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Nomenlature
A = main rotor disk area, πR2

a0 = setion lift urve slope
Cd0

= setion zero-lift drag oe�ient
Cl = setion lift oe�ient
Cd = setion drag oe�ient
CPi

= indued power oe�ient
CPo

= pro�le power oe�ient
CP = net power oe�ient
CT = thrust oe�ient
c(r) = blade hord
D = drag fore on eah blade
d1, d2 = onstants in expression for Cd

F (r) = Prandtl's tip-loss funtion
FM = �gure of merit
L = lift fore on eah blade
N = number of blade elements
Nb = number of blades
Pi = main rotor indued power
Po = main rotor pro�le power
P = main rotor power, P = Pi + Po

R = main rotor blade radius
Re = Reynold's number
r = non-dimensional radial distane
S/N = signal-to-noise ratio
T = main rotor thrust
T/A = rotor disk loading
U = resultant veloity at blade elementBEMT = blade element momentum theoryBET = blade element theoryMAV = miro aerial vehileMSD = mean square deviationOA = orthogonal arrayUAV = unmanned aerial vehile
α(r) = angle of attak
θ(r) = blade pith angle
θ0 = blade olletive pith
θtw = linear blade twist rate
λ(r) = rotor in�ow ratio
λh = indued in�ow ratio at hover
ν = indued veloity
ρ = density of air
σ = rotor solidity
φ(r) = in�ow angle of attak
Ω = rotor angular speed
(·)n = value of (·) at the mid-point of the nth blade-elementI. IntrodutionInterest in development of unmanned aerial vehiles (UAVs) has been inreasing ontinuously.Developed initially for military purposes, UAVs are used for ivilian purposes as well. UAVs anbe broadly lassi�ed, based on the mehanism of lift generation, as �xed wing UAVs, rotary wing2
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UAVs, and �apping wing UAVs. This paper fouses on rotary wing UAVs.Rotary wing UAVs, or unmanned rotorraft, use rotating blades to generate thrust and propul-sive fores. They are lassi�ed, on the basis of their size and harateristis, as Type-I, Type-II andType-III unmanned rotorraft [1℄.Type-I unmanned rotorraft are relatively large in size. Their rotor span is in the range of threeto four meters. They are powered by internal ombustion engines and therefore have more power.This makes them suitable for autonomous or remotely ontrolled unmanned rotorraft missions thatrequire longer endurane (about 30 minutes to a ouple of hours) and heavier payload (about 20 to
30 kg or more). Type-I unmanned rotorraft are dominated by the traditional main-rotor�tail-rotorheliopter on�guration having two, three or four main-rotor blades. These unmanned helioptersare typially made of omposite materials, aluminium and stainless steel.Type-II unmanned rotorraft are smaller in size than their Type-I ounterparts. Their rotorspan is in the range of one to two meters. They are usually powered by on-board batteries. Mostof the remote ontrolled heliopters used for rereational and hobby purposes fall under Type-IIategory. These are made of arbon �ber omposites and plastis. Type-II unmanned rotorrafthave limited endurane and payload arrying apaity beause of their size and power soure.Type-III are the smallest of the unmanned rotorraft. They are almost entirely made of plastisand are powered by small batteries. Small remote ontrolled single and multiple rotor heliopters,oaxial rotor heliopters, most of the quadopters, et. ome under this ategory. Their small sizeand light weight makes them attrative for appliations involving remote surveillane and stealthmonitoring but at the same time makes them unsuitable for appliations that require long �ighttime or large payload arrying apaity.It is lear that Type-I unmanned heliopters are attrative for pratial appliations involvingunmanned rotorraft that require signi�ant payload arrying apability and longer endurane. Inaddition to some of the tasks that an be performed by �xed-wing UAVs, these unmanned helioptersan use their unique abilities suh as hover, vertial �ight, and slow speed �ight in forward, bakwardand other diretions, to perform tasks in a variety of situations. This versatility of unmannedrotorraft makes them suitable for both military and ivilian appliations. The MQ-8B Fire Soutdeveloped by Northrop Grumman is used for naval reonnaissane [2℄. Yamaha's R-50 and R-MAX unmanned heliopters are used for spraying agrohemials over farms and for investigativeobservation of vegetation. The R-MAX has also been used for monitoring volani ativity, surveyingof areas a�eted by earthquake, monitoring radiation levels during nulear emergenies, and fordeteting damage in bridges and highways [3℄. A similar Korean unmanned heliopter alled X-Copter is being developed by Oneseen Skyteh is intended for agriultural and industrial appliations[4℄. The Sky Surveyor, an unmanned heliopter developed at Chiba University, is being used toinspet power transmission lines [5℄. The use of suh unmanned heliopters an also be extendedto many other ivilian appliations suh as aerial surveillane in urban areas, tra� monitoring,3
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broadasting sports events, aiding and assisting workers and engineers at onstrution sites, et.The huge potential for unmanned heliopters exists sine they are suitable for a host of pratialappliations. Despite their potential, the use of unmanned heliopters in ivilian appliations hasbeen limited, due to the high osts assoiated with the development and operation of suh unmannedheliopters for ivilian appliations [4℄.The development and operation of unmanned heliopters for ivilian appliations di�ers fromthat for the military appliations. For military appliations, the unmanned heliopter is expeted tooperate satisfatorily even in extreme onditions. This requires usage of utting-edge tehnologiesand high preision omponents whih results in a high ost. For ivilian appliations, it is su�ientto ensure good performane while keeping the osts low. From an operational standpoint militaryunmanned heliopters require good performane in all aspets of their �ight inluding hover, axial�ight, high rates of limb and desent, and good forward �ight performane and maneuverability.However, for many ivilian appliations, inluding those mentioned above, the unmanned helioptersare required to operate mostly in the hover ondition. Thus, improving the hover e�ieny of theunmanned heliopters will signi�antly redue their operating osts through improved fuel e�ieny,inrease the payload arrying apability, and/or inrease the �ight endurane.Designing heliopters for improved hover performane alone may a�et their performane inforward �ight as well. Sine the ivilian unmanned heliopters need to operate mostly in hoverondition or at low speed forward �ight, designing them for improved hover e�ieny will lead tobetter overall performane for the entire �ight envelope.A onsiderable amount of researh on hover performane and design optimization of full salerotorraft has been onduted [6�8℄. However, the results from researh on full-sale helioptersare not diretly appliable to the small-sale heliopters due to aeroelasti saling e�ets [9℄. Forexample, the tip-hord Reynolds number for a typial unmanned heliopter of Type-I ategory isjust under 106, whih is at least one order of magnitude lower than that of full sale heliopters.At the other end of the size spetrum, researh on rotary wing miro air vehiles (MAVs)has foussed on their design, analysis and hover performane [10℄; aeroelasti rotor simulation,design and fabriation [11℄; unonventional MAV on�gurations [12℄; and airfoil design for ultra-lowReynolds number �ight [13℄. While the fous of these studies was on hover performane, designand analysis, and airfoil design for rotary wing MAVs, the Reynolds number regime enountered bythese vehiles, whih is less than 10000, is well below the Reynolds number enountered by Type-Iunmanned heliopters. Moreover, due to their small size these rotary wing MAVs an be lassi�ed asType-III unmanned rotorraft and therefore have di�erent harateristis ompared to the Type-Iunmanned heliopters.There is a surprising lak of available literature on design and analysis of unmanned helioptersthat are suitable for many pratial ivilian appliations disussed above. Most of the researhon unmanned rotorraft in this ategory has foussed on their autonomous navigation and ontrol4
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aspets.The main rotor is the most important omponent of a heliopter. Good main rotor design isritial for ensuring satisfatory performane. The urrent study onsiders multiple design parame-ters of the main rotor of a typial Type-I unmanned heliopter to obtain a robust design using theTaguhi method.The Taguhi method developed by Dr. Genihi Taguhi in 1956 to improve the quality of man-ufatured produts, is now used in many di�erent engineering �elds for robust system design. It is afrational fatorial design of experiments approah, whih uses orthogonal arrays of design param-eters to redue the variation in a ertain quality harateristi while determining the ombinationof design parameter values that will lead to enhaned performane. It involves the use of noisevalues to aount for variations in the design parameter values. The use of orthogonal arrays inTaguhi method of design provides a systemati approah for reduing the number of experimentsor numerial simulations required for the analysis, and at same time provides an opportunity toindependently evaluate the e�et of eah design parameter on the design.The usefulness of the Taguhi method has been demonstrated by using it to determine engi-neering solutions to problems for a variety of appliations, inluding rotor blade design problems.Hu and Rao [14℄ have used the Taguhi method and it's extensions for developing a robust designmethodology for optimizing the power generated by horizontal axis wind turbines. They onsideredmultiple design parameters inluding hord length at blade root, twist angles at four loations alongthe blade, number of blades, rotational speed, pith angle, rotor radius, and hub radius, with the ob-jetive of maximizing the power output of the turbine. They have also used the Taguhi method todetermine an appropriate set of tolerane settings for the design parameters so as to ensure minimalvariability in performane of the turbine. The traditional Taguhi method was extended by them toinorporate behavior onstraints suh as minimum requirement of power oe�ient and maximumlimit on indued stress. Mallik et al. [15℄ have used Taguhi orthogonal arrays for robust designof trailing edge �aps for heliopter vibration redution. They onsidered hord length and span ofthe trailing edge �aps as design parameters with the objetive of simultaneously minimizing bothheliopter hub vibrations and the �ap atuation power, by generating response surfaes from theexperimental design points obtained from Taguhi orthogonal array. Bhadra and Ganguli [16℄ haveused Taguhi orthogonal arrays for aeroelasti optimization of heliopter rotor. They onsidered�ap, lag and torsional bending sti�ness of the rotor blade as design parameters to simultaneouslyminimize vibratory hub loads, together with rotor blade root loads in a heliopter, using Taguhiorthogonal arrays to generate the experimental design spae. Other appliations of the Taguhi tosolve a variety of engineering in other �elds are given in Ref. [14℄ and the referenes therein.In the urrent study the Taguhi method is used to obtain a robust design of a small-sale
2-bladed unmanned heliopter by onsidering 4 design parameters of the main rotor: blade length,blade planform variation (i.e. blade taper), span-wise distribution of blade twist and the rotational5

