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Abstract— This paper presents a comparative analysis of
power electronics topologies that can be used to interface dc
homes with a 230 V, 50 Hz ac power grid. Dc homes represent an
essential asset for smart grids, since energy storage systems and
renewable energy sources, such as photovoltaic solar panels,
operate in dc, as well as most of the electrical appliances used in
domestic scenario. However, since the power grid operates in ac,
it is necessary to convert voltage from ac to dc to properly supply
a dc home. This conversion can be accomplished in several ways,
with different power conversion stages. In this context, this paper
analyzes three different possibilities that can be used to perform
the interface between the ac power grid and a dc home: (1) ac-dc
converter using a low frequency transformer; (2) ac-dc and dc-dc
converters using a high frequency transformer; (3) ac-ac and
ac-dc converters using a medium frequency transformer. These
three possibilities are compared in terms of efficiency, total power
factor and total harmonic distortion of the ac power grid. The
results were obtained by means of a simulation model based on
the internal parameters of the power semiconductors.

Keywords—Dc Homes, Power Electronics; Smart Grids.

NOMENCLATURE
Cuc Dc-link capacitance
Co Dc output capacitance
ig Ac power grid current
io Dc output current
ix Transformer winding x current
Lax  Transformer auxiliary inductance
Lg Ac power grid coupling inductance

Lix Transformer winding x total leakage inductance

Lmx Transformer magnetizing inductance from winding x
Pc Transformer core losses

Rex Transformer core losses resistance from winding x
Rix Transformer winding x total resistance

Ro Dc output load resistance

Sn Transformer nominal apparent power

Vdc Dc-link voltage

Vg Ac power grid voltage

Vo Dc output voltage

Vx Transformer winding x voltage

ZL Ac power grid line impedance

Zix Transformer winding x total leakage impedance

Zsw) Transformer short circuit impedance ratio
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. INTRODUCTION

The past few years witnessed an interest growth in dc
power transmission and dc power grids. Despite the early
establishment of ac power grids as the preferred way of power
transmission and distribution, the development in power
electronics turned high voltage dc (HVDC) transmission
systems feasible and interesting [1]-[3]. The employment of
HVDC transmission systems is even more relevant when using
superconductors, eliminating voltage drops that exist in ac due
both to conductors’ resistance and reactance [4]-[6].

Besides the interest in HVDC transmission systems, there is
an increasing concern about dc systems at the distribution and
consumer levels. This is mainly justified by the paradigm of
distributed generation, with microgrids being the main agent
[7]-[10]. Dc power is intrinsic to energy storage systems and
renewable energy sources, such as solar photovoltaic,
motivating the application of dc microgrids [11]-[17]. Besides,
the advantages of dc power can be applied to the majority of
electrical appliances that are used nowadays. Despite being
connected to ac power grids, a vast number of electrical loads
operate in dc, i.e., representing nonlinear loads to the ac power
grids. These loads are characterized by having a rectifier at its
input terminals, whereby it can be advantageous to remove this
converter and feed the load directly with dc power. Accordingly,
the paradigm of dc homes has emerged and gained attention
[19]-[21]. A study on the energy savings from supplying
residential buildings with dc power can be seen in [22].
However, one important aspect of dc distribution systems and dc
homes is the galvanic isolation. Since most electrical appliances
operate with low voltage levels, and it is convenient to use higher
voltages at the distribution level, galvanic isolation is required.
Ac power transmission uses low frequency transformers, which
are heavy and bulky; however, by using high frequency
transformers, more compact and lightweight solutions are
achieved. In [23] is analyzed and implemented a 380V dc
distribution system considering dc homes, using isolated dc-dc
converters. The use of high frequency transformers is also the
basis of the solid-state transformer (SST), which aims to replace
the low frequency transformers [24], [25].

