
 978-1-5090-1613-6/17/$31.00 ©2017 IEEE 
 1 

Waypoint-to-waypoint Energy-efficient Path Planning for 
Multi-copters 

  Nirmal Kumbhare  
Department of Electrical and 

Computer Engineering,  
University of Arizona, Tucson, 

AZ 85721, USA 
nirmalk@email.arizona.edu 

Aakarsh Rao   
Department of Electrical and 

Computer Engineering,  
University of Arizona, Tucson, 

AZ 85721, USA 
aakarshrao7@email.arizona.edu  

 

Chris Gniady 
Department of Computer 

Science,  
University of Arizona, Tucson, 

AZ 85721, USA 
gniady@cs.arizona.edu 

Wolfgang Fink 
Department of Electrical and 

Computer Engineering,  
University of Arizona, Tucson, AZ 

85721, USA  
wfink@email.arizona.edu 

Jerzy Rozenblit, 
Department of Electrical and 

Computer Engineering, 
University of Arizona, Tucson, AZ 

85721, USA 
jerzyr@email.arizona.edu 

 
Abstract—Flight time is a key aspect for ubiquitous 
deployment of unmanned multi-copters. The duration of flight 
depends on on-board component efficiency along with the 
battery capacity of the multi-copter. The propulsion system 
(motor and propeller) of the multi-copter consumes more than 
~60% of the battery energy. In this paper, we present a novel 
algorithm for finding an energy-efficient path between two 
waypoints in three dimensional space. The algorithm takes into 
consideration the mechanical and electrical properties of its 
propulsion system along with the dimensions of the obstacle 
space to determine an energy efficient flying path. Through 
detailed simulations of real world flying scenarios we 
demonstrate that our algorithm provides ~30 % energy savings 
for mid-range flights as compared to traditional line-of-sight 
approaches. 
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1. INTRODUCTION 

In recent times, Unmanned Aerial Vehicles (UAVs) are 
gaining popularity in research, commercial use, and 
surveillance. In the commercial sector, multi-copters have 
found significant importance in autonomous delivery 
systems and personal aerial photography. This has been 
made possible with the advances in electronic systems that 
allow low-cost production of flight controllers, 
accelerometers, global positioning systems, and cameras. 
Software environments have also improved with the 
emergence of simulation frameworks, communication 
protocols, ground control stations, and development 

environments; whereas, the core components of multi-
copters like motors, propellers and batteries have not seen 
drastic changes in technologies.  

Average flight time is the most crucial aspect to consider 
during the deployment of multi-copters, especially in 
autonomous delivery systems. Since, UAVs carry their 
energy source on-board it becomes even more essential to 
consider energy efficiency of on-board components, which 
directly relates to total flight time. Propulsion systems 
(motors and propellers) are identified as the most energy 
consuming systems of a multi-copter that account for over 
60% of energy consumption [1-3]. Hence, improving energy 
consumption of the propulsion system is a critical aspect 
while considering multi-copter deployment to extend flight 
time. 

Energy consumption of the propulsion system is related to 
many factors, such as number of obstacles in the path, size 
of obstacles, weight and dimensions of the UAV, 
combination of motor and propeller, and wind conditions. 
While there are numerous factors, in this paper we are 
focusing on finding an energy efficient flight path for a 
given combination of motor, propeller, multi-copter weight, 
obstacles dimension and obstacles layout. We ignore wind 
conditions in this work and plan to pursue its incorporation 
in our future work. Traditional way of flying a multi-copter 
is to first set up the GPS coordinates for the source and 
destination waypoint. Then raise the altitude of the multi-
copter to a level (permissible by Federal Aviation 
Administration (FAA)), such that no, or minimum obstacles 
are in the way of flight between the waypoints. This 
approach simplifies offline computation of the path from 
source to destination based on a ‘line-of-sight’ approach [4]. 
We refer here to ‘line-of-sight’ as the offline path planning 
approach of traveling in straight lines in open spaces clear 
of all obstacles. In case of obstacles, a pilot would maneuver 
a multi-copter around the obstacle to avoid collision 
following the preplanned paths. The decision of taking the 
path around the obstacle is left to the pilot and these 
decisions may not be energy efficient. While this is not a 
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significant problem in rural or suburban areas that do not 
have many obstacles in form of tall buildings, the energy 
efficiency can be significantly degraded in metropolitan 
areas with many high-risers. Subsequently, we show that a 
simple line-of-sight approach with manual maneuvering 
around obstacles may not turn out to be an energy efficient 
choice. In addition, a shortest path approach may not always 
result in an energy efficient path due to the involvement of 
additional non-linear factors such as motor and propeller 
characteristics that vary significantly with maneuverability 
and altitude changes. 

