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ABSTRACT

This thesis presents the design and control of a small aerial manipulator

operating in indoor environments. The critical challenges of functioning ef-

fectively in such environments are (i) maximizing workspace in constrained

spaces like narrow corridors or tight corners, and (ii) achieving stable flight

when carrying payloads of unknown mass in the presence of uncertainties.

While aerial manipulation has been researched to some extent, few efforts

have been made to address both of these challenges simultaneously.

First, the dynamics of the quadrotor and manipulator are introduced. Then,

two types of baseline flight controllers are described as well as a feedforward

torque compensation controller and a robust adaptive augmenting controller.

Next, the vehicle and manipulator design methodology is discussed. Lastly,

results from the implementation of these algorithms on a real aerial manip-

ulator are presented and conclusions of their efficacy are drawn.
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CHAPTER 1

INTRODUCTION

Manipulators have played, and continue to play, a very important role in to-

day’s technological society. Most large manufacturing facilities use manipula-

tors for tasks ranging from the assembly of computer chips to the construction

of electric cars. These machines are extremely good at their job due to their

superior speed and precision as compared with humans, however, this comes

at a cost. In order to achieve this level of performance, these robotic arms

must have very stiff components and very powerful motors. Consequently,

they are usually very large and heavy. For most manufacturing applications

this is not a problem since the manipulators are mounted to a concrete floor

in their designated workspace. However, in non-industrial applications sub-

millimeter precision may not be required, thus eliminating the need for such

large stationary machines.

In many cases, it may be necessary to have a manipulator with a moving

base. The task of fetching and carrying objects in the home or office is a good

example where a mobile manipulator could perform well and be extremely

useful. Researchers from the University of Illinois recieved funding from

NSF to work on a project “Automation Supporting Prolonged Independent

Residence for the Elderly” (ASPIRE) to explore the use of small aerial and

ground co-robots in domestic environment [1]. Study shows that for the

types of daily activity assistance, fetching objects from the floor or another

room, reaching for objects, and finding/delivering items are among those

tasks which are preferred to be completed by robot [2]. Under this research

framework, an aerial vehicle appropriate for indoor use was designed and

augmented with a manipulator so that it can pick up common household

items for people with reduced mobility such as medicine bottles, reading

glasses, and cell phones, etc. in Figure 1.1. Small aerial vehicles are agile

and have the advantage in completing this sort of task over ground vehicles,

which are not capable of climbing stairs or reaching for items far from the
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ground.

Aerial manipulators have recently gained interest in the controls and robotics

community as multirotors have become more accessible. Reference [3] pre-

sented the design of several light-weight, low-complexity grippers that allow

quadrotors to grasp and perch on branches or beams and pick up and trans-

port payloads. While their method allows for grasping a wide range of objects

and materials, their vehicle is required to fly directly over the top of the pay-

load and often punctures the object with the gripper hooks. An algorithm for

aerial grasping of moving targets was presented in [4], where two classes of

canonical grasping maneuvers were defined and characterized, and a planning

strategy relying on differential flatness was then proposed to concatenate on

one or more grasping maneuvers. However, the single link design of this aerial

manipulator does not allow for the payload to be moved close to the center

of mass of the vehicle, preventing passage through small spaces. Reference

[5] introduced a quadrotor manipulation system using a 2-link manipulator,

proposing a solution to the drawbacks found in the design with grippers fixed

to a quadrotor. The proposed system enables the end-effector to achieve arbi-

trary orientation. A controller based on feedback linearization was designed

to track desired trajectories. In [6, 7] a design was proposed that equipped

a quadrotor MAV with an actuated appendage to enable grasping and re-

trieval of objects at high speeds, and differential flatness property was used

to plan dynamic trajectories. A Lyapunov based model reference adaptive

control design for aerial manipulation was presented in [8] for an aerial vehi-

cle with dual multi degrees of freedom manipulators. A control system based

on feedback linearization and PD control was proposed in [9] for an aerial

manipulator taking into account the mutual reactive influence of the robotic

manipulator and the UAV. In [10], a six degree of freedom parallel manipula-

tor was designed to robustly maintain precise end-effector positioning in the

presence of perturbations, and was compared with a serial manipulator. For

unknown payload, [11] proposed an on-line estimator based on parametriza-

tion of the aerial manipulator dynamics to evaluate the unknown payload,

and a passivity-based control algorithm was designed to control the system.

Study in [12] developed and validated a nonlinear model-predictive control

methodology to achieve optimized performance in pick-and-place tasks of

aerial manipulators. The approach employed a sequential Newton method
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for unconstrained optimal control and a high-frequency low-level controller to

track the generated optimal reference trajectories. On-board vision system

was used for object tracking.

