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Introduction

Use Cases of UAVs
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Parcel Delivery Precision Agriculture Land Survey Mapping Photography Weather Forecast

UAVs in India
e UAVs have immense scope in the field of agriculture and border patrolling. [Online article FICCI]
e The Civil Aviation Ministry estimates India's drone sector to become a % 120 -150 billion industry by 2026. [Online article IBEF]
e  “The Drone Rules 2021” has liberalised the drone rules and aims to encourage more applications using UAVs.

Technical Drawbacks with UAVs

Inefficient mode of transport

Limited flying time

Power Consumption estimation is exhaustive and inaccurate
Path Planning is complicated in implementation
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Problem Statement

Path Planning of a UAV with minimum energy consumption
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e Power Consumption Model
Flying time
Range
Speed
Payload

e Path Planning

Routes
Number of UAVs
Battery Capacity

e  Multi-agent algorithms

Environmental Dynamics
External Constraints
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Swarm of UAVs

A quadrotor swarm surveying a 3D terrain
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Power Consumption Modelling

Parameters affecting power of a UAV [11[213]

e UAV Design

. UAV weight ° Blade chord length ) UAV body drag coefficients ) Power transfer efficiency
. Number of rotors ° Angle of attack of propeller disk o Battery weight o Maximum speed
° Number of blades per rotor ) Advance ratio of propellers ° Battery Capacity ) Maximum payload
° Total propeller area . Size of UAV ) Size of battery ) Lift-to-drag ratio
e Environment
° Air density ° Wwind incident angle
° Gravity ° Weather
° Wind velocity . Ambient temperature
e Drone dynamics
° Airspeed (vertical and horizontal) ° Rotor speeds
° Motion (take-off, landing, hover, levelled flight) ° Flight angle
° Acceleration/Deceleration ° Flight altitude
° Roll/Pitch/Yaw angle
e Delivery Operations
e  Payload weight e  Single/multi stop trip
e  Size of payload e  Delivery mode (tether, landing, parachute)
° Drag coefficient of payload ° Area of service region
° Fleet size and mix

[1] J. Zhang, J. F. Campbell, D. C. Sweeney Il, and A. C. Hupman, Energy consumption models for delivery drones: A comparison and assessment," Transportation Research Part D: Transport and Environment, vol. 90, p. 102668, 2021.
[2] Z. Liy, R. Sengupta, and A. Kurzhanskiy, \A power consumption model for multirotor small unmanned aircraft systems," in 2017 International Conference on Un- manned Aircraft Systems (ICUAS). IEEE, 2017, pp. 310{315.
[3] K. Dorling, J. Heinrichs, G. G. Messier, and S. Magierowski, \Vehicle routing problems for drone delivery," IEEE Transactions on Systems, Man, and Cybernetics: Systems, vol. 47, no. 1, pp. 70{85, 2016.
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Power Consumption Modelling

Maneuvers

Existing Power Models

Power is given as a static number [1]

Oversimplification of deriving Power from Hovering [2]

Power formulation on straight line trajectories

Encapsulating aerodynamics aspects with constants [3]

Lack of consensus in predicting power with different power models [4]

=
LAY SN
A

A quadrotor travelling in a 3D terrain

[1] Liu et. al., “A power consumption model for multirotor small unmanned aircraft systems,” in 2077 ICUAS. |EEE, pp. 310-315. [2] R. D'Andrea, “Guest editorial can drones deliver?” IEEE Transactions on Automation Science and Engineering, pp. 647-648, [3] J.
Leishman, Principles of Helicopter Aerodynamics: 12 (Cambridge Aerospace Series, Series Number 12). Cambridge, UK: Cambridge University Press, 2002. [4] J. Zhang, J. F. Campbell, D. C. Sweeney II, and A. C. Hupman, “Energy consumption models for delivery
drones: A comparison and assessment,” Transportation Research Part D: Transport and Environment, vol. 90, p. 102668, 2021.
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Power Consumption Modelling

Motivation

03

02—

Rotor Power Profiles of a flight on DJI Mavic Air 2

e Power - Left Front
~——— Power - Right Front
Power - Left Back

Power - Right Back
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Power Consumption Modelling

Motivation

] Rotor Power Profiles of a flight on DJI Mavic Air 2
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Power Consumption Modelling

Motivation

; Rotor Power Profiles of a flight on DJI Mavic Air 2
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Power Consumption Modelling

