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 The aim of this study is to calculate the optimum factor levels for the design 

parameters namely slot pitch, center slot pitch, and damper width to keep the 

magnetic flux density distribution in a desired range while minimizing the total 

harmonic distortion (THD). For this purpose, the numerical simulations are 

performed in the Maxwell environment. Then by the aid of regression modeling 

over this simulation results; the mathematical equations between the responses 

(THD and magnetic flux density distribution) and the factors are calculated. 

After the modeling phase, grasshopper optimization algorithm (GOA) is run 

through these regression equations to determine the optimum values of the rotor 

design parameters (factors). The confirmations are also performed in the 

Maxwell environment and the result indicated that the THD is minimized and the 

magnetic flux density distribution on the teeth is kept in a desired range. 
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1. Introduction 

Effect of damper winding in synchronous generator 

(SG) is investigated by many researchers. In these 

studies, total harmonic distortion (THD) and the 

magnetic flux density distribution are widely selected 

performance criteria those are tried to be improved. 

The output voltage’s form is expected to be a 

sinusoidal. This means that THD is equal to zero. But 

because of various harmonic distortion components 

the output signal is distorted and THD increases. The 

chance of damage to the electrical machine increases 

as THD increases. For quality and sustainability, it is 

important to minimize THD in electric machine 

design. Magnetic flux density distribution is another 

important performance criterion which must be kept in 

a particular range to provide the high efficiency for the 

electric machine [1-3].  

The related remarkable studies about the effect of 

damper winding in SG design are as follows: Matsuki 

et al. [4] investigated the effect of slot ripples on 

damper windings of SG. Two years later, they 

considered the oscillatory conditions of the power 

system and investigated the damper winding 

performance of a SG [5]. Vetter and Reichert [6] 

presented a study on damper winding currents of a SG 

with a solid iron rotor. Knight et al. [7] presented a 

study for predicting the force-density harmonics in 

salient-pole SG. For this purpose they used combined 

finite element method (FEM) and analytical modeling 

technique by considering the induced currents in the 

damper winding cage and their effects on force-

density. Arjona [8] used FEM for simulating 2D 

nonlinear transient condition of 150 MVA two poles 

turbine generator and proposed an electrical circuit 

structure with 1D-axis damper winding. Lundstrom et 

al. [9] considered the effect of damper winding in the 

design of 74MVA synchronous hydropower generator. 

They used time-stepping FEM. Kinnunen et al. [10] 

studied on designing of damper windings for a 

permanent magnet SG (PMSG). They used 2D time 

transient field element analysis (FEA) to analyze the 

effects of damper winding constructions changes. 

Despalatovic et al. [11] studied on on-line parameter 

estimation of 34 MVA SG by considering damper 

winding. Rahimian and Butler-Purry [12] proposed an 

analytical method for the modeling SG with damper 

windings that is based on winding function approach 

http://www.ams.org/msc/msc2010.html
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(WFA). Traxler-Samek et al. [13], proposed an 

algorithm to calculate the currents and corresponding 

losses in the damper winding of a large salient-pole 

SG. Zarko et al. [14] analyzed the effects of the stator 

winding parallel paths and the rotor damper winding 

of a salient-pole on attenuation of unbalanced 

magnetic pull. Matsuki et al. [15] investigated the 

effect of damper windings on the transient conditions 

of 4- pole SG by considering the magnetic flux. 

Wallin et al. [16] investigated the effect of three 

different damper winding configurations on 

unbalanced magnetic pull (UMP) in salient pole SG 

by considering the magnetic flux. They used FEM for 

the simulations. Nuzzo et al. [17] presented a study on 

improved damper cage design for salient-pole SG. Qiu 

et al. [18] studied on determining the influence factors 

to affect eddy current loss of damper windings in 

salient-pole 24 MW SG. They used FEM for the 

simulations. Elez et al. [19] presented a study on 

optimization of salient-pole SG. To that end they 

combined slot skew and damper winding pitch 

methods. Mandrile et al. [20] studied on the damping 

of the mechanical part of virtual SG (VSG) using only 

a damper winding in the q-axis. Nuzzo et al. [21] 

presented a simplified damper cage circuital model for 

modeling symmetric damper cages of salient-pole SG. 

