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Abstract: - A full-order dynamic model of the pulse-width modulation (PWM) DC-to-DC SEPIC converter in 
discontinuous conduction mode (DCM) is presented in this paper. The derivation procedure is based on the small-
signal PWM switch model in DCM used in conjunction with a PWM derived SEPIC topology. The small-signal 
characteristics of the PWM SEPIC converter in DCM obtained in a similar way as the small-signal properties of a 
linear amplifier are presented in a symbolic form. Such a model can be directly used in conjunction with a 
computational environment as Matlab, MathCAD and Mathematica to analyze the small-signal low-frequency 
dynamics of the PWM SEPIC converter in DCM.  
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1 Introduction 
The fourth-order PWM converters are networks with 
four storage elements: two inductors and two capacitors. 
Cuk, SEPIC and Zeta converters are examples of basic 
fourth-order PWM converters with many applications 
[1] – [8]. 

In this paper, the ac model of the pulse-width 
modulation (PWM) switch in discontinuous conduction 
mode (DCM) is used in the modeling process of the 
PWM SEPIC (Single-Ended Primary Inductor 
Converter) converter operating in DCM. As has been 
presented in [9], the ac model of the PWM switch in 
DCM represents the small-signal characteristics of the 
nonlinear part of the converter, which consists of the 
active and passive switch pair. This averaged technique 
is easily applied to all three second-order PWM 
converter, i.e. buck, boost and buck-boost converter and 
Cuk converter where the PWM switch is clearly 
highlighted. Using the model of the PWM switch in 
DCM, the PWM Cuk converter in DCM is analyzed for 
dc and small-signal low-frequency characteristics in [9]. 
Its small-signal transfer functions confirm the fact that 
the Cuk converter operating in DCM is a fourth-order 
system. The other fourth-order converters namely SEPIC 
and Zeta converters in CCM were completely analyzed 
in [10] as converters belonging to boost and buck family, 
respectively. The ac (small-signal low-frequency) 
characteristics of an isolated SEPIC converter with 
synchronous rectifier in CCM are derived in [11]. There, 
the original circuit is transformed into an equivalent 
circuit in order to point out the PWM switch.  

A full-order dynamic model and ac characteristics of 
the same converter operating in DCM as a fourth-order 

system, to the best of the author’s knowledge, have not 
been reported until now. This lack in the SEPIC 
converter modeling is essentially due to the dedicated 
applications of SEPIC converter in the power factor 
correction area. Our work aims to carry out the small-
signal dynamic model of the PWM SEPIC converter in 
DCM in the terms of line-to-output voltage, control-to-
output voltage, load-to-input current and control-to-input 
current transfer functions, and output impedance and 
input admittance. Such a model in symbolic form is 
appropriate for a computer-aided analysis of this 
converter. Certainly, the dynamic model of which 
derivation is based on an averaging method is subject to 
the usual limitation of linear models [12]-[19].  

The paper is organized as follows. The basic and 
derived SEPIC converter topologies and the model of 
PWM switch in DCM are presented in Section II. The dc 
characteristics, small-signal equivalent circuit of derived 
SEPIC converter in DCM and its full-order dynamic 
model in a symbolic form are given in Section III. The 
modeling procedure is presented for an ideal no-coupled 
inductor converter, but it can be applied to an isolated 
converter and coupled-inductor converter including the 
parasitic elements. The Section IV concludes the paper.  

Generally, the usual notations and conventions are 
employed in this paper. For instance, the constant 
switching frequency is denoted fs and the distinct time 
intervals are denoted d1Ts, d2Ts and d3Ts, with d1+ d2 = 1 
for CCM and d1+ d2 + d3 = 1 for DCM respectively. For 
a voltage-mode control, the duty cycle d1 is the control 
variable. The time interval d1Ts is the time during which 
the transistor is on and the diode is off.  The time 
interval d2Ts is the time during which the transistor is off 
and the diode is on, and the third interval d3Ts is the time 
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during which both the transistor and diode are off. The 
capital letters represent the large-signal dc values, while 
the lower-case letters represent the time-varying 
variables. The lower-case letters with “^” above them 
denote the small-signal s-domain expressions of the 
corresponding time-varying variables.  
 