Motivation

§ Rotor Power Profiles of a flight on DJI Mavic Air 2
I I | I I [ I
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Power Consumption Modelling

Motivation

Rotor Power Profiles of a flight on DJI Mavic Air 2
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Power Consumption Modelling

Motivation

Rotor Power Profiles of a flight on DJI Mavic Air 2
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Power Consumption Modelling

Motivation

Rotor Power Profiles of a flight on DJI Mavic Air 2
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Power Consumption Model for a quadrotor

Maneuvers
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Power Model of a quadrotor

Preliminaries

Reference Frames
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Power Model of a quadrotor

Preliminaries

Rotation Matrix

b1 = Rij1a1 + Rizas + Rizas
by = Ro1a1 + Rosas + Razag
bs = R3ja1 + R3xaz + R3zaz

Ri1 Rz Rys
ARp = | Ry Ry Ros
R31 R3» Rss
1 A
Q =“"RpQa
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Power Model of a quadrotor
MCNIEUES

Euler Angles

/ B =

ARD = ARB X BRC X CRD
ARp = rot(z,v) x rot(zx, ) x rot(y, )

cp —sp 0 1 0 0 cp 0 s¢
rot(z,%) = |sp cp 0|, rot(z,¢)= {0 c¢p —sp|,rot(y,0)=] 0 1 0

0 0 1 0 s¢p c¢ —sp 0 c¢
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Power Model of a quadrotor

Preliminaries

Angular Velocity Vectors

For continuous motion ¢ (t) = R(t)p

H,—/
RT(t)4(t) = RT () R(t)p
%r—./

Rotation about z-axis

cy —sy 0
rot(z,) =R=|s¢p ¢cyp 0 .
0 0 1

0 -1 0
RT(t)R(t) = R(t)RT (t) = [1 0 0]«/}.
0 0 0

|

%
OP = pia; + pray + psas

_>
OP' = qia1 + qas + gzas

q p1
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Power Model of a quadrotor

Preliminaries

Thrust and Torque

kp: fixed parameter
w: angular velocity (RPM)

Thrust F = kpw?
Rolling Torque 7,0 = d(Fy — F3)
= lkp(wj — w3)

Pitching Torque Tpiter = lkr (w3 — w?)

2

Aerodynamic drag M = kpw® ks fixed parameter

Yaw Torque 7yqy = My — My + M3 — My

=k (w] — w} +wj — w})

) ) Hover Forward Flight
—kr —krp —krp —kp] Wi wy
F — 0 —lkp 0 lkF wg = A w% — Aw2
7_ —lkF 0 lkF 0 w% 'wg
kv =k km —kml | w? w3
Fl\z.
w= (A‘l { D ifl,kp,ky > 0
T
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Power Model of a quadr

Quadrotor dynamics

quadrotor mass = m kg
Moment of inertia
B Iy = I; kgm.m
Iy = Iy kgm.m

Iy = I3 kgm.m
Acceleration due to gravity = g m/s.s
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Power Model of a quadrotor

Quadrotor dynamics - Translational Motion

quadrotor mass = m kg

Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m
Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s
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Power Model of a quadrotor

Quadrotor dynamics - Translational Motion

ARp = rot(z,) x rot(z,$) x rot(y,0)
ccl — spsipsd  —chpsy  cpsl + clspsy Fs

ARp = | cOstp + cpspsh  chpep  swsh — cpclsd w;
—cpsl s cocl = g

quadrotor mass = m kg
Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m
Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

e ,1 e;:)]___b] e;)
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Power Model of a quadrotor

Quadrotor dynamics - Translational Motion

ARp = rot(z,) x rot(z,$) x rot(y,0)
ccl — spsipsd  —chpsy  cpsl + clspsy Fs

ARp = | cOstp + cpspsh  chpep  swsh — cpclsd w;
—cpsl s cocl = g

Net force on the quadrotor frame
F =F, + F, + F3 + F; — mges

quadrotor mass = m kg

Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m
Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

e ,1 e;:)]___b] e;)

»
2
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Power Model of a quadrotor

