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Nomenclature

= external forces acting on V

1 = matrix of inertia of the unmanned aerial system and
its payload
I = inertial reference frame centered in O
J = unmanned aerial system reference frame centered in A
M = moment of the external forces
My = moment of the force due to mass variation
m = mass of the unmanned aerial system and its payload
P; = volume containing the ith propeller
s = position of A from O
re = position of the center of mass C with respect to A
F'mA = position of the infinitesimal mass ém with respect to A
F'mC = position of m with respect to C
T = force due to mass variation
% = volume containing both the unmanned aerial system
and its payload

Uy = velocity of A with respect to 1
[¢,0,w] = angular position of I with respect to J
Qp, = angular rate of the ith propeller
0} = angular velocity of I with respect to J

I. Introduction

OTARY-WING unmanned aerial systems (UASs), such as

quadrotors, hexrotors, and octorotors, have drawn considerable
attention in the past decade [1], ([2] pp. 2-7), [3.4]. Thus far, these
platforms have been mostly used for remote sensing applications,
such as surveying some geographic areas, monitoring crops, and
inspecting infrastructures. One of the next frontiers for rotary-wing
UAS:s is to perform tasks that require direct interaction with the
environment, such as manipulating and transporting objects [5-9]
for which the inertial properties are unknown. Significant
limitations to the use of UASs for these applications are the low
capacity of energy storage systems and the need for reliable control
systems that allow completing the mission objectives in spite of
errors in the UAS model, unknown reaction forces, and
uncertainties introduced by the payload. For instance, the UAS
mass, center of mass, and inertia matrix may vary substantially by
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uplifting and deploying some payload of unknown inertial
properties. Moreover, if the payload is connected to the UAS
through flexible structures, such as ropes, these variations are more
significant; and the UAS control system must be robust to these
changes [10]. Similarly, to extend the endurance of UASs beyond
the current capabilities of electric batteries, a solution is to employ
fuel cells and fuel-based motors [11]. In this case, the UAS mass is
a decreasing function of time, and the effect of fluid fuel sloshing
must be accounted for in the dynamical model and compensated by
the control system.

Numerous researchers are involved in the design and
implementation of robust control design techniques for UASs,
ranging from the classical H, control [12] and the linear-quadratic
Gaussian [13] control to more advanced ones, such as the robust
feedback linearization [14], the model reference adaptive control
[15,16], and the sliding-mode control [17]. Having accurate models
of the UAS dynamics, control engineers can make less conservative
assumptions on the closed-loop system’s uncertainties and design
efficient robust controllers.

The equations of motion of rotary-wing UASs can be deduced
using the Newton—Euler approach or the Euler—Lagrange approach.
All publications found by the authors, where the equations of motion
of rotary-wing UASs were derived, assumed that the UAS mass was
constant and the position of the vehicle’s center of mass was known
([2] p- 28), [18-20]. Some proofs based on the Newton—Euler
approach accounted for the gyroscopic effect only and neglected the
inertial countertorque. Some proofs accounted for both the inertial
countertorque and the gyroscopic effect as external moments of the
forces, but this approach is not formally justifiable. The proofs based
on the Euler—Lagrange approach, such as those in ([2] pp. 25-28) and
([21] pp. 99-102), involved trigonometric polynomials in the
Coriolis term, and hence the computational complexity of the control
laws designed using this characterization of the rotational dynamics
is high.

In this engineering Note, we apply the Newton—Euler approach
and deduce in a tutorial manner the equations of motion of rotary-
wing UASs, for which the inertial properties, such as the mass and
matrix of inertia, are not constant in time. Moreover, in our
approach, the UAS reference frame is centered in a point that does
not necessarily coincide with the UAS center of mass. Thus, our
framework is suitable for control problems, wherein the location of
the vehicle’s center of mass is unknown and not fixed in the UAS.
The unforced dynamic equations presented in this Note involve
polynomial nonlinearities only, and it is worthwhile recalling that
the polynomial evaluation has complexity O(n) [22], which is
generally considered as low. Lastly, by assuming that the UAS
mass is constant, the center of mass is known, the payload is
rigidly connected to the UAS, and both the UAS frame and the
propellers are rigid bodies, we deduce the equations of motion of
rotary-wing UASs that are commonly available in the literature.
A numerical example illustrates the applicability of the theoretical
results exposed herein.

