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Abstract!

This paper is about the development of a novel type of non 

coplanar hex rotor with the ability to decouple translational 

and attitude dynamics. The proposed design features six 

variable pitch rotors arranged in three different rotor planes in 

order to point the thrust and torque vectors independently of 

body attitude. It is envisaged that this design could be 

beneficial for operations in confined spaces where the 

requirements for translational control authority design 

outweigh the reduced hover efficiency compared to coplanar 

multi rotors, such as quad rotors. 

The rotor arrangement leads to design and modeling 

challenges which are very different from those of conventional 

planar multi rotor vehicles. The key engineering challenge lies 

in the requirement to generate sufficient thrust for weight 

support with two rotors alone. This paper shows how this 

challenge was overcome by the use of high thrust/weight 

electric variable pitch units and a low airframe mass fraction. 

The design of avionics and indoor positioning solutions is 

discussed and the control strategies are outlined. The 

development and wind tunnel validation of a simulation model 

is discussed and operational modes are presented which satisfy 

the key constraints, linearise the thrust response and optimise 

hover efficiency. 

The feasibility of the concept was demonstrated through the 

flight testing of fixed-pitch design in 2009 and a flight 

demonstration of the variable pitch design is planned for 

IMAV 2011.!

1 INTRODUCTION
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:#7$+!3*-#62;!N7!#-!-+&>2!+&>!-=$+!(!)*+#$,*!$(2!8*!3*-#62*3!

=-#26! &55'7+*'-+*,5! -9-7*4-A! &:*2! -&=%$*! *,*$7%&2#$-! (23!

%(:#3! :%&7&79:#26! -&,=7#&2-;! _=%7+*%4&%*A! (! $&,,*$7#)*'
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2 VEHICLE DESIGN SPECIFICATION

2.1 Systems concept 
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2.2 Electric Variable Pitch Propulsion 
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,(%6*! ,#2*(%! %*6#&2! 7&! -#4:,#59! $&27%&,S! -4(,,! 3#4*2-#&2-S!

(23! (! 4*$+(2#$(,,9! -#4:,*! 3*-#62;! <+*! :%&:=,-#&2! -9-7*4!

7+%=-7d>*#6+7! %(7#&! #-!(7! 7+*! ,#4#7!&5!$&44*%$#(,,9!()(#,(8,*!

U0\!-9-7*4-A!+*2$*!($+#*)#26!7+*!%*K=#%*3!4(Y#4=4!7+%=-7!

#-! (!?*9!$+(,,*26*;!_#2(,,9A!3=*! 7&! 7+*! ,($?!&5! (! -#62#5#$(27!
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!

Component Weight (g) 

H%=-+,*--!4&7&%! GO!

@*%)&! T!

U0\!@9-7*4A!L=8!(23!8,(3*-! CZ!

EO/!U@c! CR!

\&>*%!$&22*$7&%-! R;O!
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<(8,*!CV!"(--!8%*(?3&>2!&5!(2!U0\!=2#7!8(-*3!&2!7+*!/iN!EEJTdEJ!

<(8,*! C! -+&>-! 7+*! 4(--! 8%*(?3&>2! &5! 7+*! U0\! =2#7;!

^+#,-7!4&-7!$&4:&2*27-!(%*!$&4:(%(8,*!#2!4(--!7&!-#4#,(%!

-#M*3! 5#Y*3':#7$+! -9-7*4-A! 7+*%*! #-! (!4(--! :*2(,79! &5! (8&=7!

CJ'EJk!3=*!7&!7+*!2**3!5&%!(2!(33#7#&2(,!($7=(7&%!5&%!8,(3*!

:#7$+!$&27%&,!(23!7+*!#2$%*(-*3!4(--!&5!7+*!%&7&%!+=8;!

!

2.3 Structural design 

<+*!4(#2!$&2-7%(#27!&2!7+*!(#%5%(4*!-7%=$7=%(,!3*-#62!>(-!7&!

4#2#4#-*! 4(--! #2! &%3*%! 7&! *2(8,*! +&)*%#26! &2! 7>&! %&7&%-;!

<+*!:%*,#4#2(%9!7(%6*7!4(--!5&%!7+*!(#%5%(4*!>(-!3*5#2*3!(-!

Connecting 
rod

Slot 

Servo horn 

Digital Micro 
Servo
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>*%*!-#4:,#5#*3!$&2-7%=$7#&2!(23!%*:(#%!5&,,&>#26!3(4(6*;!

<+*!%&7&%!(%4-!(%*!&55!7+*!-+*,5!$(%8&2!5#8%*!7=8#26A!$=7!7&!

,*267+! =-#26! +(23! 7&&,-;! <+*! -#M#26! &5! 7+*! $(%8&2! 5#8%*!

7=8#26! >(-! 8(-*3! &2! -7(7#$! (23! 392(4#$! 5#2#7*! *,*4*27!

(2(,9-#-! (23! >(-! $+*$?*3! *Y:*%#4*27(,,9A! $+&-*2! 5&%!

4#2#4(,!8*23#26!3*5&%4(7#&2!(23!(!2(7=%(,!5%*K=*2$9!(8&)*!

7+*!4&7&%!%:4!%(26*;!

!/,,! &7+*%! $&4:&2*27-! (%*! 4(2=5($7=%*3! 5%&4! /H@!

:,(-7#$! =-#26! (2! #2'+&=-*! ,&>! $&-7! (33#7#)*! FQ! :%#27*%!

.-7*%*&',#7+&6%(:+91;! j-#26! 7+#-! 7*$+2&,&69! $&4:,*Y! :(%7-A!

-=$+!(-!4&7&%!4&=27-!*2-=%#26!7+*!$&%%*$7!(,#624*27!&5!7+*!

%&7&%!&%#*27(7#&2A!$(2!8*!:%&3=$*3;!<+#-!-(4*!4*7+&3!$(2!8*!

=-*3! 7&!($$=%(7*,9!(,#62! 7+*! %&7&%-! #2! 7+*! 7+%**! %&7&%!:,(2*-!

89!:%#27#26!$&4:&2*27-!5&%!(2!(--*48,9!X#6;!!<+*!-7%*267+!7&!

>*#6+7!%(7#&!&5!7+*-*!$&4:&2*27-!#-!-=55#$#*27!5&%!7+*4!7&!8*!

*)(,=(7*3!&2! 7+*! )*+#$,*;!/! -7%#$7!4(--! %*3=$7#&2!:,(2!>(-!

5&,,&>*3!=-#26!$&44*%$#(,!5#2#7*!*,*4*27!-&57>(%*!7&!*2-=%*!

7+*! $&4:&2*27-! >&=,3! 2&7! 5(#,! =23*%! 4(Y#4=4! ,&(3;! /2!

*Y(4:,*! 5&%! 7+#-! 7+*! 4(--'4#2#4#-(7#&2! -7%(7*69! #-! 7+*!

&:7#4#-*3!$*27%*':#*$*!-+&>2!#2!_#6=%*!O;!<+*!=-*!&5!7+*!#2'

+&=-*! :%#27*%! 4*(2-! 3*-#62! #7*%(7#&2-! (%*! #2! 7+*! &%3*%! &5!

4#2=7*-! &%! +&=%-A! (23! %*:,($*4*27! $&4:&2*27-! 5&%! %*:(#%-!

$(2!8*!%*:%&3=$*3!K=#$?,9;!

!

!

_#6=%*!OV!c/Q!4&3*,!&5!7+*!+*Y%&7&%!$*27%*!:#*$*!-+&>#26!7+*!4(--!

