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ABSTRACT

Wind tunnel testing was performed on a VTOL aircraft in 

order to characterize longitudinal flight behavior during a 

transition between vertical and horizontal flight modes. Trim 

values for airspeed, pitch, motor speed and elevator position 

were determined. Data was collected by independently varying 

the trim parameters, and stability and control derivatives were 

identified as functions of the trim pitch angle. A linear 

fractional representation model was then proposed, along with 

several methods to improve longitudinal control of the aircraft.  

1 INTRODUCTION

"&3*%2! =%8(2! %*$&22(#--(2$*! 4#--#&2-! 3#$7(7*! 7+*! 2**3!

5&%! (! "#$%&! /#%! 0*+#$,*! ."/01! :,(75&%4! $(:(8,*! &5!

:*%5&%4#26!(!$&4:,*Y!4#--#&2V!%(:#3!(23!*55#$#*27!#26%*--!7&!

(! 7(%6*7! ,&$(7#&2! 5&,,&>*3! 89! -,&>! ,&#7*%! 5&%! K=(,#79! #4(6*!

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

:%*-*2$*! &5! 79:#$(,! =%8(2! &8-7($,*-A! :&--#8,*! ,($?! &5! g\@A!

(23!*%%(7#$!>#23'6=-7#26;!<+#-!4(9!8*!($+#*)*3!=-#26!(!7#,7'

8&39! 5#Y*3'>#26! )*+#$,*!>+#$+! $&48#2*-! 7+*! -:**3A! %(26*A!

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

:%*$#-#&2!$(:(8#,#79!&5!(!%&7&%$%(57!)*+#$,*;!

<+*!"/0#&2A!-+&>2!#2!_#6=%*!CA!+(-!8**2!$%*(7*3!5&%!7+#-!

:=%:&-*;! N7! $&48#2*-! (! 5#Y*3'>#26! (#%5%(4*! >#7+! 7(23*4!

$&=27*%'%&7(7#26! %&7&%-! >#7+&=7! %*-&%7#26! 7&! (! +&,,&>! -+(57!

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

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

>#26!7#:!)&%7#$*-;!/,-&A!(!7(23*4'%&7&%!$&25#6=%(7#&2!+(-!7+*!

(3)(27(6*!&5!:%&)#3#26!(2!*Y7%(!3*6%**!&5!5%**3&4!7&!$&27%&,!

7+*! )*+#$,*! (,&26! 7+*! 9(>! (Y#-;! _%&4! (2! (*%&392(4#$!

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

:%&:*,,*%! -,#:-7%*(4A! 9#*,3#26! +#6+*%! (*%&392(4#$! 5,(:!

*55#$#*2$9! (23! (! 8*77*%! (*%&392(4#$! :*%5&%4(2$*! 3=*! 7&! (!

+#6+*%!(-:*$7!%(7#&;!

!

!
!

_#6=%*!CV!<+*!"/0#&2A!(!7(23*4'%&7&%!7#,7'8&39!$&25#6=%(7#&2!

!

!

/7! 7+*! EJJZ! N27*%2(7#&2(,! "/0! $&4:*7#7#&2! +*,3! #2!

\*2-($&,(A! _,&%#3(A! (! 7*(4! &5! -7=3*27-! 5%&4! ,hN2-7#7=7!

@=:r%#*=%! 3*! ,h/r%&2(=7#K=*! *7! 3*! ,hU-:($*! .N@/U1!

3*4&2-7%(7*3! 7+*! +&%#M&27(,! 5,#6+7! $(:(8#,#7#*-! &5! 7+*!

"/0#&2!#2!7+*!&=73&&%!2()#6(7#&2!$&4:*7#7#&2;!/7!7+*!EJCJ!

4**7#26! #2!H%(=2-+>*#6!g*%4(29! (! )*%7#$(,! )*%-#&2! &5! 7+*!

(#%$%(57!>(-! 5,&>2! #2! 7+*! #23&&%! $&4:*7#7#&2;!Q*)*,&:4*27!

&5!7+*!"/0#&2!+(-!$&27#2=*3!(23!7+*!(#%$%(57!#-!2&>!$(:(8,*!

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

(23!+&%#M&27(,!5,#6+7!4&3*-;!/!>+**,*3!+98%#3!)*%-#&2!&5!7+*!

(#%$%(57! +(-! (,-&! 8**2! 3*)*,&:*3! 7&! *2(8,*! 7+*!"/0#&2! 7&!

%&,,! (,&26! 7+*! 6%&=23A! >(,,-A! &%! $*#,#26-A! #2$%*(-#26! #7-!

=-*5=,2*--!#2!#23&&%!-*77#26-!BCAED;!!

<+*%*!(%*!4(29!>(9-!7&!7%(2-#7#&2!8*7>**2!+&%#M&27(,!(23!

)*%7#$(,!5,#6+7!4&3*-!BFD;!<+*!#27*27!&5!7+*!$=%%*27!-7=39!#-!7&!