Vanco et al. [22] investigated the effects of harmonic 

pollution on salient-pole SG by considering the 

currents induced on damper windings, on the field 

current and the disturbances on the load angle etc.  

Perin et al. [23] studied on minimizing the voltage 

THD of a salient-pole SG. They used grey wolf 

optimizer (GWO) to calculate the optimum design 

parameters (namely center slot pitch, slot pitch,  and 

damper width) to minimize THD.  

Besides these studies; the nature-inspired optimization 

algorithms such as genetic algorithm (GA) [24-30], 

particle swarm optimization (PSO) [31-35], ant-lion 

optimizer (ALO) [36], mosquito blood search 

algorithm (AMBS) [37] are previously used for THD 

minimization.  

According to the studies presented in the literature 

damper winding effect is investigated in several 

studies. This study aims to calculate the optimum 

rotor design of 4-poled 1500 rpm 200 kVA SG by 

considering the damper winding effect. To that end, 

we studied on determining the optimum factor levels 

for the rotor parameters namely center slot pitch, slot 

pitch, and damper width to provide the desired 

magnetic flux density distribution while minimizing 

the total harmonic distortion (THD). THD (all voltage 

harmonics show THD values in this study) and 

magnetic flux density distributions are measured from 

Maxwell simulations. Regression modeling is used for 

the mathematical modelling, and then grasshopper 

optimization algorithm (GOA) is used for multi 

objective-optimization.  

The grasshopper optimization algorithm (GOA) is a 

recently invented and very effective swarm based 

optimization algorithm [38]. GOA is not previously 

used for optimizing THD and magnetic flux density 

distribution. Using the design parameters namely: slot 

pitch, center slot pitch, and damper width together for 

multi-objective optimization of THD and magnetic 

flux distribution together with the aid of GOA, is the 

novelty direction of this study.  

The motivation of this study is to present the readers 

that how the THD minimization can be performed 

effectively (while adjusting the magnetic flux density 

distribution to a desired tesla value) by considering the 

effect of damper winding by using minimum number 

of experimental runs. The reason is to avoiding 

dimensional design changes that will result in the new 

design of the production line. By considering only 

these parameters, we aimed to less affect the serial 

production line layout and its operations (such as the 

redesign of the assembly parts that may affect the 

standard production, body design, cooling design and 

etc.).  

Another motivation of this study is to present the 

reader the usefulness of GOA for this type of design 

problems. As the No-Free-Lunch (NFL) has been 

shown, none of the literature's proposed algorithms 

can solve all problems with optimization [39, 40].   

2. Mathematical modeling with regression  

This paper aims to calculate the optimum factor levels 

of slot pitch, center slot pitch, and damper width to 

minimize the THD while keeping the magnetic flux 

density distribution in a desired range. To do this, in 

the first stage the mathematical relationship between 

these factors and the responses must be determined 

(then GOA will be run over these mathematical 

models to perform optimization).  This is performed 

by using regression modeling. Regression models can 

be composed of linear terms, quadratic terms, and 

interaction terms. If a model has these three terms 

together then this model is called full quadratic model. 

The model is generally represented in Eq. (1) and it 

will be calculated from the experimental runs given in 

Section 4 which are obtained from the Maxwell 

simulations.  

2

0

1 1

n n n

u i iu ii iu ij iu ju u

i i i j

Y X X X X e   
= = 

= + + + +    (1) 

 T

0 1 2= , , ,..., n   β                    (2) 

uY  represents the response value for uth experimental 

run. In this study responses are the THD and Magnetic 

flux density distribution, which means that we will 

calculate 2 different regression equations in Section 4. 

X  terms are the values of the factors (in this study the 

factors are:
1X :center slot pitch, 

2X : slot pitch, and 

3X : damper width). 
iu juX X  terms represents the 

interaction terms in the model (in this study there can 

be maximum 3 interaction terms such as 

1 2 1 3 2 3, ,X X X X X X ). ue  is the prediction error for the 

uth experimental run. The coefficients of this model 
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will be calculated by regression modeling. β  vector – 

that is given in Eq. (2) includes the coefficients of the 

models given in Eq. (1) and calculated as given below 

[41-44]:  

( ) ( )
1

β= T TX X X Y
−

                   (3) 

where Y represents a column vector that is composed 

of the observed response values. X represents the 

input matrix. The 1st column of X matrix is composed 

of 1s for the constant term ( 0 ) of the model. In a 

model that contains 3 factors; the 2nd, 3rd, and the 4th 

columns includes the factor values of 
1X , 

2X , and 

3X respectively . The 5th column is composed of the 

squares of 
1X  and etc. That is to say the X matrix is 

arranged to include all columns in the model [41-44]. 

