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Abstract
Humans have a remarkable agility and can perform explosive and dynamic mo-

tions such as walking, running, jumping and landing. This is in part due to the
ability to handle large magnitude ground reaction forces (GRF) in conjunction with
outstanding control capabilities of our body. On the other hand robotic bipedal sys-
tems have shown limited capabilities. Therefore, performing comparable levels of
athleticism and robustness to perform explosive actions as humans, is still a chal-
lenge for bipedal systems.

In this thesis work we present our efforts to extend the capabilities of bipedal
systems to include the ability to perform high impact drop jumps. We define drops
jumps as the action starting at a given height above ground, followed by a free-fall
phase, and finished by impacting the ground feet first. As a proof of concept we
focused on the development of a novel mechanical design of a single robotic leg.
Our proposed mechanical design minimizes the overall mass and inertia of the leg,
augment actuators’ power and implement an impact attenuation system based on a
fiberglass leaf spring and a semi-active magneto-rheological damper.

A 3D CAD model of the final mechanical design was built, which was further
used to develop a comprehensive simulation model of the leg in Matlab’s Simscape
environment. We draw inspiration from biomechanics and implement an impedance
control to perform simulated drop jump experiments. Optimization techniques are
used to find optimal gains for the impedance control. Simulation results show the
importances and usefulness of having a physical damping mechanism on the leg to
perform safe and controllable drop jumps from heights greater than 3 meters.

The results of this thesis are intended to be used in the development of a bipedal
robot that is capable of dynamic walking, running, and other high impact motions
such as drop jumping.

In addition to the work on legged robot, we also report preliminary results on
the implementation of a nano aerial vehicle testbed for advance control algorithms.
The proposed testbed was developed around the open-source Crazyflie Nano Quad-
copter by Bitcraze. A motion capture arena is used to track the global position of the
quadcopter. The a position trajectory tracking controller was implemented. Trajec-
tory tracking experiments demonstrate the current capability of the proposed control
framework to track trajectories within 10cm.

Thesis supervisor: Koushil Sreenath
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Chapter 1

Introduction

1.1 Motivation
Humans have a remarkable agility and can perform explosive and dynamic motions such as
running, jumping and landing from large heights. This is in part due to the ability to handle large
magnitude ground reaction forces (GRF) in conjunction with outstanding control capabilities of
our body. Through training this capabilities can be can enhanced [8] to perform high agility
explosive maneuvers. For example a basketball player, during the landing after a layup jump
shot may experience a GRF value up to 9 times its body mass without suffering an injury [9].
Bipedal robotic systems on the other hand have shown limited capabilities in terms of performing
comparable levels of explosive behaviours as humans.

A wide variety of athletic movements, such as those performed in acrobatics or free-running
(parkour), involve frequent transitions between airborne and ground-contact phases. Therefore,
how to land to safely and efficiently break a fall is a fundamental skill to perform dynamic
motions. Most humanoid robots developed so far are quite fragile and can not withstand large
impacts. The impact from a fall can cause a legged robot to fail structurally (i.e. break a structural
component) or mechanically (i.e. actuator overload). Further, they are primarily designed for
walking or running not for jumping and landing.

We believe that before being able to deploy legged robots outside a constrained laboratory
environment into hazardous, unconstructed, unexplored environments and be of aid to humans
they have to be capable of smoothly performing dynamic motions. In this thesis work we present
our efforts to extend the capabilities of bipedal systems to include the ability perform high impact
drop jumps. We focus on the primary task of controllably and safely landing drop jumps from at
least a second floor (≈3m high). We propose a design for a new bipedal robotic leg and simple
control strategies that; dissipates the kinetic energy accrued from the drop jump, protects the
hardware from damage, and control the leg after impact.

1.2 Relevant Work
In the recent years there has been a significant increase in interest to improve the humanoid
robotic systems capabilities to handle falls. This area of study gained significantly popularity
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after the 2015 Darpa Robotic Challenge (DRC) Finals, where all teams experienced failures due
to falls.

(a) (b)

Figure 1.1: Images of fallen robots in Darpa Robotics Challenge (a) CMU-CHIMP and (b) IHMC
Atlas robots

1.2.1 Human Strategies
In the field of biomechanics the landing phase of a jump has been widely studied [9, 10, 11].
Humans use several techniques to decrease the body’s vertical momentum upon impact with the
ground. Numerous studies have demonstrated that soft landings (low peak GRF) are generally
characterized by greater amounts of flexion and energy absorbed by the knee and hip joints, while
stiff (high peak GRF) landings exhibit high ankle and knee energy absorption with reductions in
hip energy absorption [12, 13, 14]. In drops jumps from 20cm it was experimentally recorded
that the total work done is distributed 24%, 54%, and 22% through the hip, knee and ankle
joint respectively [14]. Evidently the knee joint muscles are absorbing most of the shock. With
muscle fatigue there is an increase in ankle joint work and peak GRF [14]. Further suggesting
the importance of the knee over the ankle joint for reducing the impact of drop jumps.

Attenuating the impact through knee flexion is referred as cushioning reflexion [11]. Due
to the short duration of impact the lower body joint configuration at initial contact has a major
influence on energy absorption during landing task [11, 12]. The human physiology allows for
internal regulation of the joint and body compliance. Additionally, all the soft tissue in our bodies
(e.g skin and muscles) are good at absorbing the impact shocks.

Humans also use more sophisticated techniques to attenuate the impact. An example of this
are practitioners of Parkour (traceurs) who exploit human body capabilities. Traceurs mainly
use two landing techniques to break falls; precision and roll landing [15]. Precision landing is
categorized by a forefoot touchdown (no heel contact), bending of the knees to absorb impact,
and the use of the arms to counterbalance the movement. In essence using joint cushioning. On
the other hand, a roll landing is categorized by a forefoot touchdown followed by a forward roll
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on the back. Roll landing principle is based on increasing the break distance by transferring
vertical motion into horizontal motion. Also, the multiple contacts that are made and broken
through the roll distribute the impact forces throughout the body rather then concentrating them
at one point.

1.2.2 Robotic Software Strategies
Most of the initial work on humanoid falling was done by Fujiwara et al.[2, 16, 17, 18]. Fujiwara
et al suggested that the damage to the whole body can be reduced by contracting and expanding
the body length. Then, Fujiwara et al.[18] realized backward and forward falling motions using
an optimal planning method. Similarly, Wang et al.[19] extended the work to whole-body optimal
trajectories for minimizing damage. However, this motions are only effective when falling from
a static standing position.

More recent work by Ogata et al. [20] proposed a detection algorithm based on experiential
learning to distinguish between fall and no-fall condition. The algorithm is able to distinguish
between disturbance of a steady walking gait and actually falling for a humanoid constrained to
the sagittal plane. Ogata et al. decrease the damage to the robot by using a closed form solution to
determine an optimum hand placement to minimize the angular velocity of the falling robot. Yun
et al. [21], extended the work to a 3D scenario. He proposed the use of stepping to prevent falls
once detected and if not possible use inertia shaping to change the falling direction to minimize
impact velocity. Differently, Lee [3] proposed a controller algorithm to force the humanoid to
always fall in its back as it was mechanically stronger to withstand impacts. He estimated the
truck angular velocity required to orient the humanoid to fall on its back and then calculated the
necessary joint accelerations to achieve the necessary trunk velocity.

All the control algorithms mentioned showed capable of minimizing the impact forces. How-
ever, they are aimed to mitigating humanoids falls from a pseudo-static standing position, not
high impact falls from drop jumps. Further, the algorithms proposed only aim to decrease the
damage to the robot. They do not consider readiness for the next action after impact. We are
interested in not only landing safely from a drop jump but doing so controllably to transition to
walking or running gait after impact.

