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Abstract — Renewable energy plays an important role in recent life due to the limited supply of fossil energy as an energy
source to generate electricity. However, in its utilization, the energy gained from these renewable sources has not been
able to be utilized directly as a source of electricity since the electrical power produced needs to be transformed from one
form to another first. One approach to the use of renewable energy is power electronics, which convert electrical energy
effectively using semiconductor technology. A DC-DC power converter is one of the power converters that is frequently
used in renewable energy applications. A step-down converter or buck converter whose output voltage is lower than its
input is one of these converters. In its application, specifications of the buck converter are typically required in its use. But
a thing that more crucial than the specs is the dynamic modeling of the power converter by small-signal analysis using
state space averaging. This research presents the open-loop analysis and small-signal modeling of a modified DC-DC buck
converter for low-output voltage and high-output current applications. The voltage ratio of the proposed topology is greater
than the conventional buck converter and this converter’s output also has less ripple. So, the proposed topology is suitable
for applications involving renewable energy. The small-signal model analysis and operation theory are covered in great detail.
Finally, PSIM conducts a simulation study to evaluate the performance of the suggested topology.
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I. INTRODUCTION

In the last few years, renewable energy plays an
important role in recent life due to the limited supply of
fossil energy as an energy source to generate electricity.
However, in its application, the energy obtained from
these renewable sources has not been able to be used
directly as a source of electricity because the electrical
power produced needs to be converted from one form
to another first. Besides that, much electrical equipment
cannot work efficiently if it is directly supplied with
available sources.

The problem of using renewable energy has been
overcome by power electronics technology, namely
by providing equipment that is capable to produce
efficient electrical energy conversion, distribution, and
transmission [1]. This can also be found in Distributed
Generator (DG) system which is connected to a DC
Microgrid, where the role of the power converter is
needed to connect AC and DC power sources from

Distributed Generators (PV, Wind, and fuel cells) to the
DC bus and it is also necessary for interconnecting with
the utility grid. So, it can be described the important role
of power electronics technology in the use of renewable
energy, which is as a tool to convert energy.

One of the power converters that are often
implemented in renewable energy applications is a
DC-DC power converter [2]–[5], one such converter
is a step-down converter or buck converter. Certain
specifications that are usually necessary for buck
converters are the ability to step down the voltage
with a large drop rate and the ability to produce large
output currents with very low ripples. Various converter
developments have been carried out in [6]–[16]. In 2021,
the newest version of them has been proposed in [17]
which is also research before this paper, to which the
author of this paper also contributed to the research.
In that study, the authors found a new simplified
cascade multiphase DC-DC buck power converter as a
modified buck converter for large current low voltage
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applications.

Several multiphase DC-DC buck power converters
are connected in cascade to achieve a very low voltage
ratio and very small ripple. And to reduce the required
number of components, the resulting cascade multiphase
DC-DC buck power converter is then simplified. And
through the optimization carried out, namely based on
conduction losses, it is found that the simplified two-
cascade four-phase buck converter is the topology that
produces the lowest conduction losses. And the other
version of the converter for the Boost power converter
type has also been proposed [18]. Another thing that
needs to be known about power converters is how to
dynamically model the system [19]. A dynamic model
to approximate the behavior of buck converter has been
proposed by using many different modeling techniques,
one of which is small-signal modeling by state space
averaging [20]–[25].

This paper proposes simplified multiphase DC-DC
buck converter analysis and small-signal modeling.
Additionally, simulation outcomes are provided to
support the proposed converter.

The format of this paper is as follows. The proposed
topology will be discussed in section II. Sections III
and IV provide the small-signal analysis and simulation
findings for the proposed converter, respectively. Finally,
section V offers a conclusion.

II. RESEARCH METHOD

A. Conventional Buck Converter

A Buck converter is a specific kind of chopper circuit
that is made to have a lower output voltage than its
input value. This converter primarily consists of energy
storage components like a capacitor, an inductor, or
both, as well as switching components like a transistor
and a diode. There are two conditions that determine
how this circuit functions. A fluctuating voltage will
be produced by the inductor across its terminals in
response to the changing current since the circuit’s
current is zero when the switch is in the off-state and
will start to climb when it is in the on-state. The voltage
over the inductor rises as the current flow slows down
over time, raising the voltage across the load. During
this time, the inductor stores energy in the form of a
magnetic field.

Fig. 1. Conventional step-down converter.

