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e Appendix A provic : hematical derivation of a quad-rotor vehicle
model. The dynamics are « >lained from the basic concept of Newton-Euler
formalisim. Particular at on is given to the quad-rotor architecture and

mancuvering mechanismn.

e Appendix B presents an introduction to bond graph modeling. The impor-
tance of this appendix lies in understanding the first simulation model developed

to evaluate the control of a « ad-rotor helicopter.

e Appendix C presents rotation inertia theory which describes the dynamic

behavior of a body in rotati 1 about a fixed axis.

e Appendix D discu s :analytical identification of thrust and drag factors

for a propeller.

The status of each publici on a1 contributions made by the authors are provided

as a preface before cachi paper/cl  ter.
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pose estimation of small UAV’s known to the author.

Hossain 2010










Dr. Geoff Rideout and . Nicholas Krouglicof provided technical guidance and
editing of the manuscript. In this chapter the manuscript is presented with altered
figure numbers, table numbers and reference formats in order to miatch the thesis
formatting guidelines set out by Memorial Uni® sity. The modeling presented in
this work is based on bond aph modeling technique. For better understanding of

the concept of bond aph modecling; a bricf introduction is presented in Appendix

B.
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Figure 3.8: Open Loop Free Fall Sim ° tion for Zero Thrust
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Figure 3.9: Open Loop Roll Motion due to (71,75, T3, Ty) = (1.5,1.5,1.5,0.5)N

Figure 3.8 shows the free-fall t« . Providing no thrust to the quad-rotor causes
it to fall down due to gravity at a ite of 9.8 ms~!. The parameters considered for
simulation are realistic quad-rotor | -amecters from [15] where the mass of the vehicle
m = 0.5 kg. For lifting the helicopter it is obvious that there should be minimum
combination vertical thrust of 4.9 N provided by all the four rotors. Figure 3.9
demonstrates the roll motion when subjected to an equal thrust at front and back

rotor and unequal thrust at right and left rotor. In this case, front and back rotor
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the set of real numb: . The first element in the set is the scalar unit 1. The other
three elements are mutually —rpendicular unit vectors which obey the following laws

of combination.

ixj=k jxi=—k
(5.17)
Jxk=1i kxj=—i
kxi=j, ixk=—j
The equation q is a linear combination of the elements of the basis A, i.e.:
g=d+ai+bj+ck (5.18)

Here a,b,c,d € R. Every nonzero quaternion has a multiplicative inverse given

by,

*

q whe ¢ d—ai—bj—ck (5.19)
qq:

The quaternion ¢~! and ¢* are referred to as the reciprocal and conjugate of ¢
respectively.
Now let us counsider, 7 #which ¢ nes the position of a body-fixed point I
before an after a general ¢l 1ge in the orientation.
Foowity)+zk

(5.20)

7—_A Il; + y/} + ZI]\'

The two vectors 7 and 7 can  *re ed by the quaternion repre 1tation of finite
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32bit x86 CPU running at 1000MHz with 256MB DRAM. The board v ghs only 50
gm without wiring and consi 1cs 2 Watt of power. The main /O ports used are the
PWM output channel for running the motors of the quad-rotor, 72C' communication
used to read the sensors, and the Al . The C++ programming language is used
to develop the code for stabilizing the quad-rotor. The controller has many other
features for future development. Figure 6.4 shows the plioto of the controller board

and Figure 6.5 shows the architecture of the board.

Figure 6.4: Photo of Controller Board (RoBoard)

6.2.4 Power System

The selection of the power supply for a quad-rotor depends on the required flight
time as well as the maximum payload f the vehicle. In order to increase the useful
payload, the battery weight must be reduced resulting in reduced flight time. On the
other hand increasing the battery pacity increases flight tiine but reduces payload.

Keeping this in mind, a pair of 00 mAh 3S Lithium Polymer (L o) batteries

Hossain 2010 88










































The yaw, titude and pc tion cor -ollers have not yet been tested using inertial
sensors, due to the lack of time as well as the p 1 to implement visual servoing.

However, incrtial sensors will alw: 1 be included for redundancy.
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separation and ultimately unstak aerodynamics. For improving the safety of the
platform the addition of carbon rod around the platform can be a pror  sing solution
which may serve as a protective b rier. On the other hand, the demands for higher
capacity batteries will never . and miniaturized fuel-cells are a promising tech-
nology. Finally, the system ' el integration is the key to bringing together all these
technologies in the optimal mann  Nevertheless, the goals achieved with this work

represent a promising beginning towards a full automatic quad-rotor helicopter.
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frames.

