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Abstract— Isolated dc-dc converters are particularly
important for utilizing renewable energy. These converters are
used for direct connection to the dc microgrid or as voltage
boosters for on/off-grid ac applications. This article examines
and evaluates five popular types of isolated dc-dc converters for
low-power applications. In this study, by examining the
performance of converters, the general equations governing
these converters have been extracted. The converter
components are then designed for a low-power application.
Using simulations in Simulink/MATLAB, these converters have
been evaluated and compared from different perspectives.

Keywords— Isolated dc-dc converters, Component design,
Flyback, Forward, Push-pull, Full-bridge.

[. INTRODUCTION

Today, power electronic converters are used in almost all
home and industrial appliances. Research into the
development and improvement of these converters is the
subject of many studies. Due to environmental concerns and
the need to use more green energy resources, the use of these
converters as an intermediary between renewable sources and
the grid is growing notably. Since most renewables, e.g. solar
are dc, existing structures use a dc-dc boost converter and then
an inverter. Although the use of single-stage inverters with the
ability to increase/decrease voltage has been considered by
researchers in recent years, they still face challenges [1]. The
use of dc-de converters in dc or hybrid microgrids is also a
topic of the day. Due to the dc nature of renewable resources
and many dc loads, the use of dc-dc converters in hybrid
microgrids is conceivable in the near future [2].

Among the various dc-dc converters, isolated converters
have higher reliability. A high-frequency transformer with
low weight and volume in its structure increases the reliability
of the converter by creating isolation and can also increase the
gain of the converter through the turn ratio. The flyback
converter is a widely used structure and is usually used in the
low power range [3],[4]. Many researchers have tried to
improve the performance of this converter by providing
derivatives of it [5],[6]. Snubber circuit design or switching
improvements are among these studies [7],[8]. In [8],[9], this
converter with two differential outputs has been used as a
single-stage inverter, while in [7], is used as the dc-dc booster
step in a solar inverter. Another known dc-dc isolated
structure is the forward converter. This converter is reviewed
in references[10],[11]. The use of a third winding to reset the
circuit and instantaneous conversion of energy through the
operation of the transformer are some of the features of this
converter. Researchers have also proposed derivative
structures to improve this converter. In dual-switch structure,
the use of two switches reduces the voltage across the switch,
and there are two diodes on the primary side instead of the
third winding to reset the circuit [10]. Other commonly used
dc-dc isolated converters include push-pull and full-bridge
converters [12],[13]. The use of a three-taps transformer and

the operation of each of the two switches in each half-cycle
are characteristic of the push-pull converter. As in each half-
cycle, one of the switches is conducting and the voltage source
is empowering, the utilization rate of the voltage source will
be higher.
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Fig. 1. Five well-known isolated dc-dc converters. a) Flyback b) Forward
¢) Dual-Switch Forward d) Push-Pull ¢) Full-bridge
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The full-bridge converter has also been welcomed as a
well-known and widely used structure in all power ranges or
as a bidirectional converter in many applications [14]. With
the development of power electronic converters, these types
of isolated converters are still widely used in many low-power
applications. Several studies have compared and analyzed
some of these converters [15]-[17]. In this study, the aim is to
evaluate and compare the above five converters in a high step-
up low-power application for dc grid connection. In this study,
first, the general relationships of these converters are
extracted, then the design and comparison of passive
elements, selection of semiconductor components and their
losses are investigated. Finally, the results are discussed.

II. DESIGN OF ISOLATED CONVERTERS

Fig. 1 shows the five well-known isolated structures
including flyback, forward, dual-switch forward (DS-
forward), push-pull, and full-bridge converter. The use of
high-frequency magnetics in these structures is for primary
and secondary isolation, which is associated with increasing
gain and the reliability of the converter. To design the
elements of these converters, the optimal values of the
elements should be calculated by analyzing the performance
in different operating modes and extracting the relationships
governing them. In this section, by examining the flyback
converter, its elements will be designed. Similarly, for the
other converters considered in this study, general equations
will be extracted and summarized in a table. Then, based on
equations, their components will be designed.

