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Abstract

Unmanned Aerial Vehicle (UAV) or drone constitutes a new workforce in modern transportation system
for delivery and surveillance operations. There are various other use cases for an UAV but a fundamen-
tal drawback in its application is its limited flight time. One of the well-known problem in this area is
optimal path planning of an UAV with minimal energy and or minimal time of operation. Energy/Power
consumption modelling of an UAV is a critical tool for evaluating path planning of a UAV. However, mul-
tiple parameters add to the power, which is not easy to identify and track in general. As a result, there are
inaccuracies in the calculation of power. In this research, we attempt to map the dynamics/environment
and maneuvers of a UAV to the angular speeds of the rotors, as rotors are the end consumers of power in
a UAV. Using the speeds, we try to obtain a power model to calculate the energy required for a trip. The
power model will also be able to track dynamic uncertainties. We also intend to redesign a path planning
algorithm that can handle dynamically evolving environments and provide the operator with optimal routes
even when the UAV faces external disturbances, or there is a change in the objective of the UAV in mid-
flight.
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Chapter 1

Introduction

Over the years, Unmanned Aerial Vehicles (UAVs) or drones have found widespread application in robotics,
viz., surveillance in remote areas, precision farming, logistics, emergency responsiveness, etc. Such appli-
cations of UAVs have led to a massive boom in the UAV market worldwide. In India, The Civil Aviation
Ministry estimates India’s drone sector to achieve a total turnover of Rs. 120-150 billion (US$ 1.63-2.04
billion) by 2026 [1]]. The major areas where UAVs are projected to make massive footprints are:

1. Surveillance - India has 15,106.7 km of international land border and a coastline of 7,516.6 km, which
are potentially important for surveillance. Present surveillance infrastructure is both fuel-inefficient and
workforce intensive. So, an immense space is yet to be filled by UAVs [2].

2. Precision Agriculture - India has arable lands with over 155 million hectares, and it amounts to approx-
imately $265 billion worth of revenue. UAVs can be an essential tool to provide leading-edge digital and
precision agriculture technologies to farmers to maximize the efficient use of water, fertilizer and pesticides
and improve overall productivity, quality, and yield [3].

Such widespread applications have also led to a bureaucratic push in the country to promote UAVS’ use in
various sectors. Hence, licensing and commercial use rules and regulations have been preferentially eased
out [4].

Considering the importance of this industry, research into UAVs for various applications has been actively
pursued by the research community[S]. One of the well-known problems concerning UAV operations is
the path planning of a UAV with minimal energy consumption. A Power Consumption Model (PoCM) is
used to estimate the endurance of a UAV, like its flying time, range, speed, payload limits, battery capacity,
etc. and in most practical scenarios it is very tough to derive a perfect model because there are multiple
parameters at play which contribute to power consumption. Also, these parameters are difficult to identify
and track in general. So, an accurate POCM plays a crucial role in planning the best possible path or trajec-
tory in terms of energy being spent for a given operation.

In this research, we aim to address three aspects concerning the path planning of a quadrotor UAV. First,
we want to derive a Power Consumption Model (PoCM) that can accurately predict the power consumed by
a quadrotor in-flight. Second, using the obtained PoOCM, we aim to perform path planning given an opera-
tion/objective such that the energy consumed in a trip is minimized. Third, we plan to devise an algorithm
for path-planning in a multi-agent setup and dynamically changing environment such that a given objective
is achieved with minimum power consumed by each agent.

In this phase of work, we have formulated a power model for a quadrotor in a simulation environment.
The model whose proceedings are enumerated in Section [2.6| reflects how the quadrotor consumes power
for a predefined trajectory. The model is derived with a motivation that power consumed in a trip is dy-
namic and depends on the maneuvers a quadrotor undertakes in following a predefined trajectory. The
fundamental maneuvers in a quadrotor flight are roll, pitch, yaw, ascend, descend and hover, and all other
maneuvers are a combination of these maneuvers. We claim that tracking power based on maneuvers will
lead to accurate power estimates. To prove this hypothesis, we have performed a few practical field experi-
ments highlighted in Section[3] Then, to step into path planning formulations, we have used our model and
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showed how it can evaluate trajectories based on power.

This report is organized as follows: In Chapter 2, a literature review on Power consumption modelling
followed by the possible research gaps are outlined. Then we discuss the principles of quadrotor dynamics
and control. Next, we introduce our Power Consumption formulation and show some simulation results
of the power calculation of a quadrotor given a predefined trajectory. In Chapter 3, we present the power
consumption results using a DJI Air 2 drone and highlight why our approach can be accurate in estimating
the power. In Chapter 4, we discuss Path planning, including a brief literature review and possible research
gaps and show the power attributes of quadrotors based on a choice of trajectory..



Chapter 2

Power consumption Modelling

The power consumption model is a tool for evaluating how expensive a path or trajectory of an aerial vehicle
is in terms of energy or time. It identifies optimum paths and checks their feasibility before the vehicle sets
flight. In the following section, we outline notable Power Consumption models available in the literature.

2.1 Literature Survey on Power Consumption Modeling

* D’Andrea in [6] provides an influential contribution to model power consumption of an UAV by
translating the fundamental flight principles of manned aircraft to a model for the much smaller
scale of unmanned aerial drones. [6] presents a model using an integrated approach that combines
aerodynamic and drone design aspects into a single critical parameter: the lift-to-drag ratio r. The
energy model also includes a fixed component for avionics power. Using the fact that a high-end
lithium-ion battery has a specific power of 0.35 kW/kg, the paper proposes a metric to obtain the
required battery weight for a trip. The worst-case energy requirement in kWh is formulated and
economics i.e the average energy cost per kilometer is also addressed. Lastly, the average battery
cost per km is approximated for a trip given a payload weight and flight velocity.

* Dorling et al. in [[7] provides an equation for the power that is consumed by a multirotor helicopter
in hover as a function of the battery and payload weight. The approach for this modeling is based on
helicopter operations, with the assumption that the power consumed during level flight, takeoff, or
landing is approximately equivalent to the power consumed while hovering as the power consumed by
the helicopter is often reduced due to translational lift, a phenomenon where air flowing horizontally
along the rotor generates additional lift. This power consumption model does not consider the role
of UAV speed. These authors also report field experiments on a 3D Robotics ArduCopter Hexa-B
hexacopter. and develop regression parameters with small payloads.

* In [8], Liu et al. derive a power consumption model where power is distributed into three components
namely induced power, profile power, and parasitic power. The power generated by the propellers to
balance the weight of the UAV in flight is represented by induced power. Profile power overcomes
the rotational drag encountered by rotating propeller blades. The parasite power resists body drag
when there is relative translational motion between the vehicle and wind. These power equations are
derived analytically using aerodynamic principles and then encapsulated with fewer parameters. The
values of these parameters are obtained by conducting field tests on an IRIS+ UAV. A least-square
fit for power vs payload is also obtained. It is shown that ascending takes 9.8% more power than
hovering, and descending takes 8.5% less power than hovering.

* Kirchstein in [9] derives component-based model similar to [8] but specifically for a drone deliv-
ery application. He describes characteristic power consumption calculations for takeoff and ascent,
steady level flight, descent, hovering, and landing. The return trip is considered similar but without
the payload. Kirchstein also compares delivery with trucks versus UAVs in Berlin and shows that
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2.2. Research Gap on Power Consumption Modelling 5

drone delivery often requires more energy. The article also shows how wind and drone hovering
increase the power consumption of an UAV. It is concluded that in rural settings with long distances
between customers, UAV-based parcel delivery infrastructure has comparable energy considerations
to a delivery system with electric trucks.

* The authors in [10] studied a truck-drone hybrid delivery system. In this study, they extend vehicle
routing models to the hybrid delivery systems by taking into account two important practical issues:
the effect of parcel weight on drone energy consumption and restricted flying areas. The power con-
sumption model is derived from [/]] and tweaked to obtain the flight time of an UAV for an operation.
They obtain a formulation where the variation in flight time is obtained based on the variation in the
payload. The model is tested against practical experiments on an MK8-3500 standard UAV and it is
claimed that the results are realistic.

* Tseng et al. in [L1] uses a black-box modeling approach to obtain the power consumption model
of an UAV. Field experiments are performed by the researchers considering the impact of various
flight scenarios, payload weight and wind to study how power consumption varies with them, and
then a non-linear regression model is presented. They obtain the power model where horizontal and
vertical speed and acceleration, as well as payload mass and wind speed, are the variables. It is also
mentioned that the error in estimation of power consumption in the field experiments is within 0.4%
of the original power consumption obtained from the onboard sensors.

e In [[12]], Stolaroff et al. develops a two-component model based on the thrust required to balance
the UAV weight and the parasite drag force. The power consumption model is derived for hovering
from helicopter dynamics like [7] and then extended for steady flight for variation with significant
velocity or in significant wind. The minimum power requirement then changes somewhat depending
on the airspeed and incident angle at which the UAV traverses. This model is used to assess the
energy use and life cycle greenhouse gas (GHG) emissions for small drones with short ranges (4 km)
delivering from warehouses. Results indicate that small drones are likely to provide lower lifecycle
GHG emissions than conventional delivery trucks, but that benefits depend on the carbon intensity
of electricity and the size of the drones.

* Zhang et. al in [13] studies the significant power models available in literature and reviews, classifies
the drone energy, consumption models. They document very wide variations in the modeled energy
consumption rates resulting from differences in the scopes and features of the models, the specific
designs of the drones; and the details of their assumed operations and uses. They also try to obtain
the optimum value of payload weight and flight speed that would minimize the energy consumed per
unit distance on a few standard energy consumption models.

Based on the literature surveyed, we enlist the following research gaps.

