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Abstract. This paper proposes the analysis of buck, boost 
and buck-boost converters by the mean node voltage method to 
implement them in simulink® environment. The corresponding 
equivalent linear circuit in the s-domain are determined and the 
static gain, the audio susceptibility function, the output 
impedance and the control-to-output transfer functions are 
deduced accounting for the parasitic effects of inductors and 
capacitors as well. This approach is simpler compared to the  
state space averaging method and allows the simulation time to 
be reduced. The implementation in Simulink environment® of 
the converters are described and finally the simulated waveforms 
of a buck converter are compared with the experimental ones.  
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1. Introduction 
Switching DC/DC converters in the last years, have 
increased the interest on power conversion systems for 
distributed energy resources (DER) since the power is 
usually generated at DC voltage and many loads require 
power at constant DC voltage as well. Although the first 
studies on DC/DC converters date from about forty years 
ago, recently several books dealing with DC/DC 
converters analysis, design, control and their use in the 
field of Renewables have been published [1-5].  
There are many applications of DC/DC converters in the 
field of Renewable Energy Sources (RES) where they are 
employed to interface the source with the inverter by 
tracking, at the same time, the Maximum Power Point [6-
11]. In addition to vessels, aircrafts and other systems 
operated in islanding in which DC distribution is adopted, 
their use with a grid connection have been studied as well 
[12], this leads to simplify the distribution architecture 
with an increase of the efficiency [13]. In particular, the 
interest has been increased by the development of smart 
grids where an intelligent management of energy 
distribution allows energy distribution to be optimally 
exploited [14-16]. Finally by a controlled DC/DC 
converter an emulator of a RES or a Fuel Cell can be 
realized for laboratory research purposes [17-20]. The 
above cited applications justify further studies on the 
DC/DC converters modelling and control to define models 
that are simple to be implemented and require a low 
computation time as that proposed in this paper. This is 
particularly useful for the analysis of the whole power 
conversion chain in renewable energy systems (RES). 
 As it is known, basic topologies of switching DC/DC 
converters, as buck, boost and buck-boost, are 

characterised by a unique switch. They are simple and 
offer a high efficiency. On the other hand, the correct 
operation must be achieved by feedback control. The 
dynamic behaviour is described by audio susceptibility 
function, the output impedance and by the control-to-
output transfer function. They can be obtained by state 
space averaging approach, which requires the knowledge 
of the state space representation. In this paper the circuits 
are studied in the Laplace domain, the mean potential of 
the nodes are identified so that, both the static gain and the 
transfer functions can be obtained simply by the 
Kirchhoff’s laws. This approach allows a Simulink® 
implementation to be easily performed without the use of 
specific circuit simulator and a reduction of the 
computation time. 

 
2. Dynamic behaviour characterization 
The dynamic behaviour refers to the output voltage 
variations. It can vary for: a) the variation of the input 
voltage, b) the variation of the current required by the 
load, c) the variation of the duty cycle, The case a) is 
described by the audio susceptibility function defined as 
the ratio of the small variations of the input voltage vs. the 
output voltage; the case b) is described by the output 
impedance defined as the ratio of the small variations of 
the output current vs. the output voltage and finally the 
case c) is described by the control-to-output transfer 
function defined by the ratio of the small variation of the 
output voltage vs. the duty cycle. This situation is 
represented in the block diagram of figure 1, where, to 
assure that the output voltage remains constant against the 
input variations, a feedback acting on the duty cycle is 
performed. 

 
 
Fig. 1.  Representation of the influence of the variations of the 
output current, of the input voltage and of the duty cycle on the 
output voltage of a DC/DC converter 
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It can be observed that the lower is the output impedance 
(the audio susceptibility function), the lower will be the 
output voltage variations for a variation of the output 
current (input voltage). The presence of the feedback 
modifies the transfer functions as shown below. 
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3. Analysis of the buck converter 
The analysis of DC/DC converters by linear circuits are 
deeply explained in [21]; in this paper the fundamentals 
are recalled to explain the proposed implementation in 
simulink® environment in s-domain.  
The buck converter topology is shown in figure 2. Four 
nodes are recognizable: the ground node, the input node 
whose voltage is forced by the input supply, the output 
node and an intermediate node which has a mean voltage 
given by the product of the input voltage for the duty 
cycle (VsD). As a matter of fact the voltage of this 
intermediate node is given by: 
 

