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This paper presents a novel concept of a co-axial bi-rotor UAV which is controlled by moving its
center of gravity. After deriving a 6DOF nonlinear model using the Euler-Newton method, we introduce
a simplified 3DOF model for planar motion. Due to the limited available torque in pitch and roll
channels, a linear quadratic regulator controller is designed for planar motion control, in order to
evaluate the performance and maneuverability of the system while respecting the control limits. The
simulation results of implementing an LQR controller on the nonlinear model for tracking problem
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1. Introduction

In recent years, drones have been used in a variety of fields,
from agriculture, forestry, multimedia to transportation [1], traffic
monitoring [2], remote sensing [3] and other civilian applications
[4], each of these applications have their own specific needs, like
long endurance, low energy consumption, high maneuverability,
high stability and so on. It is hardly possible to gather all of those
benefits in an Unmanned Aerial Vehicle (UAV) at the same time,
this has led to the development of various types of drones from
Vertical Takeoff and Landing (VTOL) and Horizontal Takeoff and
Landing (HTOL) to Hybrid and Bio-Inspired UAVs [5].

Throughout most of this history, VTOL UAVs especially multi-
rotors, have been mainly the focal point of researchers’ attention,
specifically because of their simplicity, low cost, no need for a run-
way to takeoff or landing and capability of being used in various
applications [6]. Researchers have used a range of ideas to design
and build these types of UAVs including tilt-rotors, ducted fans,
semi-flapping rotors, thrust vectoring, embedded fans and Dyson
fans [5], [7] one of the ideas which recently is used in multirotors
is moving the center of gravity to control the UAV.

Moving Mass Control (MMC) is a control mechanism that uses
internal moving masses to adjust the center of gravity and thereby
control the attitude. While this type of control has been mostly
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used in underwater vehicles, there are applications of this method
in the aerospace industry, e.g. re-entry vehicles, spacecrafts, satel-
lites, and UAVs, a comprehensive review paper is published by Li et
al. on the applications of MMC [8]. Particularly in re-entry vehicles,
MMC has various applications [9], for example, Dong and his col-
leagues used MMC to control the roll channel of a re-entry vehicle
with considerations of full state constraints [10], another work has
been done for increasing the stability of a re-entry vehicle by Mo-
hammadi [11]. Many control methods like adaptive control [12],
sliding mode control [13], different kinds of optimal controls and
also controllers which are designed in combination with modern
methods like machine learning, are implemented on Moving Mass
(MM) systems [8].

In multirotors there are few researches about using MMC as
a control mechanism, the first try of using MMC in multirotors
comes back to 2008 when Bermes et al. Developed their new de-
sign of steering mechanism for a mini coaxial helicopter, in their
concept they used a MM mechanism as an alternative for swash
plate steering [14]. Yadav et al. also developed a similar MAV using
COG shifting mechanism [15]. Haus and his colleagues also came
up with the idea of using MMC in quadrotors, they developed an
experimental model of a quadrotor with MMC mechanism using
four miniature two-stroke combustion engines to supply the re-
quired lift force and four moving masses to control the attitude of
the quadrotor [16].

Compared to other control methods such as using control sur-
faces, MMC has two major advantages:
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Fig. 1. The rack and pinion mechanism used to move the masses.

1. Mechanisms and actuators are completely inside the body
and hence have no aerodynamic effect.

2. Since there is no need to use a fraction of the aerody-
namic forces to control the system, maximum use of aerodynamic
forces will be provided, resulting in lower energy consumption and
greater payload capacity specially in cruise flight [8].

Comparing with other works specifically with comparison to re-
entry vehicles, using MMC as a control method in multirotors have
another advantage, in this method we take advantage of MMC not
only for providing stability but also for controlling purposes. This
concept also enables us to compensate for mass imbalances caused
by low accuracy during the manufacturing process.

