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Abstract: In a fuel cell electric vehicle (FCEV) powered by a metal hydride tank, the performance
of the tank is an indicator of the overall health status, which is used to predict its behaviour and
make appropriate energy management decisions. The aim of this paper is to investigate how to
evaluate the effects of charge/discharge cycles on the performance of a commercial automotive metal
hydride hydrogen storage system applied to a real FCEV. For this purpose, a mathematical model
is proposed based on uncertain physical parameters that are identified using the stochastic particle
swarm optimisation (PSO) algorithm combined with experimental measurements. The variation of
these parameters allows an assessment of the degradation level of the tank’s performance on both
the quantitative and qualitative aspects. Simulated results derived from the proposed model and
experimental measurements were in good agreement, with a maximum relative error of less than 2%.
The validated model was used to establish the correlations between the observed degradations in
a hydride tank recovered from a real FCEV. The results obtained show that it is possible to predict
tank degradations by developing laws of variation of these parameters as a function of the real
conditions of the use of the FCEV (number of charging/discharging cycles, pressures, mass flow
rates, temperatures).

Keywords: hydrogen storage; metal hydride; optimisation algorithm; parameter identification; fuel
cell electric vehicle

1. Introduction

Considering the uncertainty of fossil fuel supply, as well as its depletion and the
existing environmental conditions, it is essential to replace traditional and conventional
energy sources with clean, alternative, and renewable energy sources [1,2]. A number of
qualities of hydrogen make it an excellent energy vector to deal with the pollution problems
and energy problems that lie ahead [3].

For the hydrogen energy society to be a success, it is imperative to examine and
analyse one of the most controversial issues, the storage of hydrogen for fuel cell electrical
vehicles (FCEVs), which must be safe, efficient, and low-cost [4,5]. Hydrogen used in
FCEVs is currently stored at high pressure, reaching up to 700 bar in the case of passenger
cars such as the Toyota Mirai. This storage technology raises safety concerns, as well as
the cost of developing hydrogen refuelling infrastructures. To overcome these problems,
specialists present hydrogen storage in metal hydrides as a promising solution. Indeed,
due to its low pressures and temperatures, this technology provides a higher level of
safety than high-pressure storage [6,7]. LaNis is one of the most promising alloys for such
storage systems due to its promising properties, such as reversibility, modest temperatures,
moderate hysteresis, and decent adsorption and desorption kinetics [8].
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The storage of hydrogen in the alloy takes place during a chemical reaction to form
the metal hydride, a process known as absorption. When the hydride is decomposed
and returns to its metal alloy form, releasing the hydrogen in gaseous form, it is called
a desorption process [9]. After a large number of repetitions, undesirable alterations in
the general performance of the materials may occur and may even prevent their use [10].
The reasons why hydrogen storage materials can potentially lose their capacity over cy-
cles are classified into extrinsic and intrinsic [11]. Extrinsic reasons can be mitigated by
the appropriate adjustment of external conditions, while intrinsic reasons are difficult to
eliminate and remain a major research challenge [12]. The scientific literature includes as
intrinsic reasons for the loss of capacity the disproportionation [13], the amorphisation [14],
the generation of stable phases [10,15], and so on. However, there are little information and
data to support these possible mechanisms [16]. For this reason, many research efforts are
being made with the intention of improving the performance of hydride metals under the
effect of the passage of the cycles [5,9,17,18].

Zhu et al. presented in [19] a dynamic model of hydride tanks for a fleet of FCEVs
called Mobypost vehicles [20,21]. The physical parameters of this tank were identified
from data measured during actual vehicle operation. The disadvantage of this is that the
measured data include both the tanks and their associated heat exchanger, which obstructs
the accurate assessment of the intrinsic performance of the tanks, namely the hydrogen
concentration and the kinetics of charging and discharging. The solution provided by the
work presented here is to carry out the identification of the physical parameters using
laboratory experiments in which the only controlled value is the flow rate of hydrogen
absorbed or desorbed by the tank.

This paper is organised into five sections. After the introductory section, which gives
the general context and the objective of the present work, Section 2 is dedicated to the
modelling process through the exposition of its three main aspects, which are: the dynamic
modelling of the tank, the experimental characterisation of the tank, and the identification
of the physical parameters of the model. Section 3 shows the application of the developed
model on a tank in a healthy and degraded state. Section 4 is a study on the correlation
between the degradation of the tank and the physical parameters of the developed model.
Finally, Section 5 presents the main conclusions of this work.

