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Abstract

:

The main issue of the switched reluctance motor (SRM) is its noise and vibration caused by high torque ripples on the rotor’s shaft. Many methods have been developed for improving the torque characteristic of the SRM. For example, design optimization is one of the promising approaches to the noise and vibration reduction of the SRM. Particularly, topology optimization (TO) of the stator and rotor can be highly beneficial to addressing the torque ripple issue. However, the TO of the SRM appears to be computationally demanding. To overcome this issue, this study proposes a method aiming to reduce the computational complexity of the TO through the reduction of the design space. Particularly, this paper presents a sensitivity analysis of a list of unique design parameters of the SRM and their influence on the average torque of the motor and the torque ripple of the motor. By applying the sensitivity analysis, the design space of the TO could be reduced, leading to a considerable decrease in the TO computational burden. Additionally, valuable conclusions on the geometrical parameters’ influences on the SRM torque and torque ripple have been drawn.
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1. Introduction


Recently, there has been increasing interest in switched reluctance motors (SRMs) due to the benefits they provide. Within the SRMs’ structure, no permanent magnets or rotor windings are used. For this reason, the SRMs are highly suitable for high-speed and high-temperature applications. However, the performance of the SRMs is limited by high torque ripple and consequent vibration and noise [1,2].



Previous research has established that the design of the SRM plays an important role in addressing the issue of the torque ripple [3,4,5]. Many studies on SRM have utilized various design optimization techniques to achieve high and stable torque characteristics. Several authors have investigated the possibilities of rotor pole modifications to reduce the torque ripples [6,7,8,9,10]. Another group of studies presents the optimization of classic linear and angular dimensions of the motor [11,12]. The majority of the methods propose simple yet effective modifications of the rotor and stator, aiming to reduce the fringing flux effect and avoid the oversaturation of the pole’s tips. Nevertheless, a wider search for more beneficial shapes is possible with topology optimization (TO).



Nowadays, TO has been shown as a feasible approach for electric motor improvement. Many researchers have successfully obtained advantageous shapes of the motors, enhancing their performance characteristics [13,14]. In this sense, SRMs are not an exception. A considerable improvement in the torque and reduction of the torque ripple of the SRMs have been achieved using TO techniques [15,16]. Yet, a key challenge of the TO application is its high computational complexity. This is especially critical if a finite element model is utilized to calculate the objective function. For instance, the application of the ON/OFF topology optimization method requires a high-density discretization of the motor geometry. The discretization of the motor geometry defines the number of optimization parameters. To carry out TO for the SRM considering all the core body, around 1500 discrete parameters should be involved. This leads to a high number of calculations being needed to analyze the influences of these parameters on the objective function [17].



To overcome the issue of the high computational complexity of the TO, many methods have been developed by researchers in the fields of electromagnetic calculations and motor design. The first group of researchers attempts to replace a FE model of the electrical machine with a surrogate model [18]. The surrogate model represents the motor FE model with high precision but requires the application of complex and computationally demanding methods. Another group of researchers defined crucial areas of the motor geometry based on the fringing flux behavior [13]. Yet, the defined crucial areas are mainly defined approximately and can lead to an improper design space definition.



This paper proposes a method that helps to minimize the design space of the SRM TO using sensitivity analysis (SA). The method involved the definition of the potentially crucial geometrical parameters of the SRM based on a literature review. Then, the SA was applied to determine which parameters have a major impact on the average torque and torque ripple of the motor. Lastly, based on the results of the SA, an optimal and minimal design space of the motor was defined to be utilized within the TO. The SA was accomplished using the Taguchi method. For many years this method has been applied for different purposes, from sensitivity analysis and robust optimization to the design of experiments. It has been recalled by many scientists as a relatively simple, fast, and reliable approach to the SA for motor design problem.



The proposed approach helps to efficiently reduce the design domain of the TO, and consequently decrease the computational complexity of the TO. This allows the speeding up of the overall SRM development and optimization process. To the authors’ knowledge, there have been no studies focused on the TO design domain definition using the Taguchi method. Additionally, this study provides a comprehensive overview of the SRM’s geometric parameters and their influences on the average torque and torque ripple.



