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ABSTRACT

The present automotive industries are focusing on developing such aerial vehicle

which operates with minimal human interaction and in a more stable manner.

VTOL is one of the technologies which fulfils these requirements. Due to their high
payload capacity and automation with sensors make them more suitable for applications like
military, rescue tasks, delivery task and aerial photography. The use of these UAVs is more

economic than using a manned aircraft for a certain application.

In this project we are focusing on, a VTOL UAV system design, build, and fly a
quadcopter mode and aircraft mode considered for transportation of medicines & health care

products through the developed UAV. Providing a quick medical response.
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Chapter — 1

Introduction to Drone Technology

Rotating wing aircraft with multi-rotors began to design, and even fly successfully,
at the beginning of the last century. They were, however, firstly replaced by the autogyro,
whose main rotor is not motorized and subsequently by helicopters given the inherent
instability of multiple rotor structures. In the following figures you can see the first known
quadcopter and some aircraft with this configuration of the mid-20th century.

Fig. 1 History of rotary wing aircrafts

If the stability of the cells (structures of the aircraft) with multiple rotating wings is
significantly more complex than the one of the helicopters one could ask what advantages
they bring and the reason for their current boom. In a helicopter the tail rotor is used to
compensate for the reaction torque (Newton's third law) produced by the movement of the
main rotor. By varying the thrust supplied, the helicopter is also allowed to rotate over the
vertical axis passing through the center of the main rotor (yaw movement). In these
conditions the power consumed by the tail rotor is not used to obtain vertical, lateral or
forward thrust. However, it is simple to understand that 4 rotors with opposite turns that
compensate the pairs of reaction pairs with each other will take full advantage of the power
to get vertical thrust. From this point of view the efficiency of the multi copter is superior to
that of the conventional helicopter. The disadvantages caused by the instability of multiple
rotating wing structures were solved with the appearance of solid state gyroscopes,
accelerometers and magnetometers that allow the integration of angular measurement,
acceleration and acceleration functions into very small electronic and electromechanical
components And terrestrial magnetic field. Although it is complex to explain the
functioning of these devices to know their characteristics in a global way is interesting.
Solid state gyros have several possible configurations. They can use a cylindrical resonator
made of piezoelectric elements (their deformation produces accumulation of electric
charges) or of micro vibratory structures inserted in a silicon wafer. The combination of
these devices allows to obtain integrated electronic devices capable of measuring angles of
inclination, acceleration, and terrestrial magnetic field. Obtaining in this way all the
necessary variables to determine the position, speed and course of a moving object. The
flight systems for quadricopters of the platform free hardware Arduino, among others, that
began its development in Italy in 2005, combine all these functions. The signals generated
by the sensors are processed in a microprocessor which applies several cascading regulation
loops, thus achieving that pilot control movements act in combination with the corrections
of the flight control system. A piloting known as "fly by wire (fbw)" is developed where the
pilot actions do not act directly on the control organs of the aircraft but on the control
algorithm that introduces the necessary corrections and compensations.

Fbw systems have their maximum representation in modern fighters, whose
aerodynamic design is deliberately unstable to allow evasive maneuvers impossible to
perform with conventional piloting. Obviously, the absence of the control system precludes

Department of Mechanical Engineering 10
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the flight of the aircraft. We can therefore already consider that a quadcopter of any size or
configuration is an aircraft of multiple rotating wings, governed by an fbw system that
allows the pilot to act on it as it would on a conventional aircraft, adding at the same time
multiple possibilities of self-stabilization and correction of flight path and attitude.

AERODYNAMIC PRINCIPLES OF FUNCTIONING OF A
QUADCOPTER

Next, the physical principles that allow the movement of a quadcopter in the 3 spatial axes

will be presented in a very simple way. To do this, the axes of rotation of any aircraft will be

defined first and then the whole explanation will be developed on a quadcopter with frame

in X configuration. The chassis in the form of H and + will be analyzed in other sections but

only from the Structura‘lk‘or aerodynamic point of view, since the physical principles of
Pitch 4

Longitudinal

Raoll

‘ My
Vertical mer‘ﬂ

Fig. 2 Conventional aircraft with 3-axes of displacement

motion on the chassis in X are understood, the only difference appears for the chassis in +
and is easily extrapolated. Figure 3 shows a conventional aircraft with its three axes of
displacement. The movement on the lateral axis that corresponds to bites or ascents is
denominated pitch (Pitch). The rotation around the longitudinal axis essential to abandon a
rectilinear flight path is called Roll, and finally, the movement around the vertical axis, used
in the planes in a coordinated way with the warping is called Yaw. In the case of a multirole
aircraft, the names of the movements and the axes are defined identically, although it is
necessary to clarify that a forward pitching will be accompanied by the displacement
(forward) in the same direction and vice versa (retreat). Equivalently, right and left warping
movements will cause the aircraft to move in those directions. Next, all four basic flight
situations will be studied: level stationary flight, forward (forward) and backward, right and
left (right and left) scrolling and yaw in a clockwise and counterclockwise steady flight. To
understand the operation of a multirotor it is imperative to know clearly the concept of the
reaction pair derived from Newton's third law. In a simple way it could be stated, applied to
a motor that moves a propeller, in the following way: if a motor to turn a propeller
clockwise at a certain speed of rotation n develops a torque of value p, on the bench Of the
motor will appear an equal and opposite pair.

As indicated above in the case of a helicopter that pair is compensated in flight by the action
of the tail rotor.

A second point to keep in mind is that a torque is the product of a force by the distance to
the point where it is applied. From this fact very important conclusions are deduced on the
behavior of the system:

1. The higher the torque, the higher the reaction torque.

Department of Mechanical Engineering 11
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The larger diameter of the propeller, for a same pitch (this concept will be defined
later but can be assumed for the moment as the angle of inclination of the blades), greater
reaction torque.

Having made these clarifications it suffices to indicate that all the movements of a
multirole aircraft will be based on compensating or decompensating the reaction pairs of the
different rotors to achieve a resultant in the desired direction. Therefore, the analysis with
the simplest situation of level stationary flight will be started.

Level flight

It is assumed that the quadcopter is stationary (hovering) and level. That is, static at a
certain height of the floor. In the following graphs the red arrows are perpendicular to the
black plane and indicate the vertical thrust (sustencation) of each rotor, the orange arrows
indicate the direction of the motor's reaction torque (opposite its direction of rotation) and
the green arrow simply points Which would be the nose of the aircraft. The circles in yellow
correspond to rotors with sense of clockwise rotation and blue circles to rotors with sense of
counterclockwise rotation. As can be seen from the figure, the quadcopter with
configuration in X uses two motors rotating in a clockwise direction and two in a
counterclockwise direction. The propellers used have the blades designed anti-
symmetrically and therefore, although the direction of rotation is opposite all of them
produce push down (lift). Understanding the physical principle of the reaction pair is very
easy to analyze how the aircraft maintains the flight Stationary: all motors rotate at the same
speed, so the reaction pairs are the same on the 4 motors and, since the chassis places them
symmetrically, they cancel each other out. There is, therefore, no resulting force that tends
to spin the quadcopter around its vertical axis and equal being the thrust of the 4 motors will
remain static and level. Obviously, the above analysis is purely theoretical since the multiple
aerodynamic effects, residual asymmetries and atmospheric conditions do not allow stable
stationary flight if the control and stabilization system does not make small corrections in
real time.

Forward and backward pitch (forward and reverse)

Once the stationary flight is understood, the other movements made by the
quadcopter will be very easy to analyze. The next situation corresponds to the aircraft
passing from stationary flight to a forward pitch that makes the tail rotors up and down the
nose rotors. This effect is achieved simply by increasing the thrust of the 2 tail rotors
equally, or decreasing equally the two of the nose.

As can be seen from the graph, the red arrows that indicate the vertical thrust are larger in
the back than in the previous one.

z
Fig. 3 Quad copter Axes of Motion

Department of Mechanical Engineering 12
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This change in the spin regimes will also modify the reaction pairs. The reaction
pairs for this movement are insignificant since the ones corresponding to the rear engines
compensate each other equally than the two of the forwards. It is very important to keep in
mind that as soon as the quadcopter moves forward, the force vectors of the motors will not
be perpendicular to the ground, decomposing into two forces: one vertical and the other in
the direction of pitch. Thus, whenever there is a forward pitching, the aircraft begins to
advance in that direction. The control system will ensure that there is no loss of height in
this process.

The backward pitching movement opposite to that described above. It should be
borne in mind that, as in the case of forward pitching, the backward pitching will be
associated with the backward movement of the quadcopter.

According to the Theorem of the Quantity of Motion (TQM from now on) it is
necessary that, on the z axis, the forces must compensate the weight, so that the drone is
stable and at a certain height. On the y axis, in this state, there are no components of the
motor forces.

Equation of equilibrium z-axis:

4

ZT[- = mg (1)

i=1

This does not introduce any variation in the state of the drone if the differential that
is added in the motor 3 is the same one that is extracted in the motor 1. In contrast,
according to the Kinetic Moment Theorem applied to the mass center one has to
Approximation, the mass center is considered to be at the intersection of the three axes
previously defined.
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As can be seen in equation (4) the moments on the y-axis disappear as T4 is equal to
T2. On the other hand, a differential of moments in the x-axis is created, which causes the
appearance of an angular acceleration in that axis, giving rise to the movement previously
explained. The expression for the angular acceleration that appears is as follows.

y_ 405 —T)

!x X
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7
Fig. 4 Angular motion of a quadcopter

From this simple study we can derive design parameters since it is verified how a
longer arm and / or minor inertia we obtain greater accelerations.

Right and left warping (lateral displacement)

The mechanism for the warping is identical to that described for pitch movements.
The only difference in this case is that the pair of motors that increase their speed are the
two located on the sides of the quadcopter (seen in its normal direction of advance). Thus,
when the right pair of rotors is to be warped, the pair of rotors on the left side will increase
their lift, their reaction pairs will compensate each other, and a rotation will occur on the
longitudinal axis towards the right side. The warping towards the left side takes place in
opposite way.
Just as in the pitching motion the vector resulting from the vertical thrust was decomposed
into two forces: one to compensate for the weight of the aircraft and the other forward that
produced its advance, in this case the decomposition of forces will give rise to a component
Which will cause, in an analogous way, the lateral displacement of the quadcopter.

z

Fig. 5 Right & Left wrapping
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In this case, the equilibrium equation 1 of the TQM is also fulfilled, and when the
TMC is applied, equation number 4 is reached. This time, the forces that cancel out to create
momentum are T1 and T3, whereas when a difference Between T2 and T4 a moment is
generated on the positive y-axis whose angular acceleration is defined by equation 6:

i d(T,—Tz)
Iyy

In the same way, a horizontal component appears that
generates the translation movement in the direction in which the drone has been inclined.
Stag flight in level stationary flight (turn on itself)

Just as in a helicopter, a tail rotor is necessary to counteract the torque exerted by the
blades, the same problem occurs in a multicoptero and, therefore, there are several ways to
deal with this problem.

The most common thing in a multicoptero is to have a pair of helices, so the most
common thing to control the yaw is to spin half the motors in the opposite direction to the
other half, thus the reaction pairs produced by the Helices counteract each other. The
disadvantage of this method is the need to have two types of propellers. Because the
propellers have a concrete acrodynamic profile, it is not enough simply to put the propellers
upside down because, although thrust would be generated, it would not be enough.

Another method is to turn all the motors in the same direction and generate
counterparts with some design feature. The main method is to tilt all the rotors from the
vertical to counteract the torque produced by the propellers (Figure). In this way, as in the
previous case, we can control the variable yaw the speed of two of the four rotors (in the
case of the quadcopter).

The alternative, keeping the four propellers rotating in the same direction is to apply
a method similar to the one introduced above, where one of the rotors is given a degree of
freedom of rotation perpendicular to the arm. This degree of freedom is controlled by a
servomotor attached to the flight control and, depending on the rotation of the engine, a yaw
is achieved in one direction or another. It should be noted that the rest position of the motor
is not parallel with the rest of the motors, but is rotated to avoid an unwanted yaw. This
form of control of the yaw is used especially in tri-rotors, where something more of
mechanical complexity is necessary to be able to control the yaw.

The last alternative is to place control surfaces at the outlet that redirect the air flow
out of the propeller and provide a counterpart. The variation of the angle of these surfaces
will achieve the yaw movement.

In our case, the first method will be used since the aim is to simplify both
mechanical and aerodynamic design.

The analysis of the movement to be presented below consists of assuming the
quadcopter in stationary flight leveled and cause a yaw or twist motion around its vertical
axis.

The physical phenomenon on which this movement is based is different from the
previous ones. In the cases studied, the reaction pairs of the motors were compensated in
pairs so that no force capable of causing their rotation around the vertical axis was induced
in the quadcopter. However, for the yaw movement the exact opposite is required: that the
resulting pairs of the 4 motors are decompensated and a resultant is obtained in the desired
direction of rotation. For this, will also act on the engines in pairs, but this time in pairs
located transversely. The following figure (7) shows the distribution of thrust and reaction
pairs corresponding to a yaw movement counterclockwise. As shown in the drawing, in
order to obtain the reaction torque or resultant rotational force the rotors marked in blue will
reduce their rotation speed and with it their lift (vector in red) and their reaction torque
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(vector in orange). Simultaneously, the rotors marked in yellow will increase their speed of
rotation increasing their lift and with it the reaction pairs.

Obviously, if the quadcopter is not to lose height, the total lift (vertical thrust) must
be kept constant. It could be said roughly that the reduction of blue rotor lift is compensated
by the increase of that produced by the yellow rotors, keeping the aircraft stable and level.

Consequently, counterclockwise rotation occurs as a result of the fact that the
reaction pairs of the 4 rotors are not now compensated and a resulting torque / force is
obtained which causes rotation about the vertical axis. The yaw clockwise takes place with
the same principle but acting on the pairs of motors in reverse.

Fig. 6 Motor Rotation Directions

Regarding the yaw movement of quadcopters, it is important to note that, in general
terms, it is less efficient than that of a helicopter. That is, its rotation about the vertical axis
tends to be slower. The explanation for this phenomenon is clear: whereas in a helicopter the
tail rotor is responsible exclusively for the movement of a quadrant in a quadcopter cannot
obtain a torque of the same magnitude since the decompensation of the thrust of the engines
has Which remain within the limits necessary to keep the aircraft level.

The moment that induces this movement can be expressed according to the following
equation:

4 &

My = Z Tmi = ZUzm ‘W; = Tc:mg:‘) 9)

i=1 i=1

The moment of yaw occurs, as discussed above, by adding up the four rotational
moments of the four motors. When rotating two in one direction and the other two in
another direction, in steady state they balance and keep the drone stable in the movement of
yaw.

On the other hand, by increasing the rotational speed of even motors and decreasing
that of odd motors in the same way, that moment is created in the same direction as motors
whose speed of rotation is decreased. This happens to preserve the amount of movement. In
this case, the drone would be oriented anti-clockwise if the positive z-axis is considered
when it points towards the ground or schedule if the images are observed. There are some
special configurations of multirotor equipment where odd numbers of rotors are used to
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obtain greater agility for this movement. In any case, a high yaw rate is not required for
industrial applications, and that type of configuration is usually designed for acrobatics of an
acrobatic nature, including variable pitch propellers governed by servos.

The maximum speed of the apparatus will be determined by two factors; the support
of Apparatus, and air resistance. Due to the complexity of the aerodynamic analysis of the
apparatus, the aerodynamic resistance of the apparatus will not be determined by analytical
form. We can also determine the maximum slope that can maintain the apparatus
maintaining the altitude and therefore its maximum linear acceleration.

B = 008 (M) (10)
max

Whereme=F1+F2+F3+F4

TYPES OF CHASSIS OR FRAMES
The frames of the quadcopters are usually classified into three categories: X, H and
+ and correspond to the structures in the following figure:

Fig. 7 Types of frame

Regarding the behavior and mode of operation of the quadcopter according to the
type of chassis used, it is not necessary to perform a too deep analysis. In terms of operation
the configurations H and X are identical. Its only difference lies in the ease and arrangement
of space for the location of the elements to be carried by the quadcopter and its structural
resistance. In general, the H-structure is more practical if it is intended to locate equipment
of a certain size and weight. In fact, it is adopted in a good number of commercial
quadcopters.

