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Abstract - In this paper, a Wind-Driven Optimization (WDO) based design of a Six-Phase Induction Motor (SPIM) is presented, 

and it is compared to induction motors that have been traditionally designed and have the same rating. When it comes to the 

optimization of the design of a six-phase induction motor, a multi-objective function is taken into consideration. When compared 

to the conventional design motor, it has been shown that the wind-driven optimization-based optimal design yields considerably 

superior performance. Furthermore, the Finite Element Analyses (FEA) of every single design of a six-phase induction motor 

are described in this work. The purpose of this research is to determine which solution is the most cost-effective for a particular 

application by analyzing the performance of the motor. Additionally, in order to validate the validity of the suggested design, 
the quality parameters that were acquired from the WDO-based design are compared with the motor that was designed 

traditionally. When compared to a six-phase induction motor with ordinary control, the wind-driven optimization method for 

six-phase induction motors results gives a better performance like power density, efficiency, and operational power factors. 

With the proposed control technique, losses are mitigated by 6.7% as compared with conventional SPIM. 

Keywords - Design optimization, Wind Driven Optimization, Six Phase Induction Motor, Finite Element Analyses, Induction 

generator. 

1. Introduction  
To satisfy the growing need for energy, researchers have 

been driven further to improve the rationality of using 

traditional sources and examine non-traditional energy 

sources. The energy demand has increased due to the growing 

concerns over the environment and the rapid depletion of 

conventional energy supplies [1]. Numerous renewable 

energy sources, such as geothermal, wind, solar, geothermal 

energy, and micro-hydro, are the subjects of investigations 

now being carried out. Utilizing wind and hydropower is a 

pragmatic option to fulfil future energy demands [2].  

This outcome is attributed to the abundance of instances 

representing both categories of generation. The ongoing study 

on the utilization of wind and small-scale hydropower for 

electricity production aims to determine the most 

economically efficient method of harnessing these energy 

sources in order to establish a reliable and high-quality power 

supply [3]. Induction generators are extensively utilized in 

micro hydro-producing systems and wind turbines due to their 
ability to generate efficient electricity at different speeds. 

Although a generator does not produce excitation energy, it 

can start independently, provided specific conditions are 

satisfied. This is the case even though the generator does not 

have its generator. The speed of the rotor, the residual 

magnetic flux in the rotor iron, and the coupling of capacitor 
banks to the stator terminals are all included in these 

characteristics [4, 5].  

During this time, the implementation of multiphase 

asynchronous machines was one of the ideas that was offered 

in order to improve the operational stability of the system. In 

addition, the idea of the multiphase asynchronous machine, in 

its whole, as well as the self-governing multiphase 

asynchronous generator, in particular, has been the subject of 

a great deal of research in the most recent years. There is no 

difference in the situation between these two topics [6, 7].  

A six-phase induction generator can actively contribute to 
the self-generation of electric power across a wide range of 

wind speeds. This feature enables the generator to produce 

electrical power. This is something that can be accomplished. 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/
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One of the difficulties that may arise throughout the process 

of investigating self-excited generators is the task of choosing 

which self-priming capabilities are the most suitable.  

As a consequence of this, research has been carried out in 

order to determine the minimum and maximum capacities for 

self-priming by studying the equivalent circuit of the generator 
in a steady state. The symmetrical components technique 

allows for the examination of the performance of a SPIG that 

supplies either in a capacitance imbalance condition or single 

load condition.  

Additionally, the input impedance of the generator may 

be determined through the application of this technique. In 

recent years, multiphase machines have been gaining pace due 

to their various potential advantages over their three-phase one 

and their wide range of applications in high-power drives such 

as in industries, electric ship propulsion and traction drives [8, 

9]. It is feasible to accurately evaluate the performance of the 

generator under a variety of load and speed situations by 
utilizing a numerical approach to solve a simplified equivalent 

circuit.  

This method focuses on machine factors such as 

frequency and magnetizing reactance, and it is possible to 

evaluate the generator's performance accurately. This is made 

possible by the utilization of the formula. Self-excited SPIGs 

are gaining popularity as a means of contributing to the 

utilization of non-conventional energy sources like small 

hydro and wind. The fact that the induction generator has a 

tough time managing voltage when the load changes is one of 

the major downsides of this type of generator.  

In order to ascertain the conditions under which the 

machine functions, stable-state analysis is a vital component. 

The development of algorithms that are able to forecast the 

performance of generators by making use of data from 

induction motors through computation is required in order to 

examine the steady-state characteristics and investigate the 

effects of the components. This is necessary in order to 

investigate the components.  