*Y:,&%*! *K=#,#8%#=4! 7%(2-#7#&2A! 3*5#2*3! +*%*! (-!4(#27(#2#26!

7+*! -7*(39! -7(7*! 5&%$*-! (23! 4&4*27-! 2*(%! 7&! M*%&;! <+#-!

%*-=,7-! #2! (2! *2*%69! *55#$#*27! $+(26*! 8*7>**2! 5,#6+7!4&3*-!

>#7+! 2&! 6(#2! &%! ,&--! &5! (,7#7=3*;! ^#23! 7=22*,! 7*-7-! >*%*!

:*%5&%4*3! 7&! 3*7*%4#2*! 7+*! 7+%&77,*! -*77#26A! 7+*! *,*)(7&%!

3*5,*$7#&2!(23!7+*!(26,*!&5!(77($?!5&%!(!6#)*2!)*,&$#79!3=%#26!

(2!*K=#,#8%#=4!7%(2-#7#&2;!!

2 EXPERIMENTAL SETUP AND PROCEDURE

2.1 Experimental Apparatus 

UY:*%#4*27(,!-7=3#*-!&2!"/0-!2*$*--#7(7*!(!,&>![*92&,3-!

2=48*%! >#23! 7=22*,! >#7+! ,&>! 7=%8=,*2$*! #27*2-#79;! <+*!

@(8[*! >#23! 7=22*,! ,&$(7*3! (7! N@/U! +(-! 8**2! 3*-#62*3! 5&%!

7+#-! :=%:&-*! BGD;!/-! -+&>2! #2! _#6=%*! EA! @(8[*! #-! (! $,&-*3'

,&&:!>#23!7=22*,;!

!
_#6=%*!EV!@(8[*!>#23!7=22*,;!

!

<+*! 7*-7! -*$7#&2! #-! EGJJ44! ,&26! >#7+! (! -K=(%*! $%&--'

-*$7#&2(,!(%*(!&5!CEJJ!Y!TJJ44!>#7+!(!$&27%($7#&2!%(7#&!&5!Z;!

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

5(2!>(-! #4:,*4*27*3! (,&26!>#7+! (! -*%#*-!&5!+&2*9$&48!6%#3-!

(23!-$%**2!7&!-:,#7!(23!3(4:!)*%7#$(,!-7%=$7=%*;!H9!$+(26#26!7+*!

5(2! -:**3! (23! 7+*! :#7$+! (26,*A! 7=%8=,*2$*! #27*2-#79! $(2! 8*!

&:7#4#M*3;!_&%!)*,&$#7#*-!%(26#26!5%&4!E!7&!CO4;-
'C
A!79:#$(,!5&%!

UK=#,#8%#=4!<%(2-#7#&2!@7=39!5&%!(!L98%#3!"/0!
";!N7(--*A!(23!a;";!"&-$+*77(!

N@/UA!<&=,&=-*A!_%(2$*!

f;!/4*+&A!(23![;!c(%%!!

IbU[/A!<&=,&=-*A!_%(2$*!
!
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!

(!0<I]!"/0A!7+*!7=%8=,*2$*!#27*2-#79!>(-!5&=23!7&!8*!,&>*%!

7+(2!J;Ck;!

!

/! 2*>! F'$&4:&2*27! (*%&392(4#$! 8(,(2$*! 3*)&7*3! 7&!

"/0! -7=3#*-! >(-! =-*3! 7&! 4*(-=%*! ,#57A! 3%(6! (23! :#7$+#26!

4&4*27;!<+*!8(,(2$*!3*:#$7*3! #2!_#6=%*!F!>(-!3*-#62*3! 7&!

*2(8,*!4*(-=%*4*27-!(7!(26,*-!&5!(77($?!8*7>**2!J!(23!ZJz;!

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

8(,(2$*A!6#)#26!=2$&=:,*3!4*(-=%*4*27-!&5!,#57!(23!3%(6;!!

!
_#6=%*!FV!"&22#2!H(,(2$*!

!

<+*!4&3*,!#-!(77($+*3!7&!7+*!8(,(2$*!89!7+%**!-7%=7-;!<+*!7>&!

5&%>(%3! -=::&%7-! (%*! 5#Y*3! (7! CJ;O$4! 5%&4! 7+*! ,*(3#26! *36*!

>+#,*! 7+*! %*(%A! (77($+*3! (8&)*! 7+*! 7%(#,#26! *36*A! #-! %(#-*3! (23!

,&>*%*3! 7&! 4&3#59! 7+*! (26,*! &5! (77($?;! <+#-! -9-7*4! #-!

3*4&2-7%(7*3! #2! _#6=%*! G;! /! 5#2(,! 5&%$*! -*2-&%! #-!4&=27*3! 7&!

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

$*27*%!&5!6%()#79;!!

!

!
!

_#6=%*!GV!/26,*!&5!(77($?!#-!4&3#5#*3!89!%(#-#26!&%!,&>*%#26!7+*!%*(%!

-=::&%7!

!

