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ABSTRACT 
 
This thesis presents an approach for the optimization of the propulsion system of an 
unmanned lightweight quadrotor by introducing rotor aerodynamics and identifying 
methods to improve the electrical propulsion system (EPS), hence improving its 
performance and efficiency. 
Since the rotor is the main component to generate thrust, a numerical model based 
on the combined momentum and blade element theory is presented to aid in the 
design and/or selection of the optimum rotor.  
In order to validate this numerical model and to benchmark the different system 
solutions, a propulsion test bench was built to collect experimental data from a series 
of tests carried out in the lab. Rotors of 11 and 13 inches of diameter and of different 
brands were tested under the same environmental conditions with rotational 
velocities ranging from 4000 to 8000 rpm in hover situation. 
The measured thrust and power were compared to the theoretical thrust output and 
required power, and the average discrepancy between both results was estimated to 
be 4.6% in terms of thrust and to 24.3% in terms of power.   
The design and optimization of the EPS is an iterative procedure; consequently, an 
optimization workflow method is proposed, since propulsion improvements mainly 
depend on the optimum combination of the propeller, motor and battery. 
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INTRODUCTION 
 
 
A quadrotor unmanned aerial vehicle (UAV) is a rotorcraft that derives its thrust from 
the rotation of rotor blades such as a helicopter does; however, a quadrotor is lifted 
by four horizontal  rotors composed of  two pairs of counter-rotating rotors located at 
the vertices of a square frame.  
 
The key aspects of the use of rotor-derived lift is the vertical takeoff and landing 
(VTOL) capabilities of the vehicle and the dispensability of complex mechanical 
linkages which commonly appear in typical helicopters in order to accomplish VTOL.  
Due to its simple mechanical structure, the quadrotor has been envisaged for various 
applications such as surveillance or mobile sensor networks as well as for 
educational purposes. A review of the history, state of the art and the principle of 
flight dynamics of quadrotors are presented in the following sections in order to 
provide the reader with required background knowledge to understand the current 
topic.  
 
This thesis mainly aims at introducing rotor aerodynamics and identifying methods to 
improve the electrical propulsion system of a quadrotor, hence improving its 
performance and efficiency. A fundamental and feasible route for realizing this 
performance improvement is identified by examining rotor selection based on 
theoretical models, such as the combined momentum and blade element theory, and 
on experimental data extracted from propulsion tests performed in the laboratory. A 
full description of the test set-up and the propulsion components’ selection are 
mentioned as well.  Finally, a workflow is presented to aid in the process of the 
propulsion unit design.   
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Chapter 1  

                           BACKGROUND 
 

1.1 Initial Ideas of Vertical take-off and Landing (VTOL) [1] 
 
The idea of vertical flight aircraft can be traced back to early Chinese tops, a toy first 
used around 400 BC. The earliest versions of the Chinese top consisted of feathers 
at the end of a stick, which was rapidly spun between the hands to generate lift and 
then released into free flight. More than 2,000 years later, in 1754, Mikhail 
Lomonosov, from Russia, developed a small coaxial rotor modeled after the Chinese 
top but powered by a wound-up spring device. The device flew freely and climbed to 
a good altitude. 
 
In 1783, Launoy and Bienvenu, used a coaxial version of the 
Chinese top in a model consisting of a counter rotating set of 
turkey feathers powered by a string wound around the rotor 
shaft and tensioned by a crossbow. When the tension was 
released, the blades whirled and the device climbed high into 
the air (see Figure 1-1).                             
 
Leonardo Da Vinci also sketched a basic human-carrying 
helicopter-like machine, "aerial-screw" or "air gyroscope" 
device, which is dated in 1483 but was first published nearly 
three centuries later. His proposed device included a helical 
surface formed out of iron wire, with linen surfaces made 
"airtight with starch." Da Vinci describes that the machine 
should be "rotated with speed that said screw bores through 
the air and climbs high". (See Figure 1-2) 
Da Vinci clearly did not build his machine. If he had; he would 
have discovered the omission of any means to counteract the 
torque generated by the rotation of the screw. 
 

1.2 The First Quadrotors [1] 
 
In 1907, about four years after the Wright brothers' first successful powered flights in 
fixed-wing airplanes at Kitty Hawk  in  the United  States,  Paul  Cornu constructed  a  
vertical flight machine that was reported  to  have carried a human off the ground for 
the first time. The machine was reported to have made several tethered flights of a 
few seconds at low altitude, but this has never been satisfactorily verified. The 24-hp 
gasoline engine used in the machine was hardly powerful enough to have sustained 
hovering flight out of ground effect 
 
In 1907, the Breguet Brothers built their first helicopter, Gyroplane N○1. It was a 
quadrotor powered by a 40-hp engine. The machine is reported to have carried a 
pilot off the ground briefly. The machine never flew completely freely because, like 
the Cornu machine, it lacked stability and a proper means of control.  

 
Figure  1-1: Sketch of 
Launoy and Bienvenu’s 
model 

Figure  1-2: Sketch of 
Da Vinci’s aerial screw 
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Figure  1-3: L. and J. Bréguet tested the first four-rotor helicopter called Gyroplane N○1 in 
1907 

 
The Peugeot Engineer, Etienne Oemichen, designed a quadrotor and first flew his 
800kg Oemichen N○2 in 1922. As well as the four main rotors, it featured five 
additional rotors for lateral stability, two to control forward movement and one at the 
nose for steering. On 4 May 1924, it became the first rotorcraft to complete the 1 km 
closed circuit flight with an average speed of 2.2 m/s. Oemichen’s had four 
subsequent models, all featuring a single main rotor with two tail rotors, none were 
successful. 
 

 
 

Figure  1-4: Oemichen N○2, the first aircraft to successfully complete an enclosed 1 km circuit 

 
Even though the concept of the quadrotor helicopter is simpler than the traditional 
cyclic and collective pitch helicopter; it was not further developed until the 
introduction of a control system to control the helicopter. In the beginning of the 21st 
century, a number of research projects on the quadrotor helicopter were done, some 
of the first ones were Hamel 2002 [2], Pounds 2002 [3] and Suter 2002 [4]. All these 
papers were concerned with designing and controlling a small unmanned four rotor 
helicopter due to their attractive feature, basic simple control and fixed pitch. 
 
Today the quadrotor helicopter configuration is found mostly in radio controlled toy 
helicopters. The future prospect of the quadrotor is the development of a small model 
helicopter which can be used for inspection where no human can go. This could be 
used for aerial electricity cables, into mines after accidents or into unsafe buildings. 
The quadrotor may also be used for future aerial TV surveillance by replacing a full 
size helicopter. 
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1.3 State-of-the-Art 

 
The state of the art in quadrotor design and control has drastically changed in the last 
decade due to the resurgence of interest in the quadrotor configuration for 
Unmanned Air Vehicles (UAV). Most of the initial research projects of the quadrotor 
UAVs are based on commercial radio-controlled (RC) models for hobbyists such as 
Draganfly.  
 
Universities, students and researchers continuously work to introduce more robust 
controllers and modeling techniques, so that they can provide detailed and accurate 
representations of real-life quadrotors. This table introduces some of the work 
presented in recent years. 
 
 

Project University Picture 

Draganfly X4 [5] 
 

Commercial 

 

Michael J. Stepaniak 
Thesis [6] 

Ohio University 

 

P. Pound’s Thesis [7] 
Australian National 

University 

 

STARMAC [8] Stanford University 

 

2008 AUVSI UAS 
Student Competition[9] 

 
Oakland University 

 

 
Table  1-1: State-of-art quadrotors 
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1.4 The Principle of Operation of a Quadrotor [10] 
 
An autonomous quadrotor is an unmanned helicopter with four horizontal fixed rotors 
designed in a square, symmetric configuration, with the front and back rotors rotating 
counter-clockwise and the side rotors clockwise, see Figure  1-5. The motors are 
placed around a central hub, which houses the battery and the electronics.  
 
The quadrotor is controlled using the method of differential thrust and torque, which 
means that flight maneuvers depend on the variation of the rotational velocity of the 
motors. The principle behind achieving the following maneuvers: hover, vertical flight, 
yaw and forward flight (pitch/roll) is explained next. 
 