Wind power generation systems have been designed 

using a wide variety of topologies at various points in time 

[10-12]. All of them are distinct from one another and come 

with their set of advantages and disadvantages in comparison 
to the others. For the purpose of achieving a high level of 

penetration of renewable energy into the grid, distributed 

generating systems are chosen over larger units that are placed 

at specific locations. In the event that a more extensive 

penetration of electricity is taken into consideration, SPIG are 

considered to be the most viable alternatives [13].  

Compared to Doubly Fed Induction Generators (DFIG), 

squirrel cage Synchronous Permanent Magnet Generators 

(SPIG) have a number of advantages that set them apart [14]. 

This is due to the fact that they are less expensive and require 

less maintenance than DFIG. Due to the fact that squirrel cage 

SPIGs are more effective, this is the case. Additionally, the 

grid is responsible for satisfying the entire demand for reactive 

power resources when it is operating in grid-connected mode.  

In certain situations, a capacitor might be built at the point 

of common connection in order to limit the amount of reactive 

power that is required from the grid side. This would be done 

in order to fulfil the requirements of the situation. In such a 

location, a capacitor would be installed. In situations where 

greater generation ratings are taken into consideration, PMSG 

is an excellent choice because of its large speed range and 

certified back-to-back converter. This makes it a perfect 

solution.  

When SPIG is compared to PMSG, it is demonstrated that 

PMSG is more expensive at lower generation ratings due to 

the increased costs associated with its installation and 

operation. As a direct consequence of this finding, the payback 

period for PMSG is noticeably longer. This is because PMSG 

has a greater initial investment and a higher ongoing cost. Due 

to the higher costs associated with installation and operation, 
PMSG is the reason behind this. This is because PMSG 

necessitates a greater initial expenditure in addition to a higher 

rate of recurrent expense.  

Specifically, this is the underlying factor that led to this 

circumstance. In light of this, fixed-speed small power 

generating units, also known as SPIGs, provide a viable and 

long-lasting alternative for smaller power sources. These units 

can be utilized to meet the requirements of rural areas, as well 
as in residential areas and small settlements.  

This is a consequence of the fact that they offer a viable 

alternative. It is due to the fact that the cumulative output of 

these units has the effect of lowering the overall average grid 

loading that is being experienced [15, 16]. Fixed-speed SPIGs 

are able to generate electricity at an entirely consistent speed, 

which is the reason why this results in the phenomenon above 

[17]. 

Employing SPIM increases the system reliability, reduces 

the rotor current harmonics, and reduces the rotor copper 

losses and pulsating torque. Also, it has been observed that 

SPIM reduces stator copper losses by up to 6.7% and is less 

noisy as compared to its three-phase counterparts [3-5]. The 

availability of more phases improves the performance of 

SPIM during the loss of phase condition or in case of an open 
circuit fault [6-8].  

SPIM is obtained by dividing each phase of the three-

phase induction motor with a 30-degree displacement between 

each winding of SPIM. This paper aims to develop a new 

concept in the design of SPIM. WDO and simple 

electromagnetic equations are used for the procedure. FEA is 

used to validate the results. 
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2. Wind Driven Optimization Algorithm 

It is a heuristic algorithm that takes inspiration from the 

flow of wind in the atmosphere of the planet, notably how it 

redistributes horizontal pressure. Wind Driven Optimization 

is an example of this inspired algorithm. The population 

dynamics that are described in [9] served as the foundation for 

the development of this optimization technique.  

Airflow from regions of higher pressure to regions of 

lower pressure is caused by the differential air pressure and 

density that exists between the two places. This is due to the 

pressure gradient (∆P) and is represented as, 

      ∆P =
∂P

∂X
,

∂P

∂X
,

∂P

∂X
           (1)                                  

Newton's second rule of motion is the basis for 

calculating the path that an air parcel will take. This law 

established the framework for the calculation. According to 

the principle, the acceleration of an air parcel is caused by the 

cumulative force that is applied to it, and this acceleration 

takes place in the same direction as the cumulative force that 

is applied.   

ρa = ∑ FI            (2)                                                      

Where the symbol ρ denotes the density of the air packet 

and the symbol a denotes the acceleration of the air packet. 

The collective forces affecting the air packets are referred to 

as FI. Four basic forces affect the trajectory and velocity of air 

parcels, and Equation (2) considers these forces. The pressure 

gradient is the primary force that causes the motion of an air 

parcel, and the symbol subscript base represents it since it is 

the force that causes the motion. 

