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48th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Exposition AlAA 2010-1024
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Dynamics and Control of a Biomimetic Vehicle Using Biased

Wingbeat Forcing Functions: Part II - Controller

David B. Doman *
Michael W. Oppenheimer T

David O. Sigthorsson *

A control strategy is proposed for a minimally-actuated flapping-wing
micro air-vehicle (FWMAYV). The proposed vehicle is similar to the Har-
vard RoboFly that accomplished the first takeoff of an insect scale flapping
wing aircraft, except that it is equipped with independently actuated wings.
Using the derivation of the aerodynamic forces and moments from Part I,
a control allocation strategy and a feedback control law are designed that
enable the vehicle to achieve untethered, stabilized flight about a hover
condition. Six degree-of-freedom maneuvers near hover are demonstrated
as well. The control laws are designed to make use of two actuators that
control the angular position of the wing in the stroke plane. The Split-
Cycle Constant-Period Frequency Modulation with Wing Bias technique,
introduced in Part I, is used to allow each wing to generate non-zero cycle-
averaged aerodynamic forces and moments. This technique modifies the
frequencies of the up and down strokes to yield non-zero cycle-averaged
drag due to the flapping motion of a wing. Additionally, the midpoint of
the wingbeat profile can be modified by use of a wing bias. The bias is
introduced to primarily provide pitching moment control. In this work,

the sensitivities of cycle-averaged forces and moments with respect to the
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control parameters are computed. Single axis controllers are designed and

the complete system is simulated.

I. Introduction

In Part I' of this series, expressions for the instantaneous and cycle-averaged aerodynamic
forces and moments of a flapping wing biomimetic vehicle were developed. This vehicle is
similar to the Harvard Robofly described by Wood,? with the primary exception being the
proposed vehicle makes use of two actuators, which are used to independently vary the
position of the wing spars in the stroke plane. In previous work,®* a third actuator was used
to control the position of a bobweight such that the center-of-gravity could be manipulated
to control the pitching moment. In this work, the third actuator has been eliminated by the
inclusion of a wing bias term. The goal of this paper is to evaluate the cycle-averaged control
derivatives with respect to all control variables to determine if sufficient control authority can
be achieved to regulate the vehicle’s 6 degree-of-freedom (DOF') body position and attitude
using wingbeat frequencies, wgry and wry , the split-cycle parameters, dgy and dpy, and
the wing bias terms, ngw and n.u, as control inputs.

In the present paper, the analysis that was started in Part I' is continued by analyzing the
effects of wing bias and other control parameters upon the body-axis forces and moments.
Expressions for the cycle-averaged control derivatives associated with the variations in the
fundamental wingbeat frequencies, split-cycle parameters, and wing biases are derived. The
expressions are linearized about a hover flight condition and a control allocation strategy
is proposed. A controller is developed such that the vehicle can perform waypoint tracking

and simulation results are presented.

II. Control Derivatives

The parameters used to control the aerodynamic forces and moments are the fundamental
wingbeat frequencies, wry and wrw, the split-cycle parameters, dgy and d, and the wing
bias terms, gy and npy . For controllability analysis and control synthesis, the sensitivity of
each cycle-averaged force and moment to each control input parameter must be determined.
The forces and moments are, in general, functions of the control input parameters as well as
the past values of nrw, nLw because when Agy = Apw =1, AA; = n;—n;1 = n—n_1. Note
that the subscript i notation has been removed and it should be understood that n = n; (the
current value of wing bias) and 1_; = 1;_; (the one cycle past value of wing bias). Hence,
the cycle-averaged forces and moments are sensitive to changes in n_1, although 7_; is not

considered a control input. Letting G be a generalized cycle-averaged force or moment, the
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total increment of G is

oG oG oG oG
Awpw + ——Awrw + Orw + orw
Owpw Owrw Ddrw Dorw (1)
156 15,6 oG 158
Nrw + nw + Nrw -1+ NLw -1
Onrw -1 OnLw -1

AG =

+

Onrw onrw

A feedback controller will generate a set of desired cycle-averaged forces and moments, hence,
the left-hand side of Equation 1 will be replaced AGys. Of interest is the hover condition

and Equation 1 can be written as

_ oG oG oG oG
AG ges = A A ) 0
‘ awRW hover cw - awLW hover o * aéRW hover w * a(sLW hover o
oG g oG oG
NrRw + nLw + NRW-1 + NLw -1
87]RW hover anLW hover 87]RW—1 hover 87]LW—1 hover

(2)

The increments in some parameters are replaced by the parameters themselves since, at
hover, drpw = drw = Nrw = Mew = Nrw-1 = Nw-1 = 0. The partial derivatives in
Equation 2 are now evaluated. The expressions for the cycle-averaged forces and moments

are given in Part I' of this series.

A. X-Body Axis Force Control Derivatives

B
M — E {—A%WQJRW + W%W 5 (A%%W -+ (ARW —+ AARw)2)} (3)
85RW 4 2 (wRW — 25RW)

— B
OFupw _ K 2wy — Torwwhw + 4wrw 0}
RW _ 2L {A%W (2wrw — Orw ) + ( YrW RWWRw T 2ORIY RW)

&uRW N Z 2 (wRW — 25RW)2

o (A2 + (A + Adg)?) } (1)

For the x-body axis force sensitivity with respect to ngrw, recall that AAgy is a function of

Nrw- Therefore,

— B
anRW kLWRW (wRW +URW) 8AARW
= Arpw + AA - 5
Onrw Z (Arw ) Onrw (5)
5E§W _ krwrw (Wrw + 0rw) (Apw + Adsw) OAApw (6)
ONRW 1 4 ONrRw -1
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Left wing expressions are of the same form as the right wing.