Figure 1.1: Autonomous Quadrotor with 2 DOF Manipulator Arm

This thesis discusses the design and control of a powerful aerial manipulator

with suitable characteristics for indoor use. A mathematical framework for

studying the dynamics of the aerial manipulator system will be introduced

in Chapter 2. Control laws will be proposed in Chapter 3 to stabilize the

coupled system. The physical design of the quadrotor and manipulator will

be discussed in detail in Chapter 4. Lastly, Chapter 5 shows results from

high-fidelity simulations and flight tests, verifying the efficacy of the proposed

vehicle design and control scheme.

The addition of the manipulator to the quadrotor will introduce dynamically

changing inertial properties, as well as internal torques and forces between

the two subsystems. In addition, unknown payloads add to the uncertainty

in system dynamics. To this end, a feedforward torque compensation con-

troller is designed to reject the torque induced on the airframe by the ma-

nipulator itself. In addition, an L1 adaptive augmenting controller is shown

to reject uncertainty introduced by unknown payloads and unmodeled dy-

namic effects. Before the control design could proceed, system identification

and modeling was carried out to obtain basic model dynamics. Then con-

trol design for stabilization and manipulation were developed and tested in

simulation and flight testing.
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CHAPTER 2

DYNAMIC MODEL

2.1 Vehicle Dynamics

2.1.1 Coordinate System

We start the discussion of dynamics by first introducing the coordinate frames

as well as the mapping between them. Since this vehicle’s primary place of

operation is inside homes and buildings, a right-handed, z-up coordinate

frame is chosen. We define xW , yW , zW to be the axes in the inertial world

frameW and xB, yB, zB to be the axes in the vehicle body frame B. We then

define a rotation matrix to map coordinates between body frame and world

frame

RW
B = Rz,ψRy,θRx,ψ

=

 cψ sψ 0

−sψ cψ 0

0 0 1


cθ 0 −sθ

0 1 0

sθ 0 cθ


1 0 0

0 cφ sφ

0 −sφ cφ



=

cψcθ cψsθsφ − cφsψ sψsφ + cψcφsθ

cθsψ cψcφ + sψsθsφ cφsψsθ − cψsφ
−sθ cθsφ cθcφ


where cα and sα are abbreviations of cos(α) and sin(α) respectively.

5



Thus, using this rotation matrix, the axes in B can be mapped to W as

xB = RW
B

[
1 0 0

]>
yB = RW

B

[
0 1 0

]>
zB = RW

B

[
0 0 1

]>
.

2.1.2 Translational Equations of Motion

We define the translational acceleration of the vehicle in W by summing the

total thrust force exerted by the quadrotor with the force due to gravity:

mẍ = −mgzW + ufzB

ẍ = −gzW +
uf
m
zB,

where x ∈ R3 is the position vector of the vehicle in W , m is the mass of the

vehicle, g is the gravitational constant, and uf ∈ R is the sum of the thrust

exerted by all of the motors.

2.1.3 Rotational Equations of Motion

Assume a diagonal inertia tensor I written as

I =

Ixx 0 0

0 Iyy 0

0 0 Izz

 ,
where Ixx, Iyy, Izz ∈ R are the vehicle’s moment of inertia about its x, y, z

axes in B respectively.

We wish to find an expression for the angular acceleration dynamics of the

quadrotor as a function of vehicle properties and the total moments acting

on the body. The total moment acting on the vehicle can be written as

uc =

uc1uc2

uc3

 = um + ua =

uφuθ
uψ

+

 0

τm

0


6



where [uφ, uθ, uψ]> ∈ R3 are the moments from the propellers in the roll,

pitch, and yaw directions respectively, and τm is the torque induced by the

manipulator in the pitch direction, to be defined in the following section.

We can write the the relationship between input torque and rotational states

as

uc =
d

dt
H

uc =
∂

∂t
H + ΩB ×H

uc = I · Ω̇B + ΩB × (I · ΩB) ,

whereH is the angular momentum of the quadrotor in B, and ΩB = [p, q, r]> ∈
R3 is the angular velocity of the vehicle in B in the roll, pitch, and yaw di-

rection respectively. The angular accelerations in B are

Ω̇B = I−1 (−ΩB × I · ΩB + uc)ṗq̇
ṙ

 =


1
Ixx 0 0

0 1
Iyy 0

0 0 1
Izz



(Iyy − Izz) qr + uc1

(Izz − Ixx) pr + uc2

(Ixx − Iyy) pq + uc3


 .

The angular acceleration about each axis in B can then be written as

ṗ =
1

Ixx
((Iyy − Izz) qr + uc1)

q̇ =
1

Iyy
((Izz − Ixx) pr + uc2)

ṙ =
1

Izz
((Ixx − Iyy) pq + uc3) .