The paper is organized as follows. First, the structure and operation principle of the motor are discussed in Section 2. Then, Section 2 gives insights into the torque ripple origins and considers the SRM’s geometrical parameters. Section 3 is dedicated to the design model definition and Taguchi method’s theory with its application. The following chapter concentrates on the results of the SA and the selection of the optimal design space of the TO. Lastly, Section 5 concludes and discusses the research work.




2. Switched Reluctance Motor


2.1. SRM Working Principle


This section briefly introduces the basics of the SRMs which are essential for the average torque and torque ripple improvement. The basic structure, operation principle, electromagnetic characteristics, and control are covered in the following paragraphs.



SRMs have been widely applied for electric propulsion, fan, pump, and servo applications. They possess a simple, robust structure without windings on the rotor, which makes them beneficial for high-speed and high-temperature applications.



There is a list of SRM structures that are primarily defined by the number of stator phases. In this paper, a three-phase 6-stator-pole and 4-rotor-pole SRM is considered. A simplified structure of the motor is presented in Figure 1. As can be seen in the figure, the stator carries the windings of three phases (A, B, and C) and the rotor has a simple 4-pole or 4-tooth structure.



The working principle of the motor is based on the rule of minimum reluctance. This rule is closely connected to the term “phase reluctance” or the opposite of it—“phase inductance.” During the motor operation phase, inductances are constantly changing depending on the effective airgap length between the rotor and stator poles as a function of the rotor position. The operation principle of the SRM is presented in Figure 2, where red is dedicated to the energized phase C, green the energized phase B, and blue the energized phase A. Additionally, Figure 3 gives a detailed representation of the ideal phase inductance variation in relation to the rotor position. The involved stator and rotor teeth are marked with red. As can be seen, the phase inductance is minimum when the rotor teeth are not aligned with the considered stator teeth. When the considered phase is excited, the rotor teeth try to align themselves with the stator teeth to decrease the reluctance (increase the inductance) by reducing the effective air gap length. When the teeth of the stator and rotor are aligned, the phase inductance appears at its maximum. To ensure continuous rotation and operation of the motor, one phase gets turned on after other switches off. Prior to the area of maximum inductance, the phase voltage switches of and the current falls to zero. If the voltage continues to be supplied to the considered phase, a negative torque will be produced.



As shown in Figure 3, the DC-voltage is supplied to a phase at the rotor position when the inductance is at its growing phase. To illustrate this process mathematically, the following equation can be considered.


  T   θ , i   =   ∫  0 i    ∂ L   θ , i     ∂ θ   i d i .  



(1)




where T is the produced phase torque,  θ  denotes the rotor position angle, and  i  is the phase current.



To maintain continuous torque production, the control scheme of a three-phase 6/4-pole SR motor drive is applied (see Figure 4). Usually, the SRM is run by an asymmetric bridge converter, where each phase is controlled independently. A switching pattern directs the DC voltage to one of the phases depending on the rotor’s position. For this purpose, the SRM drive often comprises six position-controlled and current-controlled switches.



Traditionally, the commutation pattern of the SRM motor is defined based on the static representation of the phase inductance profile. Assuming the symmetricity of the stator and rotor poles, the classic commutation pattern for the 6/4 pole SRM can be illustrated by Figure 5. It is important to highlight that a phase winding should be excited during of the phase inductance growth. Therefore, the duration of the phase voltage application is 30° of the mechanical position of the motor.




2.2. Torque Ripple


A main challenge of the SRM drive is high levels of vibration and noise during operation. It has been revealed that the key reasons for the SRM’s vibrations are the unstable, fluctuating torque at the motor shaft. Numerous studies have proved that the SRM’s torque ripples are mainly caused by the fringing flux which appears just before the rotor and stator teeth overlap, as shown in Figure 6. The consequence of the fringing flux is the nonlinear growth of the phase inductance profile, which triggers the torque also to grow nonlinearly. The nonlinearly of the magnetic torque negatively influences the phase current and leads to unstable torque production. Figure 7 illustrates the described process graphically.