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

-=%%&=23*3! 89! (! -+*,,! &5! 5#8%*6,(--;! /2! &28&(%3! $&27%&,! (23!

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

$(8,*-;!<+*!-:**3!$&27%&,,*%-A!>+#$+!$&44=2#$(7*!89!NEcA!+()*!

8**2!:%&6%(44*3! 7&! %*7=%2! 7+*! %&7(7#&2!:*%#&3!&5!*($+!4&7&%;!

<+#-! #25&%4(7#&2! #-!=-*3! #2! (!:%&:&%7#&2(,'#27*6%(7&%! .\N1! ,&&:!

7&! :%*$#-*,9! $&27%&,! %&7(7#&2(,! )*,&$#79;! <+#-! *2(8,*-! 7+*!

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

>#23!)*,&$#79!&%!(26,*!&5!(77($?;!"&3*,!6*&4*7%9!#-!3#-:,(9*3!

#2!<(8,*! CA!>+#,*!_#6=%*! O! 3#-:,(9-!6*2*%(,! #25&%4(7#&2!(8&=7!

7+*!3(7(!($K=#-#7#&2!-9-7*4;!!
!!!!!

!
!

<(8,*!CV!"&3*,!#25&%4(7#&2!

!

!

!
_#6=%*!OV!/$K=#-#7#&2!@9-7*4!

!

2.2 Procedure 

<+*!8(,(2$*!>(-!4&=27*3!#2!7+*!7=22*,!>#7+&=7!7+*!!

4&3*,!7&!5#%-7!3*7*%4#2*!3%(6!$%*(7*3!89!7+*!-7%=7-!(7!)(%9#26!

)*,&$#7#*-;!<+*-*!*55*$7-!>+*%*! -=87%($7*3!(7! %*(,'7#4*! 5%&4!

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

%*$(,#8%(7*3! 8*5&%*! *($+! -*%#*-! &5! 7*-7-! (23! 6%()#79! *55*$7-!

>*%*!*,#4#2(7*3;!!

H*$(=-*! 7+*! 7*-7! -*$7#&2! #-! $,&-*3A! ,(%6*! :#7$+#26! (26,*-!

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

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

M*%&!:#7$+!>#7+!M*%&!=:-7%*(4!)*,&$#79;!<+*!7+%&77,*!>(-!7+*2!

-*7!7&!:%&3=$*!(!F;Eb!3%(6!5&%$*A!*K=#)(,*27!7&!>*#6+7!&5!7+*!

(#%$%(57A! >#7+! (! -,#6+7! *,*)(7&%! 3*5,*$7#&2! 7&! %*4&)*! ,#57!

6*2*%(7*3! 89! 7+*! 4&3*,! (-944*7%9;! <+#-! $&25#6=%(7#&2!

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

4&3*,!>(-! %&7(7*3! 7&!FJ!(23!PJ!3*6%**-!>#7+&=7!4&3#59#26!

7+%&77,*! (23! *,*)(7&%! 3*5,*$7#&2;! _#6=%*! P! 3*4&2-7%(7*-! 7+(7!

5&%! 7+*! %(26*! &5! (26,*! &5! (77($?! =-*3! #2! 7+#-! -7=39A! 6%&=23!

*55*$7! 3&*-! 2&7! &8-*%)(8,9! 4&3#59! 7+*! 4*(-=%*3! 5&%$*-;!

I7+*%!5&%$*-!(23!4&4*27-!>*%*!2&7!4*(-=%(8,9!(55*$7*3!89!

7+*!:&--#8,*!5,&>!#4:#26*4*27!&2!7+*!,&>*%!>(,,;!!

!

!
_#6=%*!PV!]&#7*%!$&25#6=%(7#&2!>#7+!)(%#&=-!8(,(2$*!(26,*!

!

N7! #-! (,-&! #4:&%7(27! 7&!2&7*! 7+(7!(-! 7+*!4&3*,! #-! %&7(7*3!(!

,(%6*%!-=%5($*!(%*(!.YCJ1!#-!:%*-*27*3!7&!7+*!5,&>!%*-=,7#26!#2!

#2$%*(-*3!8,&$?(6*;!<+#-!*55*$7!#-!5=%7+*%!$&4:,#$(7*3!89!7+*!

:%*-*2$*!&5!7+*!%&7(7#26!:%&:*,,*%-;!/!8,&$?(6*!4&3*,!#-!2&7!
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!

!

!

<!
]!

^!

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

-7=3#*-! (%*! :,(22*3! 7&! #3*27#59! $&%%*$7#&2-! 7&! 392(4#$!

:%*--=%*A!,#57!(23!3%(6!BOD;!!

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

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

)*,&$#79;! /26,*! &5! (77($?! >(-! +*,3! 5#Y*3! 7&! *,#4#2(7*!

+9-7*%*-#-! *55*$7-! $(=-*3! 89! )#8%(7#&2! &5! 7+*! 4&3*,! >+#,*!

%&7(7#26;! <=22*,! )*,&$#79A! *,*)(7&%! 3*5,*$7#&2A! (23! 4&7&%!