In Figure  1-6, the arrows drawn around the motors indicate the speed and direction of 
rotation. 
A red arrow indicates a faster motor, corresponding to increased thrust and torque 
and a green arrow indicates a slower motor.  
 
Stationary hover is achieved when the thrust to each motor is equal to one-fourth of 
the quadrotor’s weight and no rotating moment is present i.e., the reaction torque 
generated from the first pair of clockwise motors is exactly opposed by the reaction 
torque from the second pair of counter-clockwise motors, as seen in  Figure  1-5. 

 

 
 

Figure  1-5: Equal speed of the four rotors allows equal thrust generation and hover position 

 
Vertical flight or Altitude is controlled by increasing or decreasing the thrust from 
each motor by the same amount, so that total thrust changes but total torque on the 
body remains zero. (See Figure  1-6 ) 
 

 

 
 

Figure  1-6: Representation of velocities for climbing (left) and descending (right) 
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Yaw motion is achieved when one pair of rotors provides a greater amount of thrust 
than the other. This results in an imbalance in torque which causes the quadrotor to 
yaw about the vertical axis without changing the total amount of thrust in order not to 
change altitude. (See Figure  1-7) 
 
 

 
 

Figure  1-7: Representation of velocities for yaw motion  

 
To perform a forward, backward or lateral movement it is important to control the 
pitch and roll motion of the quadrotor, see some examples in Figure 1-8. 
 
 

 
 

Figure  1-8: Representation of velocities for pitch or roll motion 

 
A forward/backward movement requires performing a negative/positive pitch motion 
by decreasing/increasing the front propeller speed with respect to the rear ones while 
the lateral rotors have equal speeds. Hence, the torque created by these rotational 
speed variations will make the quadrotor pitch and advance.  
 
To perform a lateral movement, a roll motion is required by increasing/decreasing the 
rotational speed of the left/right rotor with respect to the right/left one while the front 
and rear rotors have equal speeds. A torque is then created due to the differential 
thrust provided which will make the quadrotor roll and move left or right.  
 
It should be noted that whenever a thrust differential causes the quadrotor to pitch or 
roll, the total thrust vector decreases because it is inclined away from the vertical i.e., 
the thrust vector is then resolved into horizontal and vertical component, which leads 
the quadrotor to descend. In order not to lose altitude whenever pitching or rolling it is 
important to provide the quadrotor with more thrust by increasing all the motors’ 
speeds.  
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Chapter 2  
 

FUNDAMENTALS OF ROTOR AERODYNAMICS  
 

2.1 Introduction 
 
A quadrotor is a form of rotorcraft and derives its lift from the rotation of the rotor 
blades in a similar fashion as a helicopter. Hence, the first area of propulsion 
improvement is to analyze the rotor blades.  
Most of the theory and equations below are based on the “Principles of Helicopter 
Aerodynamics” by J. Gordon Leishman, 2006 and “Helicopter Performance, Stability 
and Control” by Raymond W. Prouty 1986.  (See [11] and [12]) 
 
Two approaches are explained in this chapter to understand and analyze the rotor’s 
aerodynamics: 
 

- The Momentum Theory (MT) including the Modified Momentum Theory  
- The Blade Element Theory (BET)  

 
However, to thoroughly analyze the rotor’s behavior and predict its performance 
more accurately, a numerical performance model was developed using a 
combination of the Blade Element and Momentum theories along with empirical 
corrections known as the combined blade element momentum theory (CBEMT). The 
numerical model has as inputs the rotor geometry and the test conditions, and as 
outputs the power consumption and the generated thrust. Therefore, it can not only 
help in the rotor selection but it can also be used as a tool for rotor design, where the 
user could vary the geometry until reaching the most satisfactory rotor profile for his 
application.   

 

2.2 Momentum Theory Analysis in Hovering Flight 
 
This theory corresponds essentially to the theory set out by Glauert (1935) [13] for 
aircraft rotors based on the earlier work by Rankine (1865) [14] and Froude (1887) 
[15] for marine propellers. 
 
The fundamental assumption in the basic Momentum Theory is that the rotor can be 
idealized as an infinitesimally thin actuator disk over which a pressure difference 
exists. This approach allows the derivation of a first-order prediction of the rotor 
thrust and power.  
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Figure  2-1: Induced velocities around a hovering rotor (taken from Prouty [12]) 

 
In reality there is a complicated secondary flow structure due to the wake swirl and 
blade tip vortices that form a helical pattern around the edge of the stream tube. The 
actuator disk supports the thrust force generated by the rotation of the rotor blades 
about the shaft and their action on the air. The power required to generate this thrust 
is known as induced power. 
 
Assumptions on the flow through the rotor:   
 

• 1-D (the properties across any plane parallel to the rotor plane are constant, 
i.e., fluid properties change only with axial position relative to the rotor) 

• Quasi-steady (flow properties at a point do not change with time) 

• Incompressible 

• Inviscid 

• Ideal  
 

Following Figure 2-1, let region (0) represents the plane far upstream of the rotor 
where V0 = 0 m/s. 
The rotor disk area is denoted by 1 where the velocity is v1=vi (induced velocity), 
while the far wake region (vena contracta) is denoted by 2 or ∞ where the contraction 
in the diameter of the wake below the rotor corresponds to an increase in the 
slipstream velocity �. 
 
Conservation of mass: 
 
The mass flow rate, �� , is constant within the boundaries of the rotor wake: 
 �� � ��	
 � ���� ( 2.1) 

 

Where, ρ is the air density and A1 is the rotor area     
        
 
Conservation of Fluid Momentum: 
 
Rotor thrust, T, is equal and opposed to the force of the fluid: 

����� � � � � ������. ����������	 � �� 
 ( 2.2) 
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Conservation of Energy: 
  
The work done on the rotor is equal to the gain in energy of the fluid per time unit, 
where the work done per time unit is ���: 
 

�� �� ��	 ������. ����������� � ���� 
� ( 2.3) 
 

 
      
From Equation ( 2.2 and Equation( 2.3, the relation between the induced velocity in 

the rotor,��, and the velocity in the vena contracta, �, is  deduced: 
 
    � � ��
 ( 2.4) 

 

2.2.1 Ideal Power: 

 
Using Equations ( 2.2 and ( 2.4, thrust can be rewritten as such: 
 � � �� 
 � �� ���� � ����� ( 2.5) 

 
Rearranging the above equation and solving for ��  : 
 
   

� �  ���� �  !��" ��� ( 2.6) 

 

Where, 
#$ is known as the disk loading, DL 

 
The ideal required hovering power (which is entirely induced since no viscous effects 
are considered yet) is expressed as: 
 

     

% � �� � � ���� � �&/�(��� 
( 2.7) � �� � ��� �� � ����&         

 
 
It is clear from the previous equation that increasing the rotor disc area permits a 
greater mass flow at a lower rotation speed, thus reducing the required power. 
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2.2.2 Disc Loading and Power Loading: 

 
 

� �  ���� �  )*�� � %� � �%*�+� ( 2.8) 

 
 

Where, 
,# is the power loading, PL. 

 

2.2.3 Induced inflow ratio: 

 
      -. � �/0 

   
( 2.9) 

Where, Ω is the rotational speed of the rotor in rad/s and the product ΩR is simply the 
blade tip speed, 12�3 in m/s. 

 

2.2.4 Thrust and Power coefficients: 

 
The thrust coefficient is defined as: 
 4# � �5612�37  ( 2.10) 
      
Following this equation, it is possible to rewrite the inflow ratio in terms of the thrust 
coefficient based on the 1-D flow assumption made earlier, which implies that the 
inflow is assumed to be distributed uniformly over the rotor disk: 

 

-. � �/0 � �/0 ���� �  �����/0�� �  8��  ( 2.11) 

 
The ideal power coefficient is defined as follows: 
 89 � %���:;�& � %����<9�& ( 2.12) 

 
It is also possible to write Cp in function of CT:  
 

89 � �����:0�& � ! ����:0��" = �:0> � 8�- � 8�
&/�
√�  ( 2.13) 
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 The corresponding rotor shaft torque coefficient is: 
 8@ � @��:�0& ( 2.14) 

 
Since power is related to torque by A � ΩC, then numerically 43 D 4E 

 

2.2.5 Induced Tip Loss 

 
There is a reduction in the lifting capability at the tip of the blade due the formation of 
trailed vortices in that area (see Figure  2-2). This phenomenon is often referred to as 
tip loss, since it represents a loss in lift relative to the finite value of lift that would 
otherwise be produced without the influence of any tip vortices. 
 