1.2.3 Robotic Hardware
Most humanoid robots developed so far are stiff because it leads to good position control capa-
bilities. However, they are also fragile and cannot handle dynamic interactions with the envi-
ronment such as jumping [22]. Differently compliant low stiffness robots are better at absorbing
large impact forces but suffer from inferior position position control capabilities. The use of
compliant joints in the form of Series-Elastic-Actuation [23] and/or similar have become a pop-
ular method to protect the robot against impact [5, 6]. Radkhah et al.[24] showed that the shock
absorption properties could be improved by tuning the actuators stiffness. By using softer springs
the robot was dropped from 25 cm instead of 5 cm without reaching critical torque peaks at the
transmission.

Joint compliance has been introduced in robotics in various ways. In [25] Niiyama and
Kuniyoshi introduced compliance to their bipedal system via pneumatic actuators rather than
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(a)

(b) (c)

Figure 1.2: Existing Legged robots that have implemented software impedance rather than
through physical elements. (a) MIT Cheetah uses impedance control [1], (b)HRP-2P robot falling
[2], (c) ASIMO Robot. [3]

using spring like elements. This robot was capable of withstanding the impact from a 1 meter
fall without breaking any components. Other common approaches are inspired by tendons in
biological systems. Ananthanarayanan et al. [26] use of a tendon like element reduced the
stress on the bone during a stride by up to 59%. Ito et al. and Dallali et al. proposed different
elastic element arrangement to replicate antagonistic tendon layout in humans. Both showed a
decreases in impact shock [4, 22]. Dallali et al. improved its leg shock absorbing capabilities by
introducing impedance control.

Similar to the software strategies presented the mechanical strategies are targeted for mild
interaction with the environment and fall short to mitigate the large impact forces of explosive
maneuvers.

1.3 Problem Statement

In this dissertation we focus on the explosive motion of drop jumping. We define drops jumps
as the action starting at a given height above the ground, followed by a free-fall phase, and
terminating by landing on the ground on feet. As a goal we aim to achieve a controllable and
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(a) (b) (c)

Figure 1.3: Existing legged robots that use physical elements to introduce compliance. (a)
Tendon-driven and axial-driven hybrid humanoid leg [4], (b) ATRIAS [5] (c) Scarleth [6].

safe drop jumps from at least a second floor (≈3m high).
The problem of landing drop jumps and reducing impact forces is governed by the impulse-

momentum theorem:
I︸︷︷︸

Impulse

= F ·∆t = M∆v︸ ︷︷ ︸
∆Momentum

(1.1)

where F is the ground reaction force, ∆t the length of time F is applied for, M the system’s
total mass, and ∆v is the change in velocity of the system. By equation (1.1) the impulse (I) that
the ground exerts on the object is equal to the change of momentum. For any object with a given
mass, falling from an initial height h0 above the ground, and with no external forces acting on
it, the velocity of the object just before impact (vTD) can be calculated in close form (equation
(1.2).

vTD =
√
g · h0 (1.2)

Assuming that the ground is rigid, upon impact it will bring the falling object to complete stop.
The final velocity of the object (vf ) will be zero. Thus, the change in velocity (∆v) can also be
calculated by

∆v = vTD − vf = vTD − 0 = vTD (1.3)

Thus, we can conclude that for any given mass and height falling to a rigid ground the change of
momentum and the impulse are constant. Further, from equation (1.1) we note that the product F
and ∆t is constant but their individual value are not. With the freedom on modifying their value
maximizing ∆t will explicitly minimize the reaction force F by the ground on the object. Two
ways to minimize ∆t are to minimize the deceleration v̇ of the object as it comes to a rest and/or
maximize the breaking distance. Therefore, to reduce the forces on a robotic system perform
drop jumps we investigate methods to minimize v̇ and maximize breaking distance.
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In this work, we define a successful landing as one that minimize the risk of mechanical fail-
ure and disruption of momentum. This translates to ability to absorb the shock at landing, while
maintaining readiness for the next action. We tackle the problem with a two prong approach. We
investigate mechanical design and control strategies to achieve safe drop landings.

1.4 Contributions of this work
In this work we make the following contributions:

• We propose a novel design for adult human size robotic leg to be part of a bipedal robot,
that extends the capabilities of existing legs to protect the integrity of all components from
large impact forces.

• Demonstrate the need of a physical damping element to be able to perform controllable
drop jumps. We showed in simulation the ability to land from drop jumps of 6m without
bouncing.

• Implement an optimal impedance control to show a simple algorithm to successfully be
capable of performing a controllable landing.

• An accurate 3D simulator of the robot was developed, including a detailed model nonlinear
spring, damper and transmission. This tools should be of great utility for upcoming work.

• Build and test a prototype of the novel shin component of the leg that implements our
proposed impact attenuator with a fiberglass leaf spring and active magneto-rheological
damper.
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Chapter 2

Mechanical Design

2.1 Design overview

The proposed High Impact Landing (HIL) leg (Figure 2.1) is designed with the aim of extending
current bipedal systems’ capabilities. Explicitly, HIL leg purpose is to robustly survive the impact
of landing feet first from free-falls, and controlling the system energy to efficiently transition
from landing to walking/running gaits. Contrary to classical legged locomotion systems we aim
to maximize the energy losses and negative work upon impact with the ground so that we do
not bounce. Additionally, our design is intended for the robot to be capable of impacting the
ground with the knee joint as well as the foot. The design decisions where governed by the aim
to maximize four functional requirements; agility, torque actuation, impact force attenuation and
sensing.

HIL leg is designed primary to be a good shock absorber, but also has to be a good walker
and runner. Thus, to leverage prior work in the research work on human walking and running we
want to maintain a human form factor. The leg fully extended measures 1.24m from hip to foot.
The total mass of leg is 11Kg, with weight primary concentrated at the hip. HIL was designed in
mind to perform extreme agile maneuvers such as rolling. Thus, it has a large range of motion.
Dimension of the leg and joint ranges are summarized in Table 2.1 and Table 2.2 respectively.

Table 2.1: Mechanical parameters of HIL Leg

Length [m] Mass [kg] CoM [m]
Hip – 5.04 –
Thigh 0.56 4.51 (0.13,-0.38,-0.15)
Knee – 1.1 –
Shin 0.68 7.28
Overall 1.24 14.03 (0.22,-0.40,-0.20)
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(a) (b)

Figure 2.1: CAD model of (a) HIL leg and (b) bipedal configuration concept

2.2 Design requirements

Based on the literature review from section 1.2 and our problem statement we identified four
functional requirements that our design has to fulfill. The requirements are: high agility, pow-
erful, impact resistant, and controllable. For the robot to be capable of performing dynamic
motions it has to be agile in terms of having a large range of motion and move fast. Explosive ac-
tions involve large amounts of energy, the robot has to be powerful to be able to generate enough
energy to perform such actions. The main aim of this robot is to be able to withstand high impact.
To be able to implement novel and complex feedback controllers on the robot we need to be able
to accurately estimate the robot state. Therefore, sensors are important. Table 2.3 summarizes
the functional requirements and their respective engineering specification.

2.3 Agility

Traditionally serial link robots have large distal link inertia because actuators are commonly
located at the joints. Thus, they have high energy requirements to achieve fast leg motion with
high acceleration [27]. We co-axially aligned two actuators with the hip axis, far from the end
effectors to minimize the rotational inertia of the legs, similar to [1][6][5]. Thus, effectively
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Table 2.2: Range of Motion of HIL Leg Joints

Joint Min. Max. Units
Hip -100 120 degree
Knee -95 0 degree
Shin 0 7.5 centimeter

Table 2.3: Functional and user requirements conversation to engineering specifications

Functional Operational Engineering
Requirements Requirements Specs.
Agile Large joint range αh ∈ [−90, 90]

αk ∈ [0, 90]
Low inertia Minimize
Lightweight ≤ 20kg

Powerful High torque ≥ 1000Nm
Impact resistant Physical and virtual protection ≥ 3m drops
Controllable Good state estimation ≥ 19 bit resolution

Low latency communication ≥ 100Hz

moving the center of mass (CoM) closer to the hip axis that aids to keep leg inertia minimal.
CoM is 15.3cm from the center of rotation. Additionally, as inferred from equation (1.1) lower
distal mass is advantageous for minimizing impact impulse. A cross-sectional view of the hip
joint is shown in Figure 2.2.

