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Abstract. The design of machines with permanent magnets is actively developing day by day and is often used in wind energy. The main advantages of such 

variable speed drives are high efficiency, high power density and torque density. When designing a wind generator with two rotors and permanent 

magnets, it is necessary to solve such a problem as the correct choice of the number of poles and slots to increase efficiency and minimize the cost 
of the machine. In this work, an improved spotted hyena optimization algorithm is used to obtain the optimal combination of s lots and poles. 

This optimization algorithm makes it possible to obtain the number of fractional slots per pole and evaluate the operating efficiency of a wind generator 

with a double rotor and ferrite magnets. At the first stage of machine design, various combinations of slots are installed. Next, the optimal combination 

is selected from various slot-pole combinations, taking into account the Enhanced Spotted Hyena Optimization (ESHO) algorithm, in which a multi-

objective function is configured. Accordingly, the multi-objectives are the integration of reverse electromotive force, output torque, gear torque, flux 

linkage, torque ripple along with losses. Analysis of the results obtained shows that the proposed algorithm for determining the optimal slot combination 
is more efficient than other slot combinations. It has also been found that the choice of slot and pole combination is critical to the efficient operation 

of permanent magnet machines. 

Keywords: wind turbine generation, optimal slot, pole, ESHO algorithm 

BADANIE WPŁYWU UŁAMKOWEJ LICZBY SZCZELIN BIEGUNÓW 

NA GENERACJĘ TURBINY WIATROWEJ PRZY UŻYCIU ULEPSZONEGO 

ALGORYTMU OPTYMALIZACJI CĘTKOWANEJ HIENY 

Streszczenie. Projektowanie maszyn z magnesami trwałymi aktywnie rozwija się z dnia na dzień i jest często wykorzystywane w energetyce wiatrowej. 

Głównymi zaletami takich napędów o zmiennej prędkości są wysoka sprawność, wysoka gęstość mocy i gęstość momentu obrotowego. Podczas 

projektowania generatora wiatrowego z dwoma wirnikami i magnesami trwałymi konieczne jest rozwiązanie takiego problemu, jak prawidłowy dobór 
liczby biegunów i szczelin w celu zwiększenia wydajności i zminimalizowania kosztów maszyny. W niniejszej pracy zastosowano ulepszony algorytm 

optymalizacji hieny plamistej w celu uzyskania optymalnej kombinacji szczelin i biegunów. Ten algorytm optymalizacji umożliwia uzyskanie liczby 

ułamkowych szczelin na biegun i ocenę wydajności operacyjnej generatora wiatrowego z podwójnym wirnikiem i magnesami ferrytowymi. Na pierwszym 
etapie projektowania maszyny instalowane są różne kombinacje szczelin. Następnie wybierana jest optymalna kombinacja spośród różnych kombinacji 

szczelin i biegunów, biorąc pod uwagę algorytm Enhanced Spotted Hyena Optimization (ESHO) (ulepszony algorytm optymalizacjihieny cętkowanej 

hieny), w którym skonfigurowana jest funkcja wielocelowa. W związku z tym, celami wielozadaniowymi są integracja odwrotnej siły elektromotorycznej, 
wyjściowego momentu obrotowego, momentu obrotowego przekładni, połączenia strumienia, tętnienia momentu obrotowego wraz ze stratami. Analiza 

uzyskanych wyników pokazuje, że proponowany algorytm określania optymalnej kombinacji szczelin jest bardziej wydajny niż inne kombinacje szczelin. 

Stwierdzono również, że wybór kombinacji szczelin i biegunów ma kluczowe znaczenie dla wydajnej pracy maszyn z magnesami trwałymi. 

