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ABSTRACT In this study, the application and analysis of LCL filter topologies including an LCL, an LCL
with damping, and an LCL trap filter used by a DC-DC isolated Ćuk converter operated at CCM are
presented. The converter is designed for 50 W with 42 kHz switching frequency using a SiC MOSFET
as a power switch. Although LCL filter topologies are commonly used with an inverter, their use in DC-DC
converters has not been studied in detail. The main contribution of the paper is the application, design, and
analysis of an LCL trap filter, which is not presented for a DC-DC converter in the literature, as an input
filter of a DC-DC isolated Ćuk converter. For exact analysis of the effect of the filter, as a second main
contribution of the paper, a state-space average mathematical model, small signal analysis of an isolated
Ćuk converter for CCM operation, which was not presented before in the literature, is derived and its transfer
function is obtained. In this paper, the practical design and transfer functions of LCL-based filter topologies
are also presented. In order to analyze the effect of filter topologies by using linear methods including
root locus and Bode graphs, the transfer function of the converter is cascaded with the transfer function
of each filter separately, which is the third contribution of the paper because such analysis has not been
presented in the literature. Furthermore, each cascaded transfer function and the transfer function of the
converter are validated by step responses. All LCL filters, with an LC filter for comparison, are employed
in the experimental setup. Owing to the applications, control characteristics and input current ripples are
measured. In addition, the efficiencies of each different structure are determined. As a result of the analysis
and measurements, the LCL trap filter gives better results in terms of efficiency (86%) and input current
ripple (0.96 A peak). Moreover, the LCL with damping filter gives poorer control characteristics, but the
maximum gain of the controller avoiding the instability of LCL with damping is 0.0855, which is higher
than that of the others. Furthermore, it is shown that each LCL filter topology provides a 45% lower total
inductor value compared to the LC filter.

INDEX TERMS CCM, isolated Cuk, LCL, LC, small-signal, trap.

I. INTRODUCTION
Filter design is one of the most crucial points for power
converters. Mainly, the purpose of the filter is to reduce
the high frequency noise of the power switch and minimize
current ripples. In addition, for DC-DC converters, the tra-
ditional LC filter is the most preferred structure. However,
by comparing LCL-based filters, which are not studied in the
literature in detail for DC-DC converters, the LC filter has
a higher total inductor value. Therefore, the use of an LCL
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filter makes the use of a lower total inductor value possible.
In addition, to obtain galvanic isolation by using a high fre-
quency transformer on the power converter is very important
because of providing electrical isolation and adjusting lower
output voltage values. Hence, the use of a DC-DC isolated
Ćuk converter is very eye-catching due to its high frequency
transformer and inductors at both the input and outside of the
converter reducing current ripple.

In the literature, filter design and an isolated Ćuk converter
are introduced in some studies as given below.

The review and design considerations of passive filters,
mainly LCL-based type topologies, are introduced for three
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phase converters in [1]. The design and analysis of an LCL
with damping filter is presented for inverter application in
[2] and for a three phase PWM rectifier in [3] without con-
sidering the cascaded transfer function. For a single phase
PFC converter the design and application of the LC filter
are given in [4] without modeling the filter. The design and
application of an LCL trap filter for inverter applications are
presented in [5], [6], [7], and [8]. Reference [9] proposes an
LCL trap filter for a three phase PWM rectifier without con-
sidering the effect of the converter by simulation study. The
fundamental analysis, design, and theory of an isolated Ćuk
converter without deriving state-space model is presented in
[10], [11], and [12]. Circuit-based small signal analysis of a
DC-DC isolated Ćuk converter considering themagnetization
effect without a state-space model and application for DCM
operation is given in [13]. Designing by reduced transfer
function using a circuit-based model of a three stage isolated
Ćuk converter for DCM operation is given in [14]. Reference
[15] and [16] present an isolated PFC Ćuk converter as a
LED driver application without using its model and giving
information about the input filter. An isolated PFC Ćuk con-
verter using an LC filter without considering its effect on the
converter is presentedwith a bridgeless type in [17] andwith a
bridge rectifier in [18] as a front-end converter for motor drive
application. Reference [19] and [20] present a PFC isolated
Ćuk converter without deriving a state-space model and small
signal analysis for battery charging applications.

In addition, to the references stated above, filter designs
including LC, LCL, LCL with damping, and LCL trap filters
with respect to power converters in the literature are summa-
rized in Table 1. The converters in the table are classified
as DC-DC, DC-AC, and AC-DC. It can be seen from the
table that an LCL trap filter is not presented for DC-DC
converters in the literature. Moreover, LCL in [25], [26],
and [27] and LCL with damping filter in [32] and [33] for
DC-DC converters are simulation-based studies and there are
no application results showing the effect of LCL type filters
for DC-DC converters.

