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Abstract— This paper presents an analysis of an LCR second-
order low-pass filter capacitor to achieve a specified ripple output
voltage in Buck, forward, Zeta, and Cuk PWM DC-DC power
converters for continuous-conduction mode (CCM). Current and
voltage waveforms across output filter components are derived.
Using the waveform of the ac component of the output voltage,
an expression for the ripple voltage is developed in terms of the
filter capacitance and equivalent series resistance. The results
can be used for all PWM converters with the LCR output filter,
such as Buck, forward, Zeta, and Cuk PWM DC-DC converters.
Theoretical results were in good agreement with simulation and
experimental results.

Index Terms—Ripple voltage, equivalent series resistance
(ESR), Buck converter, forward converter, Zeta converter, Cuk
converter, LCR second-order low-pass filter.

I. INTRODUCTION

UCK, Forward, Zeta, and Cuk PWM DC-DC power con-

verters have the same topology of an LCR second-order
low-pass output filter. The filter capacitor can be modeled as
a series combination of a capacitance and an equivalent series
resistance (ESR) for frequencies much lower than the self-
resonant frequency. The ac component of the converter output
voltage is the sum of the ac component of the voltage across
the capacitance and the voltage across the equivalent series
resistance. The peak-to-peak voltage across the capacitance
and the peak-to-peak voltage across the equivalent resistance
are shifted in phase. Therefore, the ripple output voltage is
not always equal to the sum of these peak-to-peak voltages.
In [1] and [2] the case when the ripple voltage is solely equal
to the ripple voltage across the equivalent series resistance
was considered. The objective of this paper is to extend
the previous analysis for the case when the ripple voltage
is determined by the contributions of voltages across both
the filter capacitance and the equivalent series resistance in
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converters with LCR output filter for CCM. Buck, forward,
Zeta, and Cuk converters contain an LCR second-order output
filter [2], [3]. The issue of filter design is widely discussed
in the literature. A filter for dc-ac converters connected to
the grid is an item much more investigated than the filter
design for power converters [4], [5], [6]. The output filters
of power converters are considered for their effect on the
circuit dynamic in [7], which is mainly devoted to an input
filter for dc-dc power converters based on active components.
An approach based on a small-signal model is given in [8].
Papers [7] and [8] do not face the problem of the filter com-
ponent value selection. The LC filter of a sigma-delta Boost
Converter is studied in [9] to investigate the worst-case design
LC combination and look at tolerance and/or variable design
targets in power supplies for portable electronics, where low
output voltage ripples are needed. Therefore, this paper does
not consider an LC filter. An LC filter is investigated in [10],
but this is an LC filter used as a low-pass filter a low-cost
class-D audio amplifier. The occurrence of symmetry-breaking
bifurcation in the series-parallel load-resonant dc-dc converter
with LC output filter is investigated in [11]. Filters considered
in [10] and [11] are operated with different waveforms than
the LC filter investigated in this paper and, therefore, they
require different design procedures than that proposed in this
paper. The advantages introduced in a Zeta converter by a
second-order LC filter are discussed in [12]. A third-order
passive switched-capacitor low-pass filter is presented together
with experimental results in [13], and the potentials provided
by a push—pull forward three-level converter, allowing the
output filter inductor ripple current to be reduced are studied
in [14]. Despite the accurate analyses provided, [12], [13],
[14] do not involve the design of the converter LC output
filter. Some design procedures are available in [15] and [16].
An algebraic unified design method for the selection of capac-
itors in dc-dc switching converters for a PWM dc-dc SEPIC
converter is given in [15]. Here, the capacitance C and its
equivalent series resistance (ESR) of capacitors are included
in a model and commercially available values of the capacitors
are considered. The design procedure is based on piecewise-
defined algebraic function, which determines and expresses
the boundary of the capacitor acceptability region in a C-ESR
plane. The Pareto algorithm for a design procedure provided in
[16] starts with the assumption of random values for the filter
components, and the algorithm changes these values in the
attempt to achieve the minimum power losses. According to
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the author conclusions, the design procedure does not lead to a
univocal sizing of the filter components, but rather, to different
sets of values resulting in an “optimum” design.

