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From Spring Mass Damper Dynamics to
Drone Control Models

Prathyush R. Bangalore

Abstract

Complex dynamical systems can be modeled clearly by building them fromsimpler systems with similar mathematical structure. We begin with a one-dimensional spring-mass-damper system to establish a basic state-spaceframework, then extend this framework to three-dimensional translationalmotion and quaternion-based rotational motion. The 3D model is finallycombined with rotor dynamics into a unified first-order nonlinear drone model.Numerical simulations are used to compare the behavior of the intermediatemodels and the final drone model. Our results show that simpler models providea useful foundation for constructing and interpreting more complex systems,while also showing where that foundation must be extended to account fornonlinear orientation dynamics and input-driven control.
1 Introduction

Modeling complex systems such as aircraft flight control, autonomous drones,spacecraft attitude control, robotic manipulators, and computer graphics can be difficultdue to non-linear, and three-dimensional. We show that this complexity can be mademore manageable by building the model incrementally from simpler systems. Startingfrom a one-dimensional sprint-mass-damper, we gradually extend the model to take intoaccount three-dimensional translation and rotational motion using consternation.
For a drone model we identify three key sources of complexity: translationaldynamics, rotational dynamics, and control inputs. To make this complexity manageable,we develop each component using one-dimensional elements before combining theminto a full three-dimensional system. We begin with a basic spring-mass-damper(SMD)system to establish a state-space, extend to three-dimensional components and finallyarrive at a drone model driven by rotor forces.
State-space modeling represents a system as set of first order differentialequations that describe hos state variables evolve over time. The smallest set of variablesthat determine all properties of a system at a given time, evolve over time [1, p. 121]. Thismakes state-space models useful for comparing systems that may look physicallydifferent, but contain mathematically similar state variables. For example, Nise [1, p. 84]shows that a spring–mass–damper system can be treated analogously to a capacitor-inductor circuit, since both contain similarly related state variables, and related differential-equation models. We will expand on this process of using an analogous SMD system todevelop a drone model step by step.
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Due to the inherent complexity of drones, additional mathematical tools arerequired in its modeling. Quaternions provide an elegant way to deal with rotation in three-dimensions while avoiding the singularities and gimbal lock issues caused by Eulerangles. Quaternions are easily translated to and from Euler angles, and Euler-basedangular velocity can be converted quaternion rotation [2, p. 22]. Kumar et al. demonstratethe use of quaternions directly in quadcopter modeling by representing vehicle attitudethrough quaternion kinematics and using quaternions to transform motion between thebody frame and the inertial frame [3]. This supports the use of quaternions in the presentpaper, where they provide the mathematical link between three-dimensional rotation andthe full drone system model.
The main contribution of this paper is to show how a complex drone system canbe developed step by step from simpler mathematical models, making the final systemeasier to understand and simulate. By progressing from a simple spring mass dampermodel to a complex quadcopter model, we aim to give a concrete example of how thisprogression can be practically done and encourage others to follow this approach inmodeling other complex systems.

2 Problem Statement
Modeling a drone requires describing how position, velocity, orientation andangular velocity evolve over time under applied forces and torques. These quantities arecoupled and nonlinear, making the full system difficult to build and interpret directly.
A drone cannot be modeled by considering each propeller force independently.The motion of the drone depends on the combined effect of all propeller forces togetherwith gravity. These forces determine the drone’s translational motion, while differencesbetween propeller forces create torques that rotate the drone. Although Newton’s secondlaw describes the acceleration caused by a force or torque, the full drone model is moredifficult because these effects occur simultaneously on all axes.
The main difficulty is that translation and rotation are coupled. When a torquechanges the drone’s orientation, it also changes the direction in which the propellers applythrust relative to the world frame. This means that rotation directly affects translationalmotion, and the resulting motion can also affect later forces and torques. As a result, thedrone’s position, velocity, orientation, and angular velocity cannot be treated as separatequantities.
To make this complexity more manageable, we first use a spring-mass-dampersystem as a structural analogy. A spring-mass-damper (SMD) system allows us to studyhow forces change the motion of a mass along one axis before introducing rotation,multiple inputs, and three-dimensional coupling. This simpler model does not capture thefull behavior of a drone, but it provides a clear starting point for developing the state-spaceframework that is later extended into the complete drone model.
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2.1 One-Dimensional SMD Model

