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ABSTRACT

This paper presents the design and application of boost converter operated in continuous conduction mode for 15 W, with 25 kHz switching frequency with induc 
tor-c apaci tor-i nduct or (LCL), pi, inductor capacitor (LC) with damping, and LC electromagnetic interference #lters. Also, modeling and analysis of the boost converter 
in terms of state space and small signal are given. Furthermore, the e"ect of each #lter to di"erential mode (DM) noise and to control characteristics by root locus and 
bode diagrams for the boost converter are presented, which is not presented in detail in the literature for the boost converter. All results obtained by applications and 
simulations are compared. Moreover, frequency spectrums are given to compare DM noises. As a result, for control point of view, LCL #lter provides better results, and 
for reducing DM noise, the LC and pi #lters are superior to others. Besides, the LCL #lter reduces the inductor value by 30% compared to other #lters.
Index Terms—Boost, Di"erential Mode noise, Electromagnetic Interference #lter, small signal
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I. INTRODUCTION

The electromagnetic interference (EMI) filter issue is one of the most key topics in power elec-
tronics due to the high-frequency noises presented by power switches. Input sources may have 
voltage drops because of the high-frequency noises, and such noises disrupt the operation of 
other devices. Besides, using converters with higher-magnitude noises can harm solar panels in 
terms of renewable energy. Furthermore, noises with higher magnitude can arise at each opera-
tion of the power converter, including boundary conduction mode (BCM), discontinuous con-
duction mode (DCM), and continuous conduction mode (CCM), which inevitably have higher 
current ripples. Therefore, the design process of the EMI filter must be made carefully, especially 
for the DC–DC boost converter, which is the most preferable topology for maximum power 
extraction from solar panels.

The design, operation, and analysis of the boost converter are given in [1]. For power converters, 
EMI filter structures canceling differential mode (DM) noise are presented in [2-4]. The most pop-
ular topology for power converters is an inductor capacitor (LC) filter, whose design and analysis 
are given in [5-6]. Also, configurations and analysis of LC filters having damping circuits to pro-
vide damping to filter resonance are included in [2, 5-6]. Some applications use the pi filter as a 
DM filter in [7-8] without giving a detailed analysis of the filter effect on the boost converter. The 
design of the induc tor-c apaci tor-i nduct or (LCL) filter is realized for inverter applications in [9], 
for boost converters in [10] without examining its effect on control characteristics. For the buck 
converter, the effect of the LC filter on the control characteristic is examined in [11-12] without 
considering DM noise. LC with damping and LC filter effect is investigated in [13] by cascading 
transfer functions of the boost converter and filters without comparing DM noise. For the boost 
converter, [14] derives small-signal analysis and modeling based on average state space. Also, a 
circuit-based average model for boost converter is given in [15-18] with small-signal analysis. In 
addition, the filter effect on the converter is analyzed in [19] for an isolated Cuk converter, in [20] 
for a Cuk converter, and in [21] for a power-factor-corrected isolated Cuk converter. Moreover, 
[22] presents a two-stage LCLC filter for interleaved AC–DC converters. For a three-phase active 
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bridge rectifier, an EMI filter is designed in [23] as well. [24] also 
presents the input current ripple estimation of multilevel grid-tied 
converters.

This paper presents the design and application of LCL, pi, LC with 
damping, and LC EMI filters for a boost converter operated in CCM. 
In the literature review, the design and analysis of the EMI filter effect 
on the boost converter are not included in the literature as pre-
sented in the paper, though it is a vital topic for a boost converter. In 
addition, the use of LCL filter with a boost converter is not presented 
in the literature in detail. For a boost converter including filters, this 
paper also derives a small-signal analysis. Furthermore, for a boost 
converter, filter influences on transfer functions are shown. Also, the 
frequency spectrum of the converter with filters is measured, and 
DM noises are investigated. Moreover, experimental verification 
is realized by a 15 W boost converter with a 25 kHz switching fre-
quency. Applications and analysis prove that the LCL filter has bet-
ter control characteristics. Further, the LC and Pi filters have better 
results in reducing DM noise. Besides, inductor reduction by 30% is 
maintained with the LCL filter. Also, simulation results support the 
application results.

II. BOOST CONVERTER

Fig. 1(a) shows the structure of a boost converter having an inductor, 
capacitor, power switch, diode, and load. Boost converters’ output 
voltage is higher than the input voltage with the same polarity.