2.1.4 Motor Mapping

Once a desired control signal u = [uf , uφ, uθ, uψ]> is computed, it must be

transformed to give individual actuator commands [u1, u2, u3, u4]. The map-
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ping is as follows:
uf

uφ

uθ

uψ

 =


kF kF kF kF

− kF√
2
L − kF√

2
L kF√

2
L kF√

2
L

− kF√
2
L kF√

2
L kF√

2
L − kF√

2
L

−kQ kQ −kQ kQ



u1

u2

u3

u4

 ,

where kF is the thrust coefficient, kQ is the torque coefficient, and L is length

of the quadrotor arm. Using a matrix inversion we can calculate the control

signal in terms of individual motors as
u1

u2

u3

u4

 =
1

4


1
kF
−
√

2
kFL

−
√

2
kFL

− 1
kQ

1
kF
−
√

2
kFL

√
2

kFL
1
kQ

1
kF

√
2

kFL

√
2

kFL
− 1
kQ

1
kF

√
2

kFL
−
√

2
kFL

1
kQ



uf

uφ

uθ

uψ

 .

2.2 Manipulator Dynamics

2.2.1 Servo Motor Dynamics

Standard servo motors possess several attributes which make them unique

to many other types of electric motors. They can vary significantly in size,

speed, and power but are usually comprised of the same basic components.

A small DC electric motor, usually ranging from between 6 and 12 V, is

used to produce torque and rotate the output shaft. A set of compound

spur gears with a large gear reduction connects to the high speed DC motor

and gives a low-speed, high-torque output. Physical stops on the output

shaft limit the range of motion to between 90 and 180 degrees. For analog

servo motors, a potentiometer measures the position of the output shaft. For

digital servo motors, an absolute encoder is used to measure shaft position.

A small integrated circuit reads measurements from the position sensor and

controls the voltage to the DC motor in order to achieve a desired position.

To describe the dynamics of a DC servo motor we must first define the
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saturation function:

a = sat(b, T ) =


T, if b > T

b, if − T ≤ b ≤ T

−T, if b < −T
,

where T ∈ R is the saturation limit and a, b ∈ R.

We can now write the dynamics of the servo motor as

α̈ = sat (−kvisα̇ + sat (kp (αd − α) , Tc) , Ta) ,

where α ∈ R is the angular state of the motor, kvis, kp ∈ R are the viscous

friction constant and proportional control gain respectively, and Tc, Ta are

the control saturation and torque saturation respectively.

2.2.2 2-Link Manipulator Dynamics

Planar serial manipulators have been widely studied in academia and com-

plete descriptions of their kinematics and dynamics have become readily

available. Based on the dynamics presented in [14], the planar rotational dy-

namics of this manipulator can be described as follows. Take the Lagrangian

to be the total energy of the system.

Assume that the length of the first link is la and the first link is attached to

the center of mass, A, of the quadrotor. Also assume that the centers of mass

of the two links are on the center line and have a distance of l1 and l2 from A

and B respectively. Let m1 and m2 denote the mass of the first link and the

second link; let J0, J1, and J2 denote the moment of inertia of the quadrotor

with respect to the center of mass, that of the first link with respect to A,

and that of the second link with respect to B. Let θ(t) ∈ R denote the pitch

angle of the quadrotor, α(t) ∈ R and β(t) ∈ R denote the angles between the

two links and the vertical line respectively. Let τ(t), τ1(t), and τ2(t) denote

the torque exerted on the quadrotor from the rotors, at the first joint A, and

the second joint B. For this system, let q(t) denote the generalized coordinate

as

q(t) = [θ(t), α(t), β(t)]>.

9



Payloads are modeled as a point mass located at the end on the second

link. Define lb as the length of the second link. Let mp be the mass of the

payload. To incorporate this payload into our dynamic model, for simplicity,

we compute the change mass and inertia of the second link caused by the

payload. This newly defined second link, with parameters J2c, m2c, and l2c,

can be represented as

J2c = J2 +mpl
2
b

m2c = m2 +mp

l2c =
m2l2 +mplb
m2 +mp

The rotational equation of motion of the aerial manipulator in this plane,

using Euler-Lagrange equation, is given by

M(q(t))q̈(t) + C(q(t), q̇(t))q̇(t) = F (t)−G(q(t)),

where

M(q(t)) =

J0 0 0

0 m1l
2
1 +m2cl

2
a + J1 m2clal2c cos(α(t)− β(t))

0 m2clal2c cos(α(t)− β(t)) m2cl
2
2c + J2c

 ,

C(q(t), q̇(t)) =

0 0 0

0 0 m2clal2cβ̇(t) sin(α(t)− β(t))
0 −m2clal2cα̇(t) sin(α(t)− β(t)) 0

 ,

F (t) =

τ(t) + τ1(t) + τ2(t)

τ1(t)

τ2(t)

 ,
and

G(q(t)) =

 0

(m1l1 +m2cla)g sinα(t)

m2cl2cg sin β(t)