Commercial frames built in carbon fiber usually adopt configurations in X as the following
equipment:

The configuration in + is probably the least used. In this case, the frame coincides
structurally with the frame in X. That is, with a frame in X you can choose a configuration
in X or in + but the control and the maneuvering procedure is modified.

It is enough to observe figure 9 to realize that the pitching movements will be realized by
decompensating the lift produced by the front and rear engines only and that the roll
movements will take place when the decompensation takes place on the lateral motors.

Without entering into complex aerodynamic considerations, it suffices to consider
only that the forward, backward and lateral displacement movements will occur because of
the lift differences only produced by 2 rotors, whereas in an X or H configuration they will
occur by the difference of Thrust of the four rotors. It can be said, therefore, without more
complex analyzes, that this configuration is less efficient.
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PROPELLERS

The analysis of the components of the quadcopter will be started by the propeller
since, in fact, it is the most important element since for a multirotor team each propeller is a
rotating wing. In this document, the rotary wing is called because with the invention of the
auto gyro flight theory was developed with rotating wings.
The propeller is responsible for converting the power supplied by the engine into useful
power for the flight

mu\\\\\ //ff/.a-f
R EERE.

Fig. 8 Sections of Propeller

A propeller is formed by a set of aerodynamic profiles similar to those presented by
the wing of an airplane and with a variable angle from the center of the propeller to the tips.
In each section of propeller (each profile) the thrust effect is produced that is no more than
the lift.

Given the characteristics of this document, it is meaningless to analyze the variables
that influence the lift or analyze the fluid dynamics that generate it. It suffices to understand
that the movement of the profile of the propeller, in our horizontal case, generates a greater
pressure in the back than in the previous one giving rise to the vertical thrust (lift). The
following figure shows the aerodynamic profile of the cross section of a propeller at 75% of
its diameter. The highest edge is called the leading edge and the lowest trailing edge. The
angle forming the line connecting the leading edge to the air (relative wind) is called the
angle of attack.

Blade width

Blade cross section
at 75% of diameter

Height at
leading edge

IHeighl at trailing edge

Fig. 9 Profile of a propeller
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If you look at a propeller like the one in the following figure you can see that the
torsion angle of each blade varies from the tips towards the center. It is smaller at the ends
and more pronounced at the center. This shape adopted by the blades is due to the fact that
the lift produced by an airfoil is proportional to its relative velocity of movement with
respect to the air. Therefore, if it is considered that at the ends of the propeller where the
radius is greater the linear velocity of the profiles located in that region is higher, it is
evident the need to reduce the torsion (angle of attack) of the propeller. This fact in
modeling sometimes becomes really extreme. When calculating the linear velocity at the
propeller tips of small models where small diameter propellers are used that rotate at speeds
in excess of 20,000 rpm, it will be seen that it is at the limit of the speed of sound. When
that happens, it passes to the so-called supersonic regime where air can no longer be
considered an incompressible fluid. For these cases, the ends of the propellers are designed
with negative angles of attack.

Fig. 10 General Propeller

In a quadrotor type helicopter a pair of propellers type puller and other pusher type
are required. The names refer to the direction of rotation that the propeller must perform to
generate a pushing force in favor of the flight of the vehicle.

A series of forces acting on any propeller are shown in figure 11 and must be known.
The torque that turns it A, the thrust produced by it C (thrust) and the resultant of composing
A, B.

PUSHER
d371Ind

Fig. 11 Pusher Propeller
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Total Reaction
B ATOlque

CThrust

Relative Airflow

Fig. 12 Aerodynamic forces acting of a airfoil section

The torque is the one that develops the engine in its turn. It is very important to
know that the pair of a moving propeller is a quadratic pair. That is, it is of the form K - V_2
where K is a value that depends on the characteristics of the propeller and V is its speed of
rotation.

The fact that the propeller resistor is quadratic has important implications for the
operation of a multi-rotor aircraft. Just take the following example into account. It has
designed a p-weight quadcopter that is powered by a 2000mAh battery. It is considered that
the autonomy is very reduced and the battery pack is replaced by a 4000mAh battery whose
weight is 3 times higher. In a first approximation one might expect autonomy to double.
However, in order to keep the equipment in flight it will be necessary to lift the extra weight
of the battery, for which it will be necessary to increase the speed of rotation of the motors.
Since the resistant torque offered by the propeller is quadratic, if we assume, exaggeratedly,
that it is necessary to double the speed of rotation, the torque that will develop the motor
will be 4 times greater. Under these conditions, Brushless DC engines would consume
approximately 4 times more current than in the initial conditions. Therefore, the autonomy
would have been reduced to half that available with the light battery.

Although the example is extreme since it is based on the necessity of doubling the
speed of rotation, what it pretends is to show that the fact that pairs are quadratic has as
serious implications as reasonable increases in the speed of rotation, as a consequence of the
increase Of weight, cause consumptions much more pronounced than those would be in case
of being a linear pair.

A propeller is defined by two numerical parameters: its diameter in inches and its
pitch. For example, 9x5, 10x4.7, 11x3.3 are actual propeller configurations. The diameter
does not raise any doubt as to definition. Next, the concept of step will be defined.

The passage of a propeller can be defined as what would advance an aircraft in
horizontal flight when a complete revolution occurs. That is, a 9x5 propeller indicates with
its 5 "pitch that the airplane flying propelled by it advances 5" forward in each revolution.
This step given as the definition of the helix is the geometric step. The actual advance of the
aircraft will be inferior due to an aerodynamic phenomenon that in Spanish could be defined
as sliding. Without going into complex details of fluid mechanics the slip could be
explained intuitively by comparing the propeller with a screw that is screwed into a material.
When dealing with the material of a fluid "the screw" does not advance in each turn of the
screwdriver the distance that it would in a solid material since it "slips". The following
figure shows the previous concept.
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EFFECTIVE PITCH
GEOMETRIC PITCH

Fig. 13 Effective & Geometric Pitching

Selecting a propeller

When selecting a propeller for a quadcopter design the first consideration that must
be made is relative to its quality of manufacture and rigidity. It is important not to forget that
a quadcopter is an aircraft of rotating wings and that, therefore, the 4 propellers are the
wings that have to support the weight in static conditions and still more in maneuver where
the load factor increases due to the centrifugal force.

Therefore, propellers should be selected as rigid as possible, preferably carbon fiber or
wood. Any flexible propeller of low cost will deform in the form of cone degrading the
flight and the stability of the equipment.

With regard to diameter and pitch, the choice must be made along with that of the
motor, although there is a parameter from which can be split: the diameter. As indicated by
the performance of a propeller, the greater the diameter, the better the first approximation is
(except in the case of serious constraints of space) to try to adapt the diameter of the
propeller to that of the frame occupying During the turn as large as possible without
obviously interfering between the rotors. It is necessary to know that the highest
aerodynamic performance is obtained by using a 2-blade propeller of the largest possible
diameter. This fact has been known since the beginnings of aviation, although that said it
might be surprising to see classic airplanes with multi-blade propellers. However, it is
sufficient to take into account the space restrictions that a conventional aircraft has for
takeoff and landing to understand the need to reduce the diameter by increasing the number
of blades. With regard to the design of multi-rotors, the diameter of the propeller should be
chosen to encompass the largest possible area of the chassis provided that no tandem
aerodynamic interference is achieved, where the vortices of the rotors interact between yes.
The following figure shows this phenomenon:
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Fig. 14 Vertices of airflow

In it the vortices of the rotors have been represented for different distances between
axes of the motors. In the figure to the axes of the motors are separated a distance D equal to
2 times the diameter of the propellers. In figure b, 1.5 times the diameter and in figure C to
1, 25 times the diameter.

The third figure already shows the effect of tandem vortex interference. Therefore,
separations lower than those given by this value should not be used.

Performing a review of the most popular quadcopters: Quantum Nova, Phantom, etc. It is
possible to see how the manufacturers have respected both criteria: on the one hand, they

have tried to occupy the maximum available area and, on the other, the recommended
propellers establish a criteria of distances slightly superior to 1.25.
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BRUSHLESS DC MOTORS (BLDC) OR ELECTRONIC SWITCHING
ENGINES

Despite the extra complexity in its electronic switching circuit, the BLDCM presents
several advantages over its counterpart, to name a few: higher torque / weight ratio, less
operational noise, longer lifetime, less generation of electromagnetic interference and much
more power per volume, practically limited only by its inherent heat generation, whose
transfer to the outer environment usually occurs by conduction.

In spite of their performance differentials, the BLDCM's dynamic model can be
roughly approximated by the well-known BDCM's. Fig. shows the basic electrical circuit of
such motor, where is the voltage applied to its armature, Ra is the armature's resistance, the
inductance, vb = kv! Is the back-electromotive force induced in the armature, kv is the speed
constant and! A is the angular speed.

R La
(T00)

Wy
1+ 1t
U — T ia s Vb

Fig. 15 Electrical circuit of a BLDC motor

A BLDC can be considered for functional purposes as a conventional DC motor in
which the brushes and the manifold have been replaced by electronic equipment which
injects the current into the appropriate windings, depending on the position of the rotor, to
obtain a torque. However, in terms of electrical engineering, the BLDC is a synchronous
machine since its rotation speed coincides with the frequency of the electronic equipment
that feeds it. In fact, the control and variation of its speed takes place by controlling the
switching frequency of the transistors that are part of the variable speed drive.

To understand this explanation, it is necessary to begin by describing the parts and operating
principle of a BLDC.

A BLDC motor consists of two parts, the rotor and the stator. Obviously, the first is
the one that moves and the second the one that stays static. Generally, the electric motors
have a cylindrical rotor rotating inside a larger hollow cylinder which is acting as a stator.
However, in this type of machine are possible 2 topologies: engines "Inrunner and
Outrunner". These names that do not have a direct translation into Spanish simply indicate if
the rotor is located inside the stator (inrunner) or if the rotor is the outrunner and the stator
remains fixed therein.

The following figure shows the structure of a BLDC inrunner, i.e. the rotor rotates
inside the envelope. As can be seen in the graph, the rotor is a cylinder inside which are
usually permanent rare earth magnets: SmCo or NdFeBo. The second are the employees
currently in modeling applications. The stator is formed by coils wound around polar cores
of ferromagnetic material. When current is circulated through the coils, new magnetic poles
are created that interact with the permanent magnetic poles of the rotor causing the rotation
of the machine. The motor of the graph has 4 poles in the rotor and 6 poles in the stator. As
the poles will have opposite signs this configuration is usually designated as 5N5S, i.e. 5
poles north and 5 poles south. It is not uncommon to find engines with asymmetric
configurations where the number of north and south poles is different, especially in
outrunner engines that develop greater torque. If you analyze the stator of the machine you
can see that the coils of 3 different colors have been colored. This graphic reference
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indicates, for example, that the green winding of the upper pole is connected in series with
the green winding of the lower pole thus forming one of the 3 stator phases. The same
happens with the other pairs of coils so that internally they can be connected to a common
point: winding in star or forming a triangle whose vertices will be the outlets.

BLDC Inrunner Motor
Anatomy

Rotor is mounted on
the axle and rotates
inside the surrounding
stator. Rotoris
comprised of
segmented permanent
magnets with
alternating magnetic
poles (indicated by S
and N respectively)

Electromagnetic
Coils

Axle (Output Shaft)

‘\ Motor housing contains
the fixed stator and is
mounted to the aircraft

Axle Roller Bearings

Brushless Inrunner Stator

Brushless Inrunner Rotor

S A

Fig. 16 In runner BLDC motor

Phase B

WWW.SBFLY.COM

Fig. 17 In runner BLDC Motor - inner view

Figure shows a side view of the in runner motor, in which it can be seen how the

rotor is housed inside the envelope in which are the polar masses on which the windings of
the three phases of the machine have been wound.
In the configuration of Figure is an outrunner motor is shown. In this case, the poles formed
by permanent magnets have adhered to the inner part of the outer shell which is movable
and rotates mounted on bearings. Therefore, this envelope with magnets is the rotor of the
machine, in the form of drum, that when turning by the outside receives the name of
outrunner. The stator winding is mounted on this occasion in the center on the polar masses
that are fixed to the back support of anchorage.
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_ Iron Stator is fixed in the
center with multiple coil
windings, each color
representing a phase.
Mounting base and stator

are stationary

Permanent magnets
are attached to the
outer drum Rotor with
alternating poles facing

OQuter metal drum
Rotor and permanent

magnets rotate around the Stator
fixed Stator
Fig. 18 Out runner BLDC Motor
Drum, center axle, and Stator, base, coils, and
permanent magnets ball bearings are
rotate stationary

Qutput shaft can be
reversed on most
OQutrunners to
accommodate different
mounting configurations

|
-/
4
Fig. 19 Out runner BLDC Motor schematic

BLDC Inrunner Motor
Anatomy

Rotor is mounted on
the axle and rotates
inside the surrounding
stator. Rotor is
comprised of
segmented permanent
magnets with
alternating magnetic
poles (indicated by S
and N respectively)

Electromagnetic
Coils

Axle (Output Shaft)

' ‘\ Motor housing contains

the fixed stator and is
mounted to the aircraft

Axle Roller Bearings

Fig. 20 BLDC Inrunner Motor Anatomy

Department of Mechanical Engineering

25




Design & Development of Fixed wing Multirotor UAV For Quick Medical Response - 2022

Figure 20 shows the external appearance of the motor. In it you can clearly see the
anchoring bench located on the right side and how the spin is performed by the outer drum
inside which the permanent magnets are installed.

In motors designed with this structure for modeling applications it is very common to find
shaft outputs on both sides and mounting accessories that allow them to be anchored to the
model in different positions.

Although the two types of motor are conceptually identical and equations and
operating principle the same, as with industrial synchronous machines their physical
topology significantly modifies their characteristics and applications. Without going into
more complex details it can be said that the main difference between an external rotor motor
and an internal rotor motor is its speed of rotation and its ability to produce torque.

The inner rotor motor is slimmer and longer, so its design allows for much higher
turning speeds without significant centrifugal forces. In fact, it is not uncommon to find
models where the engine speed exceeds 20,000 rpm. We could say, therefore, that this type
of motor is more apt to move small diameter propellers that need to rotate at a high speed of
rotation as they happen in the systems called ducted fans for airplanes.

On the other hand, the outer rotor or rotating housing motors are flatter and have a
larger diameter. This structure already makes it clear that its speed of rotation will be lower
and its torque much higher. In fact, the design of a BLDC disc or rotary drum motor
precisely seeks to generate a high torque. One of the most surprising applications of this
type of machine, designed in the form of a flat and narrow disc, is its use to perform taxiing
tasks (taxiing before arriving at head of track and return to the point of parking) displacing a
plane of Line by electric traction. In this way, fuel economy, reduction of emissions and less
wear of the turbines are achieved.

In their modeling application they may be considered suitable for moving larger diameter
propellers and not very high passages at intermediate speed regimes. In general, it can be
said that they are the most suitable type of motor for the design of multicopters.

Principle of operation: electronic switching

So far, the main properties of the BLDC motors have been described but their
operational principle has not been indicated. The rotation of the rotor in a BLDC motor is
based on what in Electrical Engineering is known as electronic switching. To understand it
in a simple way will be used the diagram of figure 18, which will be repeated here for
convenience.

If, in the motor shown in the previous figure, no current is introduced into any of the
coils, the rotor remains obviously at rest. Imagine now on the said figure that an external
system introduces current in the yellow phase in such a way that two magnetic poles are
created, this winding with north polarity. If that happens the north (blue) poles of the rotor
will suffer a force of repulsion and the south poles (yellow) one of attraction towards the
winding of the same color. It will have been achieved so that the rotor rotates a fraction of a
turn.

If the previous situation is maintained the motor would not continue its rotation
keeping stable in the previous position. However, as soon as the rotor comes out of the
influence of a pair of stator poles the current is nullified in them and introduced into the next
the process of attraction and repulsion of the magnets will again take place. Therefore, if the
current is injected periodically in the proper angular position, the rotation of the motor will
be achieved.

These injections and shutdowns of the current are made by electronic switches inside
the variable speed drive and is what is called electronic switching. The motor speed is varied
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by increasing the frequency of activation and deactivation of the circulating currents by the
stator winding. This involves changing the frequency of opening and closing the electronic
switches of the inverter.