 
2 SEPIC Converters 
A PWM SEPIC converter consists of an active and 
passive switch pair, and two inductors and two 
capacitors likewise the Cuk and Zeta converters. The 
advantages and disadvantages of this converter type as 
low input and/or output current ripples and need an extra 
capacitor with large ripple-current-carrying capability 
are widely presented in literature.  
 
 
2.1 Basic and derived SEPIC converter 

topologies 
The schematic diagram of the basic SEPIC converter 
topology is given in Fig. 1 and the derived SEPIC 
converter topology in Fig. 2. The second converter 
topology is obtained by changing only the place of the 
energy storage capacitor C1 by moving it into the return 
line.  

 
 

 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the PWM basic SEPIC 

converter 
 

 
 

 
 
 
 
 
 
Fig. 2. Schematic diagram of the PWM derived 

SEPIC converter 
 
A detailed simulation shows an identical operation of 

the two PWM SEPIC circuits. The dc analysis of the two 
topologies in CCM and DCM shows an identical 
behaviour of these two converters. Also, the same state 
equations describe the two converters operating either in 

CCM or DCM as it can be seen at first glance from the 
switched circuits of the two topologies over a switching 
period. So, studying only one of these converters, we 
obtain the characterization of both basic and derived 
SEPIC converters. Among these two SEPIC converters, 
only the schematic diagram of the derived converter 
highlights the PWM switch with its three terminals 
denoted a (active), p (passive) and c (common) as it is 
shown in Fig. 1b. However, in the derived SEPIC 
converter topology, if a common reference potential of 
the input and output is required, the control of the power 
transistor has to be realized potential free with respect to 
the potential reference. We must mention that the PWM 
derived SEPIC converter in Fig. 1b serves here 
exclusively for a clear evidence of the PWM switch in 
the SEPIC structure. 

The dc characteristics of the PWM SEPIC converter 
in DCM are analyzed in [20]. For its dc analysis, a lot of 
simplified and detailed analysis methods could be 
applied to converter inclusively those based on the PWM 
switch model in DCM. Also, the well-known method of 
the state-space averaging yields the same results as 
previously mentioned method. For the sake of brevity, 
this shall not be treated in more detail here and we will 
give some dc results of a simplified analysis of 
separated-inductor converter in which the effect of the 
parasitic elements of circuit was neglected. Only the 
quantities of interest for the modelling process together 
with their significations and/or definitions are given 
below as follows:  
- DC voltage conversion ratio, M=VO/VI =D1/D2; 
- Parameter of conduction through an equivalent 
inductor with inductance Le=L1//L2, Ke=2Lefs / R; 
- D2= eK ; VC1=VI; IS=M2VI / R; ID=MVI / R.   

The effect of inductor coupling can be included in the 
equivalent inductance of converter and the above 
formulae remain unchanged.    
 
 
2.2 AC model of the three terminal PWM 

switch in DCM 
The following two equations describe the ac (small-
signal low-frequency) model of the three terminal PWM 
switch in DCM as it is demonstrated in [9]: 

1d̂kv̂gî iacia +=            (1) 

cpooacfp v̂gd̂kv̂gî −+= 1           (2) 
where  

acai V/Ig =             (3) 

12 D/Ik ai =             (4) 

acpf V/Ig 2=             (5) 

12 D/Ik po =             (6) 
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pcpo V/Ig = .            (7) 
Equations (1) and (2) correspond to the equivalent 
circuit model shown in Fig. 3.  
 

 
 
 

 
 
 
 
 
 

 
 
Fig. 3. Small-signal model of the PWM switch in 

DCM 
 

For a given dc operating point of SEPIC converter, 
the currents Ia and Ip, and the voltages Vac and Vcp have 
the following expressions: Ia = IS = M2VI/R; Ip = ID = 
MVI/R; Vac = VI; Vcp = VO= MVI. The equations (3) – (7) 
yield the model parameters corresponding to respective 
operating point: gi=M2/R; gf=2M/R; go=1/R; 
ki=2M2VI/RD1; ko=2MVI/RD1. 
 
