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On the Extraction of Input and Output
Impedance of PWM DC-DC Converters

F. ASADI, K. EGUCHI

Abstract— The buck, buck-boost and boost converter, are the
most popular types of DC-DC converters. The input/output
characteristics of these converters operating in Continuous
Current Mode (CCM) is the object of considerations in this
paper. The input impedance of converter helps the designer to
select a suitable energy source for the converter. The internal
impedance of selected input energy source must be quite lower
than the input impedance of converter in order to avoid any
voltage drop. The output impedance of DC-DC converters must
be quite small in order to supply the load with high current
demand. So, extraction of input/output characteristics of DC-DC
converters is an important task and helps the designer to decide
about the performance of system. Extraction of input/output
characteristics is using pencil-and-paper analysis is quite tedious
and error prone. This paper show how input/output impedance
of DC-DC converters can extracted with the aid of MATLAB®
programming. This paper can be used as a tutorial on the
extraction of input/output impedance of DC-DC converters.

Index Terms— DC-DC converter, input impedance of DC-DC
converters, output characteristics, Pulse Width Modulation
(PWM).

I. INTRODUCTION

he input impedance of a DC-DC converter is the

impedance seen from the input DC source. The output
impedance is defined as the output voltage response of
converter for the excitation of current i at constant input
voltage v and duty ratio D. In some descriptions, the output
impedance includes the load conductance G, in other it does
Ve
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Fig. 1. Two variants of the output impedance of converter.
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The input impedance of converter helps the designer to select
the suitable input DC source. The input impedance of the
converter must be much larger than the output impedance of
the input DC source.

The output impedance of the converter is even more important
than the input impedance. Output impedance must be as low
as possible. Output impedance of the converter is especially
important if the converter supplies a low-voltage, high-current
load, with large values of output current slew rate. The most
representative example of such a load is a processor in modern
computer systems. The processor requires about 1.0V (or
even less) and drawn current is typically over 100 4. Current
slew rates may approach g9 2 [1, 2]. According to the given

ps

numbers, the processor can be modelled as a 10 m{} resistor
(or lower). The output resistance of converter should be
substantially lower than 10 m£, to ensure a good efficiency.
Usually a buck converter is used to supply the processor. The
output impedance of the buck converter supplying the
processor (or other type of DC-DC converters) can be reduced
with the aid of negative feedback. The relation between the
open-loop output impedance (Z,,,) and closed-loop output

impedance (Z, ) is:

Ly,
== 1
Oﬂ. l'l'KJ ( )
where K is the loop gain [3, 4, 5].

The buck, buck-boost and boost converter, are the most
popular types of converters. Their input/output characteristics
are the object of considerations in this paper. A well-known
reference such as [3] calculates the input/output impedance of
converters for the ideal case only, i.e., a converter without
parasitic element such as Equivalent Series Resistance (ESR)
of capacitors/inductors. This paper extracts the input/output
impedance in presence parasitic resistances.

The paper is organized as follows: The open-loop input/output
impedance of buck, buck-boost and boost converters are
derived with the aid of averaging and linearization in the
second, third and fourth sections, respectively. The
dependencies for averaged currents and voltages in converter
are valid for low frequency range (i.e., bellow one-half of
switching frequency). Finally, suitable conclusions are drawn.

Il. BUCK CONVERTER

Schematic of the PWM buck converter is shown in Fig. 2. The
working principles of the buck converter can be found in
standard text books such as [3] and [6]. rg.rL and rC show the

http://dergipark.gov.tr/bajece


http://dergipark.gov.tr/bajece
mailto:asadi.farzin@kocaeli.edu.tr
mailto:eguti@fit.ac.jp

124
BALKAN JOURNAL OF ELECTRICAL & COMPUTER ENGINEERING, Vol. 7, No. 2, April 2019

internal resistance of the input DC source, inductor ESR and  According to Fig. 4, the circuit differential equations can be

capacitor ESR, respectively. written as:
ig L
2 - + dsmzz(_(r i, +MJ.. R, B 6
¢ T . TERA RN T L Ty TP
c dvg(t) 1 R
+ T Tt 0
va(®) X5 H R Vo it CR+n* Ren t Rir
i, =0 @
4
* e, Bxe o RO R g
n=tl—+v
_ 1] [ dt+5 R+Cb R‘I'TCE R‘I‘TC (]

Fig. 2. Schematic of PWM buck converter.