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
M

IC
H

IG
A

N
 o

n 
A

pr
il 

5,
 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

7-
00

15
 



speed. The performane of the resulting robust heliopter design is ompared with initial designand is found to have better hover e�ieny. The baseline heliopter is modeled to simulate theYamaha R-50. The objetive is to redue the power required in hover while ensuring that the designis robust enough to remain largely insensitive to reasonable variation in design parameter values.II. Performane Analysis of Heliopter in HoverThe main rotor is a ritial omponent of the heliopter sine it governs three important fun-tions - thrust generation in hover and vertial �ight, generation of horizontal omponent neededfor forward �ight, and prodution of fores and moments (jointly with the tail rotor) for attitudeand position ontrol. Therefore, an aurate estimation of the main rotor performane is essentialfor a good rotor design. Even for the ase of hover performane predition is not straightforwardsine the rotor operates in a omplex aerodynami environment. The aerodynami models used inthe analysis an signi�antly in�uene the rotor design. The simplest aerodynami model inludesmomentum theory, blade element theory (BET) and the ombined blade element momentum theory(BEMT), whih are treated in detail in [17℄ and are summarized below.A. Momentum TheoryIn momentum theory, the rotor blades are replaed by an idealized in�nitesimally thin permeableirular disk that produes a pressure di�erene. The disk generates thrust by imparting veloityto the �ow below the disk. The �ow is assumed to be one dimensional, inompressible and invisid.The stati pressure far above and below the rotor are onsidered to be equal to atmospheri pressure.With these assumptions, the thrust and ideal power produed by the rotor are [17℄:
T = 2ρAν2

Pi =
T 3/2

2ρA
(1)In non-dimensional form, the thrust and ideal power oe�ients are:

CT =
T

ρA(ΩR)2
= 2λ2

h

CPi
=

Pi

ρA(ΩR)3
=

C
3/2
T√
2

(2)The ideal power ignores losses due to blade drag. BET an aount for pro�le drag losses.
6
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B. Blade Element TheoryIn BET, eah blade setion is represented by a two-dimensional airfoil whih produes fores andmoments. Wake e�ets are represented by the indued veloity and the aerodynami interationsbetween two blade setions are ignored. Considering a small blade element of length dy, at a distane
y, from the rotor axis, the inremental lift and drag fores on this blade setion an be written as:

dL =
1

2
ρU2c Cldy

dD =
1

2
ρU2c Cddy (3)The blade setion lift and drag fores an be resolved along diretions perpendiular and parallel tothe rotor disk plane, also denoted as the hub plane. The omponent perpendiular to the disk planeontributes to the rotor thrust and the moment about the rotor axis due to omponents parallel tothe disk plane ontribute to rotor power. The inremental rotor thrust and power required due tothe ontributions from the blade setions of all the rotor blades are:

dT = Nb(dL cosφ− dD sinφ)

dP = Nb(dL sinφ+ dD cosφ)Ωy (4)Combining Eqs. (3) and (4), yields the inremental thrust and power oe�ients in the non-dimensional form:
dCT =

1

2
σa0(θ(r)r

2 − λ(r)r)dr (5)
dCP = λ(r)dCT +

1

2
σCdr

3dr (6)
⇒ dCP = dCPi

+ dCPo
(7)The power oe�ient represents the umulative e�ets of the indued drag and pro�le power. Thetotal thrust and power oe�ients of the rotor are obtained by integrating Eqs. (5) and (6) overthe blade span. The radial variation of in�ow is required during this alulation. Obtaining ananalytial expression for the in�ow variation an be ompliated. A relatively simple alternative isto use BEMT [17℄.C. Combined Blade Element Momentum TheoryThe BEMT ombines momentum theory and BET. The rotor blades are idealized into a per-meable rotor disk. Conservation of mass, momentum and energy equations are applied to a smallannulus of the rotor disk, and the inremental thrust and power are alulated using momentum7
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theory. It is assumed that suessive rotor annuli are independent of eah other. The elementalthrust and indued power oe�ients of the rotor annulus for hover ondition, in non-dimensionalform, are:
dCT = 4 (λ(r))2 rdr (8)
dCPi = 4 (λ(r))

3
rdr (9)Invoking the priniple of equivalene of the lift (whih is the priniple behind the BEMT) frommomentum theory and BET, i.e. equating Eqs. (5) and (8):

1

2
σa(θ(r)r2 − λ(r)r)dr = 4 (λ(r))

2
rdr (10)results in a quadrati equation in λ(r) where only one of the roots leads to a physial solution [17℄.This is given by:

λ(r) =
σa0
16





√

1 +
32θ(r)r

σa0
− 1



 (11)Using Eq. (11), the in�ow an be alulated as a funtion of r for a given blade pith, twistdistribution, planform variation, and airfoil setion. With the alulated in�ow, the rotor thrustand power an be obtained by integrating Eqs. (8) and (9) over the rotor disk.D. E�et of Finite Blade LengthAt the blade tip, the air from the bottom surfae of the blade, whih is at higher pressure,moves over the tip to the top surfae whih is at lower pressure. This results in formation of trailedvorties at the tip of eah blade. The tip vorties result in a high loal in�ow near the blade tipsand redued lift in the blade tip region. This is known as the tip-loss e�et. To aount for thee�ets of tip-loss, Prandtl's tip-loss funtion is used [17℄. Prandtl's tip-loss funtion is given by:
F (r) =

2

π
cos−1

(

e−f
) (12)where

f =
Nb

2

(

1− r

rφ

) (13)
8
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Considering Prandtl's tip-loss funtion, the in�ow, Eq. (11), is modi�ed and given as:
λ(r) =

σa0
16F (r)





√

1 +
32F (r)θ(r)r

σa0
− 1



 (14)E. Solution ProedureIn this study, BEMT equations are implemented numerially for prediting the hover perfor-mane. The main rotor parameters: number of blades, blade length, blade taper, linear blade twist,the airfoil setion and the rotor speed are provided as input for a heliopter with a known grossweight. The steps involved in omputing the rotor thrust and power are:1. The blade is disretized uniformly into a series of small elements (totaling N), eah of whihare of span ∆r (non-dimensional length).2. The rotor olletive pith, θ0, is alulated for the required thrust oe�ient (whih in turnis alulated based on gross take-o� weight of the heliopter). Starting from an initial value(based on uniform in�ow assumption), the olletive pith is updated iteratively [17℄.Initial value of olletive pith:
θ
(0)
0 =

6CTreq

σa0
− 3

4
θtw +

3
√
2

4

√

CTreq
(15)The olletive pith is updated until the predited rotor thrust oe�ient, C(i)

T , onverges tothe required thrust oe�ient, CTreq
:

θ
(i+1)
0 = θ

(i)
0 +





6
(

CTreq
− C

(i)
T

)

σa0
+

3
√
2

4

(

√

CTreq
−
√

C
(i)
T

)



 (16)3. Next, the in�ow and Prandtl's tip loss funtion are alulated iteratively until onvergene,using the disretized forms of equations (12) and (14), given below:
λn =

σa0
16Fn

(

√

1 +
32Fnθnrn

σa0
− 1

) (17)
Fn =

2

π
cos−1

(

e−fn
) (18)where fn is given by

fn =
Nb

2

(

1− rn
λn

) (19)9
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4. One the pith, θn and in�ow, λn, have been obtained, the rotor thrust oe�ient is alulatedfrom:
(∆CT )n =

σa0
2

(

θnr
2
n − λnrn

)

∆r (20)
⇒ CT =

N
∑

n=1

(∆CT )n (21)where, (∆CT )n is the thrust oe�ient of the nth element.5. The indued power oe�ient, alulated based on Eq. (9), is given by:
(∆CPi

)n = λn(∆CT )n (22)
⇒ CPi

=

N
∑

n=1

[λn(∆CT )n] (23)where, (∆CPi
)n is the indued power oe�ient of the nth element.6. With the blade pith and in�ow distribution known, the angle of attak, α, of eah of theblade elements an be alulated. With this, the rotor pro�le power oe�ient, CPo

, an bealulated from:
(∆CPo

)n =
σ

2
Cdr

3
n∆r (24)where, Cd = Cd0

+ d1α+ d2α
2.

