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Abstract: This study aims to propose a system designed to fulfill the current and future energy
requirements of commercial and domestic consumers. Recently, renewable energy generation methods obtained a
higher priority in industrial applications to reduce and replace using hazardous fossil fuel-based energy generation
methods. Conventional power generators generate AC voltage, which is incompatible with many modern
appliances, requiring power conversion circuits. Power conversion circuits can make the overall system expensive
and induce superfluous complexity in the system structure and control. In contrast, most renewable energy sources,
such as photovoltaic and fuel cells, have inherent DC output voltage, and thus, the importance of DC systems
inevitably surpasses the application of AC systems. In this framework, this paper focuses on the generation of
multiple DC voltage levels. Three DC voltage levels were considered according to the IEC 60038 standard of the
International Electrotechnical Commission. To generate multiple DC voltage levels, a parallel combination of power
cells is used, where each power cell consists of a DC-DC converter. For adequate control, a particle swarm
optimization tunned proportional integral (PSO-PI) controller applies. Three case studies evaluated the performance
of the proposed system based on transient response and voltage ripples. For case study 1, the input and output
conditions are kept constant; for case study 2, the input voltage is iterated, and the output load is kept constant; for
case study 3, the input voltage is iterated, respectively the output load is also iterated with different load settings. In
all case studies, the transient response is less than 0.15 s, and the voltage ripple is less than 5%.

Keywords: DC-DC converters, power cells, renewable energy, particle swarm optimization, controller.
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1. Introduction

The DC nano-grid (NG) idea offers a promising
option for integrating renewable energy sources into
the residential power system [1, 2]. Energy storage
systems (ESS) must be in an islanded NG system to
provide voltage support and ensure stable operation [3—
5]. Distributed power systems are another application
for several DC-DC converters connected in parallel. A
parallel DC-DC converters-based structure is a specific
system design where multiple DC-DC converters are
connected in parallel with different voltages in a
distributed residential NG system [6-8].

Currently, energy generation methods are evolving,
and thus, using renewable energy sources is getting
preferred globally compared to conventional energy
generation methods [9-11]. Photovoltaic, fuel cell, and
wind turbines are some of the frequently used
renewable energy generation sources globally. The
selection of RES is crucial, and site profiling is the best
solution for this. Since all the RESs have their share of
limitations. Thus, hybridizing multiple RES is a
possible way to overcome this issue. Wind turbines are
widely used in hybrid renewable energy systems
(HRES), as wind energy is readily available throughout
the day (Fig. 1).

L.
q ; X N
I H // ‘C \ 6 VDC
: f & \ —_———
‘ : (€ |
. ) =l
R R i \\\Eﬂxé'ﬂl///
e~
Vs 8\
= /EB N
g ]
i et — =
4 —_—— \ |
FUEL CELL \ //
\\:“,/
__________________ “—=o
ey — I\

i fE——

Fig. 1 Hybrid renewable energy sources HRES and consumer
power requirements [10, 12]

Other wind turbines have high power generation
capability with easy output power conversion to DC
voltage that can be consumed directly and stored.
Overall, RES has numerous advantages, besides being
environment friendly; it has many times an inherent

DC output voltage. Thus, the DC voltage is compatible
with most domestic and commercial appliances.
Modern home appliances are generally categorized into
different segments per their application, as shown in
Fig. 1. Small-scale appliances require a low-level DC
voltage level, and similarly, medium and high-scale
appliances require different DC voltage levels [12].
IEC 60038 of the International Electrotechnical
Commission standardized these DC voltage levels [13].

A DC-DC converter is a vital component of DC
nano-grids [14]. Nano-grids can use photovoltaic, fuel
cells, wind turbines, and other RESs. Wind turbines
require rectifiers to convert the AC voltage into DC
voltage to enhance the efficiency of nano-grids,
whereas photovoltaic and fuel cells generate DC
voltage. Furthermore, DC-DC converters ensure that
the output voltage remains constant irrespective of the
changing input and output conditions [15, 16].
Numerous DC-DC converter topologies are available.

