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The effectiveness of wind and solar energy as electricity generators is
significantly impacted by unpredictable and varied environmental
circumstances, which affect the output power of the wind-solar hybrid power
generation system. So, a control system is required for the optimal power
production of hybrid renewable energy systems (HRES). This study
delineates optimal power management in wind/solar hybrid energy systems
by the application of multi-objective particle swarm optimization (MOPSO)
algorithms, inverter controllers, and battery controllers. The MOPSO
algorithm enhances power generation by modifying the duty cycle of the
direct current (DC)/DC converter based on the output from the wind turbine
and photovoltaic (PV) system. The proportional-integral (PI) controller
functions as both an inverter and battery controller to ensure the constancy
of the DC link voltage and output power. The efficacy of the developed
control was evaluated using simulation. A comparison has been conducted
between the efficacy of the MOPSO algorithm and the perturb and observe
(P&O) approach. The simulation findings indicate that the MOPSO
algorithm surpasses the P&O method for performance and output power.
The output power produced by HRES with the MOPSO algorithm exceeds
that of the P&O approach. Optimal power control utilizing MOPSO can
yield optimal power despite fluctuations in wind and solar intensity.
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1. INTRODUCTION

As fossil resources become scarce while remaining the main source of electricity generation, energy
diversification is required. An initiative to diversify Indonesia's energy sources includes utilising renewable
energy sources (RES) that are abundantly available. The use of renewable energy can reduce air pollution, is
environmentally friendly and is available indefinitely. However, renewable energy is strongly influenced by
environmental conditions and cannot be predicted so it takes the integration of several RES to provide the
load with a constant supply of electrical energy. Hybrid wind and solar energy systems have been widely
developed and researched to improve system performance and efficiency [1]-[3]. The output power in this
system is strongly influenced by erratic wind speed and solar irradiation so it will produce fluctuating output
power. To enhance the efficiency of this system, one can utilize an optimization method to adapt the
converter. This will enable it to extract the greatest amount of power, even in the presence of fluctuations in

wind and irradiation [4]-[6].
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There are multiple strategies available to optimize the efficiency of electricity generation in wind-
solar hybrid systems. In this system, the constant voltage method was employed to ensure a consistent
voltage while attempting to charge the batteries by adjusting the direct current (DC)/DC converter duty cycle.
The constant voltage approach produces significant oscillations and requires a significant amount of time to
achieve a steady state [7]. To overcome the limitations of the constant voltage approach, the perturb and
observe (P&O) method was devised and implemented in a hybrid system that utilizes batteries for energy
storage. This approach offers enhanced dynamic response to fluctuations in wind and solar radiation.
However, its efficacy is highly contingent upon the chosen step size. The P&O approach, when used with
wind turbines and PV systems, is capable of rapidly tracking maximum power. However, it also generates
oscillations [8], [9]. Additionally, particle swarm optimization (PSO) is used to enhance the output power of
photovoltaic (PV) systems and to determine the optimal design parameter for adjusting the step size in the
P&O and incremental conductance (IC) methods [10]. The IC method is also applied PV systems, although it
is more complex [11]. The P&O method is modified to reduce oscillations by adjusting the step size and
modified method produces better performance. Adaptive P&O has been tested on wind turbine systems
(WTS), PV systems, and wind-solar hybrid systems [12]-[14]. According to the test results, this algorithm
can reduce oscillations and extract more maximum power regardless of wind speed or solar irradiation.

Furthermore, the maximum power extraction technique in RES has been developed by integrating
artificial intelligence and swarm algorithms. Through the utilisation of neural networks and fuzzy algorithms
in wind and PV turbines, maximum power can be extracted and improved performance can be achieved
[15], [16]. PSO and firefly swarm algorithms have also been used in hybrid systems, resulting in operational
cost optimization [17]-[20]. The analysis conducted on various maximum power point tracking (MPPT)
techniques for different renewable energy systems indicates that the artificial intelligence-based hybrid
MPPT technique demonstrates better results compared to other methods [6]. Batteries are commonly
employed for energy storage in RES to minimize variations in generated output power. Utilizing batteries
may effectively mitigate fluctuations in wind speed and irradiation, hence ensuring a stable output power.
The battery can be used to store excess power generated by the energy source. Later, when the power
generated is insufficient, the battery can supply the load [12], [21]-[25].