⇒ CPo
=

N
∑

n=1

(∆CPo
)n (25)7. The net power oe�ient of the rotor, CP , the total rotor power, P , and the rotor �gure ofmerit, FM are alulated from:

CP = CPi
+ CPo

(26)
P = ρA (Ωr)

3
CP (27)

FM =
C

3/2
T

CP
(28)

10
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III. Taguhi Method of DesignThe Taguhi method of design is a statistial tehnique that aims to improve the quality hara-teristi of a produt by foussing on the design variables at the design stage itself. It is a frationalfatorial design of experiments approah. In the Taguhi method, quality is re�eted as onsistentperformane of a produt lose to a target value, and redution in the variation of performane isseen as quality enhanement. The Taguhi method an be used to determine the ombination ofdesign parameters that lead to an optimum or enhaned performane of a system, with minimumvariation in it's performane [14℄. The Taguhi method of design involves two steps:1. Seleting the values of design parameters suh that an optimal (or improved) performane isobtained, and2. Making the design robust, in the sense that performane remains insensitive to the in�ueneof unontrollable fators (noise).This is aomplished by using orthogonal arrays.Orthogonal arrays are a unique set of tables developed for designing experiments; they representthe smallest frational fatorials whih an be used for experimental designs [18℄. Orthogonal arraysallow one to determine independently the e�et of eah design parameter on the overall performaneof the system while arrying out a minimum number of experiments or numerial simulations. Thegeneration of Taguhi orthogonal arrays is explained in detail in [19℄. Orthogonal arrays are alsoused to onsider unontrollable variations in design parameter values, also alled noise.Noise fators are fators that a�et the performane of the system but annot be eonomiallyontrolled. The e�et of noise fators on the response of the system under study is alled noise. Noisean be due to both internal and external fators and manifests as variations in design parametervalues from the desired values that may arise during manufaturing, �nishing proess, et. In�ueneof environmental and other unontrollable fators will also lead to noise in design parameters.The use of orthogonal arrays in the Taguhi method of design is enumerated below:1. Identi�ation of ontrollable fators and their levels: Controllable fators are design variableswhih diretly in�uene the system performane. Fator level refers to the di�erent disretevalue of the design variables that are onsidered for design of experiments.2. Seletion of appropriate orthogonal array for design parameters: An appropriate orthogonalarray is seleted based on the number of design variables and their levels. Standard orthogonalarrays are typially used in appliations. The orthogonal array used for the design variablesis alled design parameter matrix or inner array.3. Seletion of appropriate orthogonal array for noise values: A suitable orthogonal array isseleted to aount for noise fators based on the number of design parameters that are in�u-ened by noise fators, and their levels. This orthogonal array is known as the noise matrix11
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or outer array. There is one noise matrix for eah experiment or simulation of the designparameter matrix.4. Analysis of system performane: The average performane of the system and the assoiatedsignal-to-noise ratio (S/N ratio), is obtained for eah experiment or simulation in designparameter matrix based on the output from the noise matries. The values of S/N ratios areused to arrive at a robust design of the system.Signal-to-noise ratio, S/N , is a variane index. It gives an indiation of the variation of thequality harateristi for eah experiment or simulation of the design parameter matrix. 'Signal' isde�ned as "the hange in the quality harateristi of the system under investigation in response toa fator introdued in the experimental design" [18℄; it is a desired e�et, as against noise whih isundesired. The S/N ratio gives a measure of the sensitivity of the system performane to designparameters, relative to the sensitivity of the system performane to the noise fators. S/N ratio isde�ned aording to the problem objetive. There are three ommonly used S/N ratios, based onthe de�nition of mean square deviation used:1. Smaller-the-better de�nition is used in ases where the objetive is to minimize the qualityharateristi of the system under study. Examples inlude minimization of shrinkage of astproduts, minimization of defets in manufatured produts, minimization of heat generatedin an eletroni or eletrial iruit, minimization of indued stresses in a mehanial system,minimization of vibration in mahining systems, et. The S/N ratio for smaller-the-betterquality harateristi is given by [18℄:
S

N
= −10 log10

(

1

k

[

k
∑

i=1

(yi)
2

]) (29)where yi is the performane harateristi of the ith trial in the noise matrix, and k is thetotal number of trials in the noise matrix.2. Nominal-the-better is used when the objetive is to make the quality harateristi ahievea value as lose as possible to a spei�ed target value. Examples where nominal-the-betteris used inlude manufatured produts and mehanial �ttings, whose dimensions have to beonsistently lose to a nominal value; ratios of hemials or mixtures whih onstitute as theingredients in a hemial ompound; thikness of material deposition or material removal inproesses suh as eletroplating, ething, et. The S/N ratio for nominal-the-better qualityharateristi is given by [18℄:
S

N
= −10 log10

(

1

k

[

k
∑

i=1

(yi − y0)
2

]) (30)12
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where y0 is the spei�ed target (nominal) value.3. Larger-the-better is used when the objetive is to maximize the quality harateristi ofthe system. Examples are maximizing the life expetany of a produt, maximizing the poweroutput of a power generating system, maximizing the range of an airraft, et. The S/N ratiofor nominal-the-better quality harateristi is given by [18℄:
S