Both the procedures given in [15] and [16] require cum-
bersome mathematical algorithms and have low practical
applicability.

The property of a real capacitor can be described by its
time constant ¢ = Crc¢. Capacitor time constants are in
the range of 80-100 us for electrolytic capacitors [17] and
60-80 ns for ceramic capacitors [18]. In [19] and [20], these
time constants are utilized to choose the capacitance value
as follows. The allowed capacitor ESR is derived according
0 rCmax = Vrcpp | AiL, where V,cpp is the voltage ripple
across the resistance r¢c and Aiy is the current ripple of the
inductor, which is equal to the current ripple of resistor rc.
Then, the capacitance is determined by using C = t/ remay-
The limitation of this method is that V,cp, is assumed a
priorly, while the design specifications refer to the overall
voltage ripple V,of the output voltage v,, which is given by
both the ripple of the voltage across the ideal capacitor (vc),
and that across its ESR (v,¢).

The purposes of this paper are to derive analytical equa-
tions of the two ripple components and use their accuracy
to properly select the filter capacitor. Voltage and current
waveforms of output filter components are derived and used
to determine the analytical expressions for the ripple voltage
components. A guideline for the selection of filter capacitor is
given. The component values should be accurately predicted
for high-frequency high-power density DC-DC converters,
manufactured with surface-mount technology (SMT) and RF
layout techniques.

In addition, the lower the filter capacitance, the faster is
the transient response of the converter to changes in the duty
cycle, input voltage, and load current.

Surface-mount assembly of converter components elimi-
nates capacitor leads and reduces the ESR and the equivalent
series inductance (ESL). A low filter capacitance with low
ESL allows for achieving a high self-resonant frequency. These
properties are required for filter capacitors of high-frequency
SMPS operated above 1 MHz. This is because the capacitor
self-resonant frequency is in the MHz range for electrolytic
devices [17] and in the tens of MHz range for ceramic
components [18].

II. VOLTAGE AND CURRENT WAVEFORMS

An equivalent circuit of the low-pass output filter used in
the Buck, Forward, Zeta, and Cuk converters is shown in
Fig. 1. The filter capacitor is modeled as a series combination
of capacitance C and series equivalent resistance r¢. Surface-
mounted capacitors are leadless and have a very low equivalent
series inductance (ESL), and therefore it is neglected in this
work. The voltage drop across capacitance C consists of the
dc component Ve(pcy = Vo and the ac component v.. The
output voltage v consists of the dc component V and the ac
component v,, where v,is the sum of the ac component of the
voltage v.across the capacitance C and the voltage v,.cacross
the equivalent series resistance rc. Current i is the overall
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Fig. 1. Equivalent circuit of a second-order low-pass output filter in Buck,
Forward, Zeta, and Cuk DC-DC power converters.
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Fig. 2. Waveforms of the output network in the PWM Buck power converter
for CCM.

current through inductor L, where iy = I; + 1;, as shown
in Fig. 2, Ip = Vo / R = Iy, is the current dc component,
which flows through the load resistance Ry . The inductor ac
component is divided between the capacitor C and the load
resistor Ry . In real circuit, the peak-to peak currents through
capacitor and inductor Ai; are approximately equal.

The proposed analysis assumes that the self-resonant fre-
quency of the filter capacitor is much higher than the converter
switching frequency f;.
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Fig. 2 shows current and voltage waveforms in the single-
phase converter output circuit for CCM for steady-state oper-
ation. The input voltage of the converter output network v4
is a rectangular wave with a duty cycle D and shifted up
by the dc component of the output voltage V. The voltage
v, =v4 — Vo across inductor L is a rectangular wave. Thus,
the waveform of the inductor current iy, is triangular.