Słowa kluczowe: generacja turbiny wiatrowej, optymalna szczelina, biegun, algorytm ESHO 

Introduction 

Permanent magnet (PM) motors are intensively studied during 

the last few years [5, 13, 14, 19–21]. Presently, concerning 

the higher power/torque density along with high efficiency, 

fractional slot PM machines (FSPMMs) are extensively engaged 

in industrial automation, electrical vehicle and power generation 

including several other applications [14, 19, 21]. Basically, 

the PM machines (PMM) are modelled in a manner so that 

in contrast with the magnets, the air gap flux density (FD) 

regarding the armature reaction is lower. This will avert the PM’s 

demagnetization in the event of defect currents in the stator 

windings [20]. Even though conventional fractional slot PMM 

having the entire teeth wound windings demonstrates better 

effectiveness, the coils localized at the final part of every single 

section could be effortlessly spoiled by simply being in the open 

air [5]. Alternatively, the high torque requisite on direct drive PM 

machines constantly results in a larger machine size together 

with material consumption [13]. PMMs have been broadly 

utilized in numerous applications. The PMMs are established 

as a generator in a wind turbine (WT) in the perspective 

of renewable energy systems [23, 27]. With specific reference 

to vehicle traction drives, and the direct-drive wind power genera-

tors, the consequence of fractional-slot of winding (FSCW) PMMs 

is concentrated broadly and is spotlighted here [25]. The entire 

functions necessitate high torque quality [12, 18]. Naturally, 

an electric machine is somewhat a conventionalist drive part that 

is improving slower than electronic components along with 

program control logic. This unit is the motor that verifies 

the drive’s energetic data and also the weight-size parameters 

completely and to a great extent and that’s why it is extremely 

essential to optimize this unit [8]. FEA software is utilized 

in the procedure of modelling the machine [24, 29, 30]. The well-

known models of FEA tools are QuickField, Altair Flux, 

and as well FEMM. The first two models are proprietary software 

and the last model is free of software [31]. Rare-Earth (RE), also 

the non-RE, is the PM material’s classification. Terbiums (Tb), 

Samarium (Sm), Dysprosium (Dy) along with Neodymium (Nd) 

are certain RE Elements (REEs) of RE-PMs. The two major 

categories of non-RE PMs are Alnico and Ferrite (Fe), which date 

to the earlier 1930s and 1950s, respectively [40]. Proportionate 

to the proficiency and the consistency, the PMSM could 

be preferred. The difficulties in PMSM are the high price 

and the flux’s weakening on limiting the electric loading [22]. 

PMSMs could be organized as Surface-mounted PM Machines 

(SPMs) as well Interior PM Machines (IPMs) regarding the PM’s 

positions [34]. The features and the proficiency of synchronous 

SPM machines are extremely exaggerated by the slot-pole 

combination [7]. The consequence of phase number on the 

winding factors, CT frequency and net radial forces are 

systematically scrutinized in various previous researches, which 

offers guiding principles to choosing the optimal slot/pole number 

combinations for multi-phase PMM [10]. The numeral count 

of stator slots per rotor poles per phase ratio directly influences 
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the PMSM’s proficiency [1, 4, 33]. Subsequently, the foremost 

step in the PMM is selecting the slot-pole combinations. 

In this study, the outcome of the fractional number of SPP 

in PMM is being evaluated by choosing the slot-pole. 

The authors of the article [33] evaluated the consequence 

of various pole-slots combinations on the generator’s performance 

and at last established a set of methods that are comparatively 

better. The simulation outcomes validated that this methodology 

efficiently minimized the higher harmonic of no-load 

counter electromotive force in addition to that it enhanced 

the induced voltage distortion rate along with torque vibration 

and considerably enhanced the proficiency of the motor [37, 38]. 

And this scheme was utilized as the guiding signification 

for the structural optimization of superconducting motors. 

In the paper [3] proffered a fresh modular fractional slot PMM 

having redundant teeth. The manufacturing of modular PMM with 

42-slots/32-poles (42S/32P) combination was detailed elaborately 

like an instance, and that was handled as the amalgamation of six 

6S/5P segments as well as a redundant 6S/2P device. Extra 

security was offered for coils positioned in these areas because 

the end part of every single section in the modular PMM 

was enclosed by half a redundant tooth in production. 

Progressively, the machine’s fault-tolerant capacity was enhanced 

by the partition of six segments. By deploying the dual three-

phase winding the modular machine’s efficacy was improved 

and it was established by the electromagnetic performance fore-

casted by FEA. 