N
= −10 log10

(

1

k

[

k
∑

i=1

(

1

yi

)2
]) (31)Irrespetive of the de�nition of S/N ratio, the ombination of design parameters for whihthe S/N ratio is highest, will always orrespond to the best performane with least variation inperformane under the given noise onditions. Thus, the aim of any experiment or simulation is todetermine the highest possible S/N ratio. Higher values of S/N ratios indiate higher signal thannoise values, i.e., the system is less sensitive to noise fators and thus, unontrollable fators willnot produe large variation in system performane.IV. Robust Design of a 2-Bladed Unmanned Heliopter Rotor Using Taguhi MethodThe robust design of a 2-bladed unmanned heliopter using Taguhi method is desribed inthe following setions. The objetive of the parameter design stage is to determine the values ofdesign parameters that lead to improved hover performane. Noise values are onsidered for eah ofthe design parameters to ensure robustness of the design. The obtained robust design is omparedagainst the baseline Yamaha R-50 heliopter. Analysis of variation (ANOVA) is onduted basedon the information obtained from the orthogonal arrays to determine the relative in�uene of eahdesign parameter on the system performane. Fig. 1 shows the implementation of Taguhi methodin the present study. The objetive of the tolerane design stage is to determine the optimaltolerane values for the design parameters that yield redued variation in design parameter valueswhile keeping the osts assoiated with toleranes as low as possible.A. Design Parameters and Noise FatorsBased on the expression for the power required for a hovering heliopter, four main rotor pa-rameters are seleted as design variables: blade radius, hord length at blade tip (along with bladetaper, these apture the blade planform variation), unit linear twist of the blade, and the rotorspeed. Three levels of the design parameters are onsidered. The hord length at the blade tip isalso used for determining the rotor blade shape. At level 1, the blade has onstant hord whereasit has a linear taper at levels 2 and 3.Noise values are introdued for eah design parameter to analyze the sensitivity of performane13
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Fig. 1: Flow hart showing implementation of Taguhi methodto noise fators. Following the method used in [14℄, realisti tolerane of the design parameters havebeen assumed as noise values.The values of the design parameters at the three levels along with the noise levels for eah designparameter are given in Table (1). The details of the baseline heliopter, Yamaha R-50, are given inTable (2). The airfoil setion of the rotor blades, for both the proposed and the baseline design, isassumed to be a NACA 0012 pro�le.B. Parameter Design Using Taguhi MethodThe parameter design using Taguhi method involves the use of two matries - the designparameter matrix (inner array) and the noise matrix (outer array). In the present work, 4 designparameters, at 3 levels, are onsidered. Therefore, the appropriate orthogonal array for designparameter matrix is the standard L9(3
4) orthogonal array. For the noise matrix, whih has 4variables at 2 levels, the losest standard OA is the standard L8(2

7) array. The naming onvention forOAs is Lx(y
z); where, z represents the number of design parameters being onsidered, y representsthe number of levels of the design parameters, and x represents the number of rows in the OA, i.e.the number of experiments or simulations that are to be arried out.The standard L9(3

4) and L8(2
7) OAs are given in Table (3) and (4), respetively. As an beseen, the L8(2

7) orthogonal array is best suited for 7 design variables at 2 levels whereas, only 4noise fators are onsidered in this work. Therefore, the L8(2
7) array is not fully populated and thelast 3 olumns are ignored when onstruting the noise matries. The design parameter matrix and14
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the noise matrix are obtained by substituting the atual values of the design parameter levels andnoise levels in Tables (3) and (4), respetively. For the design parameter matrix, '1' orresponds toleast fator level of the design variables, i.e. level 1, and '2' orresponds to the middle fator level,i.e. level 2, and '3' orresponds to the highest fator level, i.e. level 3. The design parameter matrixis given in Table (5).Eah experiment in the design parameter matrix has a orresponding noise matrix. Sine, thedesign parameter matrix has 9 experiments, there will be 9 orresponding noise matries. Sineonly four noise fators are onsidered, only the �rst four olumns of the L8(2
4) OA are used whenonstruting the noise matries. In the present work, tolerane values of design parameters areonsidered to be noise values. The noise matrix, for eah parameter design experiment, is onstrutedby adding the tolerane values of the design parameters to the orresponding design parametervalues. The lower tolerane is used for '1' and the upper tolerane is used for '2', to populate thenoise matrix. The 1st experiment of the design parameter matrix is taken as an example to illustratehow the noise matrix is onstruted. For the 1st experiment, the design parameter values along withtheir noise values, (i.e. tolerane), are:A: Rotor radius = 1.5± 0.005 mB: Tip hord = 0.10± 0.005 mC: Blade linear twist = −5◦ ± 1◦D: Rotor speed = 800± 5 rpmThe noise matrix for the 1st experiment is onstruted by adding the tolerane values to the designparameter values, and is shown for a few simulations in Table (6). The hover power required foreah simulation is also given in Table (6). The noise matries for parameter design experiments