A spring-mass-damper system consists of a mass m attached to a spring with stiffnessk and a damper with coefficient c. When the mass is displaced from its rest position, thespring pulls it back while damper resists its motion. The displacement x of the massfrom its rest position fully describes the configuration of the system, as show in Figure 1

Figure 1
The state of the system is described by its position and velocity. Knowing both tells useverything about how the system will behave going forward. We therefore define the statevector as:

𝐱 = 𝑥
𝑥̇

To determine how the state evolves over time, we apply Newton’s second law to find thenet force acting on the mass. The system has two physical components, each contributingone force. The sprint exerts a restoring force describe Hooke’s law, which is proportionalto displacement, The damper exerts a resistive force proportional to velocity. Togetherthese two forces fully determine the acceleration for the mass. These relationships aregiven by:
𝐹𝑠 =− 𝑘𝑥 (1)
𝐹𝑑 =− 𝑐𝑥̇ (2)

Applying Newton’s second law, the equation of motion of the system is:
𝐹 = 𝑚𝑎

𝐹𝑠 + 𝐹𝑑 = 𝑚𝑎

− 𝑘𝑥 − 𝑐𝑥̇ = 𝑚𝑥̈

 𝑥̈ =− 𝑘
𝑚 𝑥 − 𝑐

𝑚 𝑥̇ (3)
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Due to Eq. 3 being a second order differential equation, it is difficult to directly evaluateor solve. We can instead express it in state-space form as a set of first order differentialequations.
Eq. 3 can be represented in state-space as:

𝐱̇ =
𝑥̇

− 𝑘
𝑚 𝑥 − 𝑐

𝑚 𝑥̇ 𝐱

𝑥̇
𝑥̈   =

0 1

− 𝑘
𝑚 − 𝑐

𝑚

𝑥
𝑥̇

To model a controllable system, we introduce an external input force 𝑢, applied directly tothe mass. In this section, 𝑢 is a simple push force along one axis. This concept of u as anexternal input carries through every model in this paper, taking on a different physicalmeaning at each stage while always serving as the mechanism through which the systemis actively driven
𝑢 = 𝑚𝑎

 𝑥̈ =− 𝑘
𝑚 𝑥 − 𝑐

𝑚 𝑥̇ + 1
𝑚 𝑢

The corresponding state space form is:
𝑥̇
𝑥̈   =

0 1

− 𝑘
𝑚 − 𝑐

𝑚

𝑥
𝑥̇ +

0
1
𝑚

𝑢 (4)

This allows the system to be influenced by external force 𝑢, enabling active control andcorrections.
We can see in this representation that the system is linear and time invariant, and so canalso be represented as:

𝐱̇ = 𝑨𝐱 + 𝐁𝑢 (5)
A =

0 1

− 𝑘
𝑚 − 𝑐

𝑚

𝐵 =
0
1
𝑚

2.2 Three-Dimensional System Extension

The one-dimensional formulation provides a foundation for understanding systemdynamics in terms of force and motion. The state of the mass was described by its position
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and velocity along a single axis. We now extend this model to three-dimensions byapplying the same dynamics along each spatial axis. However, in three-dimensions, wemust also consider rotational dynamics, which introduce nonlinear behavior and couplingbetween states.

Figure 2
2.2.1 Translational Dynamics

We extend the spring-mass-damper system to three-dimensions by defining the positionof the mass as:
𝐱𝒑 =

𝑥
𝑦
𝑧

Where 𝑥, 𝑦, and 𝑧 represent the position of the object along each special axis.
The state vector is:
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𝐱 =

𝑥
𝑦
𝑧
𝑥̇
𝑦̇
𝑧̇

Assuming decoupled motion along each axis, the dynamics follow directly from the one-dimensional equation of motion in Eq. 3:
𝑥̇
𝑦̇
𝑧̇
𝑥̈
𝑦̈
𝑧̈

=

𝑥̇
𝑦̇
𝑧̇

−
𝑘𝑥
𝑚 𝑥 −

𝑐𝑥
𝑚 𝑥̇

−
𝑘𝑦
𝑚 𝑦 −

𝑐𝑦
𝑚 𝑦̇

−
𝑘𝑧
𝑚 𝑧 −

𝑐𝑧
𝑚 𝑧̇

To model controlled motion, we introduce an external input force, representing the appliedforce along each spatial axis:
𝑢 = 𝐹 =