2.2 Research Gap on Power Consumption Modelling

1. An UAV design combines the attributes of airplanes and helicopters. While airplanes are designed
to travel long distances efficiently, helicopters are designed to hover efficiently [9]]. In most cases, the
power consumption modeling is derived from hovering action in Helicopters [[14] as evident from the
works done in [6], [12], [7], [10]. Some works like [12] have extrapolated the dynamics of hovering
to capture the power consumption during leveled flight with constant velocity. An UAV operation
involves stages of leveled flight, so deriving power from hovering and then extrapolating it for the
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entire flight can be a reason why the power consumption model cannot accurately capture the total
power that is expended during an UAV operation.

2. There is a consideration where the power consumed during hover is an upper bound to the power
consumed for other instances of the flight i.e take-off/landing/leveled translational motion etc [7].
This is based on the phenomenon of translational lift [[15]], a phenomenon that occurs when the UAV
is in a horizontal motion and air flowing horizontally along the rotor generates additional lift. This
intuition is not ideally true as the UAV is not at the same attitude for the entire duration of the flight
and hence the rotors does not cross the air horizontally leveled at all instances. This consideration
can be a reason for the inaccuracy in a power consumption model of an UAV.

3. Inliterature, none of the power consumption models that are designed analytically gives an optimum
horizontal velocity that would minimize the power consumption for an UAV during leveled flight.
The work done in [[13] obtains the value of that airspeed intuitively and with rigorous flight tests.
Moreover solution for an optimum vertical velocity during take-off/landing, and an optimum angle for
ascend/desced can also be looked for. In literature, a standard angle for ascend/descend is considered
as 452 [9] but it is not verified if such an angle minimizes the power consumption.

4. Based on the literature surveyed, there is a wide variation in the power models with divergent power
consumption values for essentially the same UAV operation. As seen in [[13], the same UAV with
the same operating settings shows wide variations in E,,,,(Energy consumed per unit distance) values
and range values with different power consumption models. These differences give a strong impli-
cation that we don’t have an accurate or a benchmark power consumption model. The differences
are because of different scopes and features of different models, different designs of UAVs being
modeled and different assumptions in operating conditions. Thus, current research has not reached
a consensus on standards for UAV power consumption which is why existing models do not reflect
UAV operations very accurately.

5. Itis observed that different models use a different set of parameters for the power consumption mod-
eling. Although different models are based on different philosophies but there is no metric to char-
acterize the crucial parameters essential for power consumption modeling. For example model in [8]]
considers the effect of vertical velocity while the model in [12] does not consider the effect of verti-
cal velocity whereas the model in [6] does not consider velocity at all. The discrepancies in power
models maybe because of the lack of essential parameters in modeling. [8] considers a plethora of
parameters initially but while deriving the power model, multiple parameters are lumped as a single
variable which takes away the essence of considering multiple parameters at the first place.

6. None of the power consumption models that are derived from aerodynamic principles consider ac-
celeration, either vertical or horizontal acceleration as a parameter for power consumption modeling.
On the contrary, the UAV is subjected to changes in acceleration at various instants of the flight path
like take-off/landing, undertaking turns etc. Such instances involve a change in velocity which in-
troduces a change in acceleration. The velocity is considered static in most models due to a lack of
means in obtaining the velocity in real-time [8] or due to oversimplification where leveled flights are
considered as straight-line paths with constant velocities. In fact, some models do not consider the
role of velocity at all [6].

Our aim is to design an accurate power consumption model for a quadrotor (an UAV with 4 thrusters) and
to arrive to it’s formulation, we dicuss few prelimenaries required to understand the dynamics and control
of a quadrotor.
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2.3 Prelimenaries

We dive into the fundamental concepts required to describe three dimensional motion of a quadrotor.

O Reference Frames

The position and orientation of rigid objects flying through the space are described by rigid body transfor-
mations. Here, we highlight the basic tools required for three dimensional displacements. The key concept
is that of a reference frame. We associate a reference frame with each position and orientation. In each ref-
erence frame, there are three linearly independent basis vectors. In figure[2.1] vectors a;, a,, as are attached
to frame A and vectors by, b,, b; are attached to frame B. Now, any vector in three dimensional space can
be written as a linear combination of these independent basis vectors.

Figure 2.1: Reference frames attached to the quadrotor body

And then we discuss transformations. We use transformations to think about how vectors in one frame can
be written in another frame.

O Transformations and Displacements

Transformations describe the relationship between reference frames attached to different rigid bodies whereas
displacements describe the relationships between two positions and orientations of a frame attached to a
displaced rigid body.

AN 7N

4 | | &4

9(q)
Figure 2.2: Rigid Body Displacement Figure 2.3: Rigid Body Motion

Consider an object O € R3(see Figure .
Rigid body displacement is a map g such that

g: 0 R?
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Similarly, rigid body motion (see Figure[2.3) is a continuous family of time parameterised maps g(¢) such
that

gt): 0~ R?

The necessary conditions for a rigid body displacement is that the length between any two points within
the rigid body and the cross product between any two vectors attached to the rigid body remains same after
displacement.

With reference to a rigid body displacement shown in Figure[2.3] we have

llg(p) — g@ll = llp — qll
gx()xgx(w)=gx(¥xXw)

Rotation matrices are used to quantitatively describe the relationship between reference frames in transfor-
mations and displacements.

O Rotation Matrix

We assume that we have mutually orthogonal unit vectors attached to every rigid body.
We can write the mutually orthogonal unit vectors in one frame as a linear combination of the mutually
orthogonal unit vectors in the other frame. From Figure we have

by = Ry1a; + Rixa; + Ryzas
by = Ryja;) + Ryas + Ryzas
bz = R31a; + Ryas + Ryzaz

This collection of these nine coefficients (R, R)», .., R33) can be gathered into a matrix R, and we call this
matrix a rotation matrix. Rotation matrices belongs to the special orthogonal group (SO(3)) in 3 dimensions
which is definced as

SOB) ={R € R*3 |RTR = RR" =TI | det(R) = +1}

A general notation of Rotation matrix is given by “R , where B is the origin frame and A is the destination
frame.

From Figure Q =R Q4. The vector Q’(denoted by dotted line) is the vector Oz moved from the
origin of reference frame B to reference frame A.

Rotation matrices are not intuitively very obvious in describing the extent of rotation so we use co-ordinates
for rotation matrices in the form of Euler angles.

QO Euler Angles

The Euler angles are three angles used to describe the orientation of a rigid body with respect to a fixed co-
ordinate system. Any rotation in 3D space is composed of three successive rotations around 3 independent
axes and 3 characteristic euler angles.
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Figure 2.4: Rotations and Euler Angles

We can describe the rotation from reference frame A to reference frame D in Figure [2.4] as rotations from
A to B,B to C,C to D. The same rotataion can be described using euler angles as rotation about three
independent axes x, y, z with angles ¢, 6,  respectively. In a UAV terminology, the euler angles are called
roll, pitch and yaw angles which are rotations about world x, y, z axis respectively.

AR, =Ry xBR. xR, .1)

AR, = rot(z, ) X rot(x, ¢) X rot(y, ) (2.2)
cy —sy O 1 0 0 cp 0 s¢
rotiz,¥) =|sy ¢y Of, rot(x,¢) =|0 ¢c¢p -s¢|, rot(y,6)=| 0 1 0
0O 0 1 0 sp co —sp 0 c¢

Here ¢ and s denotes cos and sine respectively.

O Skew-Symmetric Matrices

A matrix is skew-symmetric if AT = —A. A 3x3 skew-symmetric matrix has 3 unique entries. For example,
let A be a skew-symmetric matrix. Then, A can be written as

0 —as ay
A= as 0 —a (23)
—ap a 0

We can concisely represent a skew-symmetric matrix as a 3 X 1 vector denoted by a hat operator. So,
ap
A=la, 2.4)
as
The hat operator is also used to denote the cross product between two vectors.
0 —daj ay bl

AXxB=AB=| a3 0 -al|l|b (2.5)
—ay aq 0 b3
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O Angular Velocity Vectors

We denote rate of change of rotations using angular velocity vectors.

Figure 2.5: Quadrotor with two position vectors

Let OP = pia, + pa; + pzasz and oP’ = qi1a, + ga; + qzaz where OP’ is translated from a different
reference frame X (see Figure [2.5)).

qi P1
¢ | =Ry | P2 (2.6)
q3 P3
In a continuous motion,
q(t) = R(t)p 2.7)

where vector ¢(?) is the changing coordinates of P, matrix R(¢) is the time varying rotation matrix as the
rigid body rotates and vector p is the coordinates of P in the body-fixed frame A. Note that p is in body
fixed frame while ¢ is in inertial frame.

In order to get the velocity of this motion, we differentiate equation (2.7)). So, we have

4(t) = R(t)p (2.8)

Here ¢(?) is the velocity in inertial frame and R(?) is the time derivative of the rotation matrix. There are
two representations of the velocity vector, ¢(), which represents velocity in inertial frame and R (¢)¢(t),
which represents velocity in body-fixed frame where,

g = R(OR (1) 2.9)
R (1)4(1) = R'(NR(1) p (2.10)

wp

Equations (2.9) and (2.10) are obtained by replacing p in equation (2.8) with R” ¢ and premultiplying (2.8)
with R (¢). The reasons for these tweaks is that J, and &, are skew-symmetric matrices and as a result they
can be written as vectors. These vectors are called the angular velocity vectors.

ey —sy O
Let us consider the rotation about the z-axis, rot(z,y) =R =|s¢ ¢y O
0 0 1
0 -1 0 0
Here, RT()R(t) = RORT(t) = |1 0 0|y. So, & =y = |0]
0 00 1
_— ——

w
Therefore, @ is the angular velocity vector for rot(z, y).
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O Rotor Thrust and Torque

The rotors consists of electric motors and are controlled by electronic speed controllers. The quadrotor
generates thrust using these rotors which are fitted with propellers. The vertical component of this thrust
which is known as lift balances the weight of the UAV while the horizontal component counteracts the drag
and helps in translational motion. The parameters that affect thrust are [7],[13] :-

Hover Forward Flight

Figure 2.6: Thrust during Hover and Forward flight

Fixed

1. No. of blades in a single propeller
2. Drag coeflicient of blade
3. Blade chord length
4. Angle of attack of propeller blade
5. Propeller blade area

Variable
1. Drone Design

(a) Drone weight (fixed with fixed battery)
(b) Payload weight

2. Environment

(a) Wind velocity
(b) Wind incident angle
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(c) Air density
(d) Gravity

3. Quadrotor maneuvers

(a) Climb/Decend (Vertical motion) - All propellers produce same thrust. Climb/sink rate (vertical
velocity) decides the required thrust profile.