Quadrotor dynamics - Translational Motion

ARp = rot(z,) x rot(z,$) x rot(y,0)
ccl — spsipsd  —chpsy  cpsl + clspsy Fs

ARp = | cOstp + cpspsh  chpep  swsh — cpclsd w;
—cpsl s cocl = g

Net force on the quadrotor frame
F =F, + F, + F3 + F; — mges

quadrotor mass = m kg

Moment of inertia

Using Newton’s Second Law of motion
B Iy = Ip kgm.m

Iy = Iy kgm.m
0 0 Iy = I33 kgm.m
T;l = % 0 —+ ARB O Acceleration due to gravity = g m/s.s
—mg (Fl + Fy + F3 +F4)

TRANSLATIONAL DYNAMICS

e ,E e;:)]___b] e;)

»
2
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pby + gby + b3

quadrotor mass = m kg

Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m
Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

cos(0) 0 —cos(¢)sin(0) é
|: 0 1 sin(¢) :| I

sin(0) 0  cos(¢)cos(8) )
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pb; + gby + 7b3
H_, = angular momentum
. . 4dHo _ _
Using Euler’s equations s~ = Mc where Ho = I.Q M, = Net moment
I. = Moment of inertia

Q = Angular speed w3
o —

quadrotor mass = m kg
Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m

Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

cos(0) 0 —cos(¢)sin(0) é
|: 0 1 sin(¢) :| 6
sin(0) 0  cos(¢)cos(8) )
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pby + gby + b3

H_. = angular momentum
Ad Hy c gu

Using Euler’s equations —z ~ = Mc where He = 1.Q M, = Net moment
Bd He ANB - 2 I. = Moment of inertia F3
dt +70 x He = Mc ( ) Q = Angular speed w;
—_——

quadrotor mass = m kg
Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m

Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

cos(0) 0 —cos(¢)sin(0) é
|: 0 1 sin(¢) :| 6
sin(0) 0  cos(¢)cos(8) )
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pby + gby + b3
H_, = angular momentum

. . Ad Ho _
Using Euler’s equations —z ~ = Mc where He = 1.Q M, = Net moment

B 1, B - 2 I. = Moment of inertia !: ‘3

— t QF x Ho = M¢ @) Q = Angular speed =
B4 H, . . ; e
—LC = I11pby + Inagbs + Isgibs (3)

quadrotor mass = m kg
Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m

Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

cos(0) 0 —cos(¢)sin(0) é
|: 0 1 sin(¢) :| 6
sin(0) 0  cos(¢)cos(8) )
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pby + gby + b3

4d H,
Using Euler’s equations g~ = Mo where Ho = I.Q

MHe L AQP x Ho = Mo (2)

B
ddfc = Iipb + Indbs + Inzirbs (3)
Using (3) in (2)
00 -r q||Iu 0 0 Mc,

P p
0 I 22 0 q + T 0 —p 0 I 22 0 q| = Mc,z
0 0 Ig] L7 r Mg

H_, = angular momentum
M, = Net moment
I. = Moment of inertia

Q = Angular speed

C quadrotor mass = m kg
Moment of inertia
B Iy = Ip kgm.m
Iy = Iy kgm.m

Iy = I33 kgm.m

Acceleration due to gravity = g m/s.s

cos(8) 0 —cos(¢)sin(0)] [
= |: 0 1 sin(¢) :| |:9]
sin(0) 0  cos(¢)cos(0) )
M, = I(F; — Fy)
Mgy =U(F5 — Fy)
Mgz = My — My + M3 — My
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pby + gby + b3

H_, = angular momentum

. . Ad Ho _
Using Euler’s equations —z ~ = Mc where He = 1.Q M, = Net moment

Zile L 4B Ho = M (2)

I. = Moment of inertia
3
Q = Angular speed

B
ddfc = Iipb + Indbs + Inzirbs (3)

Using (2) and (3)
Iiy 0 0 P 0 —-r ¢ Iy O 0 P Mc,1
0 Ip O |{g|+]|r 0 —p||0 Ly 0]|]|q|=|M]| (4 b,
0 0 Is3 7 —q p 0 0 0 Is3 r Mc s
C quadrotor mass = m kg
o g
Iy = Iy kgmm

Iy = I33 kgm.m
Acceleration due to gravity = g m/s.s

P I(F, — Fy) P p
I q = l(F3—F1) —|q x I q
T My, — My + M3 — My T T
Iy 0 O
I= [ 0 I O ]
0 0 I3 cos(8) 0 —cos(¢)sin(0)] [
= [ 0 1 sin(¢) ] 0
sin(d) 0  cos(d)cos(d) )
Mcy =U(F, — Fy)