At paper [6] executed an absolute sensitivity exploration 

of the optimal parameters for the axial flux PM synchronous 

machines running in the field weakening (FW) area. The two 

design purposes of the methodology were to enlarge the power 

density (Power density is the ratio of fraction of maximal 

to rated speed: nmax/nr and the associated inductance parameter 

maintaining the proficiency at the aimed speed beyond 90%) 

and to deliberate the optimal combination for every single phase, 

various slots/poles/phases combinations were deliberated. 

The outcome of the ratio of a number of stator slots to the number 

of rotor poles on the Power density and the nmax/nr was also 

calculated. It was exposed that the bettered Power density was 

attained by the factors having the low values. Regarding the “2” 

design goals, the outcome of the ratio of the outer diameter as well 

the inner to the outer diameter was illustrated. Consequently, 

the finite, also the theoretical infinite speed designs, were 

contrasted. The analytical design’s potency was recognized 

by studying the entire 3D finite element (FE). 

Autor of paper [35] proffered Fractional Slot PM (FSPM) 

machines by the fractional numbers of the slots for each 

part in a single periodicity of the machines. Alter-natively, 

the phase back-EMF signals were well-proportioned. Furthermore, 

the multi-layer winding methodology was deployed with the target 

of attaining a slot/pole com-bination by a small Unbalance 

Magnetic Force (UMF) also the armature MMRF’s low THD 

value. Additionally, for discovering the multilayer winding’s 

arrangement, a simple methodology was proffered by utilizing 

an extremely small UMF.  

At work [15] examined the interior PM (IPM) machine’s 

terminal voltage distortion by fractional slot concentrated 

windings (FSCW), also a specific prominence on the outcome 

of stator slot (Ns) together with rotor pole (2p) combinations. 

Initially, the 12-slot/10-pole machine was deployed for certifying 

the happening of voltage distortion. The methodology was then 

scrutinized by deploying the frozen permeability (FP) technique. 

The outcome of this examination exposed that the disparity 

in flux paths owing to rotor saliency was the cause of such 

a phenomenon, particularly whilst the present advancing angle 

reached 90°. Consequently, regarding the unavoidable device 

saturation, a design trade-off was utilized by choosing appropriate 

Ns/2p combinations for minimizing the effect. At last, 

for certifying the evaluation, prototypes were formulated. 

In the paper [17] proffered an 18-slot/26-pole FSPM surface-

mounted device (FSPMSM) having a coil-pitch of 2 slot-pitches. 

The machine’s torque creation was done taking into account 

the fractional slot machine’s principle together with the magnetic 

gear’s outcome. Its proficiency was evaluated and correlated 

by an 18-slot/10-pole FSPMSM. The outcomes confirmed that 

the 18-slot/26-pole FSPMSM had better flux weakening capacity, 

smaller torque ripple, larger torque along with torque density, also 

a higher efficacy region in contrast to its 10-pole counterpart. 

Additionally, the possible slot/pole combinations of FSPMSMs 

having coil-pitch of 2 slot-pitches regarding the similar working 

rule were employed [2, 9, 36, 39]. 

1. Materials and methods 

The PM generator that is directly operated by WT 

has the remunerations of higher efficiency, the simple structure 

and the reliable operation, also the characteristics of multi-pole, 

low speed, and large size. The disputes to be resolved while 

structuring a direct-driven PM wind generator are sufficient 

utilization of the structural dimension, enhancing the proficiency, 

and minimizing the machine’s price by appropriate selection 

of the pole number and the Ns number [11, 16, 28]. 

The consequence of the fractional number of SPP and the optimal 

slot-pole combination in WT PMM is evaluated in this research. 

In the 1st phase, the wind generator and their magnetic pressure 

is obtained. Next, the slot-pole combination is initiated. 

Afterward, by deploying the ESHO algorithm the optimal slots 

along with poles combination are chosen. Figure 1 displays 

the present technique’s block diagram [26, 41]. 