(b) Hover - All propellers produce same thrust.

(c) Roll - Right side and left side propellers produce unequal thrust producing a rolling torque. Roll
angle decides the required thrust in respective propellers.

(d) Pitch - Front and rear propellers produce unequal thrust producig a pitching torque. Pitch angle
decides the required thrust in respective propellers.

(e) Yaw - Clockwise and counter-clockwise spinning propellers produce unequal torques resulting
a yaw torque. Yaw angle decides the required thrust in respective propellers.

(f) Cruise (Horizontal motion) - Combination of pitch and hover(see Figure [2.6). The thrusts are
unequal due to pitch. Due to pitch angle, the vertical component of thrust (F'sin6) is higher than
that required in hover. Also, horizontal velocity depends on the pitch angle(6).

In 3(c), 3(d) and 3(e) the total thrust produced by the propellers is constant and is equal to the gross
weight of the UAV. In 3(f), the vertical component of thrust is equal to the gross weight of the UAV.

Ideally,

Thrust F = kpw? (2.11)
where, w is the angular velocity in number of revolutions per minute(RPM) of the propeller/rotor and kf
depends upon the fixed parameters 1 —5 and 2(c). Generally kr is considered constant for low level flights.
Pairwise differences in rotor thrusts cause the vehicle to rotate. The rolling torque around the x axis, is
generated by the moments

Tron = d(Fy — F) (2.12)
where 1 is the distance from the rotor axis to the center of mass. We can write this in terms of rotor speeds
by substituting eq(2.11)

Tron = lkp(wf — w)) (2.13)
Similarly, the pitching torque, around the y axis is given by
Tpiren = lkp(w3 — w}) (2.14)
Rotation of each propeller is opposed by aerodynamic drag and produces a moment given by
M; = kyw? and i € {1,2,3,4} (2.15)

ky depends on the same factors as kp.
This exerts a reaction moment on the airframe which acts to rotate the airframe in the opposite direction to
the direction of rotation of the propellers. The reaction torque is

Tyaw:Ml_M2+M3_M4

= ky(w} — W} + Wi — W) (2.16)
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So, a yaw torque is generated simply by appropriate coordinated control of all four rotor speeds.

At any given instant, the total torque applied to the airframe according to eq(2.13), eq(2.14) and eq(2.16)
ist= (Trnlh Tpitchs Tyaw)T-

So the rotor thrusts and torques are related to the rotor speed as,

~kp  —kp —kp —kp|[w] w?

Fl |0 ke 0 kelle?| | |o?

H‘ ke 0 —lkr 0 ||w2| T *w2 @17
kM —kM kM —kM (x)i (x)i

The matrix A is constant and full rank if kg, k;, [ > 0 and we can obtain the required rotor speeds as

w7 T
2
D2l =A™ (2.18)
Wy Ty
LL)Z TZ

(O Newton Euler Equations of Motion

In classical mechanics, the Newton—Euler equations describe the combined translational and rotational
dynamics of a rigid body. Euler’s laws of motion are equations of motion which extend Newton’s laws of
motion for point particle to rigid body motion. Using Netwon-Euler equations of motion,

For linear motion, the net force(F’) on arigid body is the rate of change of linear momentum(L) in an inertial
frame(A)

AdL
F —

=— (2.19)

For rotational motion, the rate of change of angular momentum (H) of a rigid body B relative to C(the
center of mass) in reference frame A is equal to the resultant moment(M) of all external forces acting on
the body relative to C.

AdAHE
dt

= M (2.20)

The angular momentum which is a 3 X 1 vector is given by *HZ = Ic.AQF, where I is the inertia tensor (a
3 x 3 matrix) and 2Q2, the angular velocity (a 3 X 1 vector). Note that I~ is measured about the center of
mass C and QP is measured in the inertial frame A.

O Principal Axes and Principal Moments

Principal axis of inertia is that direction in which the angular momentum vector is parallel to the angular
velocity vector. The angular momentum along the principal axes are called the principal moments. For
a general three-dimensional body, it is always possible to find 3 mutually orthogonal axis for which the
products of inertia are zero, and the inertia tensor takes a diagonal form.

In the next section, we describe the equations governing the dynamics of a quadrotor.
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2.4 Quadrotor Dynamics

In this section, we derive the equations governing the dynamics of a quadrotor motion in 3-dimensional
space. A quadrotor in plus configuration is illustrated in Figure 2.7 which is used to demonstrate the pro-
ceedings of this section.

* The quadrotor has a mass m kg.

We have two reference frames or coordinate systems, one attached to the moving quadrotor (ref-
erence frame B with center at C which is also the center of mass of the body) and the other, the
inertial reference frame of reference (A) with center at O. {b,, b,, b3} constitute the set of unit vectors
that describe the body fixed coordinate system, and likewise {e, e,, e3} constitute a coordinate system
that’s fixed to the inertial frame. Here {e, e,, e3} are aligned with the world x, y, z axes respectively.

The body frame, B, is attached to the center of mass of the quadrotor with b; coinciding with the pre-
ferred forward direction and b3 perpendicular to the plane of the rotors pointing vertically up during
perfect hover.

r, is the position vector of the center of mass from the inertial reference frame.

Rotor 1 is a distance /; m away along b;, Rotor 2 is at a distance /, m away along b,, while Ro-
tor 3 and Rotor 4 are similarly /3 m and /, m away along the negative b, and b, respectively. Here
Lh=hbh=L=1L=L

The principal axes of the quadrotor coincide with the body reference frame vectors. The moment
of inertia along by, b,, b; are I1; kg.m.m, I, kg.m.m, /33 kg.m.m respectively.
The acceleration due to gravity is g m/s>.

Figure 2.7: Quadrotor Dynamics

* Euler angles are used to describe the rotation of the quadrotor body with reference to the inertial
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frame. Here we use ZXY convention that is at first we have rotation about the z — axis with angle
which results in an intermediate reference frame {e], €}, €;} followed by rotation about the x — axis
with angle ¢ which results in an intermediate reference frame {e/’, €7, €7’} and then rotation about the

24 244 777

y — axis with angle 6 which results in the reference frame {e]”, e}’ €J’} which is also the reference
frame {b1, b>, bs}.

So, the rotation matrix is given by R, = rot(z, ) X rot(x, ¢) X rot(y, 9).

Here, ¢, 0, ¥ refers to the roll, pitch and yaw angles respectively. The rotation matrix is given by

cycld — spssd  —copsyy sl + cOspsy
AR g =| cOsy + cysgps® cocy  syYsO — cpclsd (2.21)
—c¢so s¢ cpct

where ¢ represents cos and s represents sine.

* The rotors which generate thrust for the quadrotor are independently actuated. The thrust and re-
action moment produced by each rotor is given by F; = krw? and M; = kyw?, where kp(N/rpm?®)
and ky,(Nm/rpm?®) are rotor constants and w;(rpm) is the angular velocity of each rotor. Here i €
{1,2,3,4}

The net force acting on the quadrotor frame is given by

F:F1+F2+F3+F4—mge3 (222)

The net forces act on the body of the quadrotor. To derive the equations of motion, we translate
the forces to the inertial frame of reference and for that we use the Roation matrix. Note that in the
body reference frame the forces acting are given by the vector [O 0 (F1+F,+F;+F 4)] . Using
Newton’s second law of motion the net acceleration, which is the second derivative of r, in this case
can be written by

0 0
Fg=—1| 0 |+"R, 0 (2.23)
"\ |-mg (Fy + Fy + F5 + Fy)
r
ry = |r2| is a position vector where ry, r,, r3 are the co-ordinates in reference frame A.
r3

In addition to forces, each rotor produce a moment perpendicular to the plane of rotation of the blade.
Rotors 1 and 3 rotate in the —b5 direction while 2 and 4 rotate in the +b5 direction. Since the moment
produced in the quadrotor is opposite to the direction of rotation of the blades, M, and M3 act in the
+bs direction while M, and M, act in the —b5 direction.

Since [ is the distance from the axis of rotation of the rotors to the center of mass of the quadrotor,
the net moment acting on the quadrotor frame is given by

M=IXF +IXFy+IXF3+IXFs+M; +M,+ M;+ M, (2.24)
Equation denotes a vector sum.
* Since unit vectors of the body reference frames {b,, b,, b3} be along the principal axes, we define
A08 = Qb + Qb + Qb (2.25)

where 4Q2 is the angular velocity of rotation of the quadrotor frame.
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Using Euler’s equations we have

Ad H,
=M 2.26
dt ¢ (2.26)

Here, H¢ is the angular momentum of the quadrotor frame and M is the net moment acting due to
all external forces and torques which is given by equation [2.24]

Equation can be written with a correction factor AQ? x H that helps us do the differentiation
in the body frame.