85LW 4 Lw v 2 (wLW — 25LW)2 Lw W W
8Efw k‘L 2 QW%W — 76LWW%W + 4wLw(S%W
= A2 (Quiw —
aCULW 4 Lw ( wLw 6LW) + 2 (WLW — 25LW)2
* (A2LW + (ALW + AALw)z) } (8)
——B
8F90LW kL(ULW (wLW + ULW) 8AALW
— Arw + AA 9
87]LW 4 ( Lw LW) anLW ( )
—B
anLW _ k‘LwLW (wLW + ULW) (ALW X AALw) 8AALW (10)
anLW—l 4 817LW_1
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B. Y-Body Axis Force Control Derivatives

__ B .
8FyRW _ k’DAijl(ARw)wRW SN N rw 4 k‘_D ( W%W )
Ddrw 2 4 \(wrw — 205w )’
ES {ARW [Jl(ARW) sin Nrw — Hl(ARW) COS 77RW]
+ (Arw + AAgw) [Jl(ARW + AApw) sin npw
+ Hy(Agpw + AAgw) cos nrw ] } (11)
B .
OF, pw _ —kpApw J1(Arw) (2wrw — drw ) sin Nrw
&uRW 2
+k_D (20&)}3{‘4/ — 753Ww}2{W + 4wa(5?%W>
4 (Wrw — 25RW)2
ES {ARW [Jl(ARW) sin Nrw — Hl(ARW) COS 77RW]
+ (Arw + AAgw) {Jl(ARW + AApw) sin npw
+ Hi(Arpw + AAgw) cos nrw ] } (12)
— B
OFy pw _ —kpArw J1(Arw )wrw (Wrw — Orw ) COS NRW
(9an 2
kpApww Wrw + 0 )
4D RW wal ww + Orw) J1(Arw) cosnrw + Hy(Agw ) sin nRW]
kpw w + o .
" pwrw ( ZW RW) [ {Jl(ARW + AAgw) sin ngw
0AA
+ Hl(ARW + AARW) COS Nrw } 8 W
TTRW
0J1(Apw + AA )
+ (Arw + AAgw) { il RS??RW rw) sin nrw + J1(Arw + AAgw) cos nrw
OH,(Apw + AA )
+ 1( RaW RW) COSTprw — Hl(ARW + AARW) Sin T]Rw}:| (13)
TIRW
— B
oF, k + )
yrw _ NDWRW (wWrw + rw) {Jl(ARW + AAgw ) sin ngw
ONrRw -1 4
0AA
+ Hl(ARW + AARW) COS Nrw }a RW
NRW —1
0J(Apw + AA ]
+ (Arw + AAgw) { 1l SW ) SN Nrw
NRW —1

aHl(ARW —|— AARW)
COS TIRW. L. . ..
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where J;(+) is a Bessel function of the first kind and H,(-) is a Struve function.’

——B

8F?JLW _ _kDALWJI(ALW>WLW SiIl’f]LW . ]{Z_D ( CU%W )
dorw 2 4 \(wpw — 20pw)?
ES {ALW [Jl (ALW> SiIl Nnw — H1 (ALW) COS T]Lw]
—+ (ALW + AALw) [Jl(ALW —+ AALw) sinnLW
+ Hy (Apw + AApw) cosnrw] } (15)
—B .
Oy w _ kpArw Ji(Aw) Qwrw — dw) sinnow
(%)LW 2
_k‘_D (2w%w — 76LWW%W + 4wLw(S%W)
4 (wow — 200w)’
ES {ALW [Jl (ALW) sin nNnow — H1 (ALW) COS an]
+ (ALW + AALw) [Jl(ALW + AALw) sinnLW
+ Hy (Apw + AALw) cosnpw] } (16)
—B
8FyLW _ kDALWJl(ALW)wLW (WLW - 5LW) COSTLw
onLw 2
kpA +o .
_kpApwwrw EleW w) Ji(Apw) cosy + Hy(Apy) sin ULW]
k
_ Kpwrw <wZW +orw) {JI(ALW + AApw) sin o
0AA
+ Hi(Apw + AApw) cosn } LW
onLw
0J1(Arw + AA .
+ (ALW + AALw) { 1< Lgf/r] LW) S N Lw + Jl(ALW + AALw) CoSNLw
LW
OH(Apw + AA .
+ 1( LaW/ LW) COSTNLw — Hl(ALW + AALw) Sin 7]LW}:| (17)
now
—B
OF,
yLw kpwew (Wiw +oww) {Jl(ALW + AApw) sin gy
OnLw -1 Z

OAALw

OnLw -1

OJ1(Arw + AA
+(ALW+AALW){ i gW L)
NLw -1

OH{(A AA
" 1(Apw + Lw) o8 nLWH

+ Hl(ALW + AALw) CoSNrLw }

sin 7z

OnLw -1
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C. Z-Body Axis Force Control Derivatives

OF.pw _ kpArw Ji(Arw)wrw cosnrw  kp ( Wi )
( )*

aCSRW 2 4 WRW — 25RW

* {ARW |:J1(ARW) cosnrw + Hi(Agw) sin nRW}
+ (Arw + AAgw) |:J1(ARW + AAgpw ) cos nrw

— Hy (Apw + AAgw) sinnpw } } (19)

—B
aFZRW N kDARWJI(ARW) (QWRW — 5RW) COS Nrw _ ]{ZD (2(4)%‘/‘/ — 753Ww%3W + 4waé%W)

Owpw 2 4 (Wrw — %Rw)z

* {ARW {JI(ARW) cosnrw + Hi(Apw) sin nRW}

+ (Arw + AAgw) [Jl(ARW + AAgw) cos nrw

— Hy (Apw + AAgw) sin ngpw } } (20)
8E§W _ —kpApw Ji (Arw )wrw (Wrw — Orw ) Sin Nrw
Onrw 2

_kDARWwRW Z(;«‘JRVV _l_ URW) [_Jl (ARW) Sin nRW + Hl(ARW) COS nRW]

