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Abstract

This paper suggests an improved step-up step-down DC-DC system along with three-
input and four-output for smart home applications. In this configuration, two unidirec-
tional power ports have been identified as an Input power supply and one bidirectional
power port for the power-saving element, which can be used as a bidirectional converter
for the hybrid vehicle to discharge in a dependent structure. This system can be used to
combine renewable energy sources like photovoltaic (PV), fuel cell, battery and hybrid
vehicle (HV) to prepare power for remote smart homes. By using this system, serving dif-
ferent loads with different voltage range from high voltage to ultra-low voltage is possible,
also battery charge and discharge with the energy-saving method can be achieved. In this
system, the condition of all possible low-voltage load and high-voltage load conditions
has been assumed. In this structure, nine power switches have been used, in which all of
these switches are in control with independent and dependent duty cycles. By using these
cycles, maximum power can be earned from PV sources, bus-bar voltage regulation, and
battery power control is possible too. In this topology, depending on environmental con-
ditions, five scenarios have been identified. To prove the capability of the system before
the build, some valid simulations are needed. In this study, the suggested system has been
simulated with power system computer aided design/electromagnetic transients including
DC (PSCAD/EMTDC).

1 INTRODUCTION

Nowadays, the demand for energy is increasing day by day.
Many sources of energy achieve from fossil fuel sources. These
types of fuels have many environmental issues such as a rise in
temperature and consequently climate changes. Solar in photo-
voltaic (PV) systems is one of the most important types of clean
energy sources. The main advantages of PV systems are that
it is renewable, pollution-free, widespread use across the earth,
long life, easy transportation, the possibility of fast installation
and non-requirement of any periodic maintenance services. The
main factors that are required to generate energy through PV
systems are solar irradiation and temperature. The production
of renewable energy from wind and sun depends on environ-
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mental conditions in the day and seasonal periods. In distributed
generation through solar energy, one of the problems the sys-
tem faces is the fluctuation of their output energy via chang-
ing weather conditions, which is the most important problem
[1]. Additionally, the complexity is intensified if the consump-
tion of electrical demand contaminates with uncertainty [2]. In
such systems, the integration of several types of energy equip-
ment such as electrical energy generation, energy storage sys-
tems, and renewable energy sources are defined as hybrid energy
systems (HESs). Hybrid systems usually use one or more energy
storage elements such as ultra-capacitors, batteries and one or
more other green sources such as fuel cell (FC) or even non-
renewable energy sources such as diesel generators. In general,
HESs are divided into two classes of AC and DC-link systems.
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In the previous years, the AC and DC coupling was investigated
and had problems such as the number of electrical elements,
high initial cost, large volume and difficult energy management
[3, 4]. In recent years, in this approach, the tendency toward
multi-input multi-output systems has been increased and sev-
eral sources have been incorporated into an integrated structure.
One of the advantages of these systems is the simplicity of the
structure, the integrated control system, the very low cost and
suitable for deploying on the low and medium power scale. In
an isolated system, the input and output sources have been iso-
lated from each other with high-weight transformers. [5]. Due to
the low voltage level produced by renewable sources, it is very
important to increase the system voltage level [6]. Increasing the
voltage of the converter causes voltage pressure in the switches
and increases losses and soft-switching is a way to overcome
this issue [7]. Different ways to absorb the maximum power
from renewable sources, with emphasis on PV maximum power
tracking have been proposed in several studies. In [8], it is stated
that with maximum power point tracking (MPPT), no control
action is needed, and therefore the adjustment stage will be
bypassed and the algorithm will update the stored energy at the
end of the cycle as usual [8]. In [9, 10] a new multi-input multi-
output system is considered to be fed using renewable sources
without transformers which makes it inexpensive. It is consid-
ered an appropriate and simple control strategy. Also, a compre-
hensive power management algorithm has been implemented,
to obtain maximum power from the PV, but the weak point of
the system has been enhanced by the high duty cycle causing
parasitic effects and increasing losses. In [11], an improved con-
verter has been proposed for specific HV applications. One of
the reasons that are considered as the disadvantage of HV can
be a long time battery charging from charging stations, partly
offset by the PV, which is considered a source of storage on
the roof of the vehicle and battery as a source of storage. In
this proposed structure, the sources are made individually and
they collectively supply the load, and the switches are controlled
independently. In [12], instead of using an FC, a wind turbine
has been used for HES. In the presented model, the ability of
connection to the power grid and energy exchange with the grid
has also been considered and is designed by special application
of light feeding on the street. In the presented model, a buck
converter has been used to recharge the energy storage system.
In this system, the energy management system has been taken
into account so that the sources only charge the saving sources,
if the generating energy of renewable sources is not sufficient
enough, and are repeatedly fed through the grid, and if the gen-
erating energy is very small, the grid will also supply both the
loads and the saving applications. In [13], a structure has been
proposed for use in HV. In this case, an FC and an energy stor-
age source have been used in which two outputs are considered
and if there is no need to use this load, it is not possible to cut
it in parallel. From the studied sources, it can be concluded that
due to the low dynamics of the FC, it is better to use sources
with high dynamics to have a more desirable transient system.
In [14], the converter has been considered as dual-input single-
output, which is investigated from PV and battery. The energy-
saving system is used as a backup system during the night as well
as to increase the system’s reliability. In this system, it can be