 

Fig. 1. Block diagram for the presented research [16] 

1.1. Design of wind turbine generator 

The WT is modelled to produce the highest power at a large 

spectrum of wind speeds. Nevertheless, during initialization, 

the significant model, and the decision in selecting the appropriate 

site meant for a WT. The WT’s mechanical output power (Op) 

is specified as 

 𝑄𝑝 =
1

2
𝜌𝜋𝐿3𝑃𝐶(𝜔, 𝛿)𝑢𝑤

3  (1) 

The ω in equation (1) is the proportion of the blade tip’s speed 

to the wind’s speed which is expressed as 

 𝜔 =
𝜂𝑡𝐿

𝑢𝑤
 (2) 

where ρ – the air density in (kg/m3); L – is the radius of the rotor’s 

swept area (m); Pc – the power coefficient. This coefficient 

is a function of ω also the blade’s pitch angle δ in (deg). 

The power coefficient is proffered as the division of the turbine 

mechanical power by the power accessed by the wind; uw – the 

wind speed (m/sec); ηt – denotes the rotor angular speed (rad/sec) 

together with that the WT’s aerodynamic mechanical torque (Mt) 

which is formulated as 

 𝑀𝑡 =
1

2
𝜌𝜋𝐿3𝑃𝐶(𝜔,𝛿)𝑢𝑤

3

𝜔
 (3) 
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In DRPM wind generators, between 2 concentric rotors, 

the up stator is inserted, along with that the surface-mounted FM 

is extensively polarized in various directions. For that reason, 

the magnetic circuits in the DRPM wind generator’s inner as well 

as in outer parts are in parallel, with that they divide up a common 

stator yoke. The circularly wounded winding is implemented, 

hence the insulation of the layer inside the slot isn’t required 

having the benefits like less copper loss, easy maintenance, 

and as well short end winding. The fluxes flowing via the inner 

and the outer parts are similar, accordingly, the DRPM wind 

generator can be witnessed as an inner rotor generator occupied 

within an outer rotor one with single-layer winding.  

In the DRPM WT generator, a magnetic pressure is deployed. 

As of the magnetic flux (MF) density, the electromagnetic 

pressure is measured utilizing the Maxwell stress tensor. 

The radial pressure brings out a vibration response, for this reason, 

the peripheral elements of the MF density are devalued. The radial 

pressure is formulated as: 

 𝑅𝑟(𝜃, 𝑡) ⋍
𝛽𝑟(𝜃,𝑡)

2𝛾0
 (4) 

where βr – denotes the radial MF regarding and its determined 

using the following expression 

 𝛽𝑟(𝜃, 𝑡) = Λ(𝜃, 𝑡)𝐹𝑟(𝜃, 𝑡) (5) 

The MMF 𝐹𝑟(𝜃, 𝑡) is presented as 

 𝐹𝑟(𝜃, 𝑡) = ∑ 𝐴𝑘cos⁡((𝜀𝑘𝑡 − 𝑘𝑙𝜃)∞
𝑘=1  (6) 

where θ – the tangential position; t – time; Rr – the radial pressure; 

γ0 – the magnetic permeability of the air.  

The MF is then obtained by multiplying the MMF by the air-

gap permeance: Λslot(,t) – specifies the air-gap permeance; Fr(,t) 

– indicates the magnetomotive force (MMF); Ak – denotes the k-th 

MMF wave’s amplitude; εk – the rotational frequency (rad/sec), 

which is εk = kꞏlꞏv for the k-th harmonic; v – the rotor’s rotational 

frequency (rad/sec); l – the number of pole pairs.  

If the machine’s slots are considered, the air-gap permeance 

variation pertained to the slots must be regarded, which 

is generally expressed by a Fourier series: 

 ∧𝑠𝑙𝑜𝑡 (𝜃, 𝑡) =∧0+ ∑ ∧ℎ cos⁡(ℎ𝑆2𝜃)
∝
𝑘=1  (7) 

So, the MF density is derived by substituting equation (7) 

in equation (5) 

 𝛽𝑟(𝜃, 𝑡)|𝑒𝑐𝑐=𝜉 = 𝐹𝑟(𝜃, 𝑡)[∧0+ ∑ ∧ℎ cos(ℎ𝑆2𝜃)
∝
𝑘=1 ] (8) 

where h – the harmonic; S2 – the number slots; Λ0 – the air-gap 

permeance without slots; Λh – the coefficients of the Fourier 

series.  