The operation and model of the boost converter can be derived via 
switch-off and -on equivalents, as shown in Fig. 1. At the on position 
of the switch, L is energized, and the load is fed by C. At the off posi-
tion of the switch, L and the input supply deliver their energy to C 
and the load.

A mathematical model of the boost converter is derived by using 
Kirchhoff’s law for switch-off and -on circuits in Fig. 1. For the switch-
on equivalent, the model is obtained by (1–2) as in [14]. In the 
equations, Vin is the input voltage, Vo is the output voltage, C is the 
capacitance, L is the inductance, R is the load resistance, and iL is the 
inductor current.

di
dt

=V L
L in  (1)

dV
dt

=-V RC
o o  (2)

For switch-off equivalent, a model is obtained by (3–4) as in [14, 19].

di
dt

= V
L - V

L
L in o  (3)

dV
dt

=i
C - V

RC
o L o  (4)

A boost converter model is presented in (7) with the form of (5) by 
using the average model concept in (6) as in [14]. In the equations, 
A is the system matrix, u is Vin, d is the duty cycle, and B is the input 
matrix.
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The effect of EMI filters on boost converters can be analyzed using 
linear techniques; therefore, a boost converter model in (7) should 
be linearized. Linearization is done by using small-signal analysis, 
meaning linearization for the operation point. To obtain the small-
signal model, (8) is used with (7), as in [14, 19, 20].

" ""x = DA 1-D A x+ A -A x+ B -B u d1 2 1 2 1 2
! "# $# $ # $ # $# $  (8)

In (8), d = D + "d  and x = x + "x . Also, ()" , ()  symbols refer to small-sig-
nal variations and steady-state values. After small-signal analysis in 
(8), the converter transfer function can be acquired in (10) via using 
(9) as in [25].

T s =C(sI-A) B-1! "  (9)
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2
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 (10)

The minimum capacitor and inductor values for the CCM operation 
of the converter are designed by (11–12) as in [1]. In the equations, 
fs is the switching frequency and ΔVc is the capacitor ripple voltage.

L D(1-D)
2fmin

2

s
≥

R  (11)

Fig. 1. (A) Boost DC–DC converter. (B) Switch-on equivalent. (C) Switch-o" equivalent.
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C = DV
f R Vmin

o

s c∆
 (12)

By using L = 147 μH, C = 940 μF, R = 13 Ω, Vin = 12 V, and d = 0.18, 
Fig. 2 depicts root locus and bode diagrams. In the diagrams, the 
converter has a zero at 5.95 × 104 in the right half plane, meaning 
it has non-minimum phase characteristic. The poles are at −40.9 ± 
2.21 × 103 j. By increasing the controller gain, one pole will reach 
zero in the right half plane, and the other pole will reach infin-
ity through the positive x axis, making the converter unstable. 
Also, increasing the gain by more than 0.0561 makes the system 
unstable.

III. ELECTROMAGNETIC INTERFERENCE FILTERS

Electromagnetic interference filters are connected between the 
power converter and the input source in order to diminish high-
frequency noise and obtain continuous input current when the con-
verter has a high ripple current. This paper investigates, designs, and 
implements LCL, LC with damping, pi, and LC filters shown in Fig. 3.

Furthermore, the filter effect on the converter is investigated 
by root locus and bode plots. Also, frequency spectrums are 
compared.

A. Inductor Capacitor Electromagnetic Interference
Fig. 3(a) gives the LC filter, including the inductor Lf capacitor Cf. 
Inductors and capacitors of the filter are chosen by using (13–14) as 
in [5, 6, 20].

f = 1
2 L C

,f =0.1fo
f f

o sπ
 (13)

L = (V -V )D
I f

,f
in 0

Lf sw∆
 (14)

Besides, (15) gives the filter transfer function.

T s = V
V

= 1
(s L C +1)

0

in
2

f f
! "  (15)

B. Inductor Capacitor with Damping Electromagnetic 
Interference Filter

Fig. 3(b) gives LC with a damping filter having an inductor Lf, capaci-
tor Cf and a damping resistor Rb and capacitor Cb. Passive compo-
nents of the filter are calculated by using (13–14, 16–17) as in [5, 6, 
20]. n is the capacitance ratio, Po is the converter output power, Rin 
is the input impedance of the converter, and ζ is the damping ratio.