In this paper, we propose an energy efficient offline path 
planning algorithm which takes electrical characteristics of 
motor, mechanical characteristics of propellers, and physical 
dimensions of obstacles as inputs. Our approach addresses 
two main problems: (1) correlating mechanical 
characteristics of propeller with the electrical characteristics 
of motor to derive energy efficient multi-copter velocity 
(airspeed) between two points, and (2) planning energy 
efficient path from source waypoint to destination waypoint 
in the obstacle space. We also consider the constraints set by 
the FAA [6] and obstacle dimensions for our path planning 
approach. We develop a simulation setup consisting of real-
world urban scenarios to experimentally validate our 
approach and compare our energy efficient path planning 
approach with the traditional line-of-sight method. 

The rest of paper is organized as follows: Section 2 
describes related work and how our approach differs from 
existing state of the art solutions. Section 3 details the motor 
propeller characteristics. Section 4 discusses the algorithm 
used for deriving energy efficient airspeed from one point to 
another point. Section 5 elaborates on the path planning 
algorithm with energy as the cost function. Section 6 
provides details of our experimental and simulation setup, 
and we conclude with future work in Section 7. 

 
2. RELATED WORK 

Energy efficient path planning has been an active area of 
research especially in the realm of mobile land 
robots/Unmanned Ground Vehicles [7-12]. Complementary 
work involves finding precomputed paths based on 
efficiently harvesting energy from the environmental 
sources (e.g., sun, wind) [7, 8]. Our focus however is to 
consider the on-board battery as the only source of energy 
for the multi-copter. 

A wide range of work involves planning paths while 
reducing energy consumption. A real-time energy efficient 
path planning approach is discussed in [9], that uses 
Bayesian estimation to predict energy efficient path 
alternatives in real-time with a priori knowledge of the 
mission. Variants of Traveling Salesman Problem and A* 
algorithm have also been used to guarantee land-robot task 
completion with minimum energy [10-12]. In [13], energy 
consumption of locomotion of mobile robots is minimized 
by determining the relationship between motor speeds and 

energy consumption with fixed path strategies. But, multi-
copter path planning is significantly different as it involves 
motion in 3D space, and involvement of propellers along 
with motors. 

Related works in Unmanned Aerial Vehicles (UAVs) have 
adopted similar approaches and algorithms as mobile land 
robots [14-16]. An analogous work discusses an energy 
consumption model of UAVs by modeling the aerodynamic 
properties of the propellers [17]. However, they do not 
consider the energy capacity of the battery and motor 
characteristics with its implication for path planning. A 
related work in vehicle routing problems for multi-copter 
can be found in [18], where the authors optimize energy and 
time considering weight and reusability of the multi-copter. 
However, they do not consider the characteristics of the 
propulsion system. 

Our work differs from the existing works [13, 17, 18] 
mainly due to the following: (I) motor-propeller 
characteristics have been consider in a multi-copter because 
an energy efficient operating point for a propeller might not 
be an energy efficient operating point for a motor and vice 
versa, (II) minimum energy flying airspeed is derived based 
on physical characteristics of the multi-copter components, 
and (III) obstacle dimensions based on a real-world urban 
scenario are considered for multi-copter path planning. Our 
implementation can be easily added onto existing multi-
copter ground control station software that utilizes the line-
of-sight approach. 

 
3. MOTOR-PROPELLER CHARACTERISTICS  

Propellers and motors are responsible for more than ~60% 
of energy consumption [1-3]. Hence, it is critical to consider 
the physical characteristics of the propeller and electrical 
characteristics of the motor while deducing least energy 
flying conditions. The motor-propeller characteristics of the 
multi-copter are the basis for deriving a relationship 
between multi-copter airspeed and power demand from 
motor-propellers. The non-linear characteristics of the 
propulsion system pose a challenge in finding an energy 
efficient airspeed for a particular flight between any two 
points in 3D space.  