 
 

Figure  2-2: Thrust distribution comparison over the blade at same collective pitch 

(Taken from Leishman [11]) 
 

To account for this physical effect, the tip loss factor B is introduced, such that the 
effective blade radius becomes FG � HF I F. Hence, the rotor area will be reduced 
by a factor of B2 as such: 
 �J � K0J� � K�L0�� � L��K0�� � L�� ( 2.15) 

 
Accounting for the effect of the root cut out, where r0 is the non-dimensional radius of 
the root cut out, the effective rotor area becomes: 
 �J � KL�0� �KMN�0� ( 2.16) 

 
In the case of hovering, the tip loss factor B is approximated as: 
 0J0 � L � � � (8�OP  ( 2.17) 
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Gessow & Myers (1952) [16] suggested an empirical correction for B based on the 
blade geometry alone for rectangular blades: 
 L � � � Q�0 ( 2.18) 

 
Where, c is the chord dimension. 
 
Sissingh (1939) [17] proposed a more general empirical correction for B dedicated to 
tapered blades: 
 

L � � � QN�� R N. STM��. U0  ( 2.19) 

 
Where, c0 is the root chord and VW is the blade taper ratio (i.e., the ratio of the tip 
chord to the root chord)  
 

 

2.2.6 Blade loading coefficient: 

 
The blade-loading coefficient can be written as: 
 8�X � ����:0�� ! ��P" � ���P�:0�� ( 2.20) 

 
Where, Ab = YZ[F is the blade area.   

 
 

2.2.7 Figure of Merit 

 
The figure of merit (FM) is equivalent to static thrust efficiency and defined as the 
ratio of the ideal power required to hover to the actual power: 
 

�\ � %�J]^%�J]_`MJ� � 8��J]_&/�
√�89�J]_ ( 2.21) 

 
Where, Cpmeausred includes the non-ideal effects mentioned earlier. Hence FM could 
be expressed as follows: 

�\ � %�J]^a%�J]^ R %N �
8�&/�√�a8�&/�√� R X8�Nb

 ( 2.22) 
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2.3 Non-ideal Effects on Rotor performance  

 (Modified Momentum-Theory) 

 
The induced power found in Equation ( 2.13 can be corrected with an empirical 
modification using an induced power correction factor κ which accounts for non- 
uniform inflow, tip losses, wake swirl etc… 

 

8% � a 8�&/�√�  
( 2.23) 

 
A typical value of c is 1.15.  It is derived from rotor measurements or flight tests or 
can even be computed directly using the blade element method. 
 
Assuming that the drag coefficient Cd is constant (=Cd0), independent from the 
Reynolds and Mach numbers and the blade is rectangular (constant chord), it is then 
possible to consider the definition of the profile power coefficient to be: 
 

  89N � �b =OPQ0� >8�N � �b =OPQ0K0� >8�N � �b =OPQK0>8�N � �bX8�N ( 2.24) 

       
Where, Nb is the number of blades of the rotor, c is the chord of the blade and d � efghi  is known as the rotor solidity, which is the ratio of the blade area to rotor disk 

area.  
 
Hence, using the Modified Momentum Theory, it is now possible to recalculate the 
rotor power requirements including the estimated induced and profile power losses: 
 

89 � 89 R 89N � a 8�&/�√� R �bX8�N ( 2.25) 

 

2.4 Blade Element Analysis in Hovering Flight 
 
While the Momentum Method does not deal with the actual development of thrust, 
i.e. the lift on the individual blade elements, the Blade Element Theory (BET) 
provides estimates of the radial distributions of the aerodynamic loading over the 
rotor disk. The BET assumes that each blade section acts as a quasi-2-D airfoil to 
produce aerodynamic forces and moments. Three-dimensional effects can be 
accounted for by adding empirical corrections. Rotor performance can be obtained by 
integrating the sectional air loads at each blade element over the length of the blade.  
Figure  2-3 illustrates the aerodynamic forces as well as the flow velocities at a blade 
element on the rotor. 
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Figure  2-3: Aerodynamic Forces and flow velocities at a blade element 

(Taken from Leishman [11]) 

2.4.1 Rotor Thrust and Power 

 
At any radial distance y from the rotational axis, the velocity components at a blade 
element are: 
 j k9 � �Q R �                     l`< lm 9^]nJ Ql�9lnJn< nlM�]^ <l Ml<lM    k� � :o                                          n 9^]nJ Ql�9lnJn< 9]M]^^J^ <l Ml<lMp ( 2.26) 

 
The resultant blade velocity at the blade element is: 
 

k � qk�� Rk9� ( 2.27) 

 
The inflow angle at a blade element is: 
 r � stu+�k9k� � k9k�                ��lM _�]^^ ]nv^J_�  ( 2.28) 

 
If θ is the pitch angle at a blade element (i.e., known angle) then the aerodynamic or 
effective angle of attack (AoA) is: 
 w �  x � r � x � k9k� ( 2.29) 
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The resultant incremental Lift and Drag forces at a blade element are: 
 �* � ���k� Q 8^�o                     ]n�                     �) � ���k� Q 8��o ( 2.30) 

 
Where, c is the local blade chord, Cl and Cd are the lift and drag coefficients 
respectively. 
 
The mentioned forces can be resolved perpendicular and parallel to the rotor disk 
plane as such: 
 
   ��y � �* z{|r � �)|}ur                ]n�                     ��~ � �* |}ur R �)z{|r ( 2.31) 

 
Hence, the thrust, torque and power increments are respectively: 
 �� � OP��y � OP��* z{|r � �)|}ur� ( 2.32) �@ � OP��~o � OP��*|}ur R �)z{|r�o ( 2.33) �% � OP��~:o � OP��* |}ur R �)z{|r�:o ( 2.34) 

 
Where, Nb is the number of blades of the rotor. 
 
The inflow ratio can be written as: 
 - � �Q R �:0 � �Q R �:o !:o:0" � k9k� =o0> � rM ( 2.35) 

 

Where, � � �i is the non-dimensional distance of the blade element from the axis of 

rotation.  
 

2.4.2 Non-dimensional Coefficients 

 
In order to define rotor characteristics independently of its size non-dimensional 
coefficients are introduced according to NASA’s adopted system. 
 

Thrust coefficient: �8� � �����:0�� ( 2.36) 

  

Torque coefficient: �8@ � �@���:0��0      ( 2.37) 

 

Power coefficient: �8% � �%���:0�&         ( 2.38) 

 
But dP=ΩdQ, hence, 

  �8% � �%���:0�& � :�@���:0�& � �@���:0��0 � �8@ 
         

( 2.39) 
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Rewriting the above equations in terms of rotor’s solidity: 
 

�8� � �����:0�� � OP�*���:0�� � OP =
�� �k� Q 8^�o>��K0���:0�� � OP =���k�� Q 8^�o>��K0���:0��  

� �� !OPQK0 "8^ =o0>� !�o0 " � ��X8^M��M 
( 2.40) 

 
 

�8@ � �@���:0��0 � OP�r�* R �)�o��K0���:0��0 � �� !OPQK0 " �r8^ R 8��M&�M� ��X�r8^ R 8��M&�M 
 

( 2.41) 

Hence integrating over the entire blade: 
 

8� � ��X� 8^M��M�
N  ( 2.42) 

 

8% � 8@ � ��X� �r8^ R 8��M&�M�
N  ( 2.43) 

 
Assuming that: 
 

• U=UT based on that Up is much smaller than UT  

• �� � =�i> �� 

• d � efghi   

• The blade is rectangular 

• c is the chord of the blade 

• Small angle approximation 
 
Note: In case the blade is tapered, the rotor solidity in Equations ( 2.40 and ( 2.41 is 

replaced by the thrust weighted solidity introduced in the next paragraph. 
 