B4 H,

P 208 x He = M, (2.27)

Writing H_. in terms of inertia and angular velocity we have,

Bq H,
dt

= IUQ]bl + Izzszz + I33Q3b3 (228)

where 111, I, I35 are the inertia terms along the principal axes.
Using equation [2.28] we can write equation as

I 0 0] 0 -Q3 Q[ 0 0[] [Mc,
0 I 0 Qz + Q3 0 _Ql 0 I 0 Q2 = MC,2 (229)
0 0 I3]]|9; -Q, Q 0[O0 O || Mcs
The components €, {),, Q5 are denoted by p, g, r respectively for subsequent references.
So, AQB = pb] + C[bz + l"bg.
They are related to the rate of change of roll, pitch and yaw angles as
p cos(@) 0 —cos(p)sin(0)][d
ql=1 0 1 sin(¢) 6 (2.30)
r sin(@) 0 cos(¢)cos(@) ||y
The moments acting on the body are given by
Mcy = I(Fy = Fy) (2.31)
MC,2 = l(Fg - Fl) (232)
MC’:‘, =M, —-M,+M;—- M, (2.33)
Equation [2.29|can be now written as
p I(Fy — Fy) p D
Ifg|= (Fs—-F)) —-lgq|x1I|q (2.34)
r M] - M2 + M3 - M4 r r
Iy 0 O
where = 0 I, O |is the inertia tensor.
0 0 I

We can rewrite (2.34) as
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pl [0 1 0 -l ? p p
Hc]:—ZOZOFZ—qx]Iq (2.35)
A e A e 1 P I Tl I T
4

where y = % is the relationship between lift and drag given by Equations (2.11)),(2.15).

From equation (2.23)) and (2.33)), the governing equations of the quadrotor dynamics are given by

7] 0 8
N A

" 7"2 B 0|+ RB (F1+Fy+ F5+ Fy) (2.36)
r3f |—mg
pl [0 I 0O - ? p p

Ilg|l=|-t 0 [ o0 Fz—qx]Iq (2.37)
Ay oy oy ]

u

Note that equation has components in the inertial frame while equation has componenets
in the body frame. The quadrotor motion in 3 dimensional space is achievevd by manipulating
uy(scalar) and u,(3 X 1 vector) using controllers and is discussed in the next section. With u;, the
quadrotor stays afloat by balancing its weight and with u, the quadrotor performs the rotational ma-

neuvers.

In the following section we introduce a PD controller to drive it’s error dynamics.

2.5 Quadrotor Control

We want to make the quadrotor follow a specified trajectory. In this section we discuss the proceedings of
how we can control the quadrotor and it’s dynamics so that it can follow a predefined trajcetory.

First we show how trajectories are defined in 3 dimensional space

QO Trajectory Tracking in 3 dimensions

Trajectories are defined by time parameterized polynomials. Let us consider a trajectory whose position,
velocity and acceleration is given by r4¢(z), 7 (), # 9*(t). We also define the heading of the quadrotor in
terms of time functions of yaw angle given by by 4 (r), % (1), % (¢).
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rdes (t)

z(t)
ries(t) = | y(t)
z(t)

Figure 2.8: Quadrotor following a trajectory

O Error dynamics

In our pursuit to drive the quadrotor follow a particular trajectory, we define a desired trajectory. Now we
command the rotors in a way that the quadrotor follows that particular trajectory. In this regard we define
the error dynamics of the quadrotor motion. Error is defined as the difference between the desired and
present position and the error dynamics is given by

e, = r'(t) — r(t) (2.38)
e, = (1) — i(t) (2.39)

where e, and e, are the errors in position and velocity. We want
,;des'(t) _ rc(l.) + Kdev + erp — O (240)

Here #“(¢) is the commanded acceleration so that the errors e, and e, exponentially decay to 0. Here,
constants K, and K, defines the rate at which the error decays exponentially.

O Control Architecture

Quadrotors are underactuated machines. We have 6 degrees of freedom, 3 rotaional (roll, pitch and yaw)
and 3 translational (forward/backward, sideward and upward/downward) but only 4 independent controls
in the form of it’s 4 rotors. So, to control a quadrotor, we employ a nested control structure involving two
controller blocks. One block defines the attitude or orientation of the quadrotor and the other block controls
it’s position. To have a translational motion in 3 dimensional space, the quadrotor first takes an attitude or
leans with a roll, pitch and yaw angle and then then moves ahead.

pies ’U.1
Trajectory | V" Position > Rotor _ |Rigid Body
Planner " | Controller > Attitude 5| COmmands "~ | Dynamics
ﬂ‘ ARy, ¢°,6°,9°| Controller | U2
T ARp,,0,¢.p,q,7

Figure 2.9: Quadrotor Control Architecture

So, for a given trajectory having position velocity and acceleration, the inner loop attitude controller takes
command from the outer loop position controller in the form of desired roll, pitch and yaw angle (¢, 8¢, )
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which in turn calculates the desired rotation matrix “R,. The desired roll, pitch and yaw angle is dependent
on the desired velocity and acceleration. Depending upon the current values of roll, pitch and yaw angles
along with thier rates, the attitude controller spits out u, which drives the rotors and sets course or attitude
for the quadotor motion. The outer loop position controller takes command from the desired trajectory.
The primary task of the position controller is to balance the weight of the quadrotor by providing command
u; to the rotors. It also re-estimates the command for the inner loop attitude controller after taking feedback
of the present position of the quadtoror.

O The Nominal State

Our controllers are derived by linearizing the equations of motion and motors models (2.36)),(2.37),2.11),(2.15))
at an operating point that corresponds to the nominal hover state, 795 (t) = 7 = 70,0 = ¢ = 0,0 = Yo, 7 =
0,and ¢ = 6 = ¢ = 0, where the roll and pitch angles are small (cos¢ ~ 1,cos8 ~ 1,sing ~ ¢, and
sinf =~ 0). At this state, the lift from the propellers is given by:

Fip=— (2.41)

The nominal values for the inputs at hover are u; = mg, u, = 0.
Linearizing (2.36), we get:

i1 = g(AfBcosyy + A sin i) (2.42)
i = g(AfGsinyy — Ag cos ) (2.43)
1
o= —u—g (2.44)
m
Linearizing (2.36), we get:
P 0 1 0 - ?
g|=T'\-1 0 1 0] (2.45)
; 3
7

y vy vl g

From equation (2.30), we have p = ¢ and ¢ = 6.
In other words, the equations of motion are decoupled in terms of angular accelerations. Each component
of angular acceleration depends only on the appropriate component of u,.

O Position and Attitude Control

The control problem is to determine the four inputs, {u;, u,} required to hover or to follow a desired trajec-
tory. As shown in Figure[2.9] we will use errors in the robot’s position (equation (2.40)) to drive a position
controller from (2.44)) which directly determines u;. The model in equations (2.42),(2.43)),(2.44) also al-
lows us to derive a desired orientation. The attitude controller for this orientation is derived from the model
in equation (2.45)).

- Attitude Control

We now present a a proportional plus derivative (PD) attitude controller to track a trajectory in SO(3)
specified in terms of a desired roll, pitch and yaw angle. Since our development of the controller will be
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based on linearized equations of motion, the attitude must be close to the nominal hover state where the
roll and pitch angles are small.
Near the nominal hover state the proportional plus derivative control laws take the form:

kpo (@ = @)+ kag (p° — p)
Uy =| kpg(0°—0)+kao(q"—q) (2.46)

kpy W =) +kaqy (r‘ —r)

Here the terms with superscript ¢ denotes the commanded angles calculated from the position controller.
k,. and k; . where x € {¢, 6, y} are the proportional and derivative gains respectively of the PD controller.
- Position Control

In the next subsection, we will present two position control methods that use the roll and pitch angles as
inputs to drive the position of the quadrotor. In both methods, the position control algorithm will determine
the commanded roll and pitch angles, 8¢ and ¢, which can be used to compute the desired rotor speeds
from equation (2.46)).

The first, a hover controller, is used for station-keeping or maintaining the position at a desired position
vector, 7. The second tracks a specified trajectory, 7%¢(¢), in three dimensions. In both cases, the desired
yaw angle, is specified independently. It can either be a constant, i, or a time varying quantity, ¥%(¢).
We will assume that the desired trajectory will be provided by a trajectory planner as an input to specify
the trajectory of the position vector and the yaw angle we are trying to track.

2.5.1 Hover Controller

For hovering, r9¢(t) = 7y and ¥?*(t) = . The command accelerations, i'f, are calculated from a pro-
portional plus derivative (PD) controller. We define the position error in terms of components using the
standard reference frame e, e;, e; by:

e = (r‘.i” - r,~) (2.47)

ie{l,2,3}
In order to guarantee that this error goes exponentially to zero, we require

(Fes =7 ) + keag (71 = 7;) + Ky (rf = 1) = 0 (2.48)
where Fid” = ff’” = 0 for hover. k,;; and k,; where x € {1, 2, 3} are the derivative and proportional gains of
the PD controller respectively

From equations (2.42)),(2.43),(2.44)), we can obtain the relationship between the desired accelerations and
roll and pitch angles. Given that 66 = 6 — 6y = 6 and 6y = ¥ — ¥y = ¢, we can write

i = g(6°cosyg + ¢ siny) (2.49)
iy = g(8°sinyy — ¢ cos ) (2.50)
|

For hover, equation (2.51)) yeilds:

Uy =mg+miy =mg—m (kd,3f3 +kys(rs — r3,0)) (2.52)
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Equations (2.50),(2.51)) can be used to compute the desired roll and pitch angles for the attitude controller:
1
¢ = — (¥ sin g — 7%y cos o) (2.53)
8
1
0 = — (¥,  cos g + 7, sin i) (2.54)
8

The desired roll and pitch velocities are taken to be zero.

Pdes = 0
qdes = 0

Equations (2.53),(2.54) provide the setpoints for the attitude controller in (2.46)). So,

kpo (¢ — @)+ kay (P°— p)
Uy =| kg0 —60)+kao(q°—q) (2.55)
kyg (W =) +kqy (r‘ —r)

So with u; and u,, we can drive the quadrotor attain the desired trajectory.

2.5.2 3D Trajectory Control

The 3-D Trajectory Controller is used to follow three-dimensional trajectories with modest accelerations
so the near-hover assumptions hold. To derive this controller we follow the same steps as in hover except
that 74 and 77 are no longer zero in but are obtained from the specification of the trajectory. If the
near-hover assumption holds and the dynamics are linear with no saturation on the inputs, a controller that
generates the acceleration 7 f; according to equatioin (2.48)) is guaranteed to drive the error exponentially
to zero. However, it is possible that the commanded trajectory has twists and turns that are too hard to
follow perfectly because of errors in the model or limitations on the input thrusts.