TABLE 1. Filter design by topologies with respect to converter types in
literature.

Furthermore, in the literature a comparison of the filter
types is presented. However, the studies are conducted by
simulations. For instance, [37] includes a comparison of L,
LC, and LCL filters for a distribution system without appli-
cation, just a simulation study, and it concludes that the LCL
filter gives higher attenuation and lower total inductor values.
Reference [38] compares LC, LCL, and LCL with damping

resistor by simulation study for a single phase inverter and
it shows that the LCL with damping filter provides optimum
efficiency. L and LCL with damping filters are compared in
[39] and [40] with a three phase PWM rectifier by simulation
and [39] shows that the L filter gives better performance with
respect to THD and efficiency, while [40] states that the LCL
filter provides lower total inductance and higher power loss
on the damping resistor. Reference [41] and [42] compare
L, LC, and LCL filters in a simulation study for inverter
applications and it is concluded that the LCL filter provides
better attenuation with lower inductance. Comparison of LCL
and LCL trap filters is realized by simulation study for a three
phase rectifier in [43] and for a three phase inverter in [44]
and [43] concludes that LCL trap filter topology provides less
harmonic distortion and [44] states that both filters ensure the
limits.

In addition, comparisons of different filter design method-
ologies using common and differential mode noises with
different combinations of LC filter for DC-DC converter and
electrical motor without considering the control effect of the
converter and electrical motor are presented in [45] and [46].
Reference [47] designs a magnetic integrated LCL filter for a
single phase inverter with a SiC MOSFET and it shows that
the volume and weight of the filter are less than those of a
traditional LCL filter.

Moreover, some studies in the literature analyze the filter
effect and its stability. For example, the effect of an LC filter
on a DC-DC buck and boost converter by using Bode plots
with small signal analysis and cascading the filter transfer
function without applications in [48] and [49] and with appli-
cation for a DC-DC boost converter in [50] is examined.
Reference [51] analyzes the LC filter’s effect on a DC-DC
buck-boost converter by cascading converter and filter trans-
fer function without application. Stability analysis of LC-
based filters with different damping structures is realized in
[52] for DC-DC converters without considering the converter
transfer function. Stability analysis and active stabilization
for constant power loads are presented by using an LC filter
with a DC-DC buck converter in [53] and [54] and for a boost
converter in [55] and [56] presents Lyapunov-based control
of a DC-DC boost converter using an LC filter by integrating
a filter mathematical model. Reference[57] presents stability
analysis of a multi-trap LCL filter by using a grid connected
converter without considering the transfer function of the
converter. State-space control of an inverter using an LCL
filter is presented in [58]. Reference [59] presents state-space
control of a three phase PWM converter using an LCL filter
considering the filter effect and it is concluded that the LCL
filter-based system gives better performance than the L filter-
based system.

After the literature review, it can be concluded that dif-
ferent input filter types used for the DC-DC converter are
not analyzed deeply using small signal models and cascaded
transfer functions with respect to control characteristic and
input ripple reduction. Therefore, the present paper presents
the analysis, application, and comparison of the LCL type
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input filter topologies including LCL, LCL with damping,
and LCL trap filters with a DC-DC isolated Ćuk converter
designed for 50 W power with 42 kHz switching frequency
using a SiC power switch. In the literature an LCL type
filter especially an LCL trap filter is not presented for a
DC-DC converter. One of the main unique contributions of
the paper is the design, analyses, and implementation of
an LCL trap filter as an input filter of a DC-DC isolated
Ćuk converter. After the applications, comparisons are made
with respect to input current, efficiency, and control. Further,
to make a general comparison an LC type filter is included.
As a second unique contribution of the paper, the state-space
average model of the DC-DC isolated Ćuk converter operated
in CCM is derived, small signal analysis is performed, and
the transfer function is obtained, and the transfer function is
analyzed by linear methods including root locus and Bode
graphs. In addition, the transfer function and practical design
of each filter topology is obtained and cascaded transfer
functions of each filter with the transfer function of the DC-
DC isolated Ćuk converter are derived. Then the effects of
each filter topology on the transfer functions are analyzed by
linear methods for the control point of view as such analysis
has not been introduced in the literature before. Due to the
applications, the effects of each filter on efficiency, input
current ripple, and control characteristics are compared. As a
result, the LCL trap filter is better than the others by giving
86% efficiency and 0.96 A current ripple. Moreover, for the
control point of view each filter has similar characteristics
but LCL with damping gives a poorer result. Furthermore,
the total inductor value with the LCL based filters is reduced
45% compared with the LC filter.