Propeller Characteristics  

Fixed-wing propellers are commonly used in small UAVs 
and multi-copters for generating required thrust to take 
flight. Small size of these propellers causes them to operate 
at very low Reynolds number (< 100,000) [20, 21], which 
increase the drag on the propeller. The decrease in lift and 
increase in drag is more pronounced as the Reynolds 
number goes below 100,000. In general, performance of a 
propeller is described using normalized coefficients viz.: 
advance ratio (J), thrust coefficient (்ܥ ), power coefficient 
 In the remainder of the .( ொܥ) and torque coefficient ,( ௉ܥ)
paper, the term “Performance coefficient” refers to these 
coefficients. Equations for these coefficients are given as: 
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ܬ         = ௨௡஽  , ்ܥ = ்௡మ஽రఘ  , ௉ܥ = ଶగொఘ௡మ஽ఱ and ܥொ = ஼ುଶగ   (1) 

where, u is air velocity (m/s) through propeller, n is 
propeller speed (rev/s or RPM), D is propeller diameter (m), 
T is thrust (N) generated by propeller, ߩ is air density 
(kg/m36), Q is torque (N/m) needed and P is power. The 
prediction of performance for small scale propellers is 
difficult because of low Reynolds number [20, 21]. UIUC 
propeller database [19] consist of these performance 
coefficients measured during wind tunnel tests for large 
number of small scale propellers for wide range of 
propellers’ RPM along with performance coefficient plots 
for a range of advance ratio (J) and propeller speed (n). An 
illustration of the propeller characteristic curves for the 
propeller APC Slow Flyer 9x3.8 is shown in Figure 1. As it 
can be seen in Figure 1, as J (  u) increases the variation in 
performance coefficients is noticeable in a non-linear 
fashion. The values of performance coefficients also vary 
with the propeller speed n, as in Equation 1.  

Motor Characteristics  

Brushless DC (BLDC) motors are commonly used in multi-
copters [22]. BLDC motors are known for their high 
efficiency with noiseless operation, high speed range, long 
life, and better speed v/s torque characteristics curves. 
Varying voltage input to BLDC motor is one of the common 
technique for changing altitude and speed of multi-copters. 
All the commercial BLDC motors are provided with 
specifications of rated voltage, power, speed, torque, 
efficiency at rated speed, torque constant and back EMF 
constant. These specifications are required to derive the 
characteristics of a motor that are represented by torque v/s 
speed and efficiency v/s speed curves, as shown in Figure 2. 
The electric motor characteristics are not linear and shift 
right as the motor input voltage increases (Figure 2). BLDC 
motor electrical characteristics are defined using following 
equations: 

்ܸ = ௘݊௠ܭ +  (2)   ,ܴܫ

௠ܶ =  (3)    ܫ்ܭ

where, ்ܸ  is terminal voltage, ݊௠ is motor angular velocity, ܫ is motor current, ܴ is motor internal resistance, ௠ܶ is 
torque, ܭ௘ is back-EMF constant, and ்ܭ  is torque constant. 

Figure 2. BLDC Motor Characteristics. 

 
4. ENERGY EFFICIENT AIRSPEED CALCULATION 

Selecting an appropriate motor and propeller combination is 
crucial in designing an energy efficient multi-copter. As the 
use of multi-copters is becoming more pronounced in 
commercial applications (e.g., package delivery), just a one-
time selection of a motor-propeller combination will not 
suffice in maintaining energy efficiency. Multi-copter 
weight can vary from one trip to another, due to changes in 
the package weight it is carrying, which leads to variations 
in the operating region of propeller and motor efficiency 
curves. These variations bring uncertainty in the total flight 
time that a battery can deliver. In our work, we primarily 

 
(a) Thrust coefficient v/s Advance 

Ratio 
(b) Propeller coefficient v/s Advance 

Ratio 
(c) Efficiency v/s Advance Ratio 

Figure 1. Propeller Characteristics Curves [19]. 
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focus on deducing an energy efficient airspeed for a given 
combination of motor and propeller. Selection of an 
appropriate combination of motor and propeller is beyond 
the scope of the paper. 