Contrary to other MMC UAVs, for example Haus's concept,
which uses four rotors in the structure of a quadrotor, we only use
two rotors and in a new structure, we place the moving masses
on sides of the main frame, this novel configuration increases the
maximum available shift of COG and as a result the maximum
available torques this is what increases the maneuverability of the
system, and reduces the overall mass and cost. Furthermore in
spite of Bermes’s co-axial helicopter this structure is more suit-
able to carry cargo meanwhile it uses two separate rotors instead
of one contra-rotating rotor, which allows us to control the yaw
channel when it is needed, furthermore this configuration allows
us to put the batteries and other equipment inside the body. Also,
the MM mechanisms are completely different, while Bermes uses
a spherical MM mechanism with two swings we use a simple rack
an pinion linear MM mechanism. As shown in following sections,
this novel configuration of a moving mass controlled UAV has a
high maneuverability and is suitable for a vast field of applications.

2. Concept description

The main idea in this paper is to control the attitude of the UAV
by controlling the Center of Gravity (CoG). This can be reached by
using four moving masses. In our concept, we use two co-axial
rotors which are rotating in the opposite direction of each other,
at the center of a square frame and four moving masses on four
sides of the frame according to Fig. 2.

We use a pair of Clockwise (CW) and Counter Clockwise (CCW)
propellers, in order to eliminate reaction torques produces by each
rotor (and propeller).

There are different mechanisms for moving the masses, includ-
ing reels, rails, straps, and gears, in this concept we use rack
and pinion mechanism which is controlled by a servo motor. This
mechanism is fast enough, inexpensive and easy to run, and we
can consider its dynamics as a first-order system (see Fig. 1).

The yaw angle is controlled by creating a differential angular
velocity of Aw between two rotors, and only roll and pitch angles
are controlled by moving the CoG. By moving the masses in X, Y
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Fig. 2. Schematic of moving CoG bi-rotor VTOL UAV concept.

Fig. 3. Reference frames.

direction, the lift force of two rotors will produce a torque about
CoG which causes the UAV to rotate and enables us to control the
UAV.

3. Mathematical modeling

First of all, we should explain the reference frames which are
used in this section. We use three different reference frames, Earth
Fixed Inertial Frame, Rotating Body Frame, and Rotating CoG frame.

We consider the Earth Fixed Inertial Frame (R;) as a fixed frame
at a desired origin. Body Frame (Rg) is considered as a Body-Fixed
frame at the center of surface, and finally, one more frame is con-
sidered which is parallel to the body frame at CoG, we will show
this frame by Ry (see Fig. 3).

For any desired vector in any frame, we use rg notation which
shows a vector from the origin to the object a in reference frame b.

We use ZYX Euler angles to represent the orientation of the
UAV in the R; frame Thus the transformation matrix of position
from the body frame to the vertical inertial frame will be [17]:

Ty =Rx (@) Ry (O) Rz (V) (1)
where:

1 0 0
Rx(@)=1]0 c(p) —s(p) (2)

0 s(p) c(p)
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Fig. 4. General displacement of the moving masses.
c@ 0 s@)
Ry (6) = 0 1 0 3)
—s@) 0 c@®)
cy) —s@) 0
R:(y)=|s@) c@) O (4)
0 0 1

where ¢ and s denote cos and sin respectively. Similarly, for angular
velocity transformation matrix we have [18]:

1 s(@)t®) c@t®)

Tpy=|0 c(p) —s(¢) (5)
0 @ ()
c®) c(0)

where t denotes tan. So, if we define angular and linear velocities
of the UAV in the body frame as:

p u
wp=1 ¢ Vp=1 v (6)
r w

Then the angular and linear velocities in the inertial frame can be
calculated like this [18]:

® = Tpywp (7)
V =Ty Vp (8)
so, the kinematic equations are:

@ = p +1(cos () tan (8)) + q (sin (¢) tan (9))
6 = q (cos (¢)) — 1 (sin (p)) (9)

;. (cos () sin ()
w”(cos(@))”(cos(@))

3.1. Center of gravity and moment of inertia

Movement of masses not only changes the CoG and moment of
inertia (I) but also creates multiple derivative terms of the mo-
ment of inertia in equations. In order to calculate the effect of
CoG displacement on the moment of inertia matrix and CoG, we
consider a general displacement of the masses, where the displace-
ment of longitudinal masses (mq and m3) is x and the displace-
ment of lateral masses (my and my) is Y.