2.4.3 Thrust-weighted Solidity 

 
When encountered with a tapered blade the solidity equation should account for the 
aerodynamic biasing toward the tips. Therefore, the solidity is known as the thrust 
weighted solidity: 
 X� � OPQJK0  ( 2.44) 
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Where, 
 

[G � � [�7��W��W��� �7��W��W��
 

    

is the effective chord 

� � �i  is the non-dimensional distance of the element 

 
c is the local chord 
 

2.4.4 Linear and Ideal Blade Twist 

 
Ideal twist produces better rotor performance than any other type of twist however 
the margin of increased performance over linear twist is relatively small. Due to its 
ease of manufacturing, linear twist is the most commonly used one. Below are the 
equations for both blade twist distributions: 
 
Linear twist: 
 x�M� � xN R Mx<
 ( 2.45) 

 
Where, θtw is the angle of twist (in degrees) between the center of rotation and the tip 
and θ0 is the collective pitch. 
 
If ��is taken at ¾-radius i.e., at ��.�� then the pitch distribution is:  
 x�M� � xN R Mx<
 ( 2.46) 

 
Ideal twist: x�M� � x<M  ( 2.47) 

 
Where, θt is the pitch at the blade tip. 
 

2.4.5 Ideal and Linear Blade Taper 

 
The chord distribution is most commonly found to be linear due to ease 
manufacturing. Ideal taper is impractical to build however it is the most optimal shape 
that can be designed. Both distributions are described in the following equations.  
 
Linear Taper: 
 Q�M� � QMll< � ��o<]n =QMll< � Q<9�0 > ( 2.48) 

 
 
Where, croot is the chord at the root and ctip is the chord at the tip 
 



19                                           Propulsion system optimization for an unmanned lightweight quadrotor 

 

Ideal Taper: 
 Q�M� � Q<9M  ( 2.49) 

 

2.5 Representing Airfoil Data with Equations 
 
 
The simplest analytical expressions of Cl and Cd without taking into consideration 
stall or compressibility effects are: 
 8^ � ]w ( 2.50) 

 8� � 8�N R 8��wR 8��w� ( 2.51) 

 
Where alpha is the angle of attack (AoA) that is, the angle between the chord of the 
rotor airfoil and the oncoming flow. For the NACA 0012 airfoil data the above 
equations are rewritten as following: 
 

w n �JvMJJ_ j 8^ � N. �w8� � N. NNb� R ��N. �Uw R N. ��w�� � �N+& p ( 2.52) 

 w n M]�]n_ j 8^ � �w8� � N. NNb� � N. N��wR N. �w� p ( 2.53) 

 
 
Note: Cd is unsymmetrical with respect to the angle of attack, hence unrealistic Cd     
will result if negative angles of attack are used. It is recommended that in case 
negative AoA are important in the analysis, drag coefficient should be rewritten only 
in terms of even power of α. 
 
Compressibility correction according to Prandtl-Glauert: 
 
For Mach<0.725  
 ] � ]N√� �\� ( 2.54) 

 
 
Where, a0 is the lift coefficient for low air velocities, and M is the Mach number. 

(In the case of the NACA 0012: � � �.�√�+�� where α is in rad) 

 
Hence below stall region the lift coefficient is: 
 8^ � ! ]N√� �\�"w ( 2.55) 
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2.6 Combined momentum and blade element theory with empirical 
corrections 

 
The numerical model presented in this thesis is based on the combined momentum 
and blade element theory (see Appendix A 

). The steps for the development of this model are presented below:  
 

1. The parameters that should be known to complete the analysis are: 
- The rotor geometry i.e., the number of blades, the radius, the chord 

distribution, the twist distribution, the root cutout and the airfoil data.  
- The test conditions i.e., tip speed, atmospheric density, speed of sound. 

 
2. A finite number of blade elements (between 5 and 15 elements) should be 

selected. 
 

3. At the boundary between each blade element, the following parameters must 
be tabulated:  
 
- Non-dimensional blade station; r 
- Non dimensional chord; c/R  

- Local Mach number; � � � = Ωi������>  
- Slope of lift curve; � � ���� per radian 
- Local Twist; ∆θ 

 
4. A collective pitch, θ0, has to be chosen by the user so that the pitch at  the 

boundary between each blade element is always positive according to the  
following equation: 

 x � xN R �x � w*N 
 

( 2.56) 

5. The local inflow angle is calculated as follows: 
 �:� � ] OP

Q0��� M ��� R  � R &�� ¡]OP Q0¢ ( 2.57) 

 
 Note: θ and a are in radians in Equation ( 2.57) 
 

6. The local angle of attack must follow the equation below: 
 w � x � <]n+� ! �:o" ( 2.58) 

 
7. The local drag and lift coefficient, Cd and Cl, are calculated using Equations 

( 2.51 and ( 2.55 respectively. 
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8. The running thrust loading is computed as: 
 �8��M � OPM

� =Q0>8^��  ( 2.59) 

 
9. The thrust coefficient without tip loss is obtained by integrating either 

numerically or graphically: 
 

8�nl <9 ^l__ � � �8��M �M�
~N  ( 2.60) 

 
Where, x0 is the fraction of the root cutout. 
 

10. The tip loss factor is estimated using the following formulae, which are 
developed from empirical data to be applicable over a range of different 
geometries: 
 

- For CT < 0.006         L � � � N.NN�OP     ( 2.61) 

 
 

- For CT > 0.006          L � � � (�.�S8�+N.N�OP  

 
( 2.62) 

 
11. The corrected thrust coefficient is therefore calculated using graphical or 

numerical integration: 
 

8� � 8�nl <9 ^l__ � � �8��M �M�
L  ( 2.63) 

 
12. The running profile torque loading is calculated as follows: 

 �8@N�M � OPM& =Q0>8��K  ( 2.64) 

 
13. The profile torque coefficient is integrated: 

 

8@N�� �8@N�M �M�
N  ( 2.65) 

 
14. The running induced torque loading is computed: 

 �8@�M � OPM& =Q0>8^ �:0�K  ( 2.66) 
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15. The induced torque coefficient can be integrated as: 
 

8@ � � �8@�M �ML
~N  ( 2.67) 

 
 

16. ∆CQi due to the rotation of the wake is obtained using Figure  2-4 where the 
correction ratio is a function of CT: 
 �8@ � ! �
M^ n�`QJ� 9l
JM�.M`_< n�`QJ� 9l
JM"8@ ( 2.68) 

 
 

 
 

Figure  2-4: Power losses due to the rotation of the wake (taken from Prouty [12]) 

 
17. The disc loading is computed as: 

 ). *. � 8���:0�� ( 2.69) 

 
18. CT/σ is calculated as follows:  

 8� X⁄ � 8�OPQK0  ( 2.70) 
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19. The empirical correction factor for the contraction of the wake as a function of 
(D.L.)(CT/σ) is obtained by using Figure  2-5 
 

 
 

Figure  2-5: Correction factor for tip vortex interference (taken from Prouty [12]) 

 
20. The total torque coefficient is hence obtained as a sum of the previously 

calculated torque coefficient times the contraction of the wake correction 
factor: 
 

8@ � �8@N R 8@ R �8@� ! \J]_`MJ� %l
JM8]^Q`^]<J� %l
JM" ( 2.71) 

 
21. The last step is therefore to compute the overall torque and power 

consumption of the rotor in question:  
 � � ���:0��8� ( 2.72) 

 @ � ���:0�&8@ ( 2.73) 
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Chapter 3  

ANALYSIS AND PROPULSION COMPONENT 
SELECTION 

 

3.1 Introduction 
 
A detailed description of the propulsion unit components such as the motors, 
controllers, rotors and batteries is performed in this section. The rotors selection can 
be based either on the combined momentum and blade element theory explained 
earlier or by performing propulsion tests. Each propulsion unit must be able to lift its 
own weight, one quarter of the electronics, structure and payload’s weight, while 
supplying a residual amount of thrust sufficient for hover stability and 
maneuverability.  
 
Much of the design effort falls in the proper combination of the batteries, motor, and 
propellers to produce an efficient propulsion unit. Hence, the following propulsion 
component analysis was performed to help in their proper selection. 
 

3.2 Rotors 
 
The theoretical part of this thesis stresses on the rotor’s behavior in terms of thrust 
generation and power consumption. The manufacturers of the commercial-off-the-
shelf (COTS) rotors, do not provide any airfoil data of their propellers, and therefore, 
the inputs of the combined momentum and blade element theory (CMBET) were 
measured by sectioning the blade; a somewhat unpractical and inaccurate approach. 
Thrust can be obtained more accurately for unknown blade geometries using a 
propulsion testbench since it is possible to directly read the thrust output from the 
digital scale of the testbench. Further explanation of the propulsion tests will be 
covered in Chapter 4. 
 
