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The evolution of Unmanned Aerial Vehicle (UAV) technology has shifted significantly from the operation of isolated
units to the sophisticated orchestration of multi-UAV systems. Among these configurations, close formation flight
(CFF) stands out as a critical area of study due to its potential to mirror the aerodynamic efficiencies observed in
migratory birds. However, the complexity of these operations increases exponentially when the formation is
heterogeneous—comprising UAVs of different sizes, shapes, or propulsion systems. This technical analysis
explores the intricate aerodynamic stability challenges and the underlying fluid dynamics that govern the interaction
between heterogeneous UAVs flying in proximity.

The Fundamental Physics of Formation Flight

To understand the stability of heterogeneous UAVs, one must first grasp the aerodynamic benefits of formation
flight. The primary advantage is the reduction of induced drag. Every lifting surface generates wingtip vortices;
these are spiral patterns of air that roll off the tips of wings or rotors. For a lead UAV, these vortices represent
energy loss. However, for a following UAV positioned correctly in the upwashregion of the leader's vortex, the
effective angle of attack is increased without a corresponding increase in fuel or energy consumption.

In a heterogeneous fleet, the scale of these vortices varies. A larger "Leader" UAV produces a stronger, more
persistent wake that can either significantly stabilize or dangerously destabilize a smaller "Follower" UAV. The
stability analysis focuses on how these trailing vortices interact with the follower's control surfaces and its Center of
Gravity (CoG).

Vortex Interaction Theory

The interaction is often modeled using the Horseshoe Vortex Model or Lifting Line Theory. In these models, the
wake is represented by a series of trailing filaments. For heterogeneous systems, the mathematical complexity
arises because the circulation strength (92« of the leader is not matched to the follower. If the follower is significantly
smaller, the induced rolling moment from the leader's vortex may exceed the follower's maximum control authority,
leading to a loss of stability.

Aerodynamic Interference in Heterogeneous Systems

Aerodynamic interference is the phenomenon where the pressure field and airflow generated by one UAV alter the
aerodynamic forces and moments acting on another. In heterogeneous configurations, this interference is
asymmetrical. Research indicates that when rotors of different radii operate at varying relative altitudes, the
interference intensity can fluctuate by as much as 15-25% compared to isolated flight.

The Impact of Rotor Radius and Rotational Speed

Recent studies in Fluid Mechanics(Volume 3, Issue 3) highlight that the radius of the rotor is a primary
determinant of the interference zone. A larger rotor creates a wider downwash area. If a smaller UAV enters this
downwash, it experiences a "downward suck" effect, requiring it to increase its rotor RPM to maintain altitude. This
consumes battery life and reduces mission duration. Conversely, if the follower stays in the upwash zone, it gains



"free lift."

Altitude Changes and Stability Margins

Stability is highly sensitive to vertical separation. In close formation, even a minor change in altitude—due to
atmospheric turbulence or sensor noise—can shift the follower from an upwash zone to a downwash zone. This
creates a non-linear control problem. The stability analysis must account for the Static Margin, which is the
distance between the Center of Gravity and the Neutral Point. In formation, the effective Neutral Point shifts
because of the modified flow field, potentially making the UAV statically unstable.

Computational Fluid Dynamics (CFD) Methodology

To analyze these effects with precision, engineers employ Computational Fluid Dynamics (CFD). CFD allows for
the visualization of pressure distributions and velocity vectors that are impossible to capture fully in wind tunnel
testing of multiple bodies.

Mesh Generation and Turbulence Modeling

The accuracy of a stability analysis depends on the mesh quality. For heterogeneous UAVS, a hybrid meshing
approach is often used:

» Structured Meshes: Used near the wing and rotor surfaces to capture the boundary layer effects accurately.
¢ Unstructured Meshes: Used in the wake region to capture the interaction of the vortices between the two
aircraft.

The Reynolds-Averaged Navier-Stokes (RANS)equations, paired with the k-<e¢ SST (Shear Stress Transport)
turbulence model, are the industry standard for these simulations. They provide a balance between computational
cost and the accuracy of predicting flow separation and vortex decay.

Quantitative Comparison: Homogeneous vs. Heterogeneous Formations

The following table summarizes the key performance and stability metrics when comparing uniform fleets versus
mixed-size fleets in formation flight.



Metric Homogeneous Formation Heterogeneous Formation Impact on Stability

Vortex Strength Match High (Symmetrical) Low (Asymmetrical) Heterogeneous requires
faster control response.

Induced Drag Reduction Consistent (10-15%) Variable (5-30%) Small followers gain more;
large followers gain less.

Control Authority Uniform across fleet Disparate Smaller UAVSs risk
saturation of actuators.

Wake Persistence Predictable decay Complex interference Increased risk of "vortex
patterns bursting" destabilization.
Ground Effect Sensitivity Synchronized Asynchronous Leader may enter ground
effect while follower is still
in free air.