2. Modelling Process
2.1. Dynamic Modelling of the Hydride Tank

To determine the internal parameters of the alloy, it is necessary to use a mathematical
model to describe and simulate the behaviour of the hydrogen mass during the adsorption
and desorption process, the reaction kinetics, equilibrium conditions, and the heat transfer.
Different models are available in the scientific literature [22-24]. In this paper, the proposed
model is based on the one developed by Chabane et al. [25]. A simplified section view of
the hydride tank is illustrated in Figure 1. Its total length is 60 cm, its external diameter
13 cm, while the internal diameter is 11 cm. It contains inside 11.5 kg of alloy. It has a heat
exchanger tube, with an external diameter of 1.2 cm.
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Figure 1. Synoptic model.
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The expression describing the reaction that takes place between the metal alloy and
the hydrogen gas is described as follows [26]:

M+%H2 & MHy + AH )

where M denotes the metal alloy, MH, is the corresponding hydride, and x is the relation
between the hydrogen and the metal. Lastly, AH is the heat of the reaction.

To simplify the model formulations, due to the complexity of the process, the following
assumptions were made:

*  The gas phase behaves as a thermodynamically ideal gas.

*  The solid phase is isotropic and has a uniform porosity.

*  There is a thermal equilibrium between the gas and the solid particles.
*  The thermophysical properties are constant.

*  The equilibrium gas pressure is calculated by the Van't Hoff equation.

A set of equations describing the phenomenon of mass and heat transfer when the
medium is porous is presented in Table 1. They are based on the laws of conservation of
mass, conservation of momentum, and conservation of energy.

Table 1. Equations of the dynamic tank model.

Definition Equation Ref.
Mass balance for the gas <% —1+¢ > % =k, £ % [27]
Mass balance for the metal alloy (1 —C ) % =k, [28]
_ P,

Ca exp(T iﬂR)ln<% (Pss _ps) [29]
Kinetics of the process _E, Pe— ﬂe .

Coexp(sie) (7, ) (0: = o) 25
Equilibrium pressure In (P—eg> = % + ;TA; (30]
Experimental equilibrium pressure Peq = f (wt%)exp [—\§H| (ﬁ — Tl fﬂ [31]

re
Mass of hydrogen My = f Ot i dt [25]
Gravimetric storage capacity wt% = W’Z%loo [32]
Energy balan ((f Cpe + (1 —&)psC )dTMH =+Q+kAH [33]
ergy ce PstPg Ps™Ps) gt "M
/ mwcpw — XynDL

Heat exchanged Q' = W(Twin — Tpp)(1 — e ™Cro) [25]

Figure 2 presents the used mathematical derivation to extract the model of the absorp-
tion and desorption phenomena in a metal hydride tank starting from the equations given
in Table 1.
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Figure 2. Derivation of the dynamic tank model from the equations in the Table 1.

2.2. Experimental Dynamic Tank Characterisation

Figure 3 shows the picture and the piping instrumentation diagram (PID) of the test
bench used to characterise the metal hydride tanks. The test bench can quantify the thermal
exchanges, allowing performing the thermal balance in relation to the absorption and/or
desorption of the tank under test. In the dynamic characterisation, the hydrogen flow rate
is kept constant, while the hydrogen supply pressure and the operating temperature of the
metal hydride are left free. The quantities measured as a function of time are the pressure,
temperature, and hydrogen flow rate of the container under test [34].

Data Control Unit
Acquisition — Hydrogen Circuit
— Water Circuit
Data Circuit
DT (S—

Pressure

Sensor

Mass Flow
Controller

Electric Metal Hydride Tank

Valve —®Tﬂupvr}m1rv Sensor

Water tank

Thermal Resistance

Pump

Figure 3. Picture (left) and PID (right) of the test bench.

2.3. Identification of the Physical Parameters of The Model

This identification step completes the modelling process by calculating the physical
parameters of the hydride tank model (&, C,, E;, C4, Eg,pss, AHgps, AHyes). To obtain
the best possible combination of values, the stochastic optimisation algorithm known as
particle swarm optimisation (PSO) is used. This is a very powerful optimisation technique,
which can be applied to a wide range of problems and situations. The notion was first
suggested by Kennedy et al. in 1995 [35,36]. Since its origin, it has become one of the most
successful techniques for solving global optimisation challenges. Its principle is based on
the social and collaborative behaviour exhibited by different organisms such as birds, ants,
termites, and even humans [37].