FPG =  −∆P. ∂V  (3) 

Where ∂V is the small volume.  At the same time that the 
force FPG is causing movement, the frictional force acts as a 

counterforce to that movement. 

Ff = −ρ. α. ϑ       (4) 

The symbol ρ is used to denote the coefficient of friction, 

whereas the symbol ϑ is used to represent the vector of the 

wind's current velocity. When air packets are subjected to 

gravitational force, they experience an attractive pull, which 

causes them to move in the direction of the centre of the 

rectangular coordinate system. When expressed 

quantitatively, this force can be described as, 

FV = ρ. δV. g  (5) 

Where g is the gravitational constant. The Coriolis force 

is a torque that is caused by the rotation of the earth, which in 

turn causes a rotation in the reference frame. This torque can 

be written as, 

FC = −2Ω × ϑ,  (6) 

Where v is the earth rotation vector. The forces mentioned 

above are incorporated in Equation (2) and can be expressed 
as, 

ρa = −∆P. ∂V − ρ. α. ϑ + ρ. δV. g − 2Ω × ϑ   (7) 

Through the utilization of the ideal gas law, we can 

replace the idea of density with the variables of pressure, 

temperature, and the universal gas constant. Alterations can be 

made to the Equation (7). 

∆𝜗 = −α. ϑ − ∆P
RT

Pcur
+ g + (

−2Ω×ϑ.RT

Pcur
)    (8)      

In this equation, the letters P, R, and T stand for pressure, 

the universal gas constant, and the absolute temperature, 

respectively. The value of the pressure exerted on a particular 

parcel is represented by the symbol Pcur. In the context of 

WDO, the velocity and position of each air parcel are 

continually updated after each iteration in order to aid the 

exploration of its search space. This is done in order to 

understand the search space better. It is possible to represent 

the change in velocity, denoted by ∆v, as:  

∆ϑ = ϑnew − ϑ  (9) 

Both the velocity and position updates that are performed 

by the WDO method are comparable to those that are 

performed by the particle-based approach. An additional 

degree of freedom is added to the solution space as a result of 
the incorporation of gravitational and Coriolis forces into the 

equation that is used to update the velocity of the WDO 

method. The flow chart of the WDO algorithm is depicted in 

Figure 1, which is based on the information supplied in 

reference. 

2.1. Basic Sizing Equation 

The basic sizing equation of SPIM is defined as [14],     

S = 11Kw × Bav × q × (
D

1000
)

2

×
L

1000
× n    (10) 

Where S is the rating of the motor in Watts,  Kw1 is the 

winding factor; Bav and q is the specific magnetic and 

electrical loading in Tesla and A/m, respectively. D and L are 

the stator's inner diameter and motor length in mm, 

respectively, and n represents the rated speed in revolutions 

per second. The magnetic and electric loading values are 
selected at the start of the design process and are restricted by 

the iron losses, copper losses, load profile, cooling tendency 

and the duty cycle. 
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Fig. 1 Flow chart of the WDO algorithm 

2.2. Aspect Ratio 

The value of D2L is then determined by Equation (1). 

Aspect ratio λ is also a design parameter, and its value should 

be primarily selected at the beginning of the design process so 
that D and L can be determined. For a p-pole machine with a 

shorter length, an appropriate value of λ increases the induced 

emf in the winding as it is proportional to the coil area for the 

same flux density,         

λ =
L

π
D

P

=
L

Y
       (11) 

Where y is the peripheral distance between the two poles 

in meters. 

2.3. Selection of Current Density 

Following the selection of the required values for the 

average magnetic field strength Bav, charge q, and wavelength 

λ, the current density Js that corresponds to a particular rated 

current I is utilized in order to compute the cross-sectional area 

Ac of the copper wire. 

 As =
I

Js
            (12) 

A smaller cross-section area leads to higher armature 

resistance and greater current density as a result of increased 
copper losses, which lower the motor's efficiency. So, in 

conventional design, the current density value is selected in 

the range of 3-7A/mm2 depending on the designer's 

experience or by thumb rule [11, 12]. 

2.4. Flux Density 

The flux density in the core and teeth is selected at the 

vicinity of the knee point of the B-H curve in such a way that 

it fully utilizes the material. For silicon steel based design, a 

point of flux density is near 1.5T [11].  

2.5. Design Process of SPIM 

An electrical machine design is a rigorous iterative 
process, as shown in Figure 1, with an appropriate assumption 

of power factor and efficiency to determine the rating of 

machine S in volt-amp. 