 

  DVTttVV soffons  0int   (2) 
 
Where T is the switching period (T=1/f), ton is the time 
interval in which the switch is in the ON state, toff is the 
time interval in which the switch is in the OFF state 
(ton+toff=T) and D is the duty cycle defined as ton/T. For 
this, the circuit can be redrawn by considering the 
equivalent supply  VsD as sketched in figure 3.  
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Fig. 2.  Circuit of the Buck converter 
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Fig. 3. Linear equivalent scheme of the Buck converter 

The State space equations can be derived by the circuit of 
figure 3 using the Kirchhoff’s voltage law (LKV) applied 
to the external loop and the Kirchhoff’s current law (LKI) 
applied to the output node. By manipulating (3) and taking 
into account the approximation (4), the equations (5) are 
obtained.  
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A. Static Gain evaluation 

The static gain can be obtained considering the circuit of 
figure 4, it is the DC version respect to the circuit of figure 
3. The static gain Vs / V0 is given by (6). 
 

+

Vo

rL

+VsD

Io

 
 

Fig. 4. Equivalent DC circuit of the buck converter 
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B. Audio susceptibility function 

With reference to the circuit of figure 2, and defining the 
quantities:  
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The output voltage can be calculated considering that the 
input voltage is partitioned by ZL and by the parallel 
formed by the impedance of the capacitor and the load 
(Zc//R).  
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The input voltage, the output voltage and the duty cycle 
contains a DC plus a AC quantity, hence indicating with 
“-“ the DC components, with   “~ “  the AC components 
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and neglecting the product of AC terms, the audio 

susceptibility function can be found by setting 0
~
d . 
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From which: 
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Where, for the for the sake of readability, the DC value of 

the duty cycle is written as D instead of D . 
 

C. control-to-output transfer function 
The control-to-output transfer function is easily obtained 

by (9) setting 0~ sv . 
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D. Output impedance 

The output impedance is calculated with reference to the 
circuit of figure 5 where Vs=0 and the output is supplied 
by a current generator equal to -Iout. It is given by the 
parallel of ZL, ZC and the load R. 
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Fig. 5. Equivalent circuit of the buck converter for calculating 
Zout. 
 
4. Analysis of the boost converter 
The circuit of the boost converter is shown in figure 6. 
The voltage of the intermediate node is equal to zero 
during Ton and equal to Vo during Toff. Hence, its mean 
voltage is given by Vint=V0(1-D). The current flowing 
through the diode is null during Ton, as a consequence, it 
has a mean value given by IL(1-D). On the basis of these 
considerations, the equivalent scheme of figure 7 can be 
drawn. In this circuit there is a voltage dependent voltage 
source and a current dependent current source which 
reproduce the voltage at the intermediate node and the 
current flowing through the inductance respectively.  
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Fig. 6.  Circuit of the Boost converter 
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Fig. 7.  Linear equivalent circuit of the Boost converter 

 
The state space equations can be derived by the circuit of 
figure 7 by using the LKV applied to the input loop and 
the LKI to the output node. By manipulating (13) and 
taking into account the approximation (14), the state space 
equations (15) are obtained.  
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From which 
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The well known bilinear form, in which a nonlinearity in 
the product of the state variables and the control variable 
occurs, is obtained.  
 

A. Static Gain evaluation 
The static gain can be obtained considering the circuit of 
figure 8, it is the DC version of the circuit of figure 7. The 
static gain Vs / V0 is obtained considering that the output 
voltage is given by the inductor current multiplied by the 
load R and that the inductor current is calculated by the 
difference of input voltage and the potential of the voltage 
dependent voltage source divided by rL. 
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Fig. 8. Equivalent DC circuit of the boost converter 
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From which:  
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B. Audio susceptibility function 

From the circuit of figure 7, by the LKI on the output 
node, the following equation can be written:  
 

   
R

V

sCr

V
D

rsL

DVV

CL

S 000

1
1

1






   (15) 

From which: 
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By writing the input voltage, the output voltage and the 
duty cycle as the sum of their DC and AC quantities, and 
taking into account that: 
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 the audio susceptibility function is calculated by setting  
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d . 
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C. Control-to-output transfer function 
The control-to-output transfer function is obtained by (16) 

taking into account (17) and setting 0~ sv . 
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D. Output impedance 
The output impedance of the boost converter can be 
calculated by the circuit drawn in figure 9 where the 
supply Vs is set to zero. The LKI on the output node gives: 
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by taking into account that  
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and substituting (20) into (21), after some manipulations, 
the following expression is obtained:  
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Fig. 9. Equivalent circuit of the boost converter for calculating 
Zout. 
  