The intrinsic parameters to be determined include porosity (¢), as it reflects the
number of interstitial sites relative to the total tank volume, which may affect the kinetics of
the reaction. The enthalpy variation (AH,;s, AHg,s) refers to the amount of heat that needs
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to be supplied /extracted to make the reaction take place. The reaction rate constant (Ca, Cd)
influences the time it takes to complete the absorption/desorption process. The saturation
density (pss) is directly related to the amount of stored hydrogen and affects the kinetics
of the reaction as well. Finally, it is proposed to analyse the activation energy (E,, E;),
which establishes the energetic value necessary to establish the transition from one state to
another in a reaction.

The set of parameters to be estimated is considered as an individual particle for the
application of the optimisation algorithm. Therefore, the optimal particle position among
a given set of options represents the results of parameter identification (Appendix A).
An objective function is established to test the accuracy of the parameters. The value given
by the function is the absolute relative error between the simulation results of the model
and the actual operating data.

|Peqexp - Peqmodel' ) (2)

Objective Function : .= min

Figure 4 presents the identification diagram used by applying the database acquired
from the characterisation tests, the mathematical model, and the PSO algorithm [19].

Particle Swarm Optimisation (PSO)

M=Max number of iterations
j=1
Initialise parameters
e;, AH;, Cay, Eaj, pss;

Test bench

Evaluation of
Objective Function

urrent position 1S
etter than p.Best2

Update
No p.-Best

Assign p.Best to g.Best
Compute velocity

Update particle position|
j=Jj+1

N

Figure 4. Diagram of physical parameter identification.

3. Evaluation of Tank Performances in Healthy and Degraded States
3.1. Hydride Tank Used in a Real FCEV

In this section, the tank under study was integrated into the Mobypost vehicle in 2014;
see Figure 5a,b [20,21]. During this period, this tank has been operated for several hundred
hours and several charge/discharge cycles, which has affected its performance. To assess
the degree of tank degradation, characterisation and modelling of the old tank (i.e., the
degraded tank) recovered from the degraded vehicle were carried out. Data for the new
tank (i.e., the healthy tank) have been available in our laboratory since the commissioning
of the Mobypost vehicles six years ago.
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(@) (b)

Figure 5. (a) Metal hydride tank studied; (b) FCEV Mobypost vehicle [20].

3.2. Results of the Experimental Dynamic Characterisation of the Tank

The hydrogen supplied /extracted during the two states studied (healthy, degraded)
has a constant flow rate of 4 NL/min, at a pressure of 7 bar and a purity of 99.99%.

Figure 6a,b present the experimental values of pressure as a function of concentration
and temperature versus time, respectively, for a metal hydride tank in its healthy state [38].

7 : 22
—Absorption process
__ | [(ZDesorption process )
g85¢ S 20
S £
o -
23 g 18
w2
o =9
£ £ 161
1 - =

1 —Desorption process |

0 | | | ‘ ‘ —Absorption process
0 0.5 1 1.5 0 2 4 6 8
Concentration [%] Time [h]

=

(a) (b)

Figure 6. Healthy state of the tank: (a) Pressure versus concentration, (b) Temperature versus
time [38].

In Figure 7a,b, in the same way as for the healthy state, the experimental values of
pressure versus concentration and temperature versus time, respectively, are presented for
a metal hydride tank when it degrades [39].

22 T
et o
55| £20f
= 5
=]
g 3 ;“3 18
Z 2
5]
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s i o] 516/ s
1 —Desorption process / : =
0 . . . ! 14 | .
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Concentration [%] Time [h]

(a) b)

Figure 7. Degraded state of the tank: (a) Pressure versus concentration, (b) Temperature versus time.

Comparing qualitatively the pressure curve as a function of concentration in Figure 7a
with the curve in Figure 6a shows a loss of reversible hydrogen storage capacity, a consid-
erable increase in the slope of the plateau, and a reduction in the hysteresis between the



Energies 2022, 15, 3484

7 of 14

absorption and desorption curve. A single, flat plateau is desirable since it allows complete
hydrogen release when the system is maintained at constant pressure and temperature.
In contrast, if the plateau is sloped or split, the pressure has to be reduced to extract all the
hydrogen for a fixed temperature or, by analogy, at a constant pressure, the temperature
has to be increased, which in practice has a negative impact.

By applying the same method of analysis and comparison of the two states of interest,
a quantitative evaluation of the experimental data obtained can be performed, based
on equations that allow the determination of different parameters such as equilibrium
pressures, hysteresis, and gravimetric capacity.