The kinematic configuration of system achieves a large range of motion. The leg can be
swing Θhip ∈ −100◦, 120◦ about the hip axis and flexion Θknee ∈ −95◦, 0◦ about the knee axis.
In a fully extended configuration the leg measures 1.24m from hip to foot.

2.4 High power density
The nature of the task to withstand and absorb the shock of high impact collisions requires large
joint actuation to counter act the reaction forces to prevent the leg from collapsing to the ground.
To meet this need we compared four motors; two motors from Allied Motion and two from
RoboDrive. Table 2.4 summarizes the specs of theses motors. To actuate the hip and knee joints
we selected a RoboDrive 115x25 motors capable of providing 5.4Nm of continuos and 18Nm
peak torque. Both the hip and knee motor torque output are augmented by a harmonic drive. The
hip joint is directly driven from the harmonic drive output, while an additional belt transmission
is used to drive the knee joint. A harmonic drive was selected over a pulley based transmission.
Harmonic drives are simpler to install than pulley systems, no consideration of cable tensioning
is required. Also, pulleys occupy a bigger volume. Though sufficient space exists to replace
the knee belt drive with pulley system, the leg’s volume would need to be increased to add a
pulley transmission for the hip joint. A harmonic drive with 50:1 gear ratio was selected over
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Figure 2.2: Cross-sectional view of 3D CAD rendering of hip joint

the desired lower 30:1 ratio because of the rated limit repeated peak torque. Highest rated 30:1
harmonic could only handle peak torques of 200Nm, while the selected harmonic drive 1235Nm.

2.5 Impact Force Attenuation
The novelty of the design lies within the shin and the additionally degree of freedom in it (Fig.
2.6). Inspired by power stilts [28]the shin is capable of undergoing a large deformation without
failing due to the large fiberglass leaf spring that joins the knee and the foot. The leaf spring is
a stiffening nonlinear spring, a desirable characteristic. A fiberglass leaf spring was chosen over
a common metal helical spring as it has been shown in [29] to be better at returning energy. The
deformation is constrained by the shin linkage mechanism, improving the measurement accuracy
of the foot position.

Minimizing energy losses after impact is desirable for some actions such as running and
walking. However, for landing the opposite is desirable. To reduce the strain on the mechanism
and improve post impact controllability maximizing energy loss is desirable. To control the
energy dissipation of the leg upon impact we drew inspiration from active shock absorbers in
motorcycles and cars that place a Magneto-Rheological(MR) Damper in parallel to a spring.
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ID Number ILM115-50 ILM115-25 MF0150010 MF0150025
Manufacturer RoboDrive RoboDrive Allied Motion Allied Motion
Peak/Stall Torque [Nm] 40 18 19.4 50.9
Continous Stall Torque [Nm] 11.2 5.4 3.5 9.1
Peak Current [A] 20 20 56.7 130.5
Voltage [V] 48 48 48 48
No-load speed [rpm] 650 1300 1293 1775
Weight [kg] 2.17 1.2 1.12 2.73
Dimensions [mm] 115x50 115x25 170x13.06 170.29.06

Table 2.4: Off-The-Shelf Motor comparison. RoboDrive ILM115-25 was selected.

In our design we use the MR damper RD-8040-1 developed by Lord Corporation. The use of
MR dampers in prothetic limbs has being growing in popularity [30, 31], but to the best of our
knowledge have not being ported to legged robotic systems. Using a variable stiffness shin we
control the energetics of impact landing. It provides the ability to handle the energy storage and
dissipation to control the bouncing after impact. It also allows us to protect the motors from
reaching peak torques by managing the force transfer.

Despite MR dampers being an easy method to control impedance in the leg, it has some
drawbacks. There are few MR dampers options commercially available. The RD-8040-1 was
the only one that fitted our sizing requirements and it has a small 7.5cm maximum stroke limiting
the shin’s deformation. Thus, it reduces the amount of energy it can dissipate in one compression.
Also, the iron particles of the MR Fluid significantly increase the shin’s mass. The MR dampers
accounts for 83% of the total mass of the shin.

2.5.1 Magneto-Rhelogical (MR) Dampers

MR dampers (see Figure 2.4) resemble in size and operation to regular dampers. The difference
is the viscous liquid inside the damper casing. MR fluids are free flowing liquids with similar
consistency similar to that of motor oil but with iron particles in it. In the presence of an applied
magnetic field, the iron particles acquire a dipole moment aligned with the external field which
causes particles to form linear chains parallel to the field. This phenomenon solidify the sus-
pended iron particles and restrict the fluid movement. Consequently, yield strength is developed
within the fluid. The degree of change is related to the magnitude of the applied magnetic field,
and can occur only in a few milliseconds [7].

MR fluids have a wide range of applications such as: dampers, shock absorbers, rotary brakes,
clutches, prosthetic devices, polishing and grinding devices. However, major drawbacks that
hinder MR fluid damper applications are their nonlinear force/displacement and force/velocity
characteristics. Accurate models of the MR fluid are required to be able to design proper control
algorithms [7].
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2.6 Controllability
To diminish controllability and state estimation error the robotic leg has several sensors attached
to it. A 20bit resolution magnetic rotary encoders to measure the hip and knee angles. Each
motor has a hall effect sensor and a 13bit resolution magnetic encoder. The spring deflection and
damper compression are measured through the relation with the shin rotary joint (see Figure 2.6.
It is measured by an absolute optical encoder with a 19bit resolution. Additionally, a limit switch
is placed at the bottom of the foot to detect contact with the ground.

Table 2.5: HIL robot sensors table

Measurement Sensor Manufacturer Model Resolution
Hip angle Magnetic rotary encoder Renishaw Aksim 20bit (±0.1◦)
Knee angle Magnetic rotary encoder Renishaw Aksim 20bit (±0.1◦)
Spring deflection Optical rotary encoder Dynapar AD35 19bit (±0.35◦)
Motor rotor angle Magnetic rotary encoder Renishaw RMB30 13bit ±0.5◦)
Motor rotor angle Hall effect RoboDrive –
Ground contact Limit switch Sparkfun –

2.7 Discussion
The final proposed design meets 6 of the 8 the engineering specification required to meet our
desired functional requirements. Table 2.3 summarizes the demanded engineering specifications
and the achieved specifications. The two 13 bit encoders are used for low level control of the
motors and do not measure the joint angle. Thus, they do not violate the encoder’s specification
of least 19 bit resolution. Our design outputs 100Nm less than that desired torque. To achieve the
desired 1000Nm torque actuation, the motor size has to be increased as well as the transmission
gear ratio. Increasing the harmonic drive ratio diminish the performance of the leg due to the
exponential increase in reflective inertia.

There are still aspects of the design that can be improved. For instance, adding accelerometers
will provide better state estimation during all phases of a drop jump. The hollow square tube link
supporting the MR damper should be replaced with a solid Aluminium 7075-T6 link to address
the weak point identified in section 4.3. Finally, either a clutch to engage the damper at will
or using a different damping element should be implemented to mitigate the issues of the high
passive damping coefficient of the MR Damper.

14



Table 2.6: Required and achieved engineering specifications

Required Eng. Achieved Specification
Specification
αh ∈ [−90, 90] αh ∈ [−100, 120]
αk ∈ [0, 90] αk ∈ [−95, 0]

1.390kg ·m2

≤ 20kg 15.49kg
≥ 1000Nm 900Nm
≥ 3m drops 6m in simulation, not tested in hardware
≥ 19 bit resolution 19bit resolution joint encoders
≥ 100Hz N/A
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Figure 2.3: Cross-sectional view of 3D CAD rendering of hip joint
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Figure 2.4: Schematic of general configuration of a MR fluid damper [7]

Figure 2.5: 3D CAD exploded view of HIL thigh leg section
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Figure 2.6: 3D CAD exploded view of HIL shin leg section
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Figure 2.7: Picture of prototype built of HIL shin leg section
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Chapter 3

Model & Simulation

3.1 Simscape Multibody Model
MathWorks MATLAB/Simulink Simscape Multibody toolbox provides a multibody simulation
environment for 3D mechanical systems [32]. Simscape Multibody formulates and solves the
equations of motion for the complete mechanical system. A powerful feature is the capability
of importing complete CAD assemblies, including all masses, inertias, joints, constraints, and
3D geometry, into your model. An automatically generated 3D animation lets you visualize the
system dynamics. Based on the leg design presented in Section 2 a model was build in Simscape
(see Figure 3.1).