In order to evaluate the different solutions to interface a low
voltage dc home to the ac power grid, this paper presents a
comparative study of three different power electronics
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Fig. 1. Analyzed topologies for interfacing dc homes with the ac power grid: (a) ac-dc converter using a low frequency transformer;
(b) ac-dc and dc-dc converters using a high frequency transformer; (c) ac-ac and ac-dc converters using a medium frequency transformer.

topologies that can perform the referred interface. The three
topologies are based on: (1) ac-dc converter using a low
frequency transformer; (2) ac-dc and dc-dc converters using a
high frequency transformer; (3) ac-ac and ac-dc converters
using a medium frequency transformer. These three cases are
compared in terms of efficiency, total power factor and total
harmonic distortion (THD) of the ac power grid. The results
were obtained by means of a simulation model based on the
internal parameters of the power semiconductors, allowing to
evaluate the efficiency for the presented cases.

The paper is structured as follows: Section Il presents the
three analyzed topologies concerning the establishment of a
dc power grid from an ac power grid; Section Il presents a
simulation analysis for the three considered topologies;
Section IV presents a comparative analysis of the topologies;
finally, Section V lists the conclusions of the developed study.

Il. ANALYZED TOPOLOGIES

This section presents the three referred topologies
considered for analysis in this paper. For all cases, it was
considered an ac power grid (vg) of 230 V, 50 Hz, as well as a
dc output voltage (vo) of 48 V. This voltage value can be found
in [19] concerning dc systems. A resistive load (Ro) was
connected to the output capacitor (C,) in all scenarios in order
to emulate the power consumption of the dc home. Due to the
voltage difference between the ac power grid and the dc
output, galvanic isolation was encompassed in all cases. The
internal parameters of the transformers were also determined
for each topology. Although in this paper it is only considered
energy flow from the ac power grid to the dc home, all the
topologies encompass bidirectional operation, as well as
sinusoidal current and unitary power factor.

A. Ac-dc Converter using a Low Frequency Transformer

The most traditional solution for converting the ac power
grid voltage into a lower dc voltage can be seen in Fig. 1 (a)
(Topology 1). This topology is comprised by a low frequency
transformer (in this case 50 Hz) and an ac-dc converter
(S1-S4). The transformer steps down the ac power grid
voltage, which is then converted to a controlled dc voltage by
means of the ac-dc converter, i.e., the ac-dc converter operates
as an active rectifier. It should be noted that the transformer

turns ratio must be selected so that the peak secondary voltage
(v2) is lower than the desired dc output voltage (vo) in order to
the ac-dc converter operate as an active rectifier, controlling
the voltage v, and maintaining a sinusoidal current
consumption, as well as unitary power factor. An advantage
of this topology is that it is not necessary to use an inductor to
interface the ac-dc converter with the ac power grid, since the
leakage inductance of the low frequency transformer is high
enough to filter the ripple components produced by the
converter. Besides, this is the simplest of the three analyzed
topologies in this paper, using only 4 power semiconductors
and the respective driver circuits; however, its main drawback
is the presence of a low frequency transformer, which is
heavier and bulkier compared to higher frequency solutions.

B. Ac-dc and dc-dc Converters using a High Frequency
Transformer

As referred in the previous section, SSTs are a promising
solution to replace low frequency transformers at the distribution
level. An SST converts an ac voltage with a given frequency in
another ac voltage with any value and frequency, either higher
or lower than the input voltage. This is possible due to the
intermediary dc stages within the SST. Therefore, in order to
convert an ac voltage to a lower dc voltage, an SST without the
final dc-ac stage can be used (Topology 2). Fig. 1 (b) shows
the referred approach, where two power converters can be
seen, namely an ac-dc (S - S4) and an isolated dc-dc (Ss - S12),
specifically a dual active bridge, comprising two power
conversion stages: a dc-ac and an ac-dc, intermediated by a
high frequency transformer. The two converters share the same
dc-link (Cqc). The ac-dc converter operates in the same way as
in Topology 1, i.e., as an active rectifier. On the other hand, the
dc-dc converter controls the dc output voltage (vo). The
galvanic isolation in the dc-dc converter is accomplished by a
high frequency transformer, with the switches Ss — Sg being
subjected to a voltage vg (which must be higher than the ac
power grid peak voltage) and the switches Sg—Si» being
subjected to a voltage v, (which was defined as 48V, as
aforementioned). Comparatively to Topology 1, an additional
inductor is needed to interface the ac-dc converter with the ac
power grid (Lg). The main drawback of Topology 2
comparatively to Topology 1 is the higher number of power



semiconductors and, consequently, driver circuits (12 against
4). However, the employed transformer is more lightweight
and compact since it operates with a much higher frequency,
as mentioned in the previous section regarding SSTs.