Having discussed the dynamics and control of a quadrotor, we step into the proceedings of our power
calculation formulation. The idea is to estimate how the thrust and torque demands required to fulfil a
particular trajectory vary with time. We have seen that with every attitude the quadrotor takes, the com-
manded values of roll, pitch and yaw angle change, and to fulfil those commands, the thrust and torque
required changes. The thrust and torque changes result from changes in rotor speed, and rotor speed has
direct implications with power [[16]]. In the next section, we show how trajectories are evaluated in terms
of power.
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2.6 A power model of a quadrotor based on maneuvers

To the best of our knowledge, almost all of the power models present in literature take in variables like
velocities, body weight, payload weight, etc. and spit out power as a static number [13]], but we claim that
power drawn by the rotors varies with time and are not identical in all of the four rotors at all instants.

\

Figure 2.10: Quadrotor moving through a 3D terrrain

A quadrotor takes a sequence and combination of maneuvers (see Fig [2.T1) to travel in a predefined tra-
jectory (see Fig [2.10). Each maneuver is performed with a specific set of roll, pitch, and yaw angles,
achieved with specific thrust and torque in each rotor. To produce a specific thrust, the rotors need to spin
at a designated speed; hence, to execute these maneuvers, the rotor speeds are different in the four rotors.
For example, to achieve a left roll maneuver, the right rotors spin faster than the left rotors. So, the power
demand is different in all four rotors and hence power becomes a function of time and the trajectory it
follows. Motivated by this idea, we have simulated a linearized dynamics of a quadrotor using MATLAB to
see how each rotor power varies with time and derived a formulation to track the power in each rotor as the
quadrotor moves in a trajectory. The following subsection enumerates our approach.

Figure 2.11: Various maneuvers of a quadrotor

2.6.1 Power model design using MATLAB

Section [2.4] summarises the dynamics governing a quadrotor’s motion. In Section [2.5] we have shown
how to incorporate a Proportional-Derivative (PD) control architecture to drive the error dynamics of the
quadrotor motion.
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In this formulation, the model takes the quadrotor parameters (mass, arm length, inertia tensor, gravity),
predefined trajectory (in the form of a twice differentiable polynomial) and the controller gains as input
and outputs the individual rotor powers as a function of time. We achieve it by probing into the controller
outputs u (), u»(t) in order to calculate instantaneous thrust F(#)ie(12,3.4). Finding the instantaneous thrusts
help us in realizing the maneuvers that the quadrotor undertakes. Considering the ideal case where thrust
F o w?, we obtain the corresponding rotor speeds Wi(Brer123.4- The goal is to obtain a rotor’s current
and voltage profile from a given rotor speed data to calculate the power profiles. So, we have evaluated an
inverse map from the governing second-order equations of a DC motor (where we consider rotor parameters
as R,,L,, B, J, K,,) which is used to calculate the current profiles ix(#)re(1.2.34y from the given rotor speed
profiles wy(t)ke1,2,3.4). Considering voltage supplied to the motors as v(z), we then obtain the instantaneous
power profiles as Pi(¢)ie(123.4; = V.ig ().

The algorithm designed in MATLAB is outlined using the illustration in Figure [2.12]

Here we define the state vector as s = [x YZXyZidO0y pgqg f] where x, y, z denotes the quadrotor position
in inertial reference frame, ¢, 8, ¥ denotes the roll, pitch and yaw angles and p, g, r is the angular velocities
of the quadrotor body.

I‘//H(-Eontrolle;ﬁ-\'\,‘ s p
S g S Rotor Spee =  Motor Model Power
I Calculator

- governing current
T dynamics state
7 desired Quadrotor | Y™E | tegrator

EOM

I‘//-' system 7-\'\,‘
.__ parameters

. trajectory

Figure 2.12: Flowchart of Power Model Design

We use seperate scripts for each of the block in Figure 2.12] The scripts used are enumerated below

* Trajectory Generator This script outputs the dynamics of the trajectory as time series polynomials
for each iteration of the simulation. It takes a time counter as input and outputs the desired state as a
vector containing 4 fields. The filds are position, velocity, acceleration, yaw and yaw derivative.

* Controller This scripts takes the desired position, velocity, acceleration and yaw at each iteration
compares it with the current state which is also an input to this script and outputs decoupled torques
and thrusts of each rotors. This script is based on equations (2.52)) and (2.53). This script contains
the controller gains which help us tune the response of the quadrotor motion. It has 12 tunable gains.
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Quadrotor EOM This scripts emulates the dynamics of the quadrotor(equations (2.36)), (2.37)) and
outputs the governing equations after taking system parameters, torques and thrusts (from the output
of the controller script) as inputs.

* Integrator This script is basically a solver which integrates the differential equations of the quadrotor
dynamics and outputs the state vector. We use ode45 as a solver in this case. At each iteration the
solver iterates for an interval of 0.05s with a step size of 0.01s.

* Rotor Speed Calculator This script calculates the rotor speeds of each rotor from the thrust and
torque data derived from the output of the controller script

* Motor Model This script derives the current and voltage data that would have been delivered to
achieve the rotor speeds obtained in our simulation and then computes the power profile considering
a set of motor constants.

Examples showing the power calculation of a quadrotor flight using our formulation is discussed in the
next subsection. In this case, we have assumed nominal values of the quadrotor attributes and motors
parameters.

2.6.2 Power calculations using the designed model

The power calculations is shown as follows -
We define the following
Quadrotor attributes -

0.0025 0 0
m=0.18kg,L = 0.018m, I = 0 0.000232 0 kg.m.m
0 0 0.0003738

Motor Parameters -
R,=1Q,L,=1H,J =5Kgm.m,B = 0.01N.m.s,K = 1.6V/rad/s,Kr = Ky, = 1,v(t) = 1V

Controller Gains -
kp. 100| [kag 2

Attitude Controller - [k, | = [100], | kap | = |2
kpy 100] |kay 2
[k 200| [ka.x 40
Position Controller - |k, | = [200], | ks, | = [40
k. 100 |ka, 20

Desired Trajectory -

2 2t t?
Fes = 0 m/sza’;des: 0 m/s’rdes: 0|m
0 0 0

The simulation uses a runtime of 10s and since each iteration of the solver is of 0.05s, we have 200 iterations.
The response of the quadrotor motion is shown in Figure 2.13] The Thrust profile of each rotor is shown in
Figure The individual rotor speed profiles are shown in Figure . To show the difference in rotor
speeds of Rotor 1 and Rotor 3, these two rotor speeds are shown in a same plot in Figure [2.16] Finally the
rotor power profiles are shown in Figure .
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Figure 2.13: Various maneuvers of a quadrotor
r N 1 :
1 _Thrust F ——Thrust F‘,Z
£ 05 ” =
8 gos
o [<]
w o0 [
0.5 ‘ ; ‘ 0 - ‘ ‘
0 50 100 150 200 0 50 100 150 200
iteration iteration
' 1 \
g | | g
g 0.5 g 0.5
[=] [<]
L L
0
1 L 1 0 1 1 1
0 50 100 150 200 0 50 100 150 200
iteration iteration

Figure 2.14: Force Profiles
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50 100 150 200
iteration

To show how power varies with different maneuvers, we discuss three quadrotor flight simulations to reflect
pitch only, roll only and hover maneuver in order to highlight the power implications in each case.

We define the following -
Quadrotor attributes -

0.0025 0 0
m=0.18kg,L = 0.018m, I = 0 0.000232 0 kg.m.m
0 0 0.0003738

Motor Parameters -

R,=1Q,L,=1H,J =5Kgm.m,B = 0.0IN.m.s,K = 1.6V/rad/s,Kr = Ky, = 1,v(t) = 1V

Controller Gains -

kp. 100 [kag 2
Attitude Controller - [k, | = [100], | kg | = |2
LY 100] &gy 2

Position Controller -

(kp]  [200] [kan] [40
kpy| = [200], |kay| = |40
k,.| [100] |ksz] |20

p =0.375¢> = 0.00285¢* + 0.0001¢°
v =0.1125¢> = 0.0112¢ + 0.0005¢*
a = 0.225¢ — 0.0336¢> + 0.002¢°

Desired Trajectory -
We define

Desired trajectory Pitch maneuver -

p v a
mys?, Faes = |0 mfs,raes = |0|m

0
0 0 0

Vdes =

(2.56)
(2.57)
(2.58)
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Desired trajectory Roll maneuver -

0 0
Faes = | D m/sz’fdes =V
,O_ _O_
Desired trajectory for hover -
o 0]
fdes =10 m/sz, ’;des =10
0 0

m/s, Tdes

m/s, Vges =

[0

afm

[ 0
01|m

11

The simulation uses a runtime of 10s and since each iteration of the solver is of 0.05 s, we have 200 iterations.
For each simulated flight, we get thrust Fie(; 234, rotor speeds wie(1234; and power data Pe234y as a
function of time. To summarize these data, we have calculated the RMS value of each time series data,
which has been tabulated in Table 2,11

Table 2.1: Power estimates for maneuver specific flights

Thrust (N) Rotor Rotor Total 70

Maneuver Speed (RPM) Power(W) Power (W) | diff
Hover 0.4405 | 0.4405 | 0.4405 | 0.4405 | 0.6594 | 0.6594 | 0.6594 | 0.6594 | 0.6551 | 0.6551 | 0.6551 | 0.6551 2.6204 -
Pitch 0.5177 | 0.5181 | 0.5571 | 0.5181 | 0.6994 | 0.7151 | 0.7304 | 0.7151 | 0.6846 | 0.7117 | 0.7203 | 0.7117 2.8283 8
Roll 0.5063 | 0.5720 | 0.5063 | 0.5442 | 0.7048 | 0.7150 | 0.7048 | 0.6984 | 0.7019 | 0.6977 | 0.7019 | 0.6761 2.7776 6

It is seen that power consumed during pitch and roll is 8% and 6% higher than that during hover. A
traditional power model could not have differentiated roll and pitch in terms of power, as the horizontal
velocity is the same in both cases. This is also observed from the power data obtained from field experiments
(shown in the next chapter). Based on this formulation, we want to outline that in order to estimate the power
that the quadrotor will consume when following a predefined trajectory, we must look into the complete
power profiles of four rotors. Such a method might lead to accurate power tracking and produce efficient
trajectories through path planning.