Poys = % (Ppaps = plateau pressure in the absorption process) (©)]
Pyes = % (Ppges = plateau pressure in the desorption process) 4)
Hys =In (P”bs> 5)
Pes
t
M2 = | i dt (6)
wt% = —— 12 ___ 100 %)

where P,s and P, are the average pressure of the plateau for desorption and absorption,
respectively, n is the number of plateau points, and Hys is defined as hysteresis, a phe-
nomenon that occurs between the adsorption and desorption equilibrium pressures. m gy
is the mass of hydrogen stored or extracted; rirfy, is the hydrogen flow rate, which for this
test is 4 N1/min; mpp is the mass of the alloy (11.5 kg); wt% is the gravimetric capacity.

Examining the data obtained for the initial state of the commercial metal hydride tank,
it was determined that the equilibrium pressure for the absorption process is 3.06 bar, while
for the desorption process, an equilibrium pressure of 1.47 bar is established, giving a value
of 0.75 as the hysteresis, with an average tank temperature of 21 °C. The hydrogen stored
was 177 g, giving a gravimetric capacity of 1.52%.

A similar analysis to the one carried out for the initial state can be made for the
intermediate state where a quantity of stored hydrogen of 92 g is determined, which gives
a gravimetric capacity of 0.8%. The equilibrium pressure for the absorption process is
3.77 bar, while for the desorption process, the equilibrium pressure is 2.26 bar, and a minor
hysteresis of 0.51 bar is established; the average tank temperature is 21 °C. In order to
combine all the results obtained and to facilitate the evaluation, Table 2 is given, where a
summary of the parameters in each state studied is given.

Table 2. A summary of the parameters extracted from Figure 6a,b or Figure 7a,b.

Parameter Healthy State Degraded State Variation (%) Unit
Pabs 3.06 3.77 23.2 bar
Pdes 1.47 2.26 53.7 bar

Hysteresis 0.75 0.51 -32

Temperature 21 21 0 °C
Concentration 1.52 0.81 —47.4 %

It can be concluded that, quantitatively and qualitatively, a variation of the equilibrium
pressure and gravimetric storage capacity is observed between the two different states of
the same metal hydride tank. It is desired to know the state of some intrinsic parameters
of the tank and to observe whether they also present a certain variation. Therefore, it is
necessary to estimate the intrinsic parameters of the metal hydride in both states without
knowing the alloy composition.
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3.3. Result of the Identification of the Model’s Physical Parameters
Table 3 presents the results obtained by performing the identification diagram of
Figure 4 on the test results shown in Figure 6a,b or Figure 7a,b.

Table 3. Comparison of tank parameters.

Parameters Range State | Variation | (%)  Units
Healthy Degraded
€ [0.2,0.7] 0.5021 0.3553 29.3 -
Cy [40, 70] 58.020 43.858 24.4 1/s
E, [20, 22] 20.989 20.681 14 kJ/mol
Cy [7,10] 9.970 7.996 19.8 1/s
E, [15, 20] 16.510 16.193 1.9 K] /mol
Pss [8400,8600] 8473 8446 0.31 kg/m?
AH g [6000, 36,000] —31,660 —6753 78.5 J/mol
AH,q [6000, 36,000] 31,800 13,856 56.4 J/mol
Simulation error <25 1.8095 1.503 - %

Analysing the results obtained, a decrease in the porosity () is observed, which
implies an expansion of the alloy inside the tank. A reduction in the reaction constant
(Cy, C4) can be appreciated, which has a direct impact on the time in which the reaction is
carried out for both the absorption and desorption processes. There is a significant variation
in the value of the enthalpy variation (AH,s, AHy,s ), which translates into the requirement
of a greater amount of heat to be supplied to ensure the desorption process, and inversely
a greater amount of heat to be extracted to ensure the absorption process. The saturation
density (pss) decreased, which is in line with the decrease in gravimetric capacity. Finally,
there is no significant variation in the activation energy (E,, E;), so it is considered constant
and unchanging.

To check the validity of the two tank models in the healthy and degraded states, the
pressure concentration temperature (PCT) curves corresponding to each modelling case are
grouped in Figure 8. A very good concordance is observed in the curves obtained by the
simulation and the experimental data, which allows validating the estimated parameters,

as well as the developed models.

7
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Figure 8. Experimental and model PCT at 21 °C in healthy and degraded tank states.

