the 
‘on’ and ‘off’ intervals are equal and correspond to the 
pulses offered by the supply source voltage. 

Analyzing the time variation of the load voltage (Fig. 
21) we observed that in this case the instability interval 
last longer, around 9 ms. This is caused especially by the 
nonlinearity of the diode characteristic. Also in this 
interval the oscillation peaks are higher comparative to 
those obtained in the linearized model previously 
presented,   reaching   the   value   of   10.2 V,  i.e.  75.8 % 
higher than the mean value in steady state. 

Similar observations can be made on the time variation 
of the coil current (Fig. 22). In this case the oscillation 
peaks reached the value of 3.6 A, i.e. six times higher that 
the mean value in steady state. 

Figs. 23 and 24 present in a comparative manner the 
load voltage  and the coil current  obtained in steady ou Li
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Fig. 25. SPICE model of the step-down dc-dc converter circuit. 

1

499M 499M 499M 499M 499M
WFM.1   V(7) vs. TIME in Secs

6.55

6.15

5.75

5.35

4.95

V
(7

) i
n 

V
ol

ts

 

Fig. 26. The load voltage in steady state for the duty ratio of 0.5 and 
using the nonlinear characteristic of the diode (SPICE result). 
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Fig. 27.  The coil current  in steady state for the duty ratio of 0.5 and 
using the nonlinear characteristic of the diode (SPICE result). 

Li

state in the cases when the nonlinear current-voltage 
characteristic of the diode and its linearized characteristic 
were considered respectively. One can notice that these 
waveforms are almost the same, the differences between 
them being rather small. Although by considering the 
nonlinear ui − dependence the results are more exact, the 
linearized form can be used successfully in the circuit 
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analysis of the step-down dc-dc converter with very good 
results and with a rather short computation time. 

In order to validate the results obtained using our own 
programs we realized a simulation of the system using a 
commercial program (SPICE) (Fig. 25). Here the 
nonlinear characteristic of the diode was considered, the 
properties of this element imported from the program 
library being used [19]. 

Some of the simulated results are presented in Figs. 26 
and 27. Fig. 26 shows the waveform of the load voltage 

 in steady state regime. Also the simulated coil current 
 is depicted in Fig. 27. 

ou

Li
For a better comparative analysis of the waveforms 

obtained using our nonlinear model of the step-down dc-
dc converter (simulated in a MATLAB program) and the 
program SPICE, the correspondent quantities were 
represented in the same diagram (Fig. 28 and Fig. 29).  

One can notice that the results obtained in SPICE are 
identically with those obtained using the state equation for 
the nonlinear model, implemented in a MATLAB 
program. In Fig. 28 and in Fig. 29, where the load voltage 

 and the coil current  are represented respectively, 
the two waveforms are overlapped. 

0u Li

Comparing the results obtained in MATLAB for the 
nonlinear model of the step-down dc-dc converter firstly 
with its linear model (Fig. 23 and Fig 24) and then with 
the results provided by a commercial specialized program 
- considered as reference (Fig. 28 and Fig. 29) we could 
verify on the one hand the correctness of the problem 
solving and of the implemented programs, and on the 
other hand the deviations that are introduced by a 
linearized model of the converter (in this case minor 
deviations resulted and they could be neglected). The 
shape of the obtained curves corresponds also, in 
qualitative terms, to the results obtained by various 
researchers [1]–[3]. 

IV. CONCLUSION 
This study realized a complete analysis of the step-

down dc-dc converter from electrical circuit viewpoint. 
Both nonlinear and linearized case of the diode 
characteristic was considered. For the linearized case two 
methods were used in order to validate the procedure and 
to find the best (and fast) variant of reaching the results. 
When the nonlinear characteristic was considered the 
results obtained in our study were compared to those 
offered by the commercial software SPICE. Also a 
comparative analysis was made between the converter’s 
linear and nonlinear circuit. All the obtained results 
proved the correctness of our approaches and their 
concordance with the converter theory and with similar 
results published in the technical literature.   

Unlike previous works our study is focused mainly on 
the circuit analysis of the step-down dc-dc converter 
mentioned in electromagnetic compatibility studies, 
offering alternative methods for its approach. It makes a 
detailed analysis and suggests some algorithms to study 
the behavior of the converter using time analysis methods. 

The explanations that accompany the results tried to 
bring out some electric circuit specific issues, but they 
suggest also some advantages and disadvantages of the 
numerical integration procedures.    

 

Fig. 28. The load voltage in steady state for the duty ratio of 0.5 and 
using the nonlinear characteristic of the diode (MATLAB result versus 

SPICE result). 

ou

 

Fig. 29.  The coil current  in steady state for the duty ratio of 0.5 and 
using the nonlinear characteristic of the diode (MATLAB result versus 

SPICE result). 

Li

This analysis on the step-down dc-dc converter as linear 
and nonlinear circuit wanted to bring a contribution and to 
complete the theoretical studies made on this subject. 
Thus our study can be successfully used in practice also 
through the obtained results but particularly through the 
various algorithms suggested here. 
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