According to the Fig. 4, the position vector of the masses in the
Rp frame are:

=[x L o] (10)
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R=[L{ 1 o] 1
=[x -L o] (12)
=[-L 1 o] (13)

where [ is the square side length. Therefore, the position of the
CoG in the Ry frame will be:

o_ myry + S mard 9= o o
= e
4
Mp + 3 g Mn (14)
4
M

where p is the ratio of the mass of a single moving mass (which is
equal to other moving masses) to overall mass (m,/M). The posi-
tion vector of the moving masses in the Ry frame can be calculated
as follows:

—w-[2x 27 o]

rp=rp—1¢ (15)
So:

n=[x-2w L-2u1 0] (16)
n=[i-2ux Ta-20 0] (17)
n=[xa-2m —(5+2u7) o]T (18)

rl:[—(§+2ux) Y- 2u) o]T (19)

Simply the position vector of the body in the Ry frame will be
achieved:

rh=-10=—p-[2x 27 0] (20)

It is clear that the overall moment of inertia of the UAV is the
summation of the moment of inertia of all components:

=1+ "I (21)

We consider five components, one of them is the body without
moving masses and four others are the moving masses. In order
to calculate the moment of inertia of the UAV, we should calculate
the moment of inertia of the body and four moving masses around
the CoG. By using the Parallel Axis Theorem for a desired mass m
we have [17]:

1N =Tn 4+ mp (r,]nT r} E3 —r1} -r;f) (22)
The moment of inertia of the body around CoG is:

Bh=To+my ()" rjEs =1} -1} ) =

2x 1 00
w*[2x 2y o]f2r |0 1 0O
T +m 0 001 B
b b 2x
-2 27 [[2x 2T 0] (23)
0
Ip+
AmpulY?  —Admpulx Y 0
—4mpuPx Y Amyu?
0 0 —4myp® (x4 Y?)
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where Tj is the moment of inertia of the body (except the mov-
ing masses) around its center of gravity, and my is the mass of
body without moving masses. The moment of inertia of the mov-
ing masses will be calculated in the same way, hence the overall
moment of inertia of the system around the CoG will be:

I} =Ty + 4lp+

[ 010 + 06+ 05 7]
0
+03 — 03 o1
o %+ 06+ 04 0 (24)
407 — 07
mi% 4+ 010 + 09

0 0 +05 + 04 + 03
L +03 —0g — 07
where:

02=4mbM2X2 03=4mpr2T2 04=16m/12)(2
2~02 ml? 2
=16 T =— =8muY
05 mj [of ) a7 mu (25)
O’8=8m/LX2 09:2m)(2 o010 = 2mY?
o1 =—4ux Y [@mpu — 2m +mpp)

Accordingly, the derivate of the moment of inertia is:

Il =
™ &10 + 66 + 05 . 7

. . 0

+03 — 03 o1
&1 9o+ 96+ 04 0 (26)
+02 — 07
010 + 09 + 05
0 0 +04 + 03

L +03 — 63 — 07
where:

G2 =8mpu’xx 63=8mpyu*YY 64 =32mu’xx
65 =32mu’YY 66=0 &7 =16muYY
Gg=16muyxx G9=4mxx &10=4mYY (27)
01=—4ux Y (@dmu —2m+ myu)
—4ux Y (Amp — 2m +myp)