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

3*-$%#8*3!&2!7+*!_#6=%*!RA!7+(7!#-V!

!

!

!

!

!

!

!

!

!

!
_#6=%*!RV!_&%$*-!(::,#*3!7&!7+*!4&3*,!

!

!

(1)!!!!!

!

!

!

/8&)*A!L!#-!,#57A!W!#-!>*#6+7!&5!7+*!)*+#$,*A!D!#-!3%(6A!T!#-!

7+%=-7A!b:!#-!,(7*%(,!5&%$*!6*2*%(7*3!89!7+*!:%&:*,,*%!(23!My!

#-! 7+*! 4&4*27! $(,$=,(7*3! (8&=7! 7+*! $*27*%! &5! 6%()#79;! <+*!

7&7(,! ,#57! (23!3%(6A!LT! (23!DTA! %*:%*-*27!(! -=44(7#&2!&5!(,,!

5&%$*-! #2! 7+*! #2*%7#(,! 5%(4*!Y!(23!M!3#%*$7#&2-A! %*-:*$7#)*,9;!

Q=%#26!7*-7#26A!)*,&$#79!>(-!4&3#5#*3!=27#,!7+*!7&7(,!,#57!>(-!

*K=(,! 7&! 7+*! >*#6+7;! b*Y7A! 7+*! 7+%&77,*! >(-! $+(26*3! -&! 7+*!

7&7(,! 3%(6! >(-! 8(,(2$*3! 7&! M*%&;! <+*2A! 7+*! 5,(:-! >*%*!

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

4&3#59#26! (29! &5! 7+*! 7+%**! $&27%&,! )(%#(8,*-! %*-=,7*3! #2! (!

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

#7*%(7#&2-! &5! 7+*! :%&$*--! >*%*! 2*$*--(%9;! I2$*! 7+*!

*K=#,#8%#=4!:&#27!>(-!,&$(7*3A!7+*!%*5*%*2$*!&%!7%#4!)*,&$#79!

>(-! %*$&%3*3;!/33#7#&2(,!3(7(!>*%*! 7(?*2!89! #23*:*23*27,9!

4&3#59#26! 7+*! )*,&$#79A!4&7&%! -:**3A! (23! *,*)(7&%! :&-#7#&2!

5%&4!7+*!*K=#,#8%#=4!:&#27;!_&=%!(33#7#&2(,!3(7(!:&#27-!>*%*!

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

>#,,! 8*! =-*3! 7&! *-7(8,#-+! 2*(%'*K=#,#8%#=4! (*%&392(4#$!

$&*55#$#*27-!(23!$&27%&,!*55*$7#)*2*--;!

!

!
<(8,*!EV!UK=#,#8%#=4!#2)*-7#6(7#&2!!

3 WIND TUNNEL CAMPAIGN RESULTS

3.1 Equilibrium Transition  

0*,&$#79A! *,*)(7&%! 3*5,*$7#&2A! (23! 4&7&%! -:**3! )(,=*-!

$&%%*-:&23#26!7&!*K=#,#8%#=4!>*%*!5&=23!5&%!(26,*-!&5!(77($?!

)(%9#26! 8*7>**2! CO! m! PO! 3*6%**-;! H*,&>! EJ! 3*6%**-! &%!

(8&)*! T!4d-A! 7+*! %*K=#%*3!4&7&%! )*,&$#79! 8*6(2! 7&! -+(%:,9!

#2$%*(-*;! <+#-! #-! ($$&4:(2#*3! 89! (2! #2$%*(-*! #2! %*K=#%*3!

$=%%*27;!/,7+&=6+!7+*!(#%$%(57!#-!(8,*!7&!5,9!+#6+*%!)*,&$#7#*-A!

#7!3&*-!-&!(7!7+*!*Y:*2-*!&5!5,#6+7!7#4*;!<+*!4(Y#4=4!5,#6+7!

-:**3!>(-!2&7!3#-$&)*%*3!3=%#26!7*-7#26;!!

/7! 7+*! &7+*%! *23! &5! 7+*! -:*$7%=4A! (8&)*! PO! 3*6%**-A! 7+*!

5,&>!-:**3!&5!7+*!>#23'7=22*,!3*-$*23*3!8*,&>!E!4d-A!>+*%*!

7+*!K=(,#79!&5!7+*!5,&>!#-!2&7!(::%&:%#(7*!5&%!+#6+,9!-*2-#7#)*!

4*(-=%*4*27-;! <+*! *K=#,#8%#=4! $=%)*-! (%*! 3#-:,(9*3! #2!

_#6=%*-!T!m!CJ;!

!

!
_#6=%*!TV!UK=#,#8%#=4!$=%)*!^#23'<=22*,!0*,&$#79!.4d-1!5&%!(!-:*$#5#*3!

/26,*!&5!/77($?!.3*61!!

!

!

!
_#6=%*!ZV!UK=#,#8%#=4!$=%)*!4&3*,!4&7&%!-:**3!.%(3d-1!5&%!(!-:*$#5#*3!