A. Flyback converter design

Fig. 1a shows the flyback converter. This single-switch
converter has been used in many low-power applications and
offers significant advantages. This structure works on
coupling inductors and also provides insulation between input
and output. Other features include the possibility of using
multiple outputs with different voltage levels and, the
presence of an air gap in the core structure of the windings to
absorb energy and prevent the core from saturating. In this
converter, by turning on the switch, the current passes through
the primary side of the transformer and the magnetic
inductance will be charged linearly. The energy stored in this
inductance begins to discharge from the diode path by turning
off the switch. Then the output capacitor is charged and finally
the power will be delivered to the output. Taking into account
the magnetic inductance in the equivalent circuit, Fig. 2a and
2b show this converter in both switched-on and off modes.
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Fig. 2. Equivalent circuit of the flyback converter. a) When the switch is
on. b) When the switch is off

Ignoring small signal fluctuations and applying
Kirchhoff's Voltage and Current Laws (KVL & KCL ) and
applying the inductor voltage balance and the output capacitor
current balance, the following equations will obtain:
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Where D corresponds to the duration of the switch being
on. To calculate the magnetizing inductance, the inductor
voltage relation in the first interval will be as:
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Considering the ripple factor and the relationship between
efficiency and power as below,
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And replacing equations (3) and (5) in equation (4), the
magnetizing inductance will be:
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Considering the ripple factor K., the maximum required
capacitor is:
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According to the gain relationship, the turn ratio of the
transformer and the converter’s duty cycle can also be
expressed by the following equation,
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When the switch is off, the maximum voltage across the
switch is specified as below:
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Replacing V, from the gain equation,
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Also, for maximum current passing through the switch
while the switch is on,
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In this equation, the first sentence is the average input
current and the second sentence is the maximum inductor
current ripple. By applying a KVL, the maximum voltage
across the secondary side diode also can be written as follow:
=n_2Vl_n +V, =V_0=n_2V¢_ (15)
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And for current passing through the diode:
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It should be noted that while the switch is off, the diode
will conduct energy corresponding to 1-D time.

In the same way, these equations are obtained for other
converters. Table I summarize the required specifications of
the five mentioned converters. Since DS-forward, push-pull,
and full-bridge also work based on buck converter, they have
similar equations to the forward converter. Of course, it should
be noted that, unlike flyback and forwards converters, the duty
cycle of push-pull and full-bridge is in range of zero to one.

III. METHODOLOGY OF EVALUATION

In this section, the purpose is to simulate and compare the
above converters. Table II lists the specifications of the
converter required for evaluation. Due to the gain relationship
of the flyback converter based on the buck-boost converter
and its duty cycle range, the turn ratio of the coupled inductors
in this converter is considered to be 20. The other converters
in this study operate based on buck converters. For the stable
operation of the forward converters, the duty cycle must be
less than 0.5. Due to the gain relationship in these converters,
to produce an output voltage of 350 V with an input voltage
of 24-36 V, a higher transformer turn ratio is required. To

simulate these two types of forward converters in these
simulations, the transformer turn ratio is set to 38. For the two
converters of push-pull and full-bridge, the duty cycle is
between zero and one. Therefore, in push-pull and full-bridge
converters, like flyback, the turn ratio is considered to be 20.
In Table 2, the K coefficient is considered for all converters
except flyback. The flyback converter has a continuous
magnetizing current and coefficient K in the flyback converter
is the ratio of the magnetizing current ripple to the dc value of
this current. While for other converters, this coefficient is the
ratio of the maximum magnetizing current to the input current
difference. This coefficient is assumed to be 0.05 for the
flyback converter in the simulation. In the following sections,
these converters are examined and compared from different
aspects.

A. Passive elements design

In this section, according to the extracted relationships for
magnetizing inductance, output inductance and output
capacitor, the required values of elements in the input voltage
range of 24 to 58 V are compared. Due to the converter gain
equations, the converter operation is possible at an input
voltage higher than 36 V. (58 V, is the case that there are four
series batteries in the input, under charging). Fig. 3 shows the
magnetizing inductance curve for the five desired converters.
As it turns out, the push-pull converter requires the highest
magnetic inductance. The lowest value belongs to the flyback
converter which is due to the continuous magnetizing current
in this converter. The magnetizing inductance curve for other
converters can also be seen in the figure based on their
equation in the table and the ripple coefficient considered.

