UAV Flight Dynamics & Aerodynamics

Comprehensive Engineering Analysis of Force Interactions, Rotational Control Dynamics, and Airfoil Physics
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| 1. Force Interactions & Rotational Dynamics in Stable Drone Flight

Question 1 Prompt

Explain how lift, thrust, gravity, and control interact to enable stable drone flight, including the roles of yaw, pitch, and roll.

Stable flight in Unmanned Aerial Vehicles (UAVs)—most notably multirotors like quadcopters—is governed by the continuous
equilibrium and dynamic manipulation of four primary forces: Lift, Thrust, Gravity (Weight), and Drag. Unlike conventional
airplanes that rely on movable aerodynamic control surfaces (ailerons, elevators, rudders) in a forward airstream, multirotor
UAVs achieve complete 6-DOF (Degrees of Freedom) positional control exclusively through differential motor speed
adjustments commanded by an onboard Electronic Flight Controller (FC).

1.1 Fundamental Force Interactions & Equilibrium

In vertical and horizontal flight regimes, the four primary forces interact through vector sum relationships:

* Gravity (Weight, W): A continuous downward vector pulling through the aircraft's Center of Gravity (CG), calculated
as W=m - g (where m is total aircraft mass and g = 9.81 m/s?).

* Thrust (T): The mechanical dynamic force generated by fast-spinning propeller blades accelerating air downwards.
In a quadcopter, total thrust Tiotar=T1* Tr+ T3+ T acts normal to the motor arm plane.

* Lift (L): The vertical aerodynamic component of rotor forces opposing weight. In zero-wind hover, L = T otal

* Drag (D): Aerodynamic friction and pressure resistance acting opposing the aircraft's motion vector through the air
mass.

To establish a steady, stationary Hover State, static and dynamic equilibrium must be satisfied simultaneously across all
three spatial axes:

Vertical Force Equilibrium: L F =T

total_wzozT -m-g

total ~
Rotational Moment Equilibrium: ¥ M =0,% My =0,LM, =0

When Ttoml

accelerates downward (-a,).

> W, net positive vertical acceleration (+az) occurs, causing the UAV to climb. When Tiota < W the aircraft

1.2 Rotational Mechanics: Pitch, Roll, and Yaw Control

Horizontal translation and directional orientation are achieved by inducing controlled rotational moments around the aircraft's
three primary body axes:
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m (Y-Axis / Transverse)

Definition: Rotation around the lateral axis passing
horizontally through the CG from left to right.

Control Mechanism: Pitching controls forward and
backward flight. To pitch forward (nose down), the FC

accelerates the rear motors (T

rear 1) while decelerating

the front motors (Tfmm 1).

Thrust Vectoring: Tilting the drone forward by pitch

m (X-Axis / Longitudinal)

Definition: Rotation around the longitudinal axis
passing horizontally through the CG from tail to nose.

Control Mechanism: Roll controls lateral translation
(strafing left/right). To roll left, the FC accelerates the

right-side motors (T .

right 1) @nd decelerates the left-side

motors (Tleft 1).

Thrust Vectoring: Banking the airframe by roll angle ¢

angle @ creates a horizontal thrust component T, =
T

generates a horizontal force Ty = Tiotal * SIN®), pushing

- sin(0) that accelerates the aircraft forward. The the drone sideways while collective RPM increases to

total
vertical component T, = T, . - cos(6) counters gravity; preserve altitude balance.
thus total thrust must increase to Tt =W/ cos(0) to

prevent altitude loss.

(Z-Axis / Vertical)

Definition: Rotation around the vertical axis passing perpendicularly through the airframe center.

Control Mechanism & Reaction Torque: Yaw control relies on Newton's Third Law of Motion regarding rotational
action and reaction. Spinning a propeller accelerates air and encounters air resistance, generating an aerodynamic

reaction torque (t on the motor hub in the opposite direction of rotor spin.

reaction)

In a symmetric quadcopter setup:

* Rotor 1 & Rotor 3 rotate Clockwise (CW), imparting a Counter-Clockwise (CCW) reactive torque onto the body
frame.

* Rotor 2 & Rotor 4 rotate Counter-Clockwise (CCW), imparting a Clockwise (CW) reactive torque onto the body
frame.

In steady hover, ¥, Tow = % Tcow resulting in zero net rotational torque (rz = 0). To Yaw Clockwise, the flight controller
increases the speed of the CW rotors while decreasing the speed of CCW rotors by an equivalent margin. This keeps

total vertical thrust constant (T

total = W) while creating a unbalancing counter-clockwise reactive torque that rotates the

drone heading clockwise.

1.3 Closed-Loop Stability & Inertial Sensing

Flight Controller Integration (IMU & PID Loops)

Multirotors are open-loop dynamically unstable systems. Stable flight relies on an Inertial Measurement Unit (IMU)—integrating
3-axis MEMS gyroscopes and 3-axis accelerometers—sampling attitude and angular velocity at 400 Hz to 8 kHz. High-speed
Proportional-Integral-Derivative (PID) control algorithms evaluate error between pilot inputs and real-time motion telemetry,
outputting updated command signals to Electronic Speed Controllers (ESCs) to continuously counteract aerodynamic gusts
and maintain target attitude.