The filter capacitor is designed in such a way that its
impedance magnitude is much lower than the load resistance
Ry for f > f;. Therefore, the current through the capacitor
branch that consists of a series combination of the capacitance
and its ESR is approximately equal to the ac component of the
inductor current, i.e., ic ~ iy - Ip. Hence, both the current
ic through capacitance C and the voltage drop across the
resistance r¢ are triangular. The ac component of the voltage
v across the capacitance C consists of two parabolas, one
with wings up and one with wings down. The ac component
of the output voltage v, is the sum of the voltages v,c and vc.
The maximum peak-to-peak value of the output voltage across
Ry, is the ripple voltage V;. The peak-to-peak voltages across
resistance ¢ and the peak-to-peak voltage across capacitance
C are shifted in phase by 90°. Therefore, the ripple voltage
V; is not always equal to the sum of the ripple voltage
across the resistance and across the capacitance. This paper
considers the case when both voltages v,¢c and vc contribute
to ripple voltage V.. The case when the ripple voltage is solely
determined by the voltage across r¢ was studied in [1].

Under the assumption that ESR is low and therefore, the
time constant 7 = Cr¢ is short, the output voltage exhibits
both a minimum value and a maximum value inside a switch-
ing period. Note that in practice, a filter capacitor can be
assembled by using two or more capacitors connected in
parallel and this results in a lower ESR.

For the time interval O < ¢t < DT, when the switch is ON
and the diode is OFF, the current through the capacitor is given
by

. _Aig Aip
ic~iL IO—DTI 7 (1)
where Aiy is the peak-to-peak inductor ripple current. The ac
component of the voltage across resistor r¢ is

) ) t 1
Ve =Fcic =rcAip (ﬁ - 5) . (2)
The ac component of the voltage across the filter capacitance
is
I Aig [ 1
De = E/O lCdt+DC(O) = f (ﬁ —t) +DC(O) (3)

The ac component of the output voltage is the sum of voltage
across resistance r¢ and capacitance C

Vo = V¢ + O¢
2
. t rc 1 rc
A SASHN I PR 0). (4
ZL[ZCDT+(DT ZC) 2}+uc<)<>

For time interval DT < t < T, the current through capacitor
Cis

Al Ai
‘L (1—DT)+ =L, )

CTETUDyT 2

yielding the voltage across r¢
(-br ] ©)
(I1-D)T 2

and the voltage across the capacitor C

Ve =rcic =rcAig |:—

Ai 12 —2DTt + (DT)?
- ’L[— +( )+t—DT:|+vC(DT).

Yol (1-D)T
(7)
The ac component of the output voltage is
, t—DT 1
v, = rcAig [—7(1 D)7 + §:|
) 2
+ i—lCL [— £ ilD_TtDJ; ;DT) - DT:| + v (DT).

)

For steady-state operation, the average value of the ac
component of the capacitor voltage v, is zero

1 T
?/0 vedt =0 )
Producing
Aip 2D —1)
0)=0v.(DT) = ————~. 10
Uc() e ( ) 12f,C (10)
For 0 <t < DT,
Dy = Upc + V¢
Ai 12 c 1 C (@D-1
_ A 7 freC 1), reC @D-DT
C |2DT DT 2 2 12 fs
(1)

The derivative of the voltage vo with respect to time is

do, t rc 1
— = Ai — = —1]=0 12
ar 'k (CDT o7 ZC) (12)
and minimum value of v, occurs at time
(13)

Imin = T —r.C,

which gives the minimum value of the ac component of the
output voltage

Vomin = 0o (tmin)

Aip | D*T? + 4 (rc C)?
T CeC 140 0)
C 8DT
Aip |2-D 0)?
C | 24f, 2D
For DT <t <T,
Aip c t— DT +1
Vg = —— T -+t =
T 'l a=-bpr "2
1| 2—2DTt+ (DT)?
+ |- + (D7) +t—DT
2 (1-D)T
+v.(DT).
(15)
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The derivative of the voltage v, with respect to time is

d Ai Ai t— DT 1
o _ _reatL ALy TmHE L2 (16)
dt 1-D)T C a-D)T 2
the maximum value of v, occurs at time
(1-D)T
max = ————— — reC. (17)

Then, the maximum value of the ac component of the output
voltage is

Air | 1 =D  f (rcC)?