4#2#4#-(7#&2!*55&%7-!

!

<+*! )*+#$,*h-! ,(23#26! 6*(%! $&2-#-7-! &5! 7+%**! 7%#:&3-!

$&2-#-7#26! &5! $(%8&2! 5#8%*! -7%=7-! (23! (! 5&(4! 8(,,;! <+*!

,(23#26! 6*(%! -7%=7-! >*%*! -#M*3! 7&! *2-=%*! -=55#$#*27! %&7&%!

6%&=23! $,*(%(2$*! (7! (! ,(23#26! =:! 7&! (! GOz! :#7$+! &%! %&,,!

(77#7=3*;! <+*! $+&-*2! (%%(26*4*27! :%&)#3*3! (2! *(-#,9!

%*:,($*(8,*! ,(23#26! 6*(%! (-! >*,,! (-! (! 3*-#%*3! -7%=$7=%(,!

5(#,=%*! :&#27A! 4#2#4#-#26! 3(4(6*! 7&! 7+*! )*+#$,*A! >#7+!

4#2#4(,!4(--!:*2(,79;!!

!

2.4 Indoor positioning solutions 

c,&-*3! ,&&:! :&-#7#&2! (23! (77#7=3*! $&27%&,! %*K=#%*-!

(8-&,=7*! 4*(-=%*4*27! &5! :&-#7#&2! (23d&%! (77#7=3*;! N2! 7+*!

(8-*2$*! &5!g\@! 5&%! #23&&%! 7*-7#26A! 7>&! %*,(7#)*,9! ,&>! $&-7!

:&-#7#&2#26!-9-7*4-!+()*!8**2!$&2-#3*%*3;!<+*!5#%-7!#-!8(-*3!

&2! 7+*! =-*! &5! 7#4*! &5! 5,#6+7!4*(-=%*4*27-! 5%&4! =,7%(-&2#$!

8*($&2-! (23! 7+*! -*$&23! #-! (2! &:7#$(,! 8(-*3! -9-7*4! =-#26!

(=64*27*3!%*(,#79!4(%?*%-;!

!!! _&%!7+*!=,7%(-&2#$!-&,=7#&2!(!4(-7*%!=2#7!*K=#::*3!>#7+!

4=,7#:,*! %*$*#)*%-! #-!4&=27*3! &2! 7+*! )*+#$,*;! ! U($+!&5! 7+*!

*Y7*%2(,!-,()*!=2#7-!.$=%%*27,9!F1!#-!$&44(23*3!)#(!7+*!%(3#&!

4&3*4!7&!*4#7!(!:=,-*;!!<+*!4(-7*%!=2#7!7+*2!$(,$=,(7*-!7#4*!

&5!5,#6+7!(23!7+*%*5&%*!3#-7(2$*!7&!-,()*!=2#7!5&%!*($+!&5!7+*!

)*+#$,*! %*$*#)*%-;! !<+#-!:%&)#3*-!8&7+!:&-#7#&2!(23!(77#7=3*!

7&!7+*!5,#6+7!$&27%&,,*%!)#(!7+*!@\N!8=-;!

N2! 7+*! )#-=(,! -9-7*4A! /=64*27*3! [*(,#79! ./[1! 4(%?*%-!

(%*! =-*3! (-! (2! (8-&,=7*!4*7%#$! 5&%! ,&$(7#&2! 3*7*$7#&2;! <+#-!

(::%&($+!$&2-#-7-!&5! 7+*!=-*!&5!(!-7(23(%3! ,&>!$&-7!$(4*%(!

(23! $=-7&4! -&57>(%*! 3*)*,&:*3! 7&! #3*27#59! (23! ,&$(,#M*!

-:*$#(,,9!3*-#62*3!/[!4(%?*%-;!!

<+*!$(4*%(!#-!#2#7#(,,9!$(,#8%(7*3!&55,#2*!=-#26!(2!*Y#-7#26!

"/<]/H!7&&,8&Y!BRD;!/,6&%#7+4-!5%&4!7+#-!7&&,8&Y!*Y7%($7!

7+*! $(4*%(h-! #27%#2-#$! :(%(4*7*%-! #2$,=3#26S! 5&$(,! ,*267+A!

:%#2$#:,*! :&#27A! -?*>A! 3#-7&%7#&2! (23! :#Y*,! *%%&%;! <+*-*!

:(%(4*7*%-!(%*!=-*3!5&%!-&57>(%*!$&25#6=%(7#&2!(,,&>#26!7+*!

$(4*%(!7&!8*!=-*3!(-!(!:%&X*$7#)*!-*2-&%;!N2!&%3*%! 7&!3*7*$7!

7+*! 4(%?*%-! (! 4&3#5#*3! )*%-#&2! &5! BZD! #-! =-*3! 7&! %&8=-7,9!

3*7*$7! *36*! :#Y*,-! (23! 7+*2! $&,,*$7! 7+*4! 7&! $%*(7*! ,#2*!

-7%=$7=%*-!=-#26![/b@/c;!/!$&(%-*!6%#3!-9-7*4!#-!=-*3!7&!

&87(#2!%*(,'7#4*!:*%5&%4(2$*;!!

<+*!/[!4(%?*%-!>*%*!-:*$#(,,9!3*-#62*3!7&!8*!#3*27#5#*3!

>#7+#2! 7+#-!j/0! *2)#%&24*27! (23! &:*%(7*! #2! $&,&=%! -:($*!

%(7+*%! 7+(2! 6%(9! -$(,*! (-! #-!4&%*! =-=(,;! I2$*! 7+*!4(%?*%-!

+()*!8**2!3*7*$7*3! 7+*!$&%2*%!:&#27-!>*%*!=-*3! 7&!$%*(7*!(!

-*%#*-! &5! :&#27-! 7+(7A! >+*2! $&48#2*3! >#7+! 7+*! $(4*%(!

:%&:*%7#*-!%*-=,7!#2!7+*!:&-#7#&2!&5!7+*!$(4*%(!%*,(7#)*!7&!7+*!

4(%?*%-;! <+*! -&57>(%*! >(-! 3*)*,&:*3! #2! c{{A! =-#26!

I:*2c0! BTD! 5&%! :,(75&%4! #23*:*23*2$*! (23! 5&%! $&44&2!

#4(6*!:%&$*--#26!5=2$7#&2-;!

<+*!4(#2!#--=*!>#7+!7+*!$=%%*27!/[!(::%&($+!#-!7+(7!7+#-!

-9-7*4! &2,9! >&%?-! >#7+! (! -#26,*! $(4*%(A! +&>*)*%! 7&! 6*7!

(3*K=(7*! $&)*%(6*! &5! (! 7*-7! (%*(! 4=,7#:,*! $(4*%(-! >#,,! 8*!

2**3*3;!<+*%*!(%*!(,-&!#--=*-!7&!8*!%*-&,)*3!>#7+!*%%&%-!3=*!

7&!7+*!2&2'=2#5&%4!,#6+7#26!&5!7+*!/[!4(%?*%-;!

!

!

Marker Size 1.5m 2m  2.5m 3m 

T$4! CJJk! TJk! EJk! Jk!

CJ$4! CJJk! CJJk! OJk! EJk!

CE$4! CJJk! CJJk! CJJk! CJJk!

<(8,*!EV!I:7#$(,!:&-#7#&2#26!-9-7*4!:*%5&%4(2$*!(6(#2-7!3#-7(2$*!&5!$(4*%(!