2 through 9, along with the power required for eah simulation, are given in Tables (7) to (14),respetively.The values of the power required to hover, obtained from the simulations of the noise matries,are used to ompute the S/N ratios for eah parameter design experiment. For eah of the 9parameter design experiments in inner array, 8 simulations are arried out in their orrespondingouter arrays. Thus, a total of (9 × 8 =) 72 simulations are arried out. Sine the objetive of thisstudy is to minimize the power required to hover, smaller-the-better de�nition is used to omputethe S/N ratios. The robust design with the best hover performane orresponds to the ombinationof design parameters that yields the highest value of S/N ratio.The mean power required to hover and the S/N ratios omputed for eah parameter designexperiment are shown in Table (15). From Table (15) it is lear that the 5th experiment of thedesign parameter matrix orresponds to the highest S/N ratio and also the lowest mean powerrequired to hover. These results indiate that the design parameter setting: A2, B2, C3 and D1,15
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yields the robust on�guration of the heliopter whih has the least power onsumption during hover.This robust heliopter on�guration, when ompared with the baseline heliopter, shows a 11.28%redution in power required to hover. Table (16) gives a omparison of the baseline heliopter andthe robust heliopter design obtained using the Taguhi method.C. Analysis of varianeAnalysis of variane (ANOVA) is arried out, based on the information obtained from the or-thogonal arrays, to establish on�dene in the robust design methodology adopted. ANOVA involvesthe use of statistial parameters suh as sum of squares, variane, et. to determine the statistialsigni�ane of the design variables onsidered [18℄. The use of S/N ratio in Taguhi method pro-vides a degree of in�uene that the di�erent design parameter values exert on the performane ofthe system. Use of ANOVA enables further evaluation of ontribution of eah design parameter andtheir relative importane with respet to the performane of the system.ANOVA alulations are arried out based on the S/N ratios obtained from the 9 numerialexperiments. The results are tabulated in Table (17). It is lear from Table (17) that the rotor radiusstands out as statistially most signi�ant design parameter with respet to the S/N ratio. Therotor radius is often the �rst parameter to be �xed in a heliopter, and the other design parametersare obtained subsequently. Thus, the length of the rotor blade is of primary importane. The designparameter ranked 2 is the rotor speed. Rotor speed diretly in�uenes the rotor tip speed. Therotor thrust and power vary with square and ubi powers of the rotor speed, respetively. Thus alower speed is desirable for heliopters for e�ient hovering. The blade planform variation is thenext most signi�ant design parameter. The ideal planform variation of rotor blades for e�ienthover performane is not pratially feasible, sine it requires a very large root hord. However, alinear taper of the rotor blade planform that is su�iently lose to the ideal taper variation, overmost of operational range of the rotor blade, is a good approximation. The taper variation thatomes losest to the ideal taper is seleted for e�ient hover performane. The rotor blade pre-twisthas the least statistial signi�ane relative to the other design variables, with respet to the S/Nratio.D. Tolerane design using Taguhi methodIn manufaturing proesses, the dimension of eah manufatured omponent varies within aertain small ontrolled range, alled tolerane. The tolerane values are spei�ed for di�erentomponents based on their funtional requirements as well as ost. Components manufatured withsmaller/loser tolerane are produed within a narrow range of dimensions, and thus have betterquality and reliability. In ontrast, large toleranes lead to omponents that have wider spread intheir dimensions leading to �utuations in their performane and thus poorer quality. However,there is always a on�it between the tolerane and the ost of quality ontrol. Smaller toleranes16
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require higher osts and hene a small ost may orrespond to large toleranes as well as lowerquality. As tolerane inreases, the ost goes down steeply at the beginning, and then the trendbeomes gradually less. Sine both quality and ost of the produt are important in manufaturing,a ombination of these two fators is onsidered in the tolerane design proess. The objetive of thetolerane design stage is to redue the variations in the power required to hover at a reasonable ost,by determining the optimal tolerane values for the design parameters, using the Taguhi method.In the tolerane design proess, eah of the design variables used in the parameter design stageis assumed to have three di�erent levels of tolerane as shown in Table (18). The robust designsolution ahieved in the parameter design stage is used as the mean value for tolerane design. Theost to ontrol the tolerane of the hord length, a linear dimensional, is assumed to be relativelyheap. The twist angle is usually more di�ult to ontrol ompared to linear dimensions duringmanufaturing. Thus larger tolerane values are assumed for blade twist per unit length, and theost of ontrolling the twist angle is assumed to be two and a half times more than that of lineardimension. The tolerane levels of rotational speed are not too di�ult to ahieve in pratie.Hene, the ost is assumed to be slightly higher than that of ontrolling a linear dimension. Therotor radius is a large dimension hene, it is assumed to be relatively more expensive than otherdesign variables. The relative osts to ontrol eah design parameter onsidered are summarized inTable (19), and is obtained based on Ref. [14℄.Similar to the parameter design stage, the tolerane design using Taguhi method involves theuse of two matries - a design parameter matrix and a noise matrix. The standard L9(3
4) orthogonalarray is used for the design parameter matrix (inner array) and standard L8(2

7) array (with thelast 3 olumns negleted) is used for eah of the outer arrays. There will be 9 outer arrays with 8runs in eah outer array, whih implies that (9X8 =) 72 runs will be arried out in the experiment.The results from the numerial experiments are expressed in terms of S/N ratios. The smaller-the-better de�nition of S/N ratio, given by equation (29) is used. The quality harateristi used foralulating the S/N ratios is a ombination term, the produt of �utuation of power and ost:
yi =| ∆Pi | ∗costi (32)where ∆Pi is the di�erene between atual power and optimum power, and costi is the ost ofontrolling the toleranes of all the design parameters for the ith trial in the outer array.The results of the 9 simulations of the inner array are summarized in Table (20). Aordingto the smaller-the-better riterion, larger values of S/N ratio orrespond to smaller values of theprodut of power �utuation and ost. Therefore, the optimal values of toleranes for the designparameters orrespond to the 2nd simulation of the inner array. Finally, the optimum solutioninluding both the mean values (optimum values found in parameter design stage) and toleranes(optimum values found in tolerane design stage) an be identi�ed for all the design variables as17
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shown in Table (21). V. ConlusionThe present study desribes a simple approah for robust design of a small-sale unmanned heli-opter for e�ient hover performane. Multiple design parameters of the main rotor are onsideredto obtain a robust design using the Taguhi method. Perturbations are introdued in design param-eter values using toleranes, to provide robustness in the design. The performane of the heliopteris predited using the blade element momentum theory and the analysis is re�ned using Prandtl'stip-loss funtion to aount for tip-losses. The use of S/N ratios and Taguhi orthogonal arraysresults in a systemati redution in the number of numerial simulations while providing a usefulvariane index to obtain a robust design solution. The resulting design shows 11.28% redution inthe power required to hover when ompared with a baseline heliopter design of similar size andon�guration. Considering the overall �ight autonomy of suh heliopters, this improvement anprodue signi�ant gains in terms of operating osts and e�ieny. Further evaluation is arriedout using ANOVA to determine statistial signi�ane of the design parameters and their relativeimportane. The Taguhi method is further used in the tolerane design stage to arrive at optimalvalues of the toleranes for eah of the design parameters, that results in redued �utuations inhover power values within a reasonable ost of quality ontrol.Referenes[1℄ Cai, G., Chen, B. M., and Lee, T. H., �An Overview on Development of Miniature Unmanned RotorraftSystems,� Frontiers of Eletrial and Eletroni Engineering in China, Vol. 5, No. 1, 2010, pp. 1�14.[2℄ Grumman, N., �MQ-8B Fire Sout,� 2011, Aessed on: 19-08-2014.[3℄ Sato, A., �The RMAX Heliopter UAV,� Teh. rep., DTIC Doument, 2003.[4℄ Shim, D. H., Han, J.-S., and Yeo, H.-T., �A Development of Unmanned Heliopters for IndustrialAppliations,� Unmanned Airraft Systems, Springer, 2009, pp. 407�421.[5℄ Nonami, K., �Prospet and Reent Researh & Development for Civil Use Autonomous UnmannedAirraft as UAV and MAV,� Journal of System Design and Dynamis, Vol. 1, No. 2, 2007, pp. 120�128.[6℄ Walsh, J. L., Performane Optimization of Heliopter Rotor Blades, National Aeronautis and SpaeAdministration, Langley Researh Center, 1991.[7℄ Ganguli, R., �A Survey of Reent Developments in Rotorraft Design Optimization,� Journal of Airraft ,Vol. 41, No. 3, 2004, pp. 493�510.[8℄ Celi, R., �Reent Appliations of Design Optimization to Rotorraft- A Survey,� Journal of Airraft ,Vol. 36, No. 1, 1999, pp. 176�189. 18
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[9℄ Friedmann, P., �Aeroelasti Saling for Rotary-Wing Airraft with Appliations,� Journal of Fluids andStrutures, Vol. 19, No. 5, 2004, pp. 635�650.[10℄ Bohorquez, F., Samuel, P., Sirohi, J., Pines, D., Rudd, L., and Perel, R., �Design, Analysis and HoverPerformane of a Rotary Wing Miro Air Vehile,� Journal of the Amerian Heliopter Soiety , Vol. 48,No. 2, 2003, pp. 80�90.[11℄ Pounds, P., Mahony, R., and Corke, P., �Small-Sale Aeroelasti Rotor Simulation, Design and Fabri-ation,� Proeedings of the Australasian Conferene on Robotis and Automation, Citeseer, 2005.[12℄ Sirohi, J., Parsons, E., and Chopra, I., �Hover Performane of a Cyloidal Rotor for a Miro Air Vehile,�Journal of the Amerian Heliopter Soiety , Vol. 52, No. 3, 2007, pp. 263�279.[13℄ Kunz, P. J., Aerodynamis and Design for Ultra-Low Reynolds Number Flight , Ph.D. thesis, StanfordUniversity, 2003.[14℄ Hu, Y. and Rao, S. S., �Robust Design of Horizontal Axis Wind Turbines Using Taguhi Method,�Journal of Mehanial Design, Vol. 133, No. 11, 2011, pp. 111009.[15℄ Mallik, R., Ganguli, R., and Bhat, M. S., �Robust Design of Trailing Edge Flap with OrthogonalArray Inspired Response Surfae for Heliopter Vibration Redution,� Proeedings of the 39th EuropeanRotorraft Forum, Mosow, Russia, 2013.[16℄ Bhadra, S. and Ganguli, R., �Aeroelasti Optimization of a Heliopter Rotor Using Orthogonal Array-Based Metamodels,� AIAA Journal , Vol. 44, No. 9, 2006, pp. 1941�1951.[17℄ Leishman, J. G., Priniples of Heliopter Aerodynamis, Cambridge University Press, 2nd ed., 2006.[18℄ Roy, R. K., A Primer on the Taguhi Method , Soiety of Manufaturing Engineers, 2010.[19℄ Kaker, R. N., Lagergren, E. S., and Filliben, J. J., �Taguhi's Orthogonal Arrays are Classial Designsof Experiments,� Journal of Researh of the National Institute of Standards and Tehnology , Vol. 96,No. 5, 1991, pp. 577�591.