Vomax = vo (tmax) = T |: 8/, + 2S(1 — [1) . (18)
ITI. RIPPLE VOLTAGE

The ripple voltage ripple is obtained using (14) and (18)

Vr = Vomax - Vomin

Aip Al.Lfs"%'C . fsreC
= irr
8£C  2D(1-D) X 2D(1 - D)
1 Tc
= VCpp + mTSVrCm) = VCpp + Avpp,
(19)
where the peak-to-peak voltage across capacitance C is
Vepy = L (20)
T 8fiC
the peak-to-peak voltage across the resistance rc is
Vicpp = Airre 2D
and
c 1

The expression given in (22) affects the overall ripple, also
because of a multiplying factor, which depends on the duty
cycle D. The plot of AV, is given in Fig. 3 and shows that
at D lower than 0.2 and higher than 0.8, the factor is much
higher than its minimum value occurring at D =0.5. That is,
even a low value of the ripple across the resistance can highly
affect the overall ripple when the duty cycle is very low or
close to unity.

Fig. 4 shows capacitance C as a function of equivalent series
resistance r¢ for V, =21 mV, D = 0.4444, Ai; =0.15 A, and
fs = 2 MHz. As the equivalent series resistance r¢ decreases,
capacitance C also decreases for a specified ripple voltage V..

For r¢ = 0, the ripple voltage obtained from (19) is solely
determined by the voltage drop across capacitance C as given
by (20). The ESR of the filter capacitor is

2D —-D)V, D(—-D)
rc = -
¢ f.CAiL 4f2¢c?

(23)

where (23) is obtained from (19) by manipulation.
Fig. 4 shows equivalent series resistance rc as a function of
capacitance C, at fixed ripple voltage V,, = 21 mV.

The maximum allowed equivalent series resistance is

v,

AiLmax

(24)

'Cmax =
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Fig. 3. Resistance voltage ripple multiplier as a function of duty cycle D.
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Fig. 4. Equivalent series resistance r¢ as a function of capacitance C for
V, =21 mV,D = 04444, Ai; = 0.15 A, and f; = 2 MHz.

For r¢ = rcmax, the ripple voltage Vi, is solely determined by
the voltage drop across equivalent series resistance r¢ [1], [2]
if the capacitance C is larger than the critical capacitance Cp

max{Dyax, | — Dpin}

2 fsre

For example, for V., = 21 mV and Ai; = 0.15 A, the
maximum equivalent series resistance is repmay = Vi/Aip =
0.021/0.15 = 0.14 Q and the critical capacitance Cp =
0.444/(2-2-10%0.14) = 793.6 nF. The critical capacitance
calculated from (20) at r¢ = 0.14 Q is Cp = 796.4 nF. Pick a
standard capacitance C = 1 uF. The resistance r¢ calculated
from (23) at C =1 uF is rc = 0.138 Q.

The proposed procedure to select the appropriate capaci-
tance and its ESR for any given specification is as follows:

C>CB=

(25)

1) Assign the voltage ripple among C and its ESR.

2) Calculate C from (20) by using the assigned ripple
voltage across the capacitance.

3) Select the standard practical capacitance value, higher
and closest to the value determined in b).

4) Determine the maximum allowed ESR from (23).

5) Verity the voltage ripple by using (19).

6) Pick the capacitor with a practical value of r¢ from data
sheets.
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7) Verify the voltage ripple according to practical values of
C and rc.

For example, consider a power converter operated at a switch-
ing frequency f; = 2 MHz with a maximum inductor current
ripple Aiz = 0.15 A, a duty cycle D = 0.444, and a
maximum allowed voltage ripple V, = 21 mV. If we assume
that the overall ripple is divided as 80% across the filter
capacitance and 20% across its ESR, the allowed voltage ripple
across C and its ESR are 16.8 mV and 4.2 mV, respectively.
Manipulation of (20) gives

C— Aip 0.15
~ 8fsVepp  8-2-10°-0.0168
By substituting this value in (23) or in plot shown in Fig. 4,
the maximum allowed capacitor ESR is derived as r¢ =

111.87 mQ. Substitution of these values into (19) gives the
theoretical ripple voltage as

Ve = Vepp + AVpp = 16,74 +4.26 = 21mV,

= 558nF. (26)

27)

which confirms the validity of the theoretical derivations.