The previous switching process starts from a hypothesis that in practice is not
theoretically feasible. It has been assumed that the injection or extinction of the current in
each phase is achieved just when the magnetic poles of the rotor are in the correct angular
position. In principle, this is not possible unless the motor incorporates a mechanism which
informs the variator of the angular position of the rotor. In BLDC motors of industrial
applications, for example the car addresses with electric assistance, the motor incorporates
on the shaft an encoder (rotary encoder) that supplies the position of the rotor to the variador
of speed. The variants existing in the market for these devices are multiple and, since the
modeling engines do not use them, it makes no sense to raise more than their existence and
the need to inform the variator of the position of the rotor. If a BLDC modeling engine does
not incorporate any external systems that report the position of the rotor how it can function
properly? The explanation for this question comes from the use of a control algorithm for
the inverter called sensor less control. Explaining a control algorithm of these characteristics
is not the subject of this document but a brief indication of its operating principle can be
given.

The laws of Lenz and Faraday established at the end of the 19th century that if a
magnetic field moves in the surroundings of a set of coils an electromotive force (tension) is
induced in them. This law is the basis of the operation of the sensor less control that the
variadores of modelismo use to avoid to add systems of measurement of the angular position
of the rotor.

The control system operates in a simplified way as follows: The motor starts by
injecting the currents for a given direction regardless of the rotor position. This injection of
current causes the movement, still uncontrolled, of the motor that can even try to start in the
opposite direction to the desired one. During the movement electromotive forces are induced
due to the Law of Lenz in the phases that are not injecting current. The measurement of
these electromotive forces by the variator allows to estimate the position of the rotor and to
ensure that the electronic switching is synchronized with the rotor position. This transitorily
unstable situation can be observed if gas is applied very slowly to the motors of a
quadcopter in the form of a slight hesitation in the beginning of the rotation of the
propellers.

Parameters defining a BLDC motor and characteristic curves

Before indicating the parameters usually obtained from BL = DC motors it is
necessary to refer very closely to the two equations that govern their operation. In a BLDC
motor it can be affirmed that torque and speed fulfill the following two relations:

V=Ki-N (12)

T=Ky-1 (13)
Where V is the supply voltage, N is the speed of rotation, T is the motor torque and I is the
current consumed. K 1 and K 2 are two own constants of each motor that depend on its
constructive form, flux density of the magnets, etc.
The constant of the first equation is the one that supplies the most known parameter of the
BLDC, usually called kV and indicated in terms of rpm / V (in fact it would be the inverse
of the constant indicated in the equation). The constant kV of a BLDC motor, also in a
simplified way, indicates the RPMs expected for a given supply voltage. Thus, a 1200 kV
motor if fed at 1 V should rotate at 1200 rpm.

The second equation is not related to any data normally supplied by the manufacturer
but is very important to understand the operation of the machine. The reading of equation
(13) indicates that the current to be consumed is proportional to the constant of
proportionality K2 and that the current consumed is directly fixed by the torque that the
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motor has to develop. This data is very important, as discussed above, because the resistant
torque of a helix is quadratic and as indicated in an earlier example if it is intended to double
the speed of rotation the torque will be multiplied by 4 and with it the current Consumed.

The other parameters that characterize this type of motor are:
1. The vacuum current (no load current) normally supplied for a certain supply voltage.

2. The resistance of the conductors of the windings.

3. The maximum permissible current (supplied normally along with the maximum time that
can develop it).

4. The electrical power absorbed (sometimes in different conditions or for a set of
propellers)

5. The number of poles. Normally expressed in the form 15N15S, 14N16S, etc.

For the use of simulation programs, if the motor is not among those selected it is
relatively easy to obtain the vacuum current and the resistance of the windings, which
together with the number of poles already allows to define the motor completely.

The following graph shows all the characteristic curves of a BLDC motor, and it will
comment on the operating point to be chosen for any model.

BL16B17-08 (BLDC Motor)
48VDC, 1.05 Amps, BL100-RO
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Fig. 21Characteristic curve of a BLDC Motor

In these graphs you can see all the concepts shown above. If the velocity curve is
analyzed in black, it is observed that with the stalled rotor the torque delivered by the motor
is slightly more than 30 oz-in and that when rotated in vacuum the speed of rotation is
higher than 6000 rpm.

If we analyze the red curve (torque-current) it is clear that equation 13 is satisfied
and that the current grows linearly with the pair. The torque zero point corresponds to a
current of about 0.2 A. This is the no load current which indicates the motor's consumption
to magnetize and overcome the friction losses when it rotates with nothing attached to the
shaft.

Finally, the curve of greater interest is the blue one, since in it the performance is
represented in function of the pair developed. Performance is an indicator of how much
input electrical power is being consumed to produce mechanical power in the shaft. A low
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yield point indicates that a good part of the electrical power consumed is being used to heat
the engine and not to produce mechanical work. Therefore, the operating point at which the
propeller is driven to the engine must be as close as possible to the point of maximum
performance. Otherwise, it would not only be wasting the battery power but would be
overheating the motor.

Normally, the peak performance point of the motor is given with low pairs. For this
reason, it is materially impossible to select a propeller which brings the engine to the point
of maximum performance. However, selections should be made as close as possible to this
value and any combination should be discarded after a simulation yields yields of less than
about 70%. The graph shows a line of points corresponding to the selected work point for
the motor. It is also possible to observe that a shift to the right produces an increase in the
power absorbed and in the circulating current by the motor.

Before finishing with the section dedicated to the engines it is essential to make a
comment about its operating temperature. Permanent magnets reduce their flux density as
the temperature increases. If the temperature increase suffered by the motor is not very high
once the cooling takes place the magnet recovers its magnetism. However, there is a
temperature known as the Curie temperature above which a permanent magnet loses its
magnetism.

Therefore, it is necessary to consider 2 aspects of the operation of a permanent magnet
motor:
1. Even if the Curie temperature that causes definitive engine damage does not reach, the
increase in temperature of the magnets reduces its flux density and causes the motor to
degrade its operating characteristics.

2. Once the Curie temperature or values close to it have been reached, the motor will be
irreparably damaged.

Therefore, the design should avoid heating the engine as much as possible. An ideal
operating temperature would be around 40 © C and 60 ° C should never be exceeded.

SPEED VARIABLES or ESCs (Electronic Speed Controllers)

Next, the structure of an ESC, its operating principle and some considerations on its
choice will be discussed. The following figure shows an excellent diagram of the
components of an electronic variator. Analyzing the diagram from right to left the following
components can be observed:

1. Output filter capacitor: it is a capacitor used as a filter to eliminate oscillations in the
voltage wave that is applied to the motor.

2. Set of 3 vertical branches of legs labeled as FET. These 6 switches are low-resistance
channel MOSFET-JFET transistors (the ones they present when they are in saturation, i.e.,
closed). The three phases of the motor connected to the central point of each of the
branches. Thus, by performing different combinations with the switches that are closed and
those that are left open it is possible to apply positive, negative or zero voltage to each of
the phases of the motor.

3. FET Driver Circuitry: this component is simply an element that adapts the logic outputs of
the microcontroller to the voltage and current levels required to enter the gate of the
transistors and produce their cutting and saturation (Opening and closing).
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4. Microcontroller: in it is the program of governing the transistors. It receives as input the
gas signal (trhottle) and also the measurement of the electromotive forces induced in each
phase, as it was described when referring to the sensor less control of the BLDCs. Their
power comes from the component called BEC present in most inverters.

5. BEC = Battery Elimination Circuit: The BEC is a linear voltage regulator, i.e. an electronic
circuit that reduces the voltage of the batteries and stabilizes it to feed the microcontroller
and other components that need a voltage of logical levels, Usually 5 V in our system. The
name BEC comes from the fact that in older models it was necessary to have a small
additional battery of 4.8V to power the servos, receivers and other electronic circuits.
closed and those that are left open it is possible to apply positive, negative or zero voltage
to each of the phases of the motor.

TO BATTERY +

ALL 3 MOTOR WIRES
ARE CONNECTED IN
FET - MOTOR WINDINGS

| @cNO @GN @ GND I
CIRCUIT BOARD GROUND PLANE o
TO BATTERY -

Fig. 22 Battery Elimination Circuit
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Known its components the operation of the system can be summarized as follows:

1. The inverter is connected to the receiving equipment and an adjustment is made to tell the
microcontroller the range of variation of the gas channel input signal. This procedure varies
from manufacturer to manufacturer. Some more advanced operating parameters can also be
selected, motor braking, motor cut-off when reaching a certain level of battery discharge,
etc.

2. Once the calibration process has been done when the transmitter is activated by raising the
gas control, the signal enters the microcontroller using its

Sensorless control algorithms vary by raising the opening and closing frequency of the
transistors until the desired speed of rotation is reached.

The current market offers an infinite number of variators with very varied characteristics. In
the following figure you can see 2 of the most popular.
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Fig. 23 Electronic Speed Controllers

When selecting it, the following variables must be taken into account:
1. Maximum current you can handle

2. Number of cells for which it is designed (battery voltage)

3. Inclusion or not of BEC

4. Form of programming: from the transmitter by beeps or leds or by passive card.

5. Existence of optocoupling: galvanic separation of the drivers from the transistor doors.

6. Weight.

The electronic speed controller (ESC) is the interface between the control and power stage
of brushless electric motors. It receives a signal from a low-power microprocessor and
converts it into a three-phase high-power alternating signal.

The signal normally corresponds to a pulse width modulation signal PWM, whose
frequency and duty cycle are determined by the factory. The duty cycle is usually in the
range of 1 to 2ms and the frequency can take values of 50hz and 490hz.

The following figure shows a PWM signal, where T corresponds to the period and t to the
pulse width, both quantities expressed in units of time.

v
A

f

—

Fig. 24 General PWM Signal
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BEC AND UBEC POWER SUPPLY SYSTEMS (Battery Elimination
Circuits)

The BEC system and its functions have already been commented on in the previous
point. Next, the difference between a BEC and a UBEC will be explained. In the first
generation of electric models the linear regulator that incorporated the ESC was more than
enough to feed all the electronic circuitry of the model. The BECs incorporated into the
inverter in the form of linear regulators provided currents of the order of 1 A. The
disadvantage of the BEC based on a linear regulator appears when the battery to be used is
of a high number of cells. For example, a combination of Lithium-Polymer 4S uses 4 3.7V
cells that are freshly charged at 4.2V. Therefore, linear regulator must reduce almost 17V to
5V of the logic power supply of electronic circuits. This reduction in voltage is done at the
cost of dissipating the necessary power in the regulator, which is, in the first place,
inefficient and secondly causes a high heating especially if it is intended to extract a
considerable current from the regulator.

As a solution to this problem appeared the UBECs that are not linear regulators but
DC-CC reducing converters. In this case, there is no problem of power dissipation because
they are switched sources and the capacity to supply current of the UBEC is much higher
and much more in line with the consumptions of the systems that a multi- rotor system
incorporates.

The UBECs can be part of the variable speed drive or can be purchased separately as
a simple DC converter that reduces the voltage of the batteries and adapts it to power all
system circuitry. Its practical use is extremely simple. Its input is the battery and its output
the power connector for all electronic components. In the following figure it is possible to
observe a UBEC of 10gr of weight with an output of 5V and 5A.

Fig. 25 UBEC (Universal Battery Eliminatory Circuit)

SELECTING BATTERIES

In the early days of electric modeling, the only available batteries were NiCad,
currently banned for domestic use because of the presence of heavy metals. Its weight was
high, its energy density low and its capacity of limited discharge. The advantage they
presented was enormous strength and durability. Subsequently, NimH batteries with
considerably higher capacities were used, but the intensive charging and discharging
processes in this type of battery are strongly exothermic and the number of life cycles
remained low without having improved the weight problem.

Towards the end of the 90 arrived the first batteries of Lithium Polymer (LiPo) of
the mark Kokam arrived in Spain the batteries came in individual cells and the assembly had
to be done manually. Its energy capacity was much lower than the current capacity and its
discharge capacity about 15 times lower.
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From that date until now the development of LiPo batteries and some variants such
as LiFePo has been unstoppable. In fact, at this time it is unthinkable to use another
compound both for its incredible price drop and for the higher daily benefits.

Therefore, a brief review on this type of battery will be made, later the most
characteristic parameters that define them will be indicated and finally some advice will be
given on the criteria to be applied in their choice.

A Lithium Polymer battery is actually a Lithium lon Polymer battery. That is, there
are no functional differences between Li-ion batteries and LiPo batteries. The differences
between the first and the second lie in that the latter the liquid electrolyte is replaced by a
solid polymer: polyethylene oxide, poly methyl methacrylate and a number of other
compounds. The principle of operation of the battery is based on the circulation of lithium
ions between two metal plates that act as anode and cathode. Although this type of battery is
the one with the highest energy density and discharge capacity, it is not without its
problems: if they are overloaded they tend to expand to the point of bursting and burning. If
they are discharged below a certain threshold, secondary chemical reactions, oxidation of
anodes and cathodes occur and the possibility of expansion and fire again appears. In fact, in
the early days of its use, many cases of fire caused by failures during the loading process, or
the use of batteries that had suffered impacts or deformations, were collected on the Internet.
LiPo battery packs that are used in both modeling and industrial applications are made up of
sets of cells connected in series or even in parallel series combinations of series. Each of the
cells has a nominal voltage of 3.7V although at full load they reach 4.2V. Their discharge
depth (minimum value of the voltage they can reach during use) should not fall below 2,8V.
Next, the parameters that define the commercial LiPo battery packs will be indicated.

Parameters that define a "pack" of Lipo batteries

1. Number of cells: the batteries are designated as nSmP, for example 3S2P. This indicates
that the battery in question consists of 2 branches of 3.7V cells connected in series, then
connected in parallel. Series-Parallel combinations are used to obtain large capacities,
although the most common configurations with all the cells in series are: 1S, 2S, 3S, 48,
etc. The overall voltage of the battery is obtained by multiplying the number of cells by
3.7.

2. Capacity: The capacity of the battery pack is designated by the letter C and indicated in
mAh. That is, the data that is given is the amount of energy that the battery is able to
deliver. Thus, for example a battery of C = 4000mAh would theoretically be able to
provide a current of 4A for one hour reducing its voltage slightly (up to the result of
multiplying its number of cells by 2.8V, minimum permissible voltage).

3. Discharge capacity: This data is given in multiples of C, so a battery can be 25C - 50C,
40C - 60C, etc. This indicates what indicates is the maximum current that can be drawn
continuously from the battery and that which can be removed for a short time. For
example, if the previous packet of C = 4000mAh is labeled as 40C-60C, it means that it is
suitable for work by continuously discharging 40 * 40000mA, i.e. 160 A and briefly 60

* 4000mA or what is 240 A. Obviously, the battery life under these conditions would be
divided by at least 40 in the first and by 60 in the second. In actual practice, the reduction is
even greater since the behavior is not linear and as the number of discharge C increases its
capacity decreases.
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Thunder Power eXtreme Series - HIGH RATE CHARACTERISTICS

Capacity : 5000 mAh 1.0CmA = 5.000mA
Charge : CC-CV, 1.0CmA(5,000mA), 4.2V 0.1CmA Cut-off @23T+3T
Discharge : CC, 5CmaA / 10CmA / 15CmA | 20CmA / 22CmA [ 25CmA, 28V Cut-off @23T +3T
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Fig. 26 V vs mAh curves

All of the above concepts are readily understood in view of a family of curves
supplied by a manufacturer of battery packs for modeling:
In the family of curves it is possible to observe how as the discharge increases in multiples
of C, there is a greater internal voltage drop in the battery and its capacity is reduced.
The correct charging of a battery based on lithium polymers is essential for the durability of
the same as to avoid any type of accident or failure that could put at risk the safety of the
person who handles it. The voltage of a cell of this type of batteries, as mentioned above, is
3.7 Volts, this voltage is not constant and it varies according to the percentage of charge
when the battery is at 100% in 4.2 Volts. So in the process of charging should not exceed
this limit as it could damage the battery. Due to this limitation it is necessary to use a
suitable charger for LiPo batteries and to select the number of cells that are connected
properly, if the value is wrong, there is a risk of overcharging the battery. The vast majority
of chargers on the market have built-in a system that auto detects the number of cells
connected to avoid risks.

The charger uses a known method of charging constant current / constant voltage (cc
/ cv), means that during the first phase of charging the battery a fixed current is applied, as
the voltage of the battery is close to the limit of 100%, The charger automatically starts to
reduce the current level and applies a constant voltage during the remaining stage. The
charger interrupts the charge phase once the voltage of 4.2 Volts is reached for each cell.
It is also important to select the current level that the charger will deliver to the battery
during charging. It follows a rule in most cases that says that you never have to charge the
battery above its capacity, i.e. above 1C. It means that, for example, if a battery with 2000
mAh capacity is available, a current of more than 2 Amps must never be supplied during the
charging phase.