There are various methods in the literature that address the torque ripple issue from different points of view. The most well-known approaches are motor design modification and control algorithm adjustment. It has been shown that particular geometries of the rotor and stator poles reduce the fringing flux, improve the inductance profile, and consequently, suppress the torque ripples. These geometries are considered in the following section.




2.3. Geometrical Parameters of SRM


This section describes in detail the crucial geometrical parameters of the SRM which are illustrated in Figure 8. In the figure, DRT is the diameter of the rotor additional teeth and DSI is the stator inner diameter.



The phase inductance profile of the SRM is highly dependent on the geometry of the rotor, stator, and the airgap—particularly, on the rotor and stator pole angles,    β r  ,    β s   . The duration of the minimum inductance θmin, the duration of the maximum inductance θmax, and the duration of the growing θinc and falling inductance θdec phases can be defined as follows.


         θ  m i n   =   α −    β s  +  β r      / 2        θ  m a x   =  β r  −  β s         θ  i n c   =  θ  d e c   =  β s      .    



(2)




where   α = 2 π /  N r    is a rotor pole pitch and    N r    is the number of the rotor poles.



The stator and rotor pole angles at the core (   α s   ,    α r   , respectively) have an indirect influence on the torque ripple minimization. It has been shown by many studies that the variation of    α s    and    α r    creates beneficial sharp angles at the beginning of stator and rotor teeth overlap, avoiding the fringing flux appearance [10] and reducing the torque ripple.



The additional tooth angle    β  r +     proposes a similar solution to    α s    and    α r   . The additional tooth angle makes a big difference in terms of the wider distributed magnetic flux saturation. Moreover, this parameter addresses torque fall during the excitation transition.



One of the key design parameters influencing the inductance profile is the air-gap shape between the rotor and stator poles. As illustrated in Figure 8, air-gap shift ε helps achieving a variable air-gap length (Lag) with a bigger value at the beginning of the overlap and a smaller value at the end of the overlap. Applying an appropriate value of the air-gap shift allows one to obtain the torque, which grows together with the teeth overlap.



In this sensitivity analysis, the vector of the design parameters is defined as follows:


  x =    β s  ,  α s  ,  β r  ,  α r  , ε ,  β  r +      



(3)







To avoid unfeasible designs, geometrical constraints are set for the entire space, denoted by    F Δ   .


   F Δ  =       25 ° ≤  β s  ≤ 40 °        β s  − 5 ° ≤  α s  ≤  β s  − 15 °       25 ° ≤  β r  ≤ 40 °        β r  + 25 ° ≤  α r  ≤  β r  + 50 °       0   mm ≤ Δ ≤ 1   mm       0 ° ≤ 2 Δ  β  r +   ≤ 15 °        



(4)









3. Case Study


3.1. Design Model of SRM


With the aim of studying the defined design parameters and carrying out the SA, the design model of the motor was created within the Simcenter MAGNET software. Only 1/3 of the motor was modeled in 2D to reduce the computational complexity. The static simulation was carried out and resulted in a full torque curve being obtained. The SRM’s FE model is presented in Figure 9. The mesh characteristics of the model were as follows: maximum element size: 1, curvature refinement angle: 1. Only one phase of the motor was included in the static model. The full stator core and rotor were modelled to close the magnetic circle. The coils specifications were the following: 257 number of turns, strand area: 0.326 mm2.



The specifications and geometry characteristics of the SRM’s initial design are presented in Table 1 and Figure 10. The torque ripple coefficient (Table 1) was calculated as follows.


   T r  =    T  m a x   −  T  m i n      T  a v      



(5)







It is important to mention that prior to the SA, the main geometry characteristics were optimized with respect to the average torque. The material of the stator and rotor core was electrical steel with 6.5% silicon content. It was projected that the SRM would be manufactured using additive manufacturing techniques. Therefore, the electromagnetic characteristics of a printed sample were utilized in the FE model (see Figure 11).



