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Abstract— In this paper we analyze attitude tracking of a
quadrotor unmanned aerial vehicle by employing a recently
developed feedback strategy based upon hybrid systems theory.
The hybrid feedback control strategy employs a family of syn-
ergistic potential functions on the special orthogonal group of
order three, SO(3), that guarantees global asymptotic stability
of a rigid bodies attitude to a given reference. The dynamics
model employed in this paper neglects the affect of drag by
exploiting the robustness properties of nominally well-posed
hybrid systems. The quadrotor is modeled as a rigid body, and
controls its attitude with speed of the four rotor blades. The
commanded axis torques leave a degree of freedom available,
and we exploit this freedom to employ a state feedback law to
minimize the displacement of the airframe body in the inertial
frame when determining rotor blade speed.

I. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have been greatly
studied in recent years. Our vehicle of interest, the quadro-
tor system, has been studied by a number of researchers
[1],[2][3],[4]. The quadrotor system is a rigid body UAV
that is equipped with four rotor-motors that each generate a
thrust and axis torques on the system that provide lift and
controllability of the system. An example quadrotor system
is shown in Figure 1.

The rotors are located in symmetric locations about the
body axis. Conventional rotorcrafts, such as helicopters, rely
on swashplates and blade pitch links to modify their lift
force. In contrast, the quadrotor employs fixed pitch blade
angles, and it is possible to vary the total lift and axis
moments by varying the rotor-motor speed. This framework
provides a relatively simple dynamics model for designers
to use.

Fig. 1: UCSB Robotics Lab Quadrotor
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Many papers use a simplified model of the dynamics,
modeling the thrust and torque as static functions of the rotor
speed [4], with slight variations as to modeling the dynamics
of the electric motor [1]. Others have provided a much more
detailed aerodynamic model to accurately model the effect of
drag on the body when performing more dynamic maneuvers.
[5] relies on Momentum Theory to generate the equations of
motion and designs a through hybrid model for the different
types of drag that act on the rotor craft. They show that their
model provides smaller errors in the quadrotor model when
performing aggressive maneuvers.

In recent years, a thorough analysis of hybrid systems
has yielded impressive results on robust global asymptotic
stability. A hybrid system, and hybrid control algorithms,
have both continuous-time and discrete-time dynamics. The
continuous dynamics are typically given by the equations of
motion for the given system, whereas the discrete dynamics
are typically logic switches or timers. These logic switches
may update the desired control law that will change the
closed loop behavior of the system. The results of [6] give
conditions on the system model that guarantee robustness
properties.

In this paper we will be operating under the framework
of [6] and aim to build off the results of [7]. [7] provides
a hybrid feedback approach that globally tracks the attitude
of a rigid body via a hybrid feedback law using a family of
synergistic potential functions. The goal of using the family
of synergistic potential functions is to provide a smooth
torque to the system and then switch potential functions
when the control law brings the state close to an undesired
equilibrium point.

For the quadrotor system, it will be observed that the con-
troller developed solely to stabilize the quadrotor’s attitude
using [7] will need to be modified to account displacement
of the quadrotors position and velocity due to maneuvers
to track a reference attitude. Further, the dynamics model
we currently use for simulations will neglect the affects of
drag. However, drag will act as a time varying disturbance
to our nominal system, and due to the robustness properties
of global asymptotic stability (GAS) of a well-posed hybrid
system we assert that our results will hold for a perturbed
model of the quadrotor system.

The paper is organized as follows. Section II introduces
notation and provides an overview of a hybrid system model.
Section III introduces the quadrotor dynamics model and
then constructs the closed loop model when tracking a
desired reference. Section IV introduces the hybrid controller
by first providing a background on synergistic families and



the control law developed in [7]. Following this discussion,
we describe an updated controller to account for unwanted
drift in position and velocity. Section V shows results of
various simulations. Concluding remarks are made in Section
VI.