𝐹𝑥
𝐹𝑦
𝐹𝑧

Each component acts independently on its axis, directly analogous to the single forces uin the one-dimension, The system remains linear and each axis retains the same passiverestoring behavior from its spring.
Since the system is linear, it can be expressed in state-space form in Eq. 6, consistentwith the one-dimensional system:

𝐴 =

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

−
𝑘𝑥
𝑚 0 0 −

𝑐𝑥
𝑚 0 0

0 −
𝑘𝑦
𝑚 0 0 −

𝑐𝑦
𝑚 0

0 0 −
𝑘𝑧
𝑚 0 0 −

𝑐𝑧
𝑚
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𝐵 =

0 0 0
0 0 0
0 0 0
1
𝑚 0 0

0 1
𝑚 0

0 0 1
𝑚

𝑥̇
𝑦̇
𝑧̇
𝑥̈
𝑦̈
𝑧̈

=

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

−
𝑘𝑥
𝑚 0 0 −

𝑐𝑥
𝑚 0 0

0 −
𝑘𝑦
𝑚 0 0 −

𝑐𝑦
𝑚 0

0 0 −
𝑘𝑧
𝑚 0 0 −

𝑐𝑧
𝑚

𝑥
𝑦
𝑧
𝑥̇
𝑦̇
𝑧̇

+

0 0 0
0 0 0
0 0 0
1
𝑚 0 0

0 1
𝑚 0

0 0 1
𝑚

𝐹𝑥
𝐹𝑦
𝐹𝑧

(6)

The independence between the axes will not hold in the drone model. In the drone, F isno longer a free input. 𝐹𝑥 and 𝐹𝑦 arise from the drone tilting and rotating the thrust vector,
coupling rotation and translation together. This coupling is addressed in Section 2.3.
Rotation cannot be handled by the same axis. Orientation in three dimensions requiresa different mathematical representation, which is addressed in Section 2.2.2.
2.2.2 Rotational Dynamics

In the transnational system, the state was described by position and velocity along eachaxis independently. We now extend this idea to rotation. The rotation state is similarlydescribed by two quantities: orientation and angular velocity. Just as velocity drivesposition forward in time, angular velocity drives orientation forward in time.
However, unlike translation, rotational axes in 3D are not independent. Rotating aroundone axis changes the meaning of the other axes. Three separate angles cannot representuniquely in all cases – when two axes align, a degree of freedom is lost. This the gimballock problem with Euler angles.
Quaternions solve this problem by representing orientation differently. Instead of threesequential angle os rotations, a quaternion describes any 3D orientation as a singlerotation around one axis in space. To represent rotational motion, we use quaternions todescribe orientation in three-dimensional space. A quaternion is defined as:

𝒒 =

𝑞𝑤
𝑞𝑥
𝑞𝑦
𝑞𝑧
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Where 𝑞𝑥,𝑞𝑦 and 𝑞𝑧define the direction of that rotation axis and 𝑞𝑤 defines how far to rotate
around it
This is assumed to be a unit quaternion where ||𝒒|| = 1

Although four parameters are used to represent quaternion orientation, the time evolutionof the quaternion depends only on the three components of angular velocity. We definethe angular velocity vector as:
𝜔 =

ω𝑥
ω𝑦
ω𝑧

The rotational state vector is:
𝑸 =

𝑞
ω𝑥
ω𝑦
ω𝑧

Its time derivative is:
𝑸̇ =

𝑞̇
ω̇𝑥
ω̇𝑦
ω̇𝑧

To determine 𝑞̇ we express angular velocity as a pure quaternion:
𝜔𝑞 =

0
ω𝑥
ω𝑦
ω𝑧

We then use quaternion kinematics to get:
𝑞̇ = 1

2 𝑞 ⊗ 𝜔𝑞

Which is analogous to 𝑥̇ = 𝑣, where instead orientation evolves under angular velocity.
This assumes that angular velocity is expressed in the body frame. Due to the non-commutative nature of quaternion multiplication, the ordering of terms depends on thischoice of reference frame. While this choice is arbitrary for the SMD system, we choosea body-frame representation, since the propellers of a drone and resulting forces aredefined relative to its body.
Just as force drives translational acceleration in the translation system, torque drivesangular acceleration in the rotational system. The rotational equivalent of the appliedforce 𝑢 is therefore the applied torque𝜏.
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To complete the rotational model, we must also describe the evolution of angular velocity.This is governed by rotational dynamics:
𝜏 = 𝐼𝑥𝑥𝛼
𝜏𝑥
𝐼𝑥𝑥