Fig. 2. (A) Bode. (B) Root locus diagram of boost converter.

Fig. 3. Electromagnetic interference #lters: (A) LC #lter, (B) LC with damping, (C) pi #lter, and (D) LCL #lter.
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Besides, (18) gives the filter transfer function.

T s = V
V

= sR C +1
s R C C L +s R C L +R C L +sR C +1

0

in

b b
3

b b f f
2

d f f b b f b b
! " ! "  (18)

C. Pi Electromagnetic Interference Filter
A pi filter is shown in Fig. 3(c), which has inductor Lf and two capaci-
tors Cf. Passive components of the filter are calculated by using (13–
14) as in [5, 6]. In addition to neglecting the input impedance, a pi 
filter has the same transfer function as the LC filter given in (19).

T s = V
V

= 1
(s L C +1)

0

in
2

f f
! "  (19)

D. Induc tor-C apaci tor-I nduct or Electromagnetic Interference 
Filter
Induc tor-c apaci tor-i nduct or electromagnetic interference filter is 
given in Fig. 3(d), having two inductors Lf1, Lf2, capacitor Cf, and a 
damping resistor Rb. Filter components are found in (13–14, 20–21), 
as in [9, 19, 20]. fg is the grid frequency that is equal to “0,” fo is the 
filter resonance, and r is the inductance ratio.

f = 1
2

L L
L L C

,10f <f <0.5f L =rL+
+o
f1 f2

f1 f2 f
g o s f2 f1

π
,  (20)

R = 1
6 f Cb

o fπ
 (21)

Besides, the transfer function of the filter is derived in (22). In (22), Lf2 
is assumed to be added to the L of the boost converter.

T s = V
V

= C R s+1
s L C +R C s+1

0

in

f b
2

f f b f
! " ! "  (22)

IV. APPLICATIONS

A boost converter is experimentally verified by using LCL, pi, LC with 
damping, and LC filter in laboratory, as shown in Fig. 4(a). Also, simu-
lations are conducted using power electronics simulator (PSIM) soft-
ware, whose circuit is given in Fig. 4(b). Measurements are realized 
through the TPS2024B oscilloscope (Tektronix, Beaverton, OR, USA), 
TPP0201 voltage probes, and A622 current probe (Tektronix), as shown 
in Fig. 4a. Via the line impedance stabilizer network (LISN) in Fig. 4(a), 
DM noise is measured as in [20]. In LISN of Fig. 4(a), there are two 50μH 
inductors connected in series to the (+), (−) terminals of the DC power 
supply. Measurements on the 1.25 MHz scale are conducted by a 1 kΩ 
resistor that is connected in series with a 100 nF capacitor at the out-
put of the LISN inductors, and at the input of the LISN, a 1 μF capacitor 
is connected. The LISN is tied between the power supply and filters. 
Furthermore, the hardware prototype shown in Fig. 4(a) includes a 
boost DC–DC converter, EMI filters, two DC power supplies (one for 
the converter and another one for the driver IC), and a dsPIC30F4011 
microcontroller unit, which is used to control the converter. 

Table I gives the passive component values used for the study.

A. Inductor Capacitor Electromagnetic Interference Filter
For showing filter influence to the converter, (15) is added to (10) to 
have a total transfer function in (23).

T s = = -1460s+8.68 10
4 10 s +3.27 10 s +1.0195s +81

~
7

-9 4 -7 3 2! " #
# #

V
d

0
" ..83s+4.87 106#  (23)

Fig. 4. (A) Laboratory set-up. (B) Simulation circuit.

TABLE I PASSIVE VALUES

Filter Lf (Lf1) Lf2 Cf Rd Cd

LC 100 μH - 40 μF - -

LC with damping 100 μH - 40 μF 2.8 Ω 160 μF

pi 100 μH - 40 μF - -

LCL 35 μH 35 μH 10 μF 0.44 Ω -

Boost converter

L = 147 μH C = 940 μH d = 0.18 f = 25kHz R = 13 Ω

C: Capacitor, L: inductor.
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The filter effect is observed via the bode and root locus graphs 
depicted in Fig. 5. In the root locus graph, two poles are added 
because of the LC filter. A boost converter with filter is still non-min-
imum phase, having a zero at 5.95 × 104 in the right half plane. The 
pole locations are ±1.58 × 104 j and −40.9 ± 2.21 × 103 j. The system is 
unstable after incrementing the controller gain by more than 0.0539.