II. PRELIMINARIES

A. Notation

We denote the (non-negative) real numbers as (R≥0) R.
The n- dimensional set of reals is Rn and the set of real
m × n matrices is given by Rm×n. The set of integers is
given by Z. Vector ei ∈ Rn has it’s i−th element equal to
1 and all others are zero. For x, y ∈ Rn and A,B ∈ Rm×n
their inner products are given by 〈x, y〉 = xT y and 〈A,B〉 =
ATB, respectively. For A ∈ Rm×n, the i-th row is given
by Ai,:, the j-th column is given by A:,j and the (i, j)-th
element is Ai,j . To denote element-wise multiplication, we
use MATLAB notation of A,B ∈ Rm×n A.∗B = [Ai,jBi,j ].

Consider the mappings h : Rn → R and k : Rm×n → R,
then the ∇h(x) and ∇k(A) are given by

∇h(x) =


∂h(x)
∂x1

...
∂h(x)
∂xn

 , ∇k(A) =


∂k(A)
∂A1,1

. . . ∂k(A)
∂A1,n

...
. . .

...
∂k(A)
∂Am,1

. . . ∂k(A)
∂Am,n

 .
We denote any n×n identity matrix as I . The all ones vector
of Rn is denoted by 1n. The unit n−sphere embedded in
n + 1 space is given by Sn = {x ∈ Rn+1 : xTx = 1}. The
unit ball in Rn is given by the set B = {x ∈ Rn : xTx ≤ 1}.
The 2-norm of vector x ∈ Rn is given by |x| =

√
〈x, x〉.

The special orthogonal group of order three is the set

SO(3) = {R ∈ R3×3 : RTR = I, det(R) = 1}.

The Lie algebra of SO(3) is given by set so(3) is defined
as

so(3) = {S ∈ R3×3 : ST = −S}.

For vector y ∈ R3, the operator [·]× : R3 → so(3) and is
given by

[y]× =

 0 −y3 y2
y3 0 −y1
−y2 y1 0

 .
The operator vec× : so(3) → R3 is the inverse operator of
[·]×, and thus vec×[y]× = y. Define the function % : R3×3 →
as

%(A) = vec×1/2(A−AT ) =

A3,2 −A2,3

A1,3 −A3,1

A2,1 −A12

 .
Given rotation angle θ ∈ R and an axis u ∈ S2, the so called
Rodrigues formula is given by

R(θ, u) := exp(θ[u]×) = I + sin(θ)[u]×+ [1− cos(θ)][u]2×,

where exp(A) is the matrix exponential of A. It follows that
R(θ, u) ∈ SO(3). We also note that for Q ⊂ Z, for function
U : SO(3)×Q→ R that ∇U(X, q) denotes the gradient of
U with respect to X .

We also plan to use the set of functions of class-K . If
a function γ : R≥0 → R≥0 is strictly increasing, γ(0) = 0,
then γ is of class-K. We will denote γ being of class-K
as γ ∈ K. A continuous function Ψ : Rn → Rn is said
to be strongly passive if ∃ γ ∈ K and γ(|x|) ≤ 〈x,Ψ(x)〉
∀x ∈ Rn. It follows that since Ψ is continuous and strongly
passive that Ψ(0) = 0.

B. Hybrid Systems

In this paper we operate under the definition of a Hybrid
System as defined in [6]. For state vector ξ ∈ Rn, the hybrid
system H is given by

H =
{
ξ̇ ∈ F (ξ) ξ ∈ C
ξ+ ∈ G(ξ) ξ ∈ D.

The state vector observes continuous time dynamics during
flows when ξ ∈ C, where C is the flow set, and the flow
map F : Rn ⇒ Rn dictates continuous time dynamics.
The state vector can jump instantaneously to a new value
(discrete dynamics) when ξ ∈ D, where D is the jump set
and the jump map G : Rn ⇒ Rn dictates the discrete time
dynamics. If C and D are closed sets, F and G are non-
empty, outersemicontinous and locally bounded, and F (x)
is convex for each x ∈ Rn, then H satisfies the hybrid basic
conditions [7]. When the HBC are satisfied, the system will
observe a nominal level of robustness of global asymptotic
stability to small perturbations.