In this section we briefly describe the iterative algorithm 
(Algorithm 1) used to find an energy efficient airspeed 
(flight velocity) between two points for a given combination 
of motor, propeller, and weight of a multi-copter. 

Algorithm 1: Iterative approach to deduce energy 
efficient airspeed. 

The algorithm as shown in Algorithm 1, is divided into two 
phases: 1) Initialization phase, and 2) Execution Phase. 
Initialization phase creates a one-time look up tables using 
arrays to reduce run time of execution phase. Assuming 
propeller coefficients are known for a wide range of RPMs 
and air speeds in advance (from [19]), RPM_arr and 
airspeed_arr are used to store these values respectively. 
Additional propeller coefficients values are calculated by 
interpolation if certain ranges of values are not provided. 
T_arr and Q_arr are 2-D arrays for thrust and torque 
respectively, where each row index corresponds to RPM at 
the same index in RPM_arr, each column index 

corresponds to air speed at same index in airspeed_arr. 
Each element of these arrays represent value of thrust and 
torque (calculated using Equation (1)), for a particular value 
of RPM and airspeed. Following the initialization phase, 
execution phase invokes find_optimal_airspeed() to 
determine energy efficient air speed for a multi-copter of  
given weight from source (src) to destination (dst) in 3-D 
space. An iterative approach is utilized to find the airspeed 
that consumes the least energy. Step 3 traverses through all 
the air speed values present in airspeed_arr. Step 3.a finds 
the thrust and tilt required by the propeller to generate 
required multi-copter speed in flight. Step 3.b search for the 
required thrust and air-speed in T_arr and returns the RPM 
required by the propeller to generate the same. Step 3.c 
looks up for the required torque corresponding to the RPM 
and airspeed in array Q_arr.  

Using Equation (2) and Equation (3), step 3.d determines 
the input terminal voltage required by the motor to generate 
torque and RPM calculated in step 3.c. Step 3.e finds the 
armature current of the motor using Equation (2). Step 3.f 
finds the time required to go from src to dst at air speed 
airspeed_arr[i]. Step 3.g calculates the input energy 
consumed during the flight from src to dst. Step 3.h keeps 
the track of the minimum energy required to make the flight 
in min_energy and Step 3.i keeps the track of the multi-
copter air speed in min_airspeed corresponding to 
minimum energy. min_energy and min_airspeed are 
updated only if the calculated operating point of BLDC 
motor is in the permissible range (defined by motor ratings). 
At the end of all iterations, values for the minimum airspeed 
and the corresponding minimum energy consumption are 
returned. 

 
5. ENERGY EFFICIENT PATH PLANNING 

To determine energy efficient path planning for a multi-
copter to make a flight from source waypoint to destination 
waypoint, we employ the following algorithm (Algorithm 
2): 

1. Define boundaries of air space in between two 
waypoints. 

2. Identify all the obstacles present in the airspace. 

3. Relax the dimensions of each obstacle to maneuver 
multi-copter around the edges of the obstacle, 
without any collision. 

4. Create empty graph G. 

5. Create uniformly distributed multiple node points 
(np) on the relaxed boundaries of each obstacle.  

6. Connect all the node points which are in line sight 
with each other and do not collide with obstacles 
(e). Construct G(np,e). 

Algorithm 1: 
Initialization: 
Intialize() { 
RPM_arr = 1-D array of RPM values  
airspeed_arr = 1-D array of air speed values  
T_arr = 2-D array for “propeller-thrust vs Air speed” 
              for all available RPMs thrust coefficients. 
Q_arr = 2-D array for “propeller-torque vs Air speed” 
              for all available RPMs thrust coefficients. 
 
return RPM_arr, airspeed_Arr, T_arr, Q-arr 
} 
 
Execution: 
find_optimal_airspeed (weight, src, dst){ 

1) min_energy = MAX_value_possible 
2) min_airspeed = 0  
3) for i in (airspeed_arr): 

a) Find thrust-per-propeller Th and multi-copter 
tilt needed to achieve air speed 
airspeed_arr[i] for weight  from src to dst 

b) Search for index k, j in T-arr which delivers 
value closest to requested Th and 
airspeed_arr[i]. k = RPM index, j = air speed 
index in T-arr. 

c) required_torque = Q_arr[k][j] 
d) V = BLDC motor input voltage to deliver 

torque of Q_arr[k][j] at RPM RPM_arr[k]. 
e) I = find motor armature current. 
f) t = (distance between src-dst) / 

airspeed_arr[i] 
g) input_energy = V * I * t 
h) min_energy = minimum (input_energy, 

min_energy) 
i) if min_energy updated then min_airspeed = i, 

4) return min_energy, min_airspeed   
} 
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7. Add source snp and destination dnp nodes to G and 
connect them to all line of sight nodes. 