When the data given in Section 4 are examined, it will 

be seen that for the regression model of THD the X 

matrix with dimensions of 10x7 will be obtained for 

10 runs and 7 model coefficients (β). Similarly, for the 

regression model of magnetic flux we will need a X 

matrix with dimensions of 10x5 will be obtained for 

10 runs and 5 model coefficients.  After the 

mathematical modeling, R2 (coefficient of 

determination) is calculated to determine if the factors 

those are used in the mathematical model is sufficient 

to explain the change in the response. That is to say, 

R2 is the strength level between the regression model 

and the factors. 

T 2
2

2
=

−

−

T

T

X Y nY
R

Y Y nY

                      (4) 

In order to use the mathematical model – that is 

calculated by the formulas given in Eqs. (1-3) – in the 

optimization phase; R2 needs to be nearer to 1 (which 

means 100 percent). Because it means in this case that 

the modelling factors are sufficient to explain the Y 

change and there is no need to add additional factors 

to the model. If the R2 is closer to 1, then in the last 

step before the optimization; the significance of the 

model must be determined. To do this “Analysis of 

Variance (ANOVA)” is used. ANOVA is a statistical 

hypothesis test – that uses F-test – to determine the 

model’s significance. ANOVA has two hypotheses 

(H0, H1). H0 means the regression model is 

insignificant, while H1 means it is significant. So to 

use the regression model in optimization phase, H1 

must be true. If the test statistic that is calculated from 

the observations (
0F ) is greater than the critical value 

obtained from F-statistical table (
, 1,− −m N mF : where m 

is the number of coefficients estimated for regression, 

and N is the number of runs) or the “p-value” (in this 

study it is calculated by Minitab statistical package) is 

lower than the α (type I error) then this means H1 is 

true and the model is significant. ANOVA table is 

given in Table 1 [41-44]. In this table, df : degrees of 

freedom, SS: sum of squares, and MS: mean squares. 

We selected the confidence level as 95%. This means 

the type-I error= α=0.05 (5%). After the modeling 

stage is completed, grasshopper optimization 

algorithm (GOA) was utilized to minimize the voltage 

THD under the desired magnetic flux density 

distribution by calculating the optimum factor levels 

for slot pitch, center slot pitch, and damper width. 

Table 1. Analysis of variance (ANOVA) table. 

Source  df SS MS=SS/df         F 

Regression  m-1 SSTreatments (SSTr) MSTr Fo=(MSTr/MSE) 

Residual 

Error  

N-m SSError (SSE) MSE  

3. Grasshopper optimization algorithm (GOA)  

Optimization methods mainly depend on gradient 

search. The local optima is one of the disadvantages of 

such methods. Stochastic methods use random 

operators for avoiding from local optima. Nature-

inspired stochastic methods have become the most 

prominent in recent decades among these stochastic 

methods. GOA is presented by Saremi et al. [38]. 

GOA is a powerful optimization tool that uses a 

swarm-based metaheuristic optimization method 

inspired by nature. The ideal factor levels that give 

maximum efficiency and the required magnetic flux 

density distribution for SG are calculated using GOA 

in this work. To do this, GOA is run through the 

second order regression models those represent the 

mathematical relation between the rotor design 

parameters and the responses. By this way GOA is 

used as a search method on these response surfaces 

(regression models). The problem is represented by 

multi-objective and continuous mathematical 

equations (goal function). GOA mimics the 

grasshopper swarms’ behaviours in the nature. 