These curves show the variation of the tank performance in terms of concentration and
pressure plateau slope. The concentration reflects the hydrogen absorption capacity of the
tank, while the slope of the pressure plateau reflects proportionally the kinetics of hydrogen
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absorption and desorption. Indeed, the healthy tank has a maximum storage capacity of
1.5% and fast kinetics, while the degraded tank is characterised by a concentration drop of
up to 0.8% and slower kinetics.

4. Correlation between Tank Degradation and Model Physical Parameters

To identify the sensitivity of the proposed model to the change in the intrinsic parame-
ters of the metal hydride, different possible scenarios were studied where a combination
of parameters was realised. For this purpose, it was decided to take into consideration
the parameters that show a greater change from the healthy state to the degraded state
in Table 4. Therefore, the porosity ({) was taken into consideration taking the values
of [0.5, 0.42, 0.35], as well as the enthalpy variation (AH,;s, AHg,s) with the values of
[31,600, 20,000, 6700] and [31,600, 22,700, 13,800], respectively; finally, the saturation density
(pss) with the values of [8473, 8455, 8446] was taken into consideration.

Table 4. Possible combinations for the variation of parameters.

Absorption Desorption Simulation Groups
pss (kg/m®) & AH (J/mol) pgs (kg/m®) &  AH (J/mol)
30,000 30,000
0.45 20000 0.45 22,000 Gl
10,000 14,000
30,000 30,000
8470 0.40 20,000 8470 0.40 22,000 G2
10,000 14,000
30,000 30,000
0.35 20,000 0.35 22,000 G3
10000 14,000
30,000 30,000
0.45 20,000 0.45 22,000 G4
10,000 14,000
30,000 30,000
5460 0.40 20,000 5460 0.40 22,000 G5
10000 14,000
30,000 30,000
0.35 20,000 0.35 22,000 G6
10,000 14000
30,000 30,000
0.45 20,000 0.45 22,000 G7
10,000 14,000
30,000 30,000
540 0.40 20,000 540 0.40 22,000 G8
10,000 14,000
30,000 30,000
0.35 20,000 0.35 22,000 G9

10,000 14,000
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Figures 9-11 present the simulations of the different combinations proposed in the
table for the pressure, temperature, and gravimetric capacity of a metal hydride tank when
it is submitted to the absorption and desorption processes. It is important to note that the

supplied/requested hydrogen flow rate according to the process is the same as the one
presented in Section 3.2 of 4 N1/min.

GX/ dofc1  fGefas/aa [o3 |Gz [an 7w
/ //
3 g5
=7 =N
I L
3 23 4 G5 G6 GT G8 G9
172} w2
(9} 3}
St k=
[=Pa =W
1 1 L
0 0
0 2 4 6 10
Time [h]

Time [h]
(@) (b)

Figure 9. Pressure as a function of time: (a) Absorption process, (b) Desorption process.
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Figure 10. Temperature as a function of time: (a) Absorption process, (b) Desorption process.
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Figure 11. Gravimetric capacity as a function of time: (a) Absorption process, (b) Desorption process.

Analysing the impact of the enthalpy variation in the different graphes, it is possible to
see that the pressure increases when the enthalpy variation (AH,;s, AH,) decreases; it can
also be observed that the tank temperature is lower when the enthalpy value is lower in
absolute values. A reduction in the enthalpy variation translates at the system level into
the need to provide a greater amount of heat to ensure the reaction, which implies a greater
energy consumption. On the other hand, it is observed that decreasing the saturation
density (pss) of the metal hydride results in a lower gravimetric capacity, which translates
into a lower amount of hydrogen stored or supplied.

Looking at the porosity (&), knowing that the volume of the tank is constant and
invariable, when the porosity is high, the adsorption or desorption process ends earlier,
which means that they have a fast reaction kinetics. On the other hand, when the metal has
a low porosity, the processes are slower, resulting in slower kinetics.
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These simulation results clearly show that there is a strong correlation between, on the
one hand, the performance of the tank under study, in terms of gravimetric capacity and
hydrogen charge/discharge kinetics, and on the other hand, three physical parameters
of the tank model, namely the saturation density (pss), the porosity (&), and the enthalpy
variation (AH,;s, AHg,s). Thus, the development of the laws of variation of these parame-
ters according to the real conditions of use of the FCEVs (number of charging/discharging
cycles, pressures, mass flow rates, temperatures) can help to predict tank degradation.