Figure 3.1: Screenshot of HIL leg model implementation in Simscape

The model is represented in a floating based coordinated system. The underlying model is
a 2 joint serial open kinematic chain with a spring and damper in parallel at one the links. The
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nonlinear spring force is given by equation (3.1) [33]. Where w, h, and L are the width, height
and length of the leaf spring, E is the modulus of elasticity of fiberglass, and ∆x is the spring
deflection.

Fspring =
16Ewh3

L3
∆x (3.1)

Two models of the MR damper were used; a simple linear force-velocity relation and a highly
nonlinear force profile based on a hysteretic model [7]. The simple model is represented by
equation (3.2).

Fdamper = Bẋ (3.2)

where B is a damping coefficient and ẋ is the damper compression velocity. The hysteretic
model (Figure 3.2) is represented by the equations:

F = cẋ+ kx+ αz + f0 (3.3)
z = tanh(βẋ+ δsign(x)) (3.4)
c = 1929i+ 1232 (3.5)
k = 1700i+ 5100 (3.6)
α = 244i2 + 918i+ 32 (3.7)
f0 = 18i+ 57 (3.8)
β = 100 (3.9)
δ = 0.3i+ 0.58 (3.10)

where c and k are the viscous and stiffness coefficients; α is the scale factor of the hysteresis; z is
the hysteretic variable given by the hyperbolic tangent function; f0 is the damper force offset;β,
δ are the model parameters identified experimentally; and i is the current supplied to the damper.

Figure 3.2: Hysteretic model of a MR Damper

The inefficiency and reflective inertial effects of the harmonic drive transmission are also
modelled. Figure 3.3 is a screenshot of the transmission model implementation in Simscape.
Similarly, the motor’s rotor reflective inertia and damping are modeled as shown in Figure 3.4.
The model parameters (mass, dimension, inertias, CoM locations) obtained from the 3D CAD
model are summarized in Table 2.1. A boom is also modeled to constrain the motion of the leg
to the sagittal plane.
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Figure 3.3: Screenshot of Harmonic Drive implementation in Simscape

3.2 Impact Dynamics
Simscape has a poor capability of resolving impacts. Thus, a more comprehensive model of the
ground reaction forces is implemented. Collision between the ground and foot are modeled as
point elastic collisions [34]. At the point of contact a ground reaction force F⃗GRF is exerted by
the ground on the robot’s foot. Resolving the dynamics with the additional external force on
the system will generate the different effect on the joints. We assume point feet and that contact
happens at a discrete point between the foot and ground. The force F⃗GRF is divided into its normal
component FN and tangential component FT relative to the ground surface as shown in Fig 3.5.

FN is calculated by the discontinuous equation:

FN =

{
y · kg,y(1− ẏ

vg,y
) if ẏ

vg,y
< 1

0 otherwise
(3.11)

where y and ẏ are the vertical distance and velocity of the foot relative to ground respectively,
kg,y = Mt/0.01 [N/m] is the vertical ground stiffness, Mt is the robots total mass, and vg,y =
0.03 [m/s] is the maximum relaxation speed of the vertical ground interaction.

While the foot is in contact the tangential force

FT = Fstatic + Fkinetic (3.12)

the sum of the static and kinetic friction. Note that since Fstatic and Fkinetic are defined as discon-
tinuous function either the foot is sticking to the ground (i.e. |Fstatic| > 0 and |Fkinetic| = 0) or the
foot is sliding (i.e. Fstatic = 0 and |Fkinetic| > 0). Static friction force is given by:

Fstatic =

{
−x · kg,x

[
1 + sign(x · kg,x) ẋ

vg,x

]
if |FR| > µstickFN

0 otherwise
(3.13)
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Figure 3.4: Screenshot of motor model implementation in Simscape

Figure 3.5: Diagram of contact forces

where x and ẋ are the horizontal distance and velocity of the foot relative to initial point of
impact with the ground respectively, kg,x is the horizontal ground stiffness, µstick = 0.9 is the
stiction to sliding transition coefficient, and vg,x = 0.03 [m/s] is the maximum horizontal ground
interaction relaxation speed. Kinetic friction force is given by:

Fkinetic =

{
−|v⃗| · FN · µkinetic if |v⃗| < vtresh

0 otherwise
(3.14)

where v⃗ = [ẋ, ẏ]T , µkinetic = 0.8 kinetic friction coefficient, and vtresh = 0.01 [m/s] the sliding to
stiction transition velocity limit.

As a measure of correctness we employed a second method to calculate ground reactions
forces from Newton’s 2nd law. We assume that only GRF and weight act on the systems center
of mass (CoM) and thus

FN =Mt · g −MtÿCoM (3.15)

where g = 9.81m/s the acceleration due to gravity and ÿCoM is the systems center of mass
measured vertical acceleration.
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3.3 Optimization

Systems that have multiple phases of continuous dynamics separated by discrete transitions maps
are called hybrid systems. A system that experience a collision can be usually represented as a
hybrid system [35]. For our robotic leg falling and landing on the ground the continuous phases
are the free fall motion (pre-impact) and the compression/decompression while in contact (post-
impact). A discrete transition (impact with ground) joins the two continuous phases.

The discrete transitions of hybrid systems make it unsuitable to wrap the different phases
inside a big dynamic simulation/function and solve using the commonly used optimization al-
gorithms (e.g. FMINCON[32], SNOPT[36], IPOPT). This is because the underlying algorithm
is based in gradient-descent that typically expect continuous and smooth functions. The discrete
transition make the dynamics non-smooth.

To obtain optimal open loop landing gaits we explore three methods to handle hybrid sys-
tems: multi-phase, through-contact, and derivative/gradient-free methods. Multi-phase methods
require a priory sequence of phase transition. In our case this would be a prior sequence of con-
tacts locations and time. For each phase of continuous dynamics an independent optimal control
problem is formulated and solved. A set of boundaries constraints are set to ensure the correct
transition between phases. This method has been widely used to solve optimal control probles
that involve impacts such as; finding walking gaits for bipeds [37] or minimizing damage from
falling a standing position [18, 38].

Through-contact methods represent the system dynamics in floating based coordinate system
and handle contact implicitly through linear complementary constraints [39]. Thus, the system is
no longer represented as a hybrid system. Contact forces are treated as optimization parameters.
This method will search for optimal control inputs as well as optimal contact scheduling. Thus,
it will be able to determine what is the best landing motion. However, reformulating the problem
to fit this framework is not simple.

Derivative-free optimization methods, as the name states do not use information of the deriva-
tive to drive the system to an optimal solution. Thus, it is capable of handling the discontinuities
of the dynamics as well as discontinuities in the cost function. There are several families of
derivative-free methods. We chose to focus on Covariance Matrix Adaptation Evolution Strat-
egy (CMA-ES)[40] a type of evolutionary optimization algorithm. This family of algorithms is
broadly based on the principle of biological evolution, namely the repeated interplay of varia-
tion and selection. In each iteration candidate solutions are generated in a stochastic way from
the current parental individuals. Then, some individuals are selected to become the parents in
the next generation based on their objective function value. Evolutionary algorithms have been
successfully used for trajectory generation of walking bipeds[41, 42], however they have high
computational time.
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3.3.1 Optimal Control Problem Formulation
An optimal control problem can be posed to find an admissible time history of the control input
u(t), t ∈ [tI , tF ] as:

min
y,u

J(·) = Φ (yF ) +

∫ tF

t0

L (y(t)) dt (3.16)

subject to:

