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ABSTRACT 
 

The energy inputs from variety of renewable resources (hybrid systems) requires 
efficient power converter interface towards integrated management of power 
load. This study reports a novel power conditioner topology that integrates a 
variety of renewable energy sources. This allows for higher reliability than what 
could be attained by a single power source while maximizing the utilization of 
each source's operational capabilities. It is shown a novel three-input DC/DC 
converter for hybrid PV/Battery/UC applications. Six power switches are used in 
the designed converter. Additionally, switching modulation is in no way 
constrained. By adjusting the duty ratios of the switches, it is possible to manage 
the battery power, set the UC power, calibrate the output voltage, and monitor 
the maximum power of the PV source. The input power sources have the ability 
to supply the load either simultaneously or sequentially while simultaneously charging or discharging the battery.  

Keywords: DC-DC Converter, Hybrid energy sources, Multi-input converter (MIC), MATLAB. 

INTRODUCTION 
With the world's population growing so quickly, global energy 

consumption is rising substantially. For meeting future energy 
demands, renewable energy sources are now in the lead. Hybrid 
energy systems (HES) received significantly more attention in DC 
distributed generation due to their capacity to offer loads1  through 
to receive dependable power.2 Energy from a variety of voltage 
sources with different voltage-current (V-I) characteristics, such 
as fuel cells, solar, wind, and battery storage systems coupled in 
various combinations, will be supplied to the load through the 
power electronic converter interface in the HES. The power 
system's dependability is increased by the HES's capacity to carry 
power both ways. 

In order to simplify and reduce the cost of hybrid power 
systems, the use of multiple input converters (MICs) to replace 
numerous single input converters has recently attracted a growing 
amount of interest. Compared to typical methods that make use of 
numerous individual converters, MICs have the following 

advantages: (i) MICs have a simpler design, a lower price, and a 
higher power density since active switches and reactive 
components are multiplexed or shared.3–5 (ii) Due to its 
centralized control and unified power management, MICs can 
enhance dynamic performance and prevent complicated 
communication among several sources. Because it is economical 
and has developed prospects, MIC is a good replacement for 
small-scale renewable energy systems.6–10 

Numerous MIC topologies, both isolated and non-isolated, have 
been proposed. Magnetically linked circuits (MCC) serve as the 
foundation for isolated topologies, whereas electrically connected 
circuits serve as the foundation for non-isolated topologies (ECC). 
In MCC, time domain multiplexing and flux addition are 
frequently utilized to convert energy from sources to loads. The 
transformer and additional peripheral circuitry included making 
the MCC complicated, heavy, expensive, and more dependent on 
circuit conditions. Due to its modular design, ECC is less 
expensive and more appealing than MCC because it does not 
require a transformer.11,12 

It should be noted that obtaining a regulated dc output is key in 
the use of such dc-dc converter for combining different generation 
sources in order to cater to the energy requirements of the load. 
The significant variance in input voltage, however, makes it 
impossible to obtain the regulated dc output in the case that one of 
the energy sources diminishes. Consequently, the solution is to 
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integrate the sources by paralleling them using a transformer 
which is the basis of isolated TIC.13 The number of input-stage 
circuits for an isolated TIC is related to the number of independent 
generation sources we want to operate in parallel. Each 
independent DC source, coupled by means of a full-bridge dc / ac 
converter, can act as a DC current source which enables the 
isolated TIC to have different generation sources with different 
voltage levels.14,15 This is especially relevant when one of the 
energy sources is solar photovoltaic. The output voltage of a solar 
module depends on solar insolation and ambient temperature. 
Hence, there is constant variation in input voltage for solar 
photovoltaic sources. Consequently, it is imperative to use a high-
ratio DC-DC converter to achieve stable dc-voltage.16 Also, it is 
important that the input-stage windings of the transformer are 
wound on the same magnetic core with the output-stage winding 
so that there is no flux leakage and the input flux can fully pass 
through to the output flux. Such an isolated TIC has many 
advantages over non-isolated TIC: a) the voltage levels of various 
sources may differ. b) the converter can synchronize with different 
sources individually and simultaneously c) access to soft-
switching d) galvanic or electrical isolation is a natural 
consequence. It should be noted that it suffers from stress due to 
high voltage, switching losses, electromagnetic interference 
issues, and lower conversion efficiency. These are not present in 
non-isolated TIC.17 