However, as the technology specializes, there are commercially available
Batteries that support 2C, 3C, even up to 5C of charging current. So we can reduce the
loading times. If we charge the battery to 1C, it will be completely full in 1 hour, however,
if we charge it at 5C the duration of the charge is reduced to 1/5 Hours, 12 minutes.
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Also important is the balance of the battery, which allows you to charge all the cells for
Equal reaching the level of 4.2 Volts in each of them without exceeding this limit. Occurs if
we have more than one cell, for example, a 3S battery, the charger will reach

12.6 Volts when the charging cycle is completed, however, if the cells have different voltage
at the beginning of the operation there is a risk that these differ their level at the end of it.
One could exceed 4.2 Volts while the others would not be fully charged. To avoid this and
to avoid risks, it is used the balance that loads all the cells alike, with an error of 0.001-0.03
Volts, by reading the voltage of each cell separately thanks to a connection that have all
LiPo batteries, the cable Of rolling.

A built-in circuit in the charger allows you to charge the cells using the main power cable of
the battery.

Criteria for the correct selection of a battery pack

Exposing all the factors that determine the choice of one or the other battery pack is
extremely long and tedious, although a brief indication of the procedure can be given.

1. Choice of number of cells: the most common in these cases is to make the choice of
the entire traction system, propeller, motor, variator and battery by means of a
simulation program. Or, determine the proper supply voltage that the propeller
motor assembly is in the zone of suitable performance and thrust and from there
determine the number of cells. The most common is to use 2S, 3S, 4S
configurations.

2. 2. Choice of capacity: capacity must be chosen depending on the desired flight time
and the weight of the package. As already indicated above, a reasonable increase in
autonomy is not always achieved by increasing the capacity enormously if a large
increase in weight is produced.

3. 3. Choice of discharge capacity: the discharge capacity must be sufficient for the
maximum current consumed by the battery to be in the range that the manufacturer
estimates as suitable for continuous discharge. For example, if my system consumes
100 A, and the capacity of my battery is 5000mAh, its permanent discharge
capacity must be at least 20C. In this sense it is very important to note that it is not
always a good idea to select batteries with very high discharge capacities. For
example, if our capacity requirements in mAh are 2000mAh, and my consumption
is 40 A maximum, it is possible to select any battery that has discharge capacity
20C, or a higher value, 25C, 30C, 40C, etc. Although a priori it would seem most
logical to choose the battery capacity 40C would be making a mistake. The higher
the discharge capacity of the battery the greater its weight and also the greater an
internal resistance and therefore its voltage drop. Therefore, by choosing a battery
of continuous discharge capacity of 40C we would increase the weight and would
have less voltage than selecting a discharge capacity 25C, lighter and with a lower
voltage drop. Therefore, this criterion could be summarized by saying that batteries
with very high discharge capacities should not be selected if they are not really
going to use that property. For this reason in this case the choice of 25C that allows
a continuous download of 60 A for an application that will consume a maximum of
40 A is perfectly valid and allows a margin of safety in case any modification of the
design increases subsequently the consumption.
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GLOBAL TRACTION AND CONTROL SYSTEM: ELECTRICAL
DIAGRAM

Finally, the complete connection of a quadcopter with all the elements described will
be shown. In them it is observed the connection of all the components to the control system
and they do not need more explanation than to clarify that the motors have to turn in
opposite directions in pairs.
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Connections
The batteries usually have two types of connectors already mentioned, the main
power cable and the roll wire. The first is responsible for delivering and receiving energy
Which has the battery, the second is responsible for performing a correct balance of
the battery cells as explained above

For each of these cables there are many connectors, whose choice will depend on the use of
the battery and the power requirements of the selected design, all of them have safety
mechanisms that avoid inverting the polarity when connecting them.

The power cable connectors are as follows:

JST Connector: A small connector used for requirements up to 5 amps nominal.
Used in batteries of reduced capacity, below 1500 mAh, to power the motors of very small
UAVs and the onboard electronics of the models of a higher range.

Dean Ultra connector: A widely used type of connector whose price is relatively
high compared to its competitors, can withstand a rated current level of up to 50 Amperes.
EC3 connector: Bullet type connectors capable of withstand a continuous current of 60
Amps. The "bullet" type, seen in the picture, is very popular in high power applications
thanks to the fact that they have a larger contact surface.

ECS Connector: Larger version of the EC3, with 5 millimeter pins, increases the
contact surface thereby increasing its rated current capacity as it can reach up to 120
amperes.

Connector XT-60: One of the most popular connectors in the market for model
aircraft thanks to its good value for money. Just as the EC3 connectors use "bullet"
technology when making the connection and are capable of supporting currents of 65
Amperes. The protective case is made of nylon that does not melt when welding, and its
shape makes them easy to connect and disconnect. There is a higher version able to
withstand an intensity of up to 90 Amps at rated speed. In turn the connectors of the cables
to perform the rolling are also of many types and will depend on the manufacturer brand,
being the type JST-XH the most used.

There are other models such as Thunder Power, Polyquest and JST-EH.

3/
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When designing the feeding and loading system, it is necessary to take into account the
uniformity of the connections made before proceeding to purchase and choose the most
suitable option, most specialized manufacturers offer versatility when it comes to the
manufacture of the battery to incorporate the connector that best meets the needs of the
project.

Power Distribution Board

Another of the main elements of unmanned aerial vehicles of the multi-rotor type is
the power distribution plate, which is responsible for distributing the power of the power
system between the different motors. This board is a printed circuit capable of withstanding
high levels of current that has a series of ports in which the different elements are connected,
there will be a port in which the terminals of the battery (or alternative power system) will
go through Of the internal circuit of the plate will be connected to the power outputs of the
same whose number will depend on the amount of rotors that own the aircraft. The most
conventional only have this distribution circuit power, in the market can find others that also
include a circuit that provides power or transmission of signals of a voltage lower than the
electronics of the aircraft, as long as a system Additional power supply.

The plate, as its name indicates, is responsible for distributing the power but does not
have any element to know how to do it, it is the drive associated with each motor that is
responsible for requiring adequate supply of the battery in each Moment in line with the
orders received from the flight controller. If a motor has to rotate faster, to perform whatever
the movement, the inverter connected to the distribution board will be in charge of letting
the necessary power to the winding of the motors so that it turns at the desired speed.

When choosing the right plate, you have to take into account the maximum current flow you
can have, this occurs when all motors rotate at maximum revolutions.
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The distribution plate must be able to withstand the nominal current flow rate when
all motors require maximum supply, leaving a safety margin to avoid possible breakdowns,
this value is given in Amperes and must be provided by the manufacturer. The distributor
plate is generally placed in the body of the aircraft as centered as possible for a better reach
with all the variators and associated motors, because the amount of energy that circulates
through it is an element prone to heat so it should Be provided with the maximum possible
ventilation.

Flight Controller

The flight controller is the brains of the aircraft, capable of rotating the engines in
the right way to achieve the desired movement by the ground controller or following the
program guidelines in automatic flight.

It is a circuit of variable complexity that has a series of inputs and outputs, as well as
a series of built-in sensors that determine in real time the position of the aircraft. The
controller is in charge of processing both the information received by the sensors and the
address data to send, through a series of algorithms, the appropriate commands to the motors
using PWM signal for the correct flight.

The number and quality of sensors incorporated by the controller varies by model.
Some carry a simple gyroscope that indicates the orientation in the space of the aircraft,
however, most of the drivers currently used incorporate an Inertial Measurement Unit
(IMU). The IMU is an electronic device capable of measuring and reporting both the speed
of the aircraft, its orientation and the gravitational forces acting on it. To obtain this data is
provided with accelerometers, gyroscopes and magnetometers

The controller can also receive another series of status data through other types of
sensors such as a sonar or laser that indicates the distance of the vehicle to a point. Another
device that usually includes the flight controllers of this class of vehicles is a GPS unit,
capable of giving real-time information of the geographical coordinates of the aircraft. In
addition to tracking the position of the UAV, the inclusion of GPS allows to perform
waypoint flights, three-dimensional reference coordinates, which allows the aircraft to
follow a route established by the user automatically between a numbers of locations.

Thanks to the information obtained by the controller, it is able to perform many
tasks, depending on the ability of each will be able to develop more complex or less flight
capabilities.

Depending on the task to be performed the aircraft will choose one type of controller
or another, as we increase the degree of complexity and the capabilities of the same, will
also increase its price.

It is also important to take into account when choosing the flight control system the
ability to modify the programming thereof. Most systems

Available are closed systems that provide the services described by the
manufacturer, however, if the user wants to modify the behavior or include new features,
there are open source devices on the market. A microcontroller board can also be
programmed to carry out the tasks performed by the controller.

Inertial measurement unit

The inertial measurement unit, known as the IMU (Inertial measurement unit), is an
electronic sensor that measures the velocity, orientation and gravitational forces of a mobile
system. This sensor owes its development to the evolution in MEMS
microelectromechanical systems, which in the 1990s saw the emergence of the first
commercial products; Among them are the inertial sensors that were developed by the
company Analog Devices Inc. for automotive applications. (MEMS Microelectromechanical
Systems)
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A system for determining the attitude of a mobile device is composed of gyroscopes,
accelerometers and magnetometers which together represent an inertial unit of nine degrees
of freedom (9DOF). The gyroscopes alone cannot provide a perfect measure of the
rotational movements of a UAV, as they are commonly affected by external noise and tend
to drift continuously. Therefore, it is necessary to incorporate magnetometers and
accelerometers (the latter are very sensitive to vibrations but in the company of a gyroscope
it is possible to differentiate between vibration and rotation) by means of a sensorial fusion
algorithm. (Fux, 2008)

ACELEROMETROS
GIROSCOPOS ALGORITMO ESTIMACION
DE FUSION ACTITUD
MAGNETOMETROS 5
Accelerometer

An accelerometer is a sensor that measures your own acceleration or specific force.
This can be thought of as a suspended mass which is attached to two springs on its sides, as

‘N
E=

This mass is known as the test mass, and the direction in which it can be displaced is
known as the axis of sensitivity.

Due to the gravitational force, it is necessary to analyze the spring mass system
vertically, so that gravity acts parallel to the axis of mass sensitivity, as shown in Figure 40-
b. It will be assumed that the accelerometer will measure both the linear acceleration due to
motion, and the pseudo-acceleration caused by gravity. It receives this name because the
acceleration of gravity does not necessarily result in a change of speed. This offset caused

by gravity must be removed from the accelerometer measurement. (VectorNav
Technologies)
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Gyroscope

Typically used is the vibrating structure MEMS gyroscope, which detects the variation of
the speed of rotation on an axis. It is called a vibrating structure because when rotating the
gyroscope on an axis, by Coriolis effect, a vibration is produced that is measured by
capacitive plates. The signal generated by the plates is treated to be proportional to the
angular velocity.

— 500 um

MEMS-type gyroscopes are commonly affected by various sources of error; The
most common one appears when the gyro presents a measurement different from zero even
though it is immobile. This error influences during the calculation of the angles of
inclination, through methods of numerical integration. This factor can be corrected by
determining the offset present in the measurement over an extended period of time in still
state. (VectorNav Technologies)

Magnetometer

This sensor is based on the Hall effect, although it is not the only one. The Hall
effect on these sensors can be described as the situation in which a current carrying
semiconductor is placed in a magnetic field, the semiconductor load carriers will experience
a force perpendicular to the magnetic field and current. At equilibrium a voltage will be
created between the corners of the semiconductor.
The processing of this voltage will allow to know the value of the applied magnetic field.
The measurement delivered by the sensor is the result of the addition of the earth's magnetic
field to the fields generated by the objects near the sensor (VectorNav Technologies). The
latter is considered as a disturbance, which is divided into two categories; The first is known
as hard iron, which are all objects that have a permanent magnet, such as motors. The
second category is called soft iron which are all those ferromagnetic objects that deflect the
magnetic field perceived by the sensor. (Bouabdallah S., Design and control of framers with
application to autonomous flying, 2007). The placement of several sensors of this type in a
strategic way, also allows knowing the direction of the field lines.
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Wireless Communication Modules

In the field of microcontrollable mobile devices, the two most widely used
technologies are communication via infrared signals and communication via radiofrequency
signals. (Ferrer Ferrer, 2012)

O Infrared communications systems offer significant advantages over
radiofrequency systems. When using light as a medium, these systems have a channel
whose bandwidth is very large and is not regulated anywhere in the world. Infrared systems
are immune to interference and radio noise, but suffer from degradations caused by infrared
noise in indoor and outdoor environments, mainly from the sun and fluorescent and
incandescent light sources. (Zamorano Flores & Serrano Moya, 2002)

An example of infrared systems for outdoor environments is the Earth link
AstroTerra Corporation, which in optimal weather conditions can reach distances of 3.5km
and transmission speeds of 622Mbps. The main application of this product is the
interconnection of high-speed networks, such as fast Ethernet, FDDI and ATM. For indoor
environments, an example is the use of IrDA standard transceivers whose price is less than $
5. (Zamorano Flores & Serrano Moya, 2002)

O Unlike infrared communication, in radiofrequency systems, the use of the
frequency spectrum is regulated by the International Telecommunication Union (ITU),
which defines the spectrum range where it is necessary to acquire a license to operate.
Within the radiofrequency communications we can find a wide range of protocols: ZigBee
(IEEE 802.15.4), Wireless HART, Bluetooth, WiFi, WiMax, among others. (Ferrer Ferrer,
2012).
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Electrical Parameters

The electrical diagram of the device is as follows:

| mictar
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Currently BLDC (Direct Brushless Direct Current) motors are classified mainly according to

the parameter Kv, where:

We know that:
__ RPM
Y " Voltios
30
K, =—
Ky'm

(15)

(16)

43

Department of Mechanical Engineering




Design & Development of Fixed wing Multirotor UAV For Quick Medical Response - 2022

In this way we obtain the parameter:

¥ = Par
© Amperios

(17)

Knowing the angular velocities and the necessary force we can now relate them to the
voltage and current of each motor:

RPM—V i
K B ( )

v

f - I e (19)

i

Where Ve is the input tension and Ie is the current. However, we must consider the
resistance of the connectors and cables to the input as well as the resistance of the

connectors, so that the equations remain as follows, where Rc is the resistance of connectors
and cables:

RPM
K—:(%—Rc'f) (20)

The term Rc also includes the internal resistance of the battery. In general, lithium batteries,
see their maximum discharge capacity determined due to internal resistance. However, it is
not typically provided by manufacturers. There is no standard by which to classify the
quality of aeromodelling batteries and the differences between batteries of different prices
are not clear.

We must take into account the current that consumes the motor without load, which
represents the current of Vacuum lo, so the above equation is:

Then:

] = Kl — K¢l (21)

]+ Ky

[ 22
7 =h (22)

We can calculate the input electrical power as:

Pe,entrada = Ie ; V;' (23)
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Anti-Spark System

Next, the design of a system in charge of avoiding the undesirable ones is detailed
Sparks when connecting the battery system. Due to the high level of voltage and charge of
the, Batteries, when these are connected to give power to the engines a spark occurs that can
end up damaging the connectors and be dangerous for the user of the aircraft. The spark
occurs because the battery voltage exceeds the breakdown voltage of the air gap between the
two connectors. The way to avoid this unwanted phenomenon is to perform a preload of the
input capacitors of the electronic circuit to be fed, the inverters in the case studied. This will
increase the breakdown voltage and eliminate the problem.

Therefore, a system must be designed to allow the capacitors to be precharged of the
inverters, before making the total power connection. The solution is decided to circulate a
small current through a resistor for a short time to charge the capacitors and then divert the
current flow through another circuit that offers less impedance to power the circuit.

This is achieved by including a more capacitive transistor system. In The following figure
shows the proposed circuit.