H (y(tI),y(tF )) = 0 (3.17)
G (y(t),u(t)) ≤ 0 (3.18)

where Φ(·) is the terminal cost, L(·) is the running cost. H(·) are equality constraints that enforce
system dynamics and boundary conditions. G(·) are nonlinear inequality constraints that define
joint angle and torque limits. For the problem to be solvable we assume that J(·),H(·),G(·)
are all smooth functions. Direct optimization of the value of u(t) performs well when dynamic
constraints are smooth and continuous. Optimization of a policy parameters that will define the
profile of u(t) is better suited for our problem. In this case the control inputs will be a function
of the parameters y (i.e. u(t, y)). This type of problem can be solved using both multi-phase
gradient descent and gradient free based algorithms.
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Chapter 4

Experimental Results

4.1 Benchmark Simulated Drop Test
As a benchmark to determine the performance of different landing strategies and the use of a
semi-active physical damper, we simulated two extreme case drops from 3m in the Simscape
model. Case one is a stiff leg that requires excessive amounts of force to bent the joints and
no elastic or damping element in the shin is implemented. Case two is a model with extremely
compliant joints and only spring in the shin, no damper. In the stiff case as expected there is
no flexion of the joints. Consequently, the GRF is extremely large around 60000N (see Figure
4.6). This will certainly break the robot. In the compliant case GRF are minimum however the
landing is uncontrollable. In Figures 4.1 and 4.1 we see that upon impact the leg collapse to the
ground. The CoM ends up at the floor level indicating the robot fell down. Also, there is a large
change in the x-position of the foot due to the rotation of the body after it bounces of the ground.
The rotation of the leg can be partly explained by the momentum difference between the payload
mass traveling downwards while the foot is traveling upwards. Clearly from these two test there
is a lot of room to improve.

4.2 Optimal Impedance control
Virtual impedance control is a simple method to mimic the natural compliance and damping in
human’s joints. Similar to the knee cushioning strategy used by humans where joint stiffness
and damping are set pre-impact, we can set the proportional and derivative gains of impedance
control. If the impedance control follow the laws

τh = kph(αh − αh,0)kdhα̇h (4.1)
τk = kpk(αk − αk,0) + kdk α̇k (4.2)

where, τh hip torque [Nm], τk knee torque [Nm], kph hip stiffness coefficient [N/m], kdh hip
damping coefficient [Ns2/m], kpk knee stiffness coefficient [N/m], kdk knee damping coeffi-
cient [Ns2/m], αh,0 initial hip angle [rad], αk,0 initial knee angle [rad] then the gains to set
are kph , kdh , kpk and kdk . Determining the optimum values for the virtual impedance gains and
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Figure 4.1: Joint trajectory for a simulated drop jump from 3m with a very compliant robot

damper coefficient is a non-trivial task. From observing humans land, we know that the landing
shape plays a big role on the impact force magnitude, because the landing configuration has a
large effect of how the passive dynamics of the system will evolve post impact. The HIL leg
shape is determined by αh and αk. The landing shape and the internal parameters together define
a landing configuration. A constrained nonlinear optimization problem similar to that described
in Section 3.3.1 was formulated to find the optimum landing configuration:

min
Kph,Kdh,Kpk,Kdk,B0

J1(·)

subject to:
αh,min ≤ αh ≤ αh,max

αk,min ≤ αk ≤ αk,max

τh,min ≤ τh ≤ τh,max

τk,min ≤ τk ≤ τk,max

where the cost function (Eqn. 4.3) minimizes peak GRF, bounce height and control effort. No-
tice, that the peak GRF is expressed as a terminal cost value. The knee travel distance is directly
correlated to the breaking distance. From the impulse momentum equation the increase in break
distance implicitly decreases GRF. Thus, the cost function also maximizes knee joint deflection.
Additionally, to penalize bouncing post impact the vertical foot position is minimized.

J1 = max(GRF.z) +

∫ tF

tTD

w1P
2
ft,z − w2θ

2
k + uTWudt (4.3)

tTD Touchdown time
tF Final simulation time
Pft Position of foot, [P x

ft, P
y
ft, P

z
ft]

T
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Figure 4.2: Foot position trajectory for a simulated drop jump from 3m with a very compliant
robot

4.2.1 Optimization Results
The constrained nonlinear optimization problem is solved using CMA-ES in Matlab. The opti-
mization was performed for a range of initial jump heights y0 ∈ [1.5, 6]m. Figure 4.3 shows the
optimization results. For all five variables there is a sudden change in the trend of values after
y0 = 4m. The change can be explained by considering that larger initial potential energy leads
to larger impact velocities. Consequently, post impact joint velocities will also be larger. Since,
we defined input laws that are functions of position and velocity the motors will be saturated if
the gains are not decreased. Also, since there is more energy to dissipate to prevent the leg from
bouncing the damper has to do more negative work.

It is important to point out the large order of magnitude difference between the physical
damper and the virtual damper at the joints. It is clear that most of the work that prevent the
bounce is done by the shin damper. Also, we notice that for drop jumps from lower than 3m
there is no hip actuation. The hip actuation will push the leg down on to the ground. This is only
required when there is more energy in the system that the shin alone can dissipate.

4.2.2 Simulated Drop Test Results
The impedance control with optimum gains was tested on the Simscape model. Here we highlight
two drop tests performed. In both test the optimal impedance control was implemented and the
leg was dropped from 3m. The tests differ in that one has the physical damper deactivated. In
all subsequent plots we denote the results as ”Optimal w/o damper” and ”Optimal w/ damper” to
differ the two tests.

As shown in Figure 4.4 the physical damper is required to perform a controllable landing
without bouncing. Without the damper only 1/3 of the initial energy is dissipated causing the leg
to bounce back to a height of 2 meters. After the bounce the leg manages to stick the landing and
dissipate all the remaining energy of the system. Figure 4.5 shows the joint trajectory for both
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simulated drop tests. The joint trajectory of that with the physical damper is better with only one
rapid change in joint position. Repetitive impulses causing sudden jerk motion in the joint is not
desirable. The landing motion with the physical damper mimics that of a human performing a
precise landing, that is bending the knee to extend the breaking distance.

The GRF for both tests are shown in Figure 4.6. Comparing the GRF better demonstrate the
benefit of having the physical damper in place. Compared to the rigid case using the optimal
impedance controlled managed to significantly decrease the peak GRF. Adding the damper fur-
ther decreased the GRF by 7500N. This is significant because it implicitly also decreases the joint
torques to be below the rated limit of the harmonic drive (see Figure 4.7). With the addition of
the damper the benefit of a long rising time gained through the elastic element is lost. However,
the benefit of adding damper to reduce GRF is greater than having a long rise time.

The results presented in this sections show that electric motors alone do not have enough
power to handle large impact forces. The introduction of a physical semi-active damper is useful
as it took over most of the work to dissipate a jumps energy, making it possible to perform a
landing without bouncing.

4.3 Preliminary Hardware Drop Test
With the bottom half of the HIL leg build (see Figure 2.5) we conducted three sets of drop test to
evaluate the mechanical design. For all test the the HIL leg was constrained to a linear vertical
motion by attaching it to a rail. A deadweight of 15kg was added to the top of the shin at the
knee joint to simulate the weight of the rest of the leg and payload. All drop test where recorded
with Edgetronic high speed camera at 600 fps.

Test set (1) consisted on dropping the HIL shin without the MR-damper from a range of
heights 1 to 6ft. This test served as the performance benchmark to improve upon. In all drop test
below 3ft there were no significant bounces post impact. They were all in the order of a couple
inches. Also, there was almost no compression of the spring post impact. We identify the drop
test results from the upper bound of 6ft (see Figure 4.8) to describe the general behavior for drop
jumps from above 3ft. The HIL shin bounced 4 times before coming to a rest. On the first touch
down the HIL shin bounced back to 3ft high , on the second only to 1ft, and on the remaining
bounces only a couple inches.

Test set (2) consisted on dropping the HIL shin with the MR-damper from a range of heights
1 to 6ft. No current was supplied to the MR-damper, so that only the passive dynamics of the
damper would affect the systems behavior. In all drop test below 4ft there were no bounces
and no compression post impact. Again we pick the test results from the upper bound of 6ft
(see Figure 4.9) to describe the general behavior for drop jumps from above 4ft. The HIL shin
bounced only once to a height of 5 inches before coming to a rest.

