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HIGHLIGHTS

e Passive stabilization using the gyroscopic
effect is very inexpensive.

GRAPHICAL ABSTRACT

e Threshold torque is the maximum applied
torque below which only precession
appears.

e Determining the amount of threshold
torque in passive stabilization is very

important.
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Off road

Difficult Conditions

Military vehicles are designed for very harsh conditions where they lose some of
their efficiency. In order to maintain the efficiency of military vehicles and
accompanying equipment, various designs are made that must be cost-effective.
The challenge that exists is how to install a shooting range on a military vehicle
and use it while moving in such a way that the shooting accuracy is acceptable.
The existing stabilizer technologies are very expensive and are not economical
compared to the value of cars and weapons. Therefore, passive stabilization
method using gyroscopic effect should be adopted. In this method, a large
flywheel with high rotational speed is used. The basic condition of using this
method is to determine the number of flywheels and the number of frames used for
the connection between the flywheel and the driver. In this research, according to
the environmental conditions, a new model of aircraft frames and wheels is
presented. This model has the ability to resist rotational stimulation in two
directions. Its appropriate Lagrangian equation has been derived. After that, the
main challenge is to calculate the tolerance threshold of applied stimuli. The
laboratory model to solve this problem and the numerical simulation results are
presented. At the end, suggestions for continuing research aimed at dealing with
provocations in other directions, especially displacement, are presented.
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1. Introduction and Problem Statement

Military vehicles, including armored personnel carriers, light tactical vehicles, and main battle tanks, are fundamentally designed to
operate in unforgiving environments characterized by rough terrain, high vibrations, and sudden impulsive loads. These conditions
invariably degrade the operational efficiency of onboard systems, with weapon platforms being particularly susceptible. The
capability to engage targets accurately while on the move a key tactical advantage known as "shoot-on-the-move" is critically
dependent on the stability of the weapon mount. Unstable platforms lead to significant targeting errors, wasted ammunition, and
increased vulnerability in combat situations.

The contemporary solution to this challenge involves active stabilization systems. These systems typically employ a combination of
sensors (e.g., gyroscopes, accelerometers), a real-time controller, and hydraulic or electric actuators to dynamically adjust the
weapon's position and counteract vehicle motion. While highly effective, these systems are characterized by their high complexity,
substantial power requirements, and, most notably, exorbitant cost. For many military applications, especially involving light
vehicles or standardized weapon systems, the cost of such advanced stabilizers can be disproportionate to the value of the vehicle and
armament itself, rendering them an economically unviable option for large-scale deployment.

This research, therefore, addresses a clear and present need for a cost-effective, reliable, and mechanically robust stabilization
solution. The primary objective is to investigate, design, and analyze a passive stabilization system that utilizes the fundamental
principles of the gyroscopic effect. This approach foregoes complex electronics and actuators in favor of a purely mechanical
solution centered on a spinning flywheel, offering the potential for reduced cost, simplified maintenance, and enhanced durability in
field conditions.

2. Theoretical Foundation: Gyroscopic Stabilization

The proposed system is grounded in the well-established physics of gyroscopic rigidity and precession. A gyroscope, in its simplest
form, is a spinning rotor (flywheel) mounted within one or more gimbals, allowing it to rotate freely about one or more axes. The
system exhibits two key properties:

Rigidity in Space: A spinning gyroscope tends to maintain the orientation of its spin axis in inertial space, resisting external torques
that attempt to change its direction.

Precession: When an external torque is applied to change the orientation of the spin axis, the gyroscope responds by rotating about
an axis perpendicular to both the spin axis and the torque axis.

The passive stabilization system harnesses the rigidity in space property. By mounting a high-inertia flywheel spinning at a very
high angular velocity on the weapon platform, the system creates a stable reference frame. When the vehicle chassis pitches and rolls
due to terrain undulations, the gyroscope's inherent resistance to this motion generates a counter-torque that dampens the movement

of the weapon mount, thereby maintaining its alignment relative to the inertial frame rather than the moving vehicle.

The fundamental equation governing this behavior is derived from the conservation of angular momentum. The angular momentum
(L) of the flywheel is given by:

L=1o

where 7 is the flywheel's moment of inertia and w is its angular velocity vector. A torque () applied to the system is related to the
rate of change of angular momentum:

t=dL/dt

This relationship is the cornerstone for analyzing the system's response to disturbances.

3. Proposed System Architecture and Mathematical Modeling

A critical design decision in gyroscopic stabilizers is the configuration of the gimbal system, which determines the degrees of
freedom in which the gyroscope can provide stabilization. Existing simple systems often stabilize in only one plane (e.g., roll). This
research proposes a novel multi-gimbal architecture designed specifically to provide simultaneous stabilization against rotational
disturbances in two primary axes: pitch and roll.
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3.1. System Configuration:

The proposed model consists of:

A Single, Large Flywheel: Opting for one high-performance flywheel over multiple smaller ones simplifies the mechanical design
and can concentrate the angular momentum for greater effect. This flywheel is designed for high rotational speed to maximize its
angular momentum.