If the outcome of the slots is added, a novel spatial harmonic 

is attained consequently by the amalgamation of the MMF’s 

harmonics and the slots. Consequently, the harmonics of spatial 

orders kꞏl ± hꞏs are attained, and the harmonics of the MMF 

of spatial order kꞏl. In equation (4), the radial pressure is attained 

subsequently the MF’s harmonics are added to and subtracted 

from one another for indicating the pressure’s harmonics 

1.2. Initialize the slot-pole combination 

This stage initiates the number of slot-pole combinations. 

The number SPP per phase SPPq is a fraction and not an integer, 

moreover this information is signified as “fractional slot winding”. 

The total phases are denoted by m. The doubling-up of these 

phases is contrasted to a three-phase system that reduces SPPq 

into half. It relied upon the number of slots Ss and the number 

of pole pairs l. 

 𝑆𝑃𝑃𝑞 =
𝑆𝑠

2𝑙𝑚
 (9) 

A six-phase machine is nothing but an amalgamation of two 

three-phase systems. A division of the combinations to three-

phase windings is the feasible combination of Ss and the number 

of poles 2l. In this work, the DRPM wind generator’s slot 

as well the pole combination is selected like 12-slot/10-pole, 

12-slot/14-pole, 18-slot/16-pole, 18-slot/20-pole, 24-slot/22-pole, 

and 24-slot/26-pole. 

1.3. Optimal slot-pole combination selection using 

ESHO algorithm 

Various slot-pole combinations are initiated and then 

by deploying the ESHO methodology the optimal slot-pole 

combination is elected. This selection process is very significant 

for developing the DRPM WT generator. Initially, the population 

is initiated. In this, the initial population is the slot-pole 

combination which is specified as (Zi, i = 1, 2, 3, … n). The fitness 

is estimated after the initialization. The fitness is measured 

regarding the amalgamation of CT, EMF, OT, torque pulsation, 

FL and losses.  

If the phase currents are zero a torque occurs between 

stator slots and rotor magnets, and this torque is termed CT. 

This influences vibrations, torque fluctuations, along with acoustic 

noise in the machine. The generator’s proficiency as well as their 

lifetime may get reduced because of these negative features. 

Moreover, in WTs, the huge CT with low speed controls the 

rotor’s rotation therefore the electricity production is prevented. 

Henceforth, in situations like this, the lessening of these effects 

is essential; by decreasing the CT’s value. CT(Jcog) with the 

variables of rotor’s position and air gap can be expressed 

mathematically with Equation: 

 𝐼𝑐𝑜𝑔 =
1

2
𝜛𝑎𝑖𝑟

2 𝑑𝑤

𝑑𝜃
 (10) 

where w – the air gap reluctance; 𝜔̅air – the air gap flux amount; 

θ – the rotor’s position.  

The CT’s value is a function of the change in the air gap 

reluctance. The air gap value changes at regular intervals, 

subsequently, the CT’s value changes as well. In this 

circumstance, CT is expressed with Fourier series and Equation: 

 𝐼𝑐𝑜𝑔 = ∑ 𝐽𝑚𝑘 sin(ℎ𝑧𝑘𝜃)
∞
𝑘=1  (11) 

where Jmk – the Fourier coefficient; h – the frequency; z – the least 

multiple of 2p number; k = 1, 2, 3 cycle number; θ – the rotor 

position. 

Faraday’s law of electromagnetic induction is deployed 

for assessing the back EMF in relation to the time variation of MF 

(12). Through the MF density (13) the MF is attained on the cross-

section surface in the coil, which has to be vertical to the MF path 

 𝑒𝑓 = −𝑁𝑡
𝑑Ω

𝑑𝑡
 (12) 

 Ω = ∬𝐵𝐵𝑡𝑑𝑠 (13) 

where ef – back-electromotive force; Nt – the number of turns; 
𝑑𝛺

𝑑𝑡
 – the MF’s time variation inside the coil; BBt – the flux density. 