Test set (3) was almost identical to test set (2) they only differed that a 2A current (the
maximum allowed) was supplied to the MR-damper. There was no visible difference between the
results of test (2) and (3). This suggests that the system is over damped in test set (2). Implying
that the MR-damper has a large damping effect in its passive state (no current supplied) that is
more than required. Thus, the MR-damper capability to change its damping factor would only
be useful if a larger load is applied to it. This can be done by either increasing the payload mass
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or the initial drop height. A drop test was performed with double the payload mass, but one of
the shin linkage was not able to support the load and bended (see Figure 4.10).
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Figure 4.3: CMA-ES optimization results for; hip (a) stiffness, (b) damping, knee (c) stiffness,
(d) damping, and (e) shin damping coefficients

31



0 0.5 1 1.5 2
Time [sec]

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

P
o

si
ti

o
n

 [
m

]

CoM.y w/ damper
Foot.y w/ damper
CoM.y w/o damper
Foot.y w/o damper
Impact time

Figure 4.4: Foot position and CoM trajectory for a drop jump from 3m with optimal impedance
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0 0.5 1 1.5 2
Time [sec]

-2

-1.5

-1

-0.5

0

0.5

1

A
n

g
le

 [
R

ad
]

Hip joint w/ damper
Knee joint w/ damper
Hip joint w/o damper
Knee joint w/o damper
Impact time

Figure 4.5: Joint angle trajectory for a drop jump from 3m with optimal impedance gains and
semi-active physical damper
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Figure 4.6: (a) Ground Reaction Forces for a drop jump from 3m for different scenarios.(b) is a
zoom in version of the region defined by the green dotted rectangle.
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Figure 4.8: High speed video screenshot sequence of drop test set (1) from 6ft with 15kg payload
mass. Leg bounced 3 times before coming to a rest with a max bounce height of 2ft 8in.
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Figure 4.9: High speed video screenshot sequence of drop test set (2) from 6ft with 15kg payload
mass. Leg bounced only once.
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Figure 4.10: Image of bent shin component after a drop jump from 6ft with 30kg of payload with
MR-damper set to its maximum value.
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Chapter 5

Conclusion and Future Work

5.1 Summary

In this work we tackled the high level aim of extending bipedal robots’ agility and capabilities by
focusing on the specific task of safely drop jumping from a height of at least 3 meters. Inspired
by active suspension systems in automobiles we proposed the mechanical design of a new leg for
a bipedal system. The main impact attenuator component of the robot is the shin. A fiberglass
leaf spring in parallel with a magneto-rheological damper make up the shin. Our design meets
all the engineering specifications set in Section 2.2.

To validate our proposed design we developed a detailed model of the robotic leg with MAT-
LAB’s Simscape toolbox. We demonstrated through simulation the need of a physical damping
element to be able to perform controllable drop jumps. Additionally, inspired by humans knee
cushion strategy for landing we implemented an optimal impedance control. CMA-ES opti-
mization algorithm was used to find the optimal controller gains for different drop heights. In
simulation a maximum drop jumps of 6m without bouncing was achieved. For out target case of
3m our design and simple controller achieved a 5× 104N reduction in the peak GRF.

With promising simulations results we built the shin section of the proposed leg design. To
compare to simulation results we performed drop tests with and without the MR damper. We
found that with the MR damper we managed to come to a rest after one bounce of only 5 inches.
We also found that the MR damper’s minimum damping coefficient value was too large for the
size of the system. There was not sufficient load on the damper to notice the effect of different
damping coefficients.

5.2 Future Work

There is still an extensive amount of work to be done with HIL leg. Following the organization of
this thesis we divided the future work sections into two parts: (1) possible changes/improvements
that could be done to the design of the robot, (2) future work in the controls algorithms and
strategies. The following suggestions are planned to completed by the end of Summer 2016.
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5.2.1 Mechanical Design

Promising simulation results of the HIL leg as well as satisfactory drop test with the bottom half
of the leg have been shown. Therefore, a logical future step is to build a full version of the HIL
leg. Having a complete prototype will allow us to deploy and test control algorithms to perform
safe landings.

Some tasks like running require opposite requirements than drop landing. For example in
running you want to minimize energy lost while in drop landing you want to maximize it. From
the drop test we know that the MR damper has a large passive damping coefficient that is not
desirable. A damping mechanism that can be completely turned-off so that there is no damping
would be ideal. A potential method to achieve this is to add a clutch between the damper and
the shin linkage. This will allow to actively engage and disengage the damper from the leg’s
mechanics.

Currently our primary source of protection for the robot leg is the spring in the shin. Addi-
tional passive elements such as; an outer shell, and/or foam/rubber padding can be added around
the leg to protect it against impacts made not with the foot.

Sensing of the robot has a very important role on the controllability of the robot. Therefore,
even small changes can have an important impact on its performance. Currently, the robot ac-
celeration is estimated through the differentiation of the joint encoder position values. Adding a
IMU will improve acceleration measurements. Additionally, strain gauges can be implemented
to improve force measurements.

5.2.2 Controls

The HIL leg is an novel robotic platform and one of few human-adult size that have a semi-active
damping element. This makes it a good platform to test new control strategies that take advantage
of the damping element. HIL is intended to perform a wide range of dynamic maneuvers besides
landing. Developing and implementing controls to walk, run and jump are interesting directions
we would like to explore.

There has been significant advances in the realm of optimal control theory for systems with
hybrid dynamics. Posa et al. [39] proposed an an optimal control algorithm to perform optimiza-
tion through contact that will output optimal control inputs and contact sequences. This approach
could be useful to determine optimal landing sequences that minimize impact forces.

5.3 Conclusion
The focus of this thesis work has been to present a mechanical robotic system that extents the
current bipedal systems’ walking and running capabilities to also perform the explosive motion
of drop jumping. Through the implementation of simple optimal control strategies that take
advantage of damping elements we showed that physical dampers are useful for legged systems.

The important message to take from this thesis is that a robot is a unified dynamic system
comprised of electronics, software, and mechanical components. Therefore, significant thought
has to be placed to what component(s) of a robot will aid to achieve a given task. For our specific
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task of drop jumping, a physical semi-active damper is an important component. It maybe that
for other explosive maneuvers such as running and jumping up it is not useful. Thus, increasing
adaptability and not designing a robot for one unique task, is necessary if we want legged system
to be deployable in the real world.

Further, there is still much work to be done in the field of legged and specifically bipedal
robots. We intend to continue the work presented on this thesis. It is planned that by the end of
summer 2016 we have a full working prototype of the proposed high impact landing robotic leg.
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Part 2

Development of a Testbed for Nano
Quadcopters
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Chapter 6

Introduction

6.1 Motivation & Background
In recent years quadrotors have gained substantial popularity in both commercial and research
environments. Commercially you can find a wide range of quadrotors ranging in size, cost, and
capabilities designed for hobbyist entertainment, aerial photography, and surveillance to name
few. In research its become a go-to platform for the study of under-actuated mechanical systems.
Quadrotors are versatile systems capable supporting a wide range of payloads and performing
very dynamic and agile maneuvers. Despite the advances thus far, there are still many interesting
control problems to solve.

One area our research group is interested is the control of swarms of quadrotors. To be able
to test advanced control algorithm a reliable and robust testbed is required. The nano quadcotper
Crazyflie by Bitcraze [43] is a good platform for research. Its small form factor make it an
ideal tool for research in swarms, path finding and failure recovery. The hardware and software
are both open-source. This makes the platform flexible and easy to modify to implement our
own control algorithms. Many control algorithms require precise 3D position measurements of
the quad rotors. A common method to acquire this data is to fly the quadrotors in a motion
capture arena. It is also common to have a base station to run the controller online but off-board.
Therefore, a control framework is required that interfaces all these necessary components.