3.2. Dynamic equations

The Rq is a rotating frame, so the derivative of the vector ry in
the R; frame will be [17]:

dt 0 -0 0
i <r0> =Ty +wxry (28)
where % denotes the time derivative of a vector in the rotating

frame (Rg) w.r.t the inertial frame (R;) and w is the angular veloc-
ity of the rotating frame (Rg) w.r.t the inertial frame.
Thus, the velocity of the CoG in the R; frame is:

vi=vi 0w xr? (29)

where v? is the time derivative of the r0:

v

4 -0
2 — Zn:] Maly (30)

M
Similarly, for the nth mass:

vi=vi + v+ wxr? (31)
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The linear momentum of the nth mass is:

L0 =my . v0 (32)
n n

Linear momentum of the overall system in the inertial frame is:
4
Li=Ly+> L (33)
n=1
Using Eq. (14), Eq. (31), Eq. (32) one can write:

4
Li:M(vé—kwxr?) +Zmnv2

n=1

) 4
:M(vé—}—wxr?)—i—ZLg (34)

n=1

By using the second law of Newton we have:

dit o1 [ d (&,
Evb:M ZF”"‘Fg"‘Fd_a ZLn
j=1
d 0
——(wxr 35
dt ( C) (35)
where F; is the propellant force of the jth rotor, which is calcu-
lated by:

Fry =T (b22K) (36)

where b is the rotor constant, 2 is the angular velocity of the rotor
and k is the unit vector of the Z-axis in the body frame.
Also, the weight force is:

Fg = —MgK (37)

where K is the unit vector of the Z-axis in the inertial frame.

And F; is external forces in the inertial frame.

Angular momentum of the system in the Ry frame equals to the
sum of angular momentum of all components:

4
H{ =H}+) H, (38)
n=1

where Hj is angular momentum of the body and H, is the angular
momentum of nth moving mass, we have:

4

Hi=Lo+Y ryxL (39)
n=1

Using the second law of Newton for rotation, yields:

dt 1 . 1 0 &

o Bo+Y raxLy)=Y"(Myj+My)+Mg+Mg  (40)
n=1 j=1

where M;j is the torque of the jth rotor’s thrust and M,; is the

reaction torque of the jth rotor:

Mj = —10 x Fyj (41)
M;j = (—=1)/ T dQ%k (42)

in where d is rotor constant, also Mg is the torque of the weight
force:

4
Mg:r; X (—mbgf<>+2rrll X (—mngk) (43)
n=1
and My is external momentums in body frame.
As we are calculating the angular momentum w.r.t CoG it is
clear that Mg =0.
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3.3. Expanding the translational equations

The left-hand side of the (35) is:

ai
—YV
dt b

i

=d,=[% j 7] (44)

for the term g—;(Zﬁ:] L9) we have:

di (& o 0
T o= +wxL)
n=1 n=1
L9=m-vY 4 .0 0
- mip+wxm-vy (45)
n=1

where x is the vector cross operator, thus:

d{i} 4 _ZX —szff
i ZLS =m| 27T [+m 2wz X
t\io | 0 20T = 2wy X
2 — 2w,
=m| 2YT+2w:% (46)
| 20x T — 2wy X

Consequently, the term g—i(a) X r?) will be:

4l di wx 2ux
E (C!) X T?) = a a)y X ZMT
w; 0
4t —2w0T
=— 2wz X

dt 20x Y — 2wy L X

—20,uY = 2w,uY
= 2wz X + 20210 X
20x T =20y + 20k Y — 20y L X

2UYWxwy — 2UX 0} — 2px W7
+ | —2uYw} —2uYwf — 21 wxw, (47)
2uYwywz + 210 X wxw;

As w is expressed in the inertial frame, using Eq. (1) the nonlinear
translational equations are simplified to:

b 2 2

= = (24 +93) @)@ +s@)s)
— i =2rY) — (=2iuY = 2ruY)
— (ZMqu —2uxq* - 2Mxr2) + Fax

. b o
Y= M (21 +93) c@s@s) = stp)ew) — w@¥ +2r7)

— (2Fpx +2ruR) — (—ZMTq2 —2uYp? —2ux pq)
+ Fq,y

—E(Q2+Qz)(c() 0)) — g — u2pY —2q7%
= % 5) (c(@)c(@)) — g — nu2p ax)
— 2PpUY =24 x +2puY —2qux) — QuYqr+ 2ux pr)
+Fd.z
(48)

where Fqy, Fqy and Fq, are the elements of the external forces
in x, ¥y and z directions.