II. MODELING OF ISOLATED CUK DC-DC CONVERTER
In Fig. 1 the circuit structure of a DC-DC isolated Ćuk con-
verter having a diode bridge, a high frequency transformer,
two capacitors and two inductors, a power diode, and a power
switch is shown.

FIGURE 1. Circuit structure of isolated Ćuk DC-DC converter.

The operating principle of the DC-DC isolated Ćuk con-
verter is explained by the switch’s on and off positions. When
the power switch is on, L1 stores energy and C1 charges C2
by the power switch, diode, and high frequency transformer.
Moreover, L2 transfers its energy to the load by power diode.
When the power switch is off, C1 is charged by L1 and input
source and C2 discharges to L2 and to load.

The passive components of the converter can be calculated
using (1), (2), (3), (4), (5). For CCM mode of operation
inductor values should be higher than the calculated values
in (1), (2).

L1 =
RL(1− D)2

2Dfsn2
=

12.5× (1− 0.47)2

2× 0.47× 42000× 0.22
=2.2 mH

(1)

L2 =
RL(1− D)

2fs
=

12.5× (1− 0.47)
2× 42000

= 78.9µH (2)

C1 =
Vinn2D2

(1− D)1VC1fsRL

=
142× 0.22×0.472

(1− 0.47)× 10× 42000× 12.5
=451 nF (3)

C2 =
VoD

1VC2fsRL
=

25× 0.47
24× 42000× 12.5

=933 nF (4)

Co ≥
Vo(1− D)
8L21VC0f 2s

=
25× (1− 0.47)

8× 654× 10−6×10× 420002
=143 nF (5)

The state-space average mathematical model of the DC-DC
isolated Ćuk converter for CCM operation of the input induc-
tor can be derived with regard to the switch’s on and off
position as shown in Fig. 2.

FIGURE 2. Isolated Ćuk DC-DC converter, a) switch on and b) switch off
circuits.

In order to derive the state-space mathematical model
of the converter, Kirchhoff’s voltage and current laws are
applied to the switch’s on and off circuits separately.

The model can be derived for the switch on position
in (6), (7), (8), (9), (10), (11).

diL1
dt
=

Vin
L1

(6)
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dVC1
dt
=
−aiL2
C1

(7)

diL2
dt
=

VC1
aL2
+
VC2
L2
−
Vo
L2

(8)

dVC2
dt
=

iL2
C2

(9)

dVo
dt
=

iL2
C0
−

V0
RC0

(10)

•
iL1
VC1
iL2
VC2
Vo

 =

0 0 0 0 0
0 0 −a

C1
0 0

0 1
aL2

0 1
L2
−1
L2

0 0 1
C2

0 0
0 0 1

C0
0 −1

RC0



iL1
VC1
iL2
VC2
Vo

+


1
L1
0
0
0
0

Vin

(11)

For the switch off position, the model can be written in (12),
(13), (14), (15), (16), (17).

diL1
dt
=
−VC1
L1
−
aVC2
L1
+
Vin
L1

(12)

dVC1
dt
=

iL1
C1

(13)

diL2
dt
=
−Vo
L2

(14)

dVC2
dt
=

aiL1
C2

(15)

dVo
dt
=

iL2
C0
−

V0
RC0

(16)

•
iL1
VC1
iL2
VC2
Vo

 =


0 −1
L1

0 −a
L1

0
1
C1

0 0 0 0
0 0 0 0 −1

L2a
C2

0 0 0 0
0 0 1

C0
0 −1

RC0



iL1
VC1
iL2
VC2
Vo

+


1
L1
0
0
0
0

Vin

(17)

To obtain the average state-spacemodel of the converter given
in (19), (11) and (17) are combined by the condition of (18).

A = dA1 + (1− d)A2,B = dB1 + (1− d)B2 (18)
•
iL1
VC1
iL2
VC2
Vo

 =


0 −(1−d)
L1

0 −a(1−d)
L1

0
1−d
C1

0 −ad
C1

0 0
0 d

aL2
0 d

L2
−1
L2

a(1−d)
C2

0 d
C2

0 0
0 0 1

C0
0 −1

RC0



×


iL1
VC1
iL2
VC2
Vo

+


1
L1
0
0
0
0

Vin (19)

In order to derive the linear model and transfer function of the
DC-DC isolated Ćuk converter, small signal analysis of the

converter should be conducted. The small signal equivalent
model can be obtained in (21) by using (20).