III. QUADROTOR DYNAMICS MODEL

The quadrotor system has been widely studied in re-
cent years, and there exist many derived equations of mo-
tion for this system [3],[4],[2],[1]. We denote the body
frame by A(0, Ea1 , E

a
2 , E

a
3 ) and the inertial frame as

I(0′, Ex, Ey, Ez). The quadrotor is considered a rigid body
in a cross configuration with four motors equidistant from
the center of gravity, and symmetric about Ea3 . The center
of mass coincides with 0’. A diagram can be seen in Figure 2.
As can be seen in the figure, the coordinate system of choice
is a North East Down. Each motor is located a distance d
from the body’s center of gravity.

Fig. 2: Quadrotor Free Body Diagram and Reference Frames

With this we then have that each motor’s coordinate in the



body frame is given by

Ma
1 = (d, 0, 0) Ma

2 = (0,−d, 0)

Ma
3 = (−d, 0, 0) Ma

4 = (0, d, 0).

The motor pair (1,3) rotate in the same direction and the
motor pair (2,4) in opposition ot the first pair.

The motors each produce thrust fi = −Kpω
2
i , where Kp

is a lift constant, and the i-th propellers rotational speed is
ωi. The total mass of the quad rotor is given by mq . The
inertia matrix in the body frame is given by J ∈ R3× 3
where

J =

Ixx 0 0
0 Iyy 0
0 0 Izz

 .
For ease of notation we denote the inertial location of the

quadrotor as ζ = [x, y, z]T . The linear velocity of the body
in the inertial frame is given by V = [vx, vy, vz]

T . The body
attitude is given by ξ ∈ R3 where ξ = [φ, θ, ψ]T where φ :=
roll angle, θ := pitch angle, and ψ := yaw angle. For a
given attitude, the rotation matrix that describes the body in
the inertial frame, using Euler ZYX convention, is given by
R ∈ SO(3) where

R =

cθcψ, cψsθsφ − cφsψ, sφsψ + cφcψsθ
cθsψ, cφcψ + sθsφsψ, cφsθsψ − cψsφ
−sθ, cθsφ, cθcφ

 ,
and cθ = cos(θ), sθ = sin(θ), etc. The angular velocity of
the quadrotor in the body frame A is given by Ω and

Ω =

1 0 −sθ
0 cφ cθsφ
0 −sφ cφcθ

 ξ.
We denote the resulting drag force on the body as Db ∈ R3.

With these quantities defined we can now use the Newton-
Euler method to describe the equations of motion. We have
that

ζ̇ = V

mq ζ̈ = mqV̇ = mqge3 +RTF −RTDb

Ṙ = R[Ω]×

JΩ̇ = [JΩ]×Ω + τ + τD, (1)

where τ is our available control input, and τD is the torque
resulting from Drag forces. τ is related to the forces fi via
the following

τ =

 d(f3 − f1)
d(f4 − f2)

Kd(ω
2
1 − ω2

2 + ω2
3 − ω2

4)

 , (2)

where Kd is a drag coefficient. The net thrust in the body
frame is given by

F = [0, 0,

4∑
i=1

fi]
T . (3)

Simplified Model

For ease of modeling, one can neglect the force of drag.
Thus, we can set Db = 0 and τD = 0. These terms act as
disturbances to our system and if we can show our closed
loop system satisfies the HBC, then our nominal closed loop
system should still behave well when Db 6= 0 and τD 6= 0.