This article presents the development of a multi-objective particle swarm optimization (MOPSO)
algorithm to optimize input power in an off-grid hybrid wind-solar system with an alternating current (AC)
load. The system features a battery for energy storage and a voltage source inverter (VSI) to deliver AC
power. MOPSO aims to maximize power output from wind and PV sources by adjusting the DC/DC
converter duty cycle. Its performance is compared with the conventional P&O method.

2. METHOD

This study methodology is executed in multiple phases, including hybrid renewable energy systems
(HRES) system design, HRES modeling, optimal power control design for HRES, and control algorithm
evaluation by simulation. Optimal power management in HRES comprises three components: inverter
regulation via a proportional-integral (PI) controller, battery management via a Pl controller, and the MOPSO
algorithm to maximize power output in HRES. The system's ideal power generation is significantly affected
by wind speed and irradiation conditions. Optimal power control performance testing is conducted through
simulations under two conditions: constant wind speed and irradiance, and variable wind speed and
irradiance.

2.1. Modelling of solar/wind hybrid energy system

A hybrid wind-solar RES consists of a wind turbine, PV system, inverter, inverter controller,
bidirectional converter, battery controller, maximum power extraction system, and battery, as shown in
Figure 1. The wind turbine uses a rectifier and DC/DC converter, while the PV system connects directly to a
DC/DC converter. The MOPSO algorithm optimizes output by adjusting the converter’s duty cycle. A VSI
supplies 4000 W AC power, controlled to match load requirements.

A bidirectional converter is a two-way converter that connects the battery to the system via the
settings on the battery controller. Charging and discharging of the battery is controlled by the battery
controller in order to maintain a consistent energy level at a specified value. The DC link voltage is set
constant at 400 V. The battery output power is contingent upon the WTS and PV power sources.

2.2. Modelling of wind turbine energy system

The WTS comprises a wind turbine and a generator. The gathered wind energy will be harnessed to
operate a generator, generating electrical energy in direct proportion to the amount of wind energy captured.
This article employs a permanent magnet synchronous generator (PMSG). The application of WTS modeling
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in the design and development of controls enables the achievement of optimal and precise performance. The
wind turbine model elucidates the correlation between the input of a wind turbine and the power torque
generated by the wind turbine. The torque of a wind turbine is subject to a number of influencing factors,
including turbine speed, rotor blades, pitch angle, turbine size and form, turbine area, and wind speed. In (1)
illustrates the calculation of the power generated by the wind turbine.

1 3
P =S puR® =5 C, )

Cp represents the coefficient of power conversion in the turbine, A denotes the tip speed ratio, 8
refers to the pitch angle, R represents the radius of the turbine, and v represents the wind speed. The tip speed
ratio (X) is defined as the ratio of the angular speed of the turbine to the speed of the wind. This relationship
is mathematically represented by (2):

_ OrR
A=t 6
or represents the angular velocity of the turbine. Figure 2 illustrates the relationship between the mechanical
output power of a wind turbine and the turbine speed, taking into account diverse wind speeds and a pitch
angle of 0 degrees.
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Figure 1. Solar/wind HRES
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Figure 2. Wind turbine characteristics

The wind turbine's greatest power output is contingent upon the wind speed. The mechanical torque
of the turbine can be computed using (3):
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The mathematical representation of the behavior of a wind turbine can be described by an equation that
considers its dynamic properties.

dwy
dt

=T T, ~ Fo] “)