·

x̃ = (dA1 + (1− d)A2 )̃x + [(A1 − A2 )̃x

+ (B1 − B2)u]
∼

d (20)
·̃
iL1
VC1
iL2
VC2
Vo

 =


0 −(1−d)
L1

0 −a(1−d)
L1

0
1−d
C1

0 −ad
C1

0 0
0 d

aL2
0 d

L2
−1
L2

a(1−d)
C2

0 d
C2

0 0
0 0 1

C0
0 −1

RC0



×

̃
iL1
VC1
iL2
VC2
Vo

+


VC1+aVC2
L1

−iL1−aiL2
C1

VC1+aVC2
aL2

−aiL1+iL2
C2
0

 d̃ (21)

It is required to find the transfer function of the DC-DC iso-
lated Ćuk converter to apply linear analysis such as root locus
and Bode diagrams. In addition, the transfer function of (21)
should be cascaded with each filter topology to achieve exact
analysis. Thus, the transfer function of (21) is derived in (23)
by using (22).

T (s) =
Ṽo
d̃
= C(sI − A)−1B (22)

T (s) =

s3(
Vin−

Vind
d−1

C0L2a
)+ s2(

d( Vind
2

R(d−1)2
−

Vind
Ra(d−1) )

C0L2C2
+

d( −Vind
2

Ra(d−1)2
+

Vind
R(d−1) )

C0L2C1a
)+ s(

(d−1)2(Vin−
Vind
d−1 )

C0L2C1L1a

−
−da(d−1)(Vin−

Vind
d−1 )

C0L2C2L1
+

(d−1)2a(Vin−
Vind
d−1 )

C0L2C2L1
−

−d(d−1)(Vin−
Vind
d−1 )

aC0L2C1L1
)

s5 + s4
RC0
+ s3( 1

C0L2
+

d2
C1L2
−

d2
C2L2
+

(d−1)2
C1L1

+
a2(d−1)2
C2L1

)+ s2(C2d2−C1d2
C0C1C2L2R

+
(d−1)2
C1C0L1R

+
(d−1)2a2
C2C0L1R

)+ s( (d−1)
2a2

C2C0L1L2
+

(d−1)2
C2C0L1L2

)

(23)

III. FILTER TOPOLOGIES
As an input filter of the DC-DC isolated Ćuk converter, in the
present study LCL-based filter topologies are employed.
Firstly, practical filter design methods are summarized, and
transfer functions of the filters are derived. The LC filter
that is used most in the literature for DC-DC converters is
included to make exact comparisons of the LCL-based filter
topologies, i.e., LCL, LCL with damping, and LCL trap.

A. LC FILTER
The LC filter’s structure is shown in Fig. 3. It consists of a
filter inductor and a capacitor.

In order to calculate filter components practically without
using a line impedance stabilizer network (LISN), (24) can be
used as in [4], [21], and [22]. It should be considered that filter
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FIGURE 3. LC filter.

cut off frequency fc should be much lower than switching
frequency fsw, practically 0.1 times lower.

Lf =
1

4π f 2c Cf
, fsw � fc (24)

The LC filter transfer function can be derived in (25).

T (s) =
V0
Vin
=

1
s2Lf Cf + 1

(25)

B. LCL FILTER WITH DAMPING
The LCL filter with a passive damping structure is shown in
Fig. 4. It is popular to use an LCL filter with damping in
inverter applications [2]. It can be also seen that a parallel
capacitor is added at the output of the filter to increase the
effectiveness of the LCL filter similar to as in [3].

FIGURE 4. LCL filter with damping.

Damping resistance is calculated by using (26). The angu-
lar resonance frequency of the filter in (27) should meet the
condition in (28). The relation of the filter inductors is given
in (29), as in [2].

Rd =
1

3ωresCf
(26)

ωres =

√
L1 + L2
L1L2Cf

(27)

10fg < fres < 0.5fsw (28)

L2 = rL1 (29)

The transfer function of the LCL filter with damping having
parallel Cf is given in (30).

T (s) =
V0
Vin
=

RdCf L2s+ L2
(s4C2

f L
2
f 2Lf 1 + s

3(C2
f L

2
f 2Rd+

C2
f Lf 2Lf 1Rd )+ s

2(Cf L2f 2 + 2Lf 2Lf 1Cf )
+sLf 2RdCf + Lf 2)

(30)

C. LCL FILTER
The LCL filter structure is shown in Fig. 5. The filter does
not have a damping resistor, which can increase power loss.
The same equations (26), (27), (28), (29), (30) are used to
calculate the passive components of the filter.

FIGURE 5. LCL filter.

The transfer function of the LCL filter is given in (31).

T (s) =
V0
Vin
=

L2
(s4C2

f L
2
f 2Lf 1 + s

2(Cf L2f 2 + Lf 2Lf 1Cf )+
sLf 2Lf 1C2

f + Lf 2)

(31)

D. LCL TRAP FILTER
The LCL trap filter structure is shown in Fig. 6. It is seen that
the filter has trap inductor LT instead of Rd. In the literature,
a trap LCL filter is used in inverter applications as in [5], [6],
[7], and [8], but application of the filter for DC-DC converters
is not presented in the literature.