 
3 Small-Signal Model of the PWM SEPIC 
Converter in DCM 
In this section, the ac equivalent circuit model of the 
PWM switch in DCM is used to carry out the small-
signal model of the PWM SEPIC converter. In the 
modeling process of the power processor that is open-
loop converter, we consider the small-signal 
disturbances of the line voltage, load current and duty 
cycle, i.e. iv̂ , dî  and 1d̂ , as input variables, and their 
results in the disturbances of the output voltage and input 
current, i.e. ov̂  and iî , as output variables, as it is 
schematic shown in Fig. 4.  

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Variables considered in modelling of the 
power processor 

The small-signal low-frequency dynamic model of 
the PWM SEPIC converter in DCM will be described by 
the following equation: 
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              (8) 
The above equation contains all ac characteristics of an 
open-loop PWM converter, namely: 

- The line-to-output voltage transfer function (audio 
susceptibility) 

( ) ( )
( )
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- The output impedance 
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- The control-to-output voltage transfer function 
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- The input admittance 
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- The load-to-input current transfer function (the load 
current disturbance is do îî −= ) 
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- The control-to-input current transfer function 
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( )

0
01

2

=
=

=

d

i

î
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i
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sî
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Under small-signal disturbances in average variables of 
converter at a given dc operating point (Ip, Vac, D1), the 
substitution of the small-signal equivalent circuit model 
of the PWM switch of Fig. 3 into the PWM derived 
SEPIC converter results in the circuit in Fig. 5 from 
which we get the following equations in s domain:  

01 =−+ iaci îsLv̂v̂ ,                      (15) 
0221 =−+ îsLv̂v̂ acc ,                      (16) 
022 =++ ocp v̂v̂îsL ,                      (17) 

( ) ( ) 021 =−+++++ cpooiacfii v̂gîd̂kkv̂ggî ,        (18) 

111 d̂kv̂gîvsC iaciic ++= ,                       (19) 
( ) 021 =−++−+ doocpooacf îv̂gsCv̂gd̂kv̂g .         (20) 
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After some algebra, we get the expressions of the above 
mentioned open-loop transfer functions and input and 
output impedance as follows: 
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The dc voltage conversion ratio, output resistance 
and input conductance, and polynomial coefficients 
appearing in equations (20) – (25) have the following 
expressions: 

of g/gM 2= ; ( ) ooo g/RZ 210 == ;  
( ) iinin gGY ==0 ; ( ) ood g/kG 201 = ; ( ) id kG =02 ; 

ooi g/C/LgLga 22 2211 ++= ;  
( )

( ) ooi

oi

g/LgLgC
/LLggLLCa

2
2

212

212112

+
+++=

; 

( )
( )[ ]22

22

212112

2113

/LLggLLCC

/gggLLCa

io

ofi

++

+++=
; 

( ) oofi g/gggLLCCa 221214 ++= ; 
( )fo g/gLCb += 1212 ;    

  
 
 
 
 
 
 
 
 
 
 
 
 

211 LgLgc oi += ;   
( ) 212112 LLggLLCc oi++= ; 

( )ofi gggLLCc ++= 2113 ; 
22 2211 /Lgg/Cg/Ce ooi ++= ; 

( )
( ) iofi

oi

g/gggLC
/CCLgg/CCe

2
22

21

212212

+++
++=

; 

( ) oiofi gg/gggLCCe 22213 ++= ;  

2212 /LCf = ; 
( ) ofiio k/gkgkLm −= 11 ;  
( )2112 LLCm += ;  

( )[ ] oofiio k/ggkgkLLCm +−= 2113 ;  

22 221 /gLg/Cn oo += ; 
22 2221212 /LCk/kLCLCn io ++= ; 

( ) iooi kg/kkLCCn 22213 += . 
The denominator D(s) of the open-loop transfer 

functions shows that the PWM SEPIC converter in DCM 
is of fourth order: 
( ) 4

4
3

3
2

211 sasasasasD ++++= .                   (26) 
For a properly designed fourth-order converter, the 
denominator consists of two quadratic factors whose 
resonances are well separated and almost entirely 
damped by the load. The parasitic resistances have 
almost no effect on the two resonant frequencies of D(s) 
and contribute very little to the damping of the 
resonances under normal loading conditions. Therefore, 
we can write [11]: 
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Comparing the equation (26) to (27) under the 
assumption of moderate to high quality factors and well-
separated resonances, we find out the relationships 
between the coefficients ai and the resonance pulsations 
and quality factors, respectively, as follows: 