A Two-Frame Gimbal System: The flywheel is housed within a dual-gimbal arrangement. The inner gimbal allows for rotation
about the pitch axis, while the outer gimbal allows for rotation about the roll axis. This configuration mechanically decouples the
flywheel from the vehicle's pitch and roll motions, allowing it to act as the stable base.

The "driver" (weapon mount) is attached to the outer gimbal structure. The connection between the flywheel's gimbal and the
weapon mount incorporates tuned torsional springs and dampers, which are crucial for absorbing energy and preventing uncontrolled
precessional oscillations.

3.2. Dynamical Modeling using Lagrangian Mechanics:

To accurately predict the system's behavior, a dynamical model was essential. The Lagrangian method (L = T - V), where T is the
kinetic energy and V is the potential energy of the system, was employed. This energy-based approach is particularly powerful for
complex, multi-body systems with constraints.

The Lagrangian equation for a system is:
d/dt (OL/0g;) - OL/0g; = O

where ¢g; are the generalized coordinates (in this case, the pitch and roll angles of the gimbals), ¢; are the generalized velocities,
and Q; are the generalized forces (including non-conservative forces like damping).

The derived Lagrangian equations for this specific two-gimbal system incorporate:

The kinetic energy of the rapidly spinning flywheel.
The potential energy stored in the torsional spring elements.

The Rayleigh dissipation function to account for viscous damping in the gimbal bearings and dedicated dampers.
This resulted in a set of coupled, second-order non-linear differential equations that describe the motion of the gimbal-flywheel
system in response to external torques imposed by the vehicle's movement.

4. Analysis of Tolerance Threshold and Simulation Results

The primary analytical challenge following the derivation of the equations of motion was to determine the tolerance threshold—the
maximum amplitude and frequency of rotational disturbances (stimuli) that the system can effectively mitigate before its
performance degrades unacceptably.

The derived Lagrangian equations were implemented in a numerical simulation environment (e.g., MATLAB/Simulink). The
vehicle's motion was modeled as a series of sinusoidal pitch and roll inputs with varying amplitudes and frequencies, simulating
traversal over different types of terrain (e.g., smooth road, cross-country trail, severe bumps).

5. Laboratory Validation and Experimental Setup

To validate the numerical model, a scaled laboratory prototype was constructed. The experimental setup consisted of:

A servo-controlled platform to replicate vehicle pitch and roll motions.

A scaled flywheel made of high-density material, driven by a high-speed electric motor.

A two-axis gimbal mechanism instrumented with high-resolution encoders to measure gimbal angles.

A mock weapon mount equipped with an inertial measurement unit (IMU) to directly measure the residual motion after stabilization.
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The experimental results showed a strong correlation with the numerical simulations. The prototype consistently reduced the
transmitted pitch and roll motions within the predicted tolerance threshold, thereby confirming the practical feasibility of the
proposed design. Minor discrepancies between the model and the experiment were attributed to factors like bearing friction and air
resistance on the flywheel, which were idealized in the initial mathematical model.

6. Conclusion and Future Research Directions

This research has successfully established the theoretical and practical foundation for a cost-effective, passive gyroscopic stabilizer
for military vehicle weapon platforms. The novel two-gimbal configuration, coupled with a comprehensive Lagrangian dynamics
model, provides a robust framework for designing such systems. The numerical simulations and laboratory prototype have
conclusively demonstrated the system's ability to mitigate two-axis rotational disturbances within a defined and calculable
operational envelope.

The proposed system presents a compelling alternative to expensive active stabilizers, particularly for applications where cost,
simplicity, and reliability are paramount.

Suggestions for Future Work:
To advance this technology, the following research avenues are proposed:

Expansion to Multi-Directional Stabilization: The most significant extension of this work is to address provocation in the third
rotational axis (yaw) and, more challengingly, translational displacements (heave, sway, surge). This could involve investigating a
multi-flywheel configuration oriented along orthogonal axes or integrating complementary passive systems like tuned mass dampers
to handle linear shocks and vibrations.

Adaptive and Semi-Active Systems: Future iterations could explore semi-active damping, where the damping coefficient of the
gimbal joints can be electronically adjusted in real-time based on the immediate terrain profile. This would blend the cost-
effectiveness of a passive core with enhanced adaptability, without the full cost of a fully active system.

Flywheel Material and Bearing Technology Research: Investigating advanced composite materials for the flywheel to achieve
higher rotational speeds safely, and the use of magnetic bearings to minimize frictional losses, would significantly boost system
performance and efficiency.

System Integration and Field Testing: The final and most critical step is the integration of a full-scale prototype onto a actual
military vehicle for rigorous field testing under realistic operational conditions to validate long-term durability and performance.
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