Two different brands were tested in the propulsion tests; the Master Airscrew and 
APC models. Pictures of both are presented below. 
  

  

Figure  3-1: APC rotor          Figure  3-2: Master Airscrew rotor 
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3.3 Motors 
 
Along with the rotor selection improvement based on rotor efficiency, another area 
where performance of the quadrotor could be enhanced is the choice of the motor. A 
market survey was carried to find the most efficient motor, which turned into an 
exhausting task due to the large number of motors’ brands available. 
 
The main purpose of the motor is to turn a certain sized rotor at a certain speed. 
Translating propeller size and rotational velocity into power, requires either a 
theoretical model such as the CMBET or experimental data from a testbench. It is 
very important to choose a motor that can output approximately 1.4% of the power 
needed to turn the propeller to the required speed. 
A motor that is too small will overheat and ruin itself; a motor that is too large will be 
at a detriment to performance, due to the added weight. The selection between a 
direct drive or a geared, a brushed or a brushless motor is also vital to the correct 
selection of the motor.  
The first step is to investigate the types of electrical motors possibly used in the 
quadrotors. The difference between a brushed and a brushless DC motor is 
explained in the following paragraphs.  
 

3.3.1 Brushed direct current motors (BDC)  

 
A DC brushed motor has a rotating set of wound wire coils called an armature, which 
acts as an electromagnet with two poles, as seen in Figure 3-3. A mechanical rotary 
switch called a commutator reverses the direction of the electric current twice every 
cycle, to flow through the armature so that the poles of the electromagnet push and 
pull against the permanent magnets on the outside of the motor. As the poles of the 
armature electromagnet pass the poles of the permanent magnets, the commutator 
reverses the polarity of the armature electromagnet. During the instant of switching 
polarity, inertia keeps the classical motor going in the proper direction.  
 

 
 

Figure  3-3: Sketch of a DC brushed motor 

 
This method of electric motor design is reliable, easy to manufacture and most 
importantly: it is cheap. The number of poles an armature has is usually greater than 
two providing the motor with a moment arm and allowing it to start turning. 
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More advantages of brushed DC motors are listed below: 
 

- Two wire control 
- Replaceable brushes for extended life 
- Simple and inexpensive control 
- No controller required for fixed speeds 
- Operates in extreme environments due to lack of electronics 

 
Nevertheless, a number of disadvantages to brushed motors exist as well: 
  

- Periodic maintenance is required 
- Speed and torque are moderately flat. At higher speeds, brush friction 

increases, thus reducing useful torque 
- Poor heat dissipation due to internal rotor construction 
- Higher rotor inertia which limits the dynamic characteristics 
- Lower speed range due to mechanical limitations on the brushes 
- Brush Arcing will generate noise causing electromagnetic interference (EMI) 
 
In conclusion, the BDC motors are simple and inexpensive since no control is 
required; however they have lower speed range and must be submitted to periodic 
maintenance.   

3.3.2 Brushless DC motors (BLDC) 

 
Brushless DC motors have been gaining popularity in the last years since they are 
relatively smooth and quiet, yet they do not require mechanical brushes for 
commutation.  
In addition, brushless DC motors are usually equipped with three phases and have 
three stator windings connected in star fashion. The internal structure is like an 
induction motor containing pairs of permanent magnets on the rotor that rotate 
around the armature. Since there are no brushes, commutation is provided 
electronically. To rotate the BLDC motor, the stator windings are energized in a 
sequence. To calculate which winding to energize at a time it is necessary to know 
the rotor position. It is typically measured by three Hall Effect sensors embedded into 
the stator of the motor. Based on the triple combination of these sensor signals, the 
exact sequence of commutation can be determined by the control electronics. 
Because brushless motors use permanent magnets in their rotor rather than passive 
windings, they natively provide higher power for their size and weight compared to 
induction motors. The key to high efficiency operation, however, lies in the control 
system.  
Below is a list of the BLDC motors advantages:  
  

- More electrical energy is converted into mechanical power due to the 
absence of friction in the brushes  

- The number of magnets in the armature (or poles) can be increased for 
higher precision and smoother power delivery. 

- Stationary electromagnets in the armature can be easier to cool. 
- Higher speed range since no mechanical limitation is imposed by brushes 

and commutator 
- Low electric noise generation 
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- The computer controls the motor speed through the alternate charging of 
the armature coils. As such, speeds can be set to very precise values. 

- There is no sparking 
- High efficiency, no voltage drop across brushes 
- Less required maintenance due to absence of brushes 
- Longer usable life for an equivalent standard of manufacture. 

 
Despite these important advantages the BLDC motors have two main disadvantages: 
 

- Higher cost of construction due to the low manufacturing volume of BLDC 
motors and due to the cost of the rare-earth magnetic materials that are 
used  

- Higher control complexity: 
It must be commutated externally, which increases the complexity of the 
controls and also requires the installation of Hall sensors.  

 
BLDC motors could be inrunners and outrunners. The outrunners have a rotating 
magnet-lined bell, spinning around a wire-wound fixed stator and the inrunners have 
a rotating, wire wound, armature spinning within a magnet-lined can. 
Generally outrunners have low Kv (where Kv is the motor velocity constant, measured 
in rpm per volt) and higher torque, in part because of the larger rotating mass of 
magnets and bell, and so it can be used as direct drive with large propellers. Some 
higher Kv outrunners can be geared. 
However, inrunners have much higher Kv, such as from 3200 to 5600rpm/volt, and 
are designed for high rpm (50,000 rpm). They can be used in direct drive with small 
propellers, but are often geared to drive bigger propellers. 

 

 
 

Figure  3-4: Sketch of a BLDC motor 

 
In conclusion, BLDC motors, as seen in Figure 3-4, offer increased speed and 
superior performance with higher torque-to-inertia ratio, but however have a higher 
initial cost than BDC motors.  
  



Analysis and propulsion component selection   28  

 

3.4 Batteries 

 
Lithium polymer batteries (Li-Poly or LiPo) are rechargeable batteries which have 
technologically evolved from lithium-ion batteries. Nowadays, most of the remote 
control (RC) aircrafts have LiPo hybrid type of battery packs. The correct name for 
this type of batteries is actually lithium-ion polymer; however they are simply called 
LiPo batteries even though they are not a true dry type LiPo battery. The lithium salt 
electrolyte is not held in an organic solvent, like in the lithium ion design, but in a 
solid polymer composite such as polyacrylonitrile. 
Almost every RC LiPo battery cell is packaged in a foil pouch, called a pouch cell, 
which is the perfect solution for building multi celled battery packs since the flat 
pouch cell can be stacked with no wasted air spaces. LiPo batteries use this light 
weight pouch instead of a metal can resulting in lighter batteries and making them 
the best choice in a weight conscious application such as RC aircrafts. 
There are advantages of this design over the classic lithium ion design: 
 

� The solid polymer electrolyte is not flammable like the organic solvent that the 

Li-Ion cell uses. Thus these batteries are less hazardous if mistreated. 

However serious fires have resulted when they have been overcharged  

� No metal battery cell casing is needed, therefore the battery can be lighter and 

it can be specifically shaped to fit the device it will power.  

� The energy density of Li-Poly batteries is over 20% higher than the one of a 

Li-Ion battery and approximately three times better than nickel cadmium 

(NiCd) and nickel metal hydride (NiMH batteries) 

� Lithium polymer cells have a rate of self discharge much lower than nickel 

cadmium and nickel metal hydride cells. 

To sum up, LiPo batteries provide high energy storage to weight ratios in an endless 
variety of shapes and sizes. 
 
