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Abstract

Context: In power electronics applications, it is important to make
comparisons between converters to choose the device that best suits
a particular application. This paper compares the Boost converter and
the hybrid Boost converter. The operating models of both converters
under study are developed and explained in detail to allow for a proper
comparison and analysis.

Method: Using the passive sign law, the differential equations that govern
the behavior of each converter are determined upon the basis of their
switching states. Then, circuit simulations are performed by using the
OpenModelica software to analyze the output signals of both converters
with the same input parameters.

Results: Comparisons of voltage and current gains, current and voltage
time response, and ripple were obtained. Additionally, the efficiency
was analyzed by adding resistive losses in each passive element of both
converters.

Conclusions: For high duties, the hybrid Boost converter has a greater
capacity to increase the output voltage than the Boost converter. It was also
found that the hybrid Boost converter has a low overshoot and a low ripple
in the time response of its output signals. However, this converter is less
efficient.
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Resumen

Contexto: En las aplicaciones de electrénica de potencia, es importante realizar comparaciones entre
convertidores para escoger el dispositivo que mejor se adapte a una aplicacién en particular. Este
articulo compara el convertidor Boost y el convertidor Boost hibrido. Los modelos de operaciéon de
ambos convertidores en estudio se desarrollan y explican en detalle para permitir una adecuada
comparacién y analisis.

Método: Mediante la ley pasiva de signos, se encuentran las ecuaciones diferenciales que rigen el
comportamiento de cada convertidor con base en sus estados de conmutacion. Acto seguido, se realizan
simulaciones circuitales en el software OpenModelica para analizar las sefiales de salida de ambos
convertidores con los mismos pardmetros de entrada.

Resultados: Se obtuvieron comparaciones de ganancia de voltaje y corriente, respuesta en el tiempo
de corriente y voltaje, rizados. Ademads, se analiz6 la eficiencia al afiadir pérdidas resistivas en cada
elemento pasivo de ambos convertidores.

Conclusiones: Para anchos de pulso altos, el convertidor Boost hibrido tiene una mayor capacidad de
elevar el voltaje de la salida que el convertidor Boost. También se encontré que el convertidor Boost
hibrido presenta bajos sobrepicos y rizados en la respuesta en el tiempo de sus sefiales de salida. Sin

embargo, este convertidor es menos eficiente.

Palabras clave: convertidor Boost, convertidor Boost hibrido, convertidores DC/DC, ganancia de
voltaje y corriente, eficiencia.
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1. Introduction

DC/DC converters have sparked great interest in power electronics research, as they offer multiple
applications in the automotive sector, power amplification, battery energy storage systems, consumer

electronics, and communication. These converters allow controlling the DC voltage at the output of a
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DC voltage source, acting as energy transfer bridges between sources and loads. There are different
boost converter topologies containing a minimum of two semiconductors (a diode and a transistor) and
a minimum of one energy storage element (inductor or capacitor). One of the most widely used DC/DC
converters in power electronics applications is the Boost converter, given that it offers considerable
output voltage gains and high efficiency. For the interconnection of domestic and industrial power with
renewable resources, such as photovoltaic (PV) systems, different variations of this converter have been
developed, thus leading to hybrid Boost converters, with advantages such as offering higher output
voltage gains and improved output signal ripples (1,2).

When studying the behavior of conventional Boost and hybrid Boost converters, as well as
conducting comparative analyses, it is necessary to define the converter that best suits an application,
with the aim to obtain a high performance. The main objective of this paper is to compare both
converters by means of circuit simulations in the OpenModelica software, as well as to present a detailed

explanation of their operating principles (3, 4).

This paper presents a complete explanation of these converters’ modeling, starting from the law of
passive signs, when the passive elements of the converter absorb or deliver energy in each switching
state. In the literature, it is common to find papers that implement hybrid Boost converter models
in different systems without a detailed description of the comprehensive derivation regarding the
equations governing the model (5). However, a detailed explanation of the model to be used is of
paramount importance for the design of power electronics applications (6-9).

Current research studies have implemented hybrid Boost converter topologies without a precise
comparison with conventional Boost converters. Therefore, said comparison is presented in this work
to establish the advantages and disadvantages of the Hybrid model (10-13).

