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Abstract  

In this work, a novel structure of a Quadrotor Unmanned Aerial Vehicle (UAV) 

is proposed to change the dynamics during flight. The proposed mechanism is 

presented which consists of extendable plates that move along the horizontal axes 

from the body frame respectively. Essentially, the main goal behind this novel 

architecture is to enhance performance and improve flight duration in reaching the 

desired position. The Euler dynamic model is derived to represent the multirotor 

equation of motion. Basic PID controllers were implemented to demonstrate the 

concept and to analyse the vehicle behaviour as the structure is altered during 

flight. A physical modelling software is also used to study the multi-body 

interactions of rigid bodies as well as the dynamic response. By comparing the 

performance between the proposed system and the traditional version, the paper 

reveals improved flight performance for attitude and position tracking. The 

mathematical representation of the dynamic system was also verified using Msc 

ADAMS as identical control inputs where simultaneously applied.    
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1. Introduction  

 

Recently, UAVs have received an enormous interest due to their missions 

carried out successfully by the operator. In particular, vertical take-off and landing 

(VTOL) vehicles are becoming more popular due to their orientation capabilities, 

which makes them suitable for various applications such as surveillance, indoor 

flying, rescue missions, delivery and many more [1]. As there are various UAVs 

available in the literature, Quadrotors have emerged to be the most popular VTOL 

systems. The mechanical structure is known to accumulate more advantages over 

other types of VTOLs such as less power consumption, fair stability in case of 

motor failure, ease of development and maintenance [2].  

With regards to Quadrotors, great research has been undertaken to study and 

analyse the functionality, where the mathematical model creates a theoretical 

environment of the dynamics using advanced simulation tools such as Simulink.  

Additional control algorithms are then applied by which the UAV can respond 

according to the users desired input (e.g. attitude or position tracking). For 

instance, the authors in [3] have used the Euler approach to describe the dynamics 

of a Quadrotor where the six degrees of freedom (6-DOF) can be viewed. A flight 

controller is then designed with a main objective of guaranteeing the state variables 

to converge to the reference values in finite time. Other authors in [4] have also 



presented the full equations of motion for a Quadrotor while considering the 

gyroscopic effects from the propeller, rotational torques and the drag forces due to 

air resistance. Control techniques are designed to achieve a promising performance 

from the system before the practical experiments are initiated [5]. 

Although there is a great research undertaken regarding VTOL UAVs, many 

researchers have proposed innovative approaches into improving the performance 

of these vehicles. Majority of which have modified controllers to meet the user 

requirement[5–7], while others have modified the mechanical structure [8–10]. 

Since this research proposes a novel structure, there is currently a great research 

implemented into the tilting mechanism where authors have clearly improved the 

performance. However, other drawbacks are also introduced such as increased 

power consumption, increased actuation requirement, structural complexities and 

increased mass [11]. Additionally, this may increase the risk of flight failure while 

a mission is carried out due to the additional actuators used for the tilting 

mechanism. For instance, the authors in [12] who have recently proposed the novel 

tilt rotor mechanism to move along narrower routes have mentioned that future 

work will be focused on improving the energy consumption and developing a fail-

safe strategy if any of the actuators fail.  Tilt-wing UAVs have also received a lot 

of interest from researchers. They consists of two wings that are initially placed in 

a vertical direction, two actuators are generally connected to the edge of each wing, 

facing vertically upwards. When the vehicle reaches a reasonable altitude, the 

wings can transition from a vertical position to a horizontal position in order to 

achieve the horizontal take-off and landing (HTOL) performance [13, 14, 16].  



The Tail-sitter has recently emerged as a hybrid UAV that can vertically take 

off and land on its tail. It also has the ability to achieve HTOL performance by 

transitioning the complete body as the speed of particular actuators are increased. 