= 𝜔𝑥̇

ω̇ =

τ𝑥
𝐼𝑥𝑥
τ𝑦
𝐼𝑦𝑦
τ𝑧
𝐼𝑧𝑧

Combining these expressions, we represent the complete rotational dynamics as:

𝐐̇ =

1
2 𝑞 ⊗ 𝜔𝑞

𝜏𝑥
𝐼𝑥𝑥
𝜏𝑦
𝐼𝑦𝑦
𝜏𝑧
𝐼𝑧𝑧

(7)

Angular velocity is then applied to the quaternion to evolve orientation overtime, directlyanalogous to how force drives velocity in the translation system.
Unlike the translational system in Eq. 6, the rotational dynamics are inherently nonlineardue to quaternion multiplication. The system fundamentally cannot be expressed in thelinear state-space form 𝐱̇ = 𝑨𝐱 + 𝐁𝑢.
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2.2.3 Combined System Representation

We derive the translational and rotational dynamics separately to isolate their distinctmathematical structures, as a unified formulation is less straightforward. As we will studythe system as a whole, the state vector must combine both the translations and rotationalcomponent vectors into a single state vector representing the full motion.
The combined state is:

𝑌 =
x
Q , Ẏ =

ẋ
Q̇

Substituting the dynamics from Eq. 6 and Eq. 7:
Ẏ =

Ax + Bu
Q̇

Expanding this representation then gives the full system state:

𝑌 =

𝑥
𝑦
𝑧
𝑥̇
𝑦̇
𝑧̇
𝑞

𝜔𝑥
𝜔𝑦
𝜔𝑧

, Ẏ =

𝑥̇
𝑦̇
𝑧̇
𝑥̈
𝑦̈
𝑧̈
𝑞̇

𝜔𝑥̇
𝜔𝑦̇
𝜔𝑧̇

(8)

This complete state vector allows both translational and rotational dynamics to besimulated simultaneously as a single system.

2.3 Three-Dimensional Drone System

With the combined three-dimensional state vector established, we now extend theframework to model a drone. In the SMD system, the equation of motion arose fromHooke’s law, and internal restoring forces. By contrast, a drone is an input-driven system,where motion is determined entirely by two forces: gravity and rotor thrust. This meansthat there are no self-stabilizing forces directly within the system.
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Figure 3
2.3.1 Translational Dynamics

Beginning with translation, we replace the spring-based forces with physically meaningfulinputs.
𝑚𝑥̈ = 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 + 𝐹𝑡ℎ𝑟𝑢𝑠𝑡

As gravity is a constant downward force:
𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =

0
0

− 𝑚𝑔

𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 is independent of the drone’s current rotation, and always accelerates on the − 𝑧

axis.
𝐹𝑡ℎ𝑟𝑢𝑠𝑡 due to the propellers of the drone always acts along the drone’s local upwarddirection. While angular velocity is expressed in the body frame for rotational dynamics,
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translational motion is described in the world frame. We therefore rotate the thrust vectorusing the current orientation to express it in world coordinates.
𝐹𝑡ℎ𝑟𝑢𝑠𝑡 = 𝑞 ⊗

0
0
𝑇

⊗ 𝑞−1

The input to the translational system becomes:
𝑢 =

0
0

− 𝑚𝑔
+ 𝑞 ⊗

0
0
𝑇

⊗ 𝑞−1

Since the system does not have the properties of a spring-damper system, we modifymatrix 𝐴 as well:

𝐴 =

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

While matrix 𝐵 remains unchanged, as it describes how external forces act on the system.

2.3.2 Rotational Dynamics

In the drone, torques are no longer free independent inputs as in the SMD. Instead, theyarise directly from differences in rotor thrust. This is where F and T – previouslyindependent – become coupled through the rotor forces.
We model rotation through the forces of each individual propeller. Let each motor producethrust 𝑓1,𝑓2,𝑓3,𝑓4, where the net thrust is:

𝑇 = 𝑓1 + 𝑓2 + 𝑓3 + 𝑓4

To rotate the drone, we need to account for the torque from imbalances in rotor forces.Roll and pitch torques are generated by differences in thrust across opposing arms:
𝜏𝑥 = 𝑟 𝑓2 − 𝑓4 ,  𝜏𝑦 = 𝑟 𝑓3 − 𝑓1