The aim of this work is to develop and implement a control framework for the Crazyflie Nano
Quadrotor so it can be used as a test platform for different control algorithms developed by our
research group. Due to the popularity of quadrotors in research you can find in the literature
many different implementation of a control framework [44, 45]. However, they not all use the
Crazyflie quadrotor. We implement a similar architecture to that proposed by Furci et al.[46], but
use the control law proposed by Mellinger et al.[44].

6.2 Contribution
In this work we make the following contributions:

• Describe and implement a complete system architecture to test advance controls on the
nano quadcopter Crazyflie. Control laws are implemented in MATLAB/Simulink and
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commands are send via UDP to a python client that relays the commands to the Crazyflie
via the USB dogle Crazyradio PA.

• Performed a system identification to determine the thrust profile of the Crazyflie relative
to the input command.

• Developed a detail 3D CAD model of the Crazyflie model that was used to design a
lightweight easy to manufacture frame that protects the Crazyflie propellers and provides
room to mount the reflective markers.

• Validated the control architecture by means of experimentation. Implemented the position
control proposed by Mellinger et al.[44] in MATLAB/Simulink an successfully showed
hover and trajectory following.
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Chapter 7

Hardware & Software

7.1 Crazyflie 2.0 Platform
The Crazyflie is a nano quadcopter designed and built by Bitcraze AB. The software and hard-
ware are open source making it a convenient platform to develop on. Its small 18cm2 footprint
and 27g mass make it ideal for flying indoors in a lab environment especially when you plan
to have a swarm of quadcopters. We work with the second version of the Crazyflie released in
December 2015 named Crazyflie 2.0.

7.1.1 Microcontroller

The Crazyflie 2.0 is architectured around 2 microcontrollers. The STM32F405, Cortex-M4@160MHz,
runs the main firmware. It handles the onboard flight control,telemetry and all communication al-
gorithms. Additionally, most the expansion port are connected to the STM32F405. The NRF51,
Cortex-M0, handles radio communication and power management. It acts as a radio bridge be-
tween the raw communication data packages and the STM32F405.

7.1.2 On-Board sensors

The Crazyflie is equipped with a 6-axis IMU (MPU-9250), which contains a 3-axis gyroscope
and a 3-axis accelerometer in a single chip. The IMU measurements are used for estimate es-
timation and are compared to measurements obtained by the off-boar motion capture system.
Additionally, the Crazyflie also has an on-board high precision barometer sensor (LPS25H).
Though, we do not use the barometer, it could be used to estimate the quadrotor altitude.

7.1.3 Power & Propulsion

Crazyflie 2.0 is powered by a small single cell Lithium-Polymer (LiPo) battery. It supplies 3.7V
an has a capacity of 240mAh. The manufacture indicate that with full charge battery you will
get 7 minutes of flight time. However, with the addition of the reflective markers and frame the
flight time reduced to around 5 minutes.
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The quadrotor is propelled by four brushed DC motors that weigh only 1.7g and each drive
a fixed-pitch plastic 45mm plastic propeller. The motors are coreless which in theory provides
faster acceleration. They can produce 12000rpm per volt, with a nominal voltage of 4.2V. From
this we can compute the theoretical maximal thrust that is predicted by the kF parameter we will
describe later.

A drawkback point about the Crazyflie is the use if brush motors. Most quadrotors use
brushless motors, which use an electronic circuit to accurately regulate their speed with respect
to the input signal. Due to friction in brush motors they require higher motor speeds, requiring
more torque and consequently drawing more power from the battery.

7.1.4 Motion Capture Marker Frame
The motion capture system described in Section 7.2.1 requires reflective markers to be able
to track the position of the Crazyflie Quadcopters. However, because of the small size of the
quadcopter the motion capture system was not able to distinguish between the markers when
placed directly on the quadcopter because of their close proximity. Therefore we designed a
custom frame to mount the reflective markers and also protect the blades in case of a collision.
The frame can be 3D printed or laser-cut. We chose to 3D print the frame in FDM as it resulted
in a lighter frame weighing only 1.2g compared to a laser-cut frame of plexiglas weighing 2.4g.

(a) (b)

Figure 7.1: (a) CAD rendering and (b) 3D printed frame used to protect quadcopter from collision
and mount reflective markers

7.1.5 Communication Interface
Crazyflie 2.0 is equipped with Bluetooth LE as well as low-latency/long-range radio[43]. We
chose to use the latter because of its ease and existing code to communicate with a PC. On the
Crazyflie side radio communications are handled by a Nordic Semiconductor nRF51822 chip
onboard while on the PC side by the Crazyradio PA. The Crazyradio PA is a 2.4 GhZ radio USB
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Figure 7.2: Schematic of system architecture

dongle based on nRF24LU1+ chip from Nordic Semiconductors. With the Crazyradio PA we
can receive sensor data and send control commands from and to Crazyflie. The radios are rated
to run at up to 2Mbps.

7.2 Control Architecture

The overall control architecture is depicted in Figure 7.2. The Crazyflie with reflective markers
attached to it is operated in a confined fly arena that is surrounded by Optitrack motion capture
cameras to measure the quadrotor’s position. The raw camera data is streamed via ethernet
to a base station that is running the Motive software. The processed data is streamed via the
NatNet protocol to MATLAB/Simulink where the controller is implemented. The output of the
controller is transmitted via UDP to the Python Crazyflie client that packs that data to be sent to
the Crazyflia via the USB dongle Crazyradio PA. The control framework has been designed so
that it can be easily replaced or modified.
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7.2.1 Optical Motion Capture System
Our experimental setup contains an optical tracking system used to provide accurate measure-
ments of the position of the quadrotor. Optical motion capture systems tracking have been widely
used for similar experiments in the past. Our motion capture arena is composed of 12 Optritrack
Prime 17W cameras. The infrared cameras localize the small reflecting markers we placed on
the quadrotor. The system used in the experiment runs at 120Hz. The software Motives was used
to process the data from the cameras and stream it to Matlab. The Optritrack and motive system
provide both position and orientation measurements. We used a closed form linear system to
estimate the velocity of Crazyflie.

7.2.2 MATLAB/Simulink Controller
MATLAB/Simulink programming environment is used to process data received from both the
motion capture system Optitrack and Crazyflie. A custom 2nd-Level S-function block was de-
veloped using the Optitrack SDK to stream data into Simulink. Motion capture position data
is numerically differentiated to calculate the Crazyflie’s linear velocity. A position controller is
implemented that outputs commands to the Crazyflie so that it will follow a user-defined tra-
jectory. The commands are send via UDP to the Python client. ”Stream Input” and ”Stream
Output” Simulink blocks are used to receive and send data between Simulink and the Ptyhon
Client. More details on the controller implemented are described in Section 8.

7.2.3 Python Bridge and Client
The manufactures provide an open-source client application that make it easy to use different
input devices (e.g. PlayStation 3 joystick, ZMQ) to teleoperate the Crazyflie. The client appli-
cation has a user-friendly GUI that makes it easy to track the status of the Crazyflie. In addition
to the client application provided by Bitcraze, an open-source Python API is available. The API
makes it easy to interact with the USB Crazyradio to sent and receive data from one or multiple
Crazyflies. The API was used to create a communication bridge between MATLAB/Simulink
and the Crazyflie. The bridge makes it possible to send control commands (roll, pitch, yaw, and
thrust) to quadrotor. Also, it is capable of receiving telemetry (IMU and barometer readings)
from the Crazyflie and forward them to MATLAB/Simulink.