C. Ac-ac and ac-dc Converters using a Medium Frequency
Transformer

In order to reduce the number of power conversions of
Topology 2, namely by avoiding the intermediate dc-link,
Topology 3 is considered (Fig. 1 (c)). This approach also uses
two power converters, but the interface with the ac power grid
is performed by an ac-ac converter (S; - Ss) instead of an
ac-dc, as in Topologies 1 and 2. The second converter is an
ac-dc (Ss—Sg), and both converters are connected by a
medium frequency transformer. The ac-ac converter is a direct
matrix converter, which employs bipolar and bidirectional
power switches, and it has the function of producing an
appropriate voltage to be applied to the medium frequency
transformer, i.e., producing an ac voltage of increased
frequency (vi1). This voltage contains both the power grid
frequency and the desired medium frequency, besides the
switching ripple components. The medium frequency
transformer steps down this voltage (v2), which is then
rectified by the ac-dc converter. This converter is responsible
for controlling the dc output voltage (Vo) and also the ac power
grid current (ig) in an indirect way. The current consumed by
the ac-dc converter, i.e., the transformer secondary winding
current (iz) should be synchronized with the transformer
secondary winding voltage (v2), containing the fundamental
frequency of the power grid and the desired medium
frequency. With this technique, the resulting current ig is
mainly comprised by the fundamental frequency defined for
i, while the ac-ac converter operates with a simple square
wave modulation, multiplying the ac power grid voltage (vg)
with a medium frequency square wave.

D. Transformer Sizing

This section describes the parameter determination of the
transformers for the three considered topologies. Because
each topology comprises a transformer with a different
operating frequency, the respective internal parameters cannot
be the same along the three transformers. Therefore, the same
power rating was considered for the three transformers, but
differences exist among them according to the defined
operating frequencies. Considering nominal power rating
values for transformers and keeping in mind that the dc home
is supplied with a low voltage (48 V), the nominal value of
630 VA was selected for the transformers. The no load losses
were considered to be 5% of the nominal apparent power,
yielding 31.5 W. The X/R factor was defined as 5 and the short
circuit impedance (Zs) Was established as 5%. Also, in
accordance with Fig. 1, the primary side was defined as the
higher voltage side, i.e., the ac power grid side.

1) Low Frequency Transformer

In Topology 1, a transformer turns ratio of 10 was selected
with a nominal primary voltage (V1) of 230 V, resulting in a
nominal secondary voltage (V2) of 23 V. The nominal current
can be determined as follows:

| >,

v 1)
where Sy, is the nominal apparent power of the transformer and
Ix and Vx the nominal current and voltage of winding X,
respectively, with x = 1 for the primary side and x = 2 for the
secondary side. Thus, Iy =2.74 Aand I, = 27.4 A.

In order to determine the core losses resistance reflected
from winding x (Rc), equation (2) can be applied:

ch =— ! (2)

where P is the defined value for core losses, i.e., the no load
losses (31.5 W). From this, a value of 1.68 kQ is obtained for
Re1. Considering X/R =5, the magnetizing inductance
reflected to winding x (Lmx) can be obtained as follows:
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where f is the operating frequency of the transformer, in this
case 50 Hz. Hence, Lmy = 26.7 H.

In order to determine the leakage resistance and
inductance of the transformer windings, the value of Zs)
should be considered. The total leakage impedance reflected
from winding x (Zix) can be calculated by:
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yielding Z;; = 4.2 Q. Provided that:

Z, = «/R.f +X,° ()

and X/R =5, a value of 0.823 Q is obtained for the total
leakage resistance reflected to the primary winding (Ri1). The
total leakage inductance reflected to the primary winding (Li1)
can be determined with an equation similar to (3), using Li1
instead of Lk and Rz instead of Rcy, resulting in 13.1 mH. This
justifies the absence of a grid coupling inductor in Topology 1,
since this value is already reasonable for the connection of the
ac-dc converter to the ac power grid.