The conventional buck converter is seen in Fig. 1,
and the voltage ratio is illustrated in (1), where the

output voltage of the converter is denoted by Vo, the
input voltage by Ed, and the fraction of one period in
which semiconductor switches are active, namely duty
cycle is denoted by α, which the letter TS denotes the
transistor’s switching period and the ON-period denoted
by TON . Although the duty cycle can be adjusted from
zero to unity, it cannot be made too low in practice
due to the switching device’s minimum turn-off time.

Vo
Ed

= α (1)

with,

α =
TON
TS

(2)

B. Proposed Converter

Fig. 2 shows the optimal topology of the modified
buck converter according to the optimization that has
been done in the previous research [17]. The proposed
converter consists of a DC source (Ed), two primary
diodes (D1OFF , D1ON ), four secondary diodes (D1,
D2, D3, D4), four power switches (S1, S2, S3, S4),
one capacitor (C), one primary inductor (Lp), and four
secondary inductors (L1, L2, L3, L4). Since the output
side of the topology is a four-phase buck converter, the
suggested converter may provide huge output currents
with extremely little ripple content. In (3), the average
output voltage ratio is displayed, with the input voltage,
output voltage, and duty cycle respectively denoted by
the symbols Vo, Ed, and α.

Vo
Ed

= 4α2 (3)

Fig. 2. Proposed converter.

Because the switch works alternately, assuming one
conduction switch at time interval 0 ≤ α ≤ 1/4,
there will be five operating modes, as indicated in
Fig. 3 through Fig. 7, and the suggested converter’s
operating principle will be described as follows, where
the description of the variables used in (1) to (16) is
shown in Table 1.

Fig. 3. Mode 1 (S1 is ON).
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Fig. 4. Mode 2 (S2 is ON).

Fig. 5. Mode 3 (S3 is ON).

1) Mode 1, 2, 3, 4 (when one of the switch is ON)
During this procedure, one of the switches is ON.

For example, the power switch S1 is shown in Fig. 3.
The other switches are off when S1 is turned on.
The primary diodes (D1ON and D1OFF ) and every
secondary diode besides D1 will be forward biased
in this situation, and current will flow from the DC
source to primary inductor (Lp) and from primary diode
D1ON to capacitor C then the sum of the two currents
will charge L1. The other secondary inductors will let
the current discharge before it reaches the load. The
other switch conducts, as shown in Fig. 4 to Fig. 6,
and the same thing occurs.

In mode 1 (when S1 is ON) as an example, the
voltage across the inductors Lp, L1, L2, L3, L4, and
the capacitor C current can be expressed respectively
as in (4) to (9). So that the state space mode 1 will be
obtained as in (10).

diLP
dt

=
Ed
Lp

− VC
Lp

− RiLP

Lp
(4)

diL1

dt
= − iL1R

L1
− iL2R

L1
− iL3R

L1
− iL4R

L1
+
VC
L1

(5)

diL2

dt
= − iL1R

L2
− iL2R

L2
− iL3R

L2
− iL4R

L2
(6)

Fig. 6. Mode 4 (S4 is ON).

Fig. 7. Mode 5 (All switches are OFF).

diL3

dt
= − iL1R

L3
− iL2R

L3
− iL3R

L3
− iL4R

L3
(7)

diL4

dt
= − iL1R

L4
− iL2R

L4
− iL3R

L4
− iL4R

L4
(8)

iC = iLP − iL1 (9)

d

dt


iLP
iL1

iL2

iL3

iL4

VC

 =



− R
Lp

0 0 0 0 − 1
Lp

0 − R
L1

− R
L1

− R
L1

− R
L1

0

0 − R
L2

− R
L2

− R
L2

− R
L2

0

0 − R
L3

− R
L3

− R
L3

− R
L3

0

0 − R
L4

− R
L4

− R
L4

− R
L4

0
1
C − 1

0 0 0 0 0




iLP
iL1

iL2

iL3

iL4

VC

+



1
Lp

0
0
0
0
0

Ed (10)