5%&4!)*+#$,*!.:*%$*27!&5!-=$$*--5=,,9!%*$&62#M*3!4(%?*%-1!

!

/,7+&=6+!7+#-!4*7+&3!#-!$=%%*27,9!,#4#7*3!89!7+*!*55*$7#)*!

3*7*$7#&2!%(26*A!>#7+!7+*!%#6+7!$&27%&,!&5!7+*!$(4*%(!7+*!=-*!

&5!/[!4(%?*%-!$(2!8*!=-*3!(-!:(%7!&5!(!$&4:,*7*!-&,=7#&2!5&%!

j/0!,&$(,#M(7#&2!>#7+#2!(!$&27%&,,*3!7*-7!(%*(;!

!

!

_#6=%*!PV!UY(4:,*!&5!7+*!/[!4(%?*%-!!

!

!
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!

2.5 Avionics solution 

N2!&%3*%!7&!%*3=$*!$&-7-!(23!%*3=$*!3*)*,&:4*27!7#4*A!7+*!

&28&(%3! *,*$7%&2#$-! :($?(6*! #-! 8(-*3! &2! 7+*! =-*! &5! &:*2'

-&=%$*!+(%3>(%*!(23!&:*2!-&=%$*!-&57>(%*;!

@7(8#,#M(7#&2! (23! 6=#3(2$*! #-! $&27%&,,*3! =-#26! (2! &:*2'

-&=%$*! (=7&:#,&7! =2#7! $(,,*3!/%3=\#,&7!"*6(! BCJD! <+*! =2#7!

$&4:%#-*-!&5V!

!

• /<"*6(!CETJ!4#$%&:%&$*--&%!

• F'(Y#-!69%&-!(23!F!(Y#-!($$*,*%&4*7*%-!

• /8-&,=7*!:%*--=%*!-*2-&%!

• I2'8&(%3!3(7(,&66#26!

!

<+*!3*-#62! #-!$&4:(7#8,*!>#7+!3*)#$*-!5%&4!7+*!/%3=#2&!

:%&X*$7! BCCDA! >+#$+! 5&$=-*-! &2! -#4:,*! 7&! =-*! 3*)#$*-! 5&%!

:%&7&79:#26! *48*33*3! (::,#$(7#&2-;! ! /%3=\#,&7! =-*-! 7+*!

-(4*! -&57>(%*! *$&-9-7*4! 8=7! >#7+! (! 5&%4! 5($7&%! 4&%*!

-=#7(8,*!5&%!4#$%&'()#&2#$-!=-*;!

c&27%&,! -&57>(%*! #-! 8(-*3! =:&2! $&3*! 5%&4! 8&7+! 7+*!

/%3=\#,&7! (23! /*%&q=(3! :%&X*$7-! BCCDS! 7+#-! %*3=$*-!

3*)*,&:4*27!7#4*!89!:%&)#3#26!:%&)*2!,#8%(%#*-!5&%!$&44&2!

(=7&:#,&7! 7(-?-! 7&! >+#$+! 7+*! =2#K=*! $&27%&,! (,6&%#7+4-!

%*K=#%*3!5&%!7+#-!:%&X*$7!(%*!8*#26!#4:,*4*27*3;!

Q#6#! iH**! E;G! \%&! >#%*,*--! 4&3*4-! :%&)#3*! 8#'

3#%*$7#&2(,! 7*,*4*7%9! (23!4(2=(,! $&27%&,! #-! )#(! (! -7(23(%3!

@:*?7%=4! E;GgLM! CE! $+(22*,! 7%(2-4#77*%! (23! (! E;GgLM!

Q@"E!%*$*#)*%! 7&!4#2#4#M*! #27*%5*%*2$*! #--=*-;!/!3*$#-#&2!

>(-!4(3*! 7&!=-*!H]'c<]!0C;E! -:**3! $&27%&,,*%-! 5%&4! 7+*!

"#?%&?&:7*%! BCED! :%&X*$7;! <+*-*! =2#7-! :%&)#3*! &:*2! -&=%$*!

($$*--!7&!$&27%&,,*%!(,6&%#7+4-A!(,,&>!7+*!5,#6+7!$&27%&,,*%!7&!

K=*%9! *($+! :%&:=,-#&2! =2#7! (8&=7! $=%%*27! 3%(>A! %&7(7#&2(,!

)*,&$#79! (23! 7*4:*%(7=%*! (23! (%*! (,-&! (::%&Y#4(7*,9! EO'

FOk! ,#6+7*%! 7+(2! -#4#,(%! -:*$#5#$(7#&2! $&44*%$#(,! -:**3!

$&27%&,,*%-;!

\&>*%! #-! -=::,#*3! 89! (! $&44*%$#(,,9! ()(#,(8,*! F'$*,,!

,#7+#=4':&,94*%! 8(77*%9A! (23! #-! 3#-7%#8=7*3! 7&! (,,! -:**3!

$&27%&,,*%-!(23!()#&2#$-!)#(!(!$&44&2!:&>*%!8=-;!

!

!

!

!

!

3 CONTROL STRATEGIES

3.1 Bi-state control principle 

H*$(=-*!&5!7+*!2&)*,!($7=(7#&2!(%$+#7*$7=%*!&5!7+#-!)*+#$,*!

-7(23(%3! K=(3%&7&%! $&27%&,! (,6&%#7+4-! (%*! 2&7! -=#7(8,*;!!

N2-7*(3A! 7+*! )*+#$,*! =-*-! >+(7! #-! %*5*%%*3! 7&! (-! (! 8#'-7(7*!

$&27%&,! -$+*4*V! ! ! N2! 7+*! 7%(2-,(7#&2(,! -7(7*! 7+*! )*+#$,*!

%&7(7#&2(,!(Y*-!(%*!5#Y*3!%*,(7#)*!7&!*(%7+!(Y#-!(23!7+*!)*+#$,*!

#-! $&44(23*3! 7&! 7%(2-,(7*! #2! 7+*! U(%7+! 5#Y*3! YA! 9! (23! M!

3#%*$7#&2-;! N2! 7+*! %&7(7#&2(,! -7(7*A! 7+*! )*+#$,*! :&-#7#&2! #-!

5#Y*3!(23!$&27%&,!#2:=7-!(%*!=-*3!7&!$+(26*!7+*!&%#*27(7#&2!&5!

7+*!)*+#$,*;!c&27%&,!#2:=7-!4(9!8*!%&7(7#&2-!.&%!%(7*-1!(8&=7!

*#7+*%! 7+*! )*+#$,*! 8&39! (Y*-! &%! 7+*! *(%7+! 5#Y*3! (Y*-;!!

[&7(7#&2! (23! :&-#7#&2! (%*! :*%-#-7*3! ($%&--! -7(7*! $+(26*-!

(,,&>#26! 7+*! &:*%(7&%! 7&! %&7(7*! 7+*! )*+#$,*! #27&! 7+*! $&%%*$7!

&%#*27(7#&2! 8*5&%*! 7%(2-,(7#26! 7&>(%3! 7+*! %*6#&2! &5! #27*%*-7!

.>#7+#2!7+*!,#4#7-!&5!($7=(7&%!-(7=%(7#&21;!

3.2 Static mapping control strategy 

<&! %*3=$*! 7+*! 7+%=-7! 7#4*! $&2-7(27! &5! 7+*! :%&:=,-#&2!

-9-7*4! 7+*! :%&:&-*3! 4&3*! &5! &:*%(7#&2! #-! 7&! %=2! 7+*!

:%&:=,-#&2! -9-7*4! (7! (! $&2-7(27! 8(-*! %&7(7#&2(,! -:**3! (23!