Numerous of them behave like rolling cylinders (by 

moving and jumping around the crops). Logically, 

nature-inspired algorithms divide the searching 

process into two phases. These are exploration and 

exploitation. In exploration phase the search agents of 

the optimization algorithm move abruptly. However in 

the exploitation phase, they tend to move locally. The 

following are the mathematical equations that express 

the combination of grasshopper natural behaviour with 

this optimization search logic [38, 45]: 

1 2 3= + +i i i iX r S r G r A                      (5) 

The position of the ith grasshopper is defined by iX . 

iS , iG , and iA  are the social interaction, gravity 

force, and wind advection on the ith grasshopper, 

respectively. The r parameters are the random 

numbers between [0,1]. The social interaction (which 

includes attraction and repulsion) is calculated as 

given in Eq. (6) [38, 45]: 

( )
1

ˆ
N

i ij ij

j
j i

S s d d
=


=                         (6) 

where s is the function ( /r l r

rs fe e− −= − ) that 

represents the strength of social forces. f and l are the 

intensity of attraction, and attractive length scale, 
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respectively (please review [38] for better 

understanding of using s function). N represents the 

number of the grasshoppers. 
ijd  is the distance (

ij j id x x= − ) between ith and the jth grasshopper, 

and ˆ
ijd  is a vector ( ( )ˆ /ij j i ijd x x d= − ) between two 

grasshoppers. s function has impact on the social 

interaction. This function divides the space between 

two grasshoppers into three parts (repulsion region, 

comfort zone, attraction region). Saremi et al. [38] 

considered the distances from 0 to 15 and they 

observed that the repulsion occurred between [0 

2.079]. They suggested that when an artificial 

grasshopper is 2.079 unit away from another then this 

is called the comfort distance (in this comfort zone 

there is no attraction or repulsion). l and f parameters 

change this comfort zone. However at the distance 

values greater than 10, s function goes to zero. 

Because of this reason this function cannot apply 

strong forces between the grasshoppers at large 

distances. Another component of iX  is the iG  

(gravity force) and calculated by the formulae given in 

Eq. (7) [38, 45]:  

ˆ
i gG ge= −                          (7) 

g represents the gravitational constant, while the ˆ
ge

represents a unity vector towards the center of the 

earth. Finally, iA  is the last component of iX : 

ˆ
i wA ue=                          (8) 

where u is a constant drift and ˆwe  is a unity vector in 

the direction of wind. In the conventional swarm-

based algorithms, the swarm is modeled as exploring 

and exploiting the search space surrounding a 

solution. The mathematical model of grasshopper 

algorithm utilized for the swarm is in free space. 

Therefore the model of iX  simulates the interaction 

between grasshoppers in a swarm. The expanded 

version of Eq. (5) that simulates the behaviour of 

grasshoppers in the 2D, 3D, and hyper dimensional 

spaces are given in Eq. (9) [38, 45]. 

( )
1

ˆ
2

N
j id d dd d

i j i d

j ij
j i

x xub lb
X c c s x x T

d=


 
−− = − +

 
 
 

          (9) 

c coefficient decreases to shrink the zones of comfort, 

repulsion, and attraction. The upper and lower bounds 

in the Dth dimension rs  are represented by dub  and 

dlb  respectively. ˆdT  is the best solution. According to 

GOA, there is only one position vector for every 

search agent (in particle swarm optimization (PSO) – 

which is the pioneer and widely used swarm based 

optimizer- there is position and velocity vectors). Also 

in GOA all search agents are used in defining the next 

position of each search agent. This is another 

difference of GOA from PSO. The first term of Eq. (9) 

(the summation) considers the position of other 

grasshoppers and mathematically simulates the 

interaction of grasshoppers in nature. The second term 

( ˆ
dT ) represents their proclivity to migrate towards 

food sources. Finally, the parameter c is utilized to 

simulate grasshoppers decelerating as they approach 

the food source. and presented in Eq. (10) [38, 45].  

max min
max

c c
c c l

L

−
= −                     (10) 

The maximum and minimum values are represented 

by cmax and cmin, respectively, whereas l denotes the 

current iteration and L is the maximum number of 

iterations. In their study, Saremi et al. [38] used 

cmax=1 and cmin=0.00001, and we utilized the same 

settings. In summary, the swarm converges gradually 

towards a stationary target by reducing the comfort 

zone by c parameter. Also the swarm properly chases 

a mobile target by ˆ
dT . Over the course of iterations, 

the grasshoppers will converge on the objective. The 

GOA pseudo code is shown in Figure 1 below [38]. 