19

D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
M

IC
H

IG
A

N
 o

n 
A

pr
il 

5,
 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

7-
00

15
 



Table 1: Design parameters, levels and noise valuesDesign variables Units Level-1 Level-2 Level-3 Noise valueA Rotor radius m 1.5 1.75 2.0 ±0.005B Tip hord m 0.10 0.08 0.06 ±0.005C Blade linear twist degrees −5 −7.5 −10 ±1D Rotor speed rpm 800 850 900 ±5Table 2: Baseline heliopter: Yamaha R-50 [3℄Parameter ValueMain rotor diameter (m) 3.070Number of main rotor blades 2Empty weight (kg) (with fuel) 47Payload (kg) 20Overall length (m) 3.580Overall height (m) 1.080Overall width (m) 0.700Table 3: Standard L9(3
4) orthogonal arrayExperiment ParametersNumber A B C D1 1 1 1 12 1 2 2 23 1 3 3 34 2 1 2 35 2 2 3 16 2 3 1 27 3 1 3 28 3 2 1 39 3 3 2 1Table 4: Standard L8(2
7) orthogonal arraySimulation ParametersP1 P2 P3 P4 P5 P6 P71 1 1 1 1 1 1 12 1 1 1 2 2 2 23 1 2 2 1 1 2 24 1 2 2 2 2 1 15 2 1 2 1 2 1 26 2 1 2 2 1 2 17 2 2 1 1 2 2 18 2 2 1 2 1 1 220
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Table 5: Design parameter matrix: Inner array L9(3
4)Experiment Rotor radius Tip hord Blade linear twist Rotor speedNumber A (m) B (m) C (degrees) D (rpm)1 1.5 0.10 -5 8002 1.5 0.08 -7.5 8503 1.5 0.06 -10 9004 1.75 0.10 -7.5 9005 1.75 0.08 -10 8006 1.75 0.06 -5 8507 2.0 0.10 -10 8508 2.0 0.08 -5 9009 2.0 0.06 -7.5 800

Table 6: Noise matrix for 1st experiment: Outer array L8(2
4)Simulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(

◦) Ω(rpm) P (kW)1 (1.5− 0.005) (0.10− 0.005) (−5− 1) (800− 5) 5.4002
= 1.495 = 0.095 = −6 = 7952 1.495 0.095 −6 805 5.42433 1.495 0.105 −4 795 5.54204 1.495 0.105 −4 805 5.57025 (1.5 + 0.005) (0.10− 0.005) (−5 + 1) (800− 5) 5.4493
= 1.505 = 0.095 = −4 = 7956 1.505 0.095 −4 805 5.47507 1.505 0.105 −6 795 5.46228 1.505 0.105 −6 805 5.4908

Table 7: Noise matrix for 2nd experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.495 0.075 −8.5 845 5.36822 1.495 0.075 −8.5 855 5.39283 1.495 0.085 −6.5 845 5.51454 1.495 0.095 −6 805 5.54325 1.505 0.075 −6.5 845 5.41116 1.505 0.075 −6.5 855 5.43707 1.505 0.085 −8.5 845 5.44648 1.505 0.085 −8.5 855 5.476021
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Table 8: Noise matrix for 3rd experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.495 0.055 −11 895 5.33472 1.495 0.055 −11 905 5.35953 1.495 0.065 −9 895 5.48724 1.495 0.065 −9 905 5.51645 1.505 0.055 −9 895 5.37036 1.505 0.055 −9 905 5.39617 1.505 0.065 −11 895 5.43228 1.505 0.065 −11 905 5.4627