noted that the charging of the saved source with a given voltage
has been increased, which increases the size of the energy stor-
age element. In [15], the small-signal strategy, with independent
control for each switch, is considered and the classical propor-
tional integral (PI) controller has been used. The efficiency of
the system has been studied which is 97%. Note that, in this sys-
tem, it is possible to mention the recharge source with a boosted
voltage, which increases the size of the saving energy element.
In [16], the converter has been designed to use solar arrays con-
nected to the grid. By considering two arrays as input, all of the
switches and energy only flows from sources to the load with-
out saving element. In [17], the load as a generator has the abil-
ity to charge the battery and is also applied in energy manage-
ment of priority strategy. The parallel diodes have to consider
a larger amount due to the bypass route which is not econom-
ical and voltage control is easier than the parallel state. In [18],
a multi-input multi-output converter has been investigated. The
converter is designed particularly for HVs. All inputs are unidi-
rectional and the storage section is bidirectional as well as the
sources can be shared, jointly. This converter can be used in
increasing and decreasing modes. The battery is charged using
the boost side which increases the size of the battery. In [19], a
multi-input multi-output converter has been introduced, which
is suitable for HV systems. It has been designed as an island in
the output of the converter, a DC link that is placed to connect
to a DC motor. In this converter, it is proposed to switch to
the battery in a brake mode. Several scenarios have been con-
sidered to be used as one of the most appropriate scenarios for
this study such as charging the battery by a DC motor-generator
and the PV source. For proper operation of the mentioned con-
verters, energy management should be done in accordance with
different hours and seasons of the year. In [20, 21], practical and
applied projects have been done. One of the best methods of
energy management in a smart home with the ability to connect
an electric car has been stated in [22] in which the electronic
power converter is first presented, and then energy management
is addressed. Electromagnetic control (EC) is a complex control
system and the amount of electromagnets requires wider power.
This study has tried to propose a new improved structure of
energy management for use in smart homes away from the grid,
and energy management in the smart home and the amount of
energy production during 24 h are briefly stated.

2 PROPOSED TOPOLOGY

In this study, a three-input and four-output DC-DC system is
proposed for the hybrid system equipped with PV, FC and bat-
tery, and its general architecture is introduced in Figure 1. This
system has seven ports with three-input and four-output ports.
At the output ports, four levels of standard voltage for various
uses are provided, including three ports, one port for PV array,
the other for FC port and another one for the battery port
that can transmit power. This set of converters can feed inde-
pendently/dependently on the demand of the load required.
This model also has a bidirectional load that has connection
capability that is considered as an HV. The converter con-
sists of nine independent and dependent switches, which are
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FIGURE 1 The architecture of converters and sources proposed for smart
home

individually controlled by nine different duty cycles. In this
study, the possibility of extracting maximum power from PV
sources, regulating the power of the FC and charging and
discharging the battery can be done easily. In Figure 1, the
overall topology of the proposed converter is shown to be
carried out on a power management battery using a PV source
and bidirectional load of the HV installed at the high-voltage
section of the circuit, and it can be considered the role of
the backup system for the battery. In this study, two different
features with different characteristics are introduced. First, the
analysis of each of the converters’ structures has been studied,
and then the accuracy of the integrated circuit performance is
investigated in the next sections.