J denotes the moment of inertia, F represents the friction coefficient, Tm represents the turbine
torque, and T;, indicates the torque alternator associated with the turbine. The conversion of motion energy
into electrical energy can be achieved by utilizing the dynamic PMSG model, which can be represented by
the analogous dq circuit depicted in Figure 3. The dg-axis model of the PMSG electrical circuit consists of
the d-axis component depicted in Figure 3(a) and the g-axis component depicted in Figure 3(b).
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Figure 3. PMSG simple model in dg-axis; (a) d-axis circuit and (b) g-axis circuit

The electromagnetic torque produced by a PMSG can be calculated using (5):

_ 3P

Te = 2 (igshs + fasiqs(La + Lg) ) )

2.3. Modeling of solar energy system

The PV has many interconnected solar cells that transform solar energy into DC. The PV properties
exhibit a significant degree of non-linearity and are influenced by external variables such as sun irradiance
and temperature. Figure 4 illustrates the PV characteristics suggested in this research report. The PV system
has a capacity of 3.5 kilowatts and is equipped with DC/DC converter. The MOPSO algorithm is employed
to optimize the duty ratio of DC/DC converter in the MPPT controller, hence enhancing the system
efficiency. The MPPT algorithm determines the duty cycle by analyzing the measurements of current and
voltage from the PV system.

Simulation testing is necessary to assess the performance of the MPPT algorithm, thereby requiring
the usage of PV modeling. PV systems are composed of numerous interconnected cells, arranged in both
series and parallel configurations, to provide the requisite power output. The system can be represented by
the single diode model. The relationship between the current and voltage of the PV system in the mentioned
model is given as (6):

Vpytlpy Rs

I = Ipy — Lsgt el FrT —1 _ Vpv+ipyRs )

RsH

Vpy represents the voltage (V) of the PV output. Ip, represents the current (A) of the PV output. Ipy
represents the current (4) generated by light. F represents the ideality factor. K represents Boltzman's
constant. T represents the ambient temperature (K). I, represents the reverse saturation current (4). q
represents the charge of an electron. R, represents the series resistance, and R, represents the shunt
resistance.

2.4. Optimal power point tracking based on multi-objective particle swarm optimization
Based on the HRES presented in Figure 1, HRES has 3 control units, namely MOPSO-based MPPT,
inverter control, and bidirectional control.
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Figure 4. PV characteristic

2.4.1. Maximum power point tracking with multi-objective particle swarm optimization

This research utilizes the MOPSO algorithm to maximize the output power of the HRES wind-solar
system. Wind-solar HRES stores excess power in batteries that are controlled by a battery controller and
supplies power when the load requires it. VVSI connects the system to the AC load. The MOPSO optimization
algorithm draws inspiration from the behavior of ants, bees and birds. As an alternative to genetic algorithms,
which are often referred to as evolution-based procedures, this swarm intelligence-based algorithm is referred
to as a behaviorally inspired algorithm. MOPSO is employed to optimize the PI controller parameters of the
bidirectional converter to ensure the constancy of the DC link voltage. The MOPSO algorithm demonstrates
effective performance within the system [17], [18]. In this paper, MOPSO has two objective functions:
optimal power in WTS and PV systems based on voltage and current converters in WTS and PV systems.

Each entity in this article is depicted as a particle with both a position and a velocity. Each particle
navigates within a defined space by retaining the memory of its best previous position or comparing it to the
value of the goal function. This information is then shared with other particles to update their own positions.
The remaining particles within the group will adapt their location and velocity in accordance with this
position. Each particle will interact with other particles to share and update information, resulting in personal
best and global best values. Several parameters that affect the performance of this algorithm include the
global learning rate (C; and C,), which is given by C; and C, with values ranging from 0 to 1. Uniform
random functions (R, and R;) in the range 0 to 1.