Conventional converter topologies include the buck
converter, which steps down the supplied input voltage
as per the reference voltage value [17]. The boost
converter steps up the supplied voltage considering the
reference voltage value [18]. Buck-boost converter
topology is the combination of buck and boosts
converter in a single converter topology [19]. Buck-
boost converter topology performs voltage step-down,
voltage step-up, or keeps the voltage constant by
comparing it with the reference voltage. Furthermore,
recent converter topologies are the advanced versions
of the aforementioned conventional converter
topologies.

The overall performance of the DC-DC converter is
contingent on the applied control technique [16].
Steady-state and transient-state responses are the main
parameters for selecting the control technique.

DC-DC Converter

Control Technique

Desired Reference

Fig. 2 Operation of the DC-DC converter
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Fig. 2 depicts the integration of the feedback control
loop with the DC-DC converter. For the optimum
operation of the DC-DC converter, the feedback from
the load side is compared with the desired reference
voltage to avoid abnormality at the load side. To ensure
a constant output voltage level, the DC-DC converter
requires an appropriate switching duty cycle achieved
by the optimum performance of the control technique
[20, 21].

Fuzzy logic control (FLC) is a robust non-linear
control. Its operation mimics the human mind and
makes decisions based on the assigned condition
known as a rule base. FLC performs the linguistic
information-based fuzzy logic process of assigning
outputs. The knowledge base and the inference engine
make up the controller. The membership functions and
fuzzy rules that comprise the knowledge base are
derived from knowledge about the system's operation
with the environment [22-24].

Slide mode control (SMC) is another robust control
technique. The sliding mode control strategy directs the
system state variables toward a specified surface
known as the sliding surface and maintains the state
variables' trajectory on this surface. Asymptotic
convergence of the state variables to zero can be
achieved after they reach the sliding surface. The SMC
control scheme struggles with
conceptual/implementation complexity compared to
conventional linear controllers, which already provide
adequate control properties in DC-DC control
applications [19, 25].

Model predictive control (MPC) is a control
technique that predicts future values for the system. It
is an advanced version of SMC control and has better
efficiency than SMC [26, 27].

For decades, the proportional-integral (PI) control
technique is opted for industrial applications. Pl works
on the received error transmitted to the controller and
makes it possible to calculate k, and k; values. The k,
and k; gains are coupled with the error signal that goes
to the PI controller [14, 28, and 29]. Additionally, the
PI controller can easily be integrated with other control
and optimization techniques Fig. 3.

X0 4+ eft) u(t) DeDC ¥y
CONVERTER [ >
f - Y

Fig. 3 PSO-tunned PI control integration with DC-DC converter

In this framework, the main contributions of the
proposed work are as follows:

e To design energy generation architecture
considering the future energy trends of multi-level DC
voltage that will eliminate the additional power
conversion circuitry to enhance the efficiency of
renewable energy power generation systems.

e To achieve the balanced output of power cells,
the integration of an adequate PSO-tuned PI control
algorithm that effectually replaces the use of
conventional control techniques and thus overcomes
their limitations.

e The self-balanced architecture of power cells is
used to reduce the operational deficiencies of multi-
level converter architectures while improving the
power quality and maintaining nominal component
stress on the power converters.

e  Furthermore, the performance evaluation of the
control algorithm, transient state response, and voltage
ripple in all case studies are critically analyzed.

2. Configuration of the Single Unit DC-

DC Converter

The equivalent circuit of the DC-DC converter
depicted in Fig. 4 includes two inductors (L, and L,)
and two capacitors; the first capacitor C; (acts as an
isolation barrier between the input and output section),
whereas C, is the output capacitor, diode D, that is
used as a passive switch and the active power switch is
S. The power switch is operated using the switching
frequency f; having a duty ratio D.

2.1. Operation of a Single Unit DC-DC Converter

This section comprises of operational modes for a
single unit of a converter in the continuous conduction
mode (CCM).