2) High Frequency Transformer

Topology 2 employs a high frequency transformer in a
dual active bridge dc-dc converter. In order to avoid the use of
external inductors in this converter, the operating frequency
was established as 100 kHz. As it can be seen in the literature,
the most common and flexible method for power transfer in
this type of converter is the phase shift modulation and its
derivatives, i.e., dual phase shift or triple phase shift. With this
technique, the transformer should have a turns ratio close to
the ratio of the dc-link voltages of each side of the converter
in order to minimize the reactive power in the converter and
transformer. The primary side dc-link voltage (vac), which is
controlled by the ac-dc converter, should have an average
value higher than the ac power grid peak voltage, so that the
ac power grid current (ig) can be controlled. Therefore, a
reference value of 400 V was chosen for vg.. The secondary
side dc-link voltage (vo) is the dc output voltage, i.e., the dc
home voltage (48 V). Taking both voltages in consideration,
the transformer turns ratio was established as 8. The resulting
parameters for the transformer can be seen in Table I.

3) Medium Frequency Transformer

Topology 3 employs a medium frequency transformer
interfacing the ac-ac and ac-dc converters. Because the ac-dc
converter must absorb a current with the same waveform as the
transformer secondary voltage, which consists in the ac power
grid voltage multiplied by a square wave, its switching
frequency has to be several times higher than the defined
medium frequency for the modulation and, consequently, the
transformer. In this paper, a frequency of 1 kHz was chosen.

The operation principle of the ac-dc converter in
Topology 3 is similar to that of Topology 1, i.e., controlling
the dc output voltage to the reference value of 48 V. Thus, a
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Fig. 2. Simulation results obtained with Topology 1: ac power grid voltage
(vg) and current (ig); transformer secondary winding voltage (v,) and current
(i2); dc output voltage (Vo) and current (io).

turns ratio of 10 was also chosen for the medium frequency
transformer, with the nominal values of voltage, current and
resistance being the same as the transformer in Topology 1.
The only difference from the low frequency transformer
resides in the inductance values, since the operating frequency
is different. Table | shows the referred parameters. Besides, as
it can be seen in Fig. 1 (c), there is an auxiliary inductor (Laux)
placed in the secondary winding due to the insufficient value
of L2 (6.55 4H). In this paper, it was considered Layx =50 pH.

TABLE l. TRANSFORMER DESIGN PARAMETERS.

PARAMETER | TOPOLOGY 1 | TOPOLOGY 2 | TOPOLOGY 3

Vi 230V 400V 230V
V, 23V 50 V 23V

I 274 A 158 A 274 A

1, 2714 A 126 A 214 A

f 50 Hz 100 kHz 1kHz

Ly 13.1 mH 19.82 pH 655 pH
Riy 0.823 Q 2.49 Q 0.823 Q
Lt 26.7H 40.4 mH 1.34H
R 1.68 kQ 5.08 kQ 1.68 kQ

I1l. SIMULATION ANALYSIS

This section presents the obtained simulation results of the
three topologies individually. The simulation models were
developed in the software PSIM v9.1 from PowerSim and the
database models of power semiconductors were used, so that
the topologies can be evaluated in terms of efficiency. For a
proper comparison, it were used common parameters to the
three topologies, as listed in Table 11. The used semiconductors
were insulated gate bipolar transistors (IGBTs) model IXYS
IXGH40N60C2 with the respective antiparallel diodes. The
power semiconductors are switched with a unipolar
pulse-width modulation (PWM) in all the ac-dc converters. In
addition, as it can be seen in Table I, four values of output load
(Ro) were used, so that the comparative analysis can be
evaluated for different values of output power. For the present
section regarding the individual results of the topologies,
however, only the load R, = 5 Q was used.

A. Ac-dc Converter using a Low Frequency Transformer

This section shows the results obtained with Topology 1.
Fig. 2 depicts the main waveforms of voltage and current
within this topology, namely the ac power grid voltage (vg)
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Fig. 3. Simulation results obtained with Topology 2: ac power grid voltage
(vg) and current (ig); dc-link voltage (vac); dc output voltage (vo) and current

(io).

TABLE Il. GENERAL PARAMETERS OF THE SIMULATION MODEL.