The group's displacement is dictated by the learning rate and velocity. This MOPSO updates the
duty cycle for each converter in the WTS and PV system based on an:

ADL',H-1 = WADik + Clrl(ngesti - le) + CZTZ (ngesti - D'k) (7)

12
Df*' = Df + ADf (8)

w represent the momentum factor, r; and r, denote random values, C; and C, represent acceleration
constants, Df represents the current duty cycle, Dj** represents a modified duty cycle, Df, ,,; represents the
best duty cycle for each experiment, D%, ..,; represents the best duty cycle in the group, ADF represents the
current experiment speed, and AD}** represent the modified experiment speed. Figure 5 depicts the MOPSO
flowchart. The MOPSO algorithm in the wind solar hybrid system yields two outputs: the duty cycle for the
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converter in the PV system and the duty cycle for the WTS. The steps of the MOPSO algorithm are as
follows:

Initialization of MOPSO parameters includes setting the swarm size to 10 and the maximum step amount
to 100. The values of other parameters are as follows: w = 0.15, C; = 0.5, C; = 0.7, and @ = 0.01.
Calculate the output power of a PV system (Ppy) and a 3-phase rectifier (Pwr) by measuring the output
voltage and current of the PV system and rectifier. Use the following:

Ppy = Vpy * Ipy
Pyr = Vyr * Iyr

Vpy represents the output voltage of the PV system, Vwr represents the output voltage of the 3-phase
rectifier, lpv represents the output current of the PV system, and Iwr represents the output current of the
3-phase rectifier.

Analyze the differences in power output between current and prior PV and wind turbine (WT) systems,
focusing on the smallest power variations.

Compare the duty cycle of the maximum step size with a.

Determine the highest power value of the converter; the present power output of the converter is greater
than that of the previous iteration, set the best individual value as the current power and the best
individual duty cycle as the current duty cycle (Dppese = D).

The optimal herd value is determined by selecting the highest value from each experiment.

Updating the duty cycle and step size duty cycle for each study based on (7) and (8).
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Figure 5. PSO algorithm flowchart
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2.4.2. Inverter control

The inverter controller modifies the load power according to the requirements by utilizing the
inverter's pulse width modulation (PWM) settings. The inverter circuit establishes a connection between the
DC link and the load, transforming the DC power into AC voltage. The RL filter is linked to the inverter
output in order to decrease noise and weaken the AC signal at the load. Figure 6 illustrates the components of
the inverter controller, which include a Pl controller that regulates the d-axis current, a Pl controller that
regulates the g-axis current, a phase-locked loop (PLL), and a PWM generator.

Inverter

4 YYn Load
K | J
Single phase
PWM dq transform ¢] PLL
Generator

A I—
Vd* VY |(:]
g-Current PI lgref =0
Controller +

lT

d-CurrentPl| 1d_ref [Dotermire Required load

Controller |[¢——— dref le———Ppower

Figure 6. Inverter controller

The regulation of the d-axis and g-axis currents is accomplished through the utilization of a PI
controller. The d-axis reference current (ig,, f) is determined by (9), which takes into account the desired load

power (Pyf).

= ©

i
dref vdg

To achieve a power factor of unity, the g-axis reference current (i, f) is adjusted to zero. In (10)
and (11) represents the output of the control system for regulating the d-axis current (U,;4) and the g-axis
current (Upq).

Ud = Upid - ZO)SLiq + Udg (10)
Vg = Upig + 20w5Lig + vy (11)

By inserting (13) and (14) into the differential equations, the currents i, and i, can be represented as
(12) and (13):

di R . 1
= 1l + 7 Upia (12)
di, R . 1
d_;l = —zlq +ZUpiq (13)

The transfer function equation for the change in the PI control output of the d-axis and g-axis current, stated
in Laplace function form, can be written as (14):

1
H(s) =14 _ 1a® _ & (14)

T Upials) T Upigls) (%)s+1

The PI control system in the Laplace transform is expressed by:
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Upi(s) = Ky (14 7) [1'(9) = 1(5)] (15)

Kp represents the proportional gain, Ti represents the integrator gain, and ™ represents the reference current
in the Laplace transformation. The closed-loop transfer function of the current control system for the d-axis
and g-axis can be represented as (16):

_1e _ (et
H(S) T s((%)s+1)+(%)Kp(s+%)

By using a filter resistance value (r) of 5 w and an inductance of 2 mH, using the pole placement method, the
values of Kp = 0.5 and Ki = 10 can be determined. As stated in (16), the parameter values for both
controllers are the same.