Furthermore, Fig. 6 shows application and simulation results, includ-
ing L1 current, output–input current, Pulse width modulation (PWM), 
and input–output voltage. A continuous inductor current with a 
higher ripple for CCM is observed. From the application, IL1 stays 
between 1.8 and 1.1 A. Iin is between 1.52 and 1.4A. Io is between 
1.32 and 1.1 A. Vin is 12.8 V, and Vo is 14.1 V. From simulation, IL1 stays 

Fig. 5. (A) Bode diagram. (B) Root locus diagram of inductor capacitor #lter with a boost converter.

Fig. 6. (A) PWM, Vin, IL1, Vo; (B) PWM, Vin, Iin, Vo, (C) PWM, Vin, Io, Vo, and (D) simulation results with inductor capacitor #lter.
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between 1.858 and 1.1192 A. Iin is between 1.49256 and 1.4838 A. Io 
is between 1.11925 and 1.09824 A. Vin is 12V. Vo is between 14.55 and 
14.277 V.

Besides, the converter frequency spectrum using the LC filter is given 
in Fig. 7. Fig. 7(a) shows the L1 current frequency spectrum; Fig. 7(b) 
shows the input current frequency spectrum at 25 kHz scale; Fig. 7(c) 
shows the frequency spectrum of DM noise at 1.25 MHz scale; and 
Fig. 7(d) shows the Fast fourier transform(FFT) simulation. It is seen 
that the input current has 16 dB at 25 kHz, 15 dB at 124 kHz, and 14 
dB at 174 kHz magnitude. Also, DM noises are 12 dB at 0.375 MHz, 
20 dB at 3.8 MHz, and 19 dB at 10.6 MHz. From FFT simulation, Iin is 
1.50657 A at (0 Hz), 0.00417 A at (25 kHz), and 0.00055 A at (50 kHz). IL 
is 1.5034 A at (0 Hz), 0.294 A at (25 kHz), 0.0946 A at (50 kHz), 0.02534 
A at (75 kHz), and 0.0054 A at (125 kHz).

B. Inductor Capacitor with Damping Electromagnetic 
Interference Filter
Considering (18) and (10), a cascaded transfer function is organized 
in (24) to show the filter effect.

T s = = -0.6543s +3.74 10 s+8.68 10
1.792 10 s +5.614

2 4 7

-12 5! " # #
#

V
d

0

~

" 110 s +0.00046130s +1.309s +2262s+4.866 10-8 4 3 2 6#
 

 (24)

By using the transfer function in (24), root locus and bode graphs 
are sketched in Fig. 8 for a boost converter employing an LC with a 
damping filter. It is observed that three poles and a zero are added 
to the converter by the filter at −2.03 × 104, −7.09 × 103, −3.88 × 103, 
and −2.23 × 103 by the root locus graph. The converter poles and 
zero are at −40.9 ± 2.21 × 103 j and at 5.95 × 104. Increasing the con-
troller gain by more than 0.009 makes the system unstable.

Furthermore, Fig. 9 shows application and simulation results, includ-
ing L1 current, input–output currents, PWM, input voltage, and out-
put voltage. A continuous inductor current with a higher ripple for 
CCM is observed. From the application, IL1 stays between 1.8 and 
1.1A. Iin is between 1.56 and 1.4A. Io is between 1.24 and 1.1A. Vin 
is 12.8V. Vo is 14.1V. From simulation, IL1 stays between 1.8578 and 
1.11935A. Iin is between 1.492285 and 1.484A. Io is between 1.119248 
and 1.09824A. Vin is 12V, and Vo is between 14.55 and 14.277V.

Besides, Fig. 10(a) shows L1 current frequency spectrum, Fig. 10(b) 
shows input current frequency spectrum at 25kHz scale, and Fig. 
10(c) shows frequency spectrum of DM noise at 1.25 MHz scale. Fig. 
10(d) shows FFT simulation. It is seen that the input current has 14 
dB at 25 kHz, 13.6 dB at 124 kHz, and 16 dB at 174 kHz magnitude. 
Also, DM noises are 25 dB at 0.375 MHz, 21 dB at 3.8 MHz, and 20 dB 
at 10.6 MHz. From FFT simulation, Iin is 1.5084 A at (0 Hz), 0.00394 A 

Fig. 7. (A) IL1 at 25 kHz, (B) Iin at 25 kHz, (C) DM at 1.25 MHz, and (D) FFT simulation results with inductor capacitor #lter.
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Fig. 8. (A) Bode diagram. (B) Root locus diagram of inductor capacitor with damping #lter with boost converter.