Table 1. List of Variables
Variable Description
Ed Input voltage
α Duty cycle
iLP Primary inductor (Lp) current
VC Capacitor (C) voltage
R Load resistance
iL1 Secondary inductor (L1) current
iL2 Secondary inductor (L2) current
iL3 Secondary inductor (L3) current
iL4 Secondary inductor (L4) current
io Output current

diLP
dt

= −VC
Lp

− RiLP
Lp

(11)

diL1

dt
= − iL1R

L1
− iL2R

L1
− iL3R

L1
− iL4R

L1
(12)

diL2

dt
= − iL1R

L2
− iL2R

L2
− iL3R

L2
− iL4R

L2
(13)

diL3

dt
= − iL1R

L3
− iL2R

L3
− iL3R

L3
− iL4R

L3
(14)

diL4

dt
= − iL1R

L4
− iL2R

L4
− iL3R

L4
− iL4R

L4
(15)
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iC = iLP (16)

2) Mode 5 (when all of the switches are OFF)
The other scenario is illustrated in Fig. 7, where all

switches are off. In this case, one of the primary diodes,
D1OFF , and all secondary diodes will be forward
biased, while the other primary diode, D1ON will be
reverse biased. The current that comes out only from

the secondary inductor will be received by the load.
Alternating between the two mechanisms also applies
to other switches.

In mode 5 (when all the switches are OFF), the
voltage across the inductors Lp, L1, L2, L3, L4, and
the capacitor C current can be expressed respectively
as in (11) to (16). So that the state space mode 5 will
be obtained as in (17).

d

dt


iLP
iL1

iL2

iL3

iL4

VC

 =



− R
Lp

0 0 0 0 − 1
Lp

0 − R
L1

− R
L1

− R
L1

− R
L1

0

0 − R
L2

− R
L2

− R
L2

− R
L2

0

0 − R
L3

− R
L3

− R
L3

− R
L3

0

0 − R
L4

− R
L4

− R
L4

− R
L4

0
1
C − 1

0 0 0 0 0




iLP
iL1

iL2

iL3

iL4

VC

+


0
0
0
0
0
0

Ed (17)

III. SMALL-SIGNAL MODEL ANALYSIS

If we wish to construct a converter’s control system,
we must model the behavior of dynamic converters.
However, understanding the dynamic behavior of
converters is frequently hampered by the switching
and pulse width modulation processes’ nonlinear time-
varying character. State-space averaging is one of the
contemporary control theories that is frequently used to
model converters. The state-space averaging method is
used to discuss the small-signal model analysis of the
proposed converter, which is utilized to approximate the
behavior of electronic circuits. A complete converter
model including steady-state and dynamic quantities is
provided by the state-space averaging technique.

To create an average model of the system, these
descriptions are then averaged with respect to how long
the duration of the switching process is. The resulting
averaged model is non-linear, hence this model should
be linearized at the operational point to provide a small
signal model, then transformed into an s-domain, which
offers transfer functions for the dynamics of the power
stage. The analysis starts from the state space equation
when the transistor is on and off which is then linearized.
The ON condition is stated by d from full working time
and the OFF condition is stated by 1/4(1-4d). In CCM,
the state-space equations of the proposed converter
alternately are shown in (18) and (19).

Ẋ = AONX +BONY (18)

Ẋ = AOFFX +BOFFY (19)

iLP , io, and VC are expressed by X as the state
space variables and the input variables such as input
voltage (Ed) is expressed by Y . AON and BON are
state space matrix when transistor is ON, and AOFF

and BOFF are state space matrix when transistor is
OFF.

Since the transistor ON and OFF times are
represented by d and 1/4(1-4d), then (18) and (19)
can be averaged by the conduction ratio to give (20).

Ẋ =

⌈
dAON +

1

4
(1 − 4d)AOFF

⌉
X+⌈

dBON +
1

4
(1 − 4d)BOFF

⌉
Y

(20)

The state space equation of the converter will be
obtained as in (21) if (20) is applied to Fig. 2, where
R represents the load of the converter.

Fig. 8. Bode plot diagram of open-loop system.

To linearize (21), we need to assume that there is a
small signal variation in the duty cycle α. So, the duty
cycle equation can be written in (22), where the average
and small-signal components are represented by the line
and tilde above the variable. Eq. (22) can be put in place
of (21), giving us (23), with 1

LT
= 1

L1
+ 1
L2

+ 1
L3

+ 1
L4

.
And as seen in, the converter’s small-signal equation
can be produced (24).
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d

 iLP
io
VC

 =

 0 0 − 1
Lp

0 −R( 1
L1

+ 1
L2

+ 1
L3

+ 1
L4

) ( 1
L1

+ 1
L2

+ 1
L3

+ 1
L4

)α
1
C − α

C 0

 iLP
io
VC

+

 4α
Lp

0
0

Ed (21)