 
Figure 1. Pseudo code for GOA 

4. Experimental results and discussions 

In this study we used 4-poled 1500 rpm 200 kVA SG. 

The design of this SG is performed in Maxwell 

environment and values of the design parameters for 

this SG are listed in Table 2. The SG is designed with 

0.8 rated power factor. In the Maxwell design, all 

winding material is used as standard copper. Si-Fe is 

used for lamination. Finally H-Class insulation 

material is selected. In the first stage the aim is to 

determine the mathematical relation between the 

factors (center slot pitch, slot pitch, and damper width) 

and the responses (THD and magnetic flux density 

distribution) by using regression modeling. To 

perform this phase, an experiment is designed. The 

factor levels for this experimental design are displayed 

in Table 3. 

The regression models will be calculated for both 

coded and uncoded factor levels. We actually need the 

coded model in the optimization phase. However to 

present the readers the real mathematical relation, the 

original models with uncoded factor levels are also 

calculated. Therefore, uncoded and coded factor levels 

are given together in Table 4. The coding is performed 

by using Eq. (11): 

( )( )
( )

max min

max min

/ 2

/ 2

uncoded

coded

X X X
X

X X

− +
=

−
        (11) 
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Table 2. General design parameters for 200 kVA SG. 

Name Value Unit Part Description 

Inner Ø of stator 350 mm Stator Core diameter on gap side 

Outer Ø of stator 500 mm Stator Core diameter on yoke side 

Length 310 mm Stator Length of core 

Skew width 1 units Stator Range number of slot 

Slots 48 units Stator Number of slots 

Slot type 3 N/A Stator Circular (slot type: 1 to 6)  

Hs0 1 mm Stator Slot opening height 

Hs2 20 mm Stator Slot height 

Bs0 4.2 mm Stator Slot opening width 

Bs1 12 mm Stator Slot width 

Bs2 13 mm Stator Slot width 

Rs 5 mm Stator Slot bottom radius 

Inner Ø of rotor 90 mm Rotor Core diameter on gap side  

Length 310 mm Rotor Core length 

Poles 4  - Rotor Number of poles 

Pole-shoe width 181 mm Rotor One pole max width 

Pole-shoe height 32.61 mm Rotor One pole max height 

Pole-body width 113 mm Rotor One pole max width 

Pole-body height 42.9 mm Rotor One pole max height 

Number of 

Dampers 

8 units Rotor Damper winding # per pole 

 

Table 3. Factor levels. 

Factors Sym

. 

Unit  Levels 

1 2 3 

Center Slot Pitch (CSP) X1 degree  12 13 14 

Slot Pitch (SP) X2 degree  6 8 - 
Damper Width (DW) X3 mm 6 8 - 

Ten experimental runs are performed by Maxwell 

simulations, and the results are given in Table 4. By 

this way the drawback of producing real SG 

prototypes – which is uncertain because of the costs – 

is eliminated. 

Table 4. The experimental design and Maxwell simulation 

results. 

Run 

 

i 

Factors  

(uncoded levels) 

Factors  

(coded levels) 

Responses  

THD     MFDD 

Xi1 Xi2 Xi3 Xi1 Xi2 Xi3 Yi1 Yi2 

1 12 6 6 -1 -1 -1 1.186 1.39040 

2 12 8 6 -1  1 -1 2.411 1.32087 

3 12 8 8 -1  1  1 1.383 1.34142 

4 13 6 6  0 -1 -1 2.070 1.39651 

5 13 6 8  0 -1  1 2.894 1.46600 

6 13 8 6  0  1 -1 1.460 1.31892 

7 14 6 8  1 -1  1 5.600 1.45451 

8 14 8 6  1  1 -1 1.269 1.34685 

9 14 8 8  1  1  1 4.071 1.36511 

10 14 6 6  1 -1 -1 2.310 1.38768 

 

After several preliminary trials, the regression model 

is derived by linear terms & interaction terms for 

THD, and linear terms & quadratic terms for magnetic 

flux density distribution (abbreviated as MFDD for 

ease of display).  Calculations for regression modeling 

and the tests for model significance are performed by 

Minitab which is a well-known statistical package 

program. The original models are given in Eqs. (12) 

and (13). 