When the MOSFET switch is closed, the diode is reverse-
biased and the equivalent circuit of Fig. 3 applies. rds, shows
the MOSFET drain-source resistance. io is a fictitious current
source added to the circuit in order to measure the output

impedance vo(s)
P (ZD [:S) io(s) )
ig L
-t +
rg rds L l
c +
Q
Vg(—) . H R=— io (T Vg
rc —‘
| | -
Zinls) Zols)
Fig. 3. Equivalent circuit of buck converter with closed

MOSFET.

According to Fig. 3, the circuit differential equations can be
written as:

diy(t) 1 Rxr, R Ry
dt I.( (T +Td3+?"+R+:)" R+Tcwc_R+TE:C+UQ) (2)
dvc(tj_l(RR 1 R
it ¢ +rc““_R+rc]'C+R+rc‘”J @)
=i, 4)
= (
L_dvc Ry R Rxn .
L=hl—tv, =—— L+ — v +—i
O G T R g Rty Ry ()

State Space Averaging (SSA) is one of the most important
tools to study the dynamics of converters operating in CCM.
Foundation of SSA was laid down in [7] and later extended in
[8, 9, 10], as well as many other publications. Theory of SSA
has been studied in many text books for instance see [10] and
[11].

SSA has two important steps: averaging and linearization. The
SSA procedure can be summarized as follows [11]:

Step 1- Circuit differential equations are written for different
working modes (i.e on/off state of semiconductor switches).
Step 2- Equations are time averaged over one period.

Step 3- Steady state operating points are calculated by
equating the derivative terms to zero.

Step 4- The averaged equations are linearized around the
steady state operating point found in the third step.

Applying the SSA to the Equations (2)-(9) leads to 6 different

Lgled  1g(2) (2} po(=) vol2)
transfer functions; =—, £—, £—, === %% and =) Open-
dim’ Lgl_Sj d(= Lgl_s"l i (5

loop input and output impedance of the converter is extracted
with the aid of ¢ 1; and = Fels) . respectively.

1..5.._:)
Applying the aforementioned steps manually is tedious and
error prone (especially if the converter order is high).
MATLAB® can be very helpful to do the mathematical
machinery of SSA. The program shown in appendix (program
1) extracts the small signal transfer functions of a buck
converter with component values as shown in Table 1.

lDI_S:I

Table I .
The buck converter parameters (see Fig. 2).

When the MOSFET is open, the diode becomes forward- Nominal Value
biase.d to carry the inductor current and th_e equiva]ent circuit Output voltage, vo 20V
of Fig. 4 applies. rD and vD show the diode resistance and -
. ; Duty ratio, D 0.4
diode forward voltage drop, respectively.
Input DC source voltage, Vg 50V
Input DC source internal resistance, rg 0.01 Q
ig_ L _ . MOSFET Drain-Source resistance, rds 40 mQ
. i l Capacitor, C 100 uF
" c== Capacitor ESR, rC 0.05Q
w(® H R— o (D) % Inductor, L 400 uH
w c Inductor ESR, rL 50 mQ
Diode voltage drop, vD 0.7V
|( : |( } — | Diode forward resistance, rD 10 mQ
Zinls Zsls .
Fig. 4. Equivalent circuit of buck converter with open Loa}d r«.33|stor, R 20Q
MOSFET. Switching Frequency, Fsw 20 kHz
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The program gives the following results (OL sub script stands
for Open Loop):

1 (5)

=0
S+8134s + 2503 x 107

d(s)
Iyals) =

B
4(6)

;g (s
1 (s

7,

—

L) =—

1(5)

s+2x 10

sTHB13.454 2303 % 107

5+493.8

- (54 2% 10°)(s + 190)
o 1481345 42503 x 107

=0.0023

Bode diagram of control-to-output transfer function, open loop
input impedance and open loop output impedance are shown

in Fig. 5,6 and 7,
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Fig. 5. Control-to-output transfer function of studied buck

converter.
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Fig. 6. Open loop input impedance of studied buck converter.

Fig. 7. Open loop output impedance of studied buck converter.
The block diagram shown in Fig. 8 can be drawn for the
studied buck converter. We want to study the effect of
feedback on output impedance.
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Fig. 8. Dynamical model of the studied buck converter. Input

voltage variations are ignored.
Consider a simple feedback loop as shown in Fig. 9.