2.1.1. Mode |

In this mode, the active power switch S, is turned
ON for the time interval [t,, t;]. The input source Vi,
charges the inductor L;. As the switch S is ON, the
switch path represents a short path. Therefore, the
voltage across the inductor L; is equal to the input
source Vi, and the voltage across the inductor L, is
equal to the capacitor voltage Vc;. Consequently, the
passive switch diode D; is not active; hence acts as an
open circuit, and the capacitor delivers the energy to
the inductor L,.

The following expressions are derived by applying
KVL and KCL on the converter's equivalent circuit
shown in Fig. 5.

Vi1 = Vi (1)
V2 = V1 @)
Ve =V, ®3)
Iep = =1 4
Iy = — 20 5)
="

V1=V, 0=<Ts<DTs (6)
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Fig. 4 Equivalent circuit of the DC-DC converter




Mumtaz & Yahaya. A Self-Balancing PSO-Tunned PI Controller for Integrating Parallel Converters with Variable Renewable Sources, Vol. 50

No. 2 February 2023

86
Continuation of Table 1
ln L G
— 'V" " n H - Output voltage of the converter 3 Vo3 21V
+ L1 -
r Voo il“ jcz + Input inductor L, 0.325 mH
1+ L
Vo T vung ¢, |:f;|v : Output inductor L, 0.325 mH
D
+ —( - Input capacitor C, 0.0726 mF
. - s - Output capacitor C, 0.102 mF
Fig. 5 Equivalent circuit of the DC-DC converter in Mode |
Lo L ¢ 2.2.1. Inductor Selection
Y To obtain a suitable value of inductors,
f’ o o || i . mathematical representation is expressed in (16).
S L V. 14
Vo T VngLz C, +Vc2 VW‘ AIL = % * DTS ( )
) > Vi 15
+ T - Al = D (15)
fiL
Fig. 6 Equivalent circuit of the DC-DC converter in Mode 11 L=, = Vin <D (16)
1 2 Al *f,
2.1.2. Mode |1

In this mode, the active power switch S is turned
OFF for the time interval [t, t,]. During this mode, the
inductors L; and L, supply energy to the load.
Furthermore, capacitors C; & C, are also being charged
by the inductors L; & L.

By applying KVL and KCL on the equivalent circuit
of the converter, as depicted in Fig. 6 the following
expressions are attained.

Vii =Vin =Ver1 = Vo (7)
VLZ = _VO (8)
IC = ID _{/0 (9)
10
Ie =1, _FO (10)
{VLl = —Vo, DTS < TS < TS (11)

By applying volt-second balance on (6) and (11), we
get (12).
DTs (1-D)Ts 12
v, ldt + v, hdt =0 12

0 0
where the superscripts | and Il represent the operation
modes of the converter. By solving equation (12), the
voltage gain is attained as (13).

Vo D (13)

Vie 1-D

2.2. Component Selection

The design of the DC-DC converter comprises the
appropriate values of capacitors, inductors, and load
resistance, as depicted in Table 1.

Table 1 Parameter specification for the DC-DC converter

Parameters Symbol Values

Input Voltage Vin 0ov-20V
Output voltage of the converter 1 Vouu 6V

Output voltage of the converter 2 Vo 12V

2.2.2. Capacitor Selection
To find the appropriate value of coupling capacitor
C., a mathematical expression is derived in (19).

I
AV = "gt « DT, (17
I
AV = f”,—“c'i * DT, (18)
S
Cl = Vout * D (19)
REAV,

To obtain the optimum value for the output
capacitor C, (20) is used.

Iout
Cp=—2 4D 20
2T AV %05 % fry | (20)
R= Vout (21)
Iout
Al = I, * 40% (22)
V.
lout = UL 40% (23)

n

L

Modeling of the converter topology also includes
the calculation of output load as expressed in (21), and
the output current is depicted in (22) and (23).

The duty cycle ratio expressed in (24), for the
optimum operation of the DC-DC converter.