A comparison between the output inductance values for
the forwards, push-pull and full-bridge converters is shown in
Fig. 4. As the input voltage increases, the required duty cycle
will decrease and as shown, the inductance required for these
converters increases. As it is clear, the forward converters
require more inductance at the output. This is due to the lower
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duty cycle compared to the push-pull and full-bridge
converters. It should also be noted that the high value of the
output inductance is due to the low output current. Finally,
Fig. 5 compares the required output capacitors which are
drawn using the capacitor output relationships for these
converters. As can be seen, the flyback converter requires a
larger capacitor at the output. As the input voltage increases,
the value of the capacitor for the flyback, push-pull and full-
bridge converters decreases and is almost constant for the
forward converters.

TABLE IL GENERAL SPECIFICATIONS OF SIMULATED CONVERTERS
Specifications Value
Input voltage (V) 24Vt036V
Output voltage (V) 350V
Output power 200 W
Ripple factor of I, (K) 0.005
Ripple factor of I, (Kio) 0.25
Ripple factor of V,, (K¢) 0.005
Switching frequency (fi) 100 kHz
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Fig. 3. Magnetizing inductance in the input voltage range of 24 to 58 V.
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Fig. 4. Output inductance in the input voltage range of 24 to 58 V.
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Fig. 5. Output capacitor in the input voltage range of 24 to 58 V.

B. Energy and sizing

In this section, the aim is to calculate the capacitive and
inductive energy of the passive elements in the converters.
Since the size of passive elements is determined using their
energy, the energy consumed in the capacitor(s) and
inductor(s) in these converters will be calculated for each of
these converters. According to the design of converters and
calculating the values of passive elements and then current and
voltage of the circuit, inductor and capacitor energy can be
obtained from the well-known energy equations. Fig. 6 shows
the energy of the passive elements of each converter. In this
figure, the calculated energy is normalized to maximum
energy. As can be seen, the flyback converter needs the most
energy in its passive elements. Therefore, in this converter,
passive elements should have a larger size. Of course, the
structure of the flyback magnetics core is different and there
is an air gap in its core structure, working based on the
coupling inductors. For the other four converters, the total
energy value of the passive elements is much lower. Although
push-pull and full-bridge converters have slightly higher total
energy due to the larger output capacitor.

Total energy of passive elements
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Fig. 6. The normalized total energy of passive elements in the converters
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C. Selection of semiconductors

In selecting the semiconductor components of the
converters, to select the appropriate switch and diode, their
tolerable voltage and current must be calculated according to
the specifications of the converter. The relationships between
the maximum voltage and current of switches and diodes in
different converters are given in Table I. The current passing
through the switches and diodes can be easily calculated
through the output load and the transformer conversion ratio.
In this section, a comparison is made between the voltage
across the switch and the output diode (D1) in the converters.
As Fig. 7 shows, as the input voltage increases, the maximum
voltage across the switch increases for all converters. Based
on the equations in Table I, in DS-forward and full-bridge, the
voltage across switch is Vin and for forward and push-pull is
2Vin. For flyback converter, this voltage is in range of Vin to
2Vin and based on its equation.

Fig. 8 also shows the maximum voltage across the output-
side diode (D). In this figure also, the voltage across the
output diode of all converters increases by increasing the input
voltage. Based on equations in table and fixed output voltage
and turn ratio, this voltage has been calculated. The lowest
voltage across the diode is related to the full-bridge converter
which is equal to nVi, and n in the full-bridge is 20. For a push-
pull converter, this voltage has the highest value of 2nVi,. For
forward converters this voltage is equal to nVi, and to reach
desirable output voltage, the turn ratio in forward converters
was selected to be 38. Finally, for flyback, the voltage across
diode is based on its equation in table I and is shown in Fig. 8.
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D. Losses

A comparison has also been made to investigate the
semiconductor losses of these converters. In this comparison,
switching and conduction losses of switches and conduction
losses and forward voltage drop losses of diodes are
considered. Due to the different numbers as well as the current
and voltage of switches and diodes, their losses in each
converter are calculated and compared. To calculate the
losses, the conduction resistance value of the Rgs.on SWitch is
considered 0.008 Ohms, and the conduction resistance value
of the diode is 0.004 Ohms. The average turn-on/off time of
the switches is also assumed to be 100 ns for calculating
switching losses. There is also a voltage drop across each
diode of 0.4 V. With these assumptions and a switching
frequency of 100kHz, Fig. 9 and 10 show a comparison
between losses in different converters for two cases of input
voltage. The values of these losses for each section are
indicated in the figure.