PARAMETER VALUE
ac Power Grid (V) 230V, 50 Hz
Line Impedance (Z.) 0.1Q, 10 uH

Capacitors (Co, Cqc) 4 mF
Sampling Frequency 100 kHz
Switching Frequency 100 kHz

Output Load (R,) {5, 10, 20, 40} Q

and the respective absorbed current (ig), which are also the
transformer primary winding voltage (vi) and current (iy),
respectively; the transformer secondary winding voltage (v2)
and current (i2); and the dc output waveforms (vo and io). As
referred, the output load (Ro) is 5 Q, which is the lowest of the
listed values in Table Il and results in an output power of
460 W. In this case, the ripple in v, is around 2.5 V peak with
a frequency of 100 Hz, with its average value being controlled
to 48 V, as expected. Besides, the current ig is sinusoidal and
in-phase with the voltage v4, meaning a low value of THD
(1.72%) and a high total power factor (practically unitary).

B. Ac-dc and dc-dc Converters using a High Frequency
Transformer

This section depicts the main voltage and current
waveforms of Topology 2. In this topology, a grid coupling
inductor (Lg) should be used, since no transformer is used to
connect the ac-dc converter to the power grid. For this
purpose, an inductance value of 2 mH was used.

The referred results are shown in Fig. 3. Once again, the
ac power grid waveforms (vq and ig) and the dc output
waveforms (v, and i,) can be seen. Similarly to the previous
result, the current ig is sinusoidal and in-phase with the voltage
vg, but its THD is slightly higher (2.50%), since the leakage
inductance of the low frequency transformer from Topology 1
is higher than the inductance of Ly, However, using an
inductance to match the value of Topology 1 has no practical
interest, especially with a switching frequency of 100 kHz. On
the other hand, it can be seen that the dc output voltage (vo)
has a much lower ripple (around 10 mV) than the previous
topology for the same output load. This figure also shows the
dc-link voltage that interfaces both converters (vqc), controlled
to the established reference average value of 400 V.

Because the leakage inductance of the high frequency
transformer is small, the phase shift modulation can lead to
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Fig. 4. Simulation results obtained with Topology 2: Detail of the voltages
in the primary (v1) and secondary (v2), and current in the secondary (i)
winding of the transformer.

high values of reactive power and, consequently, large values
of circulating current in the transformer windings and in the
power semiconductors. In order to minimize this effect, a dual
phase shift modulation was used. Fig. 4 shows the waveforms
regarding the transformer, namely the applied voltages to the
primary (v1) and secondary (v2) windings, and the current in
the secondary winding (i2). The current in the primary winding
is not shown because it has the same waveform of i, with a
value 8 times lower, according to the transformer turns ratio.
It can be seen that the voltage v; is leading vz, meaning that
energy is being transferred from the primary to the secondary
winding or, in other words, from vy to V.. Besides, it can be
seen that both voltages contain three levels (+vgc, 0, -Vac for vi
and +vo, 0, -v, for v»), as expected for the dual phase shift
modulation.

C. Ac-ac and ac-dc Converters using a Medium Frequency
Transformer

This section depicts the main voltage and current
waveforms of Topology 3. As aforementioned, an auxiliary
inductor (Lauwx) should be used in series with one of the
transformer windings because of the insufficient leakage
inductance value of the medium frequency transformer. For
this purpose, an inductance value of 50 pH was used, with the
inductor being placed in the secondary winding due to the fact
of being the lowest impedance transformer side. This inductor
could also be connected in the primary winding, but its value
would be 5 mH due to the transformer turns ratio.

Regarding the ac-ac converter, as shown in Fig. 1 (c), the
bipolar and bidirectional power switches can be comprised by
one of the three configurations shown in the same figure: one
switch and four diodes; two series switches and two diodes;
two anti-series switches (common emitter configuration) with
the respective anti-parallel diodes. In this paper, the common
emitter configuration was chosen, since the commercially
available power switches contain an anti-parallel diode. Hence,
the ac-ac converter is composed of 8 power switches. It should
be noted that this converter is not switched at 100 kHz but at
1 kHz due to the square wave modulation, as previously referred.