_kDuJRW (wZW + URW) [ {JI(ARW + AARW) COS N

0AARW

Onrw
&]1 (ARW —|— AARW)

Onrw

— HI(ARW -+ AARw) sin NrwW }

+ (Apw + AAgw) {

 OHi(Apw + AAgw)
Onrw

cosnpw — J1(Arw + AArw ) sinnpw

(21)

sin Nrw — HI(ARW -+ AARw) COS Nrw }

— B
L, k
OF, py _ _kpWrw (Wrw + OrRW) [{JI(ARW+AARW>COS7IRW

Onrw -1 4
OAAgry

Onrw -1
0J1(Apw + AAgw)

Onrw -1

— HI(ARW -+ AARw) sin NrwW }

+ (Apw + AAgw) {

 OH\(Apw + AAgw)
Onrw -1

COS Nrw

sin nrw }
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3Efw . _kDALWJ1(ALW)wLW CoSNLw k_D W%W
oL 2 4 \( )’

wLw — 20w

* {ALW [J1(Arw) cosnpw + Hi(Apw) sinnpw]

+ (Aw + AALw) [Jl(ALW + AApw) cosnow

— Hy (Apw + AApw) sinnow ] } (23)
8Efw _ k‘DAijl (ALW) (QWLW — 5LW) CosNrw _ k’_D <2W%W — 76LWw%W + 4wLw(S%W)
Owrw 2 4 (wew — 20w)?

* {ALW [J1(Arw) cosnw + Hi(Apw) sinnpw]
+ (Apw + AALw) [Jl(ALW + AALw) cosnw

— Hy (Apw + AApw) sinnpw ] } (24)

anfW - —kpArw Ji(ALw )wrw (Wow — dw) sin npw
Onrw 2
_kpArwwrw (wrw + ow)
4
_kaLW (wew + oLw) { {Jl(ALW + AApw) cosiw

4
OAALw

aTILW
OJ1(Arw + AALw)

aTILW
sinnw — Hi(Apw + AALw) cos 77LWH (25)

[—J1(Apw) sinnw + Hi(ALw) cosnrw|

— Hi(Apw + AALw) sinnrw }

+ (Apw + AALw) { cosnw — J1(Apw + AApw) sinnpw

 OHy(Apw + AArw)
onrw

B
F, k

OF: 1w — _IDeLw (wow + ouw) {Jl(ALW + AApw) cosnow

OnLw -1 4

— Hi(Apw + AALw) sinnrw }

OAALw

Onrw -1
0J; (ALW + AALW)

onLw-1

+ (ALW + AALW) { CoOSNLw

 OH\(Apw + AApw)
Onrw -1
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D. Rolling Moment Control Derivatives

The rolling moment control derivatives are

—B
aMxRW o kpArwwrw
= — RM,,,,
k w3
-2 [Apw RMs,,,, + (Arw + AAgw) RM3,,, ] "W 3
8 (wRW — 25RW)
where
RMlRW = yg,/PARW + Jl (ARW) {w cosNrw + 2AZ£ sin T]Rw} (28)
RMQRW = yg,/PARW —+ w {Jl (ARW) cosnNrw + HI(ARW) sin nRW}
+2AZ§ {Jl (ARW) sin Nrw — H1 (ARW) cos an} (29)

RMs3,,, = ?/ZZP (Apw + AAgw) +w {Jl (Agw + AAgw) cos nrw

—Hy (Arw + AAgw ) sin npw }

—|—2Azg {Jl (ARW + AARw) sin Nrw + H1 (ARW + AARw) COS 77RW} (30)
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—B
8wR};/W _Fp rw ( 4RW RW)RMlRw - KD [Apw RMs,,,, + (Arw + AAgw) RM3,,, ]

2k — Torwwh + 4wrw Oy )

(31)
(wWrw — 20rw )’
— B
OM pw _ kpArwwrw (Wrw — drw) [Jl(ARW) {—w sin naw + 2Azg cos URW}}
Onrw 4
_ kDARWwRW éwRW + URW) |:w {_Jl (ARW) Sin New + H1 (ARW) cos nRW}
—+ 2AZ}§ {JI(ARW) COS ) RwW —+ HI(ARW> SiIl T]Rw} :|
kpw wpw + 0 0AA
_ RDWRW (wWrw RW) RW |:ng (Apw + AAmw)
8 Onrw
+w {J1 (Arw + AAgw) cosnpw — Hy (Apw + AAgw) sinnrw } ]
kpw Wrw + O O0AA
_ RDWRW (wWrw RW) (Apw + Adg) yg;p RW
8 Onrw
+w {8J1 (Arw + Adnw) cosNrw — J1 (Arw + AAgw) sin nrw
Onrw
OH,(Apw + AA )
_ 1( Rg:]RW RW) S Ngpw — H1 (ARW —+ AAR[/[/) COS 7]RW}:|
ey (o + o) 02 Ay [2A21§ {J1 (Arw + AAgw) sin nrw
8 Onrw
—+ H1 (ARW -+ AARw) COS Nrw } }
k 0J,(A AA
_ kpwrw (w}ng + Orw) (Apw + AApy) {2Az§{ 1 ( R@W;];‘W RW) I
OH,(Apw + AA
+J1 (Arw + AAgw ) cosnrw + i jomw ) COS NrwW
— Hy (Apw + AAgw ) sinngw } } (32)
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OM, __kpwrw (wrw + orw) OAARw |:yWP (Apw + AAmy)
—_— cp

ONRw -1 8 ONrw -1
4w {Jl (ARW —+ AARw) COSTNRw — H1 (ARW —+ AARw) Sil’l T]Rw} :|
kpw WRwW + O 0AA
i D RW( RW RW) (ARW "‘AARW) |iyl/[pjp RW
8 Onrw -1
{8J1(ARW —|—AARw) aHl(ARw+AARw) . }]
+ w COSTNRW — SIN NRrw
ONrw -1 ONrw -1
ey (o ¥ o) 02w [QAzg {J1 (Arw + AAgw) sin nrw
8 Onrw -1