Note that the air drag is neglected in the abovementioned equa-
tions.
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3.4. Expanding the rotational equations
The left-hand side of the (40) is:

dt 1 0
I
i a)—i—Zr x Ly

n=1

4
Ho+lo+ox (Ilo)+ox <Zr,1 x LS)

n=1
4 4
+ D R XL+ Ty x L (49)
n=1 n=1

where the terms I! and I! are calculated previously in (24), (26),
and the term o x (I{w) is:

wx (lHw) =
® Ixwx+ Iyxwx+
Y\ Iywy + 170, Lyywy + 1,0,
o Iyxwx+ I xwx+ (50)
z Iyywy + Iy, Iyywy + 1,0,
» Iyxwx+ —w Ixxwx+
\ lyywy + Iyz0; Y\ Lywy + Lo,
Using Eq. (16), Eq. (17), Eq. (18), Eq. (19), Eq. (32) it can be ob-
tained:
4 0
D omx L= 0 . (51)
n=1 dmuYyx —4mpux Y

therefore  x (ZL] r} x Lg) can be computed as follows:

4 wy (AmpuY§ —4mpux Y)
w x Zr; x L) = | oy (4muYy —4mpuy ) (52)
n=1 0

Similarly, the term Yn_, r} x L9 will be:

4 0
> omxin= 0 ) (53)
= | Amu ) —4mux Y

The term Y 4_, 7} x LY is zero:

4 0 0
D i x L= 0 + 0
| 2mpx Y —2mux Y
0 0 0
+ 0 + 0 =|0 (54)
2muy Y —2muxY 0

In order to calculate the term Z?zl(Mtj + Mg;) we should replace
(14), (36), (41), (42) in (40):

—2ux 0
My =10 x Frj=| =21Y | x 0
0 b(Q2+Q3)
—2bpuY (93 + Q3)
=| 2buy (Q%+Q3) (55)
0
A R 0
Mg = (=11 dQ%k = 0 (56)
]

d(2f - 93)
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Finally, the nonlinear rotational equations can be derived:

p=—yd_ xel B wd
IXX IXX IXX IXX IXX
_ q (szp + Iz2yq + Izzr) n r (Iyxp + Iyyq + Iyzr)
Ixx . Ixx
q (4muYx —4muxY) B 2bpuY (21 + Q2)
IXX IXX
+Md,x
o tb Lt Lyp Dyya dyer
Iyy Iyy Iyy Iyy Iyy
T (Ixxp + Lyq + Ixzr) n b (szp +Iq+ Izzr)
Iyy . Iyy
P (4mpuYx —4mpux Y) N 2bpy (21 +2)
I.V.V Iyy
+ Mg,y
b Lyd Tap Tyq ler
Iz2 I, I, I, Iz,
B p (Iyxp +Iyyq + Iyzr) I q (Ixxp + Ixyq + Ixzr)
Iz, I,
amuYy  dmpx¥  d(QF -3
_AmpYy ampx Y d (€ 2)+Md,z (57)
I, 172 I,

Where Mg x, Mg,y and My , are the elements of external momen-
tums in x, y and z direction of the body frame.

4. 3DOF planar motion

In this section, we consider the motion of the UAV in the YZ
plane. Firstly, multiple simplifying assumptions should be consid-
ered:

o The effect of displacement of the moving masses on I is ne-
glectable, hence I is considered to be a constant diagonal ma-
trix.

e The terms m, 4, x, and Y are pretty small, thus it is reason-
able to consider that the translational and rotational motion of
the UAV is only affected by the propellants forces and torques,
and other forces (which are created due to the displacement
of the moving masses) can be neglected.

e The angels 6 and  are considered to be zero.

e Displacement of the masses in the direction of y axis (Y) is
zero.

e External forces and momentums are zero.