In order to assess the torque ripple of the SRM, a full curve of the torque had to be obtained. Therefore, each design was simulated at different positions, as shown in Figure 12. The simulations were carried out starting at the position −45° to 0° with the step of 1°.




3.2. Taguchi Method


In this paper, the SA of the design parameters was carried out using the Taguchi method and analysis of variance (ANOVA). Detailed descriptions of the Taguchi and ANOVA methods are presented in the following papers [11,12,19].
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Table 1. Motor specifications and geometry characteristics.
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	Specification/Geometry Characteristic
	Symbol
	Value





	Phase resistance
	R
	5 Ω



	Stack length
	L
	60 mm



	Stator outer diameter
	DSO
	103 mm



	Stator inner diameter
	DSI
	60 mm



	Stator slot depth
	SD
	14.8 mm



	Rotor inner diameter
	DRI
	22 mm



	Stator/rotor pole angle
	βS/βR
	28.5/29.1°



	Air-gap length
	a
	0.25 mm



	Average three-phase torque
	Tav
	1.34 Nm



	Torque ripple coefficient
	K
	2.03
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Figure 10. Geometry of the SRM’s initial design. 
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Figure 11. B-H curve of printed steel [19,20]. 
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Figure 12. Static simulation positions (a) beginning position; (b) end position. 
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The Taguchi method provided a plan of experiments for the SA with a reduced number of required simulations. Moreover, by employing the Taguchi method, the best level of each variable could be defined. Then, the ANOVA helped to define the influence of each variable on the objective function.



The Taguchi approach is a statistical method that helps to effectively discover the parameter space. For a certain number of design parameters and their levels, Taguchi proposed a certain orthogonal array consisting of the minimum necessary combinations of the design parameters to be able to fully analyze the results. Each combination of the design parameters is called an experiment. Aiming to obtain the values of the objective functions, these experiments can be both carried out as real tests or simulations. Then, based on the results of the Taguchi experiments, the ANOVA can be carried out [19]. The sensitivity analysis was carried out using the six design parameters discussed in Section 4. The design parameters or so-called “control factors” were sampled within the design space, as shown in Table 2.



Based on the number of parameters and their levels, Taguchi proposed the design matrix constituted of a minimum and a sufficient number of experiments. For six parameters and five levels of each, a matrix L25 (65) of twenty-five experiments was utilized. In case of the full factorial experiment, the 7776 experiments would have been required. The orthogonal array or matrix of experiments is presented in Table 3.



Using the Taguchi orthogonal array, twenty-five experiments were carried out, and the results are listed in Table 3 as well.



The peak-to-peak values of the average torque and torque ripple at zero speed were calculated for each factor and level.


   M  i j    f  =  1 n  · ∑ f   i , j    



(6)




where i denotes the parameter number, j represents the level number, n is the number of experiments, and f(i,j) is the value of an objective function.



To study the effect of each parameter on the objective function, the sums of squares were calculated as follows.


  S  S  i j    f  = n · ∑      M  i j   −  M f     2   



(7)




where Mf is the total mean value of the objective function.





4. Results


4.1. Results of the Sensitivity Analysis


The results of the sensitivity analysis, such as peak-to-peak values of the average torque and torque ripple, are shown in Figure 13 and Figure 14. Moreover, Figure 15 presents the overall influences of the design parameters on the objective functions.



It can be seen in the graphs above (see Figure 13 and Figure 15a) that the stator pole angle and the airgap shift variations have major influences on the average torque. The parameter effect value of the stator pole angle (X1) and airgap shift (X5) are 42% and 28%, respectively. Figure 13 suggests that the growth of the stator pole angle makes the average torque increase rapidly. This fact correlates with Equation (2), which defines θinc and the duration of torque production as a direct function of the stator pole angle. Meanwhile, the growth in the airgap shift reduces the average torque. One of the reasons could be a torque fall at the beginning of the overlap. On the other hand, the average torque has a nonlinear response to the change in the stator pole angle at the core and additional tooth angle on the rotor. There was a slight reaction noticed from the change in the rotor pole angle and the rotor tooth angle at the core.