+ H1 (ARW + AARw) COS Nrw } }

_kpwrw (Wrw + orw) 0J1(Apw + AAgw)

(ARW + AARw) |i2AZ§ {

sin nrw
8 ONrw -1
OH,(A AA
+ {Arw + Adrw) COS NRW } ] (33)
Onrw—1
For the left wing, the rolling moments control derivatives are
— B
OM,rw  kpArwwrw
- RMlLW
OOrw 4 (34)
k w?
+ 2 [AwRM,,, + (Aw + AALw) RMs, ] w____
8 (wew — 20Lw)
where
RM,,,, = yZZPALW + Ji(Arw) {w cosnLw + QAZE sin nLW} (35)
RMQLW = ngALW —+ w {Jl (ALW) CoSNrLw + Hl(ALW) sin an}
+2AZ§ {Jl (ALW> sin Nw — H1 (ALW) COS T]Lw} (36)

RMjz,,, = ?JCVZP (Apw + AALw) +w {J1 (Apw + AALw) cosnow

—H1 (ALW + AALw) sin now }

+2AZ§ {Jl (ALW + AALw) sin nw + H1 (ALW -+ AALw) Ccos TILw} (37)
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—— B
OM, kpArw Qwiw — 6 k
My _ kpArw (2wrw LW)RMlLW + 2 (AW RMs,, ., + (Apw + AALw) RMs, ]

&uLW 4 8
§ (2wiy — Towwiw + 4;ULW5iw) (38)
(wew — 20w )
oM, " kpApwwrw (wow — 0 ,
w _ _FoAwwewiw Wow — Ouw) [J1(ALw) {—wsinnLw + 2Az7 cosnuw }]
onrw 4
kpArww wiw + o .
—+ DLW LW; LW LW) |:’UJ {_JI(ALW) S NLw —+ Hl(ALW) COS’/]Lw}
+ QAZE {JI(ALW> CoS N Lw -+ HI(ALW> SiIl T]Lw} :|
kpw wrw + o O0AA
pwiw (Wow Lw) LW yl/l[jp (Apw + Adsw)
8 onrw
4+ w {Jl (ALW -+ AAL[/[/) cosnNw — H1 (ALW -+ AAL[/[/) SiIl ’/]Lw} :|
kpwrw (wgw +orw) (A + AAp) [ygpﬁg;;l;w
0J;(A AA
e { o £ BAu) cosnrw — J1 (Arw + AArw ) sinnpw
onrw
O0H{(A AA
_ 1( L;T/]L—;/ LW) sin nw — H1 (ALW + AAL[/[/) COS T]Lw}}
k AA
+ DYLW (WLW + ULW) a LW |:2AZE {Jl (ALW + AALw) sin nLw
8 onrw
+ Hy (Apw + AALw) cosnow } ]
+7€DWLW (wew + oLw) (Apw + AAw) [2Azf {ajl (Apw + AALw) Sin L
8 onLw
OH{(A AA
+Ji (Arw + AApw) cosnrw + 1 Aow + Adiw) COS NLw
onrw
— Hy (Apw + AApw)sinnow } ] (39)
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—B
oM, k + 0AA

o _ o (o 2O EOI 0 (4 + A )
oNrw -1 8 OnLw -1

+w{Jy (Arw + AArw) cosnpw — Hy (Apw + AApw) sinnpw } }

kpw wrw + o 0AA
D LW( LW LW) (ALW+AALW) |:ng LW
8 onLw-1
{ajl(ALw—FAALw) aHl(ALw+AALw) . }}
+ w CoSNLw — S Nrw
OnLw -1 onLw-1
k AA
+ DYLW (WLW + ULW) a LW |:2AZ§ {Jl (ALW + AALw) sin nLw
8 OnLw-1

+ Hy (Apw + AALw) cosnow } ]

kpw wrw + o
pwrw { . ) (A + Adpy) {2Azf{

8H1(ALW+AALW) } }
COSTNLw
onLw-1

OJ1(Apw + AALw)
OnLw -1

sin L

(40)

E. Pitching Moment Control Derivatives

The pitching moment control derivatives are

——B
(9MyRW o ARWu)RWPMl (PM2RW n ycpPkL
RW

PMs,,,

Nopw 2 AArw AApw

AzBE w3
4 TERTE (Azw + (Agw + AAgw)? ) ( il 2)
8 (wrw — 20pw)

where

PM,, = (cos aa: PR, + {sm ax Py AxR} kD) J1(Agrw) cos nrw
Az
2

— ey krJ1(Arw) sin npw — — kL Apw (42)

PM,,, = (cosozx Pl + {sm ax Py AxR} kD) A%W {Jl(ARW)cosnRW

+ Hy(Agw) sinngpw } + Arw (Arw + AAgw) {Jl(ARW + AAgw) cos nrw

— Hy(Arw + AAgw ) sin npw } (43)
PMs,.. = Ahw {J1(Arw) sinnrw — Hi(Arw) cos nrw } + Arw (Apw + AArw)
*{Jl(ARW + AAgw) sinnpw + Hi(Arw + AAgw) cos TIRW} (44)
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OMypw  —Arw (2wrw — 5RW)PM n PM,,,, yZZPk:LPM
&uRW 2 Lrw 4ARW 4ARW Srw
B 3 2 2
FOIRRL (g2 (A + AARW)Q)) (2wa P * 4;}RW53W)(45)
8 (u)RW — 25RW)
— B
oM, —A —
v _ “Arw@rw (@rw = Onw) [ — (cos angpk‘L + {sin axggp + Az} } kp)
Onrw 2
* Jl(ARW) sin Nrw — ngPk’le(ARw) COS Nrw }
wrw (Wrw + Orw) (cosaxll Pky + {sinaxl” + Az} } kp)
AA D D
* A?{W {_JI(ARW) sin Nrw + Hl(ARW) COS T]Rw}
0AA )
+ ARW RW {Jl (ARW —+ AAR[/[/) COSTNRw — H1 (ARW —+ AAR[/[/) Sin T]Rw}