(16)

2.4.3. Battery controller

The bidirectional buck-boost converter utilizes two insulated gate bipolar transistor (IGBT)
switching components that alternate to connect the battery as an energy store to the DC-link voltage. A stand-
alone solar wind HRES with an integral proportional controller is employed to modify the duty cycle of a
bidirectional converter. The modelling results indicate that this converter is capable of maintaining stability
in the DC link voltage during the battery's charging and discharging processes. As a result, the load receives
a consistent output voltage even when there are fluctuations in wind speed and sun intensity. A bidirectional
converter is designed for solar wind HRES, and based on simulation and experimental results, this converter
can store energy in the battery while maintaining the load current and voltage. Several studies have also used
bidirectional converters in solar wind HRES [21].

The primary objective of the bidirectional converter's regulation is to ensure the constant
maintenance of the DC link voltage despite variations in wind speed and irradiation. This is accomplished
through the regulation of the battery's charging and discharging cycles. The battery will undergo a process of
recharge when the power output from the WTS and PV systems exceeds the power consumed by the load.
Figure 7 illustrates how the controller of the bidirectional converter utilizes a Pl controller, which is
determined using the DC link voltage and the reference DC link voltage. In (17) can be used to determine the
PI controller.

U(t) = Kye(t) + K; [, e(r)de (17)
The control signal, U(t), is determined by the proportional gain, Kp, the integrator gain, Ki, the
differentiator gain, Kd, and the error, e(t). The output of the PID controller will be passed via a PWM

generator in order to produce a duty cycle. The PID controller parameter values utilized in this study are
Kp = 25,Ki =0.01,and Kd = 0.

vdc_ref + PI Q1
—| PWM »
Controller

2
Vdc T NOT 2

Figure 7. Bidirectional controller

3. RESULT AND DISCUSSION

Optimal power point tracking based on MOPSO on HRES with energy storage has been simulated.
The MOPSO algorithm was evaluated under two scenarios: one in which wind speed and irradiation were
maintained, and another in which they were subject to variation. The results of the MOPSO performance test
were compared with the HRES system that use the P&O approach. The HRES system comprises two WTS
and PV systems.

3.1. Case 1: wind speed and irradiance constant
The MOPSO algorithm was tested on an HRES with WTS and PV systems by providing 6 m/s wind
speed and 500 w/m? irradiation. The test findings of the MOPSO algorithm were compared to those of the
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P&O approach. Figure 8 compares the output power of the WTS using HRES with MOPSO and HRES with
P&O. The WTS output power on HRES with MOPSO is 11250 W, while on P&O it is 10530 W.
Furthermore, HRES with P&O produces more overshoot in transient conditions than MOPSO. Figure 9
illustrates the power generation of the PV system on HRES with MOPSO and P&O algorithms. The
implementation of P&O in wind solar systems enhances power efficiency but induces oscillations in the
generated electricity [21]. MOPSO surpasses P&O in terms of power generation. PV output power with P&O
produces more oscillations than HRES with MOPSO.
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Figure 8. WTS output power using MOPSO and P&O method
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Figure 9. PV output power on HRES-based MOPSO and PO method

An effective method for regulating the DC link voltage at 400 V involves using a bidirectional
converter with a Pl controller in a HRES applying MOPSO and P&O techniques. Figure 10 shows the DC
link response for both algorithms, demonstrating similar performance. This indicates the efficiency of the Pl
controller, consistent with previous studies that also achieved stable results using an adaptive Pl controller
[17]. By maintaining a constant DC voltage, it is possible to achieve an overshoot of 11.2% and a steady-
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state inaccuracy of 0.5%. Figure 11 illustrates the power response of the load on HRES while utilizing
MOPSO and P&O. The inverter controller ensures a consistent load power of 4000 W through the adjustment
of the PWM duty cycle transmitted to the VSI circuit. The inverter controller is capable of maintaining a load
power of 3981 W while maintaining a steady state error of 0.4%.
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Figure 10. DC link voltage of HRES using MOPSO and PO method
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Figure 11. Load power of HRES using MOPSO and PO method