The referred results for Topology 3 are shown in Fig. 5.
Once again, the ac power grid waveforms (vg and ig) and the
dc output waveforms (v, and io) can be seen. Additionally, this
figure also shows the voltage (v2) and current (ip) in the
secondary winding of the transformer. Similarly to the
previous results, the current i is in-phase with the voltage vy,
but has a reasonably higher THD (40.15%). This high value is
due to large current spikes that are a consequence of fast
variations in the voltage applied to the transformer (v1), which
is the result of the square wave modulation of the ac-ac
converter. Besides, the current spikes present in iq tend to be
higher for higher values of Law, whereby this inductance
cannot be too high nor too small, so that the current i, can be
properly synthesized. As it can be seen in the figure, the
current i is synchronized with the voltage v», being verified
the proper operation of the ac-dc converter. In terms of dc
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Fig. 5. Simulation results obtained with Topology 3: ac power grid voltage
(vg) and current (ig); transformer secondary winding voltage (v,) and current
(i2); dc output voltage (Vo) and current (io).

output voltage (vo), it can be seen the average value of 48 V
and a ripple component of 100 Hz, plus a small 1kHz
component. The total peak ripple is approximately 3 V.

IV. COMPARATIVE ANALYSIS

After analyzing the individual simulation results of the
three topologies for a single operating condition, this section
presents a comparison of the three topologies in terms of total
power factor, THD and efficiency for a given range of output
power values, i.e., for the output load values referred in
Tablell ((5Q, 10Q, 20Q, 40Q, corresponding
approximately to power values of 460 W, 230 W, 115 W and
58 W, respectively). These results can be seen in Fig. 6.

In terms of total power factor, it can be seen that the best
results are obtained with Topology 1 and 2, with the highest
values being attained for the higher output power values. In
fact, Topology 1 is slightly better than Topology 2 in light
load conditions, but both values are still high (0.992 against
0.982). In contrast, Topology 3 presents a different variation,
with the total power factor decreasing with the output power.
Nevertheless, the obtained values are still close to unity, with
the lowest registered value being 0.928 for Topology 3.

In terms of THD of the ac power grid current (ig), the
results are similar to the total power factor case. The best
performance is achieved with Topology 1, as it could be seen
in the previous section. For Topology 1 and 2, the THD
reduces with the output power, as expected, but with
Topology 3 it presents the opposite variation. This is verified
because the current spikes in ig are higher for higher values of
output power, with the THD being 17.13% for 58 W and
40.15% for 460 W.

Lastly, the three topologies were also compared in terms
of efficiency, i.e., concerning the input (ac power grid side)
and output (dc home side) values of active power. In this case,
the best results were obtained with Topology 2. The highest
efficiency value was obtained for both Topology 1 and 2 for
460 W (89.9%), but, for the considered operating range,
Topology 2 presents the best results, since its lowest
efficiency value is 83.9% for 58 W, while Topology 1 has
only an efficiency of 63.9% for the same output power. In this
case, Topology 3 presents the same behavior as the other
topologies, with the efficiency incrementing with the output
power, and its obtained values are close to those of
Topology 1, varying between 64.3% and 88.5%.
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V. CONCLUSIONS

This paper presented a comparison of three power
electronics topologies to interface a dc home with a 230 V,
50 Hz ac power grid. The considered topologies were:
(1) ac-dc converter using a low frequency transformer;
(2) ac-dc and dc-dc converters using a high frequency
transformer; (3) ac-ac and ac-dc converters using a medium
frequency transformer. The results were obtained by means of
a simulation model considering the database model of the
power semiconductors. The comparison was performed in
terms of total power factor in of the ac power grid, total
harmonic distortion (THD) of the current in the ac power grid,
and efficiency. It could be seen that the best results in terms of
total power factor and THD were obtained for Topology 1,
with only a slight difference from Topology 2. On the other
hand, the best efficiency results were obtained for Topology 2,
taking into consideration the analyzed power range. Despite
the good results of Topology 1, it should be noted that this
approach employs a low frequency transformer, which is
heavier and bulkier than the high frequency and medium
frequency transformers of the other topologies. Therefore,
Topology 2 presents a better compromise between performance
and volume/weight. It should be mentioned that Topology 3
aimed at reducing the number of power conversion stages of
Topology 2, but the obtained results showed no advantages,
neither in terms of performance or physical size.
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