Technical Workflow for Stability Analysis

Conducting a rigorous stability analysis for two heterogeneous UAVs involves a multi-step engineering procedure.
This ensures that the autonomous flight controller can handle the aerodynamic coupling.

1. Geometric Modeling: Defining the 3D CAD models of both UAVS, including precise rotor geometry and airfoil
profiles.

2. Base-case Characterization: Simulating each UAV in isolation to establish baseline lift, drag, and moment
coefficients (Cl, Cd, Cm).

3. Relative Position Mapping: Running CFD simulations across a grid of relative positions (9G,A "y, 9G¢’ FO 7&V FR &
Aerodynamic Look-Up Table (LUT).

4. Dynamic Coupling Analysis: Integrating the LUT into a 6-DOF (Six Degrees of Freedom) flight dynamics
simulator to observe the reaction of the follower to the leader's maneuvers.

5. Control Law Synthesis: Developing Proportional-Integral-Derivative (PID) or Model Predictive Control (MPC)
algorithms that use the interference data to pre-emptively adjust control surfaces.

Case Study: Quadrotor Stability Over Obstacles

In a study by Paz et al. (2020), the flight of a quadcopter over an obstacle was analyzed using CFD. This scenario

is a microcosm of heterogeneous interference—where the "obstacle" acts as a stationary body with a distinct
pressure field. The study found that ground proximity and obstacle-induced turbulence create a high-pressure
bubblethat pushes the UAV upward. When applying this to two UAVSs, if the lead UAV passes over a structure, the
follower must contend not only with the leader's wake but also with the reflected pressure waves from the ground.
This "double interference" is a leading cause of instability in low-altitude close formation flight.

Center of Gravity (CoG) Considerations

The stability of any UAV is fundamentally tied to its Center of Gravity. In heterogeneous formations, the shift in the
Center of Pressure (CoP)caused by the leader's wake can create a constant pitching moment. If the CoG is too
far aft, the follower may become longitudinally unstable. Measurements based on CoG are therefore paramount; a
1% shift in CoG position can result in a 5% change in the power required to maintain level flight during formation
interaction.



Mathematical Modeling of Stability Derivatives

To quantify stability, engineers look at stability derivatives—the rate of change of aerodynamic forces with respect
to variables like velocity or angle of attack. For heterogeneous CFF, we focus on the cross-derivatives:

C_|_;"...&6/A 7F &nABrrr@tion, the follower experiences a non-uniform flow across its span. This creates an
" —2 ero. The stability analysis must ensure that the follower's
aileron or differential rotor thrust can counteract this induced C_|_;

induced roll moment even when the sideslip angle (;

C_m_; ... —F6, 7F &-Ahe-@bwnwash from the lead UAV changes the local angle of attack (; < at the follower’s tail.
This can result in "pitch-up” tendencies which, if not compensated for, lead to a stall or a collision with the leader.

Challenges and Solutions in Practical Implementation

Moving from theoretical CFD to field implementation reveals several operational challenges. The primary issue is
latency in communication. If the leader maneuvers and the follower relies on sensors to react, the delay can lead
to an unstable oscillation known as Pilot-Induced Oscillation (PIO), even in autonomous systems.

Troubleshooting Common Stability Failures
* Symptom: Follower UAV exhibits persistent oscillation in the roll axis.b
Solution: Increase the lateral separation or adjust the gain on the lateral controller to account for the leader's
wingtip vortex core.
e Symptom: Sudden loss of altitude when trailing a larger UAV.D
Solution: This indicates the follower has entered the "vortex core" or the downwash region. The flight path
should be programmed to stay 1.5 to 2 spans away from the leader's centerline.
e Symptom: Control surface saturation (servos at 100% capacity).b
Solution: The heterogeneity ratio is too high. The leader must reduce its cruise speed or increase its altitude
to reduce wake intensity.

Future Directions: Al and Adaptive Aerodynamics

The next frontier in managing the aerodynamic stability of heterogeneous UAVS is the integration of Artificial
Intelligence (Al). Machine learning models can be trained on CFD data to predict interference patterns in real-time.
Unlike static LUTs, an Al-based controller can adapt to changing environmental conditions, such as gusty winds or
varying payloads, which alter the weight and, consequently, the vortex strength of the leader.

Furthermore, Active Flow Control (AFC)on UAV wings—using small actuators to modify the air over the wing
surface—could allow followers to "shape" their own aerodynamic profile to better match the incoming wake from a
heterogeneous leader. This would effectively bridge the gap between different aircraft types, making a
heterogeneous fleet behave with the stability and predictability of a homogeneous one.

Understanding the aerodynamic stability of heterogeneous UAVs in close formation is not merely an academic
exercise but a requirement for the next generation of aerial logistics, search and rescue, and environmental
monitoring. By combining rigorous CFD analysis, precise CoG measurements, and advanced control strategies,
engineers can unlock the massive efficiency gains of formation flight while mitigating the inherent risks of
aerodynamic interference. As the skies become more crowded with diverse drone types, the ability to fly together
safely and efficiently will become the hallmark of advanced aerospace engineering.
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