As mentioned in the introductory part, the causes of the degradation process, as well
as the variation of the internal parameters have been studied by the scientific community,
and some possible hypotheses have been proposed to justify this phenomenon. The reasons
can be extrinsic or intrinsic [11]. The first ones are easily mitigated by an adequate adjust-
ment of the external conditions such as hydrogen quality or by avoiding high working
temperatures. Furthermore, intrinsic degradation is difficult to eliminate and remains a
major research challenge, such as disproportionation [13], amorphisation [14], generation
of stable phases [10], or oxidation, among others [5,9,17,18].

5. Conclusions

This paper presents an investigation of the effect of charge/discharge cycles on the
performance of a metal hydride hydrogen storage system that fed a real FCEV. A math-
ematical model describing mass and energy transfer phenomena during the adsorption
and desorption processes was proposed based on unknown physical parameters such as
porosity, reaction constants, enthalpy variations, saturation density, and activation energies.
The identification of these parameters was carried out by implementing the well-known
PSO algorithm combined with a series of experimental results in the metal hydride tank.
The proposed model has a maximum relative error compared to the experimental measure-
ments less than 2%.

The qualitative and quantitative analysis of the experimental results performed on
the metal hydride tank in the healthy and degraded state revealed a strong correlation
between the gravimetric capacity and hydrogen charge/discharge kinetics of the tank
and three physical parameters of the tank model, namely the saturation density (pss),
the porosity constant (&), and the enthalpy (AH,;s, AHyes). A simulation study was carried
out using 27 different combinations of these parameters in order to show the variations in
the pressure, temperature, and gravimetric capacity of the tank when it is subjected to the
absorption and desorption processes. The results obtained confirm the correlation revealed
above and demonstrate that it is possible to predict tank degradations by developing laws
of the variation of the physical parameters of the tank model as a function of the real
conditions of use of the FCEVs (number of charging/discharging cycles, pressures, mass
flow rates, temperatures).
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Nomenclature

Physics Constants

¢ Porosity of MH

0 Density (kg/m?3)

H/M Hydrogen atoms per metal atom
ky Hydrogen kinetics (kg/ (s m?))
R Universal gas constant (8.315 (J/molK))
Cp Specific heat capacity (J/kg/K)
T Temperature (K)

K, Heat transfer coefficient (W/m/K)
M Hydrogen molar mass (kg/mol)
AH Enthalpy of reaction (J/mol)

AS Entropy of reaction (J/(Kmol))
p Pressure (bar)

C Constant rate (1/s)

E Activation energy (J/mol)

Q Heat flow (W)

t Time (s)

D Diameter (m)

L Length (m)

Vv Volume (m?)

m Mass (kg)

T Mass flow rate (kg/s)

1% Volume flow rate (N1/min)
Subscripts

a Absorption

eq Equilibrium

g Gas

s Solid

in Inlet

out Outlet

MH Metal hydride

M Metal

Ref Reference

0 Empty

w Water

Appendix A

Generally, the algorithm is composed of the position update formula (Equation (a)
of Figure A1) and the velocity update formula (Equation (b) of Figure A1) [35]. For each
particle in the population M, the position and velocity information are updated by iterating
with regard to its own best historical solution (g, ) and the best global value () [36].

Five steps are necessary to achieve the optimisation of the population values [40]:

A: Initialise the population randomly inside a search space. Establish the maximal iter-
ation number, the size of the population, the cognitive factors, the social factors, the limits
of position, and the maximum speed limit.

B: Compute the aptitude of each particle based on the fitness function.

C: Compare the performance of each particle with the historical best solution (st )-
If it turns out to be a smaller value, gy,; is reassigned; otherwise, no modification of gpg; is
performed. In the same way, the aptitude is compared with the global best solution (op,s)
applying the same criteria.

D: Use Equations (a) and (b) to actualise the position and speed of the particles,
ensuring that they respect the boundaries set.



Energies 2022, 15, 3484 13 of 14

E: Verify if the theoretical optimum is achieved, then output the value, and stop the
operation; if not, go back to B until the theoretical optimum or maximum number of
iterations is achieved.

A
(CL) Vgrjl = V7]n + Clrl(‘g{)est - Xgn) + C2r2(0gest - X%L)

(b) \i+ =\ 4 pit!

m

m m

P

Figure Al. Optimisation strategy of the PSO algorithm. X{ﬂ is the initial particle position; Xjnf ! is the
new position; v}, is the current velocity of the particle; v{,j'l is the speed after being influenced by
different aspects (influence of the particle and swarm memory).
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