Chapter 3

Field Experiments

Power consumption models derived in the literature are based on variables like payload weight, velocity
etc. However none of these models are based on different instances or maneuvers that quadrotor undergo
during a flight [13]]. It is unknown if power consumed by a quadrotor cruising with a pitch angle (Figure
3.1) is different from that of a quadrotor cruising with a roll angle (Figure [3.2)) in a horizontal flight. The

Figure 3.1: Cruise with Pitch Figure 3.2: Cruise with Roll
prime idea of our research is based on the fact that a quadrotor trajectory is nothing but a combination and
sequence of maneuvers and each maneuver is achieved with a specific set of roll, pitch, yaw angles and
thrust generated by the rotors. The roll, pitch and yaw angles are achieved as a result of rolling, pitching
and yaw torques. If we map each maneuver to a specific set of rolling, pitching, yaw torques and thrust, we
can calculate the rotor speeds that will be required to achieve that maneuver. From the rotor speeds, we can
calculate the power that will be consumed by each rotor. In this chapter, we study if power consumption
computation using maneuvers has an edge over the power consumption models available in literature. In the

Figure 3.3: DJI Mavic Air 2

29
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following sections, we present results of experiments to show how power varies with different maneuvers.
We use a DJI Mavic Air 2 drone (see specifications in Table [3.1)) to perform different sets of maneuvers.
The power profiles (power as a function of time) of the four rotors, vertical velocity (vv), horizontal velocity
(hv) and other flight attributes for each characteristic maneuver are extracted from the log files stored in
the motherboard of the drone. All the experiments are performed on a time span of 16 seconds. DJI Mavic
Air 2 has 3 flight modes viz. cine, normal, and sport. We have performed the experiments in normal mode

(moderate speed) and sport mode (high speed) and the average power for each maneuver is tabulated in
Table 3.2l and Table B3

Table 3.1: DJI Mavic Air 2 Specifications

Mass 570 gms

Dimension 183x253x77 mm

Max Flight time 34 minutes

Battery Capacity 3500 mAh

Maximum Range 18.5 kms

Max Ascend Velocity 4 m/s

Max Horizontal Velocity | 12 m/s (N Mode), 19 m/s (S Mode)

3.1 Experiment 1: Hover maneuver

In this experiment, the quadrotor is made to hover at an altitude of 53m and the power consumed by the
four rotors with respect to time is shown in Figure [3.4] It is seen that the front rotors consume a higher
power than the back ones. This is possibly due to the asymmetric placements of the front and back arms
of the drone. The rear arms are placed low compared to the front arms. (see Figure[3.3)

44 -
‘ | Power Profile (Hover) — Left Front
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Power (W)
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time(s)
Figure 3.4: Power Profile during Hover

3.2 Experiment 2 - Pitch maneuver

In this experiment, the quadrotor is commanded to pitch Forward(F) and Backward(B) and the power pro-
files are shown in Figure [3.5] and Figure [3.6 respectively. As expected, the back rotors spin faster during
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pitching forward and hence consume more power and similarly the front rotors consume more power during
pitching backward. During pitching forward, the horizontal velocity is 11.9 m/s while during pitching back-
ward the horizontal velocity is 11.98 m/s. Although the horizontal velocities are identical in both cases, but
there is a difference of 31.4 W in power consumed. A traditional power model can not capture this differ-
ence because in both the maneuvers, the significant variable is horizontal velocity which is identical in both
cases. A different set of pitch experiments are also performed in sport mode with a horizontal velocities
of 16.38 m/s (pitching forward) and 16.82 m/s (pitching backward) and the average power consumed are
tabulated in Table 3.3

60

Power Profile - Pitch (forward)
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o (3}

Power (W)
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Figure 3.5: Power Profile during Pitch(forward)
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time(s)
Figure 3.6: Power Profile during Pitch(backward)
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3.3 Experiment 3 - Roll maneuver

In this experiment, the quadrotor is made to roll to the Left(L) and undertake a steady flight. The horizontal
velocity achieved during this maneuver is 12.01 m/s and the power profile is shown in Figure[3.7] The front
right and back right rotors consume the most power, which is obvious for this type of maneuver but there is
a difference of 13.37 W between the right side rotors which is not obvious. This can probably be because
of the geometric arrangements of the rotors or some headwind and tailwind that the quadrotor is trying to
overcome. Similarly another maneuver is tested with a roll to the Right(R), where the left rotors consume
most power. The power figures are tabulated in Table [3.2]and the power profile is shown in Figure 3.8 A
different set of roll experiments are also performed in sport mode with a horizontal velocities of 18.94 m/s
(roll left) and 18.4 m/s (roll right) and the average power consumed are tabulated in Table[3.3]

60 | Power Profile< Roll (left) | ]

S = Left Front
= Right Front

50 - Left Back
=—Right Back

Power (W)
&

Y
o
1

| | | |

8 10 12 14 16
time (s)
Figure 3.7: Power Profile during Roll(left)
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Figure 3.8: Power Profile during Roll(right)
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3.4 Experiment 4 - Ascend and Descend maneuver

In this experiment the quadrotor is commanded for steady ascend (vertical velocity being 4.14 m/s) and
steady descend (vertical velocity being —3.02 m/s) and the power profiles are plotted in Figure [3.9] and
Figure [3.10] respectively. Steady descend consumes the least power in all of the maneuvers.

60 | | Power Profile - As | |
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Figure 3.9: Power Profile during ascend
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Figure 3.10: Power Profile during descend

3.5 Experiment S - Yaw maneuver

In this experiment, the vehicle is commanded to yaw at an altitude of 53 m, first Counter-Clockwise (CCL)
and then Clockwise (CL) and the power consumption profiles are shown in Figure [3.11] and Figure [3.12]
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respectively. Both these maneuvers consume identical power as shown in Table[3.2]
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Figure 3.11: Power Profile - Yaw(counter-clockwise)
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Figure 3.12: Power Profile - Yaw(clockwise)

3.6 Experiment 6 - Ascend/Descend + Pitch maneuver

In this experiment the vehicle is commanded to simultaneously ascend and pitch (backward) in normal
mode. The horizontal and vertical velocity was 8.6 m/s and 3.99 m/s respectively. We see approximately
30 W of power difference between the front and back rotors. The power profile is shown in Figure [3.13]
Similarly the vehicle is commanded to simultaneously descend and pitch (forward) and the power profile
is shown in Figure [3.14] A different set of the same experiment is performed in sport mode where the
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horizontal and vertical velocities for ascend and pitch (backward) is 15.14 m/s and 4.02 m/s respectively.
The power difference between front and back rotors is approximately 40 W and the total power difference
between normal and sport mode is approximately 57 W. For descend and pitch (backward) in sport mode,
there is a power difference of approximately 66 W with normal mode.
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Figure 3.13: Power Profile - Ascend+Pitch(backward)
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Figure 3.14: Power Profile - Descend+Pitch(forward)
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Table 3.2: Average Power - normal mode
Motor Power (W) Total

Maneuver Left | Right | Left | Right | Power(W)
Front | Front | Back | Back
Hover 38.01 | 42.16 | 33.37 | 31.8 145.34
Pitch(F) 38.09 | 42.26 | 52.32 | 53.53 186.2
Pitch(B) 49.31 | 52.76 | 24.76 | 28.05 154.88
Roll(L) 34.26 | 57.04 | 36.03 | 43.67 171
Roll(R) 58.12 | 38.22 | 43.67 | 41.72 181.73
Ascend 57.24 | 5036 | 42.2 | 40.7 190.5
Descend 4277 | 353 | 31.7 | 27.09 136.79
Ascend+Pitch(B) | 69.59 | 70.21 | 39.33 39 218.13
Descend+Pitch(F) | 27.87 | 30.73 | 31.06 | 31.84 121.5
Yaw(CCL) 42.81 | 43.22 | 34.36 | 35.76 156.15
Yaw(CL) 40.14 | 45.81 | 34.66 | 34.58 155.19
Table 3.3: Average Power - sport mode
Maneuver Motor Power (W) Total
Left | Right | Left | Right | Power(W)
Front | Front | Back | Back
Pitch(F) 57.42 | 58.66 | 60.79 | 120.57 297.44
Pitch(B) 76.95 | 76.32 | 39.27 | 38.36 230.9
Roll(R) 92.8 | 61.53 | 55.35 | 53.28 262.96
Roll(L) 55.89 | 86.46 | 49.71 | 52.61 244.67
Ascend+Pitch(B) | 88.31 | 88.71 | 49.41 | 49.21 275.64
Descend+Pitch(F) | 37.42 | 40.37 | 52.93 | 56.65 187.37

3.7 Comparison with a Power Model

In this section, we compare the power that is calculated as per the proceedings of the model derived by Lie
et al. in [8] with the actual power that is consumed by the DJI Mavic Air 2 for the maneuvers discussed in
previous section. The proceedings of the power calculation is discussed in the following subsection

3.7.1 Power calculation using Liu et. al power model

The following symbols will be required to define the different notions of power in component based mod-
eling -

T : Total thrust applied by the UAV

ki : Ratio of actual airflow to idealised uniform airflow
p : Density of air

A : Total propeller area

Vyers © Vertical velocity of the UAV

Vair + Horizontal velocity of the UAV

N : Total number of blades in a single propeller

M : Total number of rotors

cq . Drag coefficient of the blade

¢ : Blade chord width

C, : Drag coefficient of vehicle body
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R : Radius of the propeller blade

w; : Angular speed of i"” rotor

Mi : Advance ratio for propellers in rotor i

a; : Angle of attack for propeller disks in rotor i

Vwina : Velocity of wind head on to the UAV

Verouna : Ground velocity of the UAV

Aguaa - Cross sectional area of the vehicle when against wind

¢; : Lift coeflicient

According to [8], the power consumed by a quadrotor is the composed of three components namely induced power
(P;), profile power (P,) and parasitic power (P ,4,)

1. Induced Power - The induced power is the power required to keep the UAV afloat. The modeling of induced
power is derived from disk actuator theory [[14]].