_ Vout + VD (24)
Vin + Vout + VD

3. Implementation Process of the

Proposed System

The proposed parallel combination of the DC-DC
converters is integrated with RES. The red dotted line
is focused on the proposed system, as shown in Fig. 7.
The internal structural design of cell 1 is clearly shown
in Fig. 8. However, the representation of power cell 2
and power 3 uses subsystem blocks. The proposed
system is tested with variable load conditions,
including the resistive load and a combination of loads,
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as depicted in Fig. 9.

Fhotovoliaic

Voltage Selection

renewable energy sources

POWER CELL 1
n

PSO-PI
Control

POWER CELL 3

Fig. 8 Simulation model of the proposed system using MATLAB
Simulink

Variable Voltage DC-DC
Supply Converter

PSO-PI

Fig. 9 PSO-tunned PI control integration with a DC-DC converter
and different loads

3.1. Particle Swarm Optimization-Tunned
Proportional Integral Controller

The particle swarm optimization (PSO) technique is
based on social behavior ideologies. PSO includes a
population of particles, where each particle in the

population signifies a possible solution. Each particle
possesses a significant velocity, which is iterated with
an updated equation based on the collective and
individual experience of particles [31]. The aim is to
achieve the best solution by changing the position of
each particle by a specified velocity, as depicted in Fig.
10.

Xj(t+1)

r. Gbest(t)

Vi(t+)

Pbest;(t)
Xi(t-1)

Fig. 10 Visual illustration of the PSO

Initially, the particles are scattered or equally
distributed in the search space. Later, particles are
assessed using a cost function, and the rest of the
particles update theirs following the path of the particle
having the best solution with an adequate velocity. The
velocity depends on three parameters, as elaborated in
(25): previous iteration velocity, particle best solution
(Peesti), and global best solution (Gyesr) [32, 33].

Vi(t+1) = WVi(t) + CR1 ® (Ppesui (25)

+ Gpest — 2X; (t))
where W denotes the weight; C denotes the acceleration
factor; R, is a vector having mixed values uniformly
distributed from 0 to 1; Py represents the cost
function values of the personal best position of particle
i; Gpest denotes the cost function values of the global
best particle at a particular moment.

Furthermore, to ensure a prompt feedback response,
the proportional-integral (PI) control is tunned using
the PSO technique in the proposed system. The
calculation for the suitable gains of the Pl control
expression is depicted in (26).

u(t) = kye(t) + k; fte(r)dr
0

where k, represents the proportional gain value; k;
represents the integral gain value of the PI control. The
input voltage level feedback response determines the
duty cycle ratio of the parallel converters, as shown in
Table 2.

(26)
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Table 2 Calculated duty cycle ratio’s for all cells
Varying  Power cell 1 Power cell 2 Power cell 3
input 6V) 12v) (24V)
voltage duty cycle ratio duty cycle duty cycle

D ratio D ratio D

10V 39.3% 55.5% 71%
15V 30.2% 45.4% 62%
20V 24.5% 38.4% 55%
17V 27.6% 42.3% 59%
14V 31.7% 47.1% 63.6%

4. Performance Analysis and Simulation

Results

To evaluate the DC converter’s performance, all
significant parameters are depicted in Table 3. All the
parameter values are observed at the peak conditions,
as shown in Fig. 11.

3
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4.1, Case Study 1
In case study 1, the proposed system is simulated

with constant input voltage with the output response
depicted in Table 4. The output response of the
proposed system has been stabilized without any
abnormal transients, as shown in Fig. 12.

The voltage ripple is also observed for all three
power cells: it is 1.66% for power cell 1, for power cell
2, the voltage ripple is 1.83%, and for power cell 3, the
voltage ripple is 2.5%. Thus, all power cells have a
voltage ripple of less than 5% per the allowable limits
[34]. Moreover, all three power cells achieved their
desired output voltages V. at 0.22 s, as illustrated in
Fig. 12, whereas the output currents for all power cells
were also stabilized at 0.22 s, as depicted in Fig. 13.