”] MC,2 = l(Fg — Fl)
Mgz = My — My + M3 — My
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Power Model of a quadrotor

Quadrotor dynamics - Rotational motion

Angular velocity :4QF = pby + gby + b3

H_, = angular momentum

4d H,
Using Euler’s equations & < =Mc where Ho = 1.9 M, = Net moment
BdHy | AnB . ) I. = Moment of inertia !:‘3
@ O x He = Mc @ Q = Angular speed w;
Bd H, . . . -
= = Iupby + Inagby + Is37b3 (3)
Using (2) and (3)
I11 0 0 p 0 -r q I11 0 0 p MC,I
0 I O gl+|r 0 -—p 0 I, O q Mca | (4)
0 0 Iyg] L7 -¢ p 0 0 0 Iyg]lLr Mcs
C quadrotor mass = m kg
fi 4 Moment of inertia
I’O_n:l_( ) i B Iy = Ip kgm.m
p l(Fz — F4) p p Iy = Iy kgmm
I q = l(F3 — Fl) —1q| X I q Iy = I3 kgm.m
-7“ | Ml -~ M2 n M3 _ M4 , r Acceleration due to gravity = g m/s.s
- F; _
) 0 1 0 —I Fl p p
Ilgl=1]-1 0 1 0 F2 —{q| xI|q cos(0) 0 —cos(¢)sin(6) é
. 3 ; A
L7 LI — " r | r = 0 1 sin(¢) 0
4 sin(0) 0  cos(¢)cos(0) )
ROTATIONAL DYNAMICS
! Moy =UF; — Fu)
kM e”] MC,Z E l(F3 - Fl)

V=0
kr Mg = My — My + My — M,

I, 0 O
I=]10 I O
0 0 I
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Power Model of a quadrotor

Quadrotor dynamics
0
71 0
0 F
L1 A X
T3 _mg ~ ~ /
K1

TRANSLATIONAL DYNAMICS

F b,
D o I 0 -l p
T4 Lo o1 oo |®
4 B B F: 3 9 quadrotor mass = m kg
T vy -y 7 - F r Moment of inertia
4 B Iy = Ip kgm.m
- g Iy = Iy kgm.m
Us Iy = I33 kgm.m

ROTATIONAL DYNAMICS Acceleration due to gravity = g m/s.s
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Power Model of a quadrotor
Quadrotor control

Desired trajectory
,r.des (t), 7 des (t), Pt des (t)
(t),,&des ) ,rdes (t)

+des

¢des (t), ¢

Error Dynamics
ep =1 (t) —r(t)
ey = 74 (t) — 7(¢) 2(t)
rdes(t) = [y(t)]
2(t)

For exponential decay of error

745 () — #6(t) + Kge, + Kpe, =0 (0
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Power Model of a quadrotor
Quadrotor control

Control Architecture

’.dl'n u l

Trajectory | V" _| Position —> Rotor Rigld Body
ﬁ AR, ¢°,6°,¢¢| Controller | U2

T ARB7¢79a¢’p7Q?T
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Power Model of a quadrotor

Quadrotor control

Linearized dynamics around hover

TS (t) =1 =170,0 = ¢ = 0,9 =9y
P=0,6=0=4¢=0

0
(cosp =~ 1,cos60 =~ 1, sing =~ ¢, sinf ~ 0) 0 0
.1 A
Ty = — 0 +“Rp
= g(@cospy + ¢psinhy) " “mg (F1 + P i—F3 + Fy)

u =
= ( sin ¢0 - ¢COS ’lﬁo) TRANSLATIONAL DYNAMICS '
:%(F1+F2+F3+F4)—g F ]

S ~ d D 0o ! 0 -l 7 P P
U1 Ilgl=1|-1 o 1 o | = la| xI|q
3 7 O N r r
P o ¢ o0 -l 7 F, -
g|=T"=1 0 1 0|} > X ’
3
7 ,Y _,Y ,Y _,Y F ROTATIONAL DYNAMICS
4
us

p=d,q=10
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Power Model of a quadrotor