If we now turn to the torque ripple analysis, we can conclude that the rotor pole angle has a principal influence on the torque ripple (see Figure 14 and Figure 15c). The parameter effect value of the rotor pole angle (X3) is more than 50%. Particularly, with the growth of the rotor pole angle, the torque ripple swiftly increases. The same tendency can be noticed for the growth of the additional tooth angle. This fact correlates with Equation (2), which illustrates that the duration of the maximum inductance θmax grows together with the rotor pole angle. One of the reasons that torque ripple increases along with the rotor pole angle could be that the SRM reaches the maximum inductance too fast and moves to a phase with no positive torque production. The air gap shift had a positive influence on the torque ripple reduction, as was expected. On the other hand, the advance in the stator pole angle and the reduction in the stator angle on the core slightly reduced the torque ripple.



It is worth taking a look at additional graphs which illustrate the influences of the changes in stator pole angle X1, airgap shift X5, and rotor pole angle X3 on the average torque. For that reason, Figure 16 presents the static torque curve for designs 1, 6, 11, 16, and 21 with the stator pole angle levels 1, 2, 3, 4, and 5, respectively (see Table 3).



It can be seen in the graph above that the increase in the stator pole angle leads to a wider area of torque production and consequent larger average torque. The drop in the torque at the beginning of the overlap in designs 6, 11, and 16 attracts particular attention. It may indicate the coeffect of the rotor pole angle X3 and rotor additional angle X6, which are higher in designs 6, 11, and 16.



Figure 17 presents the variation in the static torque with the change in both air-gap shift X5 and rotor pole angle X3. It is apparent from the figure that the average torque decreases. On the other hand, the area of the torque production shifted to the beginning of the overlap due to the growth of the rotor pole angle. Therefore, the area of zero torque enlarges at the end of the growing inductance phase when θmax = [30, 45]. It is important to highlight that the biggest improvement in the width of the torque and constancy of the torque at its maximum can be noticed between Design 1 and Design 2; θmax = [18, 30] and θmax = [22, 32], respectively. Due to the introduction of the airgap shift, the torque in design 2 became more stable at its maximum. However, further increase in the air-gap shift did not have a positive influence on the torque characteristic due to the possible influences of other parameters, such as additional tooth angle X6.



Due to the coeffect of the analyzed parameters on the resultant torque, it is important to keep in mind that Figure 16 and Figure 17 should be considered only together with Figure 13 and Figure 14.



The findings of the analysis of the results can be summarized as follows.



	
Stator pole angle has a major influence on the average torque. The increase in the stator pole angle leads to a wider torque production region and higher average torque.



	
The growth of the airgap shift has a positive influence on the torque ripple reduction and a negative influence on the average torque. The airgap shift raises the torque at the end of the growing inductance phase. However, the air-gap shift is a sensitive parameter, and its value should be selected carefully.



	
The increase in the rotor pole angle has a negative effect on the torque ripple. With the growth of the rotor pole angle, the torque curve shifts to the beginning of the torque production phase. To avoid the torque ripple with the increase in the rotor pole angle, the control turn-on and turn-off angles should be adjusted according to the area of torque production.



	
The introduction of the rotor pole angle within this SRM design leads to an increase in torque ripples. The possible explanation can be an improper selection of its values.







4.2. Topology Optimization Design Space Definition


With the aim of reducing the computational load during the topology optimization, the base design can be defined using the SA results. Moreover, the design domain of the topology optimization can be created based on the results presented in Section 3.



Table 4 and Figure 18 summarize the optimal designs according to the Taguchi SA. Based on Figure 13, Figure 14, Figure 15, Figure 16 and Figure 17, the best control factor sets in terms of average torque improvement and torque ripple reduction were chosen: first optimal design and second optimal design, respectively. The trade-off between these designs is defined in Table 4 as well. The trade-off design performed the average one-phase torque of 0.875 Nm, the total average torque of 1.31 Nm, and the torque ripple coefficient of 1.48.