It should be noted that the simplifications and approxima-
tions considered above, can be regarded as uncertainties. Using the
above considerations, the simplified nonlinear 3DOF equations of
motion can be written as follows:

. b .

y= (Q% + sz%) (= sin (@) (58)

. b

i= o (sz% + Q%) (cos (@) — g (59)
2buY (92 + Q2

4.1. Linearization

Considering uq as:

uy =b (2} +93) (61)
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and u; as:

Uy =" (62)

by using Eq. (62) and Eq. (63), the Eq. (58), Eq. (59) and Eq. (60)
become:

y=h ((p.u1.u2):—¥u1 (63)
Z=fr(puruy)=—-g+ Coj\;p) up (64)
. 2u

¢="f3 ((p.u1.u2):—1—u1u2 (65)

XX

The equilibrium point considers at the hover condition where:

Ure=Mg, uz.=0, @e=0

So the linear functions at the equilibrium point can be calcu-
lated as follows [19]:

d
= N (U1 —u1e)
U Ly o017
9 f1
J’_ P
ouy

0
+ oh (@ — @e)
9 4y o.pe.ttze

=-g¢ (66)

d
= 312 (U1 —Ute)
8u1 Ute-QPe-U2e
df2
+ E

L
de
1

_1 67
i 8 (67)

= 85 (U1 —Ure)
8u1 Utle-Pe-U2e
3
= —?—'MMguz (68)

XX

Fq

(uz —uze)
Ule-Qe-U2e

Fp

(U2 —uze)
Ule-Pe-U2e

(¢ — o)

Ule-Pe-U2e

F3

(U2 —uze)
Ule-Pe-U2e

(@ — @e)

Ule-Pe-U2e

then the linear model of the system under hover conditions can be
summarized as:

=-ggp :

=gty (69)
2u

¢ =-7—Mgu,
XX

Therefore, the state-space model becomes:
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77 r0o o 10 07ry
z 00 0O O10O0 z
o| (00 0 00 1||¢
y!Tloo —g000]]|y
Z 00 O OO0O z
¢] Loo o oo ollg

0] 0

0 0

0o 0 "

e [uz] (70)
W 0
[0 Mg

in which the state vector is defined as follows:

X=[y z ¢ ¥ z ¢] (71)

Considering Y as:

T
Y=[y z] (72)
the C and D matrixes will be:
100000
C:[o 1000 0] (73)
00
D:[O 0] (74)

4.2. Stability check

Considering A, B,C,D matrixes as described previously, the
characteristic equation of y channel will be of 4th order and z
channel will be of 2nd order, the system has 4 poles in the origin,
so the system is marginally stable.

4.3. Controllability and observability check

In order to design an LQR controller, it is necessary to check
the controllability of the system; the controllability matrix of the
system defines as:

M=[B AB A’B A"1B ] (75)

The system is fully controllable if and only if the M has full rank.
Also, the Observability Matrix defines as:

0=[C cA caA can1]" (76)

Similarly, the system is completely observable if and only if the O
has full rank [18].

Using MATLAB or any other mathematical software like Maple
and Octave, it can be easily shown that the ranks of both M and O
matrices are 6 and the system is fully controllable and observable.

5. Linear quadratic regulator

For a state-regulator system with infinite time interval and cost
function as follows:

o0

/[x’ (t) Qx(t) +u' (t) Ru (t)]dt (77)

0

N =

] =

The state feedback gain, K, can be calculated from:
K=—-R"'BTP (78)
where P is the solution of algebraic Riccati equation [20]:

PA+A"P+Q —PBR'BTP=0 (79)
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Fig. 5. Response of the system to the 8 shape input.
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Fig. 6. System trajectory and desired trajectory.