_
f ol e &
-
i Variador
R1 el e
§1MQ
— 3V @)
]:* %mon
2 R2 < .
C1 680kQ sl
r 1uF T Circuito AntiSpark
\—‘
—

At first the transistor is open so the current flows as indicated by the red arrows,
through the resistance of 100 Q that will provide a limited current to charge the capacitors of
the inverter. The transistor closes after the charge time of the capacitor of the circuit
Will depend both on the capacity of the unit and on the resistances involved in the Scheme,
according to the following formula:

v(t) =V, (1 = eE—é) (24)

Being:

V (t): The voltage in the capacitor

V_f: The voltage between the capacitor plates T: The charge time of the capacitor

A: Circuit resistance in Ohmnios C: Condenser Capacitance

The chosen values of the circuit components are obtained in such a way that The charge
time of the capacitor thereof, is sufficient for the capacitors

Of the inverters are charged through the resistor. To know this time value Just solve the
equations of the capacitor.
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The voltage between the capacitor plates is obtained by solving the mesh so that:

Vit 32V
= —
' "R, —R, 680KQ+1MQ

= 1.9048 - 107>

V=1 -R, = 1.9048 - 107° - 1MQ = 19.05 V

The value of V (t) is given by the circuit voltage at that point, i.e., the voltage
Necessary to the input of the transistor to close the circuit. In the case of the transistor used,
which will be detailed later, this value corresponds to 3 Volts.

V(t)
t=—(Ri+R,) 'C*ln(l _V—) = —1.68MQ - lpF-ln(l -

) = 0.28s
f

19.04V

So that time value more than enough to cause the load of the drives before the main
power circuit closes. Once the transistor operates as a closed circuit the current will flow
where the blue arrows in the diagram of Figure 44 indicate. In this case it is observed that
the energy will circulate through the transistor whose impedance must be the smallest
possible to avoid losses by dissipation and Maximize the efficiency of the batteries.

Other parameters:

Engine Efficiency:
P
Nmot = s (25)
i ele
Battery duration:
p I
Duracion = Tapaviiad (26)
10000

Calculation of parameters at maximum power

In this case, when simplifying BLDCs as traditional DC motors, we will assume that the
maximum is given by applying the full voltage of the batteries to motor terminals. In this
case we will need to solve the following system of equations where cp represents an
empirical constant that is determined by the density of the air and by the aerodynamic
profile of the propeller

rRPM = K. Voo (27 )
P, = C, - Pitch-D*- RPM3  (28)
1 ]
=1, + ?: (29)
\Vinot = Vbat — I " Reor (30)
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Calculation of parameters at maximum efficiency

The intensity of an engine at the point of maximum efficiency is determined by
finding the maximum of equation 25 replacing the mechanical powers by the product of
equation 21 and 20 and the electric by equation 23. For this we assume conditions of flight
of 80 % Of engine speed, represented by parameter FP. In this way, the apparatus may have
sufficient power to deal with disturbances.

Vba['FP'Iﬂ

[ = [-—/———— 31
nmax (RC +Rbat) ( )

Starting from the above equation, multiplying by Kt, we find the available torque to move
the propeller:

] = (Iqmax T ‘ID) ' KI (32)

Therefore, we must now find the effective voltage that is available at motor terminals

Vinot = Vbat = (Irlmax : (Rm + Rbat)) (33)
RPM =Vt " R, (34)
Prec = RPM -2 - — | (35)
mec 60
Pete = Vpar * Il]max (36)
P
Nmax = PT::- (37)

ORIENTATION OF A BODY IN THE SPACE

The orientation of a body in three-dimensional space is defined by three degrees of
freedom or three linearly independent components. In order to be able to easily describe the
orientation of an object relative to a reference system, it is customary to assign a new system
to it, and then to analyze the spatial relationship between the two systems.
The spatial representation of the orientation of an object is defined by a global rotation
matrix, which is composed of the continuous application of several successive rotations of
the body.
Any reference system attached to a body whose orientation is to be described can be defined
with respect to a fixed system by three angles: ¢, 0, ¥, called Euler angles.
Euler's rotation theorem requires successive rotations about three axes of the fixed system,
without performing two consecutive rotations on the same axis. There are altogether 12
different rotational representations.
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In acronautics the most used one is the representation of Tait-Bryan for the angles of Euler

RPY (Roll: Rolling, Pitch: Inclination, Yaw: Orientation). The OUVW system (figure

46) can be oriented with respect to the OXYZ system following the following steps:

l. Turn the OUVW system at an angle 1 to the axis OZ. This action corresponds to the
so-called yaw angle.

Il. Turn the OUVW system an angle 6 with respect to the axis OY. This action
corresponds to the so-called pitch angle.

Il. Turn the OUVW system at an angle ¢ to the axis OX. This action corresponds to the
so-called roll angle.

Z
A ZA
Yaw
W
I\ bR
w
A Pitch
Y
0 v 0 0 Y
> > Roll g
v 1y
U
X 0
X

The global rotation matrix of the RPY representation is given by:

Cp —Sp 01[CO 0 SoIfl O 0
R:RZ@RYBR}.’I,U: Sq.f} CQD 0 0 1 0 0 le) —Slf)
0 0 1ll-s¢ 0 cello Sy CyY

CpCO  CpSOSY — SpCp  CpSOCY + SpSip
R =|SpCO SpSOS — COCY SpSOCY — SpS
~56 COSY COSY

In Figure, the RPY angles of a frame are specified:

H roll
M Pitch
. Yaw

48

Department of Mechanical Engineering



Design & Development of Fixed wing Multirotor UAV For Quick Medical Response - 2022

THEORETICAL MODEL

For the development of the theoretical model the following notation should be considered:

Where,
{E}: Fixed reference frame (ground).
{B}: Body reference frame.
:Propeller thrust force i.

Aerodynamics of the quadrotor
The thrust forces and drag torques produced by the propellers are calculated by
considering the blade element theory (BEM), where the thrust force and the pulling torque
are expressed from the Following way:
Where,
Fr: Thrust force. [Ibf]
4 .2
FT — C”‘JD w Q: Drag torque. [ft.ft]

", DE w 2 C,: Thrust coefficient.
P

21T CP: Power coefficient.

p: Density of air. [slugft3]
D: Propeller diameter. [ft]

w: Rotation speed of the propeller. [rps]
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Rotational cinematic kinematics
The angular velocity of a body with reference system {B} is given by the following relation:

1 0 —sind
w =10 cosp cosOsing |0
0 —sing cosOcose

Where the angular velocity vector w = [w,, w,, w,]" Is related to vector 0 =

[¢,0,Ui]7 In terms of the matrix of the rotating rats of the Euler angles (Jacobian

matrix),

1 1 O —sin® 17" [wx
[Bl = [O cos¢p  cosBsing wy‘
Y 0 —sing cosOcosp Wy
1 singtanf cos¢gtant %
cos —sin ’
qﬂb — 0 ‘ If.[}r
Ny 0 sing cosg w':

cosl cos

The above matrix equation represents the model of the rotational kinematics of the
quadrotor with respect to the fixed reference system {E}.

Dynamics of the quadrotor
The model of the rotational dynamics of the quadrotor is expressed by the use of

Euler's equation:
ZT: [ o+ ox(1®)

Where,
T: Vector of external torques.
I: Inertia matrix.

®: Vector of angular velocities of {B}.
To apply (63), the following considerations are assumed:

1. The structure of the quadrotor behaves like a rigid body (isotropic, homogeneous
and continuous structure).

2. The structure is symmetric, therefore, the inertia matrix I is diagonal.

3. The center of mass coincides with the origin of the body reference system {B}. O
Propellers behave like a rigid body.

4. The thrust force and the pulling torque are proportional to the square of the angular
velocity of the propellers, therefore, (59) and (60) can be rewritten as follows:
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FT — bﬂ)z
Q = kw?

Equation (63) can be written as:
®»=I"YNowx( - w)+T)

The Torque Vector T = [1¢, 16, Ty] T Is composed of the moments generated by the
thrust forces and the moments of drag of the propellers in each axis of rotation of the frame
of reference {B}:

The torque 14, is the moment generated around the x-axis by the thrust forces FT4 and FT2.
The torque 16, is the momentum generated around the y-axis by the thrust forces FT1 and
FT3.

The torque Ty is the momentum generated around the z axis by the drag torques Q1,

Q2, Q3 and Q4.

Thus, the expression for the vector of torques T is written as:

T{P E(FT4 T FTE)
T=1Te '[(FTl == FTZ)
Ty Q1—Q2+0Q3 — Q4

Applying the equations (64) and (65) in (67), we have:

Ty Ib(ws”* — w5%)
I = ITE‘ = Ib(ﬂ]lz - ﬂ)32)
Tlp k(wlz - lfJU';gz T (ng - -‘.'.Uq,z)

Where [ is the distance from the center of mass of the quadrotor to the axis of the propeller.
Solving Eq. (66):

W, Ley D 0 W, e 4 0 |jw, Ty
Im},‘ =10 f},}, 0 — oy | x 0 Iyy 0‘[&)}, + | To
Wy 0 0 Izz Wy 0 0 [zz Wy Ty

Wy w.)’wz(jy}f o [zz)‘rxx_l Tcp‘rxx_l

Wy | = — | wewy (Lzz — Le)lyy ™ | + [Tolyy ™

el Wy wy(Iyy = Lox )z ! Tl

(70) represents the model of the rotational dynamics of the quadrotor.
Simplification of the model
The state vector x (t) takes the following form:
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w-=’]-

LW, |

The first order differential equations are:

-]

Where X is formed by equations (62) and (70).
(¢ = wy + (sinptan®)w,, + (cosOtand)w,
6 = (cosp)w, + (—sing)w,

sing cosep
= Wy +———w,
¥ = cos0 sind
T -1 -1
Gy = —wyWg(lyy = Ipg Mxx ~ + Toplex
, -1 -1
Wy = —wywy(Izz — Iy )lyy  + Toly,y

(&, = wewy(lyy — L )zt 4yl

The model (73) can be complex for the design of controllers, so a simplified model
should be obtained that describes the behavior of the aircraft in an approximate way. In this
way, they will take into account considerations (Bouabdallah, Noth, & Siegwart, PID vs. LQ
Control Techniques Applied to an Indoor Micro Quadrotor, 2004) and (Bresciani, 2008) to
simplify the model obtained in (73).

The dynamic model of equation (70) considers the gyroscopic effect of the structure. The
influence of this effect is negligible with respect to the action of the rotors, especially when
considering a situation close to the stationary flight.

In stationary flight condition, the matrix of the Euler angles of rotation can be approximated
to the identity matrix 3x3. Thus, equation 20 can be rewritten as:

1 0 0],
wwI()lU]H

0 0 1
wyl  [é
wy| =g
W, w
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THE CONTROL SYSTEM OF A CUADRICOPTER

Conventional, line or sports aircraft are designed to have a self-stabilizing balance.

That is, if an external disturbance tends to remove them from their level flight the natural
tendency of the aircraft is to return by itself to the neutral position. This is not applicable to
acrobatic aircraft or fighters where design is subtracted to increase maneuverability.
In the case of aircraft with rotating wings the situation is complicated since already the
helicopter, with a single rotor, is by its own unstable topology and accurate correction
systems. It is sufficient to understand that control of the tail rotor is necessary to compensate
for the reaction torque produced by the main rotor if an uncontrolled yaw movement is not
desired.

In the case of multirotor systems the situation is much more complex still. A
multicoptero presents structural advantages but its level of instability is such that its flight
and handling would be impossible of not existing a stabilization system that acted
automatically on the rotating regimes of the rotors. It is what with certain aircraft is called
"Fly by Wire".

This section will show, in a general way, what the control structure of a quadcopter
is and what elements compose it. Since it will be necessary to use some equation, we will
start by defining some of the variables that will appear later.

If the rotor angular speeds, numbered from left to right and from front to back, are
designated as: o1 ©2 ®3 04
The displacement angles of the quadcopter will be:

1. alabeo = @
2. Cabeceo =6
3. Guinada =7y

4. Vertical thrust = L
And, therefore, the speed of movement according to these angles will be the derivative of
the same with respect to time:

5. alabeo velocity= do dt = ¢

6. cabeceo velocity =d0 dt = 0

7. guinada velocity = dy dt =y

8. Lift velocity=dL dt =L

One of the movements will now be considered and the result will be extrapolated to
all others. Taking into account that the yaw is produced by the difference between the
rotational speeds of the rotors located at the diagonal ends of the quadcopter (a
configuration in X or H is considered) it will be assumed that the yaw rate can be calculated
as:

Y =((wl + w3) — (w2 + w4)) where k is simply a constant of proportionality. If the
set of equations is presented in matrix form, and for simplicity it is assumed that all
constants of proportionality are the same, the movement of the quadcopter can be expressed

| 1 [k —k —k k|[@1 (1)
0| _ |k k —k —k||wz|_
o ke -k K —k|[ws| T K]
il

k k k k 1Lw4] | (W4 |
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In order to realize the control and stabilization, what is desired to know is the speed
of rotation that must be imposed on each rotor to obtain a certain velocity of displacement
along the corresponding axis, the equation can be rewritten by calculating the inverse of the
matrix [Kk] as:

w1 q_’)
(f}]
onl = 11|y
3
Roll rate
> —» Wl
]'/ Pitch rate
pi > —p w2
]./ Yaw rate K
1, P —) W3
Thrust
> —» w4

Once the equations have been considered, we will then proceed to develop the
reasons that force the use of an advanced control system in a very intuitive way.

The overall scheme of the quadcopter’s hardware is presented in the following
figure. It is clear that even though all the equipment has been tried to maintain maximum
symmetry, it is impossible for the 4 assemblies to behave identically: small variations in the
design of the motors, in the mechanical structure, in the drive response the receiver output,
etc. Make it impossible to characterize and obtain a direct and precise relationship between
the command signal sent by the transmitter, which is intended to define the speed / angle of
movement in each axis and the angular velocity of each of the rotor rotors.

S B

E PWM Current/ 5
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:
:
:
:
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H Driver 2 »
:
:
Microcontroller .
:
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:
:
:
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E »| rivera »| Motor 4 »| Propeller 4 f——=w>p

Software/Firmware Hardware
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The solution to this problem is to use a closed-loop system. To do this, the signal
obtained from the gyroscopes and solid state accelerometers present in the flight control
system is obtained by obtaining the matrix of ratios of speed of movement according to the
3 axes and is compared with the desired value, indicated by the Pilot by acting on the
station's controls. The difference (error) between the measured variable and the desired
variable is the input to a PID controller, well known to all engineering students, and its
output is the one that provides the PWM signal that is actually applied to each inverter to set
the speed of desired rotation in each rotor

One would think that these control loops completely solve the problem, and
therefore there is no need to further complicate the flight system algorithm. However, it is
not so.

The gyroscopes measure angular velocities that, once integrated, allow to know the
angle of roll, pitch, etc. Of the quadcopter. The integration made for this process is
numerical and, therefore, already contains errors inherent to the mathematical calculation. In
addition, all gyros have a certain "offset" with temperature. This is nothing more than a
measurement error that causes them to indicate zero when they should not, and also presents
the variability associated with the temperature at which the sensor is located.

On the other hand, the accelerometers measure the acceleration on the 3 axes of the
object to which they are fixed. This measurement can be considered accurate when
performed on a body at rest. If the object is in motion, especially if it is subjected to
vibration, its measurement is not quite accurate either. Thus, if the control system is
simplified to the point of Figure 50, complete stabilization will not be achieved.

The solution to solve this problem could be called "measurement fusion of the
sensors" and consists in fusing the angular and acceleration measurements by introducing a
predictive mathematical algorithm: usually a Kalman filter, an extended Kalman filter
(EFK) or the use Of DCM (Direct Cosine Matrix) and a calculation based on quaternions,
all complex mathematical processes but that can be understood intuitively from the
following diagram:
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Chapter 2

Literature Review

Aerial vehicles have proved their capability in both military field such as patrolling,
surveillance as well as reconnaissance, and civil areas including transport, rescue and
agriculture of various applications over a hundred years, while enhancing their capabilities
over time, and fulfilling ever-changing mission requirements. By means of smaller, safer
and lighter platforms, UAVs propose an exclusive set of advantages compared to piloted
aircrafts. Military and civil operations are the main areas where these advantages are
effectively utilized.

In addition, future UAVs are expected to perform much more extended missions
with higher aerodynamic performance and higher degrees of automatic flight. There are two
prominent categories of mini UAVs; fixed-wing UAVs and multi-rotors. Fixed-wing UAVs
are mini UAVs with propelled electrical batteries with longer ranges than UAVs with
similar sizes of multi-rotor systems that require a runway or launcher for landing and
knockout.

