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6 Iterative learning control
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2 Cascade control
3 Roll, pitch and yaw angle
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Fig. 1. General schematic of an ornithopter with articulated wings and a tail [5]
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Fig. 2. a) Multi-body modeling with articulated wings and a tail [20] b) Inertia frame and other frames connected to
different links.
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Fig. 3. Flapping mechanism based on the Kempf model [5]
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Fig. 5. Wing elements in an ornithopter
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Fig. 9. Horizontal and vertical aerodynamic forces
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Fig. 8. The drag force obtained at a frequency of 5 Hz
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Fig. 11. Oscillation in state variables proportional to the
flapping frequency
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Table 2. Geometric values of the wings [1]
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Fig. 10. Height and pitch angle of the robot without tail
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Table 3. Mass and inertia values of different parts of the

robot [1]
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Fig. 12. Comparison of aerodynamic forces obtained
from simulation with reference experimental results [1]
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Fig. 13. Cascade control block diagram with general robot schematic
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Fig. 14. Control of the tail pitch angle using PID
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Fig. 15. Control signal of the third control loop (tail actuator input voltage)
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Fig. 18. Modified first loop control signal
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Fig. 16. controlled Fuselage pitch angle with the second
loop control signal

==height (m)
""" desred height(m) /ref1

height{m)

L

3 4 5 6 7

Time(secs)

ST 55 39501 1 ool b il g f S5 AV S
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algorithm
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Fig. 19. Controlled state variables for flying at a constant altitude

ks, IR «© LM LS aS cewl ) N
) I slp Bpo oseloean S el L asgige Sl k= YI0 5 kyy =21V Ky =010 00

w‘odm)]a.:dfo‘wb}c\.:wr.«.u)Qub)b;l.c.c)‘gooy . _ . )

s oom @ l) e JiKw et g 17 S8 Billae (210 0
T R A K V] PR POVIP JYIR Wil JUEL SLA | EXpp- ESUEL ) | B LW
ol ol slacdls (IS ol caloass eols Lis 55 ol glas )|
ol slacdls el oo 00y aS jshiles .ano co HLiS | piaw

Wit (6 polie a5 Sb b silyn slasl, S ey L

WS oo JLss asl VB sgus ceis e
S 0gd oo bl S>gS ol gl ;o ouS S ol o
D9 (655 sl iy g ugly SUSU g ok Gialdl g ol s,
ofeY kdl = Oyge @ Js‘ (_god....»SJJ...S w‘ra k-’l.?L».:‘ l.:
@las 5 dsy o0 (L @ oas J 5 (b kpl =N\ gk, =
Sloy glas )l T 50 g oo wgllae glas )l ay ol Hol8 b, VY S
@ s LS llao w@al> ol Jous U asbaisly jlal

oals Hlal s Sllwg cnl b Slgpn 58 g 00g Slwg &jge 4

..).Sl.,c‘sa ool LmoT QL”55 sawls 9

S 25 4z — A
A ) 4550 sla U b o st ol o,Shoe callia 1l 4o

IS 5118 s anslin oy el sl 45 bl o logi 5

] JESns 050 00 Jlosl (gany (gl 4y 5 00l (6,05 (oSilo J 505
ih i i clbe s ol dbe s 10 selCesds gl

PSSR S SETIT S AIR R OITIRER 18 s ol o o0l i VA UK s eadedlol S

Sogls @ 4z b lapl gaze s s b 6lSliz L 5l oo 358 cn el gams sloails 4 Eblogs 30 5 035 05 o 1S
. L ) O O9 : ‘

10,51y gl el Cawdy (g a3 slewl, o
ORI S PSS ST T 0 ) i el e bl BB S (so0gime 5 S,y dmstiy

Yyo¥



YAOF B YIWY docio VFre Jlo o ojlaid @Y 093 (pS pool Sl cuwidines 4y i

m) Jb (Soyns aes R
RUSIIRNCII
m) bgbe S
il b, o Sl adyl ceye U
MS™) hosdl & Cos Sl iy U
oges b, o Wl adgl gV
ms™) lsa by ce Vi
N &35 90 w
o la i o Z
Uy e