($+#*)*!$&27%&,!7+%&=6+!)(%#(8,*':#7$+!(,&2*;!

_=,,!-7(7*!5**38($?!$&27%&,!5&%!7+*!)*+#$,*!+(-!:%*)#&=-,9!

8**2! -927+*-#-*3! (23! :%*-*27*3! #2! BPD;! <+#-! -*$7#&2! #-!

#2$,=3*3! #2! &%3*%! 7&! &=7,#2*! -&4*! &5! 7+*! #4:,*4*27(7#&2!

#--=*-!*2$&=27*%*3;!

<+*!3*$&=:,#26!&5!5&%$*!(23!7&%K=*!#2+*%*27!#2!7+*!3*-#62!

&5! 7+*! )*+#$,*! #4:,9! (! 3*$&=:,#26! 8*7>**2! 7%(2-,(7#&2! (23!

(77#7=3*;! ! <+*%*5&%*A! 7+*! )*+#$,*! *55*$7#)*,9! +(-! 7>&!

$&27%&,,*%-A!>+#$+!#23*:*23*27,9!$(,$=,(7*!7+*!%*K=#%*3!5&%$*!

(23!7&%K=*!)*$7&%-!5&%!7+*!)*+#$,*;!!/!4(::#26!5=2$7#&2!7+*2!

7%(2-,(7*-! 7+*-*! )*$7&%-! #27&! (! :#7$+! $&44(23! 5&%! *($+!

:%&:=,-#&2!=2#7;!

<+*! $&27%&,,*%-! (%*! #4:,*4*27(7#&2! -:*$#5#$S! *Y(4:,*!

$&27%&,,*%-!3*%#)*3!=-#26!$,(--#$(,!7+*&%9!$(2!8*!5&=23!#2!BPD!

(23! 7+*-*! $&27%&,,*%-! 5&%4! 7+*! 8(-#-! &5! 7+*! &2*-! =-*3! &2!

8&(%3!7+*!$=%%*27!)*+#$,*;!<+*!4(::#26!5=2$7#&2!+&>*)*%!#-!

&5! #27*%*-7! (-! #7! #-! -:*$#5#$! &2,9! 7&! 7+*! 6*2*%(,! )*+#$,*!

$&25#6=%(7#&2;!

_&%! (! %*K=#%*3! 5&%$*! (23! 7&%K=*! %*-:&2-*A! (--=4#26! -7(7#$!

$&23#7#&2-! -=$+! (-! (%&=23! +&)*%A! (! %*K=#%*4*27! )*$7&%!

[ ]T
uuuuuu POGFEC

!$(2!8*!3*5#2*3!=-#26!!

_#6=%*!RV!/)#&2#$-!-9-7*4!8,&$?!3#(6%(4!+#6+,#6+7#26!4(X&%!$&4:&2*27-!
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.b4d%(3!!7&%K=*:#7$+!7&!%*,(7#267!c&*55#$#*2

.41,*267+!!(%4[&7&%!

.bd%(31!5&%$*!:#7$+!7&!%*,(7#267!c&*55#$#*2!|

.b41!(Y*-8&39!#2!!)*$7&%!3*4(23!<&%K=*
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!

<+*!%*K=#%*3!:#7$+!(26,*-!5&%!*($+!%&7&%A iθ A!(%*!$(,$=,(7*3!

89! -=8-7#7=7#26! 7+*! %*K=#%*4*27-! )*$7&%!

[ ]T
uuuuuu POGFEC

!!#27&!UK=(7#&2!E;!

[ ]POG θθθ !(%*!7+*2!-=8-7#7=7*3!#2!UK=(7#&2!F!7&!&87(#2!

7+*!$&4:,*7*!:#7$+!%*K=#%*4*27!)*$7&%;!
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"(2=(,! $&27%&,! &5! 7+*! )*+#$,*! 89! 7+*! &:*%(7&%! $(2! 8*!

#4:,*4*27*3! 89! =-#26! (! -7(23(%3! [c! $&27%&,,*%! 7&! $&27%&,!

*#7+*%! Jf &%! bt )#(! (::%&:%#(7*! -$(,#26! (23! 3(4:#26;! ! <+*!

=2$&27%&,,*3!)*$7&%!#-!-#4:,9!-*7!7&!J!.7+*!5&%$*!#2:=7!)*$7&%!

#2$,=3*-!(!6%()#7(7#&2(,!$&4:*2-(7#&2!7*%41;!

!

H&7+! $&27%&,! w! 4(::#26! 5=2$7#&2-! (%*! -#62#5#$(27,9! 4&%*!

$&4:=7(7#&2(,,9! *Y:*2-#)*! 7+(2! 7+&-*! &5! (! 7%(3#7#&2(,!

K=(3%&7&%;! N4:,*4*27(7#&2! &5! 7+*! $&27%&,,*%-! (23! 4(::#26!

5=2$7#&2! #2! 7+*!/%3=\#,&7! $&27%&,,*%! #2)&,)*-! 7%(2-,(7#&2! &5!

7+*! %*K=#%*3! (,6&%#7+4-! #27&! 7+*!^#%#26! ,(26=(6*! =-*3! 89!

/%3=#2&! $&4:(7#8,*! *48*33*3! $&27%&,,*%-! -=$+! (-! 7+*!

/%3=\#,&7!"*6(;!

<+#-! :%&$*3=%*! #-! -&4*>+(7! $&4:,#$(7*3! 89! 7+*! ,($?! &5!

2(7#)*! 4(7%#Y! -=::&%7! #2! ^#%#26! #7-*,5;! ! _=%7+*%4&%*A! 7+*!

/<4*6(! CETJ! ,($?-! (! 5,&(7#26':&#27! =2#7! (23! 7+*%*5&%*!

5,&(7#26':&#27! (%#7+4*7#$! 4=-7! 8*! $(,$=,(7*3! #2! -&57>(%*;!!

<+*!69%&! (23! ($$*,*%&4*7*%! -*2-&%! 5#,7*%#26! (,%*(39!4(?*-!

+*()9! =-*! &5! 5,&(7#26':&#27! $(,$=,(7#&2-A! %*-7%#$7#26! c\j!

$9$,*-!()(#,(8,*!5&%!&7+*%!:(%7-!&5!7+*!5,#6+7!$&27%&,!-&57>(%*;!!

^+#,-7! 7+#-! #-! 2&7! (2! #--=*! >#7+! 7+*! $=%%*27! $,(--#$(,!

$&27%&,,*%-A! #4:,*4*27(7#&2! &5! 4&%*! $&4:=7(7#&2(,,9!

*Y:*2-#)*! $&27%&,,*%-! 4(9! %*K=#%*! 7+*! $&27%&,! w! 4(::#26!

(,6&%#7+4-!7&!8*!:&%7*3!7&!=7#,#M*!5#Y*3':&#27!&%!*)*2!#27*6*%!

(%#7+4*7#$;!!<+#-!-+&=,3!8*!:&--#8,*!>#7+!,#77,*!&%!2&!,&--!&5!

$&27%&,! K=(,#79! (23! >&=,3! 9#*,3! -#62#5#$(27! :*%5&%4(2$*!

#4:%&)*4*27;!

!

3.3 Hardware in the loop simulation 

N4:,*4*27(7#&2!&5! 7+*!2*>!U0\!-9-7*4!5&%! 7+*!+*Y%&7&%!

)*+#$,*!%*K=#%*-!3*)*,&:4*27!&5!(!2*>!5,#6+7!$&27%&,!-9-7*4!