8. Execute Initialization Phase (Intialize()) to create 
arrays for propeller characteristics. 

9. For each connected pair of points in G, execute 
find_optimal_airspeed(weight, nsrc, ndst) to find 
min_energy between src and dst. Update the cost 
of edge with min_energy.  

10. Run Dijkstra’s algorithm on G(np,e) with 
min_energy from source and destination node as 
cost to find minimum energy path Emin. Return total 
energy consumed. 

The above is now explained in more detail in the following: 
Step 1 first defines the boundaries for the flying airspace in 
between the source and destination waypoints. These 
boundaries represent the air passage in 3-D space in which 
multi-copter can fly. This space includes the flying space 
and obstacle space. The boundaries are represented in terms 
of maximum allowable altitude, minimum allowable 
altitude, and maximum allowable lateral deviation from 
hypothetical line of sight from source to destination. Step 2, 
3, and 4 are self-explanatory in the algorithm. Step 5 creates 
multiple nodes on the edges of the faces, facing towards 
source and destination waypoints. Step 6 creates a mesh of 
nodes G(np, e) by connecting only those nodes which are in 
line of sight with each other to avoid collisions. Nodes are 
connected to form a directed graph such that all the edges of 
the graph are directed towards destination waypoint. Source 
nsrc and destination node ndst are suitably chosen and 
appended to G as described in step 6. Following Algorithm 
1, step 8 initialized the required data structures for the 
propeller characteristics. Step 9 starts traversing from nsrc to 
ndst in G(np,e) while calculating minimum energy 
min_energy required on each edge of the graph. For each 
edge of the graph it uses find_optimal_airspeed(weight, nsrc, 
ndst) function (defined in Algorithm 1) to calculate the 
minimum energy and required airspeed. For each edge, its 
minimum energy is attributed as its traversal cost in the 
graph. Following cost calculation, step 10 runs Dijkstra’s 
algorithm on graph G(np,e) to find minimum energy path 
from source node to destination node and reports the least 
energy consuming path along with total energy Emin and 
airspeed for all the edges.  

The output of this algorithm generates a list of real world 
nodes that needs to be traversed from the source to the 
destination waypoint. For each edge the minimum airspeed 
can differ depending on the elevation angle of the edge in 
3D world. The algorithm is an approximate algorithm for 
minimum energy estimation between waypoints. By varying 
the node counts on the obstacles, the output of the algorithm 
can be fine-tuned if needed. 

 
6. EXPERIMENTS AND SIMULATIONS 

We implemented our simulation environment to perform our 
experiments using Python. For our simulation we assumed 
multi-copter to be a four rotor quad-copter. Subsection 
“Component Selection” first gives an overview of the quad-
copter specifications used in simulation environment. 
Subsection “Efficient Airspeed Estimation” describes the 
Algorithm 1 implementation using our experimental 
scenario. Subsection “Simulation Environment” provides 
the details of our simulation environment and our real-world 
experimental scenario, and finally, subsection 
“Experimental Results” gives the comparative results of 
energy consumption between the traditional line-of-sight 
approach and our proposed algorithms. 

Component Selection 

For our experiments, an off the shelf propeller from the 
UIUC propeller database is chosen. It is APC Slow Flyer 
propeller with a 9 inch diameter and 3.8 inch/revolution 
pitch. The performance coefficients of this propeller can be 
found in database [19]. Figure 1 shows the propeller 
performance coefficients used in our simulation testbed. For 
this propeller, the UIUC database provides performance 
coefficients for RPM ranging from 4000 to 7000. In order to 
widen our search space for determining energy efficient 
airspeed, we used extrapolation and interpolation technique 
to create performance coefficients for RPMs ranging from 
4000 to 15000 in steps of 400. For simulating motor 
characteristics, we used the specifications (Table 1) of 
BN23-MG13 BLDC motor.  The electrical characteristics of 
BLDC motor used for simulations are shown in Figure 2. 