3 FIRST CONVERTER

The structure of the boost DC-DC converter has been pro-
posed in Figure 2. As it is observed, the converter has two PV
and FC input in two separate ports and a bidirectional port to
save power. L1 and L2 convert the voltage source into a current
source that makes the DC flow from renewable sources of PV
and FC. Rout is representative of high voltage parallel loads and
voltage source at the output as an HV and is capable of charg-
ing, discharging, or even power generation by energy generation
sources such as FC and electrical motor. T1 to T5 are the main
elements that can handle power flow on high-voltage loads and
batteries. In this topology, the switches are controlled indepen-
dently with five independent duty cycles. According to this strat-

egy, the MPPT from the PV source is designed first to manage
the output power of the PV, and second, to demonstrate how
to charge and discharge battery power, power load management
and output voltage scaling. The proposed structure also makes
it possible to store the power in the battery by an HV, which a
backup source for low voltage and high-voltage loads is consid-
ered for overload modes during day and night.

The proposed structure, like the conventional boost con-
verter, converts the power flow through T1 and T2, and the bat-
tery will always be attached to the mid-voltage bus, which helps
operate mid-voltage regulation. Moreover, the battery can use
the HV source to charge. If the PV is not capable of sufficient
ability during the night or overload, it is possible to enable a
connection to sensitive loads using the battery. Based on these
descriptions, in this study, five scenarios are proposed.

3.1 First scenario

In the first scenario, it is assumed that the tilt of solar irradiance
and PV are in the best conditions and no load is connected to
the system. In this case, the battery is charged by PV without
entering the second section. T1 is switched on (0 <t < d1T) and
L1 is charged by the PV (Figure 3(a)), then T1 is switched off
and T3 is switched on (d1T < t < d3T) (Figure 3(b)), and the
energy stored in L1 through T3 is stored in the battery.

In this scenario, current and power equations charge mode in
the battery can be obtained as follows:

Ibat = d3IL1 (1)

Pbat = (d3IL1)Vbat (2)

As can be seen, in this case only the L1 is charging and discharg-
ing. In Figure 8(a), the method of switching and comparison
of the referenced and carrier signals, as well as the method of
charging and discharging of L1 has been presented.

3.2 Second scenario

In the second scenario, it is assumed that the air temperature and
light intensity are in good conditions and the PV is capable of
supplying all the required loads and extra power is saved in the
battery. In this case, L1 is charged by the PV through T1 during
(0 < t < d1T) as shown in Figure 4(a). During (d1T < t < d3T)
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FIGURE 3 (a) The charging of the L1 through the photovoltaic (PV), (b) battery charge by PV

T1, T3 and T4 are on, the battery is charged through T3 by mid-
voltage level and L3 is also charged through the T4 switch of
the L3 by the mid-voltage level as shown in Figure 4(b). Finally,
during (d4T < t < T) T4 is switched off and the energy stored in
L3 flows into the load, and T3 also remains on until the end of
the period so that the battery charge could be completed fully
(Figure 4(c)).

In the battery, assuming that T3 is on

Ibat = d3IL1 − d4IL3 (3)

Pbat = (d3IL1 − d4IL3)Vbat (4)

For the second boost section

VO =

(
1

1 − d4

)
1

1 − d1
Vpv (5)

IO = (1 − d4)1 − d1Ipv (6)

In Figure 8(b), the switching and comparison of the reference
and carrier signal, as well as the charging and discharging of the
L1 and L2 signals, are expressed.