SPV alone might not be enough for any load, because the 
variations in temperature and irradiance have an impact on their 
power-generating capacity. Therefore, energy storage devices 
(ESD) are necessary to continuously satisfy load demand. If the 
battery is connected directly to the dc bus, the battery's charging 
and draining cannot be managed. Authors18,19 in recommended 
using a lithium-ion battery system for a BDDC. In the shown 
configuration, two separate DC-DC converters represent the SPV 
system and the ESD. To integrate PV and energy storage systems 
with the grid, the average efficiency of all non-isolated topologies 
and various multiport converters were investigated. 

The majority of TIC/DIC topologies given in prior research 
work have drawbacks related to the choice of voltage levels, 
operating mode restrictions, complexity of switching schemes, 
poor switch selection, insufficiency of analysis, and component 
numbers.20 

 

Figure 1. Block diagram of suggested TIC topology 
 
This paper examines and presents the topologies of multi-input 

DC-DC converters used in applications involving renewable 
energy systems, along with some recent advances in the field. 

CONVERTER TOPOLOGY 
TIC Configuration 
The suggested TIC architecture is shown in Figure 2 in this 

section. Three sources, each with a different voltage-current 
characteristic, are used to feed the load, either sequentially or 
concurrently. The three input sources employed in TIC are solar 
photovoltaic (PV) systems, battery storage systems, and ultra-
capacitor banks. a single inductor (L), two diodes, two 
unidirectional switches (SS1 and SS2), four bidirectional switches 
(S1 to S4), a huge dc link capacitor (C), and a load resistor make 
up the converter component. 
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Figure 2. Topological configuration of designed triple input converter 
(TIC) 

 
The bidirectional switches can be realized by connecting the 

two unidirectional conducting and bidirectional blocking switches 
in the antiparallel. Switches SS1 and SS2 are crucial for the 
sources' series operation, whereas switches S1 to S4 are activated 
for the sources' parallel operation.    

 
Control Strategy 
In the designed TIC, an independent switching scheme is 

employed for appropriate control of switches which is regarded as 
important from the utilization point of view. This also helps in 
regulating the power at the load terminals. Appropriate time 
sharing of switch driving pulses for the converter ensures the 
proper sequencing of converter operating states in different 
modes. 

 
 
 
 
 
 

 
 
 
 
 

 
Figure 3. Independent switching scheme 

 
The duration of time for different working states can be 

demarcated through duty cycle. For independent synchronization 
switching shown in Figure 3 duty cycles can be defined as; 
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 t1 = (D1)Ts  
…(5.13) 

 t2 = (D2)Ts 

 t3 = (1 − D1 − D2)Ts 

Where, Ts = t1 + t2 + t3 
Whether energy sources are being gathered simultaneously or 

discretely will have an impact on the sort of switching mechanism 
that is used. 

 
STEADY STATE ANALYSIS OF DESIGNED TRIPLE INPUT 
CONVERTER 

This section develops and discusses the general methodology 
for analyzing any multi input converter (MIC). Power electronic 
switches, an inductor, and capacitors make up the converter. The 
developed method is entirely based on the methodology and 
arguments used for analyzing single-input converters. Prior to 
analyzing the MIC, the volt-second and ampere-second balance 
principles for capacitors and inductors are briefly discussed. In 
addition, that small signal approximation has been taken into 
account throughout the analysis. These guidelines and 
approximations make it easier to derive the output voltage 
expression and analyze the MIC's inductor current and capacitor 
voltage. In order to keep things simple and avoid difficult 
calculations, the examination of the suggested MIC is conducted 
under the following presumptions: (i) The converter operates in a 
steady state, and continuous current flow is the mode of current 
conduction. (ii) The designed converter has been realized using 
lossless components i.e., inductor, capacitor and switches do not 
dissipate power (passive components are considered free from any 
loss due to switching and voltage drop due to absence of 
resistance), (iii) It is anticipated that the output capacitor will 
provide a steady output voltage. 