Fig. 9. (A) PWM, Vin, IL1, Vo; (B) PWM, Vin, Iin, Vo, (C) PWM, Vin, Io, Vo, and (D) simulation results with inductor capacitor with damping #lter.
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at (25 kHz), 0.000519 A at (50 kHz). IL is 1.50338 A at (0 Hz), 0.294 A 
at (25 kHz), 0.09458 A at (50 kHz), 0.02534 A at (75 kHz), and 0.0054 
A at (125 kHz).

C. Pi Electromagnetic Interference Filter
By omitting the source impedance, an LC filter transfer function is 
employed for a pi filter. So, bode and root locus diagrams are the 
same as with an LC filter in Fig. 5. In Fig. 11, L1 current, input current, 
output current, PWM, and input–output voltage are given. Also, con-
tinuous inductor current with a higher ripple is observed for CCM. 
From application, IL1 stays between 1.8 and 1.1 A. Iin is between 1.68 
and 1.4 A. Io is between 1.24 and 1.1 A. Vin is 12.8 V. Vo is 14.1V. From 
simulation, IL1 stays between 1.858 and 1.11918 A. Iin is between 
1.49256 and 1.4838 A. Io is between 1.11925 and 1.09824 A. Vin is 12 V. 
Vo is between 14.55 and 14.277 V.

Besides, Fig. 12(a) shows application and simulation results, includ-
ing the frequency spectrum of L1 current; Fig. 12(b) shows the fre-
quency spectrum of input current at 25 kHz scale; Fig. 12(c) shows 
frequency spectrum of DM noise at 1.25 MHz scale; and Fig. 12(d) 
shows FFT simulation. It is seen that the input current has 12 dB at 
25 kHz, 11 dB at 124 kHz, and 13 dB at 174 kHz magnitude. Also, DM 
noises are 20 dB at 0.375 MHz, 20 dB at 3.8 MHz, and 19 dB at 10.6 
MHz. From the FFT simulation, Iin is 1.507 A at (0 Hz), 0.003747 A at 

(25 kHz), and 0.000485 A at (50 kHz). IL is 1.5034 A at (0 Hz), 0.294 A 
at (25 kHz), 0.0946 A at (50 kHz), 0.02534 A at (75 kHz), and 0.0054 A 
at (125 kHz).

D. Induc tor-C apaci tor-I nduct or Electromagnetic 
Interference Filter
Induc tor-c apaci tor-i nduct or filter is applied to a boost converter by 
using the values given in Table I. Although in the literature, LCL filters 
are commonly used for inverter topologies, LCL filters for boost con-
verters are not presented in detail.

The transfer function is rearranged in (25) by cascading (10) and (22) 
to present the influence of the filter on the converter.

T s = = 0.0064s +1769s+7.01 10
3.5 10 s +4.43 10 s +

2 7

-10 4 -6 3! " #
# #

V
d

0

~

" 11.0017s +99.13s+3.93 102 6#
  

 (25)

By using (25), Fig. 13 depicts bode and root locus graphs. By root 
locus graph, the system has two zeros and four poles located at 
−4.8x104, −2.27x105, −6.29 x 103 ± 5.31 x 104 j, and −40.9 ± 1.98 x 103 

j, respectively. The system is unstable if the controller gain increases 
by more than 6.1349.

Fig. 10. (A) IL1 at 25 kHz, (B) Iin at 25 kHz, (C) DM at 1.25 MHz, and (D) FFT simulation results with inductor capacitor with damping #lter.
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Furthermore, Fig. 14 shows application and simulation results, 
including L1 current, input–output current, PWM, input voltage, 
and output voltage. Continuous input current is acquired. From the 
application, IL1 stays between 1.76 and 1.2A. Iin is between 1.52 and 
1.4A. Io is between 1.4 and 1A but it stays at 0.2A. Vin is 12.8V. Vo is 
14.1V. From simulation, IL1 stays between 1.792 and 1.18865A. Iin is 
between 1.526 and 1.446A. Io is between 1.11852 and 1.098A. Vin is 
12V. Vo is between 14.54 and 14.277V.