(rad) dlo> 4.&5‘) o

(rad) \).} Q‘A.BS o FIPS 4\:{5\)‘ o

rad) s db> a4y @

rel

ad) olr oy sl s 050 e sy B
@ad) o agly Y

rad) s OB e b (505U H9me 4l o
(rads™) Jb ablic e iz sl i &5 0
kgm?) e J&x  p

qads™) o5 b cepm WOC

&=y -4

[1] J.A. Grauer, J.E. Hubbard Jr, Flight dynamics and system
identification for modern feedback control: avian-inspired
robots, Elsevier, 2013.

[2] E Negrello, P. Silvestri, A. Lucifredi, J.E. Guerrero, A.
Bottaro, Preliminary design of a small-sized flapping
UAV: II. Kinematic and structural aspects, Meccanica,
1385-1369 (2016) (6)51.

[3] J. Caetano, M. Weehuizen, C. De Visser, G. De Croon, M.
Mulder, Rigid-body kinematics versus flapping kinematics
of a flapping wing micro air vehicle, Journal of Guidance,
Control, and Dynamics, 2269-2257 (2015) (12)38.

[4] W. Send, M. Fischer, K. Jebens, R. Mugrauer, A.
Nagarathinam, E Scharstein, Artificial hinged-wing bird
with active torsion and partially linear kinematics, in:
Proceeding of 28th Congress of the International Council
of the Aeronautical Sciences, Brisbane, Australia, 2012.

[5] J.E. Guerrero, C. Pacioselli, J.O. Pralits, F. Negrello, P.

Silvestri, A. Lucifredi, A. Bottaro, Preliminary design of

Yoy

FLY dobe Sis b emzaiz giladon 5l &8 5> OYoles
8y ¥olas s Saaliyog i olog i 30,5 adLSl b .o oolical
cols 5 5 wad > c¥olee 5 ond bkl cdls gle iie
ol s 005 s by aliee sla sy (6,5 g g Coundge
IS ladil gl S8 50 w00y 0 sylil S
..\.»SGA éL?u‘ ‘) le?‘é 64&1} RV ‘_,;:5).»4 ‘54.9.17 9 009.:5.:)09.:
Colbe @20 sugly coslhe gl 4 bgpe ail> (n 5 o
Ggly 50 yuti Cel a5 WS o ool 1) oy o J S dal> gl
IS il Ban iy gy S 4 bgsye (gdils 05 o s
G5 o8 Gl S e e 1) 0 g shly 4 bgye
O Cod 63V ol e co s 3l LB Gleadls s Lol 4
@) ol b e p b Cudlys g 10,55 2 (Serm laail>

S slml sl Slass gl T g il wsllas glis )|

59 4o 3l Jb o jemme Condge a
Jb sbite cons AR
Llhars Spalipogpl boads Giyyoi g Jsb aas D
m) Ju Sops B
»9
L sals ot CR)

lp oy C,
TSR NRA S [P RIS O
b 95 D

m) Jb ablis Jsb  dC

) Jb ablie 2,e  dr

p Srae S €

Hz) po5b 55
oSS s G

Sl sloidu gyl e 5le 1
ol by wuye K

hesw L

by gl pile M

N

N) (o252 2 5955
wl{ " . Q .

JUb (Soyd oo Conlse

S
[

N R



De Wagter, J. Verboom, M. Mulder, Linear aerodynamic
model identification of a flapping wing mav based on flight
test data, International Journal of Micro Air Vehicles, (4)5
286-273 (2013).

[16] S. Armanini, C. De Visser, G. De Croon, M. Mulder,
Time-varying model identification of flapping-wing
vehicle dynamics using flight data, Journal of Guidance,
Control, and Dynamics, 541-526 (2016) (3)39.

[17] S.S. Baek, R.S. Fearing, Flight forces and altitude
regulation of 12 gram i-bird, in: 3 2010rd IEEE RAS &
EMBS International Conference on Biomedical Robotics
and Biomechatronics, IEEE, 2010, pp. 460-454.