The closest commercial value of capacitor available in
Kyocera AVX catalog [18] is 560 nF and this is the practical
capacitance value to be considered for this example. The
magnitude of the impedance for a surface mount capacitor
has been derived by [18] LOCALREF the overall device
impedance is given as |Z] = 0.1 Q at f = 2 MHz and,
therefore, the 560 nF capacitor ESR is calculated as r¢ =
94.05 mQ. By using (19), the ripple voltage calculated for
practical values is

Vi = Vepp + AVpp = 1674 +3.01 = 19.75mV.  (28)

and V,cpp = 0.15-94 mQ =14.1 mV. The output voltage ripple
ac components for this example are shown in Fig. 6(a). This
value is lower than that given by (27) because the practical
capacitance is slightly higher than the theoretical one and
the practical ESR is lower than the theoretical one. This
example shows a case where Vcp, is dominant, but V,cis
still important.

Catalog [18] shows that the self-resonant frequency of the
selected capacitor is 20 MHz, which makes the voltages across
the equivalent series inductance (ESL) negligible at 2 MHz.
This assumption has been confirmed by the simulation results
shown in Fig. 5, where an ESL has been placed in series with
C and rc, to consider the self-resonant frequency. As shown,
the voltage across the ESL vggy is of the order of tens of
1V, while the voltages amplitudes across the capacitance v¢
and across its equivalent series resistance ESR v,care two
orders of magnitude higher. Therefore, the contribution of the
voltage across the ESL vggy to the output voltage ripple V, is
negligible. At the self-resonant frequency as high as 20 MHz
and capacitance C = 560 nF, the ESL is as low as L¢ =
132 pH, which means that an inductive reactance as low as
X1 = 1.42 mQ at the switching frequency f; = 2 MHz versus
the capacitive reactance X¢ = 142.17 mQ and an ESR r¢ =
94.05 mQ.

One more example, where V,cpp is negligible, is given
below. Assume that the overall ripple is divided as 98% on
the filter capacitor and 2% on its ESR. In such a case, the

Ve
20 T | l | l VESL
=50 i - i ! . i
0.1 0.3 0.5 0.7 0.9 1.1 1.3
time (ps)
Fig. 5. Voltage and current waveforms in the LCR output filter showing a

negligible contribution of the voltage across the Equivalent Series Inductance
(ESL) to the output voltage ripple.

allowed voltage ripple on C and its ESR are 20.6 mV and
0.42 mV, respectively. Manipulation of (21) gives

_Aip 0.15
~ 8fiVepp  8-2-10°-0.00206

The closest commercial value of capacitance available on
Kyocera AVX catalogue [21] is 0.47 uF and this is the practi-
cal capacitance value considered for this example. Moreover,
from the Kyocera catalogue such a capacitance has r¢ =
50.85 mQ. By substituting the practical values in (19), the
ripple voltage is calculated as

C = 455nF.

(29)

V, = Vepp + AV, = 19.94 4+ 0.74 = 20.68mV.  (30)

and V,cpp = 0.15-50.85 mQ = 7.62 mV. The waveforms of
the ripple ac components are shown in Fig. 6(b).

Returning to theoretical values, substitution of C = 455 nF
into (23) gives a maximum allowed ESR of r¢ = 60.71 mQ,
and substitution of these values into (19) allows for the
theoretical ripple to be calculated as

Vi = Vepp + AVyp =19.94 +1.06 = 21mV (€2))

which confirms the derivation introduced in this paper.