A. Error Dynamics

In this paper we aim to globally asymptotically stabilize
the quadrotor attitude and angular velocity to any time
varying reference in that are restricted to a bounded set. We
define the reference trajectory by the following model

z ∈MB

Ẏ = Y [η]×
η̇ = z

}
(Y, η) ∈ SO(3)×O

for M > 0 and compact O ⊂ R3.
Using this model for the reference, we can construct the

error states. We have that the attitude error is given by X ∈
SO(3) where

X = Y TR (4)

noting that when there is no error X = I . We next define
the error in angular velocity as

ν = Ω−XT η. (5)

Let the function Σ : SO(3) × R3 × R3 → so(3) be defined
as

Σ(X, ν, η) = [Jν]× + [JXT η]×

−([XT η]×J + J [XT η]×), (6)

and let ϕ : SO(3)× R3 × R3 → R3 be defined as

ϕ(X, η, z) = JXT z + [XT η]×JX
T z. (7)

As noted in [7] the error dynamics can now be expressed as

Ẋ = X[ν]×

Jν̇ = Σ(X, ν, η)ν − ϕ(X, η, z) + τ. (8)

IV. HYBRID CONTROLLER FROM SYNERGISTIC
POTENTIAL FUNCTIONS

Background on Synergistic Families

Let Q ⊂ Z. Consider a function U ∈ C1(SO(3)×Q,R).
U is considered a synergistic candidate if ∃! non-empty P ⊂
Q such that U is positive definite relative to A ⊂ B, where

A = {I} × P, B = {I} ×Q. (9)

The synergy gap of U is given by the function µU : SO(3)×
QR≥0, where for (R, q) ∈ SO(3)×Q we have

µU (R, q) = U(R, q)−min
s∈Q

U(R, s). (10)

We now note that there are at least four critical points of U ,
and denote the set of critical points as E . We conclude that
a synergistic candidate U is synergistic if ∃ δ > 0 such that

µU (R, q) > δ ∀(R, q) ∈ (E ∪ B)\A. (11)



Proposition 1 of [7] gives a set of properties. One of these
properties is that the minimum of µU , µ∗U , if and only if there
exists an open set Z ⊂ SO(3) satisfying E ∩ (Z × P ) = A,
then

µU∗ = min
(E∪B)\A

µu(R, q).

More details on synergistic functions can be found in [7].

A. Smoothed Hybrid Feedback

Consider synergistic function U . To construct a smoothed
feedback we introduce a new state p ∈ Rl, where Q ⊂ Z

is given by Q = {0, 1, . . . , l}, l ≥ 1. For synergistic
U , it has been shown in [7] that the function (X, q) 7→
−%(XT∇U(X, q)) can be written as an affine function of the
logic variable q. This is accomplished with β : SO(3)→ R3,
ϑ : SO(3)→ R3×l, and σ : Q→ Rl

−%(XT∇U(X, q)) = β(X) + ϑ(X)σ(q), (12)

where

β(X) = −%(XT∇U(X, 0))

ϑ(X) = %(XT∇U(X, 0))1Tl

− [%(XT∇U(X, 1)), . . . , %(XT∇U(X, l))]

σ(q) = eq.

For the quadrotor system, let χ = R3×R3×SO(3)×R3×
SO(3)×R3. We next select symmetric and positive definite
Γ ∈ Rl×l, a Φ : Rl → Rl such that ν 7→ ΓΦ(ν) is strongly
passive, and a function Ψ : R3 → R3 that is strongly passive.
We now construct a new synergistic function, W using the
original synergistic U . We define W : SO(3) × Q × Rl →
R≥0 and its synergy gap µW : SO(3)×Q× Rl → R≥0 as

W (X, q, p) = U(X, q) + (p− σ(q))TΓ(p− σ(q)) (13)
µW (X, p, q) = W (X, q, p)−min

s∈Q
W (X, s, p). (14)

Using this new synergistic function we derive a new set
valued mapping, G2 : SO(3)×Rl ⇒ Q, and flow and jump
sets C2, D2 ⊂ SO(3)×Q× Rl as

G2(X, p) = {(q ∈ Q : µW (X, p, q) = 0} (15)
C2 = {(X, q, p) : µW (X, q, p) ≤ δ} (16)
D2 = {(X, q, p) : µW (X, q, p) ≥ δ}, (17)

for δ > 0. With these definitions, the proposed smoothed
hybrid feedback is given by