5. Analysis of the buck-boost converter 
The circuit of the buck-boost converter is sketched in 
figure 10. It can be noted that the positive of the voltage 
Vo is on the ground node.  
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Fig. 10. Circuit of the buck-boost converter 
 
The voltage of the intermediate node is equal to Vs during 
ton and equal to V0 during toff, hence its mean voltage is 
equal to: 
 

   DVDVTtVtVV soffons  100int  (23) 

 
The current flowing through the diode is equal to the 
current in the inductance during toff and it is null during ton. 
From these considerations it is possible to obtain the 
equivalent circuit sketched in figure 11 where there is a 
supply voltage VsD at the input terminals which is series 
connected to a voltage dependent voltage source equal to 
V0(1-D). A current dependent current source supplies the 
load and the capacitor C.  
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Fig. 11.Equivalent circuit of the buck-boost converter  
 
The state space equations can be derived by the circuit of 
figure 11 using the LKV applied to the input loop and the 
LKI to the output node. These equations are the same 
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obtained for the boost converter in which there is  VsD in 
place of Vs. The state space equations are given by.  
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A. Static Gain evaluation 

The static gain can be obtained considering the circuit of 
figure 12, it is the DC version of the circuit of figure 11. 
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Fig. 12. Equivalent DC circuit of the buck-boost converter 
 
The output voltage is given by the LKV applied to the 
input loop and the LKI to the output node:  
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From (25) the static gain can be obtained.  
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It can be noted that (26) differs from (13) for the presence 
of VsD in place of Vs. 
 

B. Audio susceptibility function 
From the above considerations, the audio susceptibility 
function can be obtained substituting VsD in place of Vs, in 
(16).  
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C. Control-to-output transfer function 

The control to output transfer function can be calculated 
by the LKI on the output node. It differs from (16) for the 
presence of VsD in place of Vs. Taking into account (17) 
and neglecting the products of AC terms the following 
equation is obtained: 
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D. Output impedance 

The output impedance of the buck-boost converter can be 
calculated by the circuit drawn in figure 13, it is obtained 
by the circuit of figure 11 where the supply Vs is set to 
zero. It can be observed that this circuit is the same of the 
circuit drawn in figure 9 for the boost converter. From this 
the same expression of the output impedance is obtained.  
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Fig. 13. Equivalent circuit of the buck-boost converter for 
calculating Zout. 
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6. Simulink® implementation of the buck 
converter 

Firstly, it is convenient to consider the implementation of 
the output capacitor and the load R which are parallel 
connected. Their impedance is given by: 
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Alternatively eq. (30) an be written as: 
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It suggests an implementation as a feedback system as 
shown in figure 14. 

 
Fig. 14. Equivalent representation of the parallel connection of 
the load R and the capacitor C including its parasitic resistance. 
 
It can be noted that the load resistor R appears as a 
coefficient in the transfer function; alternatively it can be 
implemented to be treated as an input parameter as shown 
in figure 15a. This scheme can be considered as a 
subsystem having the inductor current and the load 
resistance as inputs and the load voltage as output (see 
figure 15b). It can be noted that in this case only 
integrators are employed.  
The mean node voltage method allows DC/DC converters 
to be easily implemented in Simulink® environment. As a 
matter of fact, the output voltage of the buck converter Vo 
is given by the inductor current flowing through the 
impedance (Zc//R). This current is obtained as the 
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difference betweeen VsD and Vo divided by the 
impedance of the inductance. 
The buck converter is shown in figure 16. The value of the 
duty cycle is given as input to the PWM modulator, it 
gives the square wave that drives the power device. The 
load is given by the resistance R; anyway a current 
representing the current required as example by an 
inverter can be added by a sum block at the inductor 
output. 
 
7. Simulink® implementation of the boost 

converter 
The boost converter scheme implemented in Simulink® 
environment  is shown in figure 16. 

It is based on the equivalent circuit of figure 8 in which 
the current of the inductance is obtained as the difference 
between Vs and Vo(1-D); then this current is taken as the 
input of the parallel connection of the capacitor and the 
load represented as a  subsystem.  
 