II. Notation

In this Note, we denote by N the number of propellers of a UAS; I
as an orthonormal inertial reference frame centeredin O; V c R3asa
volume containing the UAS and its payload; J as an orthonormal
reference frame fixed with the UAS and centered in a point A € V;
and P, cR3,i=1, ...,N,as avolume exclusively containing the
ith propeller (see Fig. 1). If a vector a € R? is expressed in the
reference frame I, then it is denoted by a'; if a vector is expressedin J,
then no superscript is used. Given a = [a;, a,, a;]' € R?
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.
Y, deployed mass

Fig.1 Model of a UAS and its payload, which is not rigidly attached.

denotes the cross-product operator.

The position of the reference point A with respect to the origin O
of the reference frame I is denoted by r4:[0, 00) — R3, the velocity
of A with respect to I is denoted by v4:[0, ) — R3, and the
position of the UAS center of mass C with respect to the reference
point A is denoted by r¢:[0, 0) — V. Let r,,4:[0, 00) — ) denote
the position of a generic point in V with respect to A and
ém:[0, 00) — R the mass of an infinitesimal volume centered in
rua(+). We denote by r,,0:[0, c0) — V the position of the center of
this infinitesimal volume with respect to O, and we denote
rmc:[0, 00) = V as the position of the center of this infinitesimal
volume from C; see Fig. 1. The sum of the external forces acting
on &m(-) is denoted by SF:[0, c0) — R3. Part of the arbitrarily
small mass ém(t), t > 0, may be deployed from the UAS at some
time ¢, > t with nonzero velocity; we denote by u:[0, c0) — V the
exhaust velocity: that is, the velocity of the part of the mass ém(-)
that is expelled from the volume V.

In this Note, we denote by ¢, y:[0, 00) — [0, 27) the roll and yaw
angles, respectively;

6:]0, ) — (—g,g)

as the pitch angle; w:[0, co) — R? as the angular velocity of J with
respect to I; and wp,:[0, c0) — R? as the angular velocity of the ith
propeller, i = 1, ..., N, with respect to J (see Fig. 1).

III. Kinematics and Dynamics of a Variable-Mass UAS

The kinematic equations of a UAS capture the motion of the reference
frame J with respect to the reference frame I and do not depend on the
modeling assumptions on the UAS. Specifically, the translational
kinematic equation of a UAS is given by ([23] example 1.12)

cosy(t) —siny(r) O cosf(t) O sind(r)
@) = | sing(r) cosw(r) O 0 1 0
0 0 1 —sind(r) 0 cosO(r)
1 0 0
0 cosgp(r) —sing(r) |va(2),
0 sing(r) cosp(t)
a0 =ryo. 120 (D)

and the rotational kinematic equation of a UAS is given by ([23]
theorem 1.7)

) 1 sing(¢)tan6(r) cos ¢(t) tan O(r)
o0 =10 cos ¢(1) —sin (1) (),

0 0 sing(t) secO(r) cos p(t) sec O(r)
$(0) o
00) =6 | @
w(0) Wo

Equation (1) relates the translational velocity of point A with respect
to I, which is expressed in the reference frame J, to the time derivative
of the translational position of A in the inertial reference frame L.
Equation (2) relates the angular velocity of J with respect to I, which per
definition is expressed in the reference frame J ([23] definition 1.9), with
the time derivative of the angular position of the reference frame J with
respect to .

To capture the dynamics of variable-mass rotary-wing UASs, we
apply Newton’s law to each infinitesimal mass ém(-) contained in V.
Specifically, let 8m(#)7 ,(¢) denote the momentum of dm(-) at the
time instant # > 0. In the first approximation, the momentum of the
same infinitesimal mass at #, > ¢ > 0 is given by

[6m(ty) + Sm(t2) (1, = D[, (12) + Py (82) (1 — 1)]
= Sin(1) [0 (1) + ul(1)](12 — 1) 3)

The term

[6m (1) + 6 (12) (1 = D][Fr,0(12) + Fruo (1) (1 = 1)]

t, >t > 0, captures the momentum of the part of the infinitesimal
mass that remains in the UAS at 1,, and the term —6ri1(t,)[i, (£2) +
u(1,)](¢, — ) captures the momentum of the part of the infinitesimal
mass that is leaving the UAS at the time instant #, with exhaust
velocity u'(t,). Thus, it follows from Newton’s law [24] that

m [6m (1) 4 81in(ty) (1 = D70 (12) + oo (82) (1 = 1)]

SF(r) = 1i
( ) t21—>f+ ty—t
—lim Si(0)[ih,0 (1) + Ul (1)](t2 — 1) + Sm(D) 7%, (1)
ty—t* th—t
= om(1)7h,o (1) = Sm(Du' (D), 13,0(0) = rhoo-

i 5(0) = vgno,o, t>0 “4)