+2 % 10%)(s + 190
0.049875 G ) )

LE—* 5T+ 81345+ 2.503 x 107

s+ 2x10°

6316.8 —
s+ 813.4s + 2.503 x 107

e

il

Fig. 9. Voltage Mode (VM) control of the studied buck

converter.

Assume that the controller is a simple I-type controller
(c(s) = ££2). Fig. 10, shows the step response of the closed

loop.
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Fig. 10. Step response of closed-loop control system shown in

Fig. 9 with ¢(s) = 2&.
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According to Fig. 9, the closed loop output impedance
(Z,c(s5) is:

1
Logy(8) =L,y 5) X ) (13)
1+0(5) X ==
(s+2%10%)(s +190) 1
Z,0(8) = 0049875 %
i st 481345+ 2503 x 107 1+ﬁxa3168x (s42x109)
s T 548134542503 X 107

0.049885° £ 10%s* £ 1.13 % 107s° £ 2515 X 10Ms? + 4744 X 1055

= (14)
5416275 + 5,075 X 1075 + 4687 x 100 4 6323 x 10%5 + 1534 x 107
Fig. 11, is a comparison between the open-loop output

impedance (z,,,(s), Equation (12)) and closed-loop output
impedance (Z, -, (s), Equation (14)). The closed loop output
impedance is reduced at low frequency portion of the graph.
Reduction of output impedance is one of the desired properties
of feedback control.

; ’ Open loop impedance | |
% = ,)'r\\.__ Closed loop impedance
:J' - TN
- -
:‘g . .--/'-.:a//
E 20 e st
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= 4 s
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[}]
2] A bB— |
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= |
o k -
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Frequency (rad/s)
Fig. 11. Comparison of open-loop output impedance with
closed-loop output impedance for the studied buck converter.

There are many efforts presented in the literature to achieve
satisfactory output impedance of PWM DC-DC converters,
especially buck type. The methods can be categorized into two
groups:
e Sophisticated design of control loops in the converter
[13, 14, 15, 16]
e Modifications of the basic structure of the power stage
[17-18].

The starting point of the first method is the precise
description of the converter, in particular the use of accurate
formulas for open-loop output impedance. The program given
in appendix can be helpful for this purpose [19].

I1l. BUCK-BOOST CONVERTER
Schematic of the buck-boost converter is shown in Fig. 12.
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Fig. 12. Schematic of PWM buck-boost converter.
When the MOSFET is closed, the diode is reverse biased.
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Fig. 13. Equivalent circuit of buck-boost converter with closed
MOSFET.

According to Fig. 13, the circuit differential equations can be
written as:

diy(t) 1

=t tn)ity) ()
d(®) 1R 1 )
o 16
it (R " Rert 1)
=iy (1
R Rxr
| (18)

vﬁmwmm

When the MOSFET switch is opened, the diode becomes
forward-biased.

Lg

—{__+—o
g

ZOI(S)

VgC) D R-lio C)

|

Zinls)

Fig. 14. Equivalent circuit of buck-boost converter with open
MOSFET.

According to Fig. 14, the circuit differential equations can be
written as:

diyt) 1 Rxn\ R Rxn
m :E(—(rp+ﬁ+m]frmvg—mio—vﬂ) (19)
dr(t) 1/ R 1 R

=0 Tﬁ‘“'m"”mﬂ @)

=0 1)
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The program shown in appendix (program 2) extracts the
small signal transfer functions of a buck-boost converter with

component values as shown in Table 2.

Table II.

The buck-boost converter parameters (see Fig. 12).

Nominal Value

Output voltage, vo -16 V
Duty ratio, D 0.4
Input DC source voltage, Vg 24V
Input DC source internal resistance, rg 0.1Q
MOSFET Drain-Source resistance, rds 40 mQ
Capacitor, C 80 uF
Capacitor ESR, rC 0.05Q
Inductor, L 20 uH
Inductor ESR, rL 10 mQ
Diode voltage drop, vD 0.7V
Diode forward resistance, rD 10 mQ
Load resistor, R 5Q
Switching Frequency, Fsw 100 kHz

The program gives the following results:

n(s (5 +1.267 X 10°)(s - 1168 x 108
0 U 7

ds)  st+7560s + 2330 X 10°
, gl UmSs=+7550s+2.332><mB
T R

; 5,(s) : (5425 % 10°)(s $ 4194)
o) e ST+ 73605 + 2330 % 10

Bode diagram of control-to-output transfer function, open loop
input impedance and open loop output impedance are shown

in Fig. 15, 16 and 17, respectively.
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Fig. 15. Control-to-output transfer function of studied buck-

boost converter.
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Fig. 16. Open loop input impedance of studied buck-boost

converter.
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Fig. 17. Open loop output impedance of studied buck-boost

converter.