 
Small Signal Approximation 
It is quite challenging to create a suitable filter for a switch 

mode power converter that can pass low frequency signals while 
blocking switching frequency components and ripple associated 
with them. Because of this, the output voltage has some ripple 
content from switching operation. The output shown in Figure 4, 
can be mathematically presented as, 

vo(t) = Vo + vripple(t)    (1) 
Where, vo(t) = actual voltage across load, which contains the 

desirable DC components Vo and small ripple content vripple(t) 
generated from switching action. 

Small signal-ripple or linear-ripple approximation is the most 
used approximation technique. It significantly simplifies the study 
of the various waveforms of the suggested TIC. 

Principle of Volt-Second Balance pertaining to Inductor 
The waveforms of the voltage across and current through the 

inductor for single input switch mode converters operating in 
equilibrium for a single switching cycle are illustrated in Fig. 4 in 
steady state conditions. According to the application of the 
inductor volt-second balance principle, the net change in current 

 
Figure 4. Voltage across Inductor, Current and output voltage of 
conventional Buck converter 

 
flowing through the inductor under steady-state circumstances for 
one switching cycle should be zero. The voltage across the 
inductor can be expressed as, 

vL(t) = L diL(t)
dt

      (2) 
 
For one complete switching cycle on integrating both the sides, 

we get 
iL(t) − iL(0) = 1

L ∫ vL(t)Ts
0 dt   (3) 

 
It is clear from the equation above that, for a single switching 

cycle, Throughout the same cycle, the integral of the applied 
inductor voltage equals or is proportional to the net change in 
inductor current. The start and end values of the current flowing 
through the inductor coincide at a steady state. This means that, as 
indicated in Equation 4, the integration of the voltage across the 
inductor under the time restriction of zero to steady state will be 
equal to zero. 

 
∫ vL(t)Ts
0 dt = 0    (4) 

 
Therefore, the average inductor voltage 
VO = ∫ vL(t)Ts

0 dt = 0    (5) 
 
In the equilibrium situation, the voltage that appears across the 

inductor has an assumed average value or DC component of zero. 
 
Capacitor Ampere-Second Balance 
Figure 4 shows the steady-state waveform of capacitor current 

and voltage for single input switch mode converters operating in 
equilibrium for a single switching cycle. The net change in 
voltage that appears across the capacitor over the course of a 
single switching cycle and in a steady state situation should be 
zero, according to the capacitor ampere-second balancing 
principle. The capacitor's current can then be measured via, 

ic(t) = C dvc(t)
dt

     (6) 
By integrating of above equation for one switching cycle gives, 
vc(t) − vc(0) = 1

C ∫ ic(t)Ts
0 dt   (7) 
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Figure 4 shows the steady state waveform of the capacitor 
current and voltage for single input switch mode converters that 
are running in equilibrium for a single switching cycle. According 
to the capacitor ampere-second balancing theory, the net change in 
voltage that appears across the capacitor over the course of a 
single switching cycle and in a steady state situation should be 
zero. After that, current via the capacitor can be measured using, 

 ∫ ic(t)Ts
0 dt = 0    (8) 

 
Average value of current capacitor  
 ic_ave = 1

C ∫ ic(t)Ts
0 dt = 0   (9) 

 
This suggests that for equilibrium to exist, the average value or 

DC component of the current across the capacitor must equal zero. 
 
TIC MODE OF OPERATION 

TIC Operation in Buck Mode 
In order to determine the total amount of volt-seconds across 

the inductor during a single switching cycle, the following 
application of the inductor volt-second idea is used: 

 
UPV = (VPV − Vo); UBT = (VBT − Vo); UUC = (VUC − Vo)  
U1 = (VBT + VUC);  U2 = (VPV + VBT); U3 = (VPV + VBT +

VUC)  
UBU = (U1 − Vo); UPB = (U2 − Vo); UPBU = (U3 − Vo)  

∫ vL(t)Ts
0 dt = UPVt1 + UUCt2 + UBTt3 + UBUt4 + UPBt5 +

UPBUt6 + (−Vo)t7  
VPV(t1 + t4 + t6) + VBT(t2 + t5 + t6) + VUC(t3 + t5 + t6) −

Vo(Ts) = 0  
VPV(t1 + t4 + t6) + VBT(t2 + t5 + t6) + VUC(t3 + t5 + t6) =

Vo(Ts)  
 