1

2 3

1 2 1 3

2 3

20.9219047619047 1.75128571428571

+7.85442857142858 12.1850952380952

0.599214285714286 +0.990214285714285

0.0226071428571435

uncodedTHD X

X X

X X X X

X X

= −

−

−

−

(12) 

1 2

2

3 1

0.0684531381566749

+0.232632622055178 0.0384676824433984

+0.0225562435535113 0.00861471623057757

uncodedMFDD

X X

X X

= −

−

−

(13) 

Matlab program is used for coding GOA, and 

optimization. In order to use these equations in Matlab 

environment for GOA optimization, the models must 

be derived for coded factor levels between -1 and 1. 

By this way the models become independent from the 

units and the multi-objective optimization can be 

performed easily. The regression models for coded 

factor levels are given in Eqs. (14) and (15). 

1

2 3

1 2 1 3

2 3

2.31377380952381+0.985714285714286

0.0936071428571428 +0.529440476190476

0.599214285714286 +0.990214285714285

0.0226071428571428

codedTHD X

X X

X X X X

X X

=

−

−

−

(14) 

1 2

2

3 1

1.38850383336381

+0.00865000006016067 0.0384676824433985

+0.0225562435535113 0.0086147162305774

codedMFDD

X X

X X

=

−

−

(15) 

The 
2R  statistics associated with the regression 

models of models THD and MFDD are 99 and 

93.76% respectively. The prediction performance of 

the regression models are presented in Table 5. In this 

table, the �̂�𝑖 values are the predicted responses by 

using Eqs. (14) and (15). The prediction error 

percentage (PE(%)) is also given for each response.  

Table 5. The prediction performance of the models. 

Run 

 

i 

THD      MFDD 

𝑌𝑖1 �̂�𝑖1 𝑃𝐸𝑖1(%) 𝑌𝑖2 �̂�𝑖2 𝑃𝐸𝑖2(%) 

1 1.186 1.261 5.9 1.390 1.387 0.2 

2 2.411 2.317 4.1 1.321 1.310 0.8 

3 1.383 1.350 2.4 1.341 1.355 1.0 

4 2.070 1.855 11.6 1.397 1.404 0.6 

5 2.894 2.959 2.2 1.466 1.450 1.1 

6 1.460 1.713 14.8 1.319 1.327 0.6 

7 5.600 5.535 1.2 1.455 1.450 0.3 

8 1.269 1.110 14.4 1.347 1.328 1.5 

9 4.071 4.104 0.8 1.365 1.373 0.5 

10 2.310 2.450 5.7 1.388 1.404 1.2 

 

Table 6. ANOVA Table. 

Response Source df SS MS 

THD Regression 6 17.8411 2.97352 
 Residual Error 3 0.1804 0.06012 

MFDD Regression 4 0.02195 0.005488 

 Residual Error 5 0.00146 0.000292 
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Table 6 (Continues). 

Response F0 vs F0.05,m-1, N-m P-Value vs 

α=0.05 

Result 

THD 49.46> F0.05,6, 3 (=8.9406) 0.004<0.05 Significant 

MFDD 18.79> F0.05,4, 5 (=5.1922) 0.003<0.05 Significant 

 

The model significance is tested with ANOVA. The 

result of ANOVA is given in Table 6 (confidence 

level: 95%). The main effects plot and interaction plot 

for THD and MFDD are given in Figures 2 and 3, 

respectively. 

 

 
Figure 2. Main effects and interaction plot for THD. 

 

 
Figure 3. Main effects and interaction plot for MFDD. 

 

According to the results, the regression models those 

are given in Eqs. (12) and (13) (also same as in Eqs. 

(14) and (15)) are significant.  

Matlab program is used for coding GOA [38, 45]. In 

the algorithm, it is decided to use 100 search agents. 

Maximum number of iterations is 200. The number of 

search agents and the number of iterations were 

determined through a set of preliminary experiments. 