4.2. Case Study 2

In case study 2, the proposed system is simulated
under varying input voltage at different time intervals.

For power cell 1, during the transition at 0.2 s, 0.4 s,
0.6 s, and 0.8 s, the transient response was 0.12 s with
an overshoot voltage of 104 V, 0.11 s with an
overshoot voltage of 9.4 V, 0.14 s with an undershoot
voltage of 5.3V, and 0.13 s with an undershoot voltage
of 4.8V, as shown in Fig. 14 (a).

For power cell 2, during the transition at 0.2 s, 0.4 s,
0.6 s, and 0.8 s, the transient response at 0.1 s with an
overshoot voltage of 22 V, 0.1 s with an overshoot
voltage of 19.4 V, 0.12 s with an undershoot voltage of
10.2 V, and at 0.12 s with an undershoot voltage of 9.2
V as depicted in Fig. 15 (a).

For power cell 3, during the transition at 0.2 s, 0.4 s,
0.6 s, and 0.8 s, the transient response was 0.1 s with an
overshoot voltage of 42 V, at 0.1 s with an overshoot
voltage of 37 V, at 0.07 s with an undershoot voltage of
19.6 V, and 0.085 s with an undershoot voltage of 16.6
V as shown in Fig. 15 (a). V

\oltage ripple is also analyzed after each voltage
transition: for power cell 1, at 0.35 s, the voltage ripple
is 2.33%, at 0.5 s - 2.16%, at 0.75 s - 2.66%, at 0.95 s -
3.83% (Fig. 14 (b)), for power cell 2, at 0.35 s the
voltage ripple is 3.33%, at 0.56 s - 1.66%, at 0.75 s -
1.66%, at 0.955 s -2.08% (Fig. 15 (b)), and for power
cell 3, at 0.355 s, 0.555 s, 0.755 s, and at 0.955 s the
voltage ripple is same 2.5 V, as illustrated in Fig. 16
(b). The voltage ripple observed is within the standards
[34] and is less than 5% for all three power cells in this
case study. The output current for all three converters
has satisfactory results under varying input voltage
transitions, as depicted in Fig. 17.

4.3. Case Study 3

In case study 3, the proposed system is simulated
with variable input voltage and variable load conditions
(Table 4).

For power cell 1, during the transitions at 0.3 s, 0.5
s, and 0.7 s, the transient response at 0.1 s with an
undershoot voltage of 5.2 V, at 0.12 s with an overshoot
voltage of 10.9 V, and 0.12 s with an undershoot
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voltage of 5.3 V and overshoot voltage of 6.5V
depicted in Fig. 18 (a).

For power cell 2, during the transitions at 0.3 s, 0.5
s, and 0.7 s, the transient response at 0.13 s with an
overshoot voltage of 12.25 V and an undershoot of 10.2
V, at 0.12 s with an overshoot voltage of 20 V, and, at
0.02 s with an overshoot of 13.45 V and an undershoot
voltage of 10 V as shown in Fig. 19 (a).

For power cell 3, during the transitions at 0.3 s, 0.5
s, and 0.7 s, the transient response at 0.06 s with an
overshoot voltage of 24.5 V and undershoot of 18 V, at
0.1 s with an overshoot voltage of 35 V, and, at 0.03 s
with an over-shoot voltage of 26.5 V and an undershoot
of 18.5 V as illustrated in Fig. 20 (a).

\oltage ripples are also analyzed after each voltage
transition; for power cell 1, at 0.406 s, the voltage
ripple is 4 %; at 0.695 s, the voltage ripple is 4.5 %;
and at 0.725 s, the voltage ripple is 4.16 %, as shown in
Fig. 18 (b), for power cell 2, the voltage ripple was
observed at 0.406 s the voltage ripple is 4 %, at 0.695 s
the voltage ripple is 4.58 %, and for 0.725 s the voltage
ripple is 4.58 %, as shown in Fig. 19 (b) for power cell
3, after the voltage ripple was observed at 0.406 s the
voltage ripple is 4.58 %, at 0.695 s the voltage ripple is
4.9 %, and at 0.725 s the voltage ripple is 4.9 %, as
shown in Fig. 20 (b) The voltage ripple is observed
within the standards [34] that is less than 5 % for all the
three power cells in this case study. Fig. 21 shows the
output current response.