 .
The two links are actuated by DC servo motors which take angle command

αc(t) and βc(t). The aforementioned servo motor model is used to obtain an

estimate of the link angles and their derivatives. The torques τ1(t) and τ2(t)

can be computed by the following equations

10



[
τ1(t)

τ2(t)

]
=

[
m1l

2
1 +m2cl

2
a + J1 m2clal2c cos(α(t)− β(t))

m2clal2c cos(α(t)− β(t)) m2cl
2
2c + J2c

] [
α̈(t)

β̈(t)

]
+

[
0 m2clal2cβ̇(t) sin(α(t)− β(t))

−m2clal2cα̇(t) sin(α(t)− β(t)) 0

] [
α̇(t)

β̇(t)

]
+

[
(m1l1 +m2cla)g sinα(t)

m2cl2cg sinβ(t)

]
.

(2.1)

The total moment induced upon the airframe by the manipulator is then

given by

τm(t) = τ1(t) + τ2(t).
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CHAPTER 3

CONTROL DESIGN

In this chapter, design of control laws will be discussed. To facilitate control

law design and testing, a Simulink model has been built to model the dynam-

ics of the quadrotor and the manipulator. All control design will be tested in

this environment. A feedforward control law is designed to reduce the effect

of motion of the manipulator on the quadrotor so that the performance of

the attitude control augmentation system (CAS) will not degrade. In addi-

tion, when a payload of unknown mass is gripped by the end effector, the

disturbance torque introduced by this payload cannot be compensated for

by the feedforward controller. To deal with this uncertainty, an L1 adaptive

control augmentation is designed and tested.

3.1 General Control Structure

Figure 3.1 illustrates the general flight control structure for the aerial ma-

nipulator system.
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Figure 3.1: General control scheme

3.2 Baseline Flight Control

3.2.1 PI Control

The off-the-shelf baseline controller is an attitude tracking controller con-

taining a PI rate CAS and a PID attitude CAS, see Figure 3.2. Let θ(t) ∈ R
denote the attitude angle of the vehicle, θc(t) ∈ R denote the attitude an-

gle command, q(t) ∈ R denote the associated rotational rate of the vehicle,

and qc(t) ∈ R denote the rotational rate command generated by the attitude

CAS. Then the baseline control input ub(t) is given by

ub(t) = kP1 (qc(t)− q(t)) + kI1

∫ t

0

(qc(τ)− q(τ)) dτ, (3.1)

13



where

qc(t) = kP2 (θc(t)− θ(t)) + kI2

∫ t

0

(θc(τ)− θ(τ)) dτ + kDq(t),

and kP1, kI1, kP2, kI2, kD ∈ R are control gains. Tracking performance of

the baseline control is shown in Chapter 5.

1
s

kI2

kP2

kD

kP1

kI1
1
s

θc ub

q

θ

+ +
−−

Figure 3.2: Baseline controller structure

3.2.2 Geometric Control

In many cases, like when executing highly dynamic maneuvers, the afore-

mentioned PI baseline controller is not capable of tracking a given desired

trajectory with satisfactory performance. To combat this trajectory tracking

difficulty, a method proposed in [15] and expanded upon in [16] is employed.

This geometric controller represents errors in the SO (3) manifold in order

to compute the desired rotational states.

From [16], a control signal is constructed as

ub = [uf , uφ, uθ, uψ]>

where uf ∈ R4 is the desired thrust output and uφ, uθ, uψ ∈ R are the desired

moments about each axis in the vehicle reference frame. The components of

this control signal are computed as follows:

uf = (Kxex +Kvev +mgzW +mẍd) · zB,

where Kx, Kv are control gain matrices for position and velocity control re-
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spectively, ex, ev are errors in position and velocity respectively, zW is the

z-axis of the inertial frame, zB is body z-axis in inertial frame, ẍd ∈ R3 is

the desired acceleration, m is the vehicle mass, and g is the gravitational

constant:

um = −KReR −KΩeΩ + ΩB × IΩB − I
(

Ω̂B

(
RD
B

)>
ΩD −

(
RD
B

)>
Ω̇D

)
,

where um = [uφ, uθ, uψ]>, KR, KΩ are diagonal gain matrices for orientation

and angular velocity respectively, eR, eΩ are errors in orientation and angular

velocity respectively, ΩB ∈ R3 is the vehicle’s angular velocity, ΩD, Ω̇D ∈ R3

is the desired angular acceleration, and I is the vehicle’s inertia matrix. The

hat operator: ˆis a mapping from R3 → SO(3).

3.3 Feedforward Torque Compensation

Since the model and parameters of the manipulator are well known, it is

natural for the control signal to have a feedforward component, rejecting any

torque that the manipulator induces on the airframe. A Lagrangian dynamic

model of a serial manipulator is used to compute the manipulator torques.