IV. SIMULATION RESULTS

The circuits resulting from the examples shown above
were simulated and the plots of ripple voltages are shown
in Fig. 6 (a) and (b) for the first example (C = 560 nF and
rc¢ = 94.05 mQ) and the second one (C = 470 nF and r¢ =
50.85 mQ), respectively. The plotted waveforms reflect the
design calculations and confirm the accuracy of the proposed
design procedure.

One more example referring to an LCR filter was considered
to show that the proposed method is general and to investigate
the effects of the capacitor ESR for a given capacitance
value. In Fig. 7, the simulated waveforms are shown for the
following the component values and operating parameters:
Aip = 0.15 A, obtained with a power inductor L = 220 uH
and f; =50kHz, Ry =498Q,V; =9V, Vp =396V, D =
0.44. The maximum allowed voltage ripple is V,, = 300 mV.

Fig. 7 shows the simulated waveforms of the voltages across
the filter capacitance vc, the equivalent series resistance v,
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Fig. 6. Waveforms of v, ac components of voltage across filter capacitance
C, voltage v, across equivalent series resistance rc, and voltage v,, ac com-
ponent of voltage across load resistance Ry, at D = 0.44, Ai;j = 0.15 A, and
fy = 2 MHz. (a) C = 560 nF and r¢c = 0.94 Q. (b) C = 470 nF and r¢c =
0.51 Q.

TABLE I
BUCK CONVERTER THEORETICAL VOLTAGE RIPPLES

rc(Q) Vi (mV) Vepp (mV) Vic (mV)
0.5 238 230 87.5
1.5 261 197 224

2 298 184 280

and the output voltage v,. The waveforms are shown for
three cases. In Fig. 7(a), the peak-to-peak voltage across
the capacitance is higher than that across the resistance.
In Fig. 7(b), the two voltages have comparable peak-to-peak
values. In Fig. 7(c), the ripple voltage is equal to the peak-
to-peak voltage across the resistance r¢ [1]. The component
values for the simulation shown in Fig. 7(c) were calculated
according to the procedure introduced in the previous section.
The calculated peak-to-peak values of the voltages for the three
cases agreed very well with the simulation results.

According to the provided design procedure, an overall
ripple V, = 300mV is obtained by using a C = 1.9 uF
capacitance. Several ESRs are considered here according to
the values shown in Table I to show the effects on the output
voltage of ESRs. Table I also shows the different values of the
voltages derived according to the theoretical analysis. Table II
shows the values obtained from the simulations and Table III
shows the errors among the theoretical and simulated voltage
ripples.

V. EXPERIMENTAL RESULTS

A Buck converter with the same voltages and current speci-
fications, as well the same component values as the simulated
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Fig. 7. Waveforms of voltage vc across filter capacitance C, voltage
v,Cc across equivalent series resistance rc, and ac component of voltage
veacross load resistance Ry, Vyuax =200 mV, D=0.44, Ai; =0.15 A, and
fs =50 kHz, C=1.9 uF (a) r¢ =0.5 Q when V¢p, > Vicpp. (b) 1 = 1.5 Q
when Ve, & Vicpp. (€) 1e =2Q when Vep, <Vicpp-

TABLE II
SIMULATED BUCK CONVERTER VOLTAGE RIPPLES

e (Q) 7, (mV) Ve (MV) Ve (mV)
0.5 247 235 87.2
1.5 279 204 225

2 300 189 281
TABLE III

ERRORS AMONG THEORETICAL AND SIMULATED VOLTAGE RIPPLES

rc (Q) Vierr (%) VCpperr (%) Vicerr (%)
0.5 3.64 2.12 0.34
1.5 6.45 3.43 0.44
2 0.66 2.64 0.35

circuit, has been designed and assembled to run experimental
tests and validate the theoretical predictions. The utilized
experimental set-up is shown in Fig. 8. The Buck converter
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Fig. 9.  Experimentally measured waveforms of voltage vc across filter
capacitance C (blue traces), and voltage v,¢ across equivalent series resistance
rc (Yellow traces) for Viypmax = 200 mV, D = 0.4444, Ai;, = 0.15 A, and
fy = 50 kHz, C = 1.9 uF (a) r¢ = 0.5 Q when V¢p, > Vicpp. (b) 1o =
1.5 Q when Vepp = Viecpp. (©) 1 =2 Q when Vep, <Viecpp-

