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X?bJR�UDW?R[U
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S§]_deZ\XTw�ZJ]sX'UsZ�UsRTW?]\vJt\ZVUDY�dea�]DZVRD�ÞqHbJR�aTW?]Do?oi�Mo?RTaTXide]sZJo
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UDZVvzRT�DRTZ
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U_deW?a[W?U_^mXT�

³�W?RTa[X?UDZVhDp\feUDW"o?bVUDS§RTv
U_fepVY*deZ\pVY��VW?UDar©DRTXHUsZJv�^m]DpVW ½)�
o?bVUDS9RTv�U_fepVY*deZ\pJY bV]_fevVRTW?o�a[]DZVZJRTa[X*X?bVR�� ]\]\vVRTZ�aT]DZVo?X?W?pVac�
Xide]DZzX?]43 � UD�Ddeo�o?bJU�^mXTw��Hb\deacbzbVUDZVhDo�]DpVX.UDX.X?bVR�RTZVv�]_^&X?bJR
o?X?UDZVvK�4qHbVW?RTR o?RTX?o(]_^6�9]�feX4bV]_feR[o � RTW?R vVWidlflfeRTv�deZ�X?bVRH�JW?Usac©sRTXTw
o?]"X?bVUDX�X?bVR aTR[Z\X?RTW�]_^KY�UDo?o�]_^$X?bJR4^�UDZ�aT]Dp\fev��9R S\feUDa[RTv�UD�§]_�sR
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Force parallel to the motor axis
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Force perpendicular to the motor axis
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Flap altitude control

��dehspJW?R��xÆ(j ]sY�SJUsWideo?]DZ�]_^6U_feXideX?pVvJR�UDZVv�aT]DZ\X?W?]�fKRcÔK]sW?X ]_^6X?bVR
UsaTX?pVU_f�UsZJv�X?bJR�oideY�pxfeUsX?RTv�vVUDX?U

³"Z\Xidl�Mo?t\Y�Y�R[X?Widea�­§UDS
o?RTX?XideZVhÜxt\Y�Y�RTX?Widea�­§UDS
o?R[X?XideZJh

��dehspJW?R/×xÆ.qH� ]�v\dlÔKRTW?RTZ\X.­9UsS�o?R[X?XideZJhsoT��niZ
�9]sX?b�aTUDo?R[oTw�X?bVR
­§UDSVo.UDW?R�hDUsZJhsRTvK�.niZ
UsZ\Xidl�io?t\Y�Y�RTX?Widea�o?RTX?XideZVhJw�X?bVR*R[ZJvzaTUDZ
�§R4acfe]so?RTv�]�Ô�UDZVv*UsSJS\fet�UH�VUDar©\� UDW?v�X?bJW?pVo?X�UDX�X?bVR4­§UDS�UDZVh_feR
]�^�Us�9]DpVXE-sØ��D�(nMZ�o?t\Y�Y�R[X?Widea*o?RTX?XideZVhJw§X?bJR.^mUsZ�aTUsZ�]DpVX?SVpJX�U
oidevVRT� U�t\oH^m]DW?aTR.UsoH� Rcflf�UsoHU�vJ]��HZ\� UsW?v'^m]sW?aTRD�

UsZJv
bVUDo�U_feW?RTUsvJtz�9RTR[Z
X?WideRTv�X?]�o?]sY�R*R[�\X?RTZ\X"�Hb\dlfeR���U_fldevVUDXi�
deZVh�X?bVR�Y�]\vVRcfm��qHbVRTW?R�� RTW?R�Xi�&]�v\dlÔKRTW?RTZ\X�o?RTX?XideZVhDo.^m]DW.X?bVR
U�feXideX?pJvVR"a[]DZ\X?W?]_fmÆ6­9UsS�aT]DZ\X?W?]�fKUDZVv�X?bVR Y�]sX?]DW�o?S9RTR[v�aT]DZ\X?W?]�fm�
³HfeX?bJ]spJhsb�Xi�&]k­§UDSVo�aTUsZ*Y�]��sRÖdeZVvJR[S9RTZVvJRTZ\Xif�tDw§X?bJR(vJt\ZVUDY�deaTo
]�^(X?bJR"^�UDZ�UsZJv
X?bVR�o?t\o?X?RTY deZ
hsRTZVRTW?U_f�bJU��DR�ZV]DX"�§RTRTZ
o?X?pVvx�
deR[v�RTZV]DpVhDb�X?]'�&UDW?W?UDZ\X.a[]DZ\X?W?]_f(U�fehD]sWideX?bJY�o�X?bJUsX.aTUDZzY�UD©sR
pVo?R�]_^ deZVvVRTS9RTZVvJR[Z\Xifet�Y�]��DdeZVh ­§UDSVoT�
¼"R[ZJaTRsw�X?bJR�­§UDSVo*UsW?R
hsUDZVhDRTv�deZ�RcdeX?bVRTW o?t\Y�Y�RTX?Widea"]sW4UsZ\Xidl�io?t\Y�Y�RTX?Widea.o?RTX?XideZVhDoTw§UDo
o?bV]��HZ deZz��dehDpVW?R�×x�.��dehspJW?RToFB�UDZVv�y�UDW?R�XMt\Sxdea[U_f&�9RTbVU_�Dde]sW
]�^�X?bVR.Xi� ]�aT]DZ\X?W?]�flfeRTW?o"^m]DWHo?X?RTS�deZJSVpVX?oT�

niZ
hsRTZVRTW?U_fmwKX?bVR"­9UsS
aT]DZ\X?W?]�f�S9R[Wi^m]DW?Y�R[v
�9RTX?X?RTW��VdeX"aT]sZx�
�sRTW?hDR[v
X?]�X?bVR*hs]DU_f(S§]DoideXide]DZ�oifldehsb\Xifet�^mUDo?X?R[W"X?bVUDZ
�HbJR[Z�X?bVR
Y�]DX?]DW6aT]DZ\X?W?]�fV� UDoKpVo?RTvK��qHbxdeo�deo6vJpVR X?]HX?bJR�feUDW?hsR4XideY�R vJRrfeU_t
]�^HX?bVR'o?S§RTRTv�aT]sZ\X?W?]_flfeRTWTw&�Hbxdearb�aT]sZ\X?W?]_feo�X?bVR�Y�]DX?]sW*o?S9R[RTv¥�
½�oideZJh�X?bVR)arfeUDo?oideaTU�f�fldeZVRTUDW�aT]DZ\X?W?]�fKX?bJR[]DW?tDwVX?bVR)W?R[²\pxdeW?RTY�RTZ\X?o
^�]DW�o?X?UD�\dlfldeXit��&RTW?R�vJRTX?R[W?Y*deZJR[v�UDZVv�S9RTWi^m]sW?Y�UDZVaTR
� Uso*SVW?Rc�
v\deaTX?RTv�^m]sW�UDZ�UsW?�xdeX?W?UsWidlfet�S\deac©sRTv�hsU_deZ�o?arbVRTvJp\feRDwHUsZJv�X?bJRTZ
a[]DZ\±9W?Y�R[v®deZ�UDaTX?pVU_f�W?pVZJoT��ÜDdeZVaTR
X?bJR�u4nMQ�a[]DZ\X?W?]_flfeR[W'�&UDo
Y�RTW?Rcfet
U�X?]\]�f�^m]DW.Y�]\vJRcf&��U_fldevVUDXide]sZ¥w&ZJ]�RcÔK]DW?X.X?]�]sSJXideY*de�[R
^�]DW W?]s�JpVo?X"S9R[Wi^m]DW?Y�UsZJa[R*� UsoHY�UDvVRD�

µ"ZVR*]�^ X?bVR�feUsW?hDRTo?X"fldeY�deX?UDXide]DZVo�]sZ�S9R[Wi^m]DW?Y�UsZJa[R�deo.X?bVR
UsaTX?pVUDX?]DW(o?UDX?pVW?UDXide]sZ¥wV�Hb\deacb�aTUsZ��9RH�DdeRT� RTv�UDo(UDZ�UsvJv\deXide]DZVU_f
ZV]DZ\�mfldeZJR[UDWideXit�]_^(X?bVR*o?t\o?X?RTY�w�]\aTa[pJW?o��)bVRTZ
U�feUDW?hsR�U_feXideX?pVvVR
arbVUDZVhDR*deo�aT]DY�Y�UDZVvJR[v¥w�Uso.o?bJ]��HZ
deZ���dehDpVW?R
{TØJ��³"Zz]DZVo?RTX
]�^KdeZ\X?RThDW?UsX?]DW"� deZVvJpVS�SVW?]D�\feRTY+aTUDZ��9R.o?R[RTZ�^mW?]DY�X?bJRH±9hspJW?R
Uso.� Rcflfm���9]sW.X?bJR[o?R�W?RTUDo?]sZJoTw�devVRTZ\Xidl±§aTUDXide]sZ�]_^kX?bJR�UsaTX?pVUDX?]DW
vVt\ZVUDY*deaToHdeo"aTW?pVacdeU�f�^m]DWHUDhsW?RTo?oide�DR�aT]sZ\X?W?]_flfeRTW.vVRToidehDZK�



0 10 20 30 40 50 60 70 80 90 100
-0.4

-0.2

0

0.2

0.4

time [s]

al
tit

ud
e 

[r
ad

]

PID control with motor speed only; Ki=10,Kp=10;Kv=20
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PID control with flap only; Ki=10,Kp=10;Kv=20
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Input pulse width to #1 R/C servo (flap)
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PID control with motor speed only; Ki=10,Kp=20;Kv=20
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Input pulse width to the speed controller
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