Quadrotor control
= g(Bcoshy + ¢psiniy) (7) é 0 I 0 =l B
7'"2 g (fsintpg — ¢ cosihyg) (8) il=11-1 0o 1 o ik
i3 %(Fl + Fy + F5 + F4) (9) 1/1 y o=y oy —y ?3
4
LINEARIZED TRANSLATIONAL DYNAMICS v2
LINEARIZED ROTATIONAL DYNAMICS
from (6) which is the position control law
(79— ) + hag (P2 — #5) + kp (25 — 1) =0 (10
i d,i i i \"; i) — Using (12) and (13), we define
(10) rewritten as kp.o (¢° — o) + kag (p° —p)
P —'r'des—l—k ( des _ . )—l—k (des—ri) Uy = | kpg (6°—0) + kap (¢° — q)
kpy (V¢ — ) + kagy (r° — 1)
Putting (10) in (9) CONTROL LAW FOR ATTITUDE

uy = mg+m1'°'§ =mg — m(kd’g’f‘3 +k .3 (7’3 — 7’3,0)) (11)

CONTROL LAW FOR POSITION

Using (7) and (8), we find commanded 6., ¢,

e %('Ff sinyy — 7, cosyhg) (12) 76 =7 gy (P — 1) + Ky (rfe — 1)

6 = %(7"'10 cos gy + 7, siny) (13) 7§ = réies + ka2 ( des _ 1;.1) + Ky ( des _ 7,2)
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Power Model of a quadrotor

Quadrotor control

up = mg + mi‘g =mg — m(kd,?,f‘s + kp,?: ("’3 - 7’3,0))
=k +F+F+F, (14

kp (8 — @) + kag (p° — ) o 1 o 1|T
uy = | kpo(0°—0)+kap(e°—¢q) |=|-1 0 I 0

F.
Fpp (V° — ) + kg (r° — 1) Y -y 7 = Fi
u2,1 l(F2 —_ F4) (15)
U2 | = I(F3 — Fy) (16)
uz3 Y(Fy — Fy + F5 — Fy) | (17)

from (14),(15),(16),(17)

1 1 1

j2) L R
11 9 _1||-==

FZ o 4 2 4 ul
I ! 1 1 222

Fy 7 0 3 3 z
F, 1 1 g _1f| |
4 2 44 L 7 U

71 =g (0 costhy + dsiny)
g = g (Osintpy — ¢ coshy)
(P +FR+F+F)—g

'3
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Power Model of a quadrotor

Motor Power
Rotor speed profiles T
- - —— I T, w
F N 1 a | 1 m
W1 1 Va N | Ry+sL, > K B+sJ -
wo F: 2 E
= ki As F = kpw? ’
ws F | Fj
| wy | \ | Fy |
K
. Model of Armature Controlled Separately Excited DC Motor V, = Applied Voltage
POWEF p rOfI IeS I, = Armature Current
wy, = Angular rSpeed
"D _ - Va - E, — Back EMF
1 Wi V;l = K = Motor Constant
o R, = Armature Resistance
P 2 o f w2 T P=Valo L, = Armature Inductance
P - ; a B = Friction coefficient
3 w3 W, K RotsLa J = Moment of Inertia
| Py | | wy |

Model to get Power from Speed
f maps rotor power from rotor speed
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Power Model of a quadrotor

Power Model design using MATLAB

Drone Attributes

(mass, arm length, inertia tensor, gravity)

\ Quadrotor Dynamics WWW =
. The translational motion is given by Newton's Laws —>
: () N
: ERERLY . € ~©.
‘o s~ 7"1\!
Controller Gains I l {

Magnitude

aes
@, a)andmbﬂwmmﬂsnefned
oy ae:

bbb} Os the orgin

(2,28, concides ith worid (xy,2))

(bbb, are aiso the princioal ares

‘The length of each quadrotor arm is L m

r=[r,r,rY = [xy,2)' i the position vector
H {0.6.¢} are the Roll, Pitch and Yaw angles

Trajectory

velocity Inthe body fram

kg (bues — 9) 11 Guee = 3 (1, ge Si0VT — oy o, cO8Pr)

A, = pbi + by f by us = | kpo (Oes — 0) + ter — @) 0o =1 . i

.a 0 W Kps (Vues — ) + hay s = 5 (F1 e €OSYr + g sindy) _v,"\(
F —k;: f w (Fides = F4) + kg (Figes = #4) + i (Figes = 72) =0 3 .
M= kit W = ma+ mia i = ma—m (kiaia + ko (r — r20))

Rotor Power

Motor + Propeller
Parameters
Ra»Lava Jy KmyKF»KT
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Power Model of a quadrotor

