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Abstract - A small-signal model for a PWM dc-dc boost converter 
operated in DCM composed of current-controlled current sources and 
derived by using the energy conservation approach is presented. The 
proposed model is suitable for small-signal, frequency-domain 
representation of the converter and can be used to derive the 
expressions and Bode plots of the control-to-output voltage transfer 
function, the input-to-output voltage transfer function, the input 
impedance, and the output impedance. 

Main advantages of the proposed method are as follows. - A linear equivalent circuit of the converter is derived and its 
representation in the frequency domain does not require matrix 
manipulation. 

- The converter parasitic components are considered. 
- A good understanlng of the frequency domain behavior of 

power converters is achieved. 
Finally, the proposed method can be easily uulized to model other 
PWM dc-dc converter circuits. 

1. Introduction 

Pulse width modulation (Pw dc-dc converters are circuits based 
on a controlled switch and a diode cyclically switching and driving the 
entire converter circuit through several topological configurations 
constituted by linear reactive and resistive components, connected to a 
dc voltage source. The two configurations during one switching period 
for a converter operated under continuos current mode ( C C 9  increase 
to three for converters operated under dscontinuous current mode 

A cycle-by-cycle simulation of switching converters is practical for 
time domain simulations, while a frequency domain representation 
takes advantage from an averaged modeling [l] and [2]. 

Substitution of the switching part of the converter circuits with an 
equivalent, averaged, linear, time invariant, linearized equivalent circuit 
has been proposed in [3]-[SI. This model is utilized for numerical 
frequency-domain simulations of dc-dc converters by using analog 
simulators like SPICE and/or mathematical simulators like MATLAB. 
A systematic method for including parasitic components into static and 
dynamic models of PWM converters operated in CCM has been 
presented in [9]. By using this methods s-domain the transfer functions 
describing the converter behavior are derived and parasitic resistances 
of the converter components are taken into account. As a result, 
equivalent circuits suitable for an appropriate design of the feedback 
network are obtained [lo]-[12]. 

The purpose of this paper is to present a linear model of a dc-dc 
PWM boost converters operated in DCM. Parasitic resistances of the 
converter components are considered by using the energy conservation 
approach [9]. The model is suitable to derive the expressions for the 
control-to-output voltage transfer function, the input-to-output voltage 
transfer function, the input impedance, and the output impedance. 

(DCW 

2. The CurtemControlled CurtentSource Model 

Fig. l(a) shows the “switching block” constituted of a controlled 
switch Sand a diode D and its connection to the inductor L This sub- 
circuit is the “core” part of a dc-dc switching converter. As shown in 
Fig. l(b) the combination of the controlled switch Sand &ode D acts 
as a device dlverting the inductor current zi through the switch when 
ON and through the diode when Sis  OFF. 

Fig. 2 shows the waveforms of inductor, switch and &ode current 
and inductor voltage. For a converter operated in DCM the inductor 
current is zero from time D I T t o  the end of the switching period I: 
During this time interval both Sand Dare OFF. 

The voltage across the inductor is 

for 0 S t < DT 

0 for D , T _ < / <  T I 
This gives 

1 qL =- vu =- 
D 

D, - D  ( p - p  
where p = D/D,. 

shown in Fig. 1 is 
The maximum current through the components of the sub-circuit 

-I =Y“DT (3) L m u  

The average currents through branches of Fig. 1 circuit are 
Is = DZma,./2, ID = (D,-D)Zma.,/2, and 
these gves 

= Df-InJ2. Combinauon of 

D zJ- =--IL = p z L  
Dl 

and 

(4) 

(5) 

which are the constitutive equations of the current-controlled current- 
sources modeling the DC behavior of switching sub-circuit, as shown 
in Fig. 3 (a). 
Substitution of (3) into (4) gives 

(6) 
0’ I, = - T VJL 
2L 

By considering both the DC and smau-signal ac components of current 
h, duty cycle 0, and voltage f i~ .  we have 
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Neglecting higher order terms, the ac components of the switch 
branch current is 

Fig. 1. Switching circuit of a PWM converter. 
(a) Combination of switch, diode, and inductor . 

(b) Equivalent circuit constituted by inductor and “Current diverting 
device”. 

Fig. 2. Current through components of Fig. 1 and inductor voltage 

Combination of (2) and (5) gives 
D2 T VjL 

ZD =- 
2LYW (9) 

By considering both the DC and small-signal ac components of 
current 10 duty cycle D and voltages V, and we have 

DC modeI 

D 
lb/ 

Fig. 3. Linearized equivalent circuit of the switchmg circuit of a PWM 
converter. (a) Dc model. (b) Ac model. 