FIGURE 6. LCL trap filter.

Filter capacitor values Cf and CT chosen can be the same
as for the LC filter. The angular resonance frequency of the
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filter is given in (32). The trap resonance frequency and the
condition of the frequencies are given in (33), (34), as in [5],
[6], [7], and [8].

ωres =

√
L1 + L2

CT (L1L2 + LTL2 + LTL1)
(32)

fT =
1

2π
√
LTCT

(33)

10fg < fres < 0.5fT (34)

The transfer function of the LCL trap filter is given in (35).

T (s) =
V0
Vin
=

LTCTL2s2 + L2
(s4(Cf L2f 2LTCT + Cf L

2
f 2L1CT )+

s2(Cf CTLf 2Lf 1LT + Cf L2f 2 + CTLf 2LT+
CTLf 2Lf 1 + Cf Lf 2Lf 1)+ Lf 2)

(35)

IV. APPLICATIONS
Each filter type, including LC, LCL with damping, LCL, and
LCL trap, are employed as an input filter of a DC-DC isolated
Ćuk converter having 42 kHz switching frequency with 50W
power. Applications are conducted by using a GWInstek
APS-9501 AC power supply, TPP0201 and P5122 voltage
probes, A622 current probe, and TPS2024B oscilloscope.
The laboratory setup is shown in Fig. 7. For the power switch
a Cree C2M0280120D SiC MOSFET is used.

Passive values of the isolated DC-DC Ćuk converter are
chosen as L1 =5 mH, L2 =654 µH, C1 =C2 =1 µF, and
Co =940 µF after calculation with (1), (2), (3), (4), (5). The
converter is designed for 50Woutput powerwith 12.5� load,
and the turns ratio is 5. The input voltage is 130 V.

The transfer function of the converter in (23) is calculated
as in (36) by using the passive values. It is vital to derive
the transfer function of the converter in order to examine the
effect of each filter structure by cascading them.

T (s) =
Ṽo
d̃
=

8.66× 107s3−7.103×1012s2+2.402×1017s

(s5 + 85.11s4 + 1.462× 109s3+
1.243× 1011s2 + 2.376× 1015s)

(36)

By using the transfer function of the converter in (36), root
locus and Bode graphs can be sketched as shown in Fig. 8.
It is seen by the root locus that there are four poles at
3.55 × 10−15 ± 3.82 × 104j, −42.6 ± 1.27 × 103j and two
zeros at 4.07 × 104 ± 3.31 × 104j. Zeros are in right half
plane, making the system a nonminimum phase. By the Bode
plot, gain margin is −35.1 dB and phase margin is −23.6◦,
meaning that the open loop DC-DC isolated Ćuk converter is
unstable. Similar Bode plot responses of such a nonminimum
phase system resulting in an unstable system are also obtained
for Ćuk, boost, and SEPIC converters as in [60], [61], [62],
and [63].

For filter applications, the passive values of each filter
type are calculated by using (25), (26), (27), (28), (29),

FIGURE 7. Laboratory setup, a) scope and sources, b) circuit.

(32), (33), (34) and they are given in Table 2. Although the
filter inductor values are higher, lower inductor values can
be obtained by changing filter capacitor value with higher
values.

TABLE 2. Passive values used in paper.

A. LC FILTER
After cascading the transfer function of the LC filter given
in (25) by using the passive value in Table 2, with the transfer
function of the isolated Ćuk DC-DC converter in (36), the
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FIGURE 8. a) Root locus, b) Bode graphs of isolated DC-DC Ćuk converter.

cascaded transfer function is obtained in (37).

T (s) =
Ṽo
d̃
=

(8.716× 107s3 − 7.103× 1012s2+
2.402× 1017s)

(7.7× 10−10s7+6.553× 10−8s6+2.126s5+
180.8s4+1.464× 109s3 + 1.243× 1011s2+
2.376× 1015s)

(37)

Bode and root locus graphs can be sketched in Fig. 9 by
using cascaded transfer function given in (37). It is observed
by root locus that the maximum gain for stability of the
controller is 0.0174. It can also be seen by root locus
that there are six poles at 0.00262±3.82 × 104j, −2.27 ×
10−13 ± 3.6 × 104j, −42.6±1.27 × 103j and two zeros
at 4.07 × 104 ± 3.3 × 104j. By Bode plot, gain margin
is −35.2 dB and phase margin is −27.2◦, meaning that the
open loop DC-DC isolated Ćuk converter with an LC fil-
ter is unstable as in the open loop transfer function of the
converter.