2
T V,
Pi:le[ +( V”’) +VV”’] (3.1

204 "\ 2 2

2. Profile Power - The profile power is the power required to overcome the rotational drag encountered by rotating
propeller blades. The profile power consumed by a rotating rotor blade is derived from blade element theory
[17]. The profile power for the i rotor while the UAV is hovering is given by

NxcxcegXxpxR*
Pp,hover,i = 3 CUiS 3.2)

During horizontal flight, the profile power becomes

Pp,i = Pp,hover,i (1 +/~ti2) (33)
where,
V . .
i = aircos(a;) (3.4)
a),'R

In addition, all angles of attack are identical. Then the total profile power is

< & NXcXcgXxpXR 5
Pp=) Ppi=) < w (1+ 1) (3.5)
i=1 i=1
M 4 2
N R Vai i
P, - ( X ¢ X c; X p X (wi3 +( ,”clzs(a/ )) wi}) 3.6)
i=1

3. Parasitic Power - The parasite power is the power required to resist body drag when there is relative translational
motion between the vehicle and wind. The parasite power is obtained by assuming that the body drag (F )
is proportional to airspeed (V,;) squared.

1
Ppar = ECd X p X Aquad X Vair3 (3.7)

These power equations are applicable only when the UAV is at steady state, i.e in force equilibrium. Figure &.1|shows
all the external forces, where L is the lift, D is the parasitic drag, a is the angle of attack.
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V.. =const.

mg

Figure 3.15: The UAV under force equilibrium in horizontal and vertical directions

Therefore, the thrust at steady state is computed from

T = \/(mg — L)* + D2 (3.8)

The lift as described in [8]] is given by

L = cs(Vaircosa)? + c6T (3.9)
3
where ¢5 = YXXOOR 34 ¢ = g MXXDPI
2
b= calVay (3.10)
CaxpXA,
where ¢4 = w_

Theoretically, solution for 7' can be obtained by solving a complicated quadratic equation, by substituting equation
(3.9) into equation (3.8). However, we are only interested in modeling lift as a function of horizontal airspeed. It
allows us to match the thrust reduction observed in horizontal flight. Therefore, it is further assumed that ¢ = 0, to
simplify the identification process.

Simplified analytical expressions for Power The power consumed by an UAV needs to be calculated using
the powers that are described above. From equations (3.1), (3.6) and eq(3.7), it is evident that there are a lot of
parameters at play and it is not convenient to have an exact estimation of all the parameters during every operation.
The parameters that are dependent on an UAV operation are Thrust 7 which is a measure of the weight carried by the
UAV, V,;,, the horizontal speed and V,,,,, the vertical speed of the UAV.

So a power equation needs to be formulated based on these variables. Accordingly, equations (3.1)),(3.6) and
can be encapsulated as

2
Vier T V
Pi(T,Vyers) = Pi = le[Tet + ) + (ﬂ) ] 3.11)

where, kr» = \;/2 A
For a multi-ro 0{) UAV, it is common to assume that the thrust generated is proportional to the angular speed squared

[18]], or 7; = k3w;* where, k3 is a scaling factor converting from rotor angular speed w to thrust 7.

P (T, Vair) = e2T3 + ¢3(Vaicosa)*T* (3.12)
Ppar(Vair) = C4Vair3 (3.13)
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Vair = ||Vair|| = ”Vground - Vwind” (314)

T = mg — (es(Varcosa)? + e + (csVair? (3.15)

While hovering, V,.,, = 0 and the induced power is reduced to
ki, 2 3
Pi,hover(T) = k_sz =c T (316)
Therefore, k1, k2, c1, ¢2, €3, C4, c5 are the parameters that are to be identified

Model Identification using experiments From equation to (3.13), the power components are almost
linear functions of payload and airspeed. To identify the unknown coeflicients, three simple experiments are per-
formed, namely hover, steady-state ascend/descend, and cyclic straight-line mission, on a UAV the power modeling
of which we are interested in. In each experiment, the total power drawn is computed by multiplying voltage and
current measurements from an onboard power module fitted in the UAV.

1. Experiment 1 - Hover - In this experiment, the UAV is loaded with different payloads and made to hover. The
total power is given by equation (3.17)) from which (c; + ¢;) can obtained . A least square fit of power with
varying payload weight can also be derived.

3
Pexp] = Pi,hover(mg, 0) + Pp(mg’ 0) = (c1 + c2)(mg)? (3.17)

2. Experiment 2 - Steady State ascend/descend - In this experiment, the UAV is commanded to ascend and descend
at constant vertical speed between a defined altitude range without payloads. The total power is given by
equation (3.18)). Together with Experiment 1, there are four equations (hover, ascend, descend, and ¢ = k/kz),
and four unknown parameters (ky, k2, c1, and ¢3).

Pepo = Pi(mga Vyert) + Pp(mga 0) (3.18)

3. Experiment 3 - Cyclical straight lines - The goal of this experiment is to quantify the effect of parasite drag.
The total power is given by equation (3.19)), with the thrust 7', and lift L and drag D defined by equation (3.8)
and (3.9), respectively. The parameter c3 is assumed to be 0 to simplify the identification process

Pexp3 = Py(T,0) + Pp(T’ Vair) + Ppar(vair) (3.19)
= (c1 + e)T? + c3(Vaircosa)2T? + cuV3. (3.20)
= (1 +)T? +e4V3, (3.21)

The coefficients that supports the power formulae for DJI Mavic Air 2 are obtained by performing Experiment 1,2
and 3 and shown in Table 3.4l

Table 3.4: Power Model co-efficients for DJI Air 2

Parameter Value Parameter Value

m 0.57 kg c2 9.02 (m/kg)'/?

g 9.8 m/s2 c3 ~0

k1 2.4795 c4 -0.033611 kg/m
k2 1.2346 (kg/m)'? | c5 -0.0048941 Ns/m
cl 1.99 (m/kg)"? cb ~0
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Table 3.5: Comparison of Power with a power model

Total Power Power %o
Maneuver | (hv,vv) (m/s,m/s) | Power | from [8] | Difference Power
W) (W) (W) difference
Normal mode
Hover (0,0) 145.34 | 145.35 -0.01 -0.00
Pitch(F) (11.9,0) 186.2 186.86 -0.66 -0.35
Pitch(B) (11.98,0) 154.88 | 187.86 -32.98 -21.29
Roll(L) (12.01,0) 171 188.25 -17.25 -10.08
Roll(R) (11.1,0) 181.73 | 177.77 3.96 2.18
Ascend (0,4.14) 190.5 186.18 4.32 2.27
Descend (0,-3.02) 136.79 | 131.87 4.92 3.59
Ascend+
Pitch(B) (8.61,3.99) 218.13 | 203.33 14.8 6.78
Descend+
Pitch(F) (11.1,-4.9) 121.5 152.87 -31.37 -25.81
Yaw(CCL) (0,0) 156.15 | 145.35 10.8 6.91
Yaw(CL) (0,0) 155.19 | 145.35 9.84 6.34
Sport mode
Pitch(F) (16.38,0) 297.44 | 273.52 23.92 8.04
Pitch(B) (16.82,0) 2309 | 285.78 -54.88 -23.76
Roll(R) (18.4,0) 262.96 | 336.06 -73.1 -27.79
Roll(L) (18.94,0) 244.67 | 355.58 -110.91 -45.33
Ascend+
Pitch(B) (15.14,4.02) 275.64 | 310.55 -3491 -12.66
Descend+
Pitch(F) (17.95,-5) 187.37 | 270.18 -82.81 -44.19

Table shows a comparison of the power obtained using the Liu et al. model in [8]] with the actual power that is
consumed by the quadrotor for various maneuvers. The data for hover, pitch (forward), ascend and descend (marked
in blue) are used to obtain the coefficients of the model and hence they do not support any comparison. The pitch
(backward) maneuver is considered as the same maneuver as pitch (forward) by the power model in [[8] but practically
there is a power consumption difference of approximately 21%. The power in roll (left) maneuver has a 10% deviation
in power consumption from the model prediction while the roll (right) maneuver has no significant difference. Again
descend+pitch (backward) shows a significant difference of approximately 25% while ascend+pitch (forward) shows
a difference of approximately 6% in power consumption. Yaw maneuvers stand at a deviation of approximately
6%. There are significant power differences in most maneuvers which indicates that the power model in [8] can not
accurately capture the dynamic nature of power consumption. The percentage difference in power increases with
higher speed as seen from the sport mode data.



Chapter 4

Path Planning

4.1 What is path planning

Path planning refers to the generation of a set of waypoints between an initial location and a desired destination with
an optimal or near-optimal performance under specific constraint conditions. Path planning is performed to ensure
the following attributes [19] :

 Stealth: Stealth means safety. The topography of an area through which the UAV travels may include buildings,
mountains, forest cover etc, so it is essential that it doesnot crash against any such objects. Moreover, in military
applications, UAVs have to ensure that they stay away from the realm of enemy radars or evade when there is
a pursuit by an enemy UAV.