The results were obtained by simulating the circuit that allows analyzing the time response of both
converters. The OpenModelica software was employed because of its widespread use in the industry, as
it is a free and open-source environment based on Modelica. In addition, OpenModelica allows for the
simulation of linear and nonlinear systems (14), (15).

The rest of this paper is structured as follows. Section 2 presents the mathematical modeling of the
Boost converter. Section 3 presents the mathematical modeling of the hybrid Boost converter. Section 4
corresponds to the results obtained from the simulation of the converter circuits under study. Finally,
Section 5 presents the conclusions and analyses derived from this study.

2. Boost converter modeling

Fig. 1 illustrates the topology of the conventional Boost converter under study. This device is
composed of the following elements: an input DC voltage source V;, an inductor L, a switch @), a diode

D, a capacitor C, and a resistive load R.
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TORRT TS S

Figure 1. Boost converter topology under study

2.1. Methodology for obtaining voltage and current references

The Boost converter features two switching states, which are depicted in Figs. 2 and 3. In the first
state, the switch @ is closed, and the diode has reverse polarity, so the inductor L is in parallel to the
source V; and reacts by absorbing energy, while the capacitor C feeds the resistive load R. In the second
state, the switch () is open while the diode D has direct polarity. Now, the inductor L changes its polarity,
and, together with the source V;, they deliver energy to the capacitor and the load R.

iL g D IR
_)
LYY YN 2 [ .A
+ vy, - .
’tcl +

L +
o) g v nEun

Figure 2. Boost converter with Q closed

iL, L D IR
Y Y Y\ 'A 3
+ UL - -
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+ . o -
v; C) Q =—V¢ R §‘UR
— ° : .

Figure 3. Boost converter with Q open
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2.2. Differential equations and switched model

To find the equations that govern the converter’s behavior, the differential equations for each
switching state are deduced via Kirchhoff’s laws, considering the voltage and current references with
respect to node A. Egs. (1) and (2) refer to when switch @ is closed, while Egs. (3) and (4) refer to when

switch @ is open.
di,

— =i 1)
¢ d;tc == @)
DLy, o)

dve . Ve @)

@ TR
Subsequently, the auxiliary variable u is defined to obtain the switched model. Thus, when v = 1, switch
@ is closed; otherwise, when u = 0, switch @ is open. Egs. (1) and (2) yield Eq. (5) which defines the
state of the inductor L as a function of u. On the other hand, Egs. (3) and (4) yield Eq. (6), which defines
the state of the capacitor C as a function of u.

—diL* iU+ (Vg — V) (L —u
Lo—==vi-u+t(vi—v)- (1-u) ®)
dve  —v¢ . Ve
g =g utl-5)(1-v (6)

2.3. Average model and system gains

To obtain the steady-state mean values of the converter output signals, it is necessary to use the
averaging model. This is done by setting the derivatives of Egs. (5) and (6) as zero. The average of the
signals is defined by the average inductor current L (I} ), the average capacitor voltage ¢ (V.), and the
average value of the function u (D), which is called the duty cycle.

0=V,-D+(V;=V.)-(1-D) %
*ch Vc
0=—=D+{r-5) (1-D) ®)

Egs. (9) and (10) are obtained by clearing Egs. (7) and (8), respectively. They refer to the voltage and

current gains.

V. 1
V,"1°D )
I 1

=1 D (10)

2.4. Ripple and continuous condition mode (CCM)

Discretizing Egs. (1) and (2) while considering At = D fsW results in the inductor current ripple L,
Eq. (11), and the capacitor voltage ripple c, Eq. (12).

’Ui-D

Aiy = D
' 2L - fsw

(11
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VoD
- 2C- fswR

When the converter operates in continuous conduction mode, a reduction in electromagnetic

Av, (12)

interference and an easy control of the device is guaranteed. This occurs if the average inductor current
is greater than the inductor current ripple, as shown in Eq. (13), which has been obtained by substituting
Egs. (10) and (11) into |I1,| > |Air|, where K¢ = % and K(D) = (1 — D)?D.

Ke> K(D) (13)

By making Eq. (13) zero and using the maximum and minimum criterion of differential calculus, the
maximum value of K (D) can be found. The maximum value of K (D) is 0, 1481 at a duty of D = 0, 3337.
Therefore, if the converter has a K, greater than this value, it will show CCM for any steady-state duty
cycle value.