IV. BOOST CONVERTER
Schematic of boost converter is shown in Fig. 18.

Fig. 18. Schematic of PWM boost converter.

When the MOSFET is closed, the diode is reverse biased.
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_‘g- L
rg . l
c +
- = Jog -
c ’—‘
| |
Zin(s) Zo(s)
Fig. 19. Equivalent circuit of boost converter with closed

MOSFET.

According to Fig. 19, the circuit differential equations can be
written as:

dyt) 1
— =ttty (26)
d (1) 1( 1 R ]

e — s 7
IR TFLAFTL @)
iy =i, (28)
L T P

0 ' ®)

=mlﬁ5+mip

When the MOSFET switch is opened, the diode becomes
forward-biased. Fig. 20, shows the equivalent circuit for this
case.

L L VD
B rg L o] = J_
C +
. Jrr @
rC ’—‘
| |
Zin(s) Zo(s)
Fig. 20. Equivalent circuit of boost converter with open
MOSFET.

According to Fig. 20, the circuit differential equations can be
written as:

diz(t) 1(( ercJ_ R Rxn 2
PR AR LA s B &)

dvg(t) 1/ R 1 R

R T%"‘*'m“m‘f) .
lg_}wc R R @
vo=mil+mvg+mig (33)

The program shown in appendix (program 3) extracts the
small signal transfer functions of a boost converter with
component values as shown in Table 3. Switching Frequencyis
25 kHz.
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Table I1l. The boost converter parameters (see Fig. 18).

Nominal Value

Output voltage, vo 0V
Duty ratio, D 0.6
Input DC source voltage, Vg 12V
Input DC source internal resistance, rg 0.1Q
MOSFET Drain-Source resistance, rds 40 mQ
Capacitor, C 100 pF
Capacitor ESR, rC 0.05Q
Inductor, L 120 uH
Inductor ESR, rL 10 mQ
Diode voltage drop, vD 0.7V
Diode forward resistance, rD 10 mQ
Load resistor, R 50 Q

The program gives the following results:

,(s) (s 4 2% 10°)(s - 6703 x 10%)
— = (007199 — -
d(s) sT41367s + 1356 %107
Lo ) 00001?52 +13675 +1356 x 107
=TT
. 5) 0049995(:+2><105)(s+1150)
)= T T e

)
(%)

(36)

Bode diagram of control-to-output transfer function, open loop
input impedance and open loop output impedance are shown

in Fig. 21, 22 and 23, respectively.
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Fig. 21. Control-to-output transfer function of studied boost

converter
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Fig. 22. Open loop input impedance of studied boost
converter.
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Fig. 23. Open loop output impedance of studied boost

converter.

The programs given in appendix calculates the steady state
operating point of the converters as well. The steady state
operating point for studied boost converter is I, = 1.438 4 and
V. = 28.76 V. I; and V. show the average inductor current and
average capacitor voltage, respectively.

The average current drawn from the input DC source is the
same as the average current of inductor. So, the input DC
source sees the converter as a %: 35 nload. If we

substitute s = 0 in the Equation (35), we obtain the 8.15 0
which is quite close to the expected value. The DC gain of
obtained input impedance (at s=0) can be checked in a
similar way for other type of converters.

V. CONCLUSION

Input/output characteristics of DC-DC converters are
important parameters. The input impedance helps the designer
to select the suitable input source. The output impedance of
the converter shows whether the converter can supply the
output load successfully or not.
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This paper studied the input/output characteristics of buck,
buck-boost and boost converters. MATLAB programming is
used to do the mathematical machinery. Input/output
characteristics of other types of converters can be extracted in
a similar way shown in the paper. The control to output
transfer function of power electronics converters is used to
design the control loop of converter. The Buck converter has a
minimum phase control to output transfer function while the
Boost and Buck-Boost converters have non-minimum phase
control to output transfer functions. The feedback control of
power converters affect the output impedance of converter.
The output impedance of converter decreases with the aid of
feedback control as shown in the second sectiom of paper.
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