1T

Ir‘=|x v “ (A1)

The angular position (or attitude) ©¢ of the helicopter is defined by t : orientation
of the O-frame with respect to the E-frame. This is given by three consecutive
rotations about the main axes whi  take the F-frame into the O-frame. In this work
the “roll-pitch-yaw” set of ™ iler a1 s were used. Equation (A.2) shows the attitude

vector.

o° — [¢ ; wr (A.2)

The rotation matrix R is obta :d by post-multiplying the three basic rotation

matrices in the following order:

e Rotation about the Zg axis « the angle ¢ (yaw) through R(v), z)

cosyy —siny 0

R(,z) = |singy  cosyp O (A.3)

e Rotation about the Y] axis of the angle # (pitch) through R(6,y)
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vm = (A7) (—AZ ™) ™ AT+ AZ (™) Q2+ AT (8) 0?) (A.43)

Equation (A.44) shows the previous expression not in a matrix form, but in a form

of system equations.

y U
X = (singsing  cos ¢sinf cosyp) —
m
- . . . U,
Y = (—singcosy) + cospsinfsiny) —
m
17
= —g + (cos ¢ cos 6) .
A.44
. Iyy I, Us ( )
Wy = Wy — — Wy S+ ——
XX Ixx Ixx
: Iz7 — Ixx I, Us
P L RS — w, N
“ Iyy W Iyy et Iyy
. ’VY - ’\.’V [//1
Wy, = - Wy Wy + 127
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1o ted to other sections. Therefc they are just initialized and used in this appendix
as “stand alone” quantities.

For the same object, dif  ent: s of rotation can have different nior nts of inertia
about those axes. The moment of inertia tensor is a convenient way to summarize all
moments of inertia of an object with one quantity. The monient of inertia tensor is

defined as:

Here [y x denotes the ome  of inertia around the x-axis when the objects are
rotated around the z-axis, Ixy denot the moment of inertia around the y-axis when
the objects are rotated arc 1 the z-i s, and so on.

The following show the mon of inertia calculus for the geometries used in this
work mainly the motor inertia i 4 the propeller inertia. In this case motor has been

modeled as cylinder and -~ prop  or as a flat plate/solid rectangular prism.
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e Solid rectangular prism -

o

constant density p = 7. Figi : C.2 shows the geometry.

Figure C.2: Model of a Rectangular Prism

IX:///pl '+ dr dz
—p/ / / (y? + 23 dz dy dz
u L
(LH/2 2dy+LW/ )
_w
2

3 3 2 2
= M (LHK LWH> M (W +—>

12 12 12 12

, dzdydz

L2
+ 2 drdydz=---=M <

) dx dy dz

L2

2 L
y)dzxdydz =--- =M (12

Hossain 2010

12

h length L, width W, height H, mass M, and a

+ %2) (C.7)

”1‘/22) (C.8)
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Appendix D

Blad. . ement Theory

Blade Element Theory is wid 7 used to calculate aerodynamic forces and torques that
act on a rotor. The forces 1d torque are calculated by integrating @ individual
forces acting on smaller blade e.. en over the entire rotor. Figure ! 1 shows the

model of the propeller section.

/N /

N ‘

Figure D.1: Blade Element Theory
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I“Vp
2 PA A

(D.3)

Vy =

Here, Wp [N] is weight  ried by propeller, pa [kgm™] is the air density and A

= 7 R% [m?] is the area of disk created by the propeller. Therefore:

vy

A= (D.4)

wp RP

To continue with the thrust [ torque calculus, a few things have to be taken
into consideration. The infinitesin 1  dLppr and dDgpp forces according to acro-

dynamics theory [23], are ter 'd by equations D.5 and D.G.

1

dL; P4 v Credr (D.5)
1

dDppr 3P4 v% Cpedr (D.G)

Where C}, is the lift coc  :ient, Cp is the drag coefficient and ¢ [m] is the average
chord of the propeller ble . .he cocfficient of the lift Cp varies linearly with the

angle of attack through the lift sl e a [rad s™').

C, ¢ (1(91 — ¢r) (D'7)
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H/ >
!
Vy 5 oA A

4.37
= \/7 1 0 = 5.998 [ms~!] (D.15)

2 xm0.12¢¢
and, A = "
wp Itp
5.998
= —————  0.08542 D.16
552.9 x 0.127 ( )

Here, Wp is the thrust prc 1ced by the propeller while running at a speed of wp
(from table 6.1). All these + have been utilized in section 6.4 for cvaluating the

thrust and torque accordii  to B le ement Theory.
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