8. Simulink® implementation of the buck-

boost converter 
The buck-boost converter scheme is shown in figure 17. It 
can be obtained from the same considerations made for 
the boost where the input voltage Vs is multiplied by the 
duty cycle D.  

 

 
Fig. 15. Equivalent scheme of the parallel connection of the load and the capacitor in which the load is considered as an input parameter 
(a), and its representation as a subsystem (b).  

 
Fig. 16.  Simulink® scheme of the buck converter. 

 
Fig. 17. Simulink® scheme of the boost converter. 
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Fig. 18. Simulink® scheme of the buck-boost converter.  
 
9. Simulation of a Buck converter 
A buck converter has been simulated according to the 
scheme of figure 16. The parameters of the circuit are 
given in table I.   

 
Table I: parameters of the buck converter  
Component symbol value 

Power IGBT   SGP04N60 
Power diode   MURB820 
inductance L 100 H 
Parasitic resistance of L rL 0.3 Ω 
Output Capacitor C 33F 
Parasitic resistance of C rC 0.2 Ω 
Input voltage  Vs 12 V 
Output voltage Vo 5 V 
Load R 5 Ω 
Switching frequency fs=1/Ts 20 kHz 

 
The converter is operated in open-loop mode and the duty 
cycle has been set to obtain an output voltage equal to 5V. 
The voltage drop of the IGBT with its internal resistance 
and the voltage drop of the diode have been accounted for;  
the duty cycle calculated by (6) is equal to 0.48 and the 
corresponding expected voltage ripple of the output 
voltage is given by:  
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The boundary current,  the critical inductance LC  and the 
current ripple on the inductor  are given respectively by:  
 

   ALfDVI CsB 1210     (33) 

 

   HfDRL sC 6521     (34) 

 

   ALTVVI onsL 44.10    (35) 

 
On this basis a continuous operating  mode is expected. 
The waveforms obtained by the scheme of figure 16 are 
sketched in figure 19. It can be noted that the mean value 
of the current flowing through the inductor corresponds to 
the load current and the converter operates in continuous 
mode as expected. Finally the voltage ripple on the load is 
higher than the value calculated by (32) since it is 
influenced by the relatively high value of the parasitic 

resistance of the output capacitor, it implies that its shape 
is different from a sinusoidal one.  
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Fig. 19.  Duty cycle (top), output voltage ripple (middle) and 
inductor current (bottom) obtained by simulation. 
 
10. Experimental Results 
A prototype of the converter has been built with the 
components of table I and the waveforms have been 
measured by an Agilent MSO6104A 1 GHz oscilloscope, 
a 50 MHz current probe Agilent 1147 and a voltage probe 
10073C. The corresponding waveforms are given in figure 
20.  
 

 
Fig. 20. Duty cycle (top), output voltage ripple (middle) and 
inductor current (bottom) obtained by experiment.  
 
It can be noted that the measured values correspond to 
those obtained in simulation. In particular, the output 
voltage ripple has the same shape of the simulated 
waveform and a peak-to-peak amplitude higher of about 
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10%. It is influenced by commutation spikes that are not 
modelled. The inductor current exhibits a peak-to-peak 
value of about 1.6 A. These results confirm the goodness 
of the proposed model. Finally the calculation time has 
been compared with an implementations in the same  
Simulink® environment, using the Power System 
Blockset where the real power switches models are used. 
Results have shown that the simulation with real power 
switches requires a time higher of about 127% compared 
to the proposed method. 
 
11. Conclusions 
An analysis of buck, boost and buck-boost converters by 
the mean node voltage method has been proposed. The 
proposed approach has the following advantages: a) it 
allows the characteristic functions of a DC/DC converter 
to be easier calculated compared to the state space state 
averaging method; b) it does not require a specific circuit 
simulator taking into account the parasitic effects of 
inductors,  capacitors and power switches; c) it has a  
faster of computation time, compared to an 
implementation in which real switches are used. In 
addition the implementation is devised to avoid the 
implementation of derivative blocks. The characteristic 
waveforms obtained by simulation for a buck converter 
have been compared to experimental ones showing a good 
agreement.  
The proposed approach can be followed for the analysis of 
more complicated DC/DC converter topologies. On the 
other hand, this implementation does not take into account 
high frequency effects due to the power devices behaviour 
however they can be evaluated by adopting a dedicated 
high frequency model of the power devices.  
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