LiPo battery cells are rated at 3.7 volts per cell, however a cell voltage can vary from 
2.7 V as fully discharged to 4.23V as fully charged. Moreover, LiPo cells have to be 
protected from overcharge by limiting the applied voltage to no more than 4.235 V 
per cell in a series combination and during discharge on load, the load has to be 
removed as soon as the voltage drops below approximately 3.0V per cell in a series 
combination, or else the battery will subsequently no longer accept a charge. Hence, 
lithium polymer-specific chargers are required to avoid fire and explosion 
 
RC LiPo battery packs have at least two or more cells in series to provide higher 
voltages. For example; a three cell battery (3S) is a battery that has 3 cells placed in 
series to give a total of 11.1 volts.    
Packs or cells could also be in parallel to increase the capacity. This is indicated by a 
number followed by a "P". Example: 3S2P would indicate 2, three celled series packs 
connected in parallel to double the capacity.  
It should be noted that when cells are connected in series, the voltages are added, 
but the capacity remains the same as a single cell and when they are connected in 
parallel, the capacity is added, but the voltage remains the same as a single cell.  
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Capacity indicates how much power the battery pack can hold and it is indicated in 
milliamp hours (mAh). This is just how much load in milliamps can be put on the 
battery for 1 hour after what the battery will be fully discharged. 
For example a RC LiPo battery that is rated at 1000 mAh would be completely 
discharged in one hour with a 1000 milliamp load placed on it.  
To increase flight time, the capacity of the battery pack should be increased. Unlike 
voltage, capacity can be changed around to give you more or less flight time. Due to 
size restrictions and weight, it is best to stay within a certain battery capacity range 
seeing that the more capacity a battery pack has, the larger and heavier it will be. 
 
The maximum current capacity of a battery is how fast it can discharge. Current is 
generally rated in C for the batteries. C is how long it takes to discharge the battery in 
fractions of an hour. For instance 1 C discharges the battery in 1hour and 2 C 
discharges the battery in half an hour. The C rating of the battery is based on its 
capacity. For example, a 2000mAh cell discharging at 2 A is being discharged at 1 C 
and a 2000mAh cell discharging at 6 A is being discharged at 3 C. 
The higher the C rating, the more expensive the battery gets. It is critical not to use 
too low of a discharge C rating or the battery could be damaged. 
 
A general example of a LiPo battery specification is a 3S4P pack with a capacity of 
2100 mAh with a maximum discharge of 6C. That means that it has a nominal 
voltage of 11.1 volts and a maximum discharge rate of 50.4 A (2.1Ah x 6C x 4P). 
 
However, there are a few disadvantages to RC LiPo batteries: 
 

� Expensive compared to NiCad and NiMH 

� Do not last long, only 300 to 400 charge cycles.  

� Have safety issues because of the volatile electrolyte used; batteries can 

catch fire or explode if the battery is short-circuited or if the cell or pack is 

punctured. 

� Require unique and proper care if they are going to last for any length of time,  

more than any other battery technology. Charging, discharging, and storage 

affect the lifespan. 

The three main things that shorten LiPo battery life are heat, over-discharging, and 
inadequate balancing. 
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3.5 Analysis and component-level selection 

 
The system requirements specification (SRS) outlines the requirements and 
specification of the electrical propulsion system (EPS) for a certain application in 
terms of propeller diameter and time of flight (TOF).  
In this thesis the SRS are presented in the table below: 
 

Platform specifications  

Maximum dimension  1.2 m x 1.2 m 

Maximum weight at take off 8.2 kg 

Payload weight 2 kg 

Time of flight without payload 20 min 

Time of flight with payload 10 min 

 
Table  3-1: System requirement specification of the quadrotor 

 
The propellers’ diameters are restricted by the platform’s final dimensions and the 
quadrotor’s estimated weight. The TOF is limited by the capacity of the batteries. The 
more capacity a battery has the larger and heavier it gets and therefore it has a direct 
influence on the weight of the UAS.  
Hence, a series of decisions should be made to design the EPS such as the 
selection of the rotor’s brand, the implementation of a direct drive or geared motor, 
an outrunner or inrunner, the value of the motor’s Kv , the battery’s voltage, capacity 
and brand, as well as the selection of the adequate controller. 
 
Thrust can be increased either by increasing the rotor diameter or by increasing the 
rotor velocity. However since the diameter of the propellers is restricted to a 
maximum, due to the platform’s fixed dimensions, then the desired thrust is 
controlled by the rotational velocity of the motors. Once the required velocity and 
power consumption of the motor are known, it is possible to determine the specific 
motor and battery choice for a particular application.      
  
The CMBET-based analysis tool was used to select the 13”x 6” APC propellers for 
the quadrotor and the selection was subsequently validated with the propulsion tests. 
Hovering capacity of the UAV was estimated at a rotor velocity of 7000 rpm and a 
motor power consumption of 246 W. After some state of the art research, it was 
found that the best type of motor for the quadrotor in question is a BLDC one; taking 
into consideration the numerous advantages and applications of the BLDC motors in 
the current RC aircrafts field.  
As discussed earlier, inrunner motors tend to spin exceptionally fast compared to 
outrunners therefore they lack torque. Inrunners can be adjustable when used in 
conjunction with a gearbox to reduce speed and increase torque. The outrunner is 
simpler, quieter and can be used in direct drive in some cases; the outrunner can be 
quite a bit cheaper. For the stated reasons, an outrunner motor was chosen. 
 
Each motor comes with technical specification from the manufacturer, where the 
recommended voltage, battery type, number of poles, Kv, efficiency and maximum 
rpm are stated, as well as the motor weight and the maximum intensity and power it 
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can handle. These specifications were of a great guidance while choosing the 
appropriate motor and battery for the EPS.   
 
A Hacker A30-10XL, with a Kv of 900 rpm/V and a maximum power output of 650 W 
and continuous current of 30 A was selected for the EPS of the quadrotor. (See 
Appendix A 

 
Sample calculation of the 13”x6” APC rotor enclosed in a CD based on the combined 
momentum and blade element theory  
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Appendix B 
 for more specifications) 
 
Lithium polymer battery packs were chosen to power the selected motor since, as 
explained earlier, LiPo batteries are ideal to use with brushless motors in radio 
controlled airplanes and helicopters due to their low weight and high capacity. In the 
motor specifications, the adequate number of LiPo cells is often specified, if the 
maximum voltage input is not. To choose the appropriate number of cells in case no 
cell specification is listed by the motor manufacturer, the maximum voltage input 
should be divided by the voltage of a single LiPo cell 3.7 V. For example: a maximum 
voltage of 15 V on the motor means that it should be powered by a:  
14.8 (V) / 3.7 (V/cell) = 4 cell LiPo battery pack. 
The battery selected was a LiPo, 4S2P of 10000 mAh of capacity and a continuous 
discharge rate of 5C allowing a TOF of nearly 20 min for hover conditions.  
If available, graphs of the batteries performance should be studied in order to be able 
to compare different batteries to similar size and weight batteries by looking at the 
voltage drop of the cell at various amperages and therefore choose the more efficient 
battery pack. 
 
Along with a brushless motor and battery, a brushless electronic speed control (ESC) 
was needed with an intensity rating equal to or greater than the peak current drawn 
by the motor. Generally the higher the rating, the larger and heavier the ESC tends to 
be, an important factor to be considered when optimizing the EPS’s weight. 
Computer-programmable speed controls generally have user-specified options, 
which allow setting low voltage cut-off limits, timing, acceleration, braking and 
direction of rotation. Reversing the motor's direction may also be accomplished by 
switching any two of the three leads from the ESC to the motor.  
Table  0-1 sums up the selected propulsion unit: (see Appendix A 

 
Sample calculation of the 13”x6” APC rotor enclosed in a CD based on the combined 
momentum and blade element theory  

 

  



33                                           Propulsion system optimization for an unmanned lightweight quadrotor 

 

Appendix B 
 for further details) 
 

Propulsion Component Specifications Brand 

Rotor 13”x 6” (diameter x pitch) APC 

Motor 

BLDC outrunner  motor 
A30-10XL  
Kv =900 rpm/V 
Pmax=650 W 
Icontinuous=30 A 

Hacker 

Battery 
4S2P  
Capacity=10000 mAh   
Continuous discharge rate=5C 

LiPo 

Controller I=50 A Phoenix Ice Lite 

 
Table  0-1: Summary of selected propulsion components 

The following methodology was implemented into the design of the EPS: 
 
1- Definition of the SRS (i.e., maximum dimension and weight, TOF, etc.). 
2- Estimation of the initial weight of all components (i.e., determine the thrust, T). 
3- Definition of the propellers’ maximum allowable diameter (D). 
4- Estimation of the required power to lift the estimated weight and propeller’s 

diameter using the momentum or modified momentum theory. 
5- Selection of motors. 
6- Selection of batteries. 
7- Update of the platform’s weight. 
8- Iteration with the propeller, motor and batteries dimensioning in order to find 

an efficient combination. 
9- Once the propeller diameter selection is complete, determination of the most 

efficient COTS rotor in terms of thrust to power ratio is accomplished using the 
numerical CBMET mode. 