Figure 12 presents the power output of WTS, PV system, load, and battery. In the HRES utilizing
MOPSO, the battery successfully stores 9800 W of excess energy. Conversely, the P&O-based HRES stores
only 8091 W, as shown in Figure 13, due to the lower total power generated by the WTS and PV systems.
This highlights the advantage of using MOPSO for maximizing energy capture. Researchers have explored
various MPPT techniques, and hybrid approaches based on artificial intelligence, such as PSO, have
demonstrated superior performance over traditional MPPT methods in renewable energy applications [6], [9].
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Figure 13. Output power of WTS, PV system, load, and battery on HRES using the PO method

3.2. Case 2: wind speed and irradiance changed

The optimal performance of power point tracking with MOPSO on HRES wind/solar is also
simulated by giving changes in wind speed and irradiation. Figure 14(a) illustrates the change in wind speed,
which decreases from 8 m/s to 5 m/s. Figure 14(b) illustrates a shift in solar irradiance from 500 W/m?2 to

750 W/m2,

Figure 15 shows the WTS's output power using both the P&O and MOPSO methods. The changes
in wind speed and irradiation are depicted in Figure 14. The MOPSO algorithm produces an output power
that is higher than the power produced by the P&O technique. Figure 16 shows that the PV system output
power is higher when the MOPSO method is utilized instead of the P&O method. The MOPSO technique is
capable of optimizing power extraction under varying wind speed and irradiation conditions.
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Figure 14. Wind speed and irradiance profile: (a) wind speed changed and (b) irradiance changed
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Figure 17 depicts the variation in DC link voltage resulting from fluctuations in wind speed and
irradiance. The battery controller is capable of regulating a consistent DC link voltage, even in the presence
of variations in irradiation, wind speed, and therefore, changes in the output power of the WTS and PV
system. Similarly, the load power can be kept constant, as depicted in Figure 18. This demonstrates the
effective performance of the inverter controller and battery controller in responding to fluctuations in wind
speed and irradiation.
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Figure 17. DC link voltage of HRES using MOPSO and PO method with wind speed and irradiance changed
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Figure 18. Load power of HRES using MOPSO and PO method with wind speed and irradiance changed

Figure 19 illustrates the power output produced by the WTS, PV system, load, and battery when
subjected to variations in wind speed and irradiation, using the MOPSO approach. Figure 20 illustrates the
power output obtained through the use of the P&O approach. The performance of MOPSO surpasses that of
the P&O method due to its ability to extract a greater amount of power. So that the power stored in the
battery in a system with MOPSO will be greater. The battery power level will fluctuate in response to
variations in wind speed and irradiation, leading to corresponding changes in the output power of the WTS
and PV systems.
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Figure 19. Output power of WTS, PV system, load, and battery on HRES using MOPSO method with wind
speed and irradiance changed
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4. CONCLUSION

This study presents the utilization of the MOPSO algorithm to achieve optimal controls for a
solar-wind hybrid system and extract the highest power. A wind solar hybrid system is comprised of a WTS,
PV system, inverter, inverter controller, bidirectional converter, battery controller, maximum power
extraction, and battery. The MOPSO algorithm is utilized for the purpose of achieving maximum power
extraction from the output power produced by the WTS and PV by altering the duty cycle of the DC/DC
converter connected to them. The battery controller ensures a consistent DC link of 400 V by using a
bidirectional converter configuration. Based on the test findings, the MOPSO algorithm demonstrates
superior power generation and performance than the P&O method. The MOPSO algorithm is able to
effectively and efficiently extract maximum power from wind turbines or solar panels despite the presence of
fluctuations in wind speed and irradiation levels. Subsequent research will focus on the development and
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implementation of the MOPSO algorithm on a prototype hybrid system that utilizes embedded system
technology.
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