Fig. 5. Small-signal equivalent circuit of PWM derived SEPIC converter in DCM 
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After some algebra, we get: 
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Comparing the ac model of PWM SEPIC converter in 
DCM and that of PWM SEPIC converter in CCM as it is 
given in [10] and [11], one observes the same forms and 
polynomial degrees of the homonym transfer functions 
and input and output impedances. This similarity 
confirms again the fact that the PWM SEPIC converter 
operating in DCM has fourth-order system behaviour.    

The modeling procedure proposed here can be easily 
applied to the PWM SEPIC converter with coupled 
inductors. In the derived ac model, only the inductance 
L1 and L2 must be replaced with their equivalent 
inductances: 
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In above equations, kc is the coupling coefficient and n 
the turn ratio. 

This open-loop model allows us to predict the small-
signal low-frequency dynamic behaviour of SEPIC 
converter in DCM and to embed it within a feedback 
control loop.  
 
 
4 Conclusion 
A full-order dynamic model of the PWM SEPIC 
converter in discontinuous conduction mode is presented 
in this paper. The derivation procedure is based on the 
small-signal PWM switch model in DCM used in 
conjunction with a PWM derived SEPIC topology. This 
derived SEPIC converter topology is identical with the 
basic SEPIC converter topology concerning its 
operational behaviour and serves exclusively for 
modeling process here. Substitution of the ac model of 
the PWM switch in DCM into the equivalent circuit of 
the derived SEPIC converter allows us to develop the ac 
characteristics of the open-loop PWM SEPIC converter 
in DCM in a symbolic form in terms of audio 
susceptibility, control-to-output voltage transfer 
function, load-to-input current transfer function, control-
to-input current transfer function, input admittance and 

output impedance. Such a dynamic model that 
characterizes the PWM SEPIC converter in DCM as a 
fourth-order system can be directly used in conjunction 
with a computational environment as Matlab, MathCAD 
and Mathematica to analyze the small-signal low-
frequency dynamics of the PWM SEPIC converter in 
DCM.  

The full-order ac model of the PWM SEPIC 
converter operating in DCM developed in this paper 
comes to complete  the characterization of the small-
signal low-frequency dynamic behaviour of the PWM 
SEPIC converter.  
 
 
References: 
[1] S. Cuk, Discontinuous Inductor Current Mode in the 

Optimum Topology Switching Converter, Proc. of 
the IEEE Power electronics Specialists 
Conference,IEEE PESC’78, 1978, pp. 105-123. 

[2] W. M. Moussa, Modeling and performance 
evaluation of a DC/DC SEPIC converter, Proc. of the 
IEEE APEC’95, Vol. 2, 1995, pp. 702–706. 

[3] R. W. Erickson, Fundamentals of Power Electronics, 
Chapman & Hall, International Thomson Publishing, 
1997. 

[4] J. W. Kolar, H. Sree, N. Mohan and F. C. Zach, 
Novel Aspects of an Application of 'Zero'-Ripple 
Techniques to Basic Converter Topologies, Proc. of 
the IEEE Power Electronics Specialists 
Conference,IEEE PESC’97, Vol. I, 1997, pp. 796-
803.  

[5] R. Zane and D. Maksimovic, Nonlinear-Carrier 
Control for High-Power-Factor Rectifiers Based on 
Up–Down Switching Converters, IEEE Transactions 
on Power Electronics, Vol. 13, No. 2, 1998, pp. 213-
222. 

[6] J. Chen and C. Chang, Analysis and Design of SEPIC 
Converter in Boundary Conduction Mode for 
Universal-line Power Factor Correction Applications, 
Proc. of the IEEE Power Electronics Specialists 
Conference, IEEE PESC’01, 2001, pp. 742-747. 