Because rgno(t) = "Ex(’) + rHC(t) + erC(t), t>0, Eq. (4) is
equivalent to

SF(1) + s (n)u' (1) = sm(D[V} (1) + Fe(1) + 7 (0],

r]rlno(o) = r];lnao’ i‘E”O(O) = ”];Inao’ 120 (5

It is common practice in aeronautical engineering to express
vectors in the reference frame J attached to the UAS. To express
Eq. (5) in the reference frame JJ, we recall that, by theorem 1.3 of [23],

Vi (1) = 04(0) + @*(Dva(1). 120 (6)
and, by example 1.4 of [23],

Fe(t) = Fe(t) + @ (Ore() + 20%(ic (1) + o (N (Orc()
(N

It follows from the definition of the center of mass ([23]
definition 1.30) that f vmc(®)dm(t) = 0 t > 0; hence, it follows
from Eqs. (5—7) that the translational dynamic equation of a variable-
mass rotary-wing UAS is given by
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F(t) + T(@t) = m@)[0a(?) + @* () va(t) + Fc(t) + @ (@) re(n)
+ 207 (D)7 () + @ (D™ (D) rc(D)].

v4(0) = vy 0, 120 (8)

where

F(r) 2 /v SF(1)

denotes the sum of the external forces acting on V, including the force
produced by the propellers;

m(t) = /V(Sm(t)

denotes the UAS and payload’s mass; and

T(1) é/yu(t)i)‘rh(t)

Equation (8) is expressed in the reference frame J. Note that the right-
hand side of Eq. (8) is not an explicit function of the propellers’
angular velocities. The term T'(¢), ¢t > 0, denotes the force generated
according to Newton’s third law for deploying some mass from the
control volume V. In practice, () is not precisely known; hence, the
terms in Eq. (8) involving r¢(-) should be considered as uncertain.
Forces acting on UASs are typically the gravity ([23] example 2.3):

Fy(t,¢,0) = m(1)g[—sin, cos @ sin ¢, cos O cos o,

(t.$.0) € [0, 00) x [0,27) X (—%%) )
where g denotes the gravitational acceleration, the aerodynamic
forces induced by the motion of the UAS with respect to the wind,
and the aerodynamic forces induced by the propellers [19]. In
publications concerning rotary-wing UASs, the component of each
propeller’s force perpendicular to the rotor’s disk is referred to as the
thrust force. It is important to note that 7'(-) in Eq. (8) is not produced
by the UAS propellers, but it is generated by the deployment of some
mass from the UAS.

It follows from Eq. (4) that

/\; [P A O o (DOm(1) — ul(£)drn(e) — SFH ()] = 0

t > 0. Therefore, because r,(t) = rc(t) + rpc(t), t>0, and
Tmo(t) = ra(t) + r,4(2), it holds that

wm+%m=ﬁ%m+&mmmmmn

+ [ @, 0m()

where
M(1) £ /V X (DSF (1)
and
M(t) £ /v P (Du()Smm(r)
denote the moment of the external forces and the moment of the force

T(-) with respect to A, respectively; and it follows from the definition
of the center of mass Eq. (6), and example 1.4 of [23] that

M) + My (5) = mOrE@lia0) + o Oua0)
+ [ 0 O @lom )
+ [ PO O )+ Fan )+ 20D 0o,
t>0 (10)
It holds that
PA D D (D rr (1) =~ (D7 (P4 Do)
t > 0, and it follows from the Jacobi identity ([23] example 1.7) that
PO O (1) = 0 O3 (1) + P2y (D (O, ()

Hence, it follows from Eq. (10) that the rotational dynamic
equation of a variable-mass rotary-wing UAS is given by

M(1) + Mr(1) = m(D)ré(D[0a(0) + @* (Ova ()] + (D (1)
+ (DI w(D)+h(t) + o ()h(1) + J(D)o(t) + [(D)a(),

0(0) = w,, t>0 (11)
where
mﬁ—ﬁ%mmmmm
J@é/@gmmmmm
and v

hméﬁ%NMMMMO

Equation (11) is expressed in the reference frame J. The term 1(7),
t > 0, denotes the inertia matrix of the UAS and its payload with
respect to the reference point A; the term J(f) captures the variation in
the UAS moment of inertia due to the variation of the vehicle’s mass
over time; h(r) captures the contribution of moving components,
such as the propellers, to the quadrotor’s angular momentum; and
M (¢) denotes the moment of the force generated by deploying some
mass from the control volume V. If r,, 4 (¢), t > 0, denotes the position
of an infinitesimal volume of mass ém(t) located on one of
the propellers, then it follows from theorem 1.2 of [23] that the
propellers’ angular velocities affect 7,,4(f). Thus, although the
propellers’ angular velocities do not appear explicitly in the right-
hand side of Eq. (11), these directly affect i(¢) h(¢), and I(¢). Because
Fua (1), t 2 0, does not appear in the definition of J(7), the propellers’
angular velocities do not directly affect J(7).