3.3 Third scenario

In the third scenario, with the assumption of night, the PV is
not capable of producing energy, so the output power is sup-
plied only by the FC and battery. The HV does not need to be
charged or needs discharging. In this case, during (0 < t < d2T),
L2 and L3 are charged by the FC and battery. In Figure 5(a),

the battery also plays the role of stabilising the mid-voltage sec-
tion. In the second case, during (d2T < t < T) T2 is switched
off and the energy stored in L2 is directed toward L3. Also,
in Figure 5(b), the battery charge could be completely dis-
charged to L3, and the energy stored in L2 is inserted into
L3. Finally, during (d4T < t < T), the total energy that is
charged in L3 by battery and FC are discharged into the load
(Figure 5(c)).

The total energy stored in the battery, charged by the PV and
the HV, is discharged into the loads:

Imid = (1 − d2)I fc + Ibat (7)

Ibat = (d1)IL1 (8)

Pbat = (d1IL1)Vbat (9)

VO =

(
1

1 − d4

)
1

1 − d2
Vfc (10)

IO = (1 − d4)(1 − d2)I fc + Ibat (11)

In Figure 8(c), the switching and comparison of the reference
and carrier signal as well as the charging and discharging of L2
and L3 signals are expressed thoroughly.

3.4 Fourth scenario

In this scenario, it is assumed that during the daytime, the sys-
tem is facing overload, and all sources including PV, FC, battery
and HV are online and feed the mid-voltage section to supply
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FIGURE 4 (a) Charging the L1 by the PV, (b) charging the battery by PV, (c) L3 feed the output loads

the high-voltage and low-voltage sections. In the first case, all
switches are on at the same time, L1 is charged by PV and L2
is charged by FC, as well as L4 transfers the energy from the
HV to the battery during (0 < t < d1T) as shown in Figure 6(a).
During (d1T < t < T), T1 is switched off and the energy stored
in L1 is directed toward L3, the battery charge could be com-
pletely discharged to L3, and L2 is still charged from the FC
because of the low dynamics of the FC (Figure 6(b)). Then, dur-
ing (0 < t < d2T), T2 is switched off and the energy stored in
L2 is directed toward L3 and the total energy that is charged
in L3 by battery, PV and FC are discharged into the load (Fig-
ure 6(c)). In the fourth mode, energy is stored in L3, and during
(d4T < t < T), T4 is switched off and the energy stored in L3
is directed toward the load (Figure 6(d)). On the other hand,
the hybrid energy compensated by the battery depletes battery
energy in L3. During (d5T < t < T), the total energy that is
charged in L5 by HV is discharged into the battery, which has a
backup role (Figure 6(e)).

It is observed in the FC:

Vbat = Vmid =
1

1 − d1
Vpv =

1
1 − d2

Vfc (12)

In this case, the voltage of mid-voltage is fed by PV, FC and
battery and the battery also has a regulator role for mid-voltage
section

Vbat = d5Vhyb (13)

Ihyb = d5Ibat (14)

The method of switching and comparison of the reference
signal and charging and discharging of L1, L2, L3 and L4 is
expressed in Figure 8(d).

3.5 Fifth scenario

In this scenario, it is assumed that during the night, the system
is faced with an overload and all the input sources except PV
are online, which in this case the HV is fed to the battery by
buck converter which causes the battery to be charged and the
level of the mid-voltage section is stabilised. In the first case,
during (0 < t < d2T), L2 and L3 are charged by FC and bat-
tery (Figure 7(a)). Then, during (d2T < t < T), T2 is switched off
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FIGURE 5 (a) L2 is charged by the FC and L3 is charged by the battery, (b) L3 is charged by battery and L2, (c) L3 feeds the output loads

and the energy stored in L2 is directed toward L3. Also, the bat-
tery charge could be completely discharged to L3 (Figure 7(b)).
In the next step, during (d4T < t < T), the total energy that is
charged in L3 by battery and FC are discharged into the load
(Figure 7(c)).

In the end step, during (d5T < t < T), the total energy that is
charged in L5 by HV is discharged into the battery (Figure 7(d)).

The fifth scenario equations as follows:

Vbat = d5Vhyb (15)

Ihyb = d5Ibat (16)

VO =

(
1

1 − d4

)
1

1 − d2
Vfc (17)

IO = (1 − d4)(1 − d2)Imid + Ibat (18)

The method of switching and comparison of reference and out-
put signals as well as the charging and discharging mode of L2,
L3 and L4 have been expressed in Figure 8(e).