Maching rating(S) =
Output power(Pout)

η ×Power factor
      (13) 

Wire diameter and number of turns of the stator coils at a 

specified current density and voltage for a given winding 
layout are then determined. By selecting flux density in the 

core and teeth, the thickness of the core and tooth width is 

calculated. The outer diameter of the machine is then 

calculated from the area of the core and teeth and by the slot 

area of the winding. The design of the rotor is also done with 

some empirical rules [11].  

After completion of the design, a performance check of 

the obtained design is done, and the parameters' values are 

compared with the reference parameters. Suppose the 

parameters do not meet the specifications of the motor. In that 

case, some modification has to be done to meet the 
requirement, and the whole design process is repeated as many 

times until the parameters meet the specified values. 

2.6. 2-Dimension Eddy-Current Model of SPIM 

Eddy-current model of SPIM in 2-Dimension is defined 

by using the sets of Maxwell equations and is represented by 

the equation as follows [13]: 

∂

∂x
(v

∂A

∂x
) +

∂

∂y
(

∂A

∂y
) = −J + σ

∂A

∂t
    (14)  

Start 

Define the Fitness (Pressure) Function, 

Boundary Condition and Population Size 

Initialize Initial Position, 

Velocity of Air Parcel 

Evaluate Pressure Value 

for Each Air Parcel 

Update Velocity & Check 

its Limit 

Update Position & Check 

its Limit 

Maximum Number 

of Iteration? 

Final 

Solution 

Yes 

No 
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Where σ is the material's conductivity, the magnetic field 

and source will change sinusoidally with time for the linear 

model. Hence, J and A are sinusoidal vectors, and ∂A/∂t can 

be represented by jωA. Also, 

𝑊(𝐴) = ∬ [∫ 𝐻𝑑𝐵 − 𝐽𝐴 +
1

2

𝐵

0
𝐽𝜔𝜎𝐴2]  𝑑Ω +

∬ Ht Ads =  min  (15) 

B is the magnetic flux density, and H is the magnetic field 

strength [13]. 

3. Objective Functional Constraints 
It has been written and successfully tested in SPIM that 

the design program for the application that was specified in 

MATLAB has been written. After that, the values of the SPIM 

parameters were evaluated and checked for accuracy while 

simultaneously ensuring that they complied with the limits. 

Using the sources [11, 14], the design program of SPIM is 
produced during the development process. For design 

optimization of SPIM, the selection of the objective function 

is contingent upon the performance objectives, and it is 

necessary to give significant consideration to this matter. 

Figure 2 is an illustration of the flow chart that depicts the 

SPIM when using the traditional approach.  Following that, 

the formulation takes into consideration a function that has 

many objectives [14]: To minimize the stator copper loss. 

  PCU(Stator) = 6 × Iph
2 × Rs                    (16)  

Where Iph = phase current in Amperes and  

 𝑅𝑆  = stator resistance in Ohm. 

3.1. Minimization of the Rotor Copper Losses 

PCU(Rotor) =
rr×S2×Ib

2

aa
(1 +

2×De

P
)      (17) 

The variables in the equation are as follows: rr is a 

constant with a value of 0.021, S2 represents the number of 

rotor slots, Ib represents the rotor bar current in amperes, De 
represents the mean diameter of the end ring in millimetres, Lr 

represents the core length in meters, and P represents the 

number of poles. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2 Flow chart of SPIM design by traditional method 
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3.2. Minimization of the Stator Iron Losses 

PI(Stator) = Wt × Wtk + Wc × Wck          (18) 

Where Wt represents the weight of the stator teeth, Wc 

represents the weight of the stator core, Wtk represents the 

stator tooth losses in terms of W per kilogram, and Wck 

represents the stator core losses in terms of W per kilogram. 

3.3. Full Load Efficiency 

ƞ =
1000×P0

1000×P0+PCU(Stator)+PCU(Rotor)+PI(Stator)+PFriction    
  (19) 

Where 𝑃𝑜 = power in KW,  PFriction = friction losses in 
kW. 

The optimisation process is subject to constraints such as 

starting current and starting torque in order to facilitate the 

achievement of a level of performance that is deemed 

sufficiently adequate. Figure 3 depicts the five parameters that 

are chosen to be the primary motor variables in the 

optimization process. These parameters are the focus of the 

optimization process. Several variables are of interest, 

including the following: the length of the stator core (x1), the 

depth of the stator slot (x2), the width of the stator teeth (x3), 
the inner diameter of the stator (x4), the depth of the stator 

core (x5), and the power factor (x6). For optimization, the 

motor that possesses the ratings that were specified, as shown 

in Table 1, has been chosen. The sample time used here is 

50µS, so 20k samples are generated in one sec. 