VPVDPV + VBTDBT + VUCDUC = Vo   (10)  
 
Where,   

Ts = t1 + t2 + t3 + t4 + t5 + t6 + t7;  t7 = tOFF 
 
Duty cycle of PV, DPV = PV on time(t1+t5+t6)

Ts
;  

Duty cycle of BT, DBT = BT on time(t3+t4+t5+t6)
Ts

;  

Duty cycle of UC, DUC = UC on time(t2+t4+t6)
Ts

  
 
From Equation 9, it can be concluded that, for lossless system, 
PInput = POutput  
VPVIPV + VBTIBT + VUCIUC = VoIo    (11)  
  
Figure 5 depicts the various operational stages of a triple input 

converter working in Buck mode with separate switching pulses. 
In this mode, input voltages VPV, VBT, and VUC are applied 
across the inductor, respectively, at the 𝑡𝑡1, 𝑡𝑡2, 𝑡𝑡3, 𝑡𝑡4, 𝑡𝑡5 𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡6 time 
periods. Negative voltage -VO is seen across the inductor during 
time interval 𝑡𝑡7. Table 1 provides a summary of the in-depth 
analysis of TIC operation in Buck mode. 

The value of inductance and capacitance for the designed TIC 
operation in Buck mode can be calculated as; 

  

L = Vo
∆iLfs

�1 − (DPV + DBT + DUC)�  (12) 
 
C = Vo

8L∆vcfs2
{1 − (DPV + DBT + DUC)}  (13) 

 
Table 1. Different Working Stages in Buck Mode of Operation 
(V1 > V2) 
State Conducting 

Switches 
Active 
Source 

Inductor 
Voltage 

Inductor 
Status 

1 S1, S3, D2 VPV VPV-VO Charging 
2 S2, S3, D2 VBT VBT-VO Charging 
3 S2, S4, D2 VUC VUC-VO Charging 
4 SS1, S3, D2 VPV+VBT VPV+VBT -VO Charging 
5 SS2, S2, D2 VBT 

+VUC 
VBT+VUC-VO Charging 

6 SS1, SS2, D2 VPV+VBT
+VUC 

VPV+VBT+VUC-
VO 

Charging 

7 D1, D2 Free 
wheeling 

-VO Discharging 
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Figure 5. Different working states of the designed TIC in Buck mode 
of operation 
 
TIC Operation in Boost Mode 
The different states of TIC operation in Boost mode and for 
independent switching pulses are shown in Figure 6. 

For time intervals 𝑡𝑡1 𝑡𝑡𝑡𝑡 𝑡𝑡7, input voltages are provided across 
the inductor for TIC operation in the boost mode, accordingly. 
Negative voltage U3- VO is seen across the inductor during time 
interval 𝑡𝑡7. Table 2 provides a summary of the comprehensive 
investigation of TIC operation in Boost mode. By displaying 
several theoretical waveforms related to the converter, it is 
possible to analyze the operation of the Boost converter in greater 
depth. It is determined by using the volt-second balance concept 
to construct a relationship between the converter's input and 
output voltage that; 
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Figure 6.  Different working states in Boost mode of operation 

 
 
Vo = VPVDPV+VBTDBT+VUCDUC

(1−DPV−DBT−DUC)
    (17) 

 
Similarly, the input-output current relation can be obtained as;  
 
Io = (VPVIPV+VBTIBT+VUCIUC)(1−DPV−DBT−DUC)

VPVDPV+VBTDBT+VUCDUC
  

 
These formulas can be used to determine the inductance and 

capacitor values:  
L = Vo

∆iLfs
(1 − (DPV + DBT + DUC))  (18) 

 
C = Vo

R∆vcfs
× (tPV + tBT + tUC)    (19) 

 
 