Table 1. BN23-MG13 BLDC Motor Specifications. 
Parameters Value 
Rated Voltage 36 V 
No load speed 12500 RPM 
Rated Torque 0.114 N-m 
Rated Current 4.3 A 
Torque-constant 0.027 N-m/A 
Back EMF constant 5.95 Rev/(V-sec) 
Weight 0.238 Kg 

 
We choose the quad-copter design as our multi-copter for 
our simulations. We have following assumptions in our 
simulation environment: 

1. Quad-copter is in the shape of a cylinder (radius 
0.5 m and height 0.2 m). 

2. Majority of Quadcopter drag comes from its main 
body but not from the four arms holding the motor 
and propeller. 

3. The weight of the quadcopter is 2 Kg and drag 
coefficient is assumed to be 0.55.  
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4. Air density is constant at 1.225 Kg /m3 throughout 
the flight 

Efficient Airspeed Estimation  
We utilize Algorithm 1 for determining energy efficient 
airspeed. For our experiment we assume that the source 
waypoint is on the ground and the destination waypoint is 
1000 m above the source waypoint. Both the waypoints are 
in line of sight with each other and quad-copter only has to 
make a vertical ascend from source to destination. In order 
to make this vertical flight, Algorithm 1 scans over a range 
of airspeeds from 1 m/sec to 14 m/sec. 

 

Figure 3. Input Power v/s Airspeed (top). Flight time v/s 
Airspeed (bottom). 

For this range of airspeed, Figure 3(top) represents the plot 
for the input power that needs to be supplied to each motor. 
The input power requirement increases  exponentially, 
which can be attributed to the fact that, as the propeller 
airspeed increases the drag force on the quadcopter body 
increases, and performance coefficient decreases 
significantly (shown in Figure 1). In order to maintain 
constant higher airspeed, propeller has to rotate at a higher 
RPM to oppose the increased drag force. Further, as 
airspeed increases, the increase in drag force and decrease in 

performance coefficient dominates. This leads to an increase 
in RPM and torque requirements that pushes the motor to 
operate in a low efficiency region. Figure 3(bottom) shows 
the airspeed – time curve. For a fix distance of 1000 m, the 
airspeed is inversely proportional to flight time. Figure 4 
shows the plot for the input energy w.r.t airspeed. Input 
energy is given as (input power) * (Flight time). Product of 
Figure 3(top) and Figure 3(bottom) gives Figure 4. Due to 
exponential drop in flight time, and exponential increase in 
input power, the input energy plot creates a minimum point. 
The airspeed at this minimal point can be concluded as the 
energy efficient airspeed. In our experiment, we observed 
that minimal energy airspeed changes with the direction 
(different flight angle w.r.t ground) of flight. So it becomes 
important to determine energy efficient airspeed every time 
the flight angle changes to save energy. 

Figure 4. Energy v/s velocity curve – least energy 
deduction. 

Simulation Environment  
We used the following range of parameters for simulating 
multiple real world scenarios: 

1) Maximum allowed flying altitude 400 ft. (approved 
by FAA). 

2) Minimum allowed flying altitude 150 ft. 

3) Random selection of height for the building in the 
range of 150 ft. to 450 ft.  

4) Random selection of length of the building in the 
range of 50 ft to 80 ft. 

5) Random selection of width of the building in the 
range of 50 ft to 80 ft. 

6) Distance between consecutive buildings is set to be 
40 ft. 

7) Lateral air passage width is defined as 100 ft. 
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In order to simulate a real world urban scenario, we consider 
multiple cuboidal obstacles with random dimensions, and 
place them randomly in between the source and destination 
waypoint (Figure 5). These cuboids represent buildings in a 
real world. The simulation environment is fully 
parametrized such that dimensions of the buildings, 
maximum–minimum flying altitude distance between source 
and destination waypoint, distance between consecutive 
buildings, and width of lateral air passage can be varied for 
simulating wide range of real world conditions. Figure 5 
represents one of the simulation scenarios for a distance of 
800 feet from source to destination waypoint. In this figure, 
‘black’ cuboids represent buildings of height ranging from 
150 – 400ft and ‘red’ represents buildings of height greater 
than 400ft.   