Power Calculations

0.0025 0 0 oded5
Quadrotor Attributes  {m = 0.18kg,L = 0.018m,I= | 0  0.000232 0 kg.m.m} Solver Details  Step size = 0.01s
0 0 0.0003738 Span of each iteration = 0.05s
Motor Parameters {R, =19,L, = 1H,J = 5Kg.m.m, B = 0.01N.m.s, K = 1.6V /rad/s,Kr = Ky = 1,0(t) = 1V}

{kps kpys kpzy kaz, Kay, ka -} = {200,200, 100, 40, 40,20}

Controller Gains
{kps>kp0, kpws Kags kap, kaw } = {100, 100,100, 2,2, 2}

Quadrotor Position Thrust Profiles

m 1
10 | o | — s,
2 2t 2 = ‘ =
gol T =|0 m/s*, Faes = | 0 | M/8,Tdes = | 0 | m. 13 205
0 0 0 5 G
[’ ('8
[
T 60 0.5 i 0 - :
3 0 50 100 150 200 0 50 100 150 200
c iteration iteration
g 1
g 40 1 —ThrustF, —ThrustF,
z Il ’ z
© 0.5 @
20+ o g 0.5
o (=]
('8 [T
0
o | 1 | 1 1 | | 0
0 50 100 150 200 0 50 100 150 200
0 20 40 60 80 100 120 140 160 180 200 : ; : <
iteration iteration

iteration
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Power Model of a quadrotor

Power Calculations

0.0025 0 0
Quadrotor Attributes {m = 0.18kg, L = 0.018m,I = 0 0.000232 0 kg.m.m}
0 0 0.0003738
Motor Parameters {R, =10, L, = 1H,J = 5Kg.m.m, B = 0.01N.m. s, K = 1.6V /rad/s, Ky = Ky = 1,0(t) = 1V}

{kps kpys kpzy kaz, Kay, ka -} = {200,200, 100, 40, 40,20}

Controller Gains
{kpsskpo, kpyps kag, kag, kap} = {100,100,100,2,2,2}

Rotor Speed Profiles

-

Rotor speed (rpm)
:
Rotor speed (rpm)

0 50 100 150 200 0 50 100 150 200
iteration iteration

Rotor speed (rpm)
a
Rotor speed (rpm)

0 50 100 150 200 0 50 100 150 200
iteration iteration
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Power Model of a quadrotor

Power Calculations

0.0025 0 0
Quadrotor Attributes {m = 0.18kg, L = 0.018m,I = 0 0.000232 0 kg.m.m}
0 0 0.0003738
Motor Parameters {R, =10, L, = 1H,J = 5Kg.m.m, B = 0.01N.m. s, K = 1.6V /rad/s, Ky = Ky = 1,0(t) = 1V}

{kp,r ) kp,ya kp,z: kd,z, kd,y1 kd,z} = {2007 200, 100, 40, 40, 20}

Controller Gains
{kpsskpo, kpyps kag, kag, kap} = {100,100,100,2,2,2}

Rotor Speed Profiles
1.2 T T T T T T T T

S

()
—
i

Rotor Speed (rpm)
g
|

04l \ |
0.2 d _
o | | | | 1 | | | |
0 20 40 60 80 100 120 140 160 180 200
iteration
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Power Model of a quadrotor

Power Calculations

0.0025 0 0
Quadrotor Attributes {m = 0.18kg, L = 0.018m,I = 0 0.000232 0 kg.m.m}
0 0 0.0003738
Motor Parameters {R, =10, L, = 1H,J = 5Kg.m.m, B = 0.01N.m. s, K = 1.6V /rad/s, Ky = Ky = 1,0(t) = 1V}

{kp,r ) kp,ya kp,z: kd,z, kd,y1 kd,z} = {2007 200, 100, 40, 40, 20}

Controller Gains
{kps>kp0, kpws Kags kap, kaw } = {100, 100,100, 2,2, 2}

Power Profiles

Power (W)
Power (W)

0 50 100 150 200 0 50 100 150 200

iteration iteration
1 1 '
=", ="
2 =3
g 0.5 g 0.5
° °
o o
0 : 0
0 50 100 150 200 0 50 100 150 200
iteration iteration
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Power Model of a quadrotor

Power consumption comparison based on maneuver

0.0025 0 0 oded5
Quadrotor Attributes  {m = 0.18kg,L = 0.018m,I= | 0  0.000232 0 kg.m.m} Solver Details Step size = 0.01s
0 0 0.0003738