Neglecting higher order terms, the ac components of the-diode 
branch current is 

TDV, TD‘V, TDzVsL 
id =-a’+-vv, -- 

LV, LV, ZLV, (1’) 

= ko d +gf VJL -g/ vLL7 
The equivalent circuit related to expressions (6) and (11) is the ac 
model of the switching sub-circuit shown in Fig. 3 (b). 

From plots shown in Fig. 2, the expression of the switch rms 
current is derived as follows 

From (12) the power loss in the switch ON resistance calculated 

(1 3:) 

According to the energy conservation method [9] the expression of 
the switch equivalent resistance series connected to inductor L i s  

The &ode rms current is expressed as 

where 

K, = (D, -D)9(16-3D: -0’)” Kz = 3D?(l-D)(D, -D)* 

(1 6) 
K3 = (D, -D)x  

[D: (6D: +24D- 12)+6D(DD1 -2D-2D:)l 
The power loss due to the diode forward resistance RFis 

and the &ode equivalent resistance series connected to inductor L is 
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expressed as 

The schematic circuit of a PWM boost converter is shown in Fig. 
4(a). Figs. 4(b) and (c) shows, the converter linearized equivalent dc 
and ac circuits, respectively. 

From the dc equivalent circuit the dc output voltage expression is 
derived 

By neglecting the diode threshold voltage the steady state voltage 
transfer function of the boost converter, including the parasitic 
components can he expressed in a closed form as 

For an ideal converter r = 0 and 

which is also the expression for the voltage transfer function derivable 
from the circuit shown in Fig. 4(b) by setting VF= 0 and r =  0. 

Note that the for a converter operated with a inductor current 
reaching zero at / = we have 01 = 1. Substitution of this into (23) 
yields 

which is the voltage Lansfer function of a real boost converter 
operated in CCM. For an ideal converter r= 0 and (23) modifies to the 
expression M = 7/7-D normally used when an ideal boost converter is 
assumed to be operated in CCM. 

The current transfer function is 

M /ac = h = I - p  - (26) 
1, 

Combination of this and (23) allows the converter efficiency to be 
calculated as 

The control-to-output uansfer function of the boost converter 
operated in DCM is derived from the circuit shown in Fig. 4(c) with vi 
= 0 as 

I 1 

s 
1 

/a) 

Fig. 4. PMM boost converter. 
(a) Schematic circuit. (b) Equivalent linearized DC circuit. 

(c) Equivalent linearized ac circuit. 

The input-to-output voltage transfer function is derived by the 
circuit shown in Fig. 4 (c) with d= 0 as 
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P" = & o h ,  +I)+&, + B o ) .  (40) 
The expressions of the input and output impedance can be 

similarly derived. 

3. Application Example , 

A PWM boost dc-dc DCM with a switching frequency/= 50 kHz, 
a dc input voltage f i , ~  = 10 V, a 40 W output power and a nominal 
output voltage Yo = 20 V is considered as an example. The converter 
nominal duty cycle is D= 0.158, Dl = 0.316, and a load resistance 
R = 10 R. The converter inductance is L= 10 pH and the output 
capacitance is C= 200 CIF. The parasitic components of the converter 
equivalent circuit are RL = 100 mQ; RF= 25 m a ;  RDJ= 20 m a .  

The plots of magnitude and phase of control-to-output voltage 
transfer function are shown in Fig. 5. 

,8. ....................................................................... 
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Fig. 5 .  Bode plots of the boost converter considered as an 
application example.(a) Magnitude (dB). (b) Phase (Degree) 

4. Conclusions 

Using the energy conservation approach has derived a linear model 
of a dc-dc PlyiiLI boost converter operated in DCM constituted of 
current-controlled current-sources. 
This model allows us to determine the expressions for the control-to- 
output voltage transfer function, input-to-output voltage transfer 
function, input impedance, and the output impedance expressions and 
their Bode plots. 

The proposed models results in the following advantages: 
the converter transfer hnction expressions include all parasitic 
components in the converter circuit and can be reduced by 
neglecting some of them. 
The circuit model can be used in numerical circuit simulators like 
SPICE, it is suitable for symbolic analysis algorithms, and the 
transfer function expressions can be processed by using any 
general purpose numerical and/or symbolic program like 

MATLAB, MATHCAD, SCIENTIFIC WORKPLACE etc. 
The current-controlled current source model of PWM the dc-dc 
boost converter allows for a good understanding of the frequency 
domain behavior of converter circuit, and can be usefully applied 
to the design of the compensating networks used in the converter 
feedback loop. 

- 
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