10- Comparison of the predicted thrust generation and power consumption with 
the theoretical ones. 

11- Design results are achieved if the theoretical and predicted data are in 
agreement.   

 
The explained methodology is represented by the flow chart in Figure  0-1 to give a 
wider understanding of the steps previously discussed to design an efficient EPS:  

 



Analysis and propulsion component selection   34  

 

 
 

Figure  0-1: Flow chart of the EPS design process
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Chapter 4  

PROPULSION TESTS 
 

4.1 Introduction 
 
A propulsion test bench was designed and constructed in order to compare the 
theoretical calculations on thrust generation and power consumption of a rotating 
rotor. Experimental data was collected and plotted versus theoretical calculation for 
two APC rotors of 11 and 13 inches of diameter respectively and a Master Airscrew 
of 11 inches of diameter. All rotors had a pitch of 6 inches, where pitch in inches is 
the distance the propeller would advance through the air during one revolution.  
All tests were performed at velocities ranging from 4000 to 8000 rpm and under the 
same environmental test conditions. The purpose of the experimental set-up was to 
validate the developed numerical model in order to make it a reliable tool for rotor 
design or selection. 

4.2 Test bench design and procedure 
 
The idea behind this test bench is very similar, if not identical, to the lever with an 
appropriate fulcrum. The motor and rotor are mounted on one end of the lever arm 
exerting an upward force tending to lift the beam, while the other end depresses a 
digital scale providing direct readings of the exerted thrust in kg, see Figure  4-1.  
A movable weight was placed on the opposite end of the motor and rotor in order to 
compensate their weight. The lever was considered in perfect equilibrium when: 
 ¤¥¦§¨©ª«2«W,W«2«W  �¦®©�¯[¥°W«ª °±²gW±ª � ¤¥¦§¨©ª«³´Z²G µG�¶·2 �¦®©�¯[¥°W«ª °±²gW±ª   
 

Once equilibrium of the lever was achieved the weight was fixed and the test bench 
was checked for wiggling. 
The power and motor velocity were measured using the Elogger V3 software that 
was connected between the power supply and the ESC giving the readings of the 
power consumption in watts and the motor’s velocity in revolutions per minute. 
 

 
 

Figure  4-1: Sketch of the propulsion test bench 
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The following components were used for both rotors: 
 

- Hacker A30-10XL Brushless Outrunner Motor 
- Phoenix Ice Lite 50 ESC  
- 4S2P, 10000 mAh LiPo battery 
 

The connections of the propulsion components are shown below: 

 
Figure  4-2: Sketch of the motor controller battery connections 

 

4.3 Propeller Balancing 
 
The first step prior to any testing is the balancing of the rotors. Unbalance exists in a 
rotor when the mass axis center is different from its running axis center. An 
unbalanced rotor, when rotating, wants to revolve around its mass axis center. 
Because the rotor is fixed and restricted from moving, the centrifugal force, due to the 
unbalance, causes the rotor to vibrate. This vibration causes component wear and 
creates unnecessary noise. It is therefore necessary to reduce the unbalance to an 
acceptable limit range either by removing material from the heavy position on the 
component or by adding material to the light position on the component. To identify 
the position and amount of unbalance, balancing machines are used to correct any 
unbalance that exists. 
There are two different methods to balance a rotor: 
 
Static balancing: 
 
Static unbalance is when the mass axis is displaced only parallel to the shaft axis. 
The unbalance is corrected only in one axial plane. 
If a rotor is placed between centers on frictionless rollers the heavy or weighted 
portion will rotate to the bottom immediately. This is corrected by adding or removing 
weight from the propeller. 
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Dynamic balancing: 
 
A propeller may be in perfect static balance and still not be in a balanced state when 
rotating at high speeds. Dynamic unbalance is when the mass axis is not coincidental 
with the rotational axis. A twisting force in two separate planes causes a rocking 
motion forward and side to side, which will cause mechanical vibrations and a 
decrease in efficiency due to the unnecessary forces. The only manner to accurately 
measure and therefore correct dynamic unbalance is through the use of true multi-
plane dynamic balance analyzer. 
 
In short, if weights were placed 180 degrees opposite one to the other, no single 
point would roll to the bottom, because the propeller would be balanced both 
statically and kinetically. By rotating the propeller at an appreciable speed each 
weight would cause its own centrifugal force in separate planes. A perfectly balanced 
propeller is therefore obtained when it stops at random positions. 
 

4.4 Results and discussion 
 
As mentioned earlier, the main objective of performing the series of propulsion tests 
was to compare theoretical calculation with experimental data. In order to do so, 
rotors with the same pitch and undergoing the same environmental conditions were 
tested for thrust output and power consumption while varying the rotor’s 
manufacturer and the diameter. The mentioned testing helped to show as well, the 
effect of varying the diameter, the blade profile, the blade material on the 
performance and efficiency of a given propeller.  

Test 1: the 13”x6” APC rotor 

 

Rotor velocity (rpm) Rotor thrust (kg)  Rotor power consumption (W)  

4000 0.54 77 

5000 0.87 139 

6000 1.3 240 

7000 1.78 345 

8000 2.3 500 
 

Table  4-1: Thrust and power measurements of the 13”x6” APC rotor at several velocities 

Test 2: the 11”x6” APC rotor 

 

Rotor Velocity (rpm) Rotor Thrust (kg) Rotor Power consumption (W) 

4000 0.35 49.3 

5000 0.514 86.9 

6000 0.738 140.5 

7000 1 197.9 

8000 1.33 299.8 
 

Table  4-2: Thrust and power measurements of the 11”x6” APC rotor at several velocities 
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Test 3: the 11”x6” Master 

 

Rotor Velocity (rpm) Rotor Thrust (kg)

4000 

5000 

6000 

7000 

8000 
 

Table  4-3: Thrust and power measurements of

 

Graph  4-

Graph  4-2: Rotors power consumption versus rotor’s velocity
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aster Airscrew rotor  

Rotor Thrust (kg) Rotor Power consumption (W)

0.328 45.152 

0.486 74.0775 

0.72 122.6159 

0.95 176.375 

1.3 293.2058 

st and power measurements of 11”x6” Master Airscrew rotor at several 
velocities 

-1: Rotors thrust versus rotors velocity 

 

Rotors power consumption versus rotor’s velocity 

6000 7000 8000

Rotor velocity (rpm)

13"x6" APC rotor

11"x 6" APC rotor

11"x6" Master 

Airscrew rotor

6000 7000 8000
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rotor
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Rotor Power consumption (W) 

11”x6” Master Airscrew rotor at several 

 

 

13"x6" APC rotor

11"x 6" APC rotor

11"x6" Master 

Airscrew rotor

13"x6" APC rotor

11"x6" APC rotor

11"x6" Master Airscrew 
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From Graph  4-1, it was clear that the higher the rotor’s velocity, the higher the thrust 
output was for all tested rotors. Furthermore, it was found that the bigger the rotor’s 
diameter, the higher the thrust output was at the same rotational velocity. The highest 
thrust output recorded was with the 13”x6” APC rotor at 8000 rpm with 2.3 kg. In 
addition, it was noted that the maximum recorded difference between the 11”x6” APC 
rotor and the 11”x6” Master Airscrew rotor in terms of thrust generation was around 
5%.  
From Graph  4-2, it was also obvious that the higher the rotational velocity of any of 
the tested rotors, the higher their power consumption was. The highest power 
recorded was found to be around 500 W with the 13”x6” APC rotor, at a speed of 
8000 rpm. Moreover, the 11” diameter rotors the APC rotor gave 1.33kg of thrust 
while consuming 299W compared to the Master  Airscrew rotor that gave 1.3 kg 
while consuming 293W at a velocity of 8000 rpm. 
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Chapter 5  

    THEORETICAL RESULTS VERSUS 
EXPERIMENTAL DATA 

 
The main objective of this chapter is to present the theoretical calculation from the 
numerical model and compare them to the propulsion test results discussed chapter 
4 in order to validate the numerical model developed earlier.  
 