α = ᾱ+ α̃ (22)

By using the Laplace transformation, the converter
output current’s open-loop transfer function with respect
to the duty cycle will be found to be as (25). The open-
loop system’s bode plot can be shown in Fig. 8 if a plot
is created based on the substitution of the parameters
in Table 2 to (25). From the small-signal modeling
process carried out and based on the resulting graph, it
is concluded that the small-signal modeling has made
the converter capable of producing an output voltage
that matches the given duty cycle. It shows the gain
of the io versus α remains unity up to 200 Hz, despite
there is a minor phase shift at 200 Hz (1.79o).

IV. RESULTS AND DISCUSSION

PSIM 9.1.4 is used to simulate the open-loop transfer
function and evaluate the theoretical analysis of the
proposed converter’s small-signal model. Simulation
is carried out using several parameters as shown in
Table 2.

Table 2. Converter Design Parameters
Parameter Value

Ed 100 Volt
L1 1.03 mH
L2 1.03 mH
L3 1.03 mH
L4 1.03 mH
Lp 2.6 mH
C 4.7 µF
R 0.2 Ohm

A. Case I, Duty Cycle is at Certain Value

In this case, the results depicted in Fig. 9 and Fig. 10
simulate the impact of a specific duty cycle value.
When the duty cycle is set to 0.098, the simulation
result is shown in Fig. 9. It is clear that the open-loop
system’s output voltage and current are, respectively,
19.2 Amperes and 3.84 Volts. Simulation at different
values is shown in Fig. 10, where the figure shows the
simulation results when the duty cycle is 0.2. As can
be observed, the open-loop system’s output current and
voltage are 80.04 Amperes and 16 Volts, respectively.
From these simulations, it can be concluded that the
results obtained are in accordance with the theory. In
addition, it can also be seen that the proposed converter
is capable of producing low output voltage (6 to 26
times lower than the input voltage) and large output
current (more than 15 Ampere).

Fig. 9. Simulation result at duty cycle 0.098.

Fig. 10. Simulation result at duty cycle 0.2.

Fig. 11. Simulation result for duty cycle variation.
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B. Case II, Duty Cycle Variation (The Duty Cycle
Changes Suddenly)

The simulation result of the influence of duty cycle
modifications is displayed in Fig. 11. At specific times
(t = 0.166 s, 0.33 s, 0.5 s, and 0.66 s), the duty cycle is
abruptly changed from 0.1 to 0.2 and vice versa. From
the simulation, it is clear that when the duty cycle
abruptly changes, the open loop system will do the
same, as evidenced by the output current and voltage
generated. This outcome supports the notion that the
proposed converter’s dynamic model is accurate.

V. CONCLUSION

This research proposes a modified DC-DC buck
converter open loop system analysis. The investigation
of the power converter’s working mode and small-

signal modeling is presented in this paper. From the
research that has been done, it is found that the proposed
converter has many advantages, namely the ability
to have a high voltage drop ratio and the ability to
produce a large output current. A dynamic model of
a simplified cascade multiphase DC-DC buck power
converter as one of the non-linear converter types has
also been found using small-signal modeling. And it
is concluded that the small signal modeling that has
been done, is able to make the converter produces
an output voltage that matches the given duty cycle.
Simulations have also been carried out and according to
the relationship between the duty cycle and the output
current discovered through the analysis of small-signal
modeling, it was discovered that the proposed converter
had functioned well.

d

dt

 iLP + ĩLP
io + ĩo
VC + ṼC

 =

 0 0 − 1
Lp

0 − R
LT

(
ᾱ+α̃
LT

)
1
C −

(
ᾱ+α̃
C

)
0


 iLP + ĩLP

io + ĩo
VC + ṼC

+

 4ᾱ+4α̃
Lp

0
0

Ed (23)

d

dt

 ĩLP
ĩo
ṼC

 =

 0 0 − 1
Lp

0 − R
LT

ᾱ
LT

1
C − ᾱ

C 0


 ĩLP

ĩo
ṼC

+

 4Ed

Lp
VC

LT

− io
C

 α̃ (24)

ĩo(s)

α̃(s)
=

LpCVCs
2 − Lpioᾱs+ 4ᾱEd + VC

LpLTCs3 + LpCRs2 + (LT + Lpᾱ2)s+ 1
(25)
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