2. Aerodynamic Principles of UAV Flight

Question 2 Prompt

Explain the aerodynamic principles of UAV flight, including the roles of lift, thrust, drag, weight, and flight control
movements in maintaining stable flight.
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Aerodynamics explores how gases interact with moving bodies. Both rotary-wing and fixed-wing UAVs generate flight forces
by manipulating airflow over airfoil geometries, transforming mechanical motor energy into aerodynamic lift and thrust.

2.1 Fluid Physics of Airfoil Lift Generation

A UAV wing or rotor blade features an airfoil cross-section tailored to generate pressure differentials and downwash
momentum when moved through air:

1. Bernoulli's Principle (Pressure Differential)
According to Bernoulli's conservation of energy principle for fluid flow, static pressure (P) decreases as fluid velocity (v)
increases:

P+ Y2+ p - v? = Constant

The asymmetric camber of an airfoil forces air flowing over the upper curved surface to travel at higher velocity than air

along the lower flat surface (v ). This produces a static pressure drop across the top surface (P

top > Vhottom top < Pbottom) ’

creating a net upward force (Lift):

= - =15.p 2 - 2
ap Pbottom Ptop 2 p (vtop Vbottom)

2. Newton's Third Law (Downward Momentum Deflection)

Simultaneously, the airfoil's Angle of Attack («) physically redirects incoming air downward (downwash). Accelerating
air mass downward at mass flow rate ni produces an equal and opposite upward dynamic reaction force on the blade:

=ni-Av

F .
reaction downwash

2.2 Governing Aerodynamic Equations

The total Aerodynamic Lift (L) and Drag (D) produced by an airfoil are expressed mathematically as:

Lift Equation Drag Equation

LZI/z'p'VZ'S'CL D=1/2'p'V2'S'CD
Variables: Variables:
* p = Air density (~1.225 kg/m? at sea level) * p = Air density
* v = Relative airflow velocity * v = Relative airflow velocity
* S = Airfoil planform surface area * S = Reference frontal/planform area
* C; = Dimensionless Lift Coefficient * €, = Dimensionless Drag Coefficient

2.3 Comprehensive Drag Breakdown in UAV Systems

Total aerodynamic drag (D opposing UAV motion comprises two main physical components: Parasite Drag and Induced

total)
Drag.
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Drag Type Physical Mechanism Velocity Relationship Engineering Mitigation

Form Drag Flow separation creates high pressure in front Proportional to velocity Streamlined fairings, enclosed

(Pressure) and low pressure wake behind non-streamlined squared (D « v?). payloads, teardrop arms.
bodies.

Skin Friction Viscous shearing forces between air molecules Increases with relative Smooth composite surfaces,

Drag and boundary layer on airframe surfaces. surface speed and polished rotor finishes.

roughness.

Interference Turbulent airflow intersection at structural Increases quadratically with Filleted transition joints,

Drag junctions (e.g., motor mounts meeting arms). airspeed. blended body integration.

Induced Drag Blade tip vortices created as high pressure Inversely proportional to High aspect ratio blades/
underneath spills over into low pressure above velocity squared (D; < 1/?). wings, tapered tip designs.
blade.

2.4 Static vs. Dynamic Aerodynamic Stability

« Static Stability: The initial tendency of an airframe to return to equilibrium following an external displacement (e.g.,
turbulence). Positive static stability produces a restoring moment automatically.

» Dynamic Stability: The time history of motion following initial disturbance. A dynamically stable drone exhibits
damped oscillations that decay over time, restoring trimmed flight.

« Center of Gravity (CG) vs. Center of Pressure (CP): On fixed-wing UAVs, directional stability requires the CG to
be located forward of the aerodynamic CP (CG < CP). Multirotors rely on active electronic stabilization (FC) to provide
dynamic stability to an airframe that is open-loop statically unstable.

2.5 Comparative Systems Matrix: Rotary-Wing vs. Fixed-Wing UAVs

Flight Axis / . . 8 -
Multirotor (Rotary-Wing UAV) Fixed-Wing UAV

Parameter

Primary Lift Source Direct thrust generated by motor-driven rotating Airflow over stationary wings generated by forward
blades. airspeed.

Pitch Movement Differential motor RPM: Rear rotors speed up, front Deflection of horizontal tail elevator control surface.
slow down.

Roll Movement Differential motor RPM: Right rotors speed up, left Asymmetric deflection of wing aileron control
slow down. surfaces.

Yaw Movement Differential motor RPM balancing CW vs. CCW Deflection of vertical tail rudder control surface.

reactive torques.

Hover Capability Native hover maintained by closed-loop PID control. Requires VTOL transition rotors or constant forward
movement.

Aerodynamic Lower power efficiency; high hover power High Lift-to-Drag (L/D) ratio; extended range & flight

Efficiency consumption. endurance.

Summary & Engineering Takeaway

In summary, stable UAV flight is achieved through the integration of classical aerodynamics (Bernoulli pressure differentials,
downwash momentum, lift/drag formulations) and precise electronic control systems. Multirotors govern positional dynamics by
vectoring thrust and balancing rotor reactive torque through variable motor speeds, whereas fixed-wing UAVs adjust localized
lift profiles using mechanical control surfaces in forward flight.
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