Since this model relies on knowledge of the angular states of the two links, a

servo motor estimator is made to model the dynamics and internal controller

of each servo motor.

Assuming the same geometric parameters as stated previously, the same

rotational equation of motion of the aerial manipulator in the plane holds,

and using Euler-Lagrange equation we have

M(q(t))q̈(t) + C(q(t), q̇(t))q̇(t) = F (t)−G(q(t)), (3.2)

where,

M(q(t)) =

J0 0 0

0 m1l
2
1 +m2cl

2
a + J1 m2clal2c cos(α(t)− β(t))

0 m2clal2c cos(α(t)− β(t)) m2cl
2
2c + J2c

 ,
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C(q(t), q̇(t)) =

0 0 0

0 0 m2clal2cβ̇(t) sin(α(t)− β(t))
0 −m2clal2cα̇(t) sin(α(t)− β(t)) 0

 ,
F (t) =

τ(t) + τ1(t) + τ2(t)

τ1(t)

τ2(t)

 ,
and

G(q(t)) =

 0

(m1l1 +m2cla)g sinα(t)

m2cl2cg sin β(t)

 .
Using the structure of the servo motor estimator described in 2, the angular

states of each servo motor can be estimated. The torques τ̂1(t) and τ̂2(t) can

be estimated by the following equations

[
τ̂1(t)

τ̂2(t)

]
=

[
m1l

2
1 +m2cl

2
a + J1 m2clal2c cos(α̂(t)− β̂(t))

m2clal2c cos(α̂(t)− β̂(t)) m2cl
2
2c + J2c

] [
ˆ̈α(t)
ˆ̈
β(t)

]
+

[
0 m2clal2c

ˆ̇
β(t) sin(α̂(t)− β̂(t))

−m2clal2c ˆ̇α(t) sin(α̂(t)− β̂(t)) 0

] [
ˆ̇α(t)
ˆ̇
β(t)

]
+

[
(m1l1 +m2cla)g sin α̂(t)

m2cl2cg sin β̂(t)

]
,

(3.3)

where theˆdenotes the estimated value. The feedforward command is then

given by

uf (t) = −(τ̂1(t) + τ̂2(t)).

3.4 L1 Adaptive Control Augmentation

The aerial manipulator can pick up a large variety of objects, varying in

mass, inertia, density, shape, etc. With a flight controller augmented only

with the feedforward torque compensation of the manipulator, there is no way

to account for the induced torques and forces from these uncertain payloads.

To reject uncertainties introduced by unknown payloads, the L1 adaptive

control structure is chosen for its fast and robust adaptation.

An L1 adaptive control augmentation with piecewise constant adaptation law

from [17] is proposed. Let xI1(t) and xI2(t) denote the states of the integrator
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in the rate and attitude loops of the baseline controller respectively. Then,

the rotational equation of motion of the quadrotor with the L1 augmentation

can be expressed as

ẋ(t) = Amx(t) +Brr(t) +Bm (ua(t) + f1(t, x)) +Bumf2(t, x), x(0) = x0,

y(t) = Cmx(t),

(3.4)

where x(t) = [θ(t), q(t), xI1(t), xI2(t)]> is the vector of the system states,

r(t) = θc(t) is the reference attitude command, f1(t, x) : R × R4 → R is a

nonlinear function containing information on the residual of the feedforward

torque compensation for the disturbance torque from the manipulator and

the matched uncertainty, f2(t, x) : R × R4 → R3 is a nonlinear function

representing additional modeling uncertainty, Am ∈ R4×4 is a known Hur-

witz matrix defining the desired system dynamics, Br ∈ R4×1 is the known

command matrix, Bm ∈ R4×1 is the known control matrix, Cm ∈ R1×4 is

a known full-rank constant matrix, and Bum ∈ R4×3 is a matrix such that

B>mBum = 0 and [Bm Bum] has full rank. The product Bumf2(t, x) represents

the unmatched uncertainty. The matrices Am, Br, and Bm can be written as

Am =


0 1 0 0

−kP1kP2

J0

kP1kD
J0

kI1
J0

kP1kI2
J0

−kP2 kD − 1 0 kI2

−1 0 0 0

 , Br =


0

kP1kP2

J0

kP2

1

 , Bm =


0
1
J0

0

0

 .

For the system given in 3.4, the following L1 adaptive controller is proposed.