Onrw
+ Arw (Apw + AAgw) { — Ji(Arw + AApw ) sin npw

— Hl(ARW + AARw) COS T rw
0J1 (Apw + AApy) OH, (Apy + AAgw) } ]
+ SN Nrw

CcoS —
anRW T anRW

ngkLwRW (wWrw + orRW)

4ARW A?%W {Jl(ARW) COS Nrw ‘I'Hl(ARW) Sin?’]Rw}

{J1 (Apw + AAgw) sinnrw + Hy (Arw + AAgw ) cos npw }

—+ ARW (ARW + AARw) {J1<ARW —+ AAR[/[/) COS ) RwW

— Hl(ARW + AARw) sin Nrw

&]1 (ARW —|— AARW) . 8H1 (ARW —|— AARW) }
+ SN Nrw + COS NIRW
ONrw Onrw

AzZBkrwpw (Wrw + 0 OAA
4 OMnrw
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o0, (waw + orw)

yrw _ YRW \WRW T ORW (cos ax PR+ {smax + AxR} k:D)
ONrRw -1 4 A pw
OAARW
ONrRw -1
+ Arw (Apw + AAgw)

{ajl (Arw + AAgrw) OH (Apw + AAgw) . }
* COSNRW — SN 1 rw
ONrRw -1 ONrRw -1

Arw {1 (Arw + AAgw) cosnrw — H1 (Apw + AAgw ) sinnrw }

You Ckwrw (Wrw + 0rw)
4 Apw

{Jl (Arw + AAgw) sinnrw + Hy (Arw + AAgrw ) cos ngpw }

+ ARW (ARW + AARw) {

&]1 (ARW + AARw) . a}[1 (ARW + AARW) } ]
+ COS TRW

s npw +
Onrw -1

AZEkLwa (Wrw + Orw)
+ 4
— B
8MyLW N ALWu)LWPMl i <PM2LW
LW

Onrw -1
OAARW
ONrRw -1

(Arw + AApw) (47)

P
Yep kr
PM.
4ALw * 4ALw sew

85LW 2

AZBEk 3
+ 2ELTL (AQLW + (Apw + AApw)? ) ( CLw 2) (48)
8 (wew — 20Lw)

where

PM,,,, = (cos ax Plp + {sin ax Py Axf} kp) Ji(ALw) cos niw
Az

—yor Pk U (Apw) sinnw — =2k Apw (49)

PM,,,, = (cosaxl) "k + {sinazl " + Axf} kp)

A%W {Jl(ALW) CoSNLw

+ Hy(Apw) sinnow } + Arw (Apw + AALw) {Jl(ALW + AApw) cosnLw

— Hi(Apw + AApw) sinnrw } (50)
PM3LW = A%W {Jl(ALW> sinnw — HI(ALW) COs ULW} + Arw (ALW + AALW)
*{Jl(ALW + AALW) SiIl nw + Hl(ALW + AALW) COS an} (51)
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oMy _ —Aw (2wrw — 5LW)PM1LW n PMs,, L Yo kLPMgLW
aWLI/V 2 4ALW 4ALW

AzZBE
Zg L (A%W + (Apw + AALW)2)) (

QCU%W — 75LWW%W + 4wLw(5%W) (52)

_l_
(wow — 20Lw)’

oM, —Apwwrw (wew — 0 i
%xVW _ 4w LW(2 Lw — Orw) {— (cos azly Pkr + {sinazl © + Axf} kp)

* Ji(Aw) sinnrw — ygpijl(ALW) COS NLw ]

wrw (woew + oLw)

(cos axZngL + {sin axggp + Axg} kD)

* A%W {—Jl (ALW) sin nLw + Hl(ALW) COS T]Lw}

OAALw
OnLw

+ ALW (ALW + AALw) { — Jl(ALW + AALw) SiIl?]LW

— H1 (ALW + AALW) CosNrw
0Jy (Apw + AApw) OH; (Aw + Adrw) } ]
+ SN Nrw

{Jl (ALW -+ AAL[/[/) COSTNLw — H1 (ALW -+ AAL[/[/) SiIl T]Lw}

+ ALW

CcoS —
a77LW w a77LW

?/ZZP]{?LWLW (wew + oLw)

4ALW A%W {Jl(ALW) COoSNrLw +H1(ALw) Sin?’]Lw}

{1 (Apw + AApw)sinnw + Hy (Apw + AALw) cosnpw }

-+ ALW (ALW + AALw) {Jl(ALW -+ AAL[/[/) cosNLw

— H1 (ALW + AALw) sin now
+ smnLw + coSNLw
onrw onLw

AzBkw wWiw + o OAA
L B%rbr Lw (wWow LW)(ALW+AALw) LW
4 onrw
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—— DB
oM,
VLW _ wWLw (wLW + ULW) (Cosaxggpkz + {sin ozxgp + Axg} kD)

onrw-1 4ALw
OAALw .
* ALW 01’] {Jl (ALW + AAL[/[/) cosnNw — H1 (ALW + AAL[/[/) S1n ’/]Lw}
LW -1
+ Apw (Apw + AALw)
{ajl (Aw + AALw) OH, (Arw + AALw) . }
* COSNLw — SN Nrw
onrw-1 Onrw -1
Yo Pkrwrw (wow + oLw)
4ALw
OAALw .
+ALw DN {1 (Apw + AApw)sinnw + Hy (Apw + AALw) cosnpw }
-+ ALW (ALW —+ AALw) {
&]1 (ALW + AALw) . a}11 (ALW + AALW) }
+ smnLw + COS NLw
OnLw-1 OnLw -1
AzBE 0AA
n zpkrwrw (wWow + ULW)(ALW + AAw) LW (54)
4 OnLw-1
F. Yawing Moment Control Derivatives
OMLo. —Apww 1
PRW VWM, + = kpArwY My, — kL AgwY Ms,,,
OOrw 2 4
+ kp (Apw + AAgw) Y My, — kr (Apw + AAgw) Y Ms,.., ]
3
x ( Yrw 2) (55)
(wrw — 20w )
— B
oM, A 2Wrw — 0 1
rw _ Anw (wrw RW)YMlRW + = (kpAgpwY My, — kL AgwY Ms,,,
&uRW 2 4
+ kp (Apw + AAgw) Y May,, — ki (Apw + AArw) Y Ms,,,,,)
(Wrw — 20rw)
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where