5. Comparative Performance Analysis
The optimum performance of the proposed system
gains by integrating it with an adequate control
technique, as illustrated in Table 5. In [35] sliding
mode control (SMC) technique combines with the

converter topology. SMC has a quick tracking
performance under moderately varying conditions.
However, during the abrupt variation, SMC encounters
an issue of chattering effect that results in large
overshoots.

[36] presents state space modeling (SSM) control. It
has a quick transient response and fewer overshoots, as
discussed in [36]. However, the SSM control technique
has a large drawback that requires in-depth system
detailing. [30] depicts another robust and non-linear
control technique, where the model predictive control
(MPC) technique has a faster tracking response than
SMC and has no chattering issues. However, MPC also
persists with high computational time and complex
algorithm structure.

In [37], fuzzy logic control (FLC) integrates with
DC-DC converter topology. FLC possesses fewer
overshoots and has a satisfactory reference tracking
performance. Besides, these advantages also have
drawbacks, such as high computational time and
complex algorithm structure.

[38] presents the proportional-integral (PI) control
technique; it has a simple structure and satisfactory
performance. However, Pl has a high steady state and
transient response. Considering the abovementioned
issues in Pl control, the proposed system uses a
hybridized one. Particle swarm optimization (PSO) is
integrated with the Pl control to acquire optimum
results. The Pl control gains iterate using the PSO,
significantly improving the results.

The proposed system has a fast transient and steady-
state response under varying operating conditions.
Furthermore, the converter performance parameters,
which include voltage gain, voltage ripple, and
component stress, are under the allowable limits.

Table 3 DC-DC converter performance in all case studies

Parameters (Peak values) Switching stress (Vps)

Inductor current

Diode voltage Diode current Capacitor current

() (Vo1) (1q) (Ico)
Case Converter 1 (6V) 21V 0.6 A 21V 13A 0.8A
Study 1 Converter2 (12V) 27V 1.3A 271V 2.7A 16A
Converter 3 (24V) 39V 4A -39V 6.5A 45A
Case Converter 1 (6V) 26V 0.8A -26 V 1A 15A
Study 2 Converter 2 (12V) 40V 52A -40V 6.5A 52A
Converter 3 (24V) 56V 9A -56 V 13A 12A
Case Converter 1 (6V) 21V 22 A 21V 6.2A 4A
Study 3 Converter2 (12V) 30V 82A -30V 142 A 10A
Converter 3 (24V) 45V 17 A -45V 25 A 29 A
Table 4 Simulation results under different case studies
Case Studies
Case study 1 Case study 2 Case study 3
(Fixed) (Variable voltage and fixed load) (Variable voltage and variable load)
Time 0<t<1 0<t<0.2 02<t<04 04<t<06 06<t<0.8 08<t<1 0<t<03 0.3<t<0.5 05<t<0.7 0.7<t<1
Intervals Vin=15V, Vin =10V, Vin=15V, Vin=20V, Vin=17V, Vin=14V, Vin=10V, Vin=10V, Vin=15V, Vin=15V,
(s) R=12Q R=12Q R=12Q R=12Q R=12Q R=12Q R=12Q R=12Q R=8Q R=10Q
L=5mH L=1mH C =1000 uF
Output voltage and current of the converters under different case studies
Voul Ioul VOU! Ioul VOU! IOLI( VOLI( IOLI( VDLIﬁ IDLI‘ VDLIﬁ IDLI‘ VOLI( IDU( VOU( IOU( VOU( IOU( VOU( IDU!
Converterl 6.08V 05A 61V 06A 64V 04A 65V 04A 61V 06A 59V O05A 608V 05A 62V 04A 59V 06A 62V 05A
Converter 2 122V 1A 123V 12A 121 11A 124V 13A 123V 12A 118V 12A 122V 1A 121V 09A 119V 12A 121V 12A