IV. Dynamic Equations of Rotary-Wing UAS with
Constant Inertial Properties

In this section, we specialize the results proven in Sec. III and
deduce the classical dynamic equations of rotary-wing UAS
assuming that the UAS mass is constant, both the UAS frame and the
propellers are rigid bodies, and the position of the UAS center of mass
is known. Specifically, if the UAS and payload’s mass m(-) are
constant, then 7(¢) = 0,1 > 0, M+(t) = 0, and J(¢) = 0. Moreover,
if the center of mass C can be identified, then it is convenient to
choose A = C, which implies that r¢(f) = 0, t > 0. Therefore, in this
case, Eq. (8) is equivalent to

F(1) = moa(n) + @0*(0va ()], v4(0) =40, 120
(12)
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which is commonly used in the literature to capture the translational
dynamics of rotary-wing UASs [25].

Assuming that the payload is rigidly connected to the UAS and
modeling both the UAS frame and the propellers as rigid bodies, it
holds that

/ XA (OFpa()ém =0
WU'P)]

i

t > 0, and it follows from theorem 1.2 of [23] that

N
h(n) = /p A A (07,4 (1)5m
i=1 i

and

N
hm=ZmemmmmH@m@mwmm
i=1 i

Thus, Eq. (11) reduces to
M) = [(Ha(t) + o™ (D)I(H)w(r)

N
+ D [p,@p, (1) + @, (D) p,@p, (1)

i=1

N
+@X(1) Y Ip,0p, (1) + [(D)or(t),
i=1
w(0) = wy, t>0 (13)

where
Ip & — X, om
P = P mA" mA

denotes the matrix of inertia of the ith propeller,i = 1, ..., N, with
respect to the reference point A. It is common practice to model
propellers as thin disks, for which the angular velocity is given by

wp (1) =10,0,Qp (D)7, 1> 0,i =1, ..., N.Inthis case, the inertia
matrix Ip,i =1, ..., N,is diagonal and w} (1) p,@p,(t) = 0,1 > 0.
Moreover,

N N
it =- ; /P | P (0%, (1)6m — ; [P | (0P, (D)m

t > 0, and because
2 .
/ (cos’z —sin?zt)dr = 0
0
and

2r .
sintcostdr =0
0

it can be proven that, in this case, i (t) =0, t > 0. Thus, it follows
from Eq. (13) that the rotational equation of a constant-mass rotary-
wing UAS, for which the position of the center of mass is known, for
which the frame is modeled as a rigid body, for which the payload is
rigidly attached to the frame, and for which the propellers are
modeled as spinning disks, is given by

0
N
M(1) = Ii(1) + o*(OIo(t) + Y Ip,| 0
= QP,»(I)
0
N
+ @*(1) ZIP, 0 |, (0) = oy, (>0 (14
i=1
Qp (1)

The terms

N
Z 1p,[0.0, Qpl 01"
i=1

t>0,and
N
@*(1) Y _1p,[0,0,Qp, (1]
i=1

are known as the inertial countertorque and gyroscopic effect,
respectively. Equation (14) is commonly used to capture the
rotational dynamics of rotary-wing UASs [13].

V. Illustrative Numerical Example

In this section, we present a numerical example to illustrate the
theoretical results of Sec. III. Specifically, we analyze the dynamics
of a quadrotor helicopter of constant mass m,, for which the frame is
modeled as a rigid body and for which the propellers are modeled as
thin disks. The quadrotor carries a reservoir modeled as a ball of unit
radius and variable mass m,,:[0, c0) — R, which is connected to one
of the vehicle’s arms at a distance / > O from the reference point A,
which is located at the intersection of the quadrotor’s arms. The
orthonormal reference frame J = {A; x(-), y(-), z(-)} is oriented so
that the z(-) axis points downward and the y(+) axis is along one of the
propellers’ arms and points toward the reservoir for / > 0; see Fig. 2.