The DC-DC isolated Ćuk converter is operated by using
an LC input filter and the resulting waveforms are given
in Fig. 10 showing the PWM signal, switch voltage, input
current, and output voltage.

FIGURE 9. a) Root locus, b) Bode graphs of cascaded LC filter with
converter.

FIGURE 10. With LC filter, PWM signal, switch voltage, input current,
output voltage.

The PWM signal, switch voltage, input current, and output
voltage are given in Fig. 11 as a close-up of Fig. 10.

Fig. 12 shows the PWM signal, input voltage-current, and
output voltage.

Fig. 13 shows the PWM signal, input voltage, output cur-
rent, and output voltage.
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FIGURE 11. With LC filter, PWM signal, switch voltage, input current,
output voltage, zoomed.

FIGURE 12. With LC filter, PWM signal, input voltage-current, output
voltage.

FIGURE 13. With LC filter, PWM signal, input voltage, output current,
output voltage.

B. LCL FILTER WITH DAMPING
After cascading the transfer function of the LCL filter
with damping given in (30) by using the passive value
in Table 2, with the transfer function of the isolated Ćuk
DC-DC converter in (36), the cascaded transfer function

is obtained in (38).

T (s) =
Ṽo
d̃
=

(2.972s4+6.294× 105s3−
6.284× 1010s2+2.402× 1015s)

(4.36× 10−22s9 + 1.4× 10−17s8

+6.8× 10−12s7 + 5.552× 10−8s6

+0.019s5 + 51.5s4 + 1.464× 107s3 + 1.324
×109s2 + 2.4× 1013s)

(38)

Bode and root locus graphs can be sketched as in Fig. 14 by
using the cascaded transfer function given in (38). It is
observed by root locus that the maximum gain for stability of
the controller is 0.0855. It can be seen by root locus that there
are eight poles at−1.55× 104± 1.094× 105j, -8.11× 102±
4.33×104j, 2.62×10−3±3.82×104j,−42.5±1.27×103j and
three zeros at−2.93×105, 4.07×104±3.3×104j. By Bode
plot, gain margin is −21.4 dB and phase margin is −26.2◦,
meaning that the open loop DC-DC isolated Ćuk converter
with an LCL filter with damping is unstable as in the open
loop transfer function of the converter.

FIGURE 14. a) Root locus, b) Bode graphs of LCL filter with damping.

The DC-DC isolated Ćuk converter is operated by using an
LCL with damping input filter and the resulting waveforms
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are given in Fig. 15, showing the PWM signal, switch voltage,
input current, and output voltage.

The PWM signal, switch voltage, input current, and output
voltage are given in Fig. 16 as a close-up of Fig. 15.

FIGURE 15. LCL filter with damping; PWM signal, switch voltage, input
current, output voltage.

FIGURE 16. LCL filter with damping; PWM signal, switch voltage, input
current, output voltage, zoomed.

FIGURE 17. LCL filter with damping; PWM signal, input voltage-current,
output voltage.

Fig. 17 shows the PWM signal, input voltage-current, and
output voltage.

FIGURE 18. LCL filter with damping; PWM signal, input voltage, output
current, output voltage.

Fig. 18 shows the PWM signal, input voltage, output cur-
rent, and output voltage.

C. LCL FILTER
After cascading the transfer function of the LCL filter given
in (31) by using the passive value in Table 2, with the transfer
function of the isolated Ćuk DC-DC converter in (36) the
cascaded transfer function is obtained in (39).

T (s) =
Ṽo
d̃
=

871600s3 − 7.103× 1010s2 + 2.4× 1015s

(4.36× 10−22s9 + 3.7× 10−20s8

+4.8× 10−12s7 + 4.1× 10−10s6 + 0.016s5

+1.37s4 + 1.46× 107s3 + 1.243
×109s2 + 2.376× 1013s)

(39)

Bode and root locus graphs can be sketched as in Fig. 19 by
using the cascaded transfer function given in (39). It is
observed by root locus that the maximum gain for stability of
the controller is 0.0175. It can be seen by root locus that there
are eight poles at 9.9×10−8±7.1×104j,−9.9×10−8±6.74×
104j, 2.62× 10−3±3.82× 104j,−42.5±1.27× 103j and two
zeros at 4.07×104±3.3×104j. By Bode plot, gain margin is
−35.2 dB and phase margin is −25◦, meaning that the open
loop isolated Ćuk converter with an LCL filter is unstable as
in the open loop transfer function of the converter.
The DC-DC isolated Ćuk converter is operated by using

an LCL input filter and the resulting waveforms are given
in Fig. 20, showing the PWM signal, switch voltage, input
current, and output voltage.
The PWM signal, switch voltage, input current, and output

voltage are given in Fig. 21 as a close-up of Fig. 20.
Fig. 22 shows the PWM signal, input voltage-current, and

output voltage.
Fig. 23 shows the PWM signal, input voltage, output cur-

rent, and output voltage.