/26,*!&5!/77($?!.3*61!!

!

!

!
_#6=%*!CJV!UK=#,#8%#=4!$=%)*!*,*)(7&%!3*5,*$7#&2!.3*61!5&%!(!-:*$#5#*3!

/26,*!&5!/77($?!.3*61!!

! !

<+*-*!:,&7-!%*:%*-*27!7+*!7%#4!$&23#7#&2!&5!7+*!(#%$%(57!5&%!

)(%#&=-! (26,*-! &5! (77($?;! L*2$*5&%7+! *K=#,#8%#=4! &%! 7%#4!

)(,=*-!(%*!%*:%*-*27*3!>#7+!7+*!J!-=8-$%#:7;!!

^#7+&=7! 4&7&%-! 7+*! (#%$%(57! >&=,3! 2&%4(,,9! -7(,,! (7! EJ!

3*6%**-! (26,*! &5! (77($?;! L&>*)*%A! 3=*! 7&! 7+*! 4&4*27=4!

#2X*$7*3! #27&! 7+*! 5,&>! 89! 7+*! :%&:>(-+A! -7(,,! #-! 2*)*%!

Q!
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!

!

!

*2$&=27*%*3;! L&>*)*%A! 8*7>**2! EJ! m! GJ! 3*6%**-! (26,*! &5!

(77($?A! $&%%*-:&23#26! 7&! P! m! G! 4d-A! 7+*! %*K=#%*3! :%&:*,,*%!

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

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

*K=#,#8%#=4!5,#6+7;!<+*!$%=#-*!-:**3!&5!7+*!(#%$%(57!-+&=,3!8*!

-*7!8*7>**2!G!m!P!4d-!7&!#2$%*(-*!*23=%(2$*!5&%!,&26!5,#6+7-;!

<+#-!#-!(,-&!7+*!%*6#&2!>+*%*!7+*!4&4*27=4!#23=$*3!89!7+*!

:%&:>(-+! #-! ,&>*-7S! 7+*%*5&%*! 7+*! 3(26*%! &5! -7(,,#26! 7+*!

(#%$%(57! #-! ,#?*,9! +#6+*-7;! <+*! $&27%&,,*%! $+&-*2! 5&%! 7+*!

(#%$%(57!-+&=,3!()&#3!-=33*2!3*$%*(-*-!#2!4&7&%!-:**3!#2!7+#-!

%*6#&2;!!

3.2 Near Equilibrium Aerodynamic Model 

I2$*!(2!*K=#,#8%#=4!:&#27!>(-!5&=23!5&%!*($+!(26,*!&5!

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

89! 4&3#59#26! 7+*! )*,&$#79A! 5,(:-A! (23! 4&7&%! -:**3!

#23*:*23*27,9;!<+#-!3(7(!>(-!=-*3!7&!*Y:,&%*!7+*!-*2-#7#)#79!

&5! 7+*! ,#57A! 3%(6A! (23! :#7$+#26! 4&4*27! 7&! 7+*! )(%#&=-!

:(%(4*7*%!$+(26*-;!_&%!*Y(4:,*A! 7+*!$+(26*!#2!,#57!3=*!7&!(!

$+(26*! #2! *,*)(7&%! (26,*! #-! -+&>2! #2! _#6=%*! CC! 5&%! -*)*%(,!

7*-7!:&#27-;!/57*%!2&23#4*2-#&2(,#M#26A!7+*!-,&:*!&5!7+#-!,#2*!

#-!7+*!$&27%&,!3*%#)(7#)*A!CLTe;!b&7*!7+*!<!-=8-$%#:7!#23#$(7*-!

7&7(,!,#57!(-!3*5#2*3!89!UK=(7#&2!C;!_#6=%*!CE!-+&>-!7+*!5,(:!

$&27%&,! 3*%#)(7#)*! %*,(7#&2-+#:! >#7+! (26,*! &5! (77($?A! (,&26!

>#7+!(2!(::%&:%#(7*!E
23
!&%3*%!:&,92&4#(,!5#7;!!

!
_#6=%*!CCV!]#57!5&%$*!:%&3=$*3!5&%!(!6#)*2!*,*)(7&%!(26,*!.3*61!(7!)(%#&=-!

(26,*-!&5!(77($?!.3*61!!

!

!
_#6=%*!CEV!]#57'5,(:!$&27%&,!3*%#)(7#)*!.CLe1!)-!(26,*!&5!(77($?!.3*61!!

!

c&27%&,! 3*%#)(7#)*-! 5&%! 5,(:'3%(6! (23! 5,(:':#7$+#26!

4&4*27A!CDTe! (23!CmTeA!>*%*! (,-&!4*(-=%*3;!<+*! *55*$7! &5!

$+(26#26! 4&7&%! %&7(7#&2! -:**3A! �! .%(3d-1A! $(2! (,-&! 8*!

*Y:%*--*3! (-! $&27%&,! 3*%#)(7#)*-V! CLT�A! CDT�A! (23! CmT�;!