Besides, Fig. 15(a) shows the L1 current frequency spectrum, Fig. 
15(b) shows the input current frequency spectrum at 25 kHz scale, 
and Fig. 15(c) shows the frequency spectrum of DM noise at 1.25 
MHz scale. Fig. 15(d) shows the FFT simulation. It is seen that the 
input current has 24 dB at 25 kHz, 18 dB at 124 kHz, and 14 dB at 174 
kHz magnitude. Also, DM noises are 30 dB at 0.375 MHz, 18 dB at 3.8 
MHz, and 22 dB at 10.6 MHz. From FFT simulation, Iin is 1.506 A at (0 
Hz), 0.03815 A at (25 kHz), and 0.00416 A at (50 kHz). IL is 1.504 A at (0 
Hz), 0.2415 A at (25 kHz), 0.07677 A at (50 kHz), 0.0205 A at (75 kHz), 
and 0.0043 A at (125 kHz).

V. RESULTS AND FINDINGS

Filter comparison, including maximum control gain, filter attenua-
tion, and peak magnitude, is given in Table II by using the transfer 

functions in (23), (24), and (25). As a result, the LCL filter gives better 
results for controller gain and peak magnitude, while the LC and Pi 
give better results for filter attenuation.

Differential mode noise comparisons of filters are presented in 
Table III. As shown in Table III, the pi filter gives better results for 25 
kHz, 124 kHz, and 174 kHz. The inductor capacitor filter for 0.375 MHz 
and 10.6 MHz and the LCL filter for 3.8 MHz present better results. In 
addition, the FFT simulation results are summarized in Table IV. It is 
observed that the LCL filter gives poorer attenuation results at 25 
kHz and 50 kHz by ten times than other filters, similar to the results 
in Table III at lower frequencies.

As a result of the simulations, the LC, LC with damping, and pi filters 
have the same Iin, IL, and Vo values, but the LCL filter has higher ripple 
values than the other filter structures. Also, in experiments, similar 
results with simulations are obtained. Besides, experimental results 
are slightly different than simulation results, up to a maximum 6.7%. 
The results of the filter regarding simulations and experiments are 
given in Table V. 

VI. CONCLUSION

This paper designs an LCL, pi, LC with damping, and LC EMI filter 
for a boost converter operated in CCM. Filter effects on control 

Fig. 11. (A) PWM, Vin, IL1, Vo, (B) PWM, Vin, Iin, Vo, (C) PWM, Vin, Io, Vo, and (D) simulation results with a pi #lter.
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Fig. 12. (A) IL1 at 25 kHz, (B) Iin at 25 kHz, (C) DM at 1.25 MHz, and (D) FFT simulation results with a pi #lter.

Fig. 13. (A) Bode diagram. (B) Root locus diagram of induc tor-c apaci tor-i nduct or #ltered boost converter.
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Fig. 14. (A) PWM, Vin, IL1, Vo; (B) PWM, Vin, Iin, Vo, (C) PWM, Vin, Io, Vo, and (D) simulation results with LCL #lter.

Fig. 15. (A) IL1 at 25 kHz, (B) Iin at 25 kHz, (C) DM at 1.25 MHz, and (D) FFT simulation results with induc tor-c apaci tor-i nduct or #lter.
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and DM noise are not presented in the literature, even though an 
EMI filter is vital for a boost converter. Also, the design of the LCL 
filter for the boost converter is not proposed in the literature in 

detail. This article presents a practical EMI filter design method 
that is a generally complex phenomenon in power electronics 
for a boost DC–DC converter. Furthermore, the transfer function, 
small-signal analysis, and mathematical model of the boost con-
verter for CCM are summarized. Also, the impact of each filter on 
the boost converter is investigated by bode diagrams and root 
locus.