In comparison to the tilt-rotor and tilt-wing quadrotors, the tail-sitters consists of 

more benefits due to its ability of transitioning without the need of any extra 

actuators, making the design mechanically simpler with less weight to carry [8, 11, 

15]. However, the risk of wing stalling, vulnerability against cross winds and the 

complexity of mathematical modelling and control is greatly increased [15,16]. 

Although significant research is currently undertaken to improve the 

functionality of these novel configurations. Other structural modification have 

been carried out to meet the requirements of certain applications, such as arm 

manipulators [17], single grippers [18] or using the whole quadrotor body to pick 

up various objects [19]. As for the Tilt-rotors, Tilt-wing and Tail-sitters, these have 

become widely researched due to their capabilities of achieving a hybrid 

performance [8, 12, 13]. Although these UAVs consist of more advantages due to 

structural changes [14, 15, 16], conventional Quadrotors are still continuously 

rising in demand due to their ease of development, mechanically simpler to 

understand, and the availability of various sizes has made them suitable for many 

applications [20,21]. However, it is believed that very little research has been 

undertaken to improve the flight performance by modifying the structure while 

maintaining the characteristics of the conventional version.  

 

 

 



So far, Siddhardha, K. has attempted to achieve attitude motions by adjusting 

the mechanical structure during flight. Essentially, four retractable landing gears 

that consist of payloads are attached to each end of the Quadrotor chassis. DC 

motor are then used to retract the landing gear during flight which causes the 

attitude to change in the relative direction. The author mentions that the 

performance of the vehicle is very limited but can be implemented following 

extensive research and further studies [22]. The proposed novel structure is in fact 

unique and ideally realisable, however, numerous limitations and drawbacks are 

presented such as increased mass, costs, structural complexities and lacks 

controllability where we believe that it is problematical to develop or design the 

system based on the study presented.  

On the other hand, representing the dynamic behaviour of a Quadrotor is 

monumentally expressed as a set of mathematical equations that characterises the 

vehicles full degrees of freedom. However, un-modelled factors and uncertainties 

may reduce the accuracy of the simulation in comparison to the experimental 

study. For instance, UAVs that have multi body interactions such as the tilting 

mechanism lacks the theoretical description of the aerodynamic effects, which 

results in the accuracy of the model being further reduced [23].  

In this paper, we propose a novel Quadrotor platform that consists of an 

interchangeable chassis in order to improve the flight performance. The work will 

focus on using a physical modelling software to accurately assess the dynamic 

behaviour. This approach will not only provide accurate data of the vehicle 

dynamics, but will also justify the equations of motion for this novel study where 

a comparison between the results attained from the equation of motions will be 



compared against the physical modelling software. Last but not least, PID 

controllers are designed and implemented on the Quadrotor model in order to 

verify the performance capabilities and to ensure that stability is achievable. 

The paper is organised as followed: the proposed contribution is presented in 

section 2 followed by discussing the novel mechanical structure in section 3. Next, 

sections 4 entails the method of mathematically representing the dynamics of a 

novel Quadrotor as compared to the traditional version. Section 5 consists of 

designing and implementing the PID controller while section 6 and 7 verifies the 

performance using Simulink and ADAMS environment. 

  

2. Problem Formulation  

 

The concept of proposing the novel structure is to improve the flight 

performance of a traditional Quadrotor throughout the mission criteria. The 

objective of this approach is to ensure that the attitude as well as the position 

tracking is improved, where the desired states can be reached. Essentially, the 

study will focus on creating a novel mechanism that consists of minimum 

limitations and drawbacks by ensuring that the final design consists of similar 

characteristics to the conventional version.  

Since the multirotor heavily relies on angular rotations to achieve motion, the 

chassis will be adapted in order to predominantly effect the vehicles attitude. 

Hence, the body will be split into three mechanical components that can 

interchange to fluctuate the centre of mass during flight. The extendable plates are 

configured to move along horizontal directions with respect to the quadrotor shell 

in order to affect the vehicles dynamics. These extensions are achieved by setting 



the desired position using PID control techniques where an acceleration is 

generated. The proposed assessments will consist of changing the structure during 

hovering conditions, rotational angles and while reaching the desired position. 