The first comparison was made on the 13”x6” APC rotor. The results are presented 
and plotted in Table  5-1, Graph  5-1, Table  5-2, and Graph  5-2 respectively: 
 

Rotor Velocity 
(rpm) 

Rotor thrust (kg) 
Propulsion tests 

Rotor thrust (kg) 
CMBET 

Discrepancies 
(%) 

4000 0.54 0.6 10 

5000 0.87 0.94 7.4 

6000 1.3 1.33 2.2 

7000 1.78 1.86 4.3 

8000 2.3 2.45 6.1 
 

Table  5-1: Rotor thrust comparison of CMBET and propulsion tests of the 13”x 6” APC rotor  

 

  

Graph  5-1: Theoretical and measured thrust of the 13”x 6” APC propeller for various 
velocities 

 
 
 
 
 
 
 
 

0

0.5

1

1.5

2

2.5

3

4000 5000 6000 7000 8000

R
o

to
r 

th
ru

st
 (

k
g

)

Rotor

velocity (rpm)

Propulsion 

tests

CMBET



Theoretical results versus experimental data   41 

 

Rotor Velocity 
(rpm) 

Motor power (W) 
Propulsion tests 

Motor power (W) 
CMBET 

Discrepancies 
(%) 

4000 77 52.76 31.48051948 

5000 139 103.53 25.51798561 

6000 240 179.94 25.025 

7000 345 287.71 16.6057971 

8000 500 432.98 13.404 

 
Table  5-2: Power comparison of CMBET and propulsion tests of the 13”x 6” APC rotor 

 

 

Graph  5-2: Theoretical and measured power for 13”x 6” APC propeller at various velocities 

 
The second comparison was for the 11”x6” APC rotor. Results are presented in Table 

 5-3 and then are plotted in  
Graph  5-3 and Graph  5-4: 
 

Rotor velocity 
(rpm) 

Rotor thrust (kg) 
Propulsion tests 

Rotor thrust (kg) 
CMBET 

Discrepancies 
(%) 

4000 0.35 0.36 2.777778 

5000 0.514 0.535 3.925234 

6000 0.738 0.77 4.155844 

7000 1 1.05 4.761905 

8000 1.33 1.38 3.623188 

 
Table  5-3: Rotor thrust comparison of CMBET and propulsion tests of the 11”x 6” APC rotor 
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Graph  5-3: Theoretical and measured thrust of the 11”x 6” APC propeller at various 
velocities 

 

Rotor Velocity 
(rpm) 

Motor power (W) 
Propulsion tests 

Motor power (W) 
CMBET 

Discrepancies 
(%) 

4000 49.385 34.83 29.47251 

5000 82 58.66 28.46341 

6000 140.5356 104.42 25.69854 

7000 196.9872 154.7 21.46698 

8000 299.8317 242.21 19.21801 
 
Table  5-4: Power comparison of CMBET and propulsion tests of the 11”x 6” APC rotor 

 

 

Graph  5-4: Theoretical and measured power for 11”x 6” APC propeller at various velocities 
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The last comparison was performed on the 11”x6” Master Airscrew rotor. Results are 
presented in Table  5-5 and are later plotted in Graph  5-5 and Graph  5-6 
 

Rotor velocity 
(rpm) 

Rotor thrust (kg) 
Propulsion tests 

Rotor thrust (kg) 
CMBET 

Discrepancies 
(%) 

4000 0.328 0.34 3.529412 

5000 0.486 0.5 2.8 

6000 0.72 0.75 4 

7000 0.95 1.03 7.76699 

8000 1.3 1.34 2.985075 
 

Table  5-5: Rotor thrust comparison of CMBET and propulsion tests of 11”x 6 Master 
Airscrew rotor 

 

 

Graph  5-5: Theoretical and measured thrust of 11”x 6” Master Airscrew for various rotor 
velocities 

 
Rotor velocity 

(rpm) 
Motor power (W) 
Propulsion tests 

Motor power (W) 
CMBET 

Discrepancies 
(%) 

4000 45.152 31.42 30.41283 

5000 74.0775 51.76 30.12723 

6000 122.6159 93.12 24.05553 

7000 176.375 136.69 22.50035 

8000 293.2058 229 21.89786 
 
Table  5-6: Power comparison of CMBET and propulsion tests of the 11”x 6” Master Airscrew 

rotor 
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Graph  5-6: Theoretical and measured power for 11”x 6” Master Airscrew rotor at various 
velocities 

 

The 13”x6” and the 11”x6” APC rotors as well as the 11”x6” Master Airscrew 
geometries were inputted in the CMBET numerical model for velocities ranging from 
4000 to 8000 rpm. The thrust calculated had a maximum discrepancy of 10 % and a 
minimum of 2 %. The model is considered consistent in the thrust prediction of the 
rotors, although some improvement could be made in terms of the geometrical input 
accuracy. Since no COTS manufacturer provides any information on the pitch and 
chord distribution nor the type of airfoil used, these parameters were measured by 
hand, which left room to human error possibly causing the present discrepancies. 
Theoretical calculations showed the 13”x6” APC outputted the highest thrust 
amongst all the tested rotors at all velocities. In addition, it was found theoretically 
that the 11”x6” APC rotor had more thrust output than the 11”x6” Master Airscrew 
rotor at every tested rotational velocity. Hence, all theoretical calculations are in 
agreement with the experimental data and the model is validated in terms of thrust 
prediction.  
As for the power consumption calculations, higher discrepancies were encountered, 
as a maximum of 30% and a minimum of 10% were reached. It was noted that the 
higher the velocity the less the discrepancy, which means that the model’s power 
prediction had higher accuracies for high velocities than for low ones. Although 
discrepancies were present, the results are in agreement with the experimental data, 
since the highest power consumption at all velocities was for the 13”x6” APC rotor, 
and the 11”x6” APC was found to consume more power than the 11”x6” Master 
Airscrew for all velocities.  The CMBET does not account for internal losses of the 
motor; therefore motor modeling could be considered as an area of improvement for 
the numerical model in addition to a more accurate rotor input. 
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Conclusions 
 
The objective of this thesis was to present a numerical model to analyze rotor’s 
performance in order to use it as an analysis tool for future quadrotor design projects. 
Therefore, rotor aerodynamics were covered in order to grasp a higher 
understanding of its behavior. Propulsion tests were performed and the experimental 
data helped in the validation of the developed model as the model was subjected to 
an average of 4.6% discrepancy in terms of thrust and 24.3% discrepancy in terms of 
power consumption prediction. The discrepancies were due to somewhat inaccurate 
geometrical data entry and the exclusion of the motor losses in the theoretical power 
consumption calculations. Moreover, the optimization of the propulsion system didn’t 
entirely depend on the rotor selection; however, it depended as well on the optimum 
combination of the propulsion components, such as the batteries, the motor and the 
controller. Therefore, a workflow was also suggested as a guideline to follow for the 
design of an efficient propulsion unit.    
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Appendix A 
 
Sample calculation of the 13”x6” APC rotor enclosed in a CD based on the combined 
momentum and blade element theory  
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Appendix B 
 
Motor’s technical specifications: 
 

Hacker A30-10XL  

Kv  900 rpm/V 

Maximum motor power  600 W 

Maximum motor intensity (15sec) 42 A 

Maximum efficiency 85 % 

Io (No load) 1.9A  

Rm (Resistance) 0.024 Ohm  

Shaft Diameter 5 mm  

Motor Diameter 37.2 mm 

Motor Length 48.85 mm  

Motor Weight 177 g 

Maximum motor velocity  18,000 rpm 

Number poles 14 

ESC Timing 20-25 deg 

ESC Switching Freq. 8-16KHz 

Recommended Lithium Polymer Battery: 3-5 cell 

 
 
Battery’s technical specifications: 
 
 

LiPo 4S2P   

Size 230mm x 66mm x 35mm 

Capacity 10000mAh 

Voltage 14.8v 

Continuous discharge rate 5C 

Maximum discharge rate 10C 

Charger time Recommend (by input 1A) 

NetWeight 838 g 

 
 