D. LCL TRAP FILTER
After cascading the transfer function of the LCL trap filter
given in (35) by using the passive value in Table 2, with the
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FIGURE 19. a) Root locus, b) Bode graphs of LCL filter.

FIGURE 20. LCL filter; PWM signal, switch voltage, input current, output
voltage.

transfer function of the isolated Ćuk DC-DC converter in (36)
the cascaded transfer function is obtained in (40).

T (s) =
Ṽo
d̃
=

(1.25× 10−5s5 − 1.09s4 + 9.061
×105s3 − 7.103× 1010s2 + 2.402× 1015s)

(4.7× 10−22s9 + 3.97× 10−20s8

+6.8× 10−12s7 + 5.8× 10−10s6 + 0.019s5

+1.62s4 + 1.463× 107s3 + 1.243
×109s2 + 2.37× 1013s)

(40)

FIGURE 21. LCL filter; PWM signal, switch voltage, input current, output
voltage, zoomed.

FIGURE 22. LCL filter; PWM signal, input voltage-current, output voltage.

FIGURE 23. LCL filter; PWM signal, input voltage, output current, output
voltage.

Bode and root locus graphs can be sketched as in Fig. 24 by
using the cascaded transfer function given in (40). It is
observed by root locus that the maximum gain for stability
of the controller is 0.0174. It can be seen by root locus
that there are eight poles at 4.9 × 10−14±1.06 × 105j,
−1.84 × 10−13±4.35 × 104j, 2.62 × 10−3±3.82 × 104j,
−42.5±1.27×103j and four zeros at 4.07×104±3.3×104j,

113750 VOLUME 10, 2022



E. Şehirli: Analysis of LCL Filter Topologies for DC-DC Isolated Cuk Converter at CCM Operation

−3.36 × 10−11±2.64 × 105j. By Bode plot, gain margin is
−35.2 dB and phase margin is −26◦, meaning that the open
loop isolated Ćuk converter with an LCL trap filter is unstable
as in the open loop transfer function of the converter.

FIGURE 24. a) Root locus, b) Bode graphs of LCL trap filter.

The DC-DC isolated Ćuk converter is operated by using
an LCL input filter and the resulting waveforms are given
in Fig. 25, showing the PWM signal, switch voltage, input
current, and output voltage.

The PWM signal, switch voltage, input current, and output
voltage are given in Fig. 26 as a close-up of Fig. 25.

Fig. 27 shows the PWMsignal, input voltage, input current,
and output voltage.

Fig. 28 shows the PWM signal, input voltage, output cur-
rent, and output voltage.

To provide the validity of the model and cascaded transfer
function of the filters, step responses of each transfer function
are sketched as in Fig. 29 under reference change. It is con-
cluded from the figure that each cascaded transfer function
of the filter and model of the converter is verified. However,
the step response of the cascaded transfer function of the
LCL with a damped converter has higher ripple values than
the others. Each cascaded filter transfer function has similar
results, although the converter gives 3 V lower at d equals
‘0.3’ and 6 V lower at d equals ‘0.6’ for step response.

FIGURE 25. LCL trap filter; PWM signal, switch voltage, input current,
output voltage.

FIGURE 26. LCL trap filter; PWM signal, switch voltage, input current,
output voltage, zoomed.

FIGURE 27. LCL trap filter; PWM signal, input voltage-current, output
voltage.

Comparison of the applicationswith respect to efficiency at
full load and input current maximum ripple is given by each
filter in Table 3. It can be concluded from Table 3 that the
LCL trap filter is better than other filter structures in terms
of efficiency and current ripple. Furthermore, the maximum
allowable gain of the controller for stability is 0.0174, 0.0855,
0.0175, and 0.0174 for LC, LCL with damping, LCL, and
LCL trap, respectively.

VOLUME 10, 2022 113751



E. Şehirli: Analysis of LCL Filter Topologies for DC-DC Isolated Cuk Converter at CCM Operation

FIGURE 28. LCL trap filter; PWM signal, input voltage, output current,
output voltage.

FIGURE 29. Step responses of each cascaded transfer function and
isolated DC-DC Ćuk converter.

TABLE 3. Comparison of filters.

Fig. 30 shows the PWM signal, input voltage, output
current, and output voltage. In the figure output voltage
is controlled by the PI controller under reference changes.
By means of the controller, output voltage is regulated as
desired by the reference voltage. Each filter has similar closed
loop control characteristics.