On the other hand, the multi-rotor UAVs have rotor systems generally carrying three
or four propellers that are capable of vertical take-off and landing (VTOL) and hovering
over an area while carrying sufficient payload. In addition, they are more manoeuvrable than
fixed wing UAVs with the ability of quickly transition from hover to cruise flight.

However, the horizontally mounted rotor system is placed at the wings or the
body that results in an enormous increase in drag force opposing the cruise flight. As a
result of this decrement in the aerodynamic performance, fixed wing UAVs are more logical
to be used to fulfil the missions needed high speed, long range and endurance flight The
fixed-wing UAVs has longer flight time and duration, but it is not simple to secure a safe
landing space, especially in the city and rugged train areas.

VTOL systems make more sense in operations such as mountainous and rural areas
where there is no landing and take-off runway. In addition, VTOL systems must be used to
operate like a helicopter in the required tasks such as hovering. However, if endurance is of
first priority then a fixed wing type will most likely be preferred due to the efficiency of the
cruise flight. If both of these features are demanded in a single operation then a fixed wing
vertical and take-off landing (VTOL-FW) with level flight capability becomes the best
option.

= @Going to unmanned small scale VTOL vehicles also termed as Micro Unmanned
Aerial Vehicle (UAV).

= They have more than one rotor hence named as multirotor systems.

= They have fixed pitch propellers in compare to variable pitch propellers in
helicopters.

= Presently more research is done in this field owing to the advantages of it to its size.
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Selection of Airframe Configuration

Lockheed XFV-1 1951,
Lockheed - American Aerospace manufacturer.

(1) Harrier Jump Jet - 1957
Hawker Aircraft Company

Bell Boing V-22, USA Department of
Defence -1981(")

LowWing-ConventionalTail LowWing-CruciformTail LowWing-Ttall

MidWing-C: Tall g-CruciformTall MidWing-Trall

HighWing-C lonaiTall  LowWing-CruciformTail LowWing-Ttall

Fixed-wing configurations
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Multirotor
=} Easy to control and maneuver
== Have the ability to hover
== Can fly vertically and horizontally
Takeoff and land vertically
More compact in size
Often lower priced

Can land in designated spot
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Limited flying time

Small payload capabilities

Less stability in the wind

== Lower flight speeds
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Multirotor configurations

Comparison of Multi Rotor & Fixed Wing Configurations

Fixed Wing
== Training is usually needed to fly one
== Unable to maintain fixed position
== Can only fly horizontally (forward)
== Require hand or mechanical launch
== Less compact in size
== Can be expensive
== Difficult to land, more space needed
=}= Longer average flight times
o= Can carry a heavier payload
o= Greater stability in the wind

=}= Generally higher flight speeds
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Key impact factors for choosing Fixed wing multi rotor UAV (1)
= Longer Endurance
= Increases Payload Capacity
= (Can be operated in sever wind conditions.

= Longer Battery life

Propulsion Systems
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Chapter 3

Requirements Specifications

Mission Profile

reconversion conversion
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Objectives

® Design & development a fixed wing multirotor UAV with the payload capacity of 1 Kg
(Medical kit or Vaccines).

® To achieve the max. Flight endurance of 30 min. with the range of 2 Km.

® Development of designed prototype using 3D printing additive manufacturing process.

Methodology
1. Literature review on UAYV systems and Mission profiles and requirements
e Performing through investigation on UAV airframe configurations and their
performance characteristics.
e Performing market tradeoff study on UAV system components.
o Selection of suitable airframe configuration and mission profiles.

2. Initial sizing, thrust to weight ratio and wing loading estimation
e Developing design constraint diagrams.
e [terative sizing and takeoff weight estimation.
e Performing preliminary CFD analysis and determining the performance
characteristics.

3. Development of UAV mathematical model & System components tradeoff Study
o Selection of UAV system components (Motor, ESC, Flight controller, Landing gear
& Propellers) with the tradeoff study.

[a10]
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e Development of mathematical model for Rigid body flight equations of motion using
MATLAB.

4. Design of UAV Components
¢ Design of Wing & Control surfaces based on the required lift conditions.
e Design of Fuselage, based on the required payload and weight distribution.
e Design of Landing gears and performing structural analysis.

5. Design Optimization and development of final drawings
e Optimization of UAV structures using Topology optimization and lattice structure
study using Ansys.
e Post processing of resulted components.
e Validation of optimized components for required load conditions.
e Development of final assembly and drawings.

6. Fabrication on UAV components
e Performing manufacturability assessment on UAV components.
e Preparation of CAD models for 3D-Printing process.
e Post processing of 3D printed components.
o Creating of Assembly of UAV components.

7. Testing of developed UAYV as per mission requirements
e Developed UAV will be tested with the payload of 1Kg under various flight modes.
e Monitoring Performance and efficiency during the flight.

Scope for Future Work

1. Improving the design for transition-based flight modes.

2. Developing the airframe for tilt-rotor systems.

3. Developing Image processing algorithms for better flight operations & disaster
management activities.

Ol
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Chapter 4
DESIGN
Design Statement
SI. No Requirements
1 Minimum Endurance — 30 min.
2 Maximum Payload — 0.3 KG
3 Maximum Speed — 30 Km/Hr
4 Maximum Altitude — 600 m
5 Operational Temperature - 60° C
Design Methodology
Mission Analyzing Iterative weight ..
Requirements similar systems Estimation Sizing & layout
( ) [ Perf ) ( ) ( Calculation of )
optimization czm?;:;:;nncse Aerodynamics critical design
parameters

As per the mission and operational requirements, the possible take-off weight of the UAV
is estimated based on the historical data for general aircraft conceptual design i.e. (We /Wto
= (.85). Knowing the minimum aerodynamic characteristics for the given operational range
helps us to predict the preliminary sizing of major aircraft components and lifting devices
required to sufficiently satisfy the mission requirements. Analysing these initial sizing
parameters at give operational conditions will help us to know more aerodynamic
parameters to check for optimization and iterative calculations were considered to optimize
the performance of the UAV.

Assumptions for the design

1. T/W =1.5 (thrust to weight ratio)

2. Considered UAV as a light aircraft.

3. UAV will be powered with a hybrid power system. i.e. (Li-ion battery + Solar PV
arrangement to increase the endurance)

1. Sizing of the UAV
a. Weight Estimation
b. Wing loading
c. Initial sizing of wing

0/
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f.
g.

a.

a.

4, Summary

a.
b.

vii.

viii.
iX.
X.
Xi.
Xii.
Xiii.
Xiv.
XV.
XVi.

Determining the lift-coefficient of wing

Determining the lift-coefficient of airfoil

Calculation of possible max. wing loading

Selection of airfoil for the wing

Thickness ratio selection criteria

Airfoil generation and analysis at different ranges of Reynolds numbers
Aspect ratio selection, verifying with the possible wing loading &
determining the new wing span required.

Taper ratio

Root chord

Tip chord

Mean Aerodynamic Chord

Sweep angle selection

Twist angle

Dihedral angle

Selection of high lifting devices & wing tip

Sizing of Horizontal & Vertical Stabilizer

Aerodynamic forces
Landing Gear

Positioning
Tire sizing & Forks
Static Analysis

Material Selection
Weight Breakdown & C.G

2. Power system selection

Battery Capacity

b. Solar charge Controller

3. Performance of B-1800

Flight Envelope

5. Future Scope of Work

Development of Bladeless Propulsion system based on coanda effect
Landing gear development to land & take-off from both land & water.
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A. Weight Estimation

W, — 15

= 0.85 Eq.1
Wra

Considering estimating the possible take-off and empty weight of an aircraft is the
very first step in sizing of the UAV. The ratio of We /WTo can be obtained from the
historical data for conceptual aircraft design. It can be stated as We /WTo is about 0.85.
One of the design requirements of the UAV is to carry a payload of 15 Kg weight. As
We=WTO ratio is about 0.85 at Eq. (1), then WTO can be found as 100 Kg. !l
In order to continue further, knowing the dimensions of the wing is very much important as
wing plays major role to lift the aircraft in to the air. In order to know the dimensions of the
wing a market study is been carried out considering the payload capacity and endurance that
is relevant to our design statement. And we found that the average wing span for a UAV of
carrying max. Payload of 15 Kg. with an endurance of 2 hrs in the range of 4.5 m to Sm.
As the larger aspect ratio reduces the power consumption to keep the given weight in the air
and results in less induced drag wing span of 4.8 m is for preliminary sizing of the UAV.

B.Wing loading

With the wing span of 5 m and max. Take-off weight of the UAV i.e. 100 Kg got the
wing loading as 40 Kg/m?.

C. Initial sizing of the wing

a. Calculating the required lift co-efficient of the UAV at cruise velocity
With the basic understanding of aerodynamic forces, for steady state flight we know
that
Lift = Weight
L=1xVIxpx$xC

As per one of the design requirement, the maximum flight speed as 150 Km/hr (i.e.
velocity of 41.66 m/s) and flying altitude as 6000 m ASL. We found that the density of air is
0.661Kg/m* @ 6000 m.

We know that the basic lift co-efficient formula as,

2x |5
L'L'c_b'c:Xp

Where;

C. = Lift Co-efficient

W/S = Wing Loading in, Kg/m?

V¢ = Cruise Speed of the UAV, in m/s

p = Density of air at flying altitude, in m

W = Max. Take-off weight of the UAV in Kg
S =Wing spaninm

oo 0 T o
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We found that the lift co-efficient required for the B-14H1800 as =0.861
In order to find the lift coefficient for the wing & airfoil alone at cruise velocity;

C,_

CL@[‘1-"[.‘1§ D gt Eq' 3
_ L‘"‘“ wing
Ci-@ai—fui: - T Eq.4

We found that;

Based on the Ci-@ai—rui' the selection of airfoil is made, considering the ability of the airfoil

to produce sufficient lift with lesser angle of attack and larger stalling angle makes the
airfoil suitable to use in the aircraft or UAV.

b. Selection of airfoil
As selection of an airfoil for any aircraft is always depends on the operational flight regime.

C o= e s

T

C
()

<>C>

._E,_.|

-—I.J—H—Ej-n-a—,;a_—n-

And as our flight regime is subsonic a general use airfoil is selected. For low speed general
light aircraft max. t/c of 15% to 18% is recommended.

Selected t/c as 15%

Airfoil selected: NACA 23015

0>
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Preliminary wing analysis

Bending Moment

Parameters Values units
Maximum cruise 416 /s
speed
Max. Wing loading 40 51%/
Airfoil NACA23015
Aspect ratio 8.46
Wing area 2.72 m?
Wing span 4.8 m
Taper ratio 0.3
Root chord, C: .6 m
Tip chord, C; 2 m
Sweep angle 0°
Twist angle 2°
Dihedral angle 1°

BM (N.m)

—— VLMZ - ctrl=-5- 2.5°-64.65m/s

200+

150

100 |

-2.0 -1.0 T 2.0
Wing Load = 20.202 kg/m? . X CP= -0.220m
Tail Volume =  0.507 N Moment ref. location X.C6- -0.218m
Root Chord = 0.801 m Wing Flap 1 Moment = 1.3354 N.m
MAC = 0.625m Wing Flap 2 Moment = 0.3275 N.m
TipTwist = 2.000° Wing Flap 3 Moment = 0.3275 N.m
Aspect Ratio = 8.462 Wing Flap 4 Moment = 1.3354 N.m
Taper Ratio =  3.338 Elev Flap 1 Moment = 0.1731 N.m
Root-Tip Sweep = -1.677° Elev Flap 2 Moment = 0.1751 N.m
XNP = d(XCp.Cl)/dCl= 0.000 m Fin Flap 1 Moment = 0.0600 N.m
Mesh elements = 2076 Fin Flap 2 Moment = 0.0600 N.m
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Aerodynamic characteristics of S m Span wing.

Alpha

CD CL~(3/2) /CD

.0- 10 =4
7 .0- 10 =4
&.0- 10 =4
5. G- 10 =4
4 .0- 10 =4
3.0- 104

Z0-10 =%

10.0-10=3
Vo (mS

T T T T
=20 —X .0 a 1.0 2.0 a 500 1000 1500

With the basic understanding of, in order to get maximum endurance, the UAV must
fly in a condition such that it is experiencing least drag and should produce maximum lift in
order to keep the UAV in air. At the same time flying in Ci®” / Cq4 maximum condition
reduces the power consumption in order to produce thrust in cruise condition. After the
iterative performance analysis over the market available UAV wing characteristics, it’s been
observed that going for larger aspect ratio and increasing wing area for the given operating
condition, will substantially makes the UAV statically and dynamically stable and
aerodynamically safe design.

Wing Sizing (Main wing)
i. Span & Wing area

ap = 2 :
Since, higher aspect ratio results in reduced wing loading and produces more lift, the aspect
ratio of 10 is chosen for initial calculations. and by iterating for the better performance we
found that the aspect ratio of 10.75 gives a better performance & span of 6 m is suitable for
the wing loading of 40 kg/m? with the wing area of 3.347 m?.
ii. Taper ratio

Ct
A= o (0to 1)
i
Taper ratio plays a very important role to reduce induce drag, with the reference below

found that the taper ratio of 0.3 can be used for most practical & good performative results.

O/
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iii. Mean aerodynamic Chord, Root & Tip Chord

Root Chord:
25

Cove = ———
oot b(l_l_ ﬁ’]
Up on substituting the span of 6m, wing area of 3.47 m? & taper ratio A of 0.3, found that
the suitable root chord length as 0.88 m.

Tip Chord:
Csip = ‘a’ X CI'DDE

And with the root chord length of 0.88 m got the wing tip chord as 0.266 m.

Mean aerodynamic chord:
= 2xc,x [
With the C; & C;of 0.88 m & 0.26 m found the mean aerodynamic chord length as 0.571 m.

iv. Sweep angle

Initially we considered the wing as a rectangular box with 0° sweep angle wing, due to the
lift force produced by the wing it is assumed that the wing is experiencing a bending and
shear load. And in reality addition to the normal load, the wing experiences a tangential
forward force which equals the leading edge suction force minus the wing drag.

Typically sweep angle has a major contribution and corresponding effects on maximum lift
produced, Drag co-efficient, critical MACH no. , Structural weight & Stability.

Selection of sweep angle can be made on the flight regime, as our flight regime is subsonic
and with the MACH no. of 0.12 the sweep angle is chosen as 0°.

v. Twist angle

As we all know Wing twist or Twist angleis an aerodynamic feature added
to aircraft wings to adjust lift distribution along the wing. And with the two categories of
wing twist (i.e. geometrical twist and aerodynamic twist) aerodynamic twists are most
commonly used in most of the monoplanes and light aircrafts to avoid the tip stalling.
Considering our UAV as a light aircraft the acrodynamic twist is assumed as 2°

vi. Dihedral angle

As our selective wing type is a high wing type, and 2° of dihedral angle is been used
to as it affects the roll movement of the UAV proportional to the amount of sideslip. The
effect produced by the above condition is also known as Dihedral effect. Dihedral effect is
also a critical factor in the stability of an aircraft about the roll axis (the spiral mode). It is
also pertinent to the nature of an aircraft's dutch roll oscillation and to manoeuvrability
about the roll axis.

D. Selection of high lifting devices

High lift devices are movable surfaces or, in some cases, stationary components that
are designed to increase lift during some phases or conditions of the flight. The most
common high lift devices are flaps, slats and Krueger flaps, but the category also includes
less common installations such as lead-edge root extensions.

The main purpose of using the high lifting devices are:

Ox
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= To allow a steeper approach without increasing the speed of the aircraft
=  Reduces the distance required to take-off and land

= Reduces the speed at which the aircraft will stall

= They increase the pilot’s visibility of the runway

Effects of using Flaps
= Relation with Centre of pressure:

o Flap movement, up or down, will cause a change of pitching moment. This is
due to Centre of Pressure (CP) movement.

o Centre of pressure is a point where all the lift of the aircraft is considered to
be concentrated.

= Relation with lift and drag:

o Lowering flap increases both lift and drag, but not in the same proportion.
Although the lift is a larger force, and proportional increase in the drag is
greater, so the maximum lift/ drag ratio decreases.

In our case fowler type flaps are used as it is most widely used in all the military, modern
aircrafts which allows our UAV will have a suitable and appropriate function to maintain
the operational requirements.