0(%#(7#&2-! #2! $&*55#$#*27-! 3=*! 7&! $+(26*-! #2! )*,&$#79A!CLTVA!

CDTVA! CmTV! (23! (%*! ?2&>2! (-! -7(8#,#79! 3*%#)(7#)*-;! Q=%#26!

(2(,9-#-A! #7! >(-! &8-*%)*3! 7+(7! (! )*,&$#79! -K=(%*3! 7*%4!>(-!

(,-&! 2*$*--(%9! 7&! 4&3*,! 7+*! 3(7(V! CLTV2A!CDTV2! (23!CmTV2;!

<+#-!7*23*2$9!#-!,#?*,9!(!%*-=,7!&5!7+*!$&4:,#$(7*3!#27*%($7#&2!

8*7>**2! :%&:>(-+! (23! =:-7%*(4! 5,&>;! <+*-*! 7>*,)*!

3*%#)(7#)*-! *2(8,*! $(,$=,(7#&2! &5! ,#57A! 3%(6A! (23! :#7$+#26!

4&4*27! 5&%! (! 6#)*2! (26,*! &5! (77($?A! )*,&$#79A! *,*)(7&%!

3*5,*$7#&2A!(23!4&7&%!-:**3!(-!3*4&2-7%(7*3!#2!UK=(7#&2!E;!

!

!

!

!

!

(2)  

!

!

! b&7*! 7+(7! 7+*-*! -7(8#,#79! (23! $&27%&,! 3*%#)(7#)*-! (%*! 2&7!

3*5#2*3!89!(!$+(26*!5%&4!M*%&A!8=7!89!7+*!:*%7=%8(7#&2-!5%&4!

7+*!7%#4!$&23#7#&2;![*-=,7#26!5&%$*!(23!4&4*27!$(,$=,(7#&2-!

(%*!&2,9!)(,#3!#2!%*6#&2-!2*(%!*K=#,#8%#=4;! !/,-&!8*$(=-*!(7!

*K=#,#8%#=4!7+*!3%(6!(23!4&4*27!(%*!M*%&A!7+*%*!(%*!2&!CDT0!

&%!CmT0! 7*%4-;! <+*! 3*%#)(7#)*-! (23! 7+*! M*%&! ,#57! $&*55#$#*27!

CLT0! >*%*! 3*7*%4#2*3! (-! :&,92&4#(,! 5=2$7#&2-! &5! (26,*! &5!

(77($?;! <+*! :&,92&4#(,! $&*55#$#*27-! 5&%! 7+*-*! 5=2$7#&2-! (%*!

,#-7*3!#2!/::*23#Y!/;!

4 CONTROL DURING EQUILIBRIUM TRANSITION 

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

8*! #44*3#(7*,9! (::,#*3! 7&! 7+*! $=%%*27! \NQ! $&27%&,! &5! 7+*!

(#%$%(57;!`2&>#26!4&7&%!-:**3!(-!(!5=2$7#&2!&5!7+*7(!._#6=%*!

Z1! (,,&>-! 3*5#2#7#&2! &5! 7+*! 7%#4! )(,=*! 5&%! 7+%&77,*! (-! (!

5=2$7#&2!&5!�;!<+#-!%*,(7#&2-+#:!$(2!8*!(33*3!3#%*$7,9!7&!7+*!

\NQ! (,7#7=3*! ,&&:! =-*3! 7&! 3*7*%4#2*! 7+%&77,*! -*77#26;!

@#4#,(%,9A! 7+*! )*,&$#79! +&,3! $(,$=,(7#&2! 8*2*5#7-! 5%&4!

(33#7#&2!&5! 7+*! 7%#4!:#7$+!(26,*!(-!(!5=2$7#&2!&5!7+*!3*-#%*3!

)*,&$#79;! H9! 5=%7+*%! *Y:,&%#26! 7+*! 3(7(! &87(#2*3! 5%&4!

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

3#55*%*27!$&27%&,,*%!4(9!8*!3*-#62*3;!!!!!

c,(--#$(,!$&27%&,!7+*&%9!=-*-!(!,#2*(%!7#4*!#2)(%#(27!.]<N1!

4&3*,! 7&! -927+*-#M*! -7(7#$! &%! 392(4#$! $&27%&,,*%-;! N7! #-!

=-=(,,9! %*:%*-*27*3! 89! *#7+*%! #7-! -7(7*'-:($*! 5&%4! &%! #7-!

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

#-!-+&>2!89!.F1;!!!

!

(3)   
�
�
�

+=

+=

uCxy

BuAxx�
!!!A!! BAsICDsG C1.1. −−+= !

!

L&>*)*%A! 7+#-! %*:%*-*27(7#&2! #-! &2,9! )(,#3! #2! 7+*!

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

+&)*%! 7&! $%=#-*! (23! )#$*! )*%-(! K=#$?,9! 7%()*%-*-! (! -*7! &5!