While measuring the MF’s time variation the constant angular 

velocity is being considered. 

The complete power of the nacelle and the rotor hub must 

be favoured by the turbine tower, thus large PMGs are not desired 

in WT design. Nevertheless, the torque (and output power) may be 

augmented by other means. The sizing constant K is expressed as 

 𝐾 = 𝜗𝐾𝑤𝑙(𝑎𝐵𝐵𝑡)𝐴𝑙𝑙 (14) 

where ϑ – the constant parameter; Kwl – the basic harmonic 

winding factor; 𝑎𝐵𝐵𝑡 – the rotor surface’s average FD; All – the 

electrical loading.  

An unstable torque pulsation is formed by the CT’s 

combination along with torque. Consequently, undesirable and 

additional vibrations along with noise have occurred while 

operating the machine. The mathematical derivation of torque 

pulsation Jp is 

 𝐼𝑝 = 𝐽𝑐𝑜𝑔 + 𝐽𝑟𝑖𝑝 (15) 

where Jrip – the torque ripple.  

The interaction of a magnetic field with a material such 

as what would take place when a magnetic field goes via a coil 

of the wire causes FL. FL is proffered by the number of windings 

and the flux, where the instantaneous value of a time-varying flux 

is specified as 𝑓. The 𝑓 equation is specified as 

 𝑓 = 𝑁𝑓⃑⃑⃑⃑ ⃑⃑  (16) 
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where 𝑁𝑓⃑⃑⃑⃑ ⃑⃑  – the total flux. In equation (17) the metrics 

combination is presented: 

 𝐹𝑖𝑡 = 𝑗𝑐𝑜𝑔 + 𝑒𝑓 + 𝐾 + 𝐽𝑝 + 𝑃𝑅𝑔𝑟 + 𝑓 (17) 

where Fit – the fitness function.  

The encircling phase is processed after the fitness is being 

evaluated. Other searching factors will be considering their best 

position pertained to the prey or target as the best response 

and revise it. This action is mathematically given as: 

 𝐴𝑦 = |Ψ ∙ 𝐸𝑝(𝑥) − 𝜍(𝐸(𝑥))| (18) 

 𝐸𝑝(𝑥 + 1) = 𝐸𝑝(𝑥) − 𝜏 ∙ 𝐴𝑦 (19) 

where Ay – the distance between the spotted hyena and the prey;    

Ep – indicates the vector position pertained to the prey; 

E – the spotted hyena’s vector position; x – the current iteration; 

ς – specifies the position vector’s mean value that averts 

the convergence problem; ψ, τ – the coefficient factor vectors: 

 Ψ = 2 ∙ 𝑟𝑎𝑛𝑑1 (20) 

 𝜏 = 2 ∙ 𝑔 ∙ 𝑟𝑎𝑛𝑑2 − 𝑔 (21) 

 𝑔 = 5 − (𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 ∙
𝑠

𝑀𝐴𝑋𝐼𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛
) (22) 

g – the declines linearly from 5 to 0 to stabilize the exploration 

and the exploitation while having the maximum iterations 

in the process. This system enhances the development as the 

iterations MAXiteration increase. Where rand1 and rand2 are random 

vectors in [0, 1]. 

Next, the hunting process is executed. While hunting, 

the hyenas get information and the prey tracking capacity from 

their trusted friends. The hyena that has the finest statistics 

regarding the prey’s position is proffered as the best search agent. 