τ = ϕ(X, η, z)− β(X)
+ϑ(X)p−Ψ(ν)

q̇ = 0
ṗ = −Γ−1ϑ(X)T ν − Φ(p− σ(q))︸ ︷︷ ︸

(X,q,p)∈C2

q+ ∈ G2(X)
p+ = p︸ ︷︷ ︸
(X,q)∈D2

. (18)

Using this feedback produces the following closed loop
system

ζ̇ = V

Ẋ = X[ν]×
Jν̇ = Σ(X, ν, η)ν − ϕ((X, η, z) + τ

Ẏ = Y [η]×
η̇ ∈MB

q̇ = 0
ṗ = −Γ−1ϑ(X)T ν − Φ(p− σ(q))︸ ︷︷ ︸

(ζ, V,X, ν, Y, η) ∈ χ
(X, q) ∈ C2

ζ+ = ζ
V + = V
X+ = X
ν+ = ν
Y + = Y
η+ = η

q+ ∈ G2(X)
p+ = p︸ ︷︷ ︸

(ζ, V,X, ν, Y, η) ∈ χ
(X, q) ∈ D2

.

(19)

Let A2 ⊂ B2 ⊂ χ×Q× Rlbe

A2 = {(ζ, V,X, ν, Y, η, q, p) : X = I, q ∈ P, ν = 0, p = σ(q)}
B2 = {(ζ, V,X, ν, Y, η, q, p) : X = I, ν = 0, p ∈ σ(P )}.

(20)

Theorem 3 of [7] guarantees GAS for the closed loop system
in (19).

We note that the system given in (19) satisfies the HBC.
Thus A2 and B2 will be GAS when the system is exposed
to small perturbations. As mentioned in Section III, these
perturbations can be viewed as unmodeled drag acting on
the body. For relatively slow maneuvers, the force due to
drag should be small. The smoothing operation is performed
by the new state variable p. Now that τ is a function of p
rather than of the logic variable q, the commanded torque is
a continuous function.

B. Distributing Forces of Quadrotor

Earlier, we were very lenient in regards to where the
quadrotor was moving in the inertial frame, i.e. in (20) we
were fine with allowing (ζ, V ) ∈ R6. However it is typically
desirable to limit the allowable range of ζ and V , for example
to remain above ground and otherwise avoid impacts with
the world. Towards this goal, we present a method of how
to choose the motor commands in order to minimize the
quantity ‖ζ(t) − ζ(0) + V (t) − V (0)‖∞ without explicitly
designing a control law in a similar hybrid framework to
contain (ζ, V ) in a compact set.

Recall from (1) that ζ̇ = V and mqV̇ = mqge3 + RTF ,
where F = (

∑4
i=1 fi)e3 and fi = −Kpω

2
i . Thus minimizing

‖ζ(t)−ζ(0)+V (t)−V (0)‖∞, is equivalent to making |F +
mqgRe3| as small as possible. Let ω = [ω2

1 , ω
2
2 , ω

2
3 , ω

2
4 ]T .

We now perform state feedback to construct the error signal
ζ = ζ(0)−ζ and V = V (0)−V , and introduce κp, κd ∈ R3.
We now let ep = mqκp. ∗ ζ and ed = mqκd. ∗ V .

We now include our error terms in the quantity to mini-
mize, |F+mqgRe3−Rep−Red‖, which can be equivalently
reduced to minimizing |−Kp1

T
3 ω+1T3 R(gmqe3−ep−ed)|.

We define matrix A ∈ R3 as

A =

−dKp 0 dKp 0
0 −dKp 0 dKp

Kd −Kd Kd −Kd

 ,



and recalling (2), it follows that our commanded torques τ
are given by

τ = Aω. (21)

Note that for constants Kp and Kd rank(A) = 3.
With this knowledge we now pose the optimization prob-

lem as

min Jc =
1

2Kp
(Kp1

T
3 ω − 1T3 R(gmqe3 − ep − ed))2 (22)

s.t. τ = Aω

ω ≥ 0.