3.4.1 State Predictor

Taking the same structure as the system in 3.4, the state predictor is given

by

˙̂x(t) = Amx̂(t) +Brr(t) +Bm (ua(t) + σ̂1(t)) +Bumσ̂2(t), x̂(0) = x0, (3.5)

where x̂(t) is the predictor state, σ̂1(t) ∈ R and σ̂2(t) ∈ R3 are the estimates

of the nonlinear functions f1(·) and f2(·) respectively.
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3.4.2 Adaptation Law

Given an adaptation rate Ts > 0, the estimates σ̂1(t) and σ̂2(t) are updated

according to the following piecewise constant adaptation law:[
σ̂1(t)

σ̂2(t)

]
=

[
σ̂1(iTs)

σ̂2(iTs)

]
, t ∈ [iTs, (i+ 1)Ts)[

σ̂1(iTs)

σ̂2(iTs)

]
= −

[
1 0

0 I3

]
[Bm Bum]−1 Φ−1(Ts)e

AmTsx̃(iTs), i = 0, 1, 2, 3, ...,

(3.6)

where

Φ−1(Ts) = A−1
m

(
eAmTs − I4

)
and x̃(t) = x̂(t)− x(t) is the state prediction error.

3.4.3 Control Law

The control law is generated as the output of the following system:

ua(s) = −kaD(s)η̂(s), (3.7)

where η̂(s) is the Laplace transform of the signal

η̂(t) , ua(t) + η̂1(t) + η̂2(t)

with η̂1(t) = σ̂1(t) and η̂2(s) = H−1
1 (s)H2(s)σ̂2(s) and

H1(s) = Cm(sI− Am)−1Bm,

H2(s) = Cm(sI− Am)−1Bum.

Here ka is a feedback gain and D(s) is a strictly proper transfer function,

which lead to a strictly proper stable

C(s) ,
kaD(s)

1 + kaD(s)

with DC gain C(0) = 1.
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3.5 State Estimation

This combination of feedforward and feedback control, especially the feed-

forward component, relies strongly on a good estimate of system states. It is

often desirable to start with these lower fidelity models in order to facilitate

the control design and testing.

The quadrotor system used in this work contains a 6-DOF Inertial Measure-

ment Unit (IMU), a magnitometer, and a barometer onboard the vehicle. In

addition to the onboard sensors, an external motion capture system is used

for position feedback.

3.5.1 Complementary Angular Acceleration Estimation

While some states like position, acceleration, and angular velocity can be

measured directly, other states such as translational velocity, orientation,

and angular acceleration can be much harder to find. For the purpose of

finding manipulator torques, we must have an accurate estimate of the an-

gular acceleration of the vehicle about its pitch axis. To achieve this, we

design a complementary filter, based on [18], using gyroscope measurements

and knowledge of the dynamics of the system. First, the model predictive

portion of the estimator must be constructed.

From knowledge of the vehicle’s inertial properties and gyroscope measure-

ment, we have

ˆ̇q =
(Izz − Ixx) pr + Ixz (r2 − p2)

Iyy
+
M̂q

Iyy
,

where Ixx, Iyy, Izz, Ixz are elements of the vehicle inertia matrix, p, r are roll

rate and yaw rate respectively, and M̂q is the total estimated pitch moment

on the airframe. Then, the complementary filter can be written as

ˆ̇ω(s) =
1

1 +G(s)H(s)
ω̇1(s) +

G(s)H(s)

1 +G(s)H(s)
ω̇2(s),

and since G(s)ω̇2(s) is the gyroscope measurement, we have

ˆ̇ω(s) =
1

1 +G(s)H(s)
ω̇1(s) +

H(s)

1 +G(s)H(s)
ω̇2(s).
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Taking G(s) to be an integrator and H(s) to be a PI controller, we have

ˆ̇ω(s) =
s2

s2 +KP s+KI

ω̇1(s) +
KP s+KI

s2 +Kps+KI

(sω2(s)) ,

where KP , KI are proportional and integral gains for H(s) respectively, and

ω̇1 is the estimated value from the model predictive estimator. Figures (3.3)

and (3.4) illustrate the efficacy of this method as compared with purely using

a backward difference estimator with a gyroscope measurement.
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Figure 3.3: Angular acceleration - backward difference estimation
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Figure 3.4: Angular acceleration - Complementary filter estimation
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CHAPTER 4

VEHICLE DESIGN

4.1 Quadrotor Design

The design of a UAV that is both compact and powerful is essential for

indoor manipulation and the interaction with humans. Therefore, for this

application a useful metric by which to measure the effectiveness of a UAV

is thrust-to-weight ratio. The main design goal for this UAV was to achieve

the highest possible thrust-to-weight ratio while also satisfying constraints

such as size, flight time, payload, etc. The resulting UAV achieves a max-

imum total thrust exceeding 1.6 kg yielding an expected thrust-to-weight

ratio greater than 7 before the addition of a manipulator.

4.1.1 Frame

In order to achieve this desired thrust to weight ratio, a single layer of 2 mm

carbon fiber sheet was used in the construction of the entire frame. Cross

braces between arms act to both strengthen the frame as well as protect

the propellers from ground strike. The modular design of the frame enables

easy addition of accessories such as propeller guards, cameras, sensors, etc.