3. Modeling the hybrid Boost converter

Fig. 4 illustrates the topology of the hybrid Boost converter under study. The converter is composed
of the following elements: an input DC voltage source v;, two inductors L; and L, a switch @, two
diodes D, and Dy, three capacitors C, C> and Cs, and a resistive load R.

Dy I,
Y Y Y\ Y Y Y\
Ei <

%(i) @ Cy== R§

Figure 4. Hybrid Boost converter

3.1. Methodology for obtaining the voltage and current references

The first switching state of the hybrid Boost converter is shown in Fig. 5. In this state, switch @
is closed, so the inductor L; absorbs energy by being in parallel to the source v;. On the other hand,
capacitors C; and C; deliver energy to elements L3, C3, and R. This behavior does not allow for the
conduction of diodes Dy and Ds. In the second state, illustrated in Fig. 6, switch @ is open, indicating
that inductor L,, together with source v;, will now deliver power to capacitors C; and Cs, so diodes D,

and D, become directly polarized, and inductor L; reacts by delivering power to C3 and R.
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Figure 5. Hybrid Boost converter with Q closed
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Figure 6. Hybrid Boost converter with Q open

3.2. Differential equations and switched model

The differential equations that govern the behavior of the converter are found using Kirchhoff’s
laws, considering the voltage and current references at node B and assuming C; = C> = C. Egs. (14) to
(18) refer to when switch @) is closed, while Eqgs. (19) (23) refer to when switch @) is open.

Ly, (14)

Ly- dfif — 200 — v, (15)
oo, (16)
R g
Gy s =y, R (18)
L. d;il =v; — Vo, (19)
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L2 . dt =Vc, — VU, (20)
dve dve .
Cl' dtl =1, 702' dt2 — 1L, (21)
dve . dvc .
02' dtz :ZLl —Cl' dtl —’LL2 (22)
dv . v
Cs - d? —ip, — fR (23)

The auxiliary variable u is defined to conveniently write the DEs. When u = 1, @ is closed; otherwise,
when u = 0, @ is open. Egs. (14) and (19) yield Eq. (24), which defines the state of inductor L;; Egs. (15)
and (20) yield Eq. (25), which defines the state of inductor Ls; Egs. (16) and (21) yield Eq. (26), which
represents the state of capacitor C; Egs. (17) and (22) yield Eq. (27), which refers to the state of capacitor
C5; and, finally, Egs. (18) and (23) yield Eq. (28), which defines the state of capacitor C.

LBt (o) (1) (24)

Ly- d;? — (2ve, —vey) - u+ (v0, —vey) - (1—u (25)

o o iy i -0 B i) 1) (26)

Cy - ‘“;? - (J’E’" —Cs- dfl?) u+t (ig, — C; - di’gl —iz) (1 — ) 27)
Oy 2% — (11, — B) () + (12, — 22) - (1) 28)

3.3. Average model and system gains

The average of the signals is defined by the average current of the inductors L, and Ls (ir,,%z,); the

average voltage of the capacitors Cy, Cs, Cs5 (ve, , ve,, Ve, ); and the average value of the function u (D),

i.e., the duty cycle.
0=Vi-D+(Vi=Ve,)-(1-D) (29)
O:(2V02_V03)'D+(V02_VC3)'(1_D (30)
IL2 _ILl .
OZ—IL2-D+(IL1—(ILI—F?—Z[Q)'(:[—D) (31)
Vi -V Ip,—1I .
0= (= = (5" +11,) Dt (I, = =25 —ip,) - (1= D) (32)
— . Vmy _VRy 4
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Eq. (34) indicates the voltage gain, which is obtained from Egs. (29) and (30), while Eq. (35) refers to
the current gain, which is obtained from Egs. (32) and (33).

Ve 1+D

== 4
V. 1D (34)
I;, 1-D

Ir  1+D (35)

3.4. Ripple and continuous condition mode (CCM)

Discretizing Eqs. (14) and (18) with At = D fsW yields the input current and output voltage ripples
given by Egs. (36) and (37), respectively.

V.-D
A- _ 1
(M 2L - fsw (36)
. Vo
_(Yesy . p
Ave, = i, — (g*) D (37)

2C - fswR
To ensure that the converter operates in continuous conduction mode, the average inductor L,
current must be greater than the inductor L; current ripple. Eq. (38) is obtained by substituting Egs.