We now are left with the job of solving a Karuhn-Kuhn-
Tucker (KKT) optimization problem. For our equality con-
straints we use the multipliers Λ = [λ1, λ2, λ3]T , and our
inequality constraints use multipliers M = [µ1, µ2, µ3, µ4].
This yields the following Lagrangian

L(ω,Λ,M) =
1

2Kp
(Kp1

T
3 ω − 1T3 R(gmqe3 − ep − ed))2

+ ΛT (Aω − τ)−MTω. (23)

The inequality constraints give us some leeway in selecting
a variable. Recall that for KKT problems, the inequality
constraint multipliers must be greater than or equal to zero,
i.e. µj ≥ 0. Thus, for our problem, if µj 6= 0 ⇒ ω2

j = 0.
Evaluating the gradient of L(ω,Λ,M) we have

∂L

∂ω
= (Kp1

T
3 ω − 1T3 R(gmqe3 − ep − ed))13

+ATΛ +M = 0 (24)
∂L

∂Λ
= Aω − τ = 0 (25)

∂L

∂M
= ω = 0. (26)

Due to (25) we always have the condition of Aω = τ . As
noted before, rank(A)=3. We now consider the reduced row
echelon form operation, rref, and we have for A ∈ R3×4,
τ ∈ R3 and ωa = [ω2

1 , ω
2
2 , ω

2
3 ]T that

rref([A, τ ]) = [A, τ ]

⇒ ωa = τ −A:,4ω
2
4 . (27)

With this relationship we can simplify (24) as

0 = βL + αLω
2
4 +ATΛ +M (28)

where αL and βL are

αL = −Kp(1− 1T3 A:,4) ∈ R
βL = 1

T
3 (Kpτ −R(gmqe3 − ep − ed)) ∈ R.

We first assume that ω 6= 0, which yields the following linear
equation that has a unique solution[

AT αL14
] [ Λ
ω2
4,0

]
= −βL14

which allows us to find a hypothesis solution ω0 as

ω0 =

[
τ −A:,4ω

2
4,0

ω2
4,0

]
. (29)

If ω0 meets the conditions of (22), we set the commanded
rotor blade speed to ω = ω0.

However, if (29) does not meet our constraints, we are left
with a relatively simple approach for this small dimensional
problem. Due to the inequality constraints of (22), we set
each ω2

i = 0, and find candidate solutions ωi using the
relationship outlined in (27) (i = {1, 2, 3, 4}). We then
update the commanded ω = ω∗, where ω∗ is the solution
ωi that satisfies all the conditions of (22) and minimizes the
quatity Jc.

Thus, the above choice of rotor speed dictated by feedback
(18) we hope to minimize the net force applied to the system
in the inertial frame. Picking κd and κp is done by picking a
gain appropriate for your system. A more thorough feedback
scheme could be realized that restricts the airframes position
and velocity to a more compact set, but such work is outside
the scope of this paper.

C. Choice of Synergistic Function

Theorem 7 of [7] presents a method for constructing
a family of synergistic potential functions. For ease of
demonstration we use the following U

U(R, q) =

{
TAu

(R) q = 1
α2 + ε2TAu

(STR) q = 2,
(30)

where α2 ∈ R≥0, ε2 ∈ R≥0, A ∈ R3×3, with definitions

α2 = 8/3, ε2 = 1/4

λ1 = 11/12, λ2 = 1, λ3 = 13/12

Au = diag(λ1, λ2, λ3)

S = R(π/2, [1, 1, 1]T /
√

3)

TAu(R) = trace(Au(I −R)).

The choice of δ for our flow and jump sets so far has
been quite vague. We note that a choice of δ = µU ∗ /2
is sufficient. We depict the family of synergistic functions
varying the matrix Ri = R(t, e3) for t ∈ [0, 2π] in Figure
3.