As can be seen, the major amount of these losses is related
to switching losses. By comparing the losses at 24 and 36 V
input voltages, it can be concluded that at constant output load,
at 24 V input voltage, due to the lower voltage across the
switches, the switching losses are less than that of 36 V input
voltage for all converters. Due to the constant output power,
at 24 V input voltage, the input current (initial side of the
transformer) will be higher and this will lead to more
conduction losses than 36 V input voltage. As can be seen in
Fig. 9 and 10, the highest losses are related to the switching
losses of the forward converters, which is due to the higher
current of switches. Although there is only one switch in
forward converters, due to the higher voltage across the switch
in this converters, switching losses are high. Also, as can be
seen, in the DS-forward converter, the losses of two diodes in
the primary side of the transformer that passes a high current
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Fig. 9. Losses in semiconductor devices of the converters in V=24 V.
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Fig. 10. Losses in semiconductor devices of the converters in Vi,=36 V.

will lead to relatively high losses. In the push-pull converter,
switching and conduction losses are reduced due to the input
current being divided between the two paths. In the case of
flyback and forward converters, it should be added that the
switching losses for these two converters are calculated
assuming the presence of snubber circuits that prevent voltage
spikes. Of course, these snubber circuits also cause losses,
which has a significant impact on the overall efficiency of the
converter.

IV. OVERALL COMPARISON AND DISCUSSION

In this study, the general equations of five isolated dc-dc
converters were extracted and then evaluated for a high step-
up low-power application. According to the results, it can be
said that the flyback converter has a simpler performance and
fewer elements compared to other converters. However, with
a high magnetizing current and high energy in the inductance
of the magnetic core, this converter requires high
consideration, including the air gap in the magnetic core. The
other problem is related to the hard switching and voltage
spike which need snubber circuits and this will result in
additional losses.

The need for three windings in the single-switch forward
converter and the high blocking voltage across the switch in
this converter has reduced its popularity. Like a flyback
converter, this converter also needs snubber circuits to
alleviate voltage spikes. Although these problems have been
fixed in the DS-forward converter, the presence of two
switches and two diodes on the primary side increases the
losses. In forward converters, the duty cycle limit is another
factor to consider. In high gain applications, the duty cycle
limitation in these converters must be overcome by increasing
the transformer turn ratio, which in turn increases the size and
cost, and on the other hand, also increases the maximum input
current. As a result, a switch with a higher current rating will
be needed. Given the above, push-pull and full-bridge
converters seem to be better options. The advantages of these
converters are the absence of limitations in the duty cycle
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and the reduction of the maximum input current. Also, there
is no need for axillary circuits. In the push-pull converter, the
presence of two switches with a lower current on the primary
side will be associated with a reduction in losses. However,
the need for a three tabs transformer in this converter can also
be one of its disadvantages.

In the full-bridge converter, none of the above-mentioned
problems exist for this converter. The only factor that can be
a problem in this converter is the need for a large number of
switches and diodes. This will result in losses and increase the
size and cost to some extent. However, the cost is
approximately equal to the cost of switch/diode(s) and
snubber circuits in flyback and forward converters.

For an overall comparison and a better understanding of
the above, an illustrative scheme is used in Fig. 11. In this
diagram, four factors of switch and diode losses (Pssp),
inductive energy (Er), capacitive energy (Ec) and switch
voltage stress (Vs), have been investigated. The values of
these factors are normalized to the maximum value in these
converters. It should be noted that this diagram is drawn for
input voltage of 36 V. In the case of 24 V input voltage, the
results are almost the same and there is only a slight difference
in the amount of switch losses. This diagram introduces push-
pull and full-bridge converters as relatively superior choices.
Although the smaller area in this diagram indicates the overall
better performance of the converter, the importance of each of
these factors should be considered separately in order to make
the best choice. For instance, in some applications, losses may
be more important than converter size/weight or vice versa.

V. CONCLUSION

In this study, five isolated converters for a high step-up
low-power application were evaluated from different aspects.
After examination, it was found that the flyback converter
requires a larger capacitor/magnetics and more considerations
are required in its coupled inductors design. In terms of losses,
with increasing input voltage, switching losses increase and
conduction losses decrease at constant output power. The
main losses in these converters were related to switching
losses, and DS-forward converter had higher losses due to the
high current of switches. Push-pull converter with a simpler
structure had less losses. For forward converter that only have
one switch, switching losses were relatively high due to the
high voltage across the switch. Also, in the DS-forward, due
to the presence of two diodes on the primary side, the diode
losses were relatively high.
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