The study is carried out through experiments with a 15 Watt con-
verter and simulations. As a result of the experiments, frequency 
spectrums, input–output voltages, and currents are given for each 
filter. It is observed by the application results that, regarding con-
trol characteristics, the LCL filter gives better results. Also, for DM 
noise reduction, the LC and pi filters are better than other topolo-
gies. With respect to FFT simulation, although at higher frequencies 
the LCL filter has higher values at the input current, it has lower 
values at the inductor current. Besides, similar efficiencies are 
obtained by each filter at 84%. Moreover, the LCL filter reduces the 
filter inductor amount by 30% compared other topologies. Further, 
regarding inductor current ripple, the LCL filter has a lower value 
compared to other structures with regard to both simulation and 
experimental results. In terms of input current ripple, the LCL and 
LC filters have lower ripple at experiments, while the LCL filter has 
higher ripple at simulations. In addition, according to simulation 
results, the LCL filter has lower output voltage and output current 
ripples. Other filter topologies have the same voltage and current 
ripples in simulations. However, the output current ripple of the 
LCL filter is relatively higher than other topologies in experiments. 
Moreover, in applications, each filter except the LCL filter has the 
same ripple values on the input inductor current. The LC filter also 
has a lower input current ripple than the pi and LC with damping 
filters. Furthermore, the pi and LC with damping filters have a lower 
input current ripple than the pi and LC with damping. Furthermore, 
pi and LC with damping filters have a lower output current ripple 
than other types. 

TABLE II COMPARISON OF FILTERS

LC LC with damping Pi LCL

Control gain 0.0539 0.009 0.0539 6.1349

Filter attenuation by decade (105–106 rad/s) 61.7 dB 61.3 dB 61.7 dB 51.3 dB

Peak magnitude at corner frequency 295 dB at 1.58 × 104 rad/s 54.9 dB at 2.21 × 103 rad/s 295 dB at 1.58 × 104 rad/s 52.7 dB at 1.98 × 103 rad/s

C: Capacitor, L: inductor.

TABLE III DIFFERENTIAL MODE NOISES OF FILTERS

LC
LC with 

damping Pi LCL

16 dB at 25 kHz 14 dB at 25 kHz 12 dB at 25 kHz 24 dB at 25 kHz

15 dB at 124 kHz 13.6 dB at 124 kHz 11 dB at 124 kHz 18 dB at 124 kHz

14 dB at 174 kHz 16 dB at 174 kHz 13 dB at 174 kHz 14 dB at 174 kHz

12 dB at 0.375 MHz 25 dB at 0.375 MHz 20 dB at 0.375 MHz 22 dB at 0.375 MHz

20 dB at 3.8 MHz 21 dB at 3.8 MHz 20 dB at 3.8 MHz 18 dB at 3.8 MHz

19 dB at 10.6 MHz 20 dB at 10.6 MHz 19 dB at 10.6 MHz 30 dB at 10.6 MHz

TABLE IV FFT SIMULATION RESULTS OF FILTERS

LC LC with damp. Pi LCL

Iin (A) 1.50657 (0 Hz) 1.5084 (0 Hz) 1.507(0 Hz) 1.506 (0 Hz)

0.00417 (25 kHz) 0.00394 (25 kHz) 0.003747 (25 kHz) 0.03815 (25 kHz)

0.00055 (50 kHz) 0.000519 (50 kHz) 0.000485 (50 kHz) 0.00416 (50 kHz)

IL (A) 1.5034 (0 Hz) 1.50338 (0 Hz) 1.5034 (0 Hz) 1.504 (0 kHz)

0.294 (25 kHz) 0.294 (25 kHz) 0.294 (25 kHz) 0.2415 (25 kHz)

0.0946 (50 kHz)  0.09458 (50 kHz) 0.0946 (50 kHz) 0.07667 (50 kHz)

0.02534 (75 kHz) 0.02534 (75 kHz) 0.02534 (75 kHz) 0.0205 (75 kHz)

0.0054 (125 kHz) 0.0054 (125 kHz) 0.0054 (125 kHz) 0.0043 (125 kHz)

TABLE V. SIMULATION AND EXPERIMENTAL RESULTS OF FILTERS

Simulation Experiment

LC LC with damp. Pi LCL LC LC with damp. Pi LCL

Iin (A) 1.49256–1.4838 1.492285–1.484 1.49256–1.4838 1.526–1.446 1.52–1.4 1.56–1.4 1.68–1.4 1.52–1.4

IL (A) 1.858–1.1192 1.8578–1.11935 1.858–1.11918 1.792–1.18865 1.8–1.1 1.8–1.1 1.8–1.1 1.76–1.2

Io (A) 1.11925–1.09824 1.119248–1.09824 1.11925–1.09824 1.11852–1.098 1.32–1.1 1.24–1.1 1.24–1.1 1.4–1

Vin (V) 12 12 12 12 12.8 12.8 12.8 12.8

Vo (V) 14.55–14.277 14.55–14.277 14.55–14.277 14.54–14.277 14.1 14.1 14.1 14.1
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