V. SIMULATION ANALYSIS

We now provide an overview of simulations performed to
analyze how performance varies for varying selections of the
closed loop systems outlined in (19).



Fig. 3: U(Ri, q) for Ri = R(t, e3), in the left figure.
On the right we depict they synergy gap µU (Ri, 1) and
µU (Ri, 2), in the top and bottom figure, respectively. As
U(R, 1) approaches its critical point at π, there would be
a jump to q = 2.

Model Parameters

The specific quadrotor model parameters used in simula-
tion are as follows

mq = 4kg

J =

0.0820 0 0
0 0.0845 0
0 0 0.1377


Kp = 2.29842× 10−5

Kd = 3.232× 10−7

d = 0.25.

For our specific choice of U, our set Q = {1, 2}, so the
function Φ : R2 → R2 and Γ ∈ R2×2. In simulation we used
the following

Ψ(ν) =
1

2
ν

Φ(p) = 2p

Γ =

[
100 0
0 100

]
.

A. No State Feedback for Thrust Input

In this section we provide results of a series of step
commands to the Euler angles φ, θ, and ψ. In this section we
do not include any error terms in our minimization problem
of Section IV.B, i.e. κp = κd = 0. The reasoning behind
this is if someone were to neglect the drifting effect of
the body and solely implement the attitude controller can
result in potential system crippling behavior. As we can see
in Figure 4 the quadrotor system behaves very well and is
able to track the commanded angles. However, it should be
noted that there is no penalty on the body’s position and
velocity, we can see a significant drift occurring as a result. In
fact, after the maneuver is complete, the rotor has a constant
velocity in the inertial frame. This will cause the system to

drift off and fly away, or to crash into the ground, as is the
case here.

Thus, we next provide results where we penalize such
drifts, and maintain the rotor in the same location after a
maneuver.

Fig. 4: Step response of step in pitch and yaw. As can be
seen the controller yields good attitude tracking.

Fig. 5: Airframe body location through maneuver shown in
Figure 4. No penalty on body velocity can yield a drift and
undesired impact with ground.



Fig. 6: Attitude applying Thrust control using state feedback
of the Quadrotor’s position and velocity.

Fig. 7: Location of the body’s airframe through the maneuver.
Figure 5 is on the same axis scale. The control law developed
here clearly minimizes rotor’s displacement in space.

B. With Thrust Control

In this section we include thrust control. We have tuned
the gains κd and κp to have a damping ratio of 0.707.
This simulation is attempting to track the same reference
provided in Section V.B. We observe in both Figure 4 and
Figure 6 that our designed controller achieves excellent
attitude tracking. The significant difference between the two
scenarios is how stationary the body’s position and velocity
is in Figure 7. In Figure 8 we depict the commanded motor
speeds for both scenarios, and the difference between them.

Fig. 8: Commanded motor speed for the individual rotors.
The upper left plot depicts the scenario for not compensating
for error caused by the maneuver to change attitude. The
upper right depicts the scenario for accurately predicting
thrust. The bottom figure is a difference between the two
to highlight small the differences between the two scenarios.

VI. CONCLUSION

The quadrotor system is a well known model in the control
community. We employed theory and results from hybrid
systems to employ a hybrid feedback law that is GAS. The
hybrid feedback is relies on a pair of synergistic potential
functions, where we switch feedback laws after we pass a
set threshold between the two functions. We also developed
a control strategy that ensures correct choice of rotor speed
that ensures the orientation of the thrust vector is such that
through the commanded attitude maneuver, our change in
position and velocity in the inertial frame is minimal. We
demonstrated that this control strategy is necessary to avoid
catastrophic behavior. It is of interest to have a model of
the rotor system to not allow instantaneous changes in rotor
speed. Future analysis on the affect of drag on the closed
loop model is of interest to further assert global asymptotic
stability of our designed controller.
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