To determine the design domain of the topology optimization, the following steps were performed:




	
Stator pole angle was set to 40°, pursuing the best combination of maximum average torque and minimum torque ripple.



	
Stator pole angle at the core was set to 30°, insuring almost the lowest torque ripple and reasonably high torque.



	
The rotor pole angle and rotor pole angle at the core were set to 28.75° and 60°, respectively, trying to achieve the minimum torque ripple and keep the average torque ripple at the average level.



	
Due to the high influence of the airgap shift and the low influence of the core angles on the objective functions, the depth of the TO domain was set to 5 mm.



	
The possible additional angle for the rotor teeth was set to ±1.875° due to the highly negative influence of the additional teeth after 1.875 on both the average torque and torque ripple.








The base design for the future topology optimization will possess the following vector of the design parameters:


  x =   40 , 10 , 28.75 , 31.25 , 0 , 0    



(8)







Based on the results of the sensitivity analysis, the design domain of the topology optimization is defined in Figure 19a. Additionally, the torque comparison between the initial design and the trade-off design is presented in Figure 19b.





5. Conclusions


TO can be used as a powerful tool for design optimization while pursuing high performance for an SRM. On the other hand, TO is computationally expensive and geometrically restricted. To overcome the geometry restrictions, additive manufacturing techniques are proposed to be used for the optimized SRM. To overcome the issue of the computational complexity of the TO, the present research proposed a method of the TO design space reduction. To reduce the design domain of the SRM TO, and consequently reduce its computational burden, this research carried out SA to identify the minimum necessary design domain. To carry out the SA, the authors applied the Taguchi approach. The proposed method allowed the reduction of the design domain of the future TO considerably. Thanks to the applied SA, the most crucial areas of the three-phase SRM for future optimization were identified. Thereafter, the SA helped to define the TO design space that included only 25% of the whole body of the SRM. Thanks to the obtained minimum necessary design space of the motor, the computational complexity of the future TO was reduced by more than a half. The proposed method has significant implications for the TO computational burden reduction. Additionally, the proposed approach can be utilized for SRMs with different numbers of phases, stators, and rotor poles. Moreover, the presented SA of the motor design parameters can give a good overview of their influences on the average torque of the SRM and its torque ripple.



A natural progression of this work is to study the possibilities and restrictions of additive manufacturing for producing a topologically optimized SRM. As the second step, a we plan to carry out TO with respect to the results of the SA and additive manufacturing potentials and constraints. After obtaining the topologically optimized SRM, a prototype is to be manufactured and tested. More broadly, this research work could also focus on the application of the proposed approach for other motors’ TO.
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Figure 1. Three-phase 4/6 pole SRM structure. 
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Figure 2. SRM operation principle. 
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Figure 3. Ideal inductance profile of one SRM phase. 
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Figure 4. SRM drive: (a) SRM drive concept; (b) asymmetric bridge converter. LA–C denote to the phase inductances. 
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Figure 5. Commutation pattern of three-phase SRM drive. 
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Figure 6. Fringing flux at the beginning of overlap. 
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Figure 7. Ideal and real phase inductance comparison. 
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Figure 8. Design parameters. 
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Figure 9. SRM’s 2D FE model for one phase. 
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Figure 13. Peak-to-peak values of the average torque. 
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Figure 14. Peak-to-peak values of the torque ripple. 
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Figure 15. Control factors’ effects on the objectives: (a) average torque; (b) most influential parameters on average torque; (c) torque ripple; (d) most influential parameters on torque ripple. 
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Figure 16. Static torque curve for Taguchi designs with different levels of stator pole angle. 
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Figure 17. Static torque curve for Taguchi designs with different levels of air-gap shift and rotor pole angle. 
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Figure 18. (a) First optimal design; (b) second optimal design; (c) trade-off design. 
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Figure 19. (a) Topology optimization design domain; (b) Torque comparison of initial and trade-off designs. 
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Table 2. Design parameters’ sampling.
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Design Parameter/Control Factor