E. Final design Parameters of Wing for B-14H1800

Parameters Values units
Maximum cruise speed | 41.6 m/s
Max. Wing loading 40 Kg/ m?
Airfoil NACA23015
Aspect ratio 10.75
Wing area 3347 | m?
Wing span 6 m
Taper ratio 0.3
Root chord, C: .88 m
Tip chord, C; .26 m
Sweep angle 0°
Twist angle 20
Dihedral angle 1°
Material of the wing Polyethylene
terephthalate - PET

oY
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Bending Moment Diagram

VLMZ - ctrl=-2- 0.0°-64.81m/s

BM (N.m)

400

350

300

250

200

150

100

504

— Ts i b

Wing Load = 16.433 kg/m? X CP= -0.221m
Tail Volume =  0.369 i Moment ref. location X_CG= -0.220m
Root Chord = 0.801m Wing Flap 1 Moment = 0.8078 N.m
MAC = 0.615m Wing Flap 2 Moment = 0.1646 N.m
TipTwist = 2.000° Wing Flap 3 Moment = 0.1646 N.m
Aspect Ratio = 10.755 Wing Flap 4 Moment = 0.8078 N.m
Taper Ratio = 3.338 Elev Flap 1 Moment = 0.0836 N.m
Root-Tip Sweep =  -1.341° Elev Flap 2 Moment = 0.0836 N.m
XNP = d(XCp.Cl)/dCl=  0.000 m Fin Flap 1 Moment = 0.0307 N.m
Mesh elements = 2076 Fin Flap 2 Moment = 0.0307 N.m
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Design & Performance Evaluation of 3- Blade
Propeller for Multi-rotor UAV

Amm WV
Diepartment of Mechanical Engineering
E.5 Bchool of Engingermz & Managsment
Banzalore-[ndia
mech myvento [#mail com

Fzllzpalli Charmicra B
Dapartmant of Machanical Engingerizg
E.5 Bchool of Engineermz & Managsment
Banzalore-[ndia

Abstract— Thiz work emphaziz on rezearch, desipring and
derelopment of sn 3-blade =fficient propeller for an exizting TAY

to produce maximum thruse in s operating razpe of 2000 rpm o
3000 rpm. And CFD gnalysi: will be performed to decerming dhe
performance characcerizeics of the propeler.

Keyworde—UAV, Pusdesptsr, Propeilers, Muldromees, FTOL

I.  INTRODUCTION

A propeller is 2 device that comverts machanical epsrey nte
2 force, which we call throst, and iz usad to propel the vehicle
to which ot is attached. The propeller feature: ome or maore
lifting surfaces called propaller blades] that are rotated rapidly
using an engipe. The thrust is the aerodymamic lift force
produced by the blade: and iz identical to the force produced
by 2 wing. Propellers are, by far, the most common means of
generziing thrst for any general Aviztion amcrafis or modstn
TAVE

II. 3-BrapeProPELLER GEOMETRY

Figure 1 - Propeller Helix

A three-bladed propeller iz shown i Figure 1, rotating about
an xus. The :pimper &2 2n asrodypamically shaped cover,
whiozs purposs i o reduce the drag of the hub of the propeller
and fo protect it fom the slementz The propeller blades ars

Vashoranth B 5
Diepartment of Mechanical Engineering
E.5 Bchool of Enginesring & Mamapemant
Banzalore-India
mech imventod gmail com

Prof Dr. Balaji B
HOD, Department of Mechanical Enzmesting
E.5 School of Enpmesring & Management
Bangalore - [ndia
had. szam . adn. in

what generate the thmust of the device, deasted by T The
pressure differential between the oot and 2ft face of the
propeller blade results m 2 vortex that is shed from the tip of
the blade and ix carmied back by the airflow geing throagh the
propeller. This forms the typical belical zhape showa m the
figure-1. A fromtal projection of the threa-bladed propellar i
showm below.

Figure-2 Frontal projection of the 3-blade propeller
Where R iz the blade radioz, 1 is the radin: to an arbitrary
blade stztion, and 17 is the rotation rate, fypically in radizns per
zecond of mirntes. The blade of a propellsr iz really 2
cantilzversd wing that moves in a circular path rather than
along 3 straizht one. Tust like am airplara’s wing, the plan form
of the propeller Blade has 2 profoumd impact oo the maznitude
of the thrust force created, as well as at what “cest.” What
constitutes “cost” ix the amount of power required to rotate i,
2z well as side effects such as nodze.

M. GeoumeETRIC PROPELLER PITCE

Consider the propeller in Figure - 3, whose diameter iz T
and radius is B As the propallar rotate: through a full circls,
its tip rotates through an arc lemgth (civcumference) of C =
31470 = 253.145F. A: the propellar rofates it “screws" itzalf
forward a certzin distnce P for 2ach full rotation. The

[
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distance it would cover in one full revolotion is called the
geametric pitch or pjt-.':h diztance, PD), of the propeller It &
commonly specified in terms of inches of pitch Thos a
propeller designated as a 42-inch pitch prop would move 42
inches forward in ome revolotion (osimg the metal screw
throuzh wood analogyh The ample the helix makes to the
rofation plane iz called the geometric pitch angle and i
denated by .

Rodatan Axin s _1

==

Pitch diztance in inches

Figure-4 the propeller will advance a shorter distance
(pitch distance) in & low-vizcosity fluid than the peometric
pitch indicates

IV. FuxpamexTAL FORMULATION

Conzidening the geometry shown m figurs-3 we can
now defins the following charactenstics of the

propallsr:
tanf = .

- ——

alt r*f

Eq 1)

Where;

Iy = TefErence radis, usualty 73% of the propeller radms B
PD = Pich distance of the propaller

Cremerally, the value of PD ranges from 60% to B3% of the
diameter of the propeller. The pitch-to-diameter ratio 12 al:o
uzed to idemtify propellers

Pitch-to-diameter ratie
B

- (Eg. 1)

Ly

Fizure-5 Definition of propeller pitch angle

A propeller moving throogh a low-vizcosity fluid like am will
cover less distance per tevolution tharn the geometric pitch
would imdicate. Thersfors, the angle formed between the
rodation plane and 2 tangent to the blads tip heliy 2t sach blade
station is lz:s tham the peometric pitch anale This angle i
called the helix angle and i= denoted by #. It cam be astimated
if the forward speed of the propellsr i3 known uwsing the
following expression:

Helix anale:

Eang = —

V. DEsmey STATEMENT

Propellers for UAV: operate wundsr varipns opsrating
conditions, ranging from the ea level to stratozphere altinzdes.
Apparently, it = 2ppropriate to adopt a varable pitch system
to provide the optmal propulsive efficiency under the
aforementionsd conditions. However, itr adoption bmposss
additional weight and complegity doe to the addition of
actuater: and pitch lmis. Additionally, these pitch links and
actuaters will practically be exposed to external flows at low
temperatares from -70 to -B0° O af stratospheric altinedes.
The eptreme emvironment and mechamical complexity may
lead to 2n increased possibllity of malfimction: and
uncertamiy. Conseguently, the demand for reliabibity and
being ultra-lightweight, which are top-level constraints of
TTAVE, make: it difficult to adopt the vartable pitch system,
Therefore, fixed-pitch propellers are generally nied When the
figed-pitch  propellers are optimized for asrodynamic
performance at high-altimde operation, the reguired forgue,
approgimately at sea lewel, becomes considerably large and
excesds the specification for electric metors. This can lead to
low climbing performances ar, sometime:, the mability to
climb. On the other hand, as altitude inceases, the rofational
speed  of the propellsr sradually  imcrements, which
conseguently results i an increase of the required power,
Thnas, the magimum required power ocoars mnder high-altinde
climbinz coaditions. In this respect, the desizm of UAV
propellers rust vot oaly take imto accoum: the two conflicting
constraints but also simaltameously magimizs efficiency mder
the desired operating condition.

[3
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VI. DEsicy REQUIREMENTS
The ultralizht weizht amcraft, has 2 total length, total width

and
Dietails View g del
-/ Dietas of Enclosure | &
Encloduse Enclodured m
Shape Cylinder WHE
Cylinder &lgnmerd T-Aauiz u of
Humiber of Flanes 0 -ﬂp]_]f
Cuthion Hon-Liniam [ ﬁ
FOM, Cushikon Radius [+ 0) [15 mam [ 13
FOL Cushion [»0L =ie Dirgction | 30 mm | m, 3
FO3, Cuskibon [» 0, -k Dieotiam _Ell'fl'l | m,
Taiget Badidd _MI Badidd | aed
Meige Pasli? Ha 15
Expart Enclodue ] kg
Tesp

eptivghy It uses <-propeller: moumted on each am. The
maximum zvailable torgue should comespond to the climb
condition at sea level requiring the highest thrst The
maximum power condition should correspond to the climb
operation where the highest rotatiomal speed is requirsd
Considering the motor diameter, the desizn propeller diameter
was fized 2t 015 m. 3 2 geometry constraint. In conformance
with the mizsion profile, which is mainly aimed at climbing to
high altitades, the climb condition of 4 km was set as the
propeller desizn point

VII. Amroil sELEcTION & Posiminsmgt

VI CADMoDEL PREFARATION

Fizure-7 1l inch Propeller cad model

IX. CFD Axarvsis PREFARATION
Conziderations
Zpeed — 3000 rpm
Inlet Valooty — 13m's
Angle of attack = 107
Propeller [ha = 230 mm
Mumber of Bladaz =13
Propeller Matenial = Carbon fiber

Step-1
Creasing Enclosures — Cylindrical Enclesres

Step -2

Creating Enclozures — Box Enclozure
SACA &85 TR TR TR T T T :
MCANE MM N NE L men gm [Foonoemm
KACA S 05 N @S DM 1M BN S | Sheee Box
NACa &t i1 I W b LT T2 M i s 2

Luihian Mon-Un#mm

RACAHH i1 1M N e R O, Cathiom <1 vaue (+0)| 300 mm
4 di i THRI O BTN 1R EEY 6 PO Curihiest o¥ wabut (=0 | 430 B

FO3, Cuthies o2 value (0] 300 mm
FOud, Cunthiesn -6 walue [« 300 mm
FOS, Cuthion 5 valoe (»0) 500 mm
FOs5, Cushion 2 value (+0) 30 mm
Targek Ba-dies Al Bagies
Meige FarisT Mo
Export [nckasue iy

K44 4100 i T LT 4 1
KAL4 sl [ T T [ 1 T

Step -3
Creating Boolean-1
Taol Body: Propeller
Target Bady: Cylindrical Enclesure
Mow we have only 1 Bodies Le.
I. HRotxting Domain
1. Smtic Domain
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Creating Boolsan-2

Tool Body: Fotating Domain
Target Body: Stztic Domam

Eefuraan Eo- ]

Caplure Cutriliong | Ms

Caplure Peeadmity | Mo

Detaii of “Manh"

Lerowif Hale Derlinalt {1

15,
Siatic Funtating
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Kep-4
A Meshing
1. Ipzemted Besh sizing for rotating domam
MMax- Element size — 8 mm
Debails of "Face Simng” - Sinng
Hope
Sonpig Method | Geomelry Seledion
e T4 Faces
= Delwition
Suppressed 5]
5] Elmeerdt Sge
[emenk Size 1043 mams:
- Advarged

Dwfpabure Sice | Dielaagh (4.2 -00L men)

1. Mezh Settings - Static Domain
Max- Element Size - 13 mm

Pt Pielerincs
Sakeer Fref el
Elemenk Qrger
[lement Size
Export Formad
Expisil Prview Sunifaoe Medh
- g
Use hdpplive Siing
Lrowth Rate
Blie Side
[T T
D eabare Sie
Caphure Cureshgre
Curesture Kan Sibe
Cuvaluie s imal it
Capliire Proaiminy
Baunding Bod Dasganal
Ferrngd Sarface Aaea
Winirrn Edge Linglth
Casaiity
Chieik ki h Cislity
Target Sermmesy
Smaathing
BAEiE Mring
v |ndiaison
+ Masemibly Mething
+  Adwanoed

LFD
Flijenl
Lingar
5.3 mami
Standard
-]

Mo

Dlalt (1.3
1'3.0F e

L

Delwalt [7 52007 mmj
e

Dirfivait [0.1'F mnmj
Dl et |15
111

15515 mm
BAITY mm’
015208 mew

e, Ermo
Cielarat |0, 30000
Kedum

Misfet

Step-§
Creating named Selections

Di:
i
Step-f
Updating the Mesh
Step-T
[ - [ ]
m Flusnd Lawncher

LE S pr
Cruibdr == mm

x ? Lt b Doipnam
—r—

T gin Heb Lm B R

il rises Pt Brs

[FPwERTE— =5
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Le | e ey v
Step-1
Lerup
Gelecting Transiznt and Granvity
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Reference Values

Rirferemie Valies
Compate from

Reeference Values
Arga [md) 1
Densky (ky'md) | L.225
Enthalpry (1kg) 0
Listagth ] |1
Fressere (pascal] 0
Temparsture (K] 20815
Vilacity [5s) 1
Viscosty (kg/wrs) L7EHe-05
Ratig of Speafic Hests 1.4
Faeference Zone

[ree]

Step-12
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Create new force report- Thrust Force
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Step-17 Total pressure
Bum Calenlation
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Pressure Flow trajectory

......

XI. CONCLUSION

A 1hiads propeller of diameter 254mm and a 30 CAD madsl
is prepared with the combination of airfoils and radial
diztmbution of MACA 4300, NACA 4410, KACA 4510,
HACA 4512, HACA 3513 & NACA 3511 &= prepared. The
mode] is been malyzed throngh Ansys CFD following the
step: as dizcussed above. It': been found that the developed
propeller with carbon fiber material iz capable of producing 5.7
W of thnast force 2t 3000 rpm. Henre we can use the devalopsd
propeller im amy mini AV with the 1200 EY mator with an

11.1 vLipp bartery.
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L INTRODUCTIOM

Aerial vehicles have proved their capability in both
military field such as parrolling, surveillance as well as
reconnaissance, and civil areas incleding rranspaorr,
rescue and agriculmre of varous applications over a
hundred years, while enhancing their capabilities over
and Fulfilling ever-changing
requirements. By means of smaller, safer and lighter

thre, rrissbon
platforms, LTAVS propose an exclusive set of advantages
compared o plloted airerafis [1]. Military and civil
operations are the main areas where these advantages
are effecrively urllized. In addirion, fumre JAVs are
expected o perform much more extended missions
with higher aerodynamic performance and higher
degrees of auromatic flight. There are two prominent

categories of mini UAVs fixed-wing UAVs and multi-
rogors. Fixed-wing UAV: are mini UAV: with
propelled electrical batteries with longer ranges than
UAVs with similar sires of multi-rotor systems tha
require a runway or launcher for landing and knockour
2111

The Fig 1 illustraves the mission profile choosen for the
UAY. The muld-roror TTAVs have rotor
generally carrying three or four propellers thar are
capable of vertical take-off and landing (VTOL) and
howvering owver anm area while carrying suificient

SySlems

payvload. In addition, they are more maneuverable than
fixed wing TTAV: with the abilicy of quickly transition
from hover po cruize flight. However. the horizoncally
mounted rotor system is placed ar the wings or the

Copyrighs: & the suthoeis). pablisher and Llicensee Technoscience Academy. This & an open-access articke distribuced under the
terms of the Creacve Commoss Asrribusbon Mos-Commercial License, which permiis anrestricned son-commmercial use,
disrribarion, and reproducion in aoy medium, provided the original work is properly cised
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body thar resulis in an enormous increase in drag force
oppesing the crubse flight. As a result of this decrement
in the serodynamic performance, fixed wing UAVs are
mate logheal o be wsed 1w fulfil the mistions needed
high speed, long range and endurance flight The fixed-
wing 1JAVs has longer flight time and duration, but it
is not simple o secure a safe landing space, especially
in the city and ragged train areas. VTOL systems make
mare sense in operations such a3 mountainows and
rural areas where there is no landing and take-off
runway. In addition, VTOL systems must be used o
operate like a helicopter in the required tasks such as
howvering. However, if endurance iz of first priority
then a fixed wing rype will mest likely be preferred due
o the efficiency of the cruise fight. If both of these
fearures are demanded In a single operathon then a
fixed wing vertical and take-off landing (VTOL-FW)
with level flight capability becomes the best aption.