#2! 7*%4-! &5! 5,#6+7! $&27%&,! +(%3>(%*! (23! -&57>(%*;;! _&%! 7+*!

:=%:&-*-! &5! #2#7#(,! 6%&=23! 7*-7#26! (! +(%3>(%*'#2'7+*',&&:!

-#4=,(7#&2! (::%&($+! +(-! 8**2! (3&:7*3;! <+#-! (,,&>-! 7*-7#26!

&5! 7+*! :+9-#$(,! *48*33*3! 5,#6+7! $&27%&,,*%! 89! 6*2*%(7#26!

)#%7=(,!N"j!-*2-&%!3(7(!(23!5**3#26!7+*4!#27&!7+*!$&27%&,,*%!

=23*%! 7*-7;! <+*! 6*2*%(7#&2! &5! )#%7=(,! 3(7(! #-! 3&2*! 89! (!

@#4=,#2?! 4&3*,! &5! 7+*! )*+#$,*;! <+*! $&27%&,,*%! %*-:&2-*! #-!

7+*2!3*7*%4#2*3!*#7+*%!89!3#%*$7!4*(-=%*4*27!&5!7+*!$&27%&,!

%*-:&2-*!-#62(,!&%!89!4*(-=%#26!7+*!:+9-#$(,!%*-:&2-*!&5!7+*!

-9-7*4! #2! 7*%4-! &5! 7+*! $&,,*$7#)*! :#7$+! (26,*! (23! 7+*!

%&7(7#&2(,!-:**3!&5!7+*!%&7&%!8,(3*-;!!!!

!

!

_#6=%*!TV!\%&:&-*3!+(%3>(%*!#2!7+*!,&&:!-*7=:!

0#%7=(,!K=(27#7#*-!5%&4!7+*!-#4=,(7#&2!4&3*,!(%*!-*27!&)*%!

(! -*%#(,! $&44=2#$(7#&2! $+(22*,! 7&! (2! *,*$7%#$(,! *4=,(7&%A!

>+#$+!#-!(,-&!8(-*3!&2!7+*!/%3=#2&!:,(75&%4;!<+#-!*4=,(7&%!

7+*2!7%(2-5&%4-!7+*!-#4=,(7*3!3#6#7(,!3(7(!#27&!(!:%&:&%7#&2(,!

(2(,&6=*!)&,7(6*!-#62(,!>+#$+!#-A!#2!7=%2A!5*3!(-!#2:=7!7&!7+*!

5,#6+7!$&27%&,,*%;!!!

!

<+#-!-#4=,(7#&2!(::%&($+!(,,&>-!)*%#5#$(7#&2!&5!7+*!8(-#$!

5=2$7#&2(,#7#*-! &5! 7+*! 4#$%&$&27%&,,*%! #2! %*-:&2-*! 7&! 7+*!
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-#4=,(7*3! *2)#%&24*27;! <+#-!4*7+&3! #-! -=#7(8,*! 5&%! 7*-7#26!

&:*%(7#&2'$%#7#$(,! -9-7*4-!-=$+!(-! 5,#6+7!$&27%&,,*%-!>#7+&=7!

7+*! %#-?! &5! 3(4(6#26! 7+*! )*+#$,*;!/33#7#&2(,! %*-:&2-*! 3(7(!

.*;6;! &)*%(,,! 7+%=-7A! 4&4*27-A! *7$;1! >#,,! 8*! &87(#2*3! 89!

:,($#26! 7+*! #27*6%(7*3! )*+#$,*! &2! (2! (::%&:%#(7*! -#Y!

$&4:&2*27!5&%$*!8(,(2$*;!!!!

4 SYSTEM MODELLING

4.1 Modelling concept 

/! -#4=,(7#&2! *2)#%&24*27! 5&%! 7+*! +*Y%&7&%! )*+#$,*! >(-!

$%*(7*3! (-! 7&&,! 5&%! :%*,#4#2(%9! 3*-#62! (23! $&27%&,,*%!

)(,#3(7#&2;! <+*! 4&3*,! #-! #4:,*4*27*3! #2! (! 4&3=,(%!

@#4=,#2?! -9-7*4! (23! 3%(>-! &2! (! %(26*! &5! -7(23(,&2*!

-#4=,(7#&2! 8,&$?-!>+#$+! $&=,3! 8*! $+(26*3! 7&! ,&>*%d+#6+*%!

5#3*,#79! 4&3*,-! (-! %*K=#%*3;! <+*! -#4=,(7#&2! 4&3*,! (,-&!

#2$,=3*-! 6=#3(2$*A! )#-=(,#-(7#&2! 8,&$?-! (23! :#,&7! #27*%5($*!

8,&$?-A!-&!7+(7!&:*%(7#&2-!$(2!8*!-#4=,(7*3!(23!)#-=(,#-*3!=:!

7&!(!4#--#&2!,*)*,;!

4.2 Airframe model 

<+*! (#%5%(4*! #7-*,5! #-! 4&3*,,*3! (-! %#6#3! 8&39! >#7+! 7+*!

4(--! (23! #2*%7#(,! :%&:*%7#*-! &87(#2*3! 3#%*$7,9! 5%&4! (!c/Q!

4&3*,;! <+*! %*,(7#)*,9! $&4:,*Y! 2(7=%*! &5! 7+*! )*+#$,*!

6*&4*7%9! 4*(2-! 7+(7! #7! #-! $&2)*2#*27! 7&! 3*5#2*! 8&7+! (!

$&2)*27#&2(,! 8&39! (Y*-! $&&%3#2(7*! 5%(4*! >#7+! Y! :&#27#26!

5&%>(%3-A!9!7&!-7(%8&(%3!(23!M!3&>2!(23!(2!(33#7#&2(,!8&39!

5#Y*3!5%(4*!(,#62*3!>#7+!7+*!%&7&%!:,(2*-!(-!-+&>2!#2!_#6=%*!

E;!@=#7(8,*!%&7(7#&2!4(7%#$*-!>*%*!*4:,&9*3!7&!%*-&,)*!*(%7+!

(Y*-!)*,&$#7#*-!(23!7+*!,&$(,!5&%$*-!&2!7+*!%&7&%!3#-?-;!

"&-7! :=8,#-+*3! >&%?! &2! 4=,7#'%&7&%! )*+#$,*-A! #2$,=3#26!

&=%! :%*)#&=-! >&%?! BPDA! 7%*(7-! 5=-*,(6*! (*%&392(4#$-! (-!

#2-#62#5#$(27! 2*(%! +&)*%;! <&! #4:%&)*! 7+*! 5#3*,#79! &5! 7+*!

-#4=,(7#&2! (7! 2&2! +&)*%! $&23#7#&2-! 7+*! (#%5%(4*!

(*%&392(4#$-!(%*!4&3*,,*3!=-#26!(Y#(,!(23!2&%4(,!5&%$*-!(-!

5=2$7#&2-!&5!8&39!(77#7=3*;!<+*!4&3*,!>(-!$(,#8%(7*3!=-#26!

>#23! 7=22*,! 3(7(! 5%&4! 7*-7-! &2! -#4#,(%'-#M*3! 4=,7#'%&7&%!

5=-*,(6*!3*-#62-!(7!(!%(26*!&5!:%($7#$(,!8&39!(77#7=3*-;!

!

4.3 Rotor aerodynamics modelling 

<+*!(*%&392(4#$!4&3*,,#26!&5! 7+*!%&7&%-!>(-!&2*!&5! 7+*!