	
Symbol

	
Factor

	
Level




	
1

	
2

	
3

	
4

	
5






	
Stator pole angle (˚)

	
βs = X1

	
X1

	
25

	
28.75

	
32.5

	
36.25

	
40




	
Stator pole angle at core (˚)

	
αs= βs – X2

	
X2

	
5

	
7.5

	
10

	
12.5

	
15




	
Rotor pole angle (˚)

	
βr = X3

	
X3

	
25

	
28.75

	
32.5

	
36.25

	
40




	
Rotor pole angle at core (˚)

	
αr= βr + X4

	
X4

	
25

	
31.25

	
37.5

	
43.75

	
50




	
Airgap shift, mm

	
ɛ =X5

	
X5

	
0

	
0.25

	
0.5

	
0.75

	
1




	
Additional tooth angle (˚)

	
βr+ = X6/2

	
X6

	
0

	
3.75

	
7.5

	
11.25

	
15
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Table 3. Taguchi orthogonal array L25 (65) for 6 control factors and 5 levels and simulation results.
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Experiment

	
Control Factor

	
Average Torque

	
Torque Ripple Coefficient




	
X1

	
X2

	
X3

	
X4

	
X5

	
X6






	
1

	
1

	
1

	
1

	
1

	
1

	
1

	
0.851

	
1.22




	
2

	
1

	
2

	
2

	
2

	
2

	
2

	
0.838

	
1.06




	
3

	
1

	
3

	
3

	
3

	
3

	
3

	
0.790

	
1.36




	
4

	
1

	
4

	
4

	
4

	
4

	
4

	
0.716

	
1.55




	
5

	
1

	
5

	
5

	
5

	
5

	
5

	
0.614

	
1.73




	
6

	
2

	
1

	
2

	
3

	
4

	
5

	
0.808

	
1.16




	
7

	
2

	
2

	
3

	
4

	
5

	
1

	
0.792

	
1.06




	
8

	
2

	
3

	
4

	
5

	
1

	
2

	
0.899

	
1.37




	
9

	
2

	
4

	
5

	
1

	
2

	
3

	
0.850

	
1.39




	
10

	
2

	
5

	
1

	
2

	
3

	
4

	
0.812

	
0.95




	
11

	
3

	
1

	
3

	
5

	
2

	
4

	
0.887

	
1.53




	
12

	
3

	
2

	
4

	
1

	
3

	
5

	
0.829

	
1.55




	
13

	
3

	
3

	
5

	
2

	
4

	
1

	
0.837

	
1.19




	
14

	
3

	
4

	
1

	
3

	
5

	
2

	
0.796

	
0.92




	
15

	
3

	
5

	
2

	
4

	
1

	
3

	
0.930

	
1.25




	
16

	
4

	
1

	
4

	
2

	
5

	
3

	
0.936

	
1.52




	
17

	
4

	
2

	
5

	
3

	
1

	
4

	
0.878

	
1.72




	
18

	
4

	
3

	
1

	
4

	
2

	
5

	
0.907

	
1.30




	
19

	
4

	
4

	
2

	
5

	
3

	
1

	
0.855

	
0.92




	
20

	
4

	
5

	
3

	
1

	
4

	
2

	
0.856

	
1.02




	
21

	
5

	
1

	
5

	
4

	
3

	
2

	
0.935

	
1.52




	
22

	
5

	
2

	
1

	
5

	
4

	
3

	
0.847

	
0.94




	
23

	
5

	
3

	
2

	
1

	
5

	
4

	
0.826

	
1.00




	
24

	
5

	
4

	
3

	
2

	
1

	
5

	
0.901

	
1.43




	
25

	
5

	
5

	
4

	
3

	
2

	
1

	
0.910

	
1.26
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Table 4. Optimal designs according to the Taguchi SA.
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	Control Factor
	1st Optimal Design
	2nd Optimal Design
	Trade-Off Design





	X1
	4
	2
	5



	X2
	1
	5
	3



	X3
	4
	1
	2



	X4
	2
	2
	2



	X5
	1
	4
	2



	X6
	3
	1
	2
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