Experimental Results  
We perform a comparative study of energy consumption 
between line-of-sight approach and our proposed approach. 
Different simulation environments are generated by varying 
the random seed value of the simulator. To highlight the 
benefits of our algorithm we fix the distance between source 
and destination waypoint for preliminary experiments. The 
average energy saving will vary depending on the distance 
between source and destination. A minimum flying altitude 
for the quad-copter is defined for our simulation 
environment to make sure that the quad-copter is always at a 
safe altitude. We do not account for the energy consumed in 
raising the quadcopter to this minimum altitude as it will be 
similar for both the approaches.  

In general, for a line-of-sight approach the obstacle count is 
minimal, hence it is valid to assume that for every 
simulation scenario, starting at the source waypoint, the 
quadcopter makes a vertical ascend from 150ft altitude to an 
altitude equal to either maximum height of the building or to 
the maximum allowable altitude (if obstacles are higher than 
permissible altitude). It then flies straight towards the 
destination waypoint, and descends down to 150ft. Airspeed 
for all the flights are calculated using Algorithm 1 to keep 
the comparison fair. In case obstacles are encountered while 
flying towards the destination, the quadcopter makes an 
arbitrary selection to get around the building.  

The proposed path planning algorithm follows the 
Algorithm 2 flow for determining an energy efficient path 
from source to destination waypoints. We ran these 
experiments on multiple different scenarios and we observe 
that an alternative path is always chosen as compared to the 
line-of-sight approach. This implies that our proposed 
algorithm choses an energy efficient alternative path. 

Figure 6. Input energy v/s Waypoint distance. 

Figure 5 shows the energy efficient path selected by 
Algorithm 2 in ‘magenta’ color for a real-world urban 
scenario for a distance of 800ft. between source and 
destination waypoints. As we can see in Figure 5, the energy 
efficient path selected by Algorithm 2 prefers to get around 
the buildings instead of raising the altitude of the quad-
copter to fly towards the destination (line-of-sight). The 
energy consumed by our algorithm for this scenario is 
8668.2J and for a line-of-sight approach for the same 
scenario is 12,901J. This directly translates to energy 
savings of 32.6%. We average out the energy savings across 
multiple scenarios for 800ft and it results in an average 
savings of 30.3%. Further, to show the validity of our 
algorithm we compare its energy consumption with line-of-
sight approach for a range of distances between source to 
destination waypoint. As we can see in Figure 6, our 
algorithm always performs better than the line of sight 

Figure 5. Simulation environment for a real-world urban scenario with energy efficient path. 
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approach. Using the proposed algorithms for midrange 
distances, quad-copter rarely flies above tall buildings and 
saves major amount of energy by maneuvering around the 
building to reach the destination. 

 
7. CONCLUSION AND FUTURE WORK  

In this paper, we have devised and implemented an energy 
efficient path planning algorithm for multi-copters. Flight 
time is an essential feature of a multi-copter which directly 
depends on the battery capacity. With motors consuming 
most of the battery energy it is essential to save energy of 
the propulsion system. We have linked motor and propeller 
characteristics in determining energy efficient path. The 
path is determined offline. We proposed two algorithms: 1) 
an iterative algorithm to determine an energy efficient 
airspeed between two line of sight points and 2) an energy 
efficient path planning algorithm between two waypoints in 
a real-world flying scenario. Even in the absence of 
obstacles, significant amount of energy can be saved by our 
algorithm as it selects an optimal flying airspeed for a multi-
copter. Our simulation and experimental results show that 
the multi-copter chooses alternative energy efficient paths as 
compared to the traditional line-of-sight based path planning 

In the future, simulator will be enhanced to integrate more 
environmental effects like wind and temperature effects. 
Simulator can be modified for comparing the energy 
consumption of the shortest path as oppose to energy 
efficient path.  Detail study on the effects of distance 
between source and destination waypoints on energy 
savings will be done. The simulator can be also used for 
proper selection of motor and propeller combination. 
Accuracy of the simulator can be enhanced by integrating 
aerodynamic characteristics of a real quad-copter. We 
would also like to compare the simulation studies with an 
actual quad-copter hardware. 
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