has been assembled on a GS665EVBMB GaN Evaluation
Board and the voltage waveforms were acquired by using a
Rigol DS1054Z digital oscilloscope and Rigol, Model PVP
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TABLE IV
MEASURED BUCK CONVERTER VOLTAGE RIPPLES

e (Q) Ve (mV) Ve (mV)
0.5 236 85
1.5 197 196
2 192 285
TABLE V

ERRORS AMONG THEORETICAL AND MEASURED VOLTAGE RIPPLES

rc(Q) Vepperr (%) Vicerr (%)
0.5 0.42 2.94
1.5 0.461 1.29
2 1.56 1.40

2350 voltage probes. The board contains two GaN E-HEMT
GS66508B power MOSFETs with a 650 V breakdown volt-
age and 50 mQ channel on-resistance. The inductance was
constructed by winding on a 5978015901 MnZn 10 turns of
Litz wire made up of 1800 strands of AWG36 wires. The
inductance measured by using a Thurlby Thandar Precision
LCR Bridge LCR 400 shown in Fig. 8 is L = 219.7 uH
and its ESR is r; = 26 mQ measured at 50 kHz. The PWM
signal was provided to the evaluation board using the Nucleo
STM32-H743ZI2 control board. The experimental tests were
focused on the determination of the voltage ripple components
across the filter capacitance and the resistance connected in
series with the capacitor. The 1.9 uF capacitance was obtained
by connecting in parallel six SNFP X0 2330 7D 4A KSO00
WIMA capacitors with nominal values C,,, = 33 nF. The
resistance utilized to run the measurements was obtained by
external resistors connected to achieve the desired values:
05 Q, 1.5 Q, and 2 Q. These values were much higher
than that of the overall capacitor ESR, which is as low as
2.73 mQ, and this allows to achieve the waveforms shown in
Fig. 9. Here, the red traces are the voltage across the capacitors
and the blue traces are the voltages across the external resis-
tances connected in series to the output filter the capacitors.
Fig. 8 plots were acquired at a 50 mV/div scale so that the
red traces show that the peak-to-peak values of the voltages
across the capacitances are 236 mV in Fig. 9(a), 197 mV
in Fig. 8(b), and 192 mV in Fig. 9(c). Similarly, the blue
traces, which are the plot of the voltages measured across the
resistances are 85 mV in Fig. 8(a), 196 mV in Fig. 9(b), and
285 mV in Fig. 8(c). These values are summed up in Table IV.
The percent errors among theoretically predicted values of
the voltage ripples and those experimentally measured are
given in Table V. All the errors shown in Table V are below
the tolerances values of commercially available capacitors
and, therefore, the results given by equations which have
been theoretically derived in Section II are validated by the
experimental measurements.

VI. CONCLUSION

An expression for the ripple voltage in terms of the capac-
itance and the equivalent series resistance has been derived

Authorized licensed use limited to: Universita degli Studi di Firenze. Downloaded on February 10,2023 at 08:50:34 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

for Buck, Forward, Zeta, and Cuk PWM DC-DC power
converters with an LCR second-order output filter operated
in CCM. The proposed analysis neglects the equivalent series
inductance, since this condition is verified in most of the
practical applications. The calculated results were in very
good agreement with the simulated results. It has been shown
how the filter capacitance should be increased as the equiv-
alent series resistance increases at a required ripple voltage.
Capacitors are not made to obey the relationship given by
(19). However, the presented theory may provide a useful
guideline for selection of a filter capacitor in the design of an
LCR low-pass output filter, used in Buck, Forward, Zeta, and
Cuk PWM DC-DC converters, regardless of the good design
procedures such as implementing the output capacitor through
a combination of several parallel elements. The presented
results can be extended to Buck-derived converters, such as
half-bridge, full-bridge, and push-pull PWM converters. The
frequency of these converters is twice that of the switching
frequency of power transistors.
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