[7] C. K. Tse, Circuit theory of power factor correction 
in switching converters, International Journal of 
Circuit Theory and Applications, Vol. 31, 2003, pp. 
157-198. 

[8] J-L. Lin, S-P Yang and Pao-Wei Lin, Small-signal 
analysis and controller design for an isolated zeta 
converter with high power factor correction, Electric 
Power Systems Research, No. 76, 2005, pp. 67–76. 

[9] V. Vorperian, Simplified analysis of PWM 
converters using model of PWM switch, Parts I 
(CCM) and II (DCM), IEEE Trans. on Aerospace 
Electronic Systems, Vol. 26, 1990, pp. 497-505. 

[10] T-F. Wu, Y-K. Chen, Modeling PWM DC/DC 
Converters Out of Basic Converter Units, IEEE 

Proceedings of the 11th WSEAS International Conference on CIRCUITS, Agios Nikolaos, Crete Island, Greece, July 23-25, 2007               102



Transactions on Power Electronics, Vol. 13, No. 5, 
1998, pp. 870-881. 

[11] V. Vorperian, Analysis of the Sepic Converter, 2006 
Ridley Engineering Inc., [On line], 
www.switchingpowermagazine.com 

[12] D. Maksimovic and S. Cuk, A unified analysis of 
PWM converters in discontinuous modes, IEEE 
Transactions on Power Electronics, Vol. 6, 1991, pp. 
476-490. 

[13] S. Ben-Yaakov, D. Adar and G. Rahav, A SPICE 
Compatible Behaviour al Model of SEPIC 
Converters, Proc. of the IEEE Power Electronics 
Specialists Conference, IEEE PESC’96, Vol. 2, pp. 
1668-1673.  

[14] D. Adar, G. Rahav and S. Ben-Yaakov, A unified 
behavioural average model of SEPIC converters with 
coupled inductors, Proc. of the IEEE Power 
Electronics Specialists Conference, IEEE PESC’97, 
Vol. 1, pp. 441- 446. 

[15] J. Wang, W.G. Dunford and K. Mauch, Analysis of 
a Ripple-Free Input-Current Boost Converter with 
Discontinuous Conduction Characteristics, in IEEE 
Transactions on Power Electronics, Vol. 12, No. 4, 
1997, pp. 684-694. 

[16] J. Sun, D. M. Mitchell, F. Greuel, P. T. Krein, and 
R. M. Bass, Averaged Modeling of PWM Converters 
Operating in Discontinuous Conduction Mode, IEEE 
Transactions on Power Electronics, Vol. 16, No. 4, 
2001, pp. 482-492. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[17] D. Maksimovic, A.M. Stankovic, V. J. Thottuvelil 
and G. C. Verghese, Modeling and Simulation of 
Power Electronic Converters, Proceedings of the 
IEEE, Vol. 89, No. 6, 2001, pp. 898-912. 

[18] A. Davoudi, J. Jatskevich, and T. D. Rybel, 
Numerical State-Space Average-Value Modeling of 
PWM DC-DC Converters Operating in DCM and 
CCM, IEEE Transactions on Power Electronics, Vol. 
21, No. 4, 2006, pp. 1003-1012. 

[19] F.L. Luo and H. Ye, Small Signal Analysis of 
Energy Factor and Mathematical Modelling for 
Power DC-DC Converters, IEEE Transactions on 
Power Electronics, Vol. 22, No. 1, 2007, pp. 69-79. 

[20] E. Niculescu, D.M. Purcaru and M.C. Niculescu, A 
Steady-State Analysis of the PWM SEPIC Converter, 
Proc. of the 10th WSEAS International Conference on 
Circuits, 2006, pp. 217 –222.    

 [21] E. Niculescu, E.P. Iancu, M.C. Niculescu and D.M.  
Purcaru, Analysis of PWM Converters Using 
MATLAB, WSEAS Transactions on Circuits and 
Systems, Issue 10, Vol. 5, October 2006, pp. 1522 – 
1528. 

Proceedings of the 11th WSEAS International Conference on CIRCUITS, Agios Nikolaos, Crete Island, Greece, July 23-25, 2007               103