 
Fig. 3 Stator optimization parameters 

Table 1. Parameters of SPIM 

Phase Number 6 Power Rating (KW) 1.1 

Rated Phase 

Voltage(v) 
400 Stator Slot Number 48 

Connection Y 
Supply Frequency (in 

Hz) 
50 

Rotor Slot 

Number 
38 Poles Number 4 

 

4. Results and Analysis 
Presented in the form of a flow chart, Figure 3 illustrates 

the design optimization technique that was established not too 

long ago. Each block contains a significant number of 

subroutines that are contained within it. Before commencing 

the execution of the program, it is necessary to take into mind 

the performance parameters. This is a crucial step that must be 

taken.  

There are a number of important features of the initial 

motor design that are incorporated into the parameters. These 

include the number of generations, the size of the population, 

the rate of crossover, and the rate of mutation. There are a lot 

of configurable settings available to the user, including the 
number of generations, the crossover rate, and the mutation 

rate.  

The user can choose these options according to their 

tastes. It is conceivable for these parameters and functions to 

undergo small modifications if the values of each design 

parameter and the limits of each penalty function are within 

the bounds of their respective domains. This is the case if the 

design parameters and functions are in a state of equilibrium. 

The use of computers is employed for the purpose of 

computing the design parameters that are responsible for 

determining the arrangement of the stator and rotor together.  

The power factor must be at least 0.79 in order to satisfy 

the requirements given. That the initial current might be 

greater than 7.5 (per unit) is a possibility that should not be 

discounted. Beginning torque must be present at a minimum 

of two (per unit) in order to be considered present. It is 

recommended that the stator, rotor core, and teeth of the rotor 

have a flux density that is approximately 1.5 times higher than 

the maximum flux density.  

The constraints that have been provided determine the 

boundaries of the optimization technique in a very specific 

manner. When there is no load, it is advised that the power 

factor is between 0.15 and 0.28. This is done in order to obtain 
the highest potential level of performance within the system. 

The characteristics of the WDO program are described in 

Table 2, and a summary of the outcomes that were 

accomplished as a result of using the improved WDO SPIM 

design is presented in Table 3. Both tables may be found 

below. Figure 4 provides a visual representation of the motor 

design that was built with the assistance of ANSYS. 

Table 2. Control parameters for WDO 

Population 

Size 
20 

Number 

of Input 

Samples 

100 
Iteration 

Cycles 
500 

Constant, 

RT 
3 

Coriolis 

Effect 
0.4 

Gravitational 

Constant 
0.2 
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Table 3. Comparison of output summary obtain from traditional method and WDO 

Quantity Traditional Method WDO 

Power Factor (PF) 0.85 0.89 

Efficiency(η) 0.8032 0.829946 

Total Losses 149.2948 123.928 

No Load Power Factor 0.1180 0.1832 

Stator Resistance (Ω) 8.7723 16.3815 

Equivalent Resistance (Ω) 15.3132 54.2473 

Equivalent Reactance (Ω) 34.0914 17.4236 

Reactance Magnetizing(Ω) 379.50 250 

Length of Stator Stack (m) 0.0481 0.0675 

Inner Stator Diameter (m) 0.1041 0.0696 

Inner Rotor Diameter (m) 0.0512 0.019 

Stator Teeth Width (m) 0.0020 7 0.006 

Stator Slot Depth (m) 0.0171 0.011 

Width of Stator Slot (m) 0.0088 1 0.0111 

Stator Core Depth (m) 0.0067 0.0128125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 Optimal design of SPIM by WDO 

5. Conclusion 
This paper presents the design optimization of a six-phase 

induction motor that was accomplished through the utilization 

of WDO. For optimization, quality measures such as power 

factor, losses, and efficiency were taken into consideration.  

When compared to the conventional design, the optimal 

design leads to a reduction of losses of up to five per cent and 

an increase in efficiency of about five per cent than the 

traditional design.  

The machine's working power factor also improved to 

about 0.9 lag, which is a significant improvement. The 

characteristics that are acquired from a design that is based on 

WDO and has phase voltage, on the other hand, are lower 

when compared to the characteristics that are achieved from a 

traditional design.  

Because the motor has a power output of 1000 W, which 

is substantially closer to that of the typical motor, the fact that 
there is almost no mistake in the output power proves that the 

WDO-based design is correct. The losses are mitigated by 

6.7% as compared to conventional SPIM.  

This is because the manufactured motor has a power 

output that is significantly like that of the normal motor. 

Furthermore, the flux density that is computed using FEA is 

in good agreement with the value that is acquired through the 

use of traditional design. 
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