Y M, = Ji(Arw) sin nrw { kp (sm ax Py ASL’R) — COS axWPkL — WPI{:LW}

sin n
U)]{ZLARW
! 67)
Y M, = (sm ax Py ASL’R) {J1(Agw) sinnrw — H1(Agw) cosnrw } (58)
Y Ms,,,, = —cos ax {JI(ARW) sinngw — Hi(Arw) cosnrw }
: wA

+ycpP {Jl (ARW) COSTIRw + H1 (ARW) Sin ’/]Rw} + 4RW (59)
Y My, = (sinazl” + Azf) {Jl(ARW + AAgw) sin nrw

+ Hi(Arw + AAgrw ) cosnrw } (60)
Y Ms,,, = —cos ax {Jl(ARW + AApw) sinngw + Hi(Arw + AArw) cos npw }

+prP {JI(ARW + AARw) COSTIRwWw — H1(ARW + AARw) sin T]Rw}

4

Approved for public release; distribution unlimited.
18 of 36




—B
OM. gy . Arwwrw (Wrw — Orw)

Onrw 2

J1(Arw) cosn { —kp (sm aa: P AxR)

— cosax kL} + Ji( ARW)pr kp, sin nrw

kpApwwrw (Waw + 0rw)
+ 4

 (J1(Arw) cosnrw + Hi(Apw ) sin ngpw )

(sin ax P4 Azg)

kA
_ krArwwrw E;wRW+URW) ( cos auty " {J1(Arw) cos nrw + Hi(Arw) sin nrw }

+ yo P {=J1(Arw) sin nrw + H1(Agw) cos nrw } )

kpwrw (Wrw + 0rw) (sm ax Py AxR)
4

OAAgrw
Onrw

+ (Arw + AAgw) {
_'_ 8H1(ARW —|— AARW)

{Jl(ARW -+ AARw) sin Nrw + HI(ARW —+ AARw) COS T]Rw}

&]1 (ARW —|— AARW)
Onrw

sinnrw + J1(Arw + AAgw) cos Nrw

COSTIRwWw — HI(ARW —+ AAR[/[/) SiIlT]Rw}:|

877RW
 krwrw (wrw + orw) {aAARW { —cosaxyy” (Ji(Apw + AAgw) sinnpw
4 Onrw

+ Hl(ARW + AARW) COS an)

+ yggp {JI(ARW + AAgrw) cosnrw — Hi(Apw + AAgw) sinnRW}
w(Apw + AAgw) }

4

+ (ARW + AARw) {— COS OéxWP <0J1 (ARW i AARW)
Onrw

8H1 (ARW —|— AARW)
Onrw

sin nrw

+ Ji(Arw + AAgw) cosnrw + COS NRW

— H1<ARW -+ AARw) sin Nrw )

0J1(Apw + AArw)
ycP Onrw

COSTIRw — JI(ARW + AARW) sin NRW

OH (A AA
B 1( Raw+ RW) sinnpw — Hi(Arpw + AAgrw) cosan>
TIRW

4 Onrw
(62)
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8E§W . kDCURW (WRW -+ URW) (sin ozxgzp -+ A([;g)
ONpw -1 4

ONrw -1

*

{Jl(ARW -+ AARw) sin Nrw + HI(ARW —+ AARw) COS ’r]Rw}

0J1(Apw + AA
+@%w+&%ﬂ{ NS&W1RW

8H1(ARW ‘I‘AARW) }:|
+ COS ) RW
ONrRw -1
 krwrw (wrw + orw) {8AARW
4 Onrw -1
+ Hyi(Arw + AAgrw) cos ngpw)

St 7y

{ — Cos axgp (J1(Arw + AAgw) sin ngrw

+ ycvgp {JI(ARW + AAgw) cosnpw — Hi(Apw + AAgw) sinnRW}

+ 4

+ (Arw + AAgw) {— cos axZ;V;P (aJl(ARW * Adrw)

3 sin nrw
NRW -1
OH,(Agw + AAgw)
+ COS NRW
Onrw -1
A AA
+ ng (3J1( rw + AAgw) R
Onrw -1
aHl(ARw—FAARw) . ) w OAAgpw }]
— smMNpw | + —
Onrw -1 4 Onpw -1
(63)
For the left wing, the yawing moment control derivatives become
M.,y — Apww 1
LW _ LW LWYMlLW - — kDALWYM2LW - kLALWYM3LW
A rw 2 4
+ ]fD (ALW —+ AALw) YM4LW — ]{JL (ALW —+ AALw) YM5LW }
3
* ( Yiw 2) (64)
(wew — 26Lw)
S
oM, —A 2wrw — 0 1
awLiVW _ A 2LW LW)YMlLW - [kDALWYMgLW — kL ApwY Ms,,
+ ]fD (ALW —+ AALw) YM4LW — ]{JL (ALW —+ AALw) YM5LW }
(wow — 20Lw)
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where