Converter3 243V 2A 242V 24A 243

22A 241V 21A 241V 21A 239V 22A 243V 2A

241V 18A 238V 21A 243V 22A
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Fig. 12 Simulation results in Case Study 1: voltage ripples for all power cells
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Table 5 Control technique comparative analysis

Control Characteristics Advantages Limitations
algorithms
SMC [35] . Robust control . Can perform under . Chattering effect due to
technique abrupt variations irregular control law
. Suitable for non-linear . Fast settling time . Large overshoots
controls . Simple structure
. Converges near the
sliding surface
SSM [36] . Continuous estimation . Quick transient . Requires detailed model
of system states response description
. Suitable for non-linear . Less overshoots . Complex implementation
controls
MPC [30] . Robust control . Quick tracking due to . High computational time
technique estimation-based technique . Requires detailed model
. Suitable for non-linear . Can perform under description
controls abrupt variations . Complex algorithm
. Predicts future values . Fast response
FLC [37] . Suitable for non-linear . Less overshoots . High computational time
controls . Responsive to large . Complex structure
) Appropriate for systems  variations . High settling time
with ambiguous boundary . Mathematical model is
conditions not required
o Uses a rule base
PI1[38] ) Easier to implement . Flexible to integrate . Cannot perform in abrupt
. Better performance in with several control algorithms variations
linear systems . Quick transient . Steady-state error, higher
. The complexity level is  response settling time, and large overshoots
very low . Easy to-tune gains . Cannot be tunned online
Proposed . Easier to implement . Self-tunning of . Requires memory to store
PSO-PI . Suitable for linear and parameters iterations
non-linear controls . Quick transient
. Requires less control response
variables . Can perform under
o Optimized control abrupt variations
parameters . Less overshoots

Note: SMC - sliding mode control; SSM - state space modeling; MPC - model predictive control; FLC - fuzzy logic control; PI - proportional
integral; PSO-PI - particle swarm optimization — proportional integral

6. Conclusion

The proposed system fulfills the current and future
energy requirements of commercial and domestic
consumers. The system has three power cells with an
DC-DC converter and PSO-tunned PI
control. To verify the self-balancing performance of the

individual

system, extensive analysis was conducted on the circuit

modeling of the converter. Furthermore, to verify the
system performance, the input and output conditions of
the system vary in different case studies. The transient
response in all case studies is less than 0.15 s, and the
voltage ripple is less than 5%. The maximum overshoot
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was in case study 2 after the first transitions for all
power cells at 0.2 s; for power cell 1, it was 10.5 V; for
power cell 2, it was 22.5 V; for power cell 3, it was 42
V. The maximum undershoot was in case 3 in the third
transition for all power cells at 0.7 s; for power cell 1, it
was 5.2 V; for power cell 2, it was 10.5 V; and for
power cell 3, it was 18.5 V. However, the proposed
system has a quick transient response, and all the
power cells were stable in all case studies, indicating
the optimum operation of the proposed system. The
PSO-tunned PI control has an optimum performance
under varying input and output conditions. The
computational time is higher for PSO-tunned PI
controls, but the performance of the proposed system is
significantly better than conventional Pl control.
Finally, the disseminated idea, discussion, and valuable
statistics on the DC power system performance will
facilitate magnifying the RES implementation in
commercial and domestic applications that will also be
a road map to achieve decarbonization and sustainable
development goals (SDGSs).

The future energy generation and consumption
trends are shifting from AC to DC voltage. Therefore,
the proposed system has presented a DC voltage multi-
output architecture of power cells to cater the future
energy requirements. However, this architecture can
improve by integrating it with different renewable
sources. Furthermore, numerous metaheuristic control
schemes can apply to renewable sources to improve the
overall efficiency of the power system.
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