?*9! 4&3*,,#26! $+(,,*26*-! -#2$*! 7+*! =2$&2)*27#&2(,!

(%%(26*4*27!&5! 7+*!%&7&%-! ,*(3! 7&!%&7&%!3#-?!(26,*!&5!(77($?!

>+#$+! (%*! 2&7! 79:#$(,,9! 5&=23! &2! (#%$%(57! :%&:*,,*%-! &%!

+*,#$&:7*%! %&7&%-! =23*%! 2&%4(,! &:*%(7#26! $&23#7#&2-;! <+*!

-#4=,(7#&2! +(3! 7&! 3*,#)*%! P'3&5! 5&%$*-d4&4*27-! (23! 7+*!

%*K=#%*3!%&7&%!:&>*%!5&%!(2!#2#7#(,,9!=2?2&>2!%&7&%!,&(3!(23!

(7! (,,! )*,&$#79! )*$7&%-! &5! :%($7#$(,! #27*%*-7;! H(-*3! &2! 7+*-*!

%*K=#%*4*27-! (23! 7+*! 2**3! 7&! &87(#2! %(:#3! -&,=7#&2-! >#7+!

4&3*-7! $&4:=7#26! %*-&=%$*-A! (! 2=4*%#$(,! 8,(3*! *,*4*27!

4&3*,!>(-!3*)*,&:*3;!_=%7+*%!3*7(#,-!&5! 7+*!4&3*,!(23! 7+*!

>#23! 7=22*,! )(,#3(7#&2! *Y:*%#4*27-!>*%*! :=8,#-+*3! #2! BCFA!

CGD!&2,9!(!8%#*5!-=44(%9!#-!:%*-*27*3!+*%*;!!

<+*! #2:=7-! 7&! 7+*! 8,(3*! *,*4*27! (*%&392(4#$-! 5=2$7#&2!

(%*! 7+*! $=%%*27! )*,&$#79! )*$7&%! &27&! 7+*! %&7&%! 3#-?A! 7+*!

%&7(7#&2(,! -:**3! (23! 7+*! $&,,*$7#)*! :#7$+! (26,*;! /*%&5&#,!

$+&%3A!:#7$+!(23!-*$7#&2!(%*!7%*(7*3!(-!5=2$7#&2-!&5!7+*!%&7&%!

%(3#=-! (23! -927+*7#$! (#%5&#,! 3(7(! #-! =-*3! 7&! %*:%*-*27! 7+*!

2&2,#2*(%!,#57!(23!3%(6!$&*55#$#*27-!(7!7+*!,&$(,!8,(3*!*,*4*27!

[*92&,3-! 2=48*%! 5&%! (! {d'CTJ! z! (26,*! &5! (77($?! %(26*;! /!

5#%-7!&%3*%!5,(::#26!4&3*,!#-!=-*3!7&!(::%&Y#4(7*!7+*!7#:!:(7+!

:,(2*!5&%!(!+#26*,*--!%&7&%!-9-7*4;!!

<+*! #23=$*3! )*,&$#79! #-! (::%&Y#4(7*3! 89! $&48#2#26! (!

%(3#(,! #25,&>! )(%#(7#&2! >#7+! (! C-7! &%3*%! +(%4&2#$! #25,&>!

4&3*,!5&%!5&%>(%3!5,#6+7!BCOD!&%!(!"(26,*%!w!@K=#%*!4&3*,!

BCPD! 5&%! (3)(2$*! %(7#&-! 6%*(7*%! 7+(2! J;C;! <+*! #23=$*3!

)*,&$#79!4&3*,!#-!=-*3!#2!(2!#7*%(7#&2!,&&:!8(-*3!&2!7+*!,&$(,!

)*,&$#79! )*$7&%! (23! ,&(3#26! &5! *)*%9! 8,(3*! *,*4*27;! <+*!

#7*%(7#&2! ,&&:! #-! -7(8#,#-*3!=-#26!(2!&)*%! %*,(Y(7#&2! -$+*4*!

8(-*3!&2!7+*!8,(3*!*,*4*27!,&(3#26;!

<+*!,&$(,!*,*4*27!,&(3#26!#-!%*-&,)*3!#27&!3#-?!5&%$*-!(23!

4&4*27-! (23! 5*3'8($?! #27&! 7+*! )*+#$,*! -#4=,(7#&2!

*2)#%&24*27;! @#2$*! 7+*! $=%%*27! 4*7+&3! #-! 7+(7! #7! 3&*-! 2&7!

$&%%*$7,9! :%*3#$7! )&%7*Y! %#26! -7(7*! $&23#7#&2-! (2! ($$*:7(8,*!

)*+#$,*! )*,&$#79! *2)*,&:*! +(3! 7&! 8*! 4(::*3! &=7A! -&! 7+(7!

2&2*!&5!7+*!#23#)#3=(,!%&7&%-!>&=,3!8*!-=8X*$7!7&!)&%7*Y!%#26!

-7(7*! $&23#7#&2-;! N7! #-! (,-&! 2&7*3! 7+(7! #27*%5*%*2$*! *55*$7-!

8*7>**2! %&7&%-! (%*! #62&%*3! (23! 7+#-! (--=4:7#&2! #-! 7*-7*3!

*Y:*%#4*27(,,9;!

4.4 Electric systems modelling 

<+*!8%=-+,*--!4&7&%!#-!4&3*,,*3!=-#26!(!-7(23(%3!C-7!&%3*%!

Qc!4&7&%! 4&3*,A! -=$+! (-! :%*-*27*3! 89! Q%*,(! BCRD! (23! #2!

:%*)#&=-! K=(3%&7&%! 3*-#62! :%&X*$7-! BCTDA! (23! $&48#2#26! #7!

>#7+!-,#6+7!4&3#5#$(7#&2-!7&!($$&=27!5&%!7+*!:(%7#$=,(%!2(7=%*!

&5! 8%=-+,*--! 4&7&%-;! H(-*3! &2! -#4:,*! :(%(4*7*%-! 5%&4!

4&7&%! 3(7(-+**7-! &%! 4*(-=%*4*27-! 7+*! *,*$7%#$! :&>*%!

$&2-=4:7#&2A! $=%%*27! 3%(>! (23! *,*$7%#$! *55#$#*2$9! $(2! 8*!

*-7#4(7*3;!

/! 5#%-7! &%3*%! 4&3*,! 5&%4! BCTD! 5&%! ,#7+#=4':&,94*%!

8(77*%#*-!#-!=-*3!>#7+!(!5&$=-!&2!7+*!8(77*%9!)&,7(6*!3%&:!(23!

,&--*-! 5&%! (! 6#)*2! ,&(3;! N7! #-! (,-&! =-*3! 7&! *2-=%*! :%($7#$(,!

,#4#7-!&2!7+*!8(77*%9!3#-$+(%6*!#2!7+*!-#4=,(7#&2!4&3*,;!!

4.5 Rotor-motor dynamics 

<+*! 392(4#$-! &5! 7+*! :%&:=,-#&2! -9-7*4! $(2! 8*! %&=6+,9!

8%&?*2! 3&>2! #27&! 7>&! *55*$7-V! 7+*! %&7&%! (*%&392(4#$-! (23!

7+*! #2*%7#(! &5! 7+*! %&7&%'4&7&%! -9-7*4! 7+(7! #-! (55*$7#26! 7+*!

7#4*!$&2-7(27!5&%!$+(26*-!#2!%&7(7#&2(,!-:**3;!