𝑟 – distance from center of mass to each rotor
Yaw torque results from reaction forces:

𝜏𝑧 = 𝑐 𝑓1 − 𝑓2 + 𝑓3 − 𝑓4

𝑐 – yaw torque coefficient of motors
We then substitute these torque expressions into Eq. 7:
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𝑄̇ =

1
2 𝑞 ⊗ 𝜔𝑞

𝑟 𝑓2 − 𝑓4
𝐼𝑥𝑥

𝑟 𝑓3 − 𝑓1
𝐼𝑦𝑦

𝑐 𝑓1 − 𝑓2 + 𝑓3 − 𝑓4
𝐼𝑧𝑧

(9)

With this, we define the complete drone dynamics as a coupled translational androtational system, fully described by first-order differential equations.

2.4 Numerical Integration

For linear systems such as a SMD, analytical solutions exist. However, for the nonlinearrotational dynamics governed by quaternion multiplication, and for drone model whererotation affects translation, no closed form solution is available. We therefore approximatethe solution numerically.
The models developed so far can be expressed as systems of first-order differentialequations of the form:

𝑥̇ = 𝑓 𝑥,𝑢

Solving this differential equation enables us to understand how the system evolves overtime. For this paper, we use Euler’s method, which updates the system state using thecurrent derivative according to:
𝒙𝑘+1 = 𝒙𝑘 + Δ𝑡 ⋅ 𝑓 𝒙𝑘,𝑢𝑘

The choice of time step Δ𝑡 determines the accuracy of the approximation, with smallervalues providing improved fidelity at the cost of increased computational effort.
For linear systems of the form:

𝐱̇ = 𝐴𝐱 + B𝑢

The function can also be expressed as:
𝐱𝑘+1 = 𝐱𝑘 + Δ𝑡 ⋅ 𝐴𝐱𝑘 + 𝐵𝑢𝑘

We will use Euler’s method in Section 5 to simulate and compare the behavior of thesystems under various conditions.
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3 The Main Result

3.1 Unified Drone System

We now present the unified dynamical model of the drone, combining the translationaland rotational components derived in section 2.3. It is expressed as a set of first-orderdifferential equations governing the evolution of the full state of the drone.
The complete system state of the drone is:

𝑌 =

𝑥
𝑦
𝑧
𝑥̇
𝑦̇
𝑧̇
𝑞

𝜔𝑥
𝜔𝑦
𝜔𝑧

The system dynamics are described by:

Ẏ =

𝑥̇
𝑦̇
𝑧̇
𝑥̈
𝑦̈
𝑧̈
𝑞̇

𝜔𝑥̇
𝜔𝑦̇
𝜔𝑧̇

This can be written compactly as:
𝒀̇ =

𝒙̇
𝑎trans 𝒀,𝒖
𝑎rot 𝒀,𝒖

(10)

Where the translational state derivative is given by:

𝒙̇ =

𝑥̇
𝑦̇
𝑧̇
𝑥̈
𝑦̈
𝑧̈

The translational dynamics is given by:
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𝑎trans = 1
𝑚

0
0

− 𝑚𝑔
+ 𝑞 ⊗

0
0
𝑇

⊗ 𝑞−1

And the rotational dynamics is given by:

𝑎rot =

1
2 𝑞 ⊗ 𝜔𝑞

𝑟 𝑓2 − 𝑓4
𝐼𝑥𝑥

𝑟 𝑓3 − 𝑓1
𝐼𝑦𝑦

𝑐 𝑓1 − 𝑓2 + 𝑓3 − 𝑓4
𝐼𝑧𝑧

This defines the complete drone dynamics as a coupled, nonlinear system of first-order differential equations, representing a direct extension of the modeling frameworkdeveloped from simpler systems, and which can be numerically propagated using theintegration approach described in section 2.4.
4 Discussion