YM,,, = Ji(Acw)sinnLw { kp (smozx + AxL) — cosaxWPkL WP/fLCOSﬂ}

S Nrw
’UJ]{?LALW
i (66)
Y M, = (sinazl” + Axp) {Ji(Aw) sinngpw — Hi(Apw) cosnrw} (67)
Y Ms,,, = —cos ax {Jl(ALW) sinnpw — Hi(Apw) cosnow }
: wA

—|—ycpp {J1 (ALW) cosnNLw + Hl(ALW) Sin ULW} + 4LW (68)
Y My, = (sm aa: Py AxL) {Jl(ALW + AApw)sinnw

+ Hi(Apw + AApw) cos now } (69)
Y M;,,, = — cos ax {Jl(ALW + AApw)sinnpw + Hi(Apw + AALw ) cosnow }

+ycpP {Jl(ALW -+ AAL[/[/) cosnNw — Hl(ALW —+ AALw) SlIl T]Lw}

4
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Onrw 2

Ji(Apw) cosn { —kp (sm aa: P AxL)

— cosax k‘L} + Ji( ALW)pr kr sin gy

kpArwwrw (wow + oLw) (

sin aa: Py AxL)

* (Jl(ALW) CoOSTNrLw + Hl(ALW) sin nw )

krArwwiw (wow + oLw)
4

( —cosaxpy " {Ji(ALw) cosnrw + Hi(Apw) sinnow }

+ yCVZP {—=J1(Arw) sinnw + Hi(Apw) cosnow } )

kpwrw (wew + orw) (sm ax Py AxL)
4

OANALw
aTILW

+(ALW4—AALW){

onLw
OH\(Apw + AA i
n 1 L@VIT/]LW ow) cosnw — Hi(Apw + AApw) sanWH

krwrw(wow + oLw) [aAALW
4 onrw
+ H1 (ALW + AALW) COS 77LW)

{Nh(Aw + AArw) sinnw + Hi(Arw + AApw) cosnrw }

O (Apw + AAw)

sinnpw + J1(Apw + AALw) cosnow

+ { — Cos ax P (Apw + AApw) sinnpw

+ Yoy {Jl(ALW + AArw) cosnrw — Hi(Arw + AAzw) sin nLW}
me+mhm}

4

+ (ALW + AALw) {— COS OéIWP (ajl (ALW i AALW)
onLw

8H1 (ALW —|— AALW)
onrw

sinnrw

+ Ji(Apw + AALw) cosnow + COS Nrw

— Hi(Apw + AApw) sinnpw )

+ WP (8J1(ALW+AALW)
@ InLw

cosnpw — Ji(Apw + AALw) sinnw

OH | (Arw + AA .
_ 1 LaV;LW w) sin o — Hy(Apw + AApw) cosnLW)

4 Inpw
(71)
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5@514/ o kpwrw (ww + oLw) (sin axZgP + Axf)

Onrw -1 4
OAALw

OnLw -1
OJi(Apw + AA
+ (Apw + Adnw) { 1 o )
LW -1
aHl(ALw+AALw) }:|
+ COSNLw
onrw-1
krwrw(wow + oLw) {aAALW

*

{JI(ALW + AAL[/[/) sin nw -+ HI(ALW -+ AAL[/[/) COS T]Lw}

sin

_l_

4 onLw -1
+ Hy(Apw + AApw) cosniw)

{ — cos axZgP (J1(Apw + AArLw) sinnpw

(72)
- ycvzp {JI(ALW + AArw) cosnrw — Hi(Apw + AALw) sin ULW}

4
A AA
+ (Apw + AALw) {— cosazy” <8J1( o+ Adiw) sin npw
Onrw -1
OH(Aw + AALw) )

+ COS NLw

Onrw -1
n ZZP <8J1(ALW + AALw) S

OnLw -1

- smnLw | + —

OMrLw-1 4 Onpw—1

III. Aerodynamic Control Derivatives about Hover

The control of this vehicle in the vicinity of hover is of considerable interest. Therefore,
the control derivatives are evaluated at the hover condition where wry = wrw = We, dpw =
orw = 0, ngw = mow = 0, and AArw = AArw = 0. Additionally, it is assumed that
the nominal center-of-gravity of the vehicle and wing root hinges are aligned such that
AzE = A28 = 0. When the nominal center-of-gravity and wing root hinges are not aligned, a
non-zero cycle-averaged pitching moment is produced which rotates the lift vector, translates

the vehicle, and does not allow hover. Lastly, since AA =n—n_4, % =1 and gﬁ—j =—1.
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B. Y-Body Axis Force Control Derivatives About Hover
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C. Z-Body Axis Force Control Derivatives About Hover
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D. Rolling Moment Control Derivatives About Hover
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E. Pitching Moment Control Derivatives About Hover
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F. Yawing Moment Control Derivatives About Hover
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G. Control Effectiveness Matrix

Using the general form of Equation 2, writing this expression for all three forces and moments,

and separating out the control and non-control parameters yields

- — B - - -

AF’ﬂvdes 5RW
—B
AFydes 5LW
—B
AF, A — _
_dgs =Ba: R + Baz2 TR (133)
—B
AMydes TIRW
—B
_AMZdes_ L ow |

where By is the control effectiveness matrix, that contains the aerodynamic control deriva-
tives evaluated at hover, and the vector on the left side of Equation 133 is a desired set
of forces and moments, which are generated by a cycle-averaged control law that will be
discussed shortly, to achieve a desired maneuver. Since ngw _1,nLw—_1 are not control vari-
ables, Bas is not considered a control effectiveness matrix. Instead, the terms containing
Nrw—1,Now—1 simply produce a set of forces and moments that are only persistent over a

single wingbeat cycle. Hence, Equation 133 can be manipulated to give

_AEdB;S- [ 5RW ]
—B
AF’ydes 5LW
—B
AF, — _ A
_d;s — B, New-1] _ By WRW (134)
Adees —NLw-1 AWLVV
—B
A]\4ydes "rRW
_Aﬁzfes_ L Lw
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The matrices Ba; and Bag are explicitly expressed as