4 SECOND CONVERTER

The structure of the DC-DC buck converter single-input two-
output is proposed, which is shown in Figure 9. As it is
observed, the converter has a DC input that is produced at the
output of two voltages of medium and ultra-low voltage.

This converter is used to provide medium voltage and ultra-
low-voltage loads to use in applications such as lighting, secu-
rity systems and monitoring as well as ultra-low voltage such
as smart phones, phones and control systems. In this con-
verter, two proposed voltage levels are adjusted according to the
international standards for electrical installation (ICE) standard,
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FIGURE 6 (a) L1 by PV, L2 by the FC and L3 by battery are charged, also battery is charged by HV, (b) L3 is charged by battery and L1, also battery is charged
by HV, (c) L3 is charged by battery, L1 and L2, also battery is charged by HV, (d) L3 feeds the output loads, (e) T5 switched off and battery charge could be completed
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FIGURE 7 (a) L2 by the FC and L3 by battery are charged, also battery is charged by HV, (b) L3 is charged by battery and L2, also battery is charged by HV, (c)
L3 feeds the output loads, (d) T5 switched off and battery charge could be completed

where the converter input from the previous converter switch
is split in parallel and can be used if problems arise from the
previous system’s storage source. This converter is considered
to be identical with the switching frequency but can be achieved
by changing the duty cycle to different voltages based on the
need. As shown in Figure 9, L2, L5 and L6 can be integrated
into three heads to be able to feed very low loads using two

capacitors and a very small inductance, as well as a step-down
gain. According to the calculations done in the duty cycle, 0.5
is reduced to 30 times the voltage. As can be seen, the Vmid is
first received from the previous circuit and enters L5, via T6,
and some of the energy is lowered into the voltage by T7 and is
reduced to very low-voltage loads after the buck is passed. As
shown in the topology, by changing the free circulation phase of
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FIGURE 8 Plot of switching and current-time diagram of all scenarios
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FIGURE 9 Topology of the single-input two-output converter

a conventional buck converter and adding two very small capac-
itors and inductors, the input-voltage level significantly reduced
the input-voltage level.

Assuming ohmic loads and same frequency and assuming T6
is on:

VL = (Vmid −VO1 −VL − Estep_down )d6T (19)

T8

L10

L12

C5C4

L11

D9

Cout3 Rout3
Vmid’

+

-

+

-

Vo3

VL’’ -+

FIGURE 10 Single-input single-output buck topology reducing the volt-
age and current ripple

Assuming the T6 is off:

VO1 =
2
3

Vmid d6 (20)

For very ultra-low voltage:

Vmid ′ = Vmid

(
1 −

1
2

d6

)
−

1
2

VO1d6 (21)

Assuming T7 is on:

Vmid ′ = VC 1 +VL5 (22)

Assuming the same inductance:

VL
′
=

(
Vmid

(
1 −

1
2

d6

)
−

1
2

VO1

)
d7 (23)

Assuming T7 is off:

VL
′
= (VC 2 +VL9 −VO2) (24)

Vmid

(
1 −

1
2

d6 −
2
3

d6
2
)
+VC 2(d7 − 1)

+VL9(d7 − 1) +VO2(1 − d7) = 0
(25)

VO2 = K d6
2
d7Vmid (26)

5 THIRD CONVERTER

The proposed single-input single-output DC-DC converter
structure is shown in Figure 10. As it is clear, the converter has
a DC input that aims to reduce voltage ripple and current at low
voltage output. The switch has been considered the same in the
switching frequency, but it can be achieved by changing the duty
cycle to the difference voltage. As shown in Figure 10, L10 and
L11 can be split open with the middle head so that the low loads
can be fed using two capacitors and a small inductance, as well
as a buck, which is calculated.