Span of each iteration = 0.05s
Motor Parameters (R, = 19,L, = 1H,J = 5Kg.m.m, B = 0.01N.m.s, K = 1.6V /rad/s, Kr = Kp = 1,v(t) = 1V}
{Eps Bpys Kpzs ko, kays ka. } = {200,200, 100, 40, 40, 20}

Controller Gains
{kps>kp0, kpws Kags kap, kaw } = {100, 100,100, 2,2, 2}

] [0.375¢* — 0.00285¢* + 0.0001¢° 0112582 — 0.0112¢* + 0.0005¢ 0.225¢ — 0.0336¢% + 0.002¢*
Pitch ., = 0 Mf$?, F ey = 0 M5, Tges = 0 m
Desired g g g
Trajectory Roll .. = |0.3758 — 0.002854 + 0.0001:5] M5, F ey = [0.1125t’ —0.01126% + o.ooosﬁ] MY, Tdes = [0.225t — 0.0336¢2 + o‘oow} m
L 0 0 0
ro 0 0
Hover ;,  — 0] m/$%, F des = [0] M8, Tdes = [ 0 ] m
Lo 0 11
RMS values of Thrust, Rotor Speed and Power
— Thrust (N) Rotor Speed (RPM) Rotor Power(W) Total Power (W)| Difference(%)

F1 F2 F3 F4 w1 w2 w3 w4 P1 P2 P3 P4
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|0.51810.6994 |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
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Path Planning

Power consumption comparison based on trajectories

0.0025 0 0
Quadrotor Attributes {m = 0.18kg, L = 0.018m,I = 0 0.000232 0 kg.m.m}
0 0 0.0003738

Motor Parameters (R, = 19,L, = 1H,J = 5Kg.m.m, B = 0.01N.m.s, K = 1.6V /rad/s, Kr = Kp = 1,v(t) = 1V}
{kp,o+ kpys ks Koy kays ka.} = {200,200,100, 40,40, 20}

{kp.s, kpos kpw, kag, kag, kayw} = {100, 100,100, 2,2, 2}

Objective of the quadrotor is to reach 11m along the x-axis

Controller Gains

12

12 " Trajectory 1 " Trajectory 2’
10 | oeltion p(t) = ¢* . 10 —Position p(t) = 0.3125t° - 0.058t* + 0.0058t° .
s —Velocity v(t) = 0.9375t2 - 0.232t> + 0.020t*
o 8F o | —Acceleration a(t) = 0.9375t - 0.703t> + 0.117t>, .
E £
£ 6 =
[} o 4
=, S
2
2 // 0
% 500 100 1500 2000 2500 3000 3500 4000 4500 5000 2 560 1000 1500 2000 2500 3000 3500 4000 4500 5000
time(ms) i time (ms)
Time of Rotor Power (W
Trajectory L Total Power (W)
convergence (s)| P1 P2 P3 P4
Trajectory 1 3.3 0.6695(0.7126|0.6889|0.7126 2.7836
Trajectory 2 4 0.4796|0.6602|0.7493|0.6602 2.5439
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Field Experiments using DJI Air 2

Power Data

T T T
Power Profile - Pitch (forward)

Power (W)

a5 = Left Front
———Right Front
< Left Back
- 1 | | 1 I | | |=——Right Back
2 4 6 8 10 12 14 16
time (s)

T T
Power Profile - Roll (right)

Left Front
~——Right Front
Left Back
50— = Right Back

Power(W)

30 | | 1 | | 1 |

2 4 6 8 10 12 14 16

time(s)

Fig 4 - DJI Air 2 forward flight with a forward pitch

Fig 5 - DJI Air 2 forward flight with a right roll
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Field Experiments using DJI Air 2

Power comparison based on maneuvers

Table 2 : Avg Power for various maneuvers using DJI Air 2

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 : : :
Figure 6 - DJI Air 2 drone during hover
Ro”(R) 58.12138.22143.67|141.72| 181.73 Location - EEE Department, IT Guwahati
Ascend 57.24(50.36| 42.2 | 40.7 | 190.5 Table 3- DJI Air 2 specifications
Descend 42.7 | 35.3 | 31.7 |27.09| 136.79 Mass 570 gms
Ascend+Pitch(B) [69.59(70.21(39.33| 39 | 218.13 e i e
Descend+Pitch(F)|27.87 ({30.73({31.06(31.84| 121.5 fdaﬂ"ﬁzmcnall’{’::y o
ge 18.5 kms
Yaw(CL) 40.14|45.81|34.66|34.58| 155.19 Max Ascend Velocity &1
Max Horizontal Velocity }g %2 ?S\I 11\\44(?3:))