6. LQR controller for tracking

In order to investigate the maneuverability of the system, it is
common to consider a fast 8-shape trajectory, as a tracking mission
for the system.

With regard to the tracking problem, we can define new states
as follows:

ey Ya—y
ez Zg—2Z
X'=Xg—X=|% |=|%"9? (80)
ey Ja—y
e :Zd_:Z
ey Ya—¢

where X4 is the desired trajectory in the state space which is de-
fined as:

yq = sin (0.4t) (81)
zg =sin(0.8t) + 1.5 (82)

The above defined trajectory is a fast-enough and challenging tra-
jectory which can determine the maneuverability of the system.
Considering some adjustments in Q and R matrices by trial and er-
ror in order to satisfy control constraints in tracking above-defined
trajectory, and initial condition in the origin, the response of the
system for the 8-shape trajectory is depicted in Fig. 5.

In this case, the trajectory of the system in the ZY plane is
described in Fig. 6.
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Fig. 7. Displacement of the moving masses.
Table 1
Different uncertainties considered in simulations.
Condition Parameter Amount
Cond 1 Uncertainty in M) 10%
Cond 2 Uncertainty in m 20%
Cond 3 Propellant force angle 5°
Cond 4 Propellant efficiency 90%
ZY Plane
3 [ T T T T T T T ]
= = =Desired Trajectory
No uncertainty
25¢ ——Cond 1 b
——Cond 2
2t —— Cond 3 4
Cond 4
~
E st .
N
1 L 4
0.5F b
0 L ,
-1 -0.5 0 0.5 1 1.5 2

Y(m)

Fig. 8. System trajectory for different conditions. (For interpretation of the colors in
the figure(s), the reader is referred to the web version of this article.)

The displacement of the moving mass, is under 0.25 m which is
achieved by adjusting the R matrix by trail and error (see Fig. 7).

Even by considering uncertainties in model, controller perfor-
mance and system maneuverability will be acceptable for this spe-
cific nominal trajectory, to show this, we consider four different
conditions with some desired uncertainties as described in Table 1
(see also Fig. 8).

Displacement of the moving masses in the different conditions
is shown in Fig. 9.

As the results show, the system has acceptable maneuverability
even with control limits in the roll channel and different uncer-
tainties. The performance of the system in the pitch channel can
be estimated to be the same as the roll channel, so it can be
concluded that the system has good enough maneuverability and
convincing performance. Even though this concept is more com-
plicated than a quadrotor or some other UAVs in mathematical
model, it has some benefits which make it appropriate for com-
mon applications, e.g. aerial post and delivery, aerial taxi, forestry,
agriculture, multimedia, patrolling, traffic control etc. as well as
applications which needs higher maneuverability like military ap-
plications and FPV racing. Furthermore, using this kind of concept
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Fig. 9. Displacement of the moving masses in different conditions.

makes it possible to reform the mass imbalances and tune the
overall mass distribution, in order to keep the CoG at the center
of surface (where the propellant force is acting) and achieve sta-
bility.

It should be considered that the maneuverability of the system
can be improved by increasing the mass of the moving masses.
However, it may increase the cost and energy consumption, and
specifically, decrease payload capacity. An optimization problem
can be solved to determine the optimum mass of the moving
masses.

7. Conclusion

In this paper, we have presented a novel concept of a bi-rotor
VTOL unmanned aerial vehicle which is controlled based on Mov-
ing Mass Control. MMC mechanism is used in our concept to shift
the CoG of the UAV to control the attitude. we derived a nonlinear
6DOF mathematical model of this kind of UAV and simplified this
model to a 3DOF planar motion model. Finally, LQR control was
implemented to evaluate the performance and maneuverability of
the concept considering various uncertainties. The results indicate
that this idea can provide good enough maneuverability to track a
fast 8-shape trajectory, which is one of the most difficult tracking
missions.
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