Consequently, the best search agent is pursued by the other agents 

to revise their positions 

 𝐴𝑦 = |Ψ ∙ 𝐸𝑦 − 𝐸𝑥| (23) 

 𝐸𝑘 = 𝐸𝑦 + 𝐸𝑦+1 +⋯𝐸𝑘+𝑦 (24) 

 𝐼𝑘 = 𝐸𝑘 + 𝐸𝑘+1 +⋯𝐸𝑘+𝑁 (25) 

where Ey – the spotted hyena’s best position regarding the prey; 

Ek – together with this the spotted hyena’s other position; N – the 

spotted hyena’s total number, and then it is measured as: 

 𝑁 = 𝐶𝑜𝑢𝑛𝑡𝑛𝑜𝑠(𝐸𝑦 + 𝐸𝑦+1 +⋯𝐸𝑦+𝐿𝑂) (26) 

LO – the denotes a random vector having a range of [0.5, 1]; 

nos – the count of answers, (the reference answers are counted); 

Ey – the group of N optimal answers. 

Next, the attacking prey phase is processed. The vector value y 

is minimized for denoting the attacking prey mathematically. 

The differentiation in the vector τ is also minimized for changing 

the value in vector y which can lessen from 5 to 0 during 

iterations. The swarm of spotted hyenas hit the prey when |τ| < 1. 

The attacking prey phase can mathematically be formulated as: 

 𝐸(𝑥 + 1) =
𝐼𝑦

𝑁
 (27) 

where E(x+1) – revises the other search agent’s position 

to conclude the best search agent’s position and the best solution.  

The SHO algorithm permits its search agents to revise their 

positions and the attack towards the prey. 

The search for prey is the closing phase. The exact answer 

is detected if τ ≥ 1, regarding equation (26). Vector ψ is the 

section of the SHO methodology where exploration is possible. 

Vector ψ holds random values that offer the prey’s random 

weights regarding the equation (27). If the ψ > 1, vector 

has priority over the ψ<1 vector to display more random features 

of the SHO methodology and the distance’s effect. Subsequently, 

the fitness value is being calculated. If the pre-specified threshold 

of the fitness value is not attained, then the process is continued 

till it attains the pre-specified threshold value. The optimal 

slot-pole combination is elected from the initialized slot-pole 

combinations by employing this methodology.  

The pseudo-code for the ESHO methodology is represented 

in figure 2. In this pseudo-code, the initialization of the slot-pole 

combinations, fitness evaluation, and the updating procedure 

is given. 

 

Fig. 2. Flow chart of the ESHO algorithm 

2. Results and discussion 

The slot-pole combination’s effect is assessed in this section. 

MATLAB Simulink platform is deployed for executing 

the proffered work. 

2.1. Performance analysis 

Proportionate to the CT, FL, losses, back-EMF and OT; 

the usefulness of the optimal selection and without optimal slot-

pole combination selection is evaluated. While considering 

the initialized slot-pole combination, a better slot-pole 

combination is attained in the optimal selection. And the average 

value of the entire initialized slot-pole combination was attained 

without optimal selection. 

The FL analysis with optimal selection and without optimal 

selection is presented in figure 3. FL is small and takes place 

in electric machines. Flux lines take the path of least reluctance 

in most of the parts. Reluctance is proffered as the resistance 

to the flow of flux lines. These materials have a higher 

permeability. The number of slot-pole combination’s optimal 

selection has less FL leakage than the slot-pole combinations 

without optimal selection. The evaluation is done regarding 

the variation in the rotor’s position. If the rotor position is 180, 

the optimal selection has 0.4 Wb FL whereas without optimal 

selection it has 0.9 Wb. Accordingly, it points out that the optimal 

se-lection from the initialized slot-pole combination offers 

the finer result than the usual selection process. 

 

Fig. 3. FL analysis with optimal selection 

CT of the slot-pole combination is presented in figure 4. 

It is significant to assess the CT. CT is one of the common 

challenges for machines. The harmonics in the back-EMF 

are pertained by the torque ripple in CT. Regarding the variation 

of the rotor position, the CT is evaluated. The optimal selection of 

slot-pole combination has less CT in correlation with the without 
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optimal selection option of the average value of the entire 

initialized slot-pole combination. For example, if the rotor 

position is 1, then with optimal selection-based slot-pole 

combination has 0.2 Nm whereas the without optimal selection 

has the 0.4 Nm. Correspondingly, for a range of rotor positions, 

with optimal selection has the finer outcome than the without 

optimal slot-pole combination. 