These preliminary experiments were carried out by 

trying different combinations by gradually changing 

the number of search agents between 20 and 200 and 

the maximum number of iterations between 100 and 

1000. The problem is modeled as a constrained 

continuous optimization problem. For this purpose the 

regression models given in Eqs. (14) and (15)) are 

used and then the GOA algorithm is run through this 

model under the given constraint to optimize the 

factors. 

( ) ( )1, coded i1 2, coded i2Z Y / max Y Y / max Y= − +      (16) 

     1 2 3  . . 1,1 ; 1,1 ; 1,1Min Z s t X X X −  −  −     (17) 

Note that the signs given in the equation of Z have to 

be reversed at Matlab code (see [45] for details). The 

CPU time is calculated as 32 seconds at a PC with a 

processor with Intel i5 2.4 GHz - 4 GB RAM. GOA is 

calculated the optimized factor levels as 
1X =12 

(coded value: -1), 
2X =6 (coded value: -1), and 

3X =8 

(coded value: +1). For this optimized factor level 

combination; the THD is calculated as 0.3843, and 

magnetic flux density distribution is calculated as 

1.4323 by GOA. For the confirmations, Maxwell 

simulations are performed. At the end of the 

simulations THD is calculated as 0.418, and magnetic 

flux density distribution is calculated as 1.4729. 

Structure of the optimized rotor, magnetic flux density 

distribution of optimized SG, and voltage graph of 

optimized SG  are given in Fig. 4-6 respectively. The 

results indicate that minimum THD is obtained and 

magnetic flux density distribution is in the acceptable 

limits (green zone in Figure 5: 1-1.6 Tesla range).  

The lamination used in this study can be used below 

1.8 Tesla. As it reaches the value of 1.8 Tesla, SG is 

forced and above 1.8 Tesla is called the red zone 

where the efficiency decreases. As seen in Figure 5, 

the slot surface (on the surface of the lamination) 

between the rotor and the stator remains in the green 

zone from top to bottom. In addition, in the range of 

1.6 – 1.7 Tesla, which we can call the forced zone, the 

yellow and orange zones are under full load and do 

not adversely affect the efficiency as they do not 

return to the red zone. Generally speaking, since the 

red areas are superficial and the green areas are 

predominant, there is no negative magnetic flux effect 

that will cause the efficiency of the SG to decrease. 

Results also indicate that the increase in DW absorbs 

the fugitive magnetic fluxes in the windings, reducing 

the formation of inverse electromotive force (EMF) 

and harmonics. When DW is increased and mounted 

close to each other (SP is decreased), the probability 

of catching leakage fluxes increases.  

 
Figure 4. Structure of the optimized SG. 
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Figure 5. Magnetic flux density distribution of the 

optimized SG. 

 

 
Figure 6. Voltage graph of the optimized SG. 

5. Conclusion 

In this study rotor design optimization of 4-poled 1500 

rpm 200 kVA SG is performed. The aim is to 

determine the optimum factor levels of CSP, SP, and 

DW for minimizing THD and keeping the magnetic 

flux density distribution in a desired range. The 

regression models are fitted to the simulation results 

of Maxwell and GOA – which is an effective and 

recently invented nature-inspired optimization 

algorithm – is run through these regression models for 

optimization. The motivation is to present the readers 

that how THD and magnetic flux density distribution 

can be optimized by considering the effect of damper 

winding by using minimum number of experimental 

runs. THD of the SG is minimized to 0.38% and the 

magnetic flux density distribution is determined as 

1.43 Tesla. The optimum factor levels for CSP, SP, 

and DW are calculated as 12, 6, and 8 respectively. 

For the confirmation one more Maxwell simulation is 

run and for this optimum factor levels the THD is 

calculated as 0.418, and magnetic flux density 

distribution is calculated as 1.4729 (which are very 

close to the predicted values). Results proved that 

regression modeling and GOA can be effectively used 

for this type of problem. Also one of the remarkable 

difference of GOA over previously used nature-

inspired algorithms (such as GA, PSO, and etc.), is 

can be perform optimization with a very small number 

of iterations (200 iterations for this problem). So we 

can conclude that GOA can also be used effectively 

for optimization in this field such as the previously 

presented nature-inspired algorithms. As a future 

research we will expand the work for higher power 

groups. 
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