[18] J. Grauer, E. Ulrich, J. Hubbard, S. Humbert, D. Pines,
Model
aerodynamics model from flight data, in: 48th ATIAA

structure determination of an ornithopter

Aerospace Sciences Meeting Including the New Horizons
Forum and Aerospace Exposition, 2010, pp. 41.

[19] S. Shams, B. Mirzavand Boroujeni, S.M. Mansoori,
M.R. Kazemi, Kinematic analysis of articulated flapping
wings mechanisms considering nonlinear quasi-steady
aerodynamic, Modares Mechanical Engineering, (12)17
97-87 (2018).

[20] C. Altenbuchner, J.E. Hubbard Jr, Modern Flexible Multi-
Body Dynamics Modeling Methodology for Flapping
Wing Vehicles, Academic Press, 2017.

[21] D. Tang, H. Zhu, W. Yuan, Z. Fan, M. Lei, Measuring the
flexibility matrix of an eagle’s flight feather and a method
to estimate the stiffness distribution, Chinese Physics B,
074703 (2019) (7)28.

[22] S.B. Skaar, Robot Modeling and Control-[Book review;
M. Spong, S. Hutchinson, and M. Vidyasagar], IEEE
Transactions on Automatic Control, 379-378 (2007) (2)52.

[23] V.A. Tucker, Gliding birds: reduction of induced drag
by wing tip slots between the primary feathers, Journal of

experimental biology, 310-285 (1993) (1)180.

a small-sized flapping UAV: I. Aerodynamic performance
and static longitudinal stability, Meccanica, (2016) (6)51
1367-1343.

[6] B. Stanford, P. Beran, M. Patil, Optimal flapping-wing
vehicle dynamics via floquet multiplier sensitivities, Journal
of Guidance, Control, and Dynamics, 466-454 (2013) (2)36.

[7] B.K. Chandrasekaran, Design of an adaptive flight
controller for a bird-like flapping wing aircraft, Wichita
State University, 2017.

[8] W. Maybury, J. Rayner, L. Couldrick, Lift generation by
the avian tail, Proceedings of the Royal Society of London.
Series B: Biological Sciences, 1448-1443 (2001) (1475)268.

[9] M.L. Anderson, R.G. Cobb, Toward flapping wing control
of micro air vehicles, Journal of guidance, control, and
dynamics, 308-296 (2012) (1)35.

[10] J.E. Bluman, C.-K. Kang, Y. Shtessel, Control of a flapping-
wing micro air vehicle: sliding-mode approach, Journal of
Guidance, Control, and Dynamics, 1226-1223 (2018) (5)41.

[11] A. Banazadeh, N. Taymourtash, Adaptive attitude and
position control of an insect-like flapping wing air vehicle,
Nonlinear Dynamics, 66-47 (2016) (1)85.

[12] W. He, X. Mu, Y. Chen, X. He, Y. Yu, Modeling and
vibration control of the flapping-wing robotic aircraft
with output constraint, Journal of Sound and Vibration,
483-472 (2018) 423.

[13] W. He, T. Meng, X. He, C. Sun, Iterative learning control
for a flapping wing micro aerial vehicle under distributed
disturbances, IEEE transactions on cybernetics, (4)49
1535-1524 (2018).

[14] S. Armanini, J. Caetano, C. De Visser, M. Pavel, G.
De Croon, M. Mulder, Modelling wing wake and tail
aerodynamics of a flapping-wing micro aerial vehicle,
International Journal of Micro Air Vehicles, (2019) 11
1756829319833674.

[15] J.V. Caetano, C. De Visser, G. De Croon, B. Remes, C.

DOI: 10.22060/mej.2020.17937.6691

S. Leyci, J. Poshtan, Altitude cascade control of an avian-like flapping robot considering
articulated wings and quasi-steady, AmirKabir J. Mech Eng., 53(4) (2021) 2137-2154.

o2 gl )l dlio (nl & 4y

Yot