(35) and (36) into |I,| > |Air|, where Kc = % and K (D) = (Hfgjf.

Ke> K(D) (38)

By making Eq. (38) zero and using the maximum and minimum criterion of differential calculus, the
maximum value of K (D) can be found. The maximum value of K (D) is 0,0902 at a duty of D = 0, 2325.
Therefore, if the converter has a K, greater than this value, it will show CCM for any steady-state duty
cycle value.

4. Results

The OpenModelica software (version 1.18) was used to simulate the circuits of both converters.
Figs. 7 and 8 show the software implementation of the Boost converter and the Hybrid Boost converter,
respectively. These figures show the setpoint block that represents the input voltage of the circuit.
Moreover, the pulse block generates a PWM (pulse width modulation) signal that, together with a
voltage source, feeds the switch.

Fig. 9 shows the voltage gain vs. the duty of the studied converters. The blue signal represents the
voltage gain of the Boost converter, while the red signal illustrates the voltage gain of the hybrid Boost
converter. It can be seen that, for both converters, the 12 ratio is proportional to the duty. Furthermore,
it is evident that the hybrid Boost converter achieves a higher voltage gain from a duty greater than
10 %, and that, from a duty greater than 85 %, the gain of the hybrid Boost converter almost doubles that
of the Boost converter.
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L D
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Figure 7. Simulation of the Boost converter in OpenModelica
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Figure 8. Simulation of the hybrid Boost converter in OpenModelica

—— Boost converter
17.5 9 === Hybrid boost converter

15.0 A
12.5
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7.5 1

Voltage gain [V]
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00 01 02 03 04 05 06 07 08 09
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Figure 9. Voltage gain vs. duty
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The current gain of the converters is illustrated in Fig. 10. The blue signal represents the current gain
of the Boost converter, while the red signal illustrates the current gain of the hybrid Boost converter. For
both converters, the lo/Ii ratio is inversely proportional to the duty. Furthermore, it is observed that the
current gain of the hybrid Boost converter decreases faster for duties below 40 % than the current gain
of the Boost converter. For duties greater than 40 %, as the duty increases, the current gain signal of the
hybrid Boost converter begins to decrease at a faster rate than that of the Boost converter. However, the

former will always have a lower current gain.

10
= Boost converter

0.8 - == Hybrid boost converter
=
£ 061
45}
(=}
=
2 04
=
]

0.2 1

DG T T T T T T T T

00 01 02 03 04 05 06 07 0B 09

Duty
Figure 10. Current gain vs. duty

Fig. 11 shows the output voltage (or the voltage across capacitor C' or resistor R) and the input
voltage Vin of the Boost converter. The green and red signals represents the input and output voltage,
respectively. It can be seen that, in the transient state, the output voltage has an overshoot of 50 % and
a settling time of about 0.25 seconds. In a steady state, it has a gain of 100 % with respect to the input

voltage.

As for the hybrid Boost converter, Fig. 12 illustrates the output voltage (or the voltage across
capacitor C3 or resistor R) and the input voltage Vin. The green signal represents the input voltage,
and the red signal the output voltage. It is observed that, in the transient state, the output voltage has
an over-peak of 45 % and a stabilization time of approximately 0.45 seconds. In addition, in the steady

state, it has a gain of 200 % with respect to the input voltage.

Fig. 13 shows the output current (or current in the resistor R) and the input current (or current
in the inductor L) of the Boost converter. The green signal represents the input current, and the red
signal represents the output current. The input current has an overshoot of 150 % and a settling time of
approximately 0.25 seconds. The output current in the transient state has an overshoot of 50 % and a
settling time of approximately 0.22 seconds. In the steady state, it reports a decrease of 50 % with respect
to the input current. Fig. 14 shows the output current (or current at the resistor R) and the input current
(or current at L;) of the hybrid Boost converter. The green signal represents the input current, and the
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Boost converter

3007 — \oltage input

— \/oltage output
250

200 - o

150

Voltage [V]

100

50

0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time

Figure 11. Time response of the voltage in the Boost converter

Hybrid boost converter

450
— Voltage input

4007 — \/oltage output

350

300 -

250 A

200 -

Voltage [V]