Assuming the T8 is on:

Vmid ′ = Vmid −VL5 (27)

Vmid ′ = VC 4 +VL12 (28)

VL5 =

(
VL5 −VO1

2

)
d6 (29)
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FIGURE 11 The general topology is shared by
putting all resources and consumers together

VL
′′
=

(
Vmid

(
1 −

1
2

d6

)
−

1
2

VO1

)
d8 (30)

Assuming T8 is off:

Vmid ′

(
1 −

1
2

d6 − d6
2
)
+VC 4(d8 − 1) +VL12

(
d

2

3 8 − 1

)

+VO3(1 − d
2

3 8) = 0 (31)

In the end, the output voltage of the lower voltage equation is
obtained as

VO3 = K ′d6
2
d

2

3 8Vmid (32)

The topology is integrated into the form of three converters in
parallel in Figure 11.

As can be seen, in the proposed system, more switches are
used, but considering goals such as the simultaneous use of the
system in boost and buck mode, several voltage levels of charg-
ing and charging of the HV as a source is negligible.

To investigate the losses of switching and the loss related to
the resistance of each of the elements that are represented by
PSW and Pcond, total losses of the system are presented by Ptotal.

Ptotal = PSW + Pcond

To simplify the calculations, the loss of capacitors is neglected
(rc = 0) and only the loss of resistance, the internal resistance of
the sources, diodes, switches and inductances in the conduction
mode are investigated:

Pcond,Si
= rSi

.(ISi ,rms )2 (33)

Pcond,Li
= rLi

.(ILi ,rms )
2 (34)

Pcond,Di
= [VFd,Di

.I
Di ,ave

] +
[
rDi
.(IDi ,rms )

2
]

(35)

Pcond,Ti
= [VFd,Ti

.I
Ti ,ave

] +
[
rTi
.(ITi ,rms )

2
]

(36)

Pcond = Pcond,Si
+ Pcond,Li

+ Pcond,Di
+ Pcond,Ti

(37)

In order to investigate the switching losses, the uncontrollable
and controllable switches should be investigated in two cases.
In addition, the diodes and the switches must first be studied
in light of the voltage of the diodes and the switches, which are
shown with the peak inverse voltage (PIV) under the ton under
and toff state and finally to the system efficiency relations [13]:

PSW,Di
=

1
6

(VPIV,Di
)( fS )(Iave,on )(ton + to f f ) (38)

PSW,Ti
=

1
6

(VPIV,Ti
)( fS )(Iave,on )(ton + to f f ) (39)

PSW = PSW,Di
+ PSW,Ti

(40)
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TABLE 1 Comparison between the proposed structure and other structures

Reference

Input

port

Bidirectional

port

Output

power

delivery

Number of

switches

Number of

Diodes

Buck & boost

(same time)

Connecting hybrid

vehicle ability

Output

voltage

level

Efficiency

(average)

[9] 2 ✓ Medium 4 4 Boost Only charge 1 80%

[11] 2 ✓ Medium 4 5 Boost Only charge 1 85%

[12] 2 ✓ High 4 3 Boost Only charge 1 —-

[13] N ✓ Medium N + M + 1 N+M+1 Boost Only charge M ∼80.5%

[14] 1 ✓ Medium 3 3 Boost Only charge 1 ∼98%

[15] N ✓ Medium N + 1 N Boost Only charge 1 ∼97%

[16] 2 ✗ Medium 2 2 Boost Only charge 1 —-

[17] N ✓ Medium N + 3 N Buck Only charge 1 ∼92%

[18] N ✗ Medium N + 2 N Buck Only charge 1 —-

Or boost

[19] 1 ✓ Medium and
low

4 5 Boost Charge and discharge 1 ∼90.2%‘

Proposed 2 ✓ Medium and
low

8 9 Both Charge and discharge 4 ∼91.53%

PLoss = Pcond + PSW (41)

Pout = VoIo +Vo1Io1 +Vo2Io2 +Vo3Io3 (42)

Pin = Pout + PLoss (43)

𝜂 =
Pout

Pin
.100 =

Pout

Pout + PLoss
.100 (44)

The efficiency and efficiency of the proposed method in the
third scenario are:

PLoss = Pcond + PSW = 1149.195W (45)

Pout = VoIo +Vo1Io1 +Vo2Io2 +Vo3Io3 = 9807 (46)

𝜂 =
Pout

Pin
.100 =

Pout

Pout + PLoss
.100 =

9807
10956.195

= 89.5%

(47)

In Table 1, a comparison is made between the proposed hybrid
system and other structures. As is observed, the proposed sys-
tem has some advantages and disadvantages compared to other
topologies. Also, in Figure 12(a), the comparison efficiency
between the proposed system and other topologies is presented,
and in Figure 12(b), the comparison of the system efficiency in
different scenarios is also performed.