Table 2. Different Working States of TIC in Boost Mode  
(V2 > V1) 
Stat

e 
Conductin
g Switches 

Active 
Source 

Inductor 
Voltage 

Inductor 
Status 

1 S1, S3, S5 VPV VPV-0 Charging 
2 S2, S3, S5 VBT VBT-0 Charging 
3 S2, S4, S5 VUC VUC-0 Charging 
4 SS1, S3, S5 VPV+VBT VPV+VBT -0 Charging 
5 SS2, S2, S5 VBT +VUC VBT+VUC-0 Charging 
6 SS1, SS2, S5 VPV+VBT+VU

C 
VPV+VBT+VUC
-0 

Charging 

7 SS1, SS2, 
D2 

VPV+VBT+VU

C 
VPV+VBT+VUC 
-VO 

Dischargin
g 

 
SIMULATION AND RESULT  

The designed triple input converter's topology is simulated by 
the MATLAB/Simulink environment to assess its performance. 
Figure 7 depicts this structure. The modelling work makes use of 
three different input sources: a solar photovoltaic source, a battery 
storage system, and an ultra-capacitor bank. The converter is 
constantly operated in the buck, boost, and buck-boost modes 
before the entire collection of data is reviewed under steady state 
settings. 

 

  
Figure 7. Simulation model of the designed TIC 

 
Results of designed TIC's Simulation in Buck Mode 
Figures 8 and 9 illustrate the voltage across the inductor, current 
through the inductor, voltage across the load, and current through 
the load, respectively, for converter operating in buck mode. 
 
 

 
Figure 8. Voltage across inductor and current through inductor for 
converter operation in Buck mode 
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Figure 9. Current flow through the load and voltage across the load 
during converter operating in Buck mode 

Simulation Results of Designed TIC in Boost Mode 
Figures 10 and 11 show, respectively, the voltage across the 

inductor, the current through the inductor, and the voltage across 
the load for converter operation in boost mode.  

Figure 10. Voltage across Inductor and current through inductor for 
converter operation in boost mode 

 

Figure 11. Current flow through the load and voltage across the load 
for converter operating in boost mode 

DISCUSSION 
The topologies described in the study can combine several 

energy sources of various ratings. Three separate energy sources 
(PV, battery, and UC), each with a different voltage current 
characteristic, can be harvested using the suggested topologies. It 
functions well as a buck converter and boost converter and offers 
the option of connecting the load alone or in bulk in series (or 
parallel), depending on the load's needs. 

According to the outcomes of the simulation work, the 
suggested converters are capable of not only obtaining energy 
from various sources with various properties (in the present case, 
PV, Battery, and UC), but they also provide a higher level of 
source electability, flexibility, and availability. Other features of 
the converter include simplifying the integration of renewable 
energy sources and enhancing the hybrid energy system's capacity 
for power sharing. The suggested converter's benefits include its 
ability to save time, lower component count, and control approach 
that does not involve complicated mathematical procedures. 

FUTURE APPLICABILITY 
Future power generation industry projections indicate that 

renewable energy sources will dominate. Power electronics 
interface needs to be effective and dependable. In the study 
mentioned above, a number of power electronics converters were 
presented to address various problems such as high multiinput-
multioutput interface, high efficiency, reliability, low cost, 
minimum number of components, and less power loss on an 
individual basis. However, no single circuitry is available that can 
address these problems on an overall basis. To create a circuitry 
that can effectively match supplies and loads that are changing 
instantly, more study must be done.  

CONCLUSION 
The designed topologies in this study can be used to harvest 

three different energy sources: PV, battery, and UC, with a range 
of voltage current (VI) characteristics. The recommended TIC, 
which is an expansion of the Double Input Converter (DIC), can 
link the load singly or in a group in series (or parallel), depending 
on the needs of the load. The offered TIC topologies function well 
because of thorough modeling and mathematical study of 
converters operating as buck converters, boost converters, and 
buck-boost converters. Based on the results of the simulation 
work, we were able to draw the conclusion that the suggested 
converters can obtain energy from a variety of sources with a 
variety of characteristics (PV, Battery, and UC), as well as 
offering a higher degree of source electability, flexibility, and 
availability. The converter's additional features also facilitate the 
use of renewable energy sources and improve the power-sharing 
capabilities of hybrid energy systems (HESS). 
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