Annual Progress Seminar - Paraj Ganchaudhuri | 18 May 2023 Page 30/34



Field Experiments using DJI Air 2

Power comparison with a power model in [1]

Induced Power
NxexegxpxRY

2 JR— (-
P, =KkT ( 2%4 + (V"—m) + %) Pp,hover,z = 3 Wi
_ Vaircos(a;)
. i 'R
Profile Power i

N R
P, = Ef‘il Ppi = Efil (%wis (1 + l‘iz))
) 3 2
Pp _ Ef\il <N><C><cds><p><R'1 (Wi3 + (Vmc;s(a,)) wz))

Parasitic Power

1 3
Ppar = ECd X p X Aquad X Vair

Experiments

3
Pespt = P hover (Mg, 0) + P, (mg,0) = (c1 + c2)(myg)?
Pexp2 = lji(m.% V;Jert) + Pp (m97 0)
PempS = PL(Ta 0) + Pp(T7 V;n'r) + PpaT(Vai'r)
=(e1 + cz)T% + c;:,(Vm-Tcosa)zT% + V3,
~ (e +e)T7 + eVl

[1] Liu et. al., “A power consumption model for multirotor small unmanned aircraft systems,” in 2077 ICUAS. |EEE, pp. 310-315.

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

R : Radius of the propeller blade

w; : Angular speed of i rotor

1; + Advance ratio for propellers in rotor ¢

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

Viwina © Velocity of wind head on to the UAV

Verouna : Ground velocity of the UAV

Aguad - Cross sectional area of the vehicle when against wind
¢; : Lift coefficient
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Field Experiments using DJI Air 2

Power comparison with a power model in [1]

3
Pe:cpl = -Pi,hover (mg, O) + Pp (m97 0) = (Cl + 02)("719)7
Pesz = -Pz(mg’ %ert) + Pp(mg, 0)

Pe:z:p3 = R (T, 0) —+ Pp (T, %i’r) + Ppa'r (I/:zi’l‘)
= (e + cz)T% + C3(Vm‘r00301)2T% + eV,
~ (¢ + cz)T% +c4 V3

air

Power model coefficients for DJI Air 2

Parameter Value Parameter Value

m 0.57 kg c2 9.02 (m/kg)"*

g 9.8 m/s2 c3 ~0

kl 2.4795 c4 -0.033611 kg/m
k2 1.2346 (kg/m)"* | ¢5 -0.0048941 Ns/m
cl 1.99 (m/kg)'”* c6 ~0

[1] Liu et. al., “A power consumption model for multirotor small unmanned aircraft systems,” in 2077 ICUAS. |EEE, pp. 310-315.
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Field Experiments using DJI Air 2

Power comparison with a power model in [1]

Actual Power vs Power model estimate from [1]

(Horizontal velocity,| Total Power Power %
Maneuver Vertical Velocity) |Power|from Liu et al. model|Difference| Power
(m/s, m/s) (W) (W) (W) difference

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 T 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
Pitch(F) (16.38,0) 297.44 273.52 23.92 8.04
Pitch(B) (16.82,0) 230.9 285.78 -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 -34.91 -12.66
Descend + Pitch(F) (17.95,-5) 187.37 270.18 -82.81 -44.19

[1] Liu et. al., “A power consumption model for multirotor small unmanned aircraft systems,” in 2077 ICUAS. |EEE, pp. 310-315.
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Conclusion

e Power model based on maneuvers helps in estimating instantaneous power in each rotor.
e The model helps us differentiate trajectories based on power.
e Field experiments on DJI Air 2 drone reveals the power differences with various maneuvers.

Future Work

Power model based on non-linear dynamics of the quadrotor.
Calculating parameters of a drone to test our power formulation.
Mapping rotor speed with current for a practical quadrotor motor.
Formulating a realistic path planning scenario.

Multi-agent setup.

Publications

e  Paraj Ganchaudhuri, Chayan Bhawal, “Power consumption of a quadrotor based on maneuvers,” to be published in IEEE-GCON 2023,
23-25 June 2023, Guwahati, India.
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Thank you
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