Table 9: Noise matrix for 4th experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.745 0.095 −8.5 895 5.87702 1.745 0.095 −8.5 905 5.94833 1.745 0.105 −6.5 895 6.14744 1.745 0.105 −6.5 905 6.22625 1.755 0.095 −6.5 895 5.94946 1.755 0.095 −6.5 905 6.02197 1.755 0.105 −8.5 895 6.13528 1.755 0.105 −8.5 905 6.2168

Table 10: Noise matrix for 5th experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.745 0.075 −11 795 5.06342 1.745 0.075 −11 805 5.11143 1.745 0.085 −9 795 5.25074 1.745 0.085 −9 805 5.30475 1.755 0.075 −9 795 5.10656 1.755 0.075 −9 805 5.15537 1.755 0.085 −11 795 5.22728 1.755 0.085 −11 805 5.2835
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Table 11: Noise matrix for 6th experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.745 0.055 −6 845 5.24292 1.745 0.055 −6 855 5.29063 1.745 0.065 −4 845 5.49014 1.745 0.065 −4 855 5.54535 1.755 0.055 −4 845 5.31256 1.755 0.055 −4 855 5.36197 1.755 0.065 −6 845 5.43858 1.755 0.065 −6 855 5.4948

Table 12: Noise matrix for 7th experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.995 0.095 −11 845 6.35142 1.995 0.095 −11 855 6.46793 1.995 0.105 −9 845 6.68184 1.995 0.105 −9 855 6.80825 2.005 0.095 −9 845 6.39356 2.005 0.095 −9 855 6.50967 2.005 0.105 −11 845 6.75378 2.005 0.105 −11 855 6.8861

Table 13: Noise matrix for 8th experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.995 0.075 −6 895 6.57792 1.995 0.075 −6 905 6.69003 1.995 0.085 −4 895 7.02594 1.995 0.085 −4 905 7.15115 2.005 0.075 −4 895 6.68396 2.005 0.075 −4 905 6.79797 2.005 0.085 −6 895 7.02888 2.005 0.085 −6 905 7.1573
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Table 14: Noise matrix for 9th experimentSimulation Rotor radius Tip hord Blade linear twist Rotor speed Hover powerNumber R(m) ctip(m) θtw(
◦) Ω(rpm) P (kW)1 1.995 0.055 −8.5 795 5.28052 1.995 0.055 −8.5 805 5.37523 1.995 0.065 −6.5 795 5.58714 1.995 0.065 −6.5 805 5.67405 2.005 0.055 −6.5 795 5.34156 2.005 0.055 −6.5 805 5.41927 2.005 0.065 −8.5 795 5.58168 2.005 0.065 −8.5 805 5.6714Table 15: Results of 9 parameter design experimentsExperiment Mean Power S/NNo. (kW) Ratio1 5.4767 -14.77092 5.4487 -14.72623 5.4199 -14.68034 6.0653 -15.65895 5.1878 -14.30096 5.3971 -14.64487 6.6065 -16.40308 6.8891 -16.76749 5.4891 -14.7931Table 16: Comparison of baseline heliopter design with robust designDesign Rotor Tip Root Blade linear Rotor Hover Disk Figureparameter radius hord hord twist speed power loading of meritSymbol R ctip croot θtw Ω PT T/A FMUnits m m m degrees rpm kW Nm−2 -Baseline 1.535 0.1044 0.1044 0 850 5.8543 88.79 0.68Robust 1.75 0.08 0.12 −10 800 5.1857 68.32 0.67Table 17: ANOVA results for S/N ratiosParameter Degree of freedom Sum of squares Variane %In�uene RankBlade radius 2 2.8666 1.4333 47.19 1Tip hord 2 1.2508 0.6254 20.59 3Blade twist 2 0.1879 0.0940 3.09 4Rotor speed 2 1.7699 0.8850 29.13 2Error/Others 0 0 - 0Total 8 6.0751 10024
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Table 18: Tolerane design: Design parameters and tolerane levelsTolerane levelsDesign variables Optimum Value Level-1 Level-2 Level-3A Rotor radius 1.75 m ±0.5% ±0.2% ±0.1%B Tip hord 0.08 m ±1% ±0.5% ±0.2%C Blade linear twist −10 deg ±20% ±10% ±4%D Rotor speed 850 rpm ±10 rpm ±4 rpm ±2 rpm
Table 19: Tolerane design: Design parameters and tolerane levelsCost of tolerane atDesign variables Level-1 Level-2 Level-3A Rotor radius 666 1500 3000B Tip hord 100 200 500C Blade linear twist 500 1000 2500D Rotor speed 200 300 600

Table 20: Design parameter matrix for tolerane design: Inner array L9(3
4)Simulation Rotor radius Tip hord Blade linear Rotor speed Tolerane S/NNumber A (%) B (%) twist, C (%) D (rpm) ost, $ ratio

1 ±0.5% ±1% ±20% ±10 1466 −91.1141
2 ±0.5% ±0.5% ±10% ±4 2166 −82.9231
3 ±0.5% ±0.2% ±4% ±2 4266 −83.5586
4 ±0.2% ±1% ±10% ±2 3200 −87.0113
5 ±0.2% ±0.5% ±4% ±10 4400 −108.93
6 ±0.2% ±0.2% ±20% ±4 2800 −95.0807
7 ±0.1% ±1% ±20% ±4 5900 −100.083
8 ±0.1% ±0.5% ±4% ±2 4300 −101.734
9 ±0.1% ±0.2% ±10% ±10 4700 −111.031

Table 21: Optimal mean and tolerane values of design parametersDesign Rotor Tip Root Blade linear Rotorparameter radius hord hord twist speedSymbol R ctip croot θtw ΩUnits m m m degrees rpmMean 1.75 0.08 0.12 −10 800Tolerane ±0.5% ±0.5% ±0.5% ±10% ±425
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