 

Fig. 4. Analysis of CT 

The OT estimation of the slot-pole combination is assessed 

with optimum selection from the initialized slot-pole combination 

and the without optimal selection and then it is presented in figure 

5. In general, the OT is centred on the rotor torque along with 

speed. Proportionate to the disparity in various electrical angles, 

the OT is evaluated. The model is specified as a better system 

if it has high OT. In this, the slot-pole combi-nation with optimal 

selection has higher OT than that without optimal selection. 

If the electrical angle is 360, with optimal selection has the 64 Nm 

OT and the without optimal selection has 43 Nm. The optimal 

slot-pole selection offers higher OT for the other electrical angles 

as well. Therefore, the best outcome is obtained using 

the recommended optimal selection. 

 

Fig. 5. Graphical representation of OT analysis 

Figure 6 represents the losses regarding the slot-pole 

combination. The usefulness of the system and its reliability 

can be forecasted by having a better understanding of the features 

of the high-speed machine, particularly; a better understanding 

of its losses. The rotor losses could be high for high-speed 

machines, and in certain situations, these losses may harm the 

machine by the magnet’s demagnetization. Hence, in machines, 

the assessment of losses is a major process. In relation to the rotor 

position angle, the loss is varied. In contrast, the with optimal slot-

pole combination selection achieves lesser losses than the without 

optimal selection. For the rotor position 270, the optimal selection 

has 65 W whereas the without optimal slot-pole combination 

has the 78 W. A better result can also be obtained for the other 

rotor position by considering the with optimal slot-pole 

combinations. 

 

Fig. 6. Losses analysis 

Figure 7 displays the Back-EMF of the slot-pole combination. 

In electric motors, the back EMF voltage occurs whilst 

there is a relative motion between the stator windings 

and the rotor’s magnetic field. The figure of the back-EMF 

waveform is recognized by the rotor’s geometrics features. 

In this, the efficiency is evaluated in relation to the rotors’ 

position. For 180 rotor position, with optimal selection has 60 V 

whereas the without optimization has 80 V. Hence, a better 

proficiency is conquered with optimal selection. 

 

Fig. 7. Pictorial representation of the back-EMF analysis 

The fitness vs iteration of the proffered ESHO methodology 

with the other methodologies, like SHO, Particle Swarm 

Optimization (PSO), Ant Colony Optimization (ACO), 

and Genetic Algorithm (GA) is represented in Fig. 8. For every 

single iteration, the fitness value varies. The proposed ESHO has 

47 fitness for the 25th iteration. And for the same iteration, 

the fitness value for the previous methodologies is less than that 

of the proposed methodology. Likewise, for the 20th iteration, 

the ESHO has 34 fitness, whereas the previous methodologies 

have less fitness value than the proposed methodology. 

Subsequently, it is proved that a better outcome is achieved 

by the ESHO method-based selection than the without optimal 

selection and the other methods. 

 

Fig. 8. Graphical representation of Fitness Vs iteration 
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3. Conclusions 

The outcome of the SPP’s fractional number in the DRPM 

WT generator with optimal slot-pole combination selection 

is assessed in this research. Mostly, small WTs utilize direct-

driven PM generators, which have the characteristics of low speed 

and higher efficacy. Very simple controls are desired for small 

WTs as they are self-started. In the WT generator, the slot-pole 

combination obtains the main place and hence the significance 

of the SPP’s fraction number. At first, the slot-pole combination 

is initialized and from that combination, the optimal selection 

is made by the ESHO. FLs, EMF, CT, OT, torque pulsation 

and losses are the features that are referred to during the selection 

process. The proficiency of the optimal slot-pole combination 

is evaluated with the entire initialized slot-pole combinations 

in relation to those factors. In this, the optimal selection of SPP’s 

fraction number obtains better proficiency than the without 

optimal slot-pole combination selection. Thus, this method 

regarding the optimal slot-pole combination selection is crucial 

for the DRPM WT generator. In the future, the proposed 

methodology can be expanded by considering a variety of factors 

for a better optimal slot-pole combination selection. 
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