The progression from the one-dimensional SMD model to the drone model shows thatsimpler systems can provide a useful framework for understanding more complexdynamics. The SMD system establishes the basic modeling pattern used throughout thepaper: define a state vector, express the governing equation as a first-order system, andthen propagate the state to simulate it. This structure remains useful even after the systembecomes higher-dimensional and nonlinear. As a result, the simpler model serves as thefoundation for interpreting the final drone model.
The three-dimensional extension also shows that different parts of the model increasein complexity at different rates. Translational motion can be extended from the one-dimensional case by applying the same dynamics along each spatial axis. Rotationalmotion, however, requires a different representation because orientation evolves throughangular velocity and depends on the chosen reference frame. We use quaternions, whichavoid the discontinuities and gimbal-lock problems associated with Euler angles, but theyalso introduce nonlinear behavior through quaternion multiplication. This changes theframework to a coupled nonlinear system.
The drone model highlights the main behavioral difference between passive and input-driven systems. In the SMD model, the spring and damper naturally produce restoringbehavior, so the damped system tends toward equilibrium without requiring an externalcontroller. The drone does not have this same passive stabilizing structure. Its motion isdetermined by thrust, torque, and gravity, so stable behavior must be produced throughfeedback control. The same state-space framework can describe both systems, butstability must be interpreted differently if the system depends primarily on control inputs.
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5 Simulation Results

Simulation Results for 1D SMD

To evaluate the behavior of the system, a numerical simulation of the system from section2.1 is performed using Euler’s method from section 2.4. The resulting time evolution ofposition, velocity, and acceleration for various initial conditions is shown in Figs. 4–7, withthe corresponding parameters provided in each figure.
Due to the non-zero damping coefficients, all systems are stable and always convergeonto the equilibrium value given enough time. This establishes the fundamental dynamicsthat is later extrapolated to the higher-dimensional models.

Figure 4
Figure 5

Figure 6 Figure 7
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Simulation results for 3D SMD

Next, the three-dimensional SMD model from section 2.2 was implemented using thesame numerical framework from section 2.4. The resulting time evolution of position andvelocity in three dimensions is shown in Fig. 8.
Each spatial axis follows the same translational dynamics as the one-dimensional system,resulting in a three-dimensional trajectory formed by the combination of otherwiseindependent motions. This illustrates how the higher-dimensional system is a directextension of the 1D model. The rotational dynamics influence the orientation of thesystem and the direction of applied forces, result in a continuously increasing angularvelocity due to a lack of damping.
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Figure 8
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Simulation Results for 3D Drone System

To evaluate the behavior of the drone model, the unified state-space system from 3.1was simulated. The resulting time evolution of position, velocity, orientation, and rotorforces is shown in Fig. 9.
Unlike the SMD system, the drone is a fully input-driven system with no passive restoringforces. Stability is therefore not an inherent property of the system but must be achievedthrough control.

Figure 9



21

As expected, the open-loop system exhibits unstable behavior, with the state divergingover time. In contrast to the SMD models, the drone contains no inherent restoring factor,and its behavior is entirely determined by the applied inputs.
Despite this difference, the underlying state-space form remains consistent with theearlier models. We have extended the framework from a 3D SMD model to a morecomplex system. When a simple feedback controller is introduced, the system remainsbounded and exhibits stable behavior. While the control is not perfect, it prevents rapiddivergence and allows for meaningful analysis. A basic PD controller is implemented inFig. 10 for the same system.
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Figure 10
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6 Conclusions and FutureWork
We developed a progressive modeling framework beginning with a one-dimensionalspring-mass-damper system and extending it to a three-dimensional drone model. The1D SMD model helped us introduce a state-space-representation of a second-orderdifferential equation, establishing the basic structure of the system. The 3D SMD modelthen extended that model across 3 spatial axes and introduced quaternion kinematics todescribe rotational motion. Finally, these dynamics were modified to fit a drone model asan input-driven system controlled by thrust, torque, and gravity. Each model wassimulated using Euler’s method, showing the contrast between naturally stable SMDbehavior and the control-dependent behavior of the drone. The main result is thedemonstration that a complex nonlinear model can be approached through a sequenceof simpler dynamical systems.
This modeling progression can be extended in two main directions. First, the approachcan be applied to other complex systems, using simple linear models before graduallyintroducing higher-dimensional motion, nonlinear dynamics, and control inputs. Theframework can serve as a teaching tool for moving from linear state-space systems tomore complex nonlinear control systems. Second, the drone model itself could be mademore realistic while preserving the same progressive structure. Effects such asaerodynamic drag, motor limits, actuator saturation, wind disturbances, sensor noise,measurement uncertainty, and motor response delay could be introduced in addition,without losing the interpretability provided by the simpler models. This would preserve thecentral goal of the work: to make complex dynamics easier to understand by buildingthem from simpler, more familiar models.
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