Three mission scenarios are considered. First, we assume that
m 1,(t) =mg,t2 0, [ = 0, and the reservoir is rigidly attached to the
quadrotor. In the second scenario, the reservoir is connected to the
quadrotor by a spring of stiffnesses £ > 0 and / > 0; part of the
reservoir’s content is released over time with constant exhaust
velocity  u(t) = Uexpausi,i» ¢ € [0, 2], so that m,(0) = 2.5m,,
m,(t,) = m,, and r1,(-) is linear on [0, £,]; at ¢ = t,, the spring is
instantaneously removed and the reservoir is dropped. In the third
scenario, k>0, [ >0, m,(0) =2.5m,, m,(t) = m,, m,(-) is
linear on [0, ,], the reservoir’s content is released with constant
exhaust velocity u(f) = Uexhaust.2> ¢ € [0, 2], but the reservoir is not
dropped; that is, m,, () = m, and u(t) = 0 forall t > t,.

We model the force F(-) as

F(1) = Fr(f1(1) + Fg(1. (1) 0(2)). 120 (15

where Fr(f;) =1[0,0,f1]", f1 €R, and Fy(t,$,0) is given by
Eq. (9) with m(#) = m, + m,, (). The control input f (-) is designed
using a proportional-derivative feedback control law so that the
quadrotor is able to hover in the first mission scenario. For simplicity,
the aerodynamic forces are neglected and M () = 0, ¢t > 0.

Consider a quadrotor of mass m, = 2 kg, for which the propellers’
radius is 0.1 m and for which the inertia matrix with respect to A,
without payload and propellers, is given by

1 0 0
I,=10 1 0 |kg/m?
00

1.2

deployed/ R
mass reservoir  z PR
Fig. 2 Quadrotor helicopter with variable mass payload, which is

connected to the aircraft by a spring.
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Fig. 3 Altitude of the quadrotor for the three mission scenarios considered.

Figure 3 shows the quadrotor’s altitude (that is, [0,0, 1]r% (¢),
t > 0) for the three mission scenarios considered in this example. The
aircraft position r&(l), t > 0, is computed by integrating both the
kinematic equations [Eqs. (1) and (2)] and the dynamic equations
[Egs. (8) and (11)]. In all mission scenarios, the quadrotor takes off at
t =0. In the first mission scenario, the proportional-derivative
control law guarantees that the aircraft hovers at its reference altitude
of 0.6 m. In the second mission scenario, the reservoir is connected to
the tip of one of the quadrotor’s arms, [ = 0.5 m, k = 1 s72, the
exhaust velocity of the reservoir’s content is Ueypaus.; = 0.5 m/s,
and the reservoir is dropped at #, = 50 s; in this case, the quadrotor’s
altitude varies rapidly at # = 7, and, using the proportional-derivative
control law designed for the first mission scenario, its altitude
oscillates over time. Specifically, in the short period, the quadrotor
experiences high-frequency oscillations of small amplitude, whereas
in the long period, the quadrotor experiences low-frequency
oscillations of large amplitude. In the third mission scenario, the
exhaust velocity of the reservoir’s content is Uexpaug2 = 1 m/s; in
this case, the plot of the quadrotor’s altitude has a corner at t = ¢, and
the proportional-derivative control law designed for the first scenario
is not able to stabilize the vehicle’s altitude.

VI. Conclusions

In this engineering Note is presented, in a tutorial manner, the
equations of motion of rotary-wing UASs, for which the inertial
properties are not constant functions of time. The current framework
allows modeling problems, wherein the UAS mass and moment of
inertia vary because of fuel consumption and payloads that are not
rigidly connected to the UAS frame. Moreover, this model allows
accounting for uncertainties in the location of the vehicle’s center
of mass.

The unforced translational and rotational dynamic equations
involve polynomial nonlinearities only, and hence facilitate the
design of computationally efficient control laws. The proposed
dynamical model allows accounting for uncertainties in the location
of the UAS center of mass by centering the reference frame fixed with
the UAS at a conveniently chosen reference point. However, in this
case, the UAS translational and rotational dynamic equations are
coupled. Toreduce the computational load for integrating the coupled
set of translational and rotational dynamic equations, disturbance
decoupling techniques based on a differential geometric approach
can be applied.

In the second part of this Note, the framework is specialized to
tackle problems, wherein the UAS mass is constant, the propellers are
modeled as thin spinning disks, and the UAS frame is arigid body. In
this case, the equations of motion of rotary-wing UAS commonly
available in the literature are deduced. The theoretical framework
developed as part of this research is illustrated by a numerical
example.
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