A mounting plate on the underbelly of the frame is supported with four

fixtures and is the connecting point for the manipulator. In the event of a

crash involving the manipulator, the fixtures break away under high load to

prevent damage to the quadrotor or manipulator.

4.1.2 Motors

The motors used in this quadotor were the Tiger Motor MT-1306 brushless

motors with a KV value of 3100 and an operating voltage of 3S. The factory
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recommendation for these motors is to use either 1S or 2S, however, a 3S

battery can be used if the time at which the throttle is above 2
3

is reserved

for short bursts.

4.1.3 Propellers

Due to the fact that this vehicle is designed to be flown in indoor envi-

ronments, sound was considered when choosing propellers. A 2-blade and

3-blade version of both a polymer and carbon fiber 5x3 propeller were tested

at various throttle levels and the carbon fiber 3-blade made significantly

less acoustic noise than the 2-blade version of both materials as well as the

polymer 3-blade version. Thrust profiles of each propeller were also taken

and since the variants performed almost identically, the carbon fiber 3-blade

configuration was chosen.

4.1.4 Battery

An 800 mAh, 3S (11.1 V) lithium-polymer battery provides a flight time of

approximately 10 minutes at a steady hover. In order to supply the necessary

current to the motors, a battery with a 40C discharge rate was chosen.
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Figure 4.1: Small quadrotor used in aerial manipulator

4.1.5 Flight Control Board

The flight controller for this quadrotor is from the CrazyFlie 2.0 nano quad-

copter, adapted to command brushless motor ESCs through the use of a

Bitcraze Bigquad Deck. This hardware was chosen for its open-source firmware,

exceptional sensor quality, onboard state estimation, and small size. The

structure of the stabilizing flight controller is a cascaded PID scheme taking

inputs of desired attitude and giving outputs of desired body torque, ulti-

mately corresponding to propeller motor velocities. Although the original

configuration of the flight controller tuned for the CrazyFlie 2.0 did stabilize

the larger vehicle, re-tuning was done to achieve more responsive and robust

tracking performance.

4.2 Manipulator Design

The manipulator links were designed with an open truss structure in or-

der to decrease weight while maintaining structural rigidity. Utilizing rapid
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prototyping methods, the sections of the manipulator can be designed and

manufactured to the exact specifications desired, without the geometric lim-

itations of using carbon fiber. The two motors for the manipulator arm are

fixed in the same reference frame and mounted to the quadrotor itself at the

first joint. This configuration counterbalances the arm to ensure that the

center of mass will remain close to the geometric center of the system, even

with payload far from the center. One of these two motors is used to actuate

the second joint, where the second link is attached. A cable system is run

from the second servo motor through the inside of the first link to the second

joint. At the end of the second link, the end effector is mounted.

Figure 4.2: Manipulator link design and cable actuation system
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Figure 4.3: Diagram of the UAS in the symmetric plane

The manipulator was designed using globally defined joint angles, as seen in

Figure 4.3, which translate to independent orientations between both links.

This topology is useful for maintaining the manipulator center of mass closer

to its base, however, it also introduces an undesirable behavior where the

workspace is reduced and is defined by geometric relationships of added com-

plexity. One method of calculating the workspace, in this case, is to define

the region using sweeps of limit configurations for each joint. For this design,

the calculated workspace is shown in Figure 4.4. This unusual shape is due

to physical limitations of each link and actuators in conjunction with the

globally defined angles.
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CHAPTER 5

EXPERIMENTATION

Two methods of experimentation were carried out to validate the efficacy of

this control augmentation scheme. The first was a high-fidelity simulation

of the quadrotor and manipulator dynamics using MATLAB Simulink. The

second was the implementation of the control scheme on a real quadcopter

with a 2-link manipulator.

5.1 Simulation Results

Simulations were carried out in the MATLAB Simulink environment using

a desktop workstation running MATLAB version 8.5-9.2 in Windows 7 with

an Intel Core i7-4790 CPU and 16 GB RAM. Quadrotor dynamics were sim-

ulated using the included Custom Variable Mass 6DOF (Quaternion) block.

Simulations were run with a variable time step solver.

5.1.1 Baseline Controller

The first set of results illustrates the step response of the rate and attitude

CAS’s for the PI baseline controller described in Chapter 3.
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Figure 5.1: Step response of baseline controller

5.1.2 Feedforward Torque Compensation

This section uses the simulation of the baseline PI controller augmented with

the feedforward torque compensator to track a zero pitch reference while the

manipulator transitions from a fully forward reaching configuration to a fully

backward reaching configuration in 1 second with no payload.
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Figure 5.2: Performance of the feedforward compensation

One might expect to see attitude tracking performance on this order of mag-

nitude since we are compensating for a very well known system.
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5.1.3 L1 Adaptive Augmentation

Now, an unmodelled payload of 25 grams is added to the end effector and

two different scenarios are executed, shown in 5.3. The three output plots

represent the performance of the uncompensated baseline controller, the feed-

forward augmented baseline controller, and the L1-augmentation of the base-

line.
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Figure 5.3: Performance of the L1 adaptive augmentation

One can see that even in the presence of manipulator torque and unknown

payloads, the baseline controller with feedforward and L1 performs extremely

well.
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5.2 Flight Testing

5.2.1 Flight Arena

All flight tests were conducted in an 8 x 8 x 4 m fully netted flight arena.