0(%#(8,*'-:**3!%&7&%!-9-7*4-!$(2!*Y:*%#*2$*!(!-#62#5#$(27!

3*,(9! #2! 7+*! %&7(7#&2(,! -:**3! %*-:&2-*! >+#$+! #-! ,(%6*,9!

3%#)*2!89!7+*!#2*%7#(!&5!7+*!-9-7*4!BCD;!H9!=-#26!(!)(%#(8,*'

-:**3!3*-#62!7+#-!*55*$7!$(2!8*!()&#3*3A!8=7!#7!#-!(::%*$#(7*3!

7+(7!5=%7+*%!>&%?!#-!%*K=#%*3!7&!*-7(8,#-+!7+*!392(4#$-!&5!7+*!

%:4!6&)*%2&%!$&27%&,!,&&:-;!

_&%!)(%#(8,*':#7$+! %&7&%-! 7+*%*! #-!(! 7#4*!3*,(9!8*7>**2!(!

:#7$+! ($7=(7#&2! (23! 7+*! $&%%*-:&23#26! 7+%=-7! $+(26*;! <+#-!

3*,(9! $(2! 8*! 4&3*,,*3! =-#26! 7+*! 7#4*! $&2-7(27! &5! 7+*!

392(4#$!#25,&>!IQU!BCPD!

!

.G1 �� �
�����

��	


�
!

_&%!(!79:#$(,!+*Y%&7&%!+&)*%!%:4!&5!TJJJ!.� � 
�������

�1A!(23!(!4*(2!+&)*%!#25,&>!%(7#&!.��� � �����1!7+#-!9#*,3-!(!

7#4*!$&2-7(27!&5!F!4-;!<+#-!3*,(9!#-!C'E!&%3*%-!&5!4(62#7=3*!

-4(,,! 7+(2! &2! 5=,,! -#M*3! +*,#$&:7*%-! (23! >(-! $&2-#3*%*3!

#2-#62#5#$(27!5&%!7+*!:=%:&-*!&5!7+#-!-7=39;!

4.6 Experimental validation 

UY:*%#4*27-! >*%*! $(%%#*3! &=7! 7&! *)(,=(7*! 7+*! %&7&%!

:*%5&%4(2$*! (23! *-7(8,#-+! 7+*! 4(62#7=3*! &5! %&7&%!

#27*%5*%*2$*!*55*$7-;!!
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_#6=%*!ZV!0(%#(8,*!:#7$+!>#23!7=22*,!7*-7!%#6!>#7+!5&%$*!8(,(2$*!(23!%:4!

-*2-&%;![&7&%!3#(4*7*%!e!EOG!44!

<+*! %&7&%! :*%5&%4(2$*! >(-!4*(-=%*3! &2! (! -7(7#$! 7*-7%#6!

(23!#2!>#237=22*,!7*-7-!(!%&7&%!-#4#,(%!7&!7+*!%&7&%-!=-*3!&2!

7+*! 5#2(,!3*-#62;!<+*! 7*-7! %&7&%-!+(3!(! %(3#=-!&5!J;CER!4A!(!

-&,#3#79!&5!J;JZZ!(23!-944*7%#$(,A!=27>#-7*3!>#7+!(!$&2-7(27!

$+&%3!8*7>**2!GJ'CJJk!%(3#=-;!<+*! %&7&%!>(-! 7*-7*3! #2!(2!

&:*2'$#%$=#7! 8,&>!3&>2! ,&>! -:**3! 7=22*,!>#7+! (! J;ZYCC;4!

7*-7!-*$7#&2!(23!(!7=%8=,*2$*!,*)*,!&5!J;Ok;!!/!P'(Y#-!5&%$*!

8(,(2$*!>(-! 5#77*3! 8*7>**2! 7+*!4&7&%! (23! 7+*! -=::&%7! (%4!

(23!(2!&)*%+*(3!9(>!$&27%&,!4*$+(2#-4!>(-!=-*3!7&!(,,&>!

5&%!(!FPJz!%&7(7#&2;!<+*!(--*48,9!>(-!*K=#::*3!>#7+!(!L(,,!

*55*$7! -*2-&%! 5&%! 7+*! %&7(7#&2(,! -:**3! (23! :%*--=%*!

7%(2-3=$*%-!5&%!7+*!7=22*,!)*,&$#79;!

[*(,'7#4*! 3(7(! ($K=#-#7#&2! *K=#:4*27! >(-! =-*3! 7&! -*7!

3*4(23-! 5&%! $&,,*$7#)*! :#7$+! (23! %:4! (23! 5&%! 7(?#26!

-#4=,7(2*&=-! 4*(-=%*4*27-! &5! (,,! -*2-&%-;! <+*! 3(7(! >(-!

:&-7':%&$*--*3! (23! *Y:%*--*3! #2! 2&23#4*2-#&2(,! 5&%$*!

$&*55#$#*27!(23!(3)(2$*!%(7#&-!>+#$+!$&=,3!8*!=-*3!7&!:(%7,9!

)(,#3(7*! 7+*! 8,(3*! *,*4*27! 4*7+&3! &)*%! 7+*! %(26*! &5! 5,&>!

$&23#7#&2-!&5!:%($7#$(,!#27*%*-7;!_=%7+*%!3*7(#,-!&5!7+*!7*-7#26!

(23!*Y:*%#4*27-!$(2!8*!5&=23!#2!BCFA!CGD;!

<+*! %&7&%'%&7&%! #27*%5*%*2$*! &5! 7+*! :%&:&-*3! +*Y%&7&%!

%&7&%!(%%(26*4*27!>(-!-7=3#*3!=-#26!(!6*&4*7%#$(,,9!-#4#,(%!

5#Y*3':#7$+! +*Y%&7&%! 4&=27*3! &2! (! P'$&4:&2*27! 5&%$*!

8(,(2$*;! _&%$*-! (23!4&4*27-! >*%*! 3*4(23*3! 7+%&=6+! 7+*!

-7(7#$! 4(::#26! %*,(7#&2-+#:-! 3*-$%#8*3! #2! F;E! (23! 7+*!

,#2*(%#79! (23! &55'(Y*-! %*-:&2-*! >(-! -7=3#*3;! N2! +&)*%!

#27*%5*%*2$*! >(-! 5&=23! 7&! +()*! 2*6,#6#8,*! *55*$7-! &2! 2*7!

5&%$*-! (23! 4&4*27-! BPDA! (,7+&=6+! 2&! X=36*4*27! $(2! 8*!

4(3*!&2!#27*%($7#&2!*55*$7-!#2!5&%>(%3!5,#6+7;!

!

5 RESULTS

5.1 Variable pitch operating mode and performance 

_&%! (2! *,*$7%#$! )(%#(8,*! :#7$+! -9-7*4! 7+*! 7+%=-7! 3*4(23!

$(2!8*!4**7!>#7+!(! %(26*!&5!$&,,*$7#)*!:#7$+!(23! %&7(7#&2(,!

-:**3! $&48#2(7#&2-;! j-#26! -#4=,(7#&2-! (23! *Y:*%#4*27(,!

)(,#3(7#&2!(2!&:*%(7#26!4&3*!>(-!3*5#2*3!7&!-(7#-59!7+*!?*9!

$&2-7%(#27! &5! +&)*%#26! &2! 7>&! %&7&%-!>+#,-7! &:7#4#-#26! 7+*!

$&48#2*3! (*%&392(4#$! (23! 4&7&%! *55#$#*2$9! 5&%! 79:#$(,!

+&)*%!$&23#7#&2-;!

!

!