7.2.4 On-board Firmware
The Crazyflie Nano Quadcopter firmware is based on FreeRTOS, an open source realtime op-
erating system. Commands are sent via the Crazyradio PA to the quadrotor using the Crazy
RealTime Protocol (CRTP). The main firmware on the STM32F405 micro-controller runs all the
communication, power, and sensors reading algorithms. In addition it implements an internal
proportional integral derivative (PID) attitude controller that stabilizes the desired Euler angles
commanded.
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Chapter 8

Model & Control

8.1 Dynamical Model

The position of the quadrotor is defined with respect to an inertial frame {I} as shown in Figure
8.1. The inertial frame is defined by axes xI , yI , and zI with zI pointing upwards. A body fixed
frame {B} is attached to the quadrotor’s center of mass. We fly the quadrotor in ”X” formation
thus the axis xB that coincides with the preferred forward direction is 45◦ CCW form the diagonal
formed by motors M2 and M4. The zB axis is perpendicular to plane of the rotors. A Z-X-Y
Euler angles are used to model the rotation of the quadrotor with respect to the inertia frame. We
define the Euler angles as follow:

Axis Name Symbol
Z Yaw ψ
X Roll ϕ
Y Pitch θ

and rotation matrix to transform from {B} to {I} is

R =

cψcθ − sϕsψsθ −cϕsψ cψsθ + cθsϕsψ
cθsψ + cψsϕsθ cϕcψ sψsθ − cψcθsϕ

−cϕsθ sϕ cϕcθ

 (8.1)

where cϕ and sϕ denotes cosϕ and sinϕ respectively, and similar for θ and ψ. The position of
the quadrotor with respected to the inertial frame is denoted by r.
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Figure 8.1: Sketch of coordinate system used. Note convention of positive ZB axis pointing up.

The equations of motion of the system are derived from Newton’s second law. Two forces act
on the system; 1) gravity in the −zI direction and 2) thrust forces Fi generated by each propeller
in the +zB direction. We represent the equation of motion in the inertial frame:

mr̈ =

 0
0

−mg

+R

 0
0∑
Fi

 for i = 1, 2, 3, 4 (8.2)

where m is the mass of the quadrotor, and g = 9.81m/s2 the acceleration due to gravity.

8.2 Motor Model
The vertical force produced by each combination of motor and propeller is modeled according
to

Fi = kFw
2
i for i = 1, 2, 3, 4 (8.3)

where wi represent the angular speed of each propeller i ∈ {1, 2, 3, 4} and Fi the vertical force
they each. The parameter kF was estimated using two methods for redundancy. Method 1)
we know that when the quadrotor is in perfect hover mg = 4kFw

2
h, where wh is the propeller

speed at hover. Since we know mg, and a wh from experiments, we can compute kF . Method
2) We place the quadrotor upside-down on a scale, command angular velocities and record the
thrust generated. Using a linear interpolation we can extract the value of kF . The value of kF is
important for the control law implemented.
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8.3 Position Control
In this section we briefly describe the implemented control law proposed by Mellinger et al.[44]
that reaches the desired position and yaw angle with zero linear and angular velocities. The
control input are desired roll ϕdes and pitch θdes angles, yaw rate ∆wψ and ∆wF thrust. The
trajectory and yaw we want to track are represent by rT (t) and ψT (t) respectively. The command
accelerations, r̈desi , are calculated from PID feedback of the position error, ei = (ri,T − ri), as

(r̈i,T − r̈desi ) + kd,i(ṙi,T − ṙi) + kp,i(ri,T − ri + ki,i)

∫
(ri,T − ri) = 0 (8.4)

where ṙi,T = ṙi,T = 0 for hover. Equation (8.2) is linearized to get the relationship between the
desired accelerations and roll and pitch angles

r̈des1 = g(θdes cosψT + ϕdes sinψT ) (8.5)

r̈des2 = g(θdes sinψT + ϕdes cosψT ) (8.6)

r̈des3 =
8kfwh
m

∆wF (8.7)

These relationships are inverted to compute the desired roll and pitch angles as well as ∆wF
from the desired accelerations. ∆wψ is calculated from simple PD feedback the yaw error

ϕdes =
1

g
(r̈des1 sinψT − r̈des2 cosψT ) (8.8)

θdes =
1

g
(r̈des1 cosψT − r̈des2 sinψT ) (8.9)

∆wF =
m

8kFwh
r̈des3 (8.10)

∆wψ = kp,ψ(ψT − ψ) + kd,ψ(ψ̇T − ψ̇) (8.11)
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Chapter 9

Experiments & Results

To validate the proposed overall system architecture and control, in this section we present results
of three experiments conducted. All test start with a Crazyflie with motors off sitting about 1m
above the ground on a box. A launch sequence is executed before the position control takes
command.

9.1 Altitude Hold
In the first test the quadrotor motion is constrained to only the vertical direction. We confine the
movement of the Crazyflie by fixing it to a PVC structure with two wires running vertically that
guide the motion of the Crazyflie (see Figure 9.1). The test setup decouples the roll, pitch, and
yaw degrees of freedom. Thus, it is easier to find reasonable gains for the PID altitude control
law portion of the position control.

Figure 9.1: PVC rig used to constrain the motion of Crazyflie to just vertical

The controller successfully lunch the quadcopter from its base and controlled it to track the
desired altitude value. The results are shown in Figure 9.2. The initial overshoot is due to
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the launch sequence, and this can be easily improved. Reducing the 20 second settling time is
desirable but not necessary. We found that reducing the settling time diminished the tracking
performance.
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Figure 9.2: Altitude hold test results, desired (green solid) and actual (blue solid) height position
of Crazyflie. The initial overshoot is due to the takeoff sequence.

9.2 Hover Control
Working on top of the results from the altitude hold test we remove the PVC structure. With the
Crazylie free to move in any direction limited only by its own dynamics we tested the capability
to maintain a hover position defined by an (x,y,z) coordinate point. Figure 9.3 show the position
measurements from the motion capture system when trying to maintain a stable hover at (X,Y,Z).
The control commands generated by the implemented control law are shown in Figure 9.4. A
steady hover was achieved. In the x-direction position was within 6cm while in the y-direction
within 10cm.

9.3 Trajectory Following
The final evaluation of the controller was trajectory following. The reference trajectory to follow
was a circular path counterclockwise of radius 1m with a period time of 15sec.. None of the con-
troller gains where retuned for this specific task. The gains obtained from the hover experiment
where used. Figure 9.5 depicts the comparison between the desired and the actual X-Y trajectory
the quadcopter took. The controller managed to take-off and moved into position to track the
trajectory. However, the controller is not perfect. The feedforward command was modified to
improve the performance. The best we obtained was to track the trajectory within 6cm in the
x-direction and 15cm in the y-direction.
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Figure 9.3: Recorded X and Y position of Crazyflie while trying to hover in place. There are
oscillations are within 10cm
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Figure 9.4: Thrust, roll, and pitch commands to maintain a steady hover.
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Figure 9.5: X-Y plot of Crazyflie following a circular trajectory counterclockwise. Trajectory
following is not perfect in addition to the oscillations in the x-y position there is an offset of
15cm in the y direction.
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Chapter 10

Conclusion and Future Work

10.1 Conclusion
In this work we have presented and implemented a nano aerial vehicle testbed for advance control
algorithms. Through experiments we have shown a working control framework that manages
to stabilize the position of the nano quadcopter Crazyflie inside a motion capture arena. We
implemented the control proposed by Mellinger et al.[44]. We also showed the ability follow a
reference trajectory within 15cm.

For the type of demanding applications our research group is interested in, a higher tracking
tolerance is required. We want to reduce the 15cm error to be between 2-3cm. Having estab-
lished and implemented the testbed architecture it simplifies the process of tuning gains and/or
modifying the position control to improve performance.

10.2 Future Work
There are still some improvements that can be made to the control architecture to be more user-
friendly. At the moment it is required to initialize and run the MATLAB/Simulink and Python
scripts separately. It would be better to include a block in Simulink that will automatically run the
Python script. Also, though possible the current code does not allow for easily allow to control
multiple Crazyflies. A more user-friendly front end GUI will be developed to ease the addition
of connecting multiple Crazyflies.

Though the performance of the current control law is satisfactory this can be significantly
improved. Implementing a LQR controller could improve the performance. Additionally, the
onboard attitude control gains have not been modified from those set by the manufacturer. Re-
tuning these gains may improve performance.

A native C++ based S-Function Crazyflie library was developed that would perform all the
same functions that the Python API does. The native Simulink Crazyflie library would simplify
the control architecture by removing all the python components. However, at the moment the
code is very inefficient and is introducing significant delays to the control loop that make it
impossible to fly the quadrotors.
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