* Physical Feasibility: The physical feasibility of a route refers to the physical limitations from the use of UAVs.
They include the following constraints.
— Flying time
— Payload weight
— Communication range
— Maximum translational velocity
— Maximum climb/sink rate

— On-board computational power

o e

Swarm of UAVs

Figure 4.1: A quadrotor swarm surveying a 3D terrain

* Performance of Mission: Each flight has its special mission. This depends on the application. For example in
applications like emergency responsiveness, the operator would want to reduce the time of operation while in

41
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parcel delivery, the operator would like to reduce the cost of operation. Certain missions require multiple trips
by the same UAV to improve the efficiency of operation.

* Cooperation: The path planning algorithm must be compatible with the cooperative nature envisioned for
the use of UAVs. A flight mission might involve multiple UAVs and in such an applications, the ability to
coordinate with the routes flown by other UAVs become vital for a smooth and efficient operation.

* Real-Time Implementation: The flight environments of the UAVs are usually constantly changing. Therefore,
the route-planning algorithm must be able to adapt to those changes and at the same time be computationally
efficient.

In the next section we enumerate a brief literature review on Path Planning of UAVs.

4.2 Literature Review on path planning

The main objective of UAV path planning is to design flight paths with minimum comprehensive costs and maximum
safety. The major dimensions of UAV path planning in literature are based on aspects of algorithm (deterministic/non-
deterministic), time-domain (online/offline), and space domain (2D/3D)

* Dorling et. al in [7] have solved Vehicle Routing Problems as Multi-trip Vehicle Routing Problem (MTVRP)
while considering battery and payload weight as parameters in the energy consumption modeling that governs
the cost of a trip. Two MTVRPs are solved, one that minimizes the time of an operation given a budget and
other that minimizes the cost of an operation given a time limit. The authors have derived their own energy
consumption model and claimed that the energy consumed is irrespective of whether the drone is hovering or
flying with constant velocity. They have also concluded that energy consumption varies linearly with weight.
The authors have derived MILPs for the VRP and have also used SA approach to obtain suboptimal solutions
when the region of application is very large. Given an operation, solutions to the VRP are the number of
UAVs, the routes they fly, battery weight and payload weight. It is shown that minimum time has an inverse
exponential relationship with minimum cost.

* Authors of [20] solve a multi-modal path planning problem for UAVs under a low altitude dynamic urban
environment. A Multi-objective path planning (MOPP) framework concerning travel time and safety level
has been proposed. To this end, a static SIM is offline established to indicate the main static obstacles in
the geography map, and a dynamic SIM is online constructed to capture unexpected obstacles that are not
available in the geography map during flying. Then a joint offline and online search method has been developed
to address the MOPP problem. The performance of the MOPP is evaluated using metrics consisting of the
average and maximum runtime of the program, the UAV trajectory, travel time, and the total safety index. A
travel time and safety index tradeoff curve is provided which can provide the users to select a Pareto optimal
path according to their preferences. The perception range used for dynamic SIM decides the travel time in
case of online replanning but that is restricted to the sensing infrastructure that is available during practical
implementation.

* A Multi-Step A*(MSA*) search algorithm is proposed in [21]] for four-dimensional multi-objective path pan-
ning of an UAV in a large dynamic environment. Generally, the path planning algorithms outputs a sequence
of linear tracks in any grid-based motion planning scheme where track angle and velocity are restricted by
assumptions. Here in this work, MSA* employs a variable successor operator and finds a cost-optimal path
using variable length, angle and velocity trajectory segments. The multiple objectives addressed are safety,
flying rules, delivery time and fuel consumption. The constraints considered in flight are cruise velocity, al-
titude, rate of climb, turn radius, vehicle separation, storm cell avoidance and population risk criterion. It is
concluded that, on average, the computational time of MSA* is four times better than A* while the total cost is
only marginally improved. It has been also shown that MSA* is suitable for online replanning as the average
computation time is a fraction of the minimum track traversal time.
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* Roberge et. al in [22] have used and compared two evolutionary algorithms for solving the real-time path
planning problem of an UAV in a complex 3D environment. They have proposed a comprehensive cost function
that includes optimal criteria like the length of the path, altitude and danger zones and feasible criteria like
power availability, and collision avoidance. The cost function can easily be integrated with any other non-
deterministic algorithm. They have concluded that GA produces superior path planning results than PSO.
Later they have developed a parallel computing paradigm between these two algorithms in a single program
and improved its execution time. It is classified as a multiple-deme parallel GA where sub-populations evolve
independently while allowing some level of migration between the demes.

* Sundar and Rathinam in [23]] have proposed an algorithm for obtaining a sequence of routes for an UAV in
the presence of multiple refueling depots. The task of the UAV is to visit a set of target points ideally for a
surveillance application in a region with the flexibility of using multiple refueling stations such that the overall
fuel consumption by the UAV is minimized. The UAV in this context is modeled as a Dubins’ vehicle with
a minimum turning radius and an optimal heading is considered at each target location. This combinatorial
difficulty is handled using an approximation algorithm with some added heuristic layers and it is seen that
solutions with costs within 1.4% of the optimum are obtained relatively quickly. It is also shown that when
heuristics are added, the average deviation of the suboptimality of feasible solutions are comparatively lower
as the number of targets increase.

Based on the literature reviewed we enumerate few possible research gaps.

4.3 Research Gap on Path Planning

* On a multi-objective path planning scheme, the objective of minimizing energy consumption is avoided in
most cases. The cases that consider energy consumption as an objective are grid-based path planning, where
the path is assumed as a straight line from one point to the other[24]. The energy consumption modeling
can be tested against various types of trajectories and accordingly an optimal/quasi-optimal trajectory can be
calculated that would result in the least energy consumption.

* To the best of our knowledge, online path planning is not formulated in the literature when an UAV gets
dissuaded from its path due to environmental factors like wind. Consider a case where a UAV is dissuaded
from its preplanned path due to external stimuli. The path planning algorithm should be able to replan a
trajectory from that instant such that energy is minimized for the rest of the journey.

* To the best of our knowledge, weather data is not taken into consideration during the path planning of an UAV.
In civil aviation, a flight plan is designed based on the current weather which may include waypoints that are
placed according to the wind directions of the region[25]. Such flight plans aid the flight with minimum fuel
burnt against the flow of wind. Similarly in UAV path planning, wind data can be considered for an efficient
flight.

Next we step into a formulation of path planning based on minimum energy consumption. The idea leading into
minimum energy trajectories are discussed in the next section.

4.4 Path Planning with minimum energy consumption

Our goal is to minimize the energy that will be consumed in a trip. We achieve it by evaluating how expensive a
trajectory is in terms of power using the power model derived in Section and then choosing the least expensive
trajectory. In this section we test the power attributes of two trajectories using our power model.

Let the objective of a quadrotor is to travel 11 meters along the x-axis in 4 seconds.

We define two trajectories as follows -
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Trajectory 1 -
p(t) = 0.3125¢° — 0.0587* + 0.0058° (4.1)
v(r) = 0.9375¢* - 0.232¢ + 0.029¢* (4.2)
a(r) = 0.9375¢ — 0.703#* + 0.117¢ (4.3)
The magnitude vs time plot of equations @.1)),[@.2)),(@.3) is shown in Figure 4.2
' ' Trajectory 1' '
10 - —Position p(t) = 0.3125t> - 0.058t* + 0.0058t° .
—Velocity v(t) = 0.9375t2 - 0.232t> + 0.029t*
o 8 Acceleration a(t) = 0.9375t - 0.703¢% + 0.117t°
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Figure 4.2: Position, Velocity, Acceleration vs time
Trajectory 2 -
pt) =1 (44)
v(t) = 2t 4.5)
a(t) =2 (4.6)

The magnitude vs time plot of equations #.4),([@.3)),(.6) is shown in Figure 4.3
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For estimating power using our power model let us define the following -
Quadrotor attributes -
0.0025 0 0
m=0.18kg, L = 0.018m,I = [ 0 0.000232 0 kg.m.m
0 0 0.0003738
Motor Parameters -
R,=1Q,L, = 1H,J = 5Kgm.m,B = 0.01N.m.s, K = 1.6V/rad/s,Kr = Ky = 1,v(t) = 1V
Controller Gains - _
kpg 100] [kag 2
Attitude Controller - | kg | = {100 , i:kd’g“ = IZ
| kpy 100] |kay 2
[k 200] [kax 40
Position Controller - kp,y‘ = [200 , [kd,y‘ = [40}
| kp. 100] |kq, 20
The power aspects for these two trajectories is tablulated in Table[d.T]
Table 4.1: Power consumption based on trajectories
. Time of Rotor Power
Trajectory convergence(s) P1 P2 P3 P4 Total Power (W)
Trajectory 1 4 0.4796 | 0.6602 | 0.7493 | 0.6602 2.5439
Trajectory 2 3.3 0.6695 | 0.7126 | 0.6889 | 0.7126 2.7836

We see that Trajectory 1 consumes 9.4% less power compared to Trajectory 2.

5000



Chapter 5

Conclusion

In this phase of work, we have attempted to derive a power model for a quadrotor where given a trajectory, the model
can estimate the power profiles for each rotor as a function of time. This model may be unique because unlike models
present in literature, which gives power as a static number, it gives instantaneous power as a function of time which
might lead to accurate power estimations. This model is based on the linearised dynamics of a quadrotor around
hover, whereas deriving the power model on the non-linear dynamics of a quadrotor will make this model more ac-
curate and full-proof, which is a future scope of our work.

Based on our field experiments, we also get a clue that obtaining powers based on maneuvers or obtaining the com-
plete power profiles of all four rotors of the quadrotor might lead to accurate power estimates, as the present models
can not differentiate power based on maneuvers. We are also working on measuring the inertia tensor of the DJI Air
2 drone and obtaining the current-speed relationship of its propellers so that we can apply our model in estimating its
power and check the validity of our hypothesis.

We have also used our model to evaluate the power aspects when a quadrotor to subjected to follow different trajec-
tories. We will extend our work to form a framework of obtaining energy-optimal trajectories for more realistic UAV
scenarios and objectives and finally devise a formulation of minimising energy consumption in a multi-agent UAV
setup.
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