6 ENERGY FLOW CONSIDERING IN
THE ISLANDED HOME

Using the stated topics, a smart house can be considered as an
island by determining the minimum and maximum load. In this

FIGURE 12 (a) Comparison efficiency between proposed system and
other topologies, (b) comparison of the system efficiency in different scenario

case, by examining the loads used in smart homes, the input
sources can be evaluated and measured. In Figure 13, power
flow in the system and the connection between the hybrid vehi-
cle and the converter are schematically represented. Also, Fig-
ure 14 shows the evaluation of the power generation during 24
h. In Table 2, the method of production and consumption of
power in different scenarios is summarised.

7 SIMULATION AND EXPERIMENTAL
RESULTS

In this section, the simulation and experimental works are
provided for verifying the operation of the proposed system.
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FIGURE 13 Power flow in smart home

FIGURE 14 Evaluation of the power generation during 24 h

TABLE 3 The values of the parameters

Symbols Parameters

L1 = L2 = L4 1000

L3 2000

C1 2000

Cout 3000

Rload 1∼2

Rint 0.1

L5 = L6 500

C2 = C4 = C5 10

L7 = L8 = L10 = L11 250

L9 20

C3 10

Cout1 500

Cout2 = Cout3 200

Ro1 3

Ro2 5

Ro3 4

Simulation works are done using the PSCAD/EMTDC soft-
ware. The prototype of the experiment at different duty cycles
and power rated is of almost 25 kW. Also, the used parameters
in the proposed system are provided in Table 3.

Figure 15 indicates the simulation waveforms of the high
voltage section. Figure 15(a) illustrates that the value of the out-
put of the high-voltage section is about 230 V, and after step-
change at the system loads, the system voltage is regulated to
230 V again after the voltage drops. Also, the values of the other
parameters are Phigh = 24 kW, Ihigh = 101 A as shown in Fig-
ures 15(b) and (c), and the waveform of L3’s voltage and current
are illustrated in Figures 15(d) and (e). Also, the waveform of
T4’s voltage and current are illustrated in Figures 15(f) and (g).
Figure 16 indicates the simulation of the medium-voltage sec-
tion. Figure 16(a) illustrates that the value of the output of the
medium-voltage section is about 52 V and after step-change at
the system loads, the system voltage is regulated to 50 V. In this
part, a voltage drop of 4% is observed and its effect on the cur-
rent and power of the part is observed in Figures 16(b) and (c).
The values of the parameters are Pmedium = 1.25 kW and Imedium

TABLE 2 Power flow at the system

Balance between production

and consumption Explanation

Pload = 0&Ppv = Pbat First scenario: There are no load in the smart home, and in this scenario, all energy generated in the photovoltaic (PV)
array is stored in the battery

Ppv = PLoad + Pbat + Phyb Second scenario: The power generated in the PV array divided between battery, load and hybrid vehicle.

Pfc + Pbat = Pload Third scenario: In the absence of hybrid vehicle and during the night, energy production of fuel cell and energy stored in
the battery is used.

Ppv + Pfc + Pbat + Phyb = Pload Fourth scenario: In this condition, system is faced with overload during daytime and all sources product energy for loads.

Ppv = 0 & Pfc + Pbat + Phyb Fifth scenario: In this condition, system is faced with overload during night time and all sources, except PV array, product
energy for loads
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FIGURE 15 (a) High-voltage section’s voltages in step-change mode, (b) power delivery for the high-voltage section in step-change mode, (c) high-voltage
section’s current in step-change mode, (d) L3’s voltage in steady-state mode, (e) L3’s current in step-change mode, (f) T4’s voltage in steady-state mode, (g) T4’s
current in steady-state mode

= 25 A. Also, the waveform of L6’s current and T6’s voltage and
current are illustrated in Figures 16(d) to(g).