_#6=%*!CJV!L&)*%!:*%5&%4(2$*!)(,#3(7#&2!(23!*55#$#*2$9!&5!(!-#26,*!U0\!

=2#7!

_#6=%*! CJ! -+&>-! -#26,*! %&7&%! 7+%=-7! (23! $&48#2*3!

*55#$#*2$9! (6(#2-7! $&,,*$7#)*! :#7$+;! N7! 3*4&2-7%(7*-! 7+*!

-=#7(8#,#79! &5! 7+*! :%&:&-*3!U0\! -9-7*4A! 8*$(=-*! 7+*!>&%-7!

$(-*! 3*-#62! $&2-7%(#27! &5! ,#57#26! 7+*! )*+#$,*! &2! 7>&! %&7&%-!

.<ePb1! $(2! 8*! -(7#-5#*3! #5! 7+*! -9-7*4! #-! &:*%(7*3! (7! (!

-=55#$#*27,9! +#6+! 8(-*! %:4! &5! CEOJJ;! <+#-! %&7(7#&2(,! -:**3!

(,-&!4(Y#4#-*-! 7+*! -9-7*4! *55#$#*2$9! (%&=23! 79:#$(,! +&)*%!

$&23#7#&2-! .\#7$+! e! Z;OzA! <eF;Ob1! 5&%! >+#$+! 7+*! >*#6+7!

-=::&%7!#-!:%&)#3*3!89!(,,!-#Y!%&7&%-;!/%&=23!7+*-*!&:*%(7#26!

$&23#7#&2-! 7+%=-7! %*-:&23-! ,#2*(%,9! 7&! -4(,,! $+(26*-! #2!

$&,,*$7#)*!:#7$+;!!

<+*! )*+#$,*! *23=%(2$*! (7! 7+*! :%&:&-*3! &:*%(7#26!

$&23#7#&2-!>(-!-7=3#*3!(-!(!5=2$7#&2!&5!)*+#$,*!4(--;!H(-*3!

&2! 7+*! ()(#,(8#,#79! &5! -=#7(8,*! 8(77*%#*-! (23! 7+*! 7%(3*'&55!

8*7>**2! (33#7#&2(,! 8(77*%9! $(:($#79! (23! #2$%*(-*3! :&>*%!

3*4(23! 7+*!4(Y#4=4! *23=%(2$*! 5&%! 7+*! $=%%*27! 3*-#62! #-!

*-7#4(7*3! (%&=23! P'R! 4#2=7*-! >#7+! (! F;O/+! F'$*,,! ,#7+#=4!

:&,94*%!8(77*%9;!^+#,-7!7+#-!*23=%(2$*!#-!$&2-#3*%(8,*!,&>*%!

7+(2! &2! -#4#,(%,9! -#M*3! :,(2(%! %&7&%$%(57! )*+#$,*-A! 7+#-! #-! (!

2*$*--(%9!7%(3*'&55!%*-=,7#26!5%&4!7+*!=2#K=*!$(:(8#,#7#*-!&5!

7+*!+*Y%&7&%!3*-#62;!

!

5.2 Current state of the project 

H(-*3! &2! 7+*!4*7+&3! (23! *Y:*%#4*27-! :%*-*27*3! #2! 7+#-!

:(:*%! (! :%&7&79:*! &5! 7+*! )*+#$,*! +(-! 8**2! 3*-#62*3! =-#26!

$&44*%$#(,,9! ()(#,(8,*! :(%7-! (23! &:*2'-&=%$*! *,*$7%&2#$-!

-&,=7#&2-;!<+*!5,#6+7!$(:(8,*!)*%-#&2!&5!7+*!:%&7&79:*A!(-!&5!

/=6=-7!EJCCA!$(2!8*!-**2!#2!_#6=%*!CC;!

!

!

_#6=%*!CCV!_,#6+7'$(:(8,*!:%&7&79:*!&5!7+*!)(%#(8,*':#7$+!+*Y%&7&%!>#7+!

(--*48,*3!U0\!=2#7-!(23!(2!/%3=:#,&7!4*6(!
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!

!
!

_=%7+*%! -7(7#$! (23! 5%**! 5,#6+7! 7*-7#26! &5! 7+*! +*Y%&7&%! #-!

:,(22*3!5&%!@*:7*48*%!EJCC;!

<+*! 7(?*! &55! 4(--! &5! 7+*! :%&7&79:*! #-! C;E?6;! <+*! 4(--!

8%*(?3&>2! #2! _#6=%*! CE! #-! K=#7*! 3#55*%*27! 5%&4! 7%(3#7#&2(,!

$&:,(2(%!)*+#$,*-!3=*!7&!7+*!+#6+!:%&:=,-#&2!6%&=:!(23!,&>!

(#%5%(4*!4(--!5%($7#&2;!!

!

!

_#6=%*!CEV!0*+#$,*!4(--!8%*(?3&>2!

6 CONCLUSIONS

<+*!*26#2**%#26!3*-#62!5&%!(!2&)*,!+*Y%&7&%!)*+#$,*!>#7+!

)(%#(8,*':#7$+! %&7&%-! +(-! 8**2! #27%&3=$*3! >+#$+! +(-! 7+*!

(8#,#79! 7&! :&#27! 7+*! 7+%=-7! )*$7&%! #23*:*23*27! &5! 7+*! 8&39!

(77#7=3*;!<+*!?*9!$&27%#8=7#&2!&5! 7+#-!:(:*%! #-! 7&!:%*-*27!(2!

*26#2**%#26!(23!-#4=,(7#&2!(::%&($+!7+(7!*2(8,*-!7+*!3*-#62!

&5! -=$+! (! )*+#$,*!>#7+! $&44*%$#(,,9! ()(#,(8,*! $&4:&2*27-!

(23!,(%6*,9!&:*2!-&=%$*!8(-*3!-&57>(%*!-&,=7#&2-;!

N7!#-!-+&>2!7+(7!7+*!?*9!3*-#62!$&2-7%(#27!7+(7!(%#-*-!5%&4!

7+*!+*Y%&7&%!$&2$*:7!#-!7+*!2**3!7&!:%&)#3*!-=55#$#*27!7+%=-7!

>#7+!7>&!%&7&%-!7&!,#57!7+*!*27#%*!)*+#$,*A!-&!7+(7!7+%=-7!$(2!8*!

)*$7&%*3!(7!(29!(77#7=3*;!<+#-! %*K=#%*4*27!+(-!8**2!4*7!89!

3*-#62#26!(2!(#%5%(4*!>#7+!(!4(--!5%($7#&2!&5!(%&=23!Tk!&5!

7+*! (,,! =:! >*#6+7! (23! 7+*! -*,*$7#&2! &5! (2! *,*$7%#$! )(%#(8,*!

:#7$+! :%&:=,-#&2! -9-7*4! 8(-*3! &2! (! 4(Y#4=4! :%&:=,-#&2!

=2#7!7+%=-7!7&!>*#6+7!%(7#&!%(7+*%!7+(2!*55#$#*2$9;!!

@#4=,(7#&2! (23! 7*-7#26! -7%(7*6#*-! 5&%! 7+*! =2#K=*! %&7&%!

(%%(26*4*27! >*%*! :%*-*27*3! (23! 7+*! 5*(-#8#,#79! &5! 7+*!

:%&:=,-#&2! =2#7! -7(7#$! 7+%=-7! %*-:&2-*! >(-! 3*4&2-7%(7*3!

7+%&=6+!6%&=23!7*-7#26!(23!-#4=,(7#&2;!

!
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