Ba1 =

and

OF: pw
DORw
B

OMz gy
Irw hover

OMy pw
Odpw

hover

hover

OWRW

r ,.—B
OF; pw
ONRwW -1
__p
OFy pw
OMRW —1
__p
OF. pw
OMRW —1
Bas = -
A2 8A4xgyv
OMRW —1
__ B
OMy pw
OMRW —1

B
OM; pw

OMRW —1

hover

hover

hover

hover

hover

hover

hover

__p
OFz rw
Qwrw

0

0

—B
0w
OMNLw -1
—B
OFy L w
onLw -1
—B
OF. 1w
onLw -1
—DB
OMz 1w
onLw -1
—B
OMy 1w
onLw -1

B
OM, L w

onLw -1

hover

hover

hover

hover

hover

hover

hover

B
OF: pw
Onrw
__p
OFy gy
Onrw
OF: pw
Onrw
B
OMz gy
Onrw
OMy py
Onrw
__p
Onrw

hover

hover

hover

hover

hover

hover

OFz rw
onLw
__p
OFy Lw
onLw
OF: 1w
onLw
B
OMz Lw
onLw
OMy
onLw
__p
onLw

hover

hover

hover

hover

hover

hover

(135)

(136)

From the structure of Bag, it is found that this matrix has rank six. Hence, split-cycle

constant period frequency modulation with wing bias has provided a technique to control

6 degrees-of-freedom with only two physical actuators. Fundamental frequency (wrw,wrw)

can be used to control the x-body axis force and yawing moment. Likewise, the split-cycle

parameters (dgw,drw) can be used to control rolling moment and either z-body axis force

or pitching moment. The wing bias parameters’ primary function is to replace the bob-

weight®4 as a pitching moment control parameter. The control allocation objective is to find

T
the control vector, [ Sew Orw Awrw Awrw Trw Now ] , such that Equation 134 is

satisfied. The desired forces and moments in Equation 134 are generated by a feedback

structure designed to track a trajectory. The control allocation scheme is a pseudo-inverse
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and the control vector is computed as

([ AT, ] Y[ daw ]
AFyy, Suw
Ba,t AE%S — B, —TRW -1 _ Awrw (137)
AM, s —NLw-1 Awrw
ANy, Ry
| (AL, ] ) L omw

where Ba1" is the pseudo-inverse of Bay. The control values, in Equation 137, are held
constant over a wingbeat cycle and are applied to the oscillator generating the wingbeat

forcing function.

IV. Results

The modeling and control analysis is now utilized in a six degree-of-freedom (DOF)
model of the flapping wing MAV. The control design approach is the same as that used by
Oppenheimer, et. al.* Figure 1 shows the structure of the controller. Position or attitude
errors generate desired accelerations (or forces and moments). The forcing functions are

[U/I!K (t)-
5’”1' ([)

’7Rw(t),

e Right Split-
o E’ P~ Cycle Osc. B (1) { F }
Right Cycle ZOH —|_> M
Delay M- Aero- 6 DOF
4"_}_F R -1 Modal L 6 Dor .
o (0) =17 —_—
o | Left Split- J—;r» ()

¥ Cycle Osc.

Left Cycle ZOH 1

@, ()]
[(mm Lw{ Doty |y, (1)

7 (1)

Figure 1. Five degree-of-freedom split-cycle controller with wing bias.

inputs to an aerodynamic model of the vehicle and 6 DOF equations of motion are integrated
to obtain the state of the vehicle. The 6 DOF model is driven by the instantaneous forces and
moments,’ from the blade-element model, and not the cycle-averaged forces and moments.

The commands, for the presented simulation run, are shown in Figure 2. The vehicle
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Start .
Y axis, m

Figure 2. Commanded MAV Trajectory.

starts by executing a roll to align its heading with waypoint 1 and then pitches over to
perform a translation in the direction of the y-axis of the inertial frame. Following this,
the vehicle again aligns its heading with waypoint 2 and proceeds to translate in both the
x-axis and z-axis directions of the inertial frame. Two constant altitude maneuvers are made
followed by a change in altitude to get to the final waypoint (5). Figure 3 shows the roll,
pitch, and yaw angles of the MAV during the flight, while Figure 4 shows the Euclidean
norm of the position errors. The large roll angles are used to align the heading of the vehicle
with the next waypoint, while, for forward translation, a non-zero pitch attitude angle is
utilized. The position errors are small with a maximum of about 0.12 m.

Figures 5, 6, and 7 show the values of the control variables required to produce this
maneuver. The trim wingbeat frequency is about 120 Hz with large excursions during the
portions of the flight where altitude changes are made. The split cycle parameter is used to
produce roll and is therefore active during all portions of the flight except movement to the
last waypoint when there is no heading error. Similarly, the bias is used to pitch the vehicle
to assist forward translation. Hence, the bias is active during all portions of the flight. One
interesting point here is that a bias value of less than about 0.6° is sufficient to regulate the
attitude.
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Euler angles vs. time
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Figure 3. Vehicle Attitude.
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Figure 4. Euclidean Norm of Position Error.

V. Conclusions

In this work, a control strategy for a flapping wing micro air vehicle was developed. The
control strategy made use of split-cycle constant period frequency modulation with wing bias
to provide six DOF control over the vehicle. Simulation results show that sufficient control
authority exists to track six DOF trajectories. The cycle-averaged controller provides the
ability to track desired trajectories when applied to a blade-element based simulation model
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Fundamental frequencies vs. time
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Figure 5. Fundamental Wingbeat Frequency, w.

Split cycle parameters vs. time
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Figure 6. Split-Cycle Parameter, .

of the flapping wing MAV where the instantaneous aerodynamic forces and moments forced

the equations of motion.
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Wing biases vs. time
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