150

100

50 -

0 U T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time

Figure 12. Time response of the voltage in the hybrid Boost converter

red signal represents the output current. It is observed that, in the transient state, the input current
presents an over-peak of 122 % and a settling time of approximately 0.45 seconds. The output current in
the transient state has an over-peak of 43 % and a stabilization time of approximately 0.35 seconds, and
it shows a decrease of 33 % in the steady state with respect to the input current.
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Boost converter
100

= Current input
= Current output
80 l

60 -

Current [A]

40 1

0‘ T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 13. Time response of the current in the Boost converter

Hybrid boost converter
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150 1
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Figure 14. Time response of the current in the hybrid Boost converter
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Fig. 15 shows the comparison of the output voltage ripple of the two converters, the red signal refers
to the voltage ripple of the Hybrid Boost converter while the orange signal represents the voltage ripple
of the Boost converter. The sub-figures in 15 were plotted with the same scale for a proper comparison.
The voltage ripple of the Boost converter is 0.5002 V, while the voltage ripple of the Hybrid converter is
0.0532 V, resulting in a decrease of 840 %.

Voltage ripple hybrid Boost converter

299.6 . . . . .

Voltage ripple Boost converter

200.25 1

\9

200.00 1

199.75 1

W
o
[0t

=
o

=

199.50 . . . T T
0.6005 0.6010 0.6015 0.6020 0.6025 0.6030 0.6035

time [s]

Figure 15. Voltage ripple

Fig. 16 shows a comparison between the output current ripple of the two converters. The red signal
refers to the current ripple of the hybrid Boost converter, while the orange signal represents the current
ripple of the Boost converter. The sub-figures in Fig. 16 were plotted with the same scale for the sake of
comparison. The current ripple of the Boost converter is 0.050, while the voltage ripple of the Hybrid
converter is 0.005, which constitutes a 900 % decrease.

Fig. 17 shows the efficiency with respect to the duty. This was determined by adding the inductor
and capacitor losses of R = 0.3 in the Open Modelica circuit simulation of both converters. It is observed
that, for duties lower than 20 %, the hybrid Boost converter obtains higher efficiency compared to the
Boost converter. On the other hand, for duties between 20 and 70 %, the Boost converter manages to a
maintain higher efficiency than the hybrid Boost converter. In addition, for duties higher than 70 %, both
efficiencies decrease, with a higher efficiency for the Boost converter.

Fig. 18 shows the continuous driving mode for the Boost converter, which is represented by K (D)_B
(blue graph), and for the hybrid Boost converter, denoted by K (D)_H (orange graph). This comparison
is made to illustrate that the Boost converter has less capacity to enter the discontinuous conduction
mode, as the maximum value obtained by the K D_B graph is lower than that of the K D_H graph.
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Current ripple hybrid Boost converter

30.02 1
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Current ripple Boost converter

20.02 ~

20.00 1

Current [A]

19.98

0.6005 0.6010 0.6015 0.6020 0.6025 0.6030 0.6035
time [s]

Figure 16. Current ripple
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i
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Figure 17. Efficiency
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Figure 18. Continuous condition mode

5. Conclusions

This paper presented a comparative analysis of the Boost and hybrid Boost converters. According to
the results obtained, it can be stated that, for high voltages, the hybrid converter has a greater capacity
to raise the output voltage than the Boost converter. That is because the former has more capacitors in
its hybrid branch, which store energy in each switching state. However, for energy conservation at the
output, the hybrid Boost converter has a lower current gain than the Boost converter.

For the same input voltage, the hybrid Boost converter has a lower over-peak and a longer output
voltage stabilization time than the Boost converter. On the other hand, both converters exhibit different
input currents due to the differences in their topologies. The hybrid Boost converter has a higher input
current than the other because it has more elements connected in parallel. It can be said that, to work
with hybrid Boost converters, having sources whose rated current is higher than the current required by
the converter is advised. As for the output current, the Boost converter exhibits less overshoot and less
stabilization time than the hybrid Boost converter.

By analyzing the voltage and current ripple, it is concluded that the hybrid Boost converter has
much less ripple than the Boost converter. By implementing a hybrid Boost converter, there is an 840 %

decrease in voltage ripple and a 900 % decrease in current ripple with respect to the Boost converter.
By adding resistive losses of 0,3 Ohms in the inductors and capacitors of both converters, the hybrid

Boost converter has a higher efficiency than the Boost converter at voltages below 20 %. For voltages

above 20 %, the latter is more efficient than the former, as it has fewer elements and therefore less losses.
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