Il Mission Profile

TSI (e et g

RARRN
N - N

Fig1 Mision Profile

L. Design Statement

Requirements

Minimum Endurance — YHrs
Maximum Payload - 15 KG
Maximum Speed — 150Kmy/Hr
Maximum Altrude — 6000
Orperational Temperarure - 60° C

W | ke | L] ] —

IV. Design Methodology
Nemormeets | B9 w:.ﬁ;.'.f..]&["ii:‘::?' » H-"-"-w’|
[ ¥
h | Frlarwae ] [ | ol of
o (| ol | L L Bl | eaoasai | il | ok S
| s

Flg. 2 Dezign Methodology

The design methodology illustrated in fig. 2 represents
a herative design process. As per the mission profile
and operational requirements, the powmible ake-off
welght of the UAV is estimated baged on the historical
dara for general aircraft conceprual design Le. (Wa/W
= (L85

charscrertatics for the given operational range helps us

Knowing the minimum serodynamic

to predict the preliminary sring of major airceafi
components and lifting devices required o sufficlently
satisfy the misbon requirements. Analvzing these
initial sizing parameters at give operational conditions
will help ws to know more aerodynamic parameters 1o
check for optimization and ieerative caleulatons were
considered 1o optimize the performance of the AV [3].

V. Assmptions for the design

L T/W = 1.5 (thrust wo weight ratio)
Considered UAV as a light aircraft.
UAV will be powered with a hybrid power
system. Le. (Li-ion bamery + Solar PV
arrangement Lo increase the endurance)

Y1 Design Proces
A. Weight Estimation
Wrg — 15
—— =085 Eg.1
Wrg .

Considering estimating the possble take-off and
empty webght of an airerafi is the very fire step in
sizing of the UAV. The ratio of We /WTo can be
obtained from the historical dma for conceptual
alrcraft design. It can be saed as We MW s about

Inzermacional Jowrnal of Sclentific Research in Science, Engineering and Technology | www.ljsmer.com | Vil 9 | lasue 2 E
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0.85. One of the design requirements of the AV i o
carry a payload of 15 Kg weight. Az We=WTO ratio iz
abour 0LBS ar Eq (1), then WTO can be found as 100
Kg ™

In order 1o cominue further, knowing the dimensions
of the wing iz very much important s wing plays
major rale to lift the alreeaft in o the ale. In order to
know the dimensions of the wing a market smdy is
been carrted our considering the paylead capacicy and
endurance thar & relevant o our design statement.
And we found that the average wing span for a UAV of
carrying max. Paylead of 15 Kg. with an endurance of
2 hrs in the range of 4.5 Km to 5 Km.

Az the larger agpect rato reduces the power
consumption to keep the given weighe in the air and
resiles in less induced drag wing span of 4.8 m i3 for
preliminary sizing of the TAV.

B Wh;lﬂ‘
With the wing span of 5 m and max. Take-off weight
af the UAV ie 100 Kg got the wing loading as 40

K&Jm!.
C. Initial sizing of the wing

Calculating the required lifi co-efficlent of the UAV
at crulse velocity
With the basic understanding of aerodynamic forces,
fior sready suare Aighe we know that

Lift = Weight

L..j;_x VixpxSxly,
Az per one of the design requirement. the maximum
Right speed as 150 Kmyhr (Le. velocity of 41.66 m/s)
and fying alrirude as 000 m ASL. We found that the

density of air is 0,661 Kg/'m® @ 6000 m.
We know thar the bagie lift co-efficlent formula as,
w
g & 2x|5] Eq.2
i?,;i xp
Where:

B. Cr= Lift Co-efficlent
C. W5 = Wing Loading in. Kg/m’
a Ve = Cruise Speed of the UAY, in my/s

. g = Densiry of air at flying altitade, in m
L. W = Max. Take-aff weight of the UAV in Kg
d. 5 = Wing span in m

We found thar the lift co-eficient required as =0.8561
In order wo find the lft coefficlent for the wing &
alrfoll alone at cralse velocity;

C
L
C =— Eq.3
I'“'"l
ll:|-E':||r|:||| n 09 . Eq. 4
We found thar;
. ':'-.ﬁ-' 0.9071
{'.'[HH 1.0779

Based on the Cpg the selection of airfioll is made,
considering the ability of the airfoll w produce
sufficiem lift with lewer angle of attack and larger
stalling angle makes the airfoil suitable w use in the
aircraft ar UAY,

b, Selection of airfoll

As wlection of an airfoil for any alrcraft B always
depends on the operational Might regime. Fig. 3
{lustrates the variows airfoll shapes for different fight
regimes.

Fig. B Airfoil shapes for different flight regimes

And as our flighe regime is subsonic a general use
alrfoll is selected. For low speed general light alrcraft
max. v'c af 15% w 18% i recommended.

Lalected t'e as 15%

Inzermariomal jowrnal of Scientific Research in Science, Engineering and Technology | www ljsrser.com | ¥ol 9| lssue 2
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Alrfoil selecred: MACA 23015 Cm v Alpha
Fig. 4 NACA 13015 Alrfoil
Performance characteristics of the airfoil are;
v Ld Fig. 8 C= vs Alpha
Ld v Alpha
ﬁ!l:l v Ce
Cl/Cd v Alpha Fig9 C: ve Alpha
""""""""" T Analyshs prerequisites;
i Reynold's number = 10,00,000
i Mach number = 0,12
*: Observations from Fig. 7;
i
] * Max C=approx. 1.7
! * Sualling a = approx. 17
i

Since the maximurm Ciand stalling angle o s within

Figh Ci/C:vs Alpha the operating range.
Cl ¥ Alpha

NACA 23015 wirfoil is selectad. [9] |11

Preliminary wing analysis

Fig.7 Civs Alpha

Inzermariomal pournal of Sclensific Research in Sclence, Engineering and Technology | www.ljsmer.com | Yol 9 | lssue 2 m
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Values unis i i
_]I With the Pasic understanding of serodynamic

M. 2 416 T principles, in ::-rde.: o get .|'|:'|:l::eI:|'|:'|l|.I.I:|'L erbduram:e.. :hrr;-
Max. Wing loadi 0 Kg/ m UAV must fly in a conditon such that it i
Airioll NACAZIONS experiencing least drag and should produce maximum
— S lift in order to keep the UAVY in air. At the same time
Wing I.'?E = Mying in Ci(32) / Cs maximuem condition reduces the
= i -1..8 = power consumption in order o produce thrus in
T mﬁﬁ EI.3 a cruise condition. After the ierative performance
e s ' analysds over the market available UAV wing
i 4 = characteristics, from fig. 11 ir's been observed thar
Tip chord, Ce 2 75 going for larger aspect ratio and Increasing wing area
L]
Swreep angle d for the given operating conditon, will substanially
L]

Twist angle 2 makes the AV statically and dynamically stable and

Dihedral angle 1® aerodynamically safe design - [1]

Bending Moment
VIL 'Wing Sizing
R b Main wing
L Spen & Wing area
bha2
AR =
"-|.

Since, higher aspect ratlo u-aml'ls in reduced wing
leading and produwces more lift, the aspect ratio of 10 &
chesen for initial ealealations. And by erating for the
beter performance we found that the aspect rato of

ji

075 gives a berer performance & span of 6 m i

Fig. 10 Bending Moment of Preliminary wing suirable for the wing loading of 40 kg/m? with the wing
area of 3.347 m2 [1].
8 Taper mto
g oy Cr
e A=w (0tol)
s} = Taper ratio plays a very imporant role w redoce
fa] - ] _ induce drag, with the reference below found that the
TErie E Le Ti e+ we 5e taper ratio of 0.3 can be used for mest practical & good
: — performative resuls P,
o j fii. Mean aerodynamic Chord, Root & Tip Chord
ik : Root Chord:
o o o =
) ; b(1 + &)
o i Up on substiniring the span of Gm, wing area of 3.47 m2
i e - 4 = i wper ratio A of 0.3, found thar the suitable root

Fig. 11 Aerodynamic Performance of 4.8 m span wing chard length s 0.88 m.
Tip Chond:
Cop = & X Craue

Intermarbonal Jowrnal of Scientific Research in Science, Engingering and Technology | www ljsmercom | Vel 9 | lumue 2 @

4

Department of Mechanical Engineering



Design & Development of Fixed wing Multirotor UAV For Quick Medical Response - 2022

Drr. Balnji B etal Int) Sci Res Soi Eng Technol, March-April-2022, 92y XTT.287

And with the root chord length of 088 m got the wing
dp chord as 0266 m.
Mean serodynamic chord:

z (14+A+2442
e S

With the C: & Cof (.88 m & 0.26 m found the mean
serodynamic chord length 22 0.571 m.

iv. Sweep angle

Inivially we considered the wing as a rectangular box
with [Fsweep angle wing, due to the lift foree produced
by the wing it is asumed that the wing ks experiencing
a bending and shear load. And in reality addition wo the
norral lead, the wing experlences a tangential forward
force which equals the leading edge suction force
minus the wing drag,

Typically sweep angle has a major contribution and
corresponding effects on maximum 1ift produced, Drag
co-efficient, eritical MACH po. , Structural welght &
Seabiliry.

Selection of sweep angle can be made on the Qight
regime, as our flight regime i subsonic and with the
MACH no. of 012 the sweep angle is chosen as (5{7].

v. Twist angle
As we all know Wing twist or Twist sngls i

an aerodynamic feature  added 1o alrcraft wings w
adjust lifr disrriburion along the wing. And with the
two categories of wing rwist (Le. geometrical twist and
serodynamic twist) aerodynamic rwists are most
commonly wsed in most of the monoplanes and Light
airerafts o avold the dp salling [7].

Considering our UAV s a light siromeft the
serodynamic twist is ssumed s 2°

vi. Dibedral angle

Az our selective wing type is a high wing type, and 2°
of dihedral angle is been used to as it affects the roll
moverent of the AV proportdonal vo the amount af
sideslip. The effect produced by the above condition i

alsn known as Dihedral effect. Dihedral effect is alsoa
critical Bctor in the swability of an alreraft abour the

roll axis (the spiral mode). It is alsy pertinent 1o the
pature of an alreraft's dutch roll oscillation and w

maneuverability about the woll axis [7] .

vil. Selection of high lifting devices

High lift devices are movable surfaces or, in some cases,
stathonary components that are designed 1o increase lift
during some phases or conditions of the ight. The
mest common high lifi devices are flaps, slus and
Krueger flaps, bur the category abio inchedes less
common  installations  such  as  lead-edge  roo
extensions[7]

The main purpose of nsing the high lifting devices are:

* Toallow a steeper approach withour increasing the
speed of the aircrafi

* Reduces the distance required o wke-off and Land

* Reduces the speed at which the aircraft will suall

* They increase the pilats visibility of the ranway

Effects of using Flaps
*  Relstion with Centre of pressume:

Flap movement, up of down, will cause a change of
pitching moment. This is dwe wo Centre of Pressure (CP)
MOVEmEnL.

Centre of pressure s a point where all the Lft of the
alrcraft s considered 1o be concentrated.

*  Relation with lift and drag:

Lowering flap increases both 1ift and drag, but met in
the zame proporton. Although the 1ift is a larger

foree, and proportional increase in the drag is greater,
50 the maximum lift/ drag ratio decreases.

[n our case fowler type flaps are weed 20 it s moa
widely ueed in all the military, modern airerafis which
allows our UAV will have a suitable and appropriate
function 1o maintain the operational requirements. [7]
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Parameters  Valoes umity

Maximum il6 m/s

cruise speed

Max. Wing 40 Kg'

Inading m’

Alrfoil NACAZION5

Aspect ratio 10.75

Wing ares 3aqy m?

Wing span ] m

Taper ratho 03

Root chord, AR m

Cr

Tipchord G | 26 m

Sweepangle | 0°

Twist angle e

Drihedral 10

angle

Marerial of Polyethylene

the wing terephthalate - PET
Bending Momant Disgram

- BN
S

Pig. 11 Bending moment plot of 6 m span wing

Comparison of serodynamic characteristies of 4.8 m
Span wing & & m Span wing

Fig. 13 Comparison of aerodynamic characterierics
From Fig 13 (Ca ve Alpha plot) we can observe that the
co-efficlent of moment of the wing got reduced which
increases the laeral and longinedinal stability of the
wing. And the minimurm C of the wing is increased
along with the decreased Ca. C1/ Cd max improved and
we can get max Lift with lesser cruies speed compared
to 4.8 m span wing,

Fig Q™ /Gy
From Fig. 14 we can observe that C1/Cd max improved
at P AQA Therefore we can get maximuam lift o lower
flight speed ar cruise flight. And resuls in less power
consumption to produce forward throse

Sizing of the coneral surfaces

Elevators or Horizontel stabilizers

Fig. 15 Elevanor
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Ruddery or verdoal stabilizers Sizing of the fuselage

‘
]

Spam 09
Root chord | 0.24
Tip chord | 0.24 29

Airfoll | NACA 23015 -

Position of | 1.5 m (from lesding edge of
clevator | the root chord of the wing) } | 5

and 0.3 m from the neurral

gB|IE|E

17 Fuselage Sizing
axis of the fuselage g
Material Polyethylene terephthalate -
PH{ Y P VIL Asrodynemic & sbility snstysis

Developed blended wing and body configuration

Fig, 16 Rudder L
N Fig 18 Preliminary UAY model
Span 03 i
Root cherd 033
desciines s i Pressure distribution over the UAV configuration

Tip chord 0.2 m B
Alrfoll NACA 23015
Positlon of 1.5 m (from leading edge of
elevator the root chord of the wing)

at both sides of the elevatar.
Marerial Palyethylene terephthalate

- PET

Fig. 19 Presure Plot
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Batteryspecifications
Battery type: Li-po
Ourput voltage = 444 V

Power = 6000 W
C-rate = 05
Currem 136 Ah

Solar PV panels choosen: : Sun Power C-60
Mono erystalline PV cells No. af cells used: 48
{in series)

Modsl results Weight breakdown
| |
2 o notors (X-Team 68| 5 3090
g [BLOWC 100 kv B320)
ESC (Ready vo sky ] 5 500
a0 pBoA]
[BOA 2004 Large 15| 1 15
- eurrent FDEB
Pig. 22 Longitudinal Seabiliy Brery o TRGmh . UML) 4 il
e - FCL, GPS, Power 00| 1 800
- S Fnudul-e. Recelver
= fpropeller I E 1000
it Vo &l 5 300
Fuselage (including
frame and 6000 1 6000
oonsumables like
: [nurs & balis)
T el SNy Main wing 15000 | 1 4000
Propulsion system Eirnts s ] o
No. of motors: 4+ 1 {4 - VTOL & - eruise) o m. 2 i
Propeller size: 30 in propeller Landing gears
(Main ]andmg 2100 1 2100
Power consumptionbreakdown par & Mose
- Bolar charging semap 1500 1 1500
Take-off 548 58 W :
Payload 1500 1 15000
e et Toral welght In KGs. 670
Crujse 2400 W
Descending 6R% 62 W (conservative)
Landing Faw Solar charge control eystem
Total powes blmw In order 1o get the maximum endurance the UAV, a
ponsomption solar charge control systerm is nsed.
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Voltage produced from each cell: 05V

By connecting 48 PV cells in series we get a ourput
voltage of 28.8 V. and o maintain the required
pewer at a constant rate a MPPT charge controller
in used and which acts in berween the solar PV
Apnd this
configuration helps us w increase the endurance
of the LAV]S].

Performance of the TAY

cells and the bamery system.

V-0 Diagram

T Awtgem 000
g it
=t .
L =
L i _.-"
- el
£ == B —
T i Lo
e ot 1] 3
Fig. 25 V-n diagram
5 _Limdl Lomisimd brrvnbope =
.
-
0 - =
K.
K .-'- -l
= -
i
= ~
- >
il T
R - L
2 e
21 i =
L _ﬂﬂ-ﬂ"—'—’w:r
30 - S
iy - e
1 o
-
4 . 5
-
-\.'\.
£ LY
Bl =
4 -\.-\.'\- -
-] 1l ] £ 1 £ ]
‘wakciy i
Fig. 26 Gust Envelope

In this work, an approach w design a high endurance
and high payload capacity unmanned air vehicle is

made. This course work demonstrates the varkous steps
ta be followed in designing of a fixed wing multirotor
V-tol Configuration AV, a CAD model i developed
using X-flr software 1o evaluate the characteristics &
performances of the generated CAD model. In order
to have a high endurance and flight vime along with
the batteries and approach 1o use Solar-Hybrid method
iz wsed by using salar PV modules as discussed above.

Ir i been found that the developed UAV model will
satisfy the operational requirements mentioned in the
design
development.

statements  during  our  system  level
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