Figure 18 indicates the experimental results of the system.
Figure 18(a) illustrates that the value of the output of the
medium-voltage section is about 57 V and it matches with
Figure 16(a). The difference between the two waveforms is
about 8.7%. Figure 18(a) illustrates that the value of the output
of the medium-voltage section is about 57 V and it matches
with Figure 16(a). The difference between the two waveforms is
about 8.7%. Figure 18(b) illustrates that the value of the output
of the low-voltage section is about 18.6 V and it matches with
Figure 16(a). The difference between the two waveforms is
about 22%. Unfortunately, it should be noted that this differ-
ence is a bit large. Figure 18(b) illustrates that the value of the
output of medium-voltage current is about 28 A and it matches
with Figure 16(c). The difference between the two waveforms
is about 10%. Figure 18(c) illustrates that the value of the
output of ultra-low-voltage current is about 4 A it matches with
Figure 17(c). The difference between the two waveforms is

about 0% and they completely match. Finally, Figures 18€ and
(f) are relatively consistent with Figures 16(e) to (g) and 15(e).

Figure 17 indicates the simulation of the low and ultra-low-
voltage sections. Figure 17(a) illustrates that the value of the out-
put of the low-voltage section is about 14.2 V and after step-
change at the system loads, the system voltage is regulated to
13.8 V. In this part, a voltage drop of 2.8% is observed in Fig-
ure 17(a). Also, for the ultra-low-voltage section, Figure 17(b)
illustrates that the value of the output of the ultra-low-voltage
section is about 5.1 V and after step-change at the system loads,
the system voltage is regulated to 5 V. In this part, a voltage drop
of 2% is observed. The values of the parameters are Pultra-low-voltage

= 20 W and Iultra_low_voltage = 4 A, and its effect on the current
and power of the part is observed in Figures 17(c) and (d). Also,
the waveform of T8’s voltage is illustrated in Figure 17(e). To
evaluate the simulation results and experimental results, the pro-
totype is built, based on this it is observed by adapting the labo-
ratory and simulation results that there is a slight difference with
acceptable accuracy.
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FIGURE 16 (a) Medium-voltage section’s voltages in step-change mode, (b) power delivery for the medium-voltage section in step-change mod, c) medium-
voltage section’s current in step-change mode, (d) L6’s voltage in steady-state mode, (e) L6’s current in step-change mode, (f) T6’s voltage in steady-state mode, (g)
T6’s current in steady-state mode
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FIGURE 17 (a) Low-voltage section’s voltages in step-change mode, (b) ultra-low-voltage section’s voltages in step-change mode, (c) power delivery for the
ultra-low-voltage section in step-change mode, (d) medium-voltage section’s current in step-change mode, (e) T8’s current in steady-state mode
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FIGURE 18 (a) Medium-voltage section’s out-put voltage, (b) low-voltage section’s out-put voltage, (c) medium-voltage section’s out-put current, (d) ultra-low-
voltage section’s out-put current, (e) IL6 and IL3’s current, (f) T6’s voltage and current

8 CONCLUSION

In this study, in order to improve the quality of
hybrid systems, the modified power-electronic system is
introduced. A three-input/four-output DC–DC system has
been proposed.

In addition, to cover the objectives and features of input
energy sources, such as charging and discharging of the bat-
tery via determining the power of sources, lead to supplying
the loads and responding to dynamic load variations. In this
study, first, the proposed system’s architectures and then the
discussion of source management and power distribution in
the proposed structure has been studied, and finally, the perfor-
mance modes of the proposed system have been validated by
using PSCAD/EMTDC software and experimental results. The
feature of this system is itemised in detail as using renewable
and endless resources to generate energy for remote areas of
the national grid and its usability, even in urban areas, to be
deployed near the national grid. With the capability of produc-
ing several voltage levels for different loads, removing buck

converters by house electric devices, and determining voltage
levels with valid standards, all low power loads are organised in
all scenarios so that the control systems and monitoring system
may not be cut off.
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