Eight Vicon T40 motion capture cameras were used to capture the position

of the vehicle at 240 Hz. While the motion capture camera system can return

orientation of objects in the arena, these measurements were not used.

The following plots are broken down into groups of three scenarios, testing the

effectiveness of the feedforward torque compensation part of the augmenting

controller. The following test results were carried out with both links of

the manipulator tracking the same angle command. The geometric baseline

controller was chosen and was designed to track a position 1 meter above the

origin. The first half of the trials are with no payload and the second half

use a modeled payload of 25 grams.
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Figure 5.4: Manipulator command - baseline controller with no payload
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Figure 5.5: Pitch response - baseline controller with no payload
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Figure 5.6: Translation response - baseline controller with no payload
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We can see that with no compensation of the baseline controller the desired

attitude and position are tracked very poorly. With the manipulator fully

extended, the baseline controller cannot overcome the steady state error, and

the translation exceeds 0.5 m.

0 2 4 6 8 10 12

time [s]

-60

-40

-20

0

20

40

60

d
e
s
ir
e
d
 l
in

k
 a

n
g
le

 [
d
e
g
]

Figure 5.7: Manipulator command - static compensation with no payload
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Figure 5.8: Pitch response - static compensation with no payload
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Figure 5.9: Translation response - static compensation with no payload
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In this trial, only the static component of the feedforward signal is used, and

we can see immediately the significant improvement in baseline tracking.
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Figure 5.10: Manipulator command - full compensation with no payload
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Figure 5.11: Pitch response - full compensation with no payload
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Figure 5.12: Translation response - full compensation with no payload
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With the use of the entire feedforward signal attitude errors are slightly

increased, however, position tracking performance remains much better than

the baseline-only scenario.

The following plots show the flight performance when a 25 gram payload is

added to the end effector.
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Figure 5.13: Manipulator command - baseline controller with payload
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Figure 5.14: Pitch response - baseline controller with payload
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Figure 5.15: Translation response - baseline controller with payload
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It is obvious that the addition of a payload would increase the moments

induced on the quadrotor and therefore, we would expect to see tracking

errors to increase as well. This is, in fact, the case seen above.
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Figure 5.16: Manipulator command - static compensation with payload
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Figure 5.17: Pitch response - static compensation with payload
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Figure 5.18: Translation response - static compensation with payload
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In the static only case, we can notice data loss during flight logging between

14 and 21 seconds, however, the overall trend is still visible.
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Figure 5.19: Manipulator command - full compensation with payload
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Figure 5.20: Pitch response - full compensation with payload
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Figure 5.21: Translation response - full compensation with payload
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The last scenario demonstrates the true effectiveness of the feedforward

torque compensation scheme. Shown in blue, a desired maneuver with high

angular velocity and acceleration is executed. Due to unmodeled forces acting

on the translational dynamics of the vehicle, the geometric position tracking

controller needed to relinquish orientation tracking to achieve a desired posi-

tion. Nonetheless, the position tracking error is kept much smaller than that

of the baseline controller only.
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CHAPTER 6

CONCLUSION

6.1 Summary

This thesis aimed to improve the state-of-the-art in mobile manipulators

through the use of smart hardware design and advanced control methods.

It presented a mathematical framework in which vehicle performance was

studied. It proposed an augmenting control structure accounting for a known

manipulator and unknown payloads. It discussed the design methodology for

an actual aerial manipulator which was built and flown. Lastly, it presented

results from simulation and flight tests verifying the efficacy of the proposed

vehicle design and control scheme.

6.2 Future Work

While this thesis showed positive results for both the aerial manipulator de-

sign and augmenting control scheme, aspects of both would need further

investigation if this proposed system were to be adopted by a larger commu-

nity.

A more complete dynamic model would serve to capture currently unmodeled

dynamic phenomena, such as centripetal forces induced onto the airframe by

the manipulator during high angular velocity maneuvers. The augmenta-

tion of a baseline controller proposed in this work also does not consider the

effects generated by the manipulator in the roll or yaw direction. A com-

plete representation of the aerial manipulator as a single system, rather than

two dynamically coupled subsystems, would allow for better utilization of

actuator capabilities and less conservative controllers.

Manipulator actuators with position feedback and a greater range of motion
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would allow for more accurate system knowledge and control, and provide a

larger workspace for manipulation tasks.
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