*K=#,#8%#=4! :&#27-;! /! %*:%*-*27(7#&2! &5! 7+*! -9-7*4! 7+(7!

*2(8,*-!:%&&5!&5!-7(8#,#79!&)*%!7+*!>+&,*!7%(2-#7#&2!:%&$*--!#-!

3*-#%*3;! ]#2*(%! \(%(4*7*%! 0(%9#26! .]\01! 4&3*,-! (%*! (!

-=#7(8,*! $+&#$*;! UK=(7#&2! .G1! -+&>-! -=$+! (! %*:%*-*27(7#&2!

>+*%*!�(t)!#-!(!7#4*')(%9#26!)*$7&%;!^+*2!-&4*!-7(7*-!&5!7+*!

-9-7*4!(%*!#2!�(t)!7+*!4&3*,!#-!$(,,*3!K=(-#']\0;!!!

!

(4)   
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+=
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!

!

!

N7! #-! *(-9! 7&! -**! 7+*! $+(26#26! 392(4#$-! &5! 7+*!"/0#&2!

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

8*6#22#26A! >*,,'*-7(8,#-+*3! $&27%&,! 4*7+&3&,&6#*-! $(2! 8*!

=-*3;! _#%-7! -7(8#,#79! (23! :*%5&%4(2$*! (2(,9-#-! .u'(2(,9-#-!

BRD1! &5! :%*)#&=-,9! 3*-#62*3! $&27%&,,*%-! 6=(%(27**-! 7+*!

8*+()#&%!&5!7+*!-9-7*4!(,&26!7+*!7%(X*$7&%9;![&8=-7!-927+*-#-!

. ∞H -927+*-#-1! :%&)#3*-! 7&&,-! 7&! &:7#4#M*! (! 5#Y*3! ,#2*(%!

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

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

:*%5&%4(2$*!#-!(2!(48#7#&=-!7(-?;!!

"(29! (*%&-:($*! $&27%&,! :%&8,*4-! 4=-7! 3*(,! >#7+!

$+(26#26! 392(4#$-! >#7+! &:*%(7#26! :&#27;! <+(2?-! 7&! -&4*!

?2&>,*36*!&5! 7+*!&:*%(7#26!:&#27A! (! 5#Y*3!$&27%&,,*%!$(2!8*!

#27*%:&,(7*3V!7+#-!#-!?2&>2!(-!6(#2m-$+*3=,#26;!_&%!-=55#$#*27!

-,&>! )(%#(7#&2A! 6(#2! -$+*3=,#26! >(-! -+&>2! :%($7#$(,,9!

*55#$#*27! 5&%! 4&%*! 7+(2! 7+#%79! 9*(%-! (23! ,(7*%! :%&)*2!

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

]#2*(%! \(%(4*7*%! 0(%9#26! .]\01! $&27%&,,*%! -927+*-#-!

4*7+&3&,&6#*-! BCJD!(77*4:7! 7&!3*-#62!(!$&27%&,,*%!*Y:,#$#7,9!

=-#26! 7+*! #25&%4(7#&2! (8&=7! 7+*! $=%%*27! &:*%(7#26! :&#27A! (-!

3*-$%#8*3! _#6=%*! CF;! N7! 6#)*-! -7%&26*%! -7(8#,#79! %*-=,7-! 7+(2!

6(#2'-$+*3=,#26;!!

!
!

_#6=%*!CFV!]\0!c&27%&,!c,&-*3!]&&:A!7&:!+(,5!]_[A!8&77&4!+(,5!$&27%&,,*%!

!

N2!&%3*%!7&!#4:,*4*27!(2!]\0!$&27%&,,*%!#7!#-!2*$*--(%9!7&!

%*5&%4=,(7*! 7+*! 4&3*,! -+&>2! #2! UK=(7#&2! G! (-! (! ]#2*(%!

_%($7#&2(,![*:%*-*27(7#&2!.]_[1A!:#$7=%*3!-+&>2!(-! 7+*! 7&:!

7>&!8,&$?-!#2!_#6=%*!CF;!!!

4.1 Linear Fractional Representation (LFR) Model 

<+*! ,#2*(%! 5%($7#&2(,! %*:%*-*27(7#&2!.]_[1!5&%4(,#-4!#-!(!

7+*&%*7#$(,! 7&&,! 7+(7! *2(8,*-! &2*! 7&! 3*-$%#8*! (29! %(7#&2(,!

5=2$7#&2! #2! -&4*! :(%(4*7*%-! #2! 7*%4-! &5! 7+*! 5**38($?!

#27*%$&22*$7#&2! (-! -+&>2! #2! _#6=%*! CG.! <+*! )(%#(8,*-!

*Y:%*--#26! 7+*! %(7#&2(,! 3*:*23*2$*! (%*! 6%&=:*3! #2! �;! <+*!

%*5*%*2$*!3&$=4*27(7#&2!&5!7+*!]_[<!BPDA!(!"(7,(8!<&&,8&Y!