V. DISCUSSIONS
This paper presents the application, analysis, and comparison
of an LCL type filter with a DC-DC isolated Ćuk converter
operated in CCM by using a SiC power switch. Moreover, the

FIGURE 30. Output voltage of the converter under reference changes.

paper presents a state-space average model, small signal anal-
ysis, and transfer function of a DC-DC isolated Ćuk converter
for CCM operation, which was not included in the literature
before. As a result, it is shown that compared to other filter
types, the LCL trap filter, which is not presented for a DC-DC
converter in the literature, provides better efficiency (86%)
and lower input current ripple (0.96 A). In addition, regarding
the control characteristics, the LCL with damping filter gives
poorer results because of higher voltage ripple, as shown in
the step response in Fig. 29, of open loop cascaded trans-
fer functions, despite having higher allowable gain, that is
0.0855, for stability. However, the closed loop response with
a PI controller under reference changes given in Fig. 30 is
similar for each filter structure.

In the literature, such comparison, analysis, and application
of the filter types considering converter transfer function
especially by using an LCL trap filter for the isolated Ćuk
DC-DC converter are not presented. However, comparisons
of the L, LC, and LCL filters in [37], [38], [41], and [42], and
LC and LCL trap filters in [43] and [44] are given for three
phase rectifiers and inverter with respect to total harmonic
distortion and power factor without considering the effect
of the transfer function of the converter. It is stated in [37],
[38], [41], and [42] that the LCL filter has better attenuation
compared to L and LC filters. Further, [43] and [44] state
that the LCL trap filter has better attenuation than the LCL
filter in rectifier or inverter studies. Similarly, in the present
study the LCL trap filter gives better results for the isolated
Ćuk DC-DC converter. In addition, [37] and [40] state that
by using an LCL filter the total inductor value is less than
that of L and LC filters as it is presented in this paper that
there is a 45% inductor reduction with respect to the LC filter.
Although [48], [49], and [50] introduce the analysis of just LC
filters considering the converter effect, they do not include
the application and examination of input current ripple for
DC-DC converters as given in this paper.

Furthermore, as a limitation of the study, the open loop
cascaded transfer function of both the filter and DC-DC
isolated Ćuk converter have unstable Bode plots. This is the
same as the open loop Bode plots of the transfer functions of
Ćuk, boost, and SEPIC converters given in [60], [61], [62],
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and [63]. Such unstable Bode plots are usual for power con-
verters having nonminimum phase transfer functions.

Another issue as a limitation in the paper is higher filter
inductor values. Nonetheless, as given in the design equa-
tions (24), (33) choosing different capacitor values can ensure
lower inductor values of the filter.

Moreover, the accuracy of the converter transfer function
and the cascaded transfer functions presented in the paper is
validated by step responses.

VI. CONCLUSION
Herein, the application of LCL type input filter topologies
including LCL, LCL with damping, and LCL trap filters with
a DC-DC isolated Ćuk converter designed for 50 W power
with 42 kHz switching frequency at CCM operation by using
a SiC power switch is realized. In the literature, LCL type
filters are not presented in detail with a DC-DC converter.
Therefore, one of the main unique contributions of the paper
is the design, analyses, and implementation of an LCL trap
filter, which is not presented in the literature for a DC-DC
converter, as an input filter of a DC-DC isolated Ćuk con-
verter. By means of the applications, a comparison is made
with respect to efficiency, input current ripple, and control
point of view. Moreover, to make a general comparison a LC
type filter is included. As a second unique contribution of the
paper, a state-space average model of the DC-DC isolated
Ćuk converter operated in CCM is derived, small signal
analysis is conducted, and a transfer function is obtained, and
the transfer function is analyzed by linear methods including
root locus and Bode graphs. In addition, the transfer function
and practical design of each filter topology are presented
and cascaded transfer functions with the DC-DC isolated
Ćuk converter are derived. Furthermore, verification of the
modeling of the converter and each cascaded transfer function
is performed by step responses. Then the effects of each
filter topology on the transfer functions are analyzed by
linear methods for the control point of view as such analysis
has not been introduced in the literature before. Due to the
applications, the effects of each filter on efficiency and input
current ripple are compared. As a result, the LCL trap filter
is better than the others by giving 86% efficiency and 0.96 A
input current ripple. Moreover, the total inductor value with
the LCL filter is reduced 45% compared to the LC filter.
Further, for the control point of view, each filter has similar
closed loop characteristics. Although the maximum gain of
the controller avoiding instability of LCL with damping is
0.0855, which is higher than that of the others, LCL with
damping has poorer control response.

By using a multi-tuned filter structure in future work, it is
assumed that better input current ripple reduction can be
obtained.
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