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

(2!*Y7*2-#)*!3*-$%#:7#&2!&5!7+#-!5&%4(,#-4!(23!+&>!7&!8=#,3!

]_[!4&3*,-;!

/29! %(7#&2(,! 5=2$7#&2! K(�1,�2, … ,�N)! (34#7-! (! ]#2*(%!

_%($7#&2(,![*:%*-*27(7#&2V!

!

(5)  

�
�
�

∆=
+=

+=
zw

uGwGy

uGwGz
!!!A

EEEC

CECC
, �

�

�
�
�

	
=

EEEC

CECC

GG

GG
G

>#7+ 1N!AAN!AN!.
bEC
33E3C Ndiag δδδ �=∆

-=$+!7+(7 uKy N !1AAA. EC δδδ �= .!_&%!7+*!:%*-*27!$(-*A!K 

>&=,3!$&%%*-:&23!7&!7+*!$&*55#$#*27-!#2!UK=(7#&2!EA!>+#,*!

7+*%*!#-!&2,9!�1!%*:%*-*27#26!(26,*!&5!(77($?;!!

<+*!7%(2-5*%!8*7>**2!9!(23!=!#-!>%#77*2 1A. ∆Gu� ;!

!
_#6=%*!CGV!]_<!N27*%$&22*$7#&2!

!

N2! 4&3*%2! $&27%&,! 7+*&%9! ]#2*(%! _%($7#&2(,!

<%(2-5&%4(7#&2!#-!=-*3!7&!-*:(%(7*!(29!7#4*!)(%9#26!&%!-7(7#$!

2&2',#2*(%#7#*-! 5%&4!(!2&4#2(,! ,#2*(%! -9-7*4;!j2$*%7(#27#*-A!

7#4*')(%9#26! :(%(4*7*%-! &%! 2&2',#2*(%#7#*-! $&4:,#$(7*! (29!

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

]_[! $&2-#-7-! &5! (! 2&4#2(,!]<N! -9-7*4! #27*%$&22*$7*3!>#7+!

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

<+*! 2&4#2(,! -9-7*4! #-! 3*-$%#8*3! (-! (! ]<N! -9-7*4! >#7+!

*Y&6*2&=-! #2:=7-! (23!&=7:=7-!(,&26!>#7+! 7+*!$&27%&,! #2:=7-!

(23! 4*(-=%*4*27! &=7:=7-;! <+*! *Y&6*2&=-! &=7:=7-! (%*!

4=,7#:,#*3!89!(2!=2$*%7(#279!8,&$?!7&!8*!7+*2!5*3!8($?!7&!7+*!

#2:=7-;!_&%!(!4&%*!3*7(#,*3!3*)*,&:4*27!&5!+&>!*K=(7#&2!F!

%*,(7*-! 7&! _#6=%*! CGA! 7+*! %*(3*%! 4(9! >#-+! 7&! %*5*%*2$*!
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4.2 Linearization  
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APPENDIX A: POLYNOMIAL COEFFICIENTS FOR 

FUNCTIONS OF PITCH ANGLE

!
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edcbaV ++++= θθθθθ EFG

J 1. !

>#7+!!θ !#2!%(3#(2-;!
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a b c d e

V0 5,97E+01 -1,63E+02 1,63E+02 -7,82E+01 2,13E+01

e0 -1,07E+01 2,96E+01 -2,71E+01 9,43 1,03

�0 4,67E+06 -9,96E+03 1,10E+04 -5,38E+03 1,97E+03

CLT0 -2,07E+01 9,96E+01 -1,07E+02 4,54E+01 -5,58

CLTe 3,12E+01 -7,03E+01 5,54E+01 -2,04E+01 9,55E-01

CLT� 5,20E-03 4,16E-02 -5,89E-02 2,91E-02 -4,00E-03

CLTV -8,57E+02 1,82E+03 -1,40E+03 4,51E+02 -5,14E+01

CLTV2 2,09E+02 -4,58E+02 3,60E+02 -1,19E+02 1,38E+01

CDTe 2,45E+01 -8,85E+01 8,88E+01 -3,69E+01 4,64

CD� 3,57E-02 -1,03E-01 9,51E-02 -3,72E-02 4,30E-03

CDTV -2,60E+02 7,25E+02 -6,64E+02 2,47E+02 -3,08E+01

CDTV2 3,40E+01 -1,03E+02 9,88E+01 -3,77E+01 4,84

CmTe -1,70E+01 3,32E+01 -2,51E+01 8,15 -3,83E-01

CmT� -9,00E-05 -1,64E-02 2,25E-02 -1,05E-02 1,40E-03

CmTV -1,60E+02 4,61E+02 -4,33E+02 1,63E+02 -2,06E+01

CmTV2 1,53E+01 -5,02E+01 5,02E+01 -1,95E+01 2,53
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APPENDIX B: STABILITY AND CONTROL DERIVATIVES
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APPENDIX C : LINEAR FRACTIONAL REPRESENTATION
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Figure C1 : LFT Interconnection 
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Figure C2 : Dynamic system 
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