To simulate these behaviours, the mathematical representation is derived and 

modelled using the common approach; Simulink. However, the anticipated 

mechanical system consists of multi body interactions, which becomes difficult to 

mathematically model as the accuracy is reduced. Therefore, verifying the 

performance will be relied on a physical modelling simulator that is capable of 

accurately demonstrating the kinematics and dynamics of the proposed geometry. 

This research will focus on using Msc ADAMS due to its intensive capability of 

presenting the dynamics of almost any computer aided design (CAD) geometry, 

making it one of the most popular software within the engineering field [22]. A 

comparative study between the mathematical model and the physical model will 

be carried out based on selecting identical system parameters. This is achieved by 

ensuring that ADAMS geometry designed on SolidWorks to consist of similar 

characteristics to the proposed mathematical model. 

3. Proposed System Structure 

 

Initially, physical components and parameters such as the actuators, propellers 

and the vehicle chassis must be designed and calculated accordingly in order to 

carry out a comparison between both software.  The overall mass of the vehicle is 

considered to contain the accumulation of all the component masses. Hence, a 

simpler geometry is developed such that the modified chassis can be easier to 

analyse and study. 



It is worth mentioning that the proposed system designed on SolidWorks 

provides a key advantage of analysing the contact behaviour and the interaction 

between two bodies.  Essentially, the criteria of attaching the extendable plates to 

the Quadrotor shell must be uniquely formed in order to attain similar 

characteristics to the traditional version, preventing the exposure of any new 

limitations to the overall system. Therefore, the vehicle is modified accordingly to 

consist of unfilled areas in order to attain identical performance to the traditional 

Quadrotor. Figure 1 illustrates an overview of the chassis where it can be seen that 

there are two hollow regions. To ensure that both plates extend whenever 

necessary, the shell has been uniquely formed to enable the retraction of individual 

plates without effecting one another. 

 

Figure 1. Novel geometry designed using SolidWorks (isometric view). 



With regards to the operation of the extendable plates, it is assumed that a 

stepper motor is used to generate the sliding displacement. For simplicity, a force 

is purely applied to the plates, causing the sliding motion to occur along the relative 

direction. However, the quick orientation capabilities of the Quadrotor carries a 

risk of the extendable plates to excessively slide out during angular rotations, 

causing the stability to become negatively affected. Hence, the designed prototype 

consists of mechanical blocks that are relatively placed in series along each 

extendable plate in an effort to limit the displacement from both directions as 

shown on figure 1 (c).  

It is worth mentioning that both plates are designed using the exact same 

dimensions and will also contain the same material, mass and moment of inertia 

(MOI). This approach ensures that the response of the vehicle is equivalent as the 

plate is respectively displaced. For instance, extending one plate that carries more 

mass than the other plate will cause the UAV to present a different trend in 

response while increasing the complexity of analysis.  

Finally, combining all of the geometric components creates the final prototype 

of the proposed model as shown in figure 2. Two opposite motors are using the 

same clockwise (CW) propeller configuration while the other two use the same 

counter clockwise (CCW) propellers. This ensures that the aerodynamics 

generated is accordingly distributed, where the vehicle can achieve successful lift 

without introducing unwanted drifts. With regards to the translational 

displacement of each plate, a limit has been set to 15cm along each direction in 

order to maintain stability throughout the analysis for this prototype. The 

displacement of extendable plate 1 (EP1) is set to move along the y-axis of the 



body frame while the displacement of extendable plate 2 (EP2) will move along 

the x-axis.  

 

Figure 2. Proposed Quadrotor model with an interchangeable chassis. 

4. Dynamic Modelling of the Proposed System 

 

The mathematical model assumes that all the components are rigid and are 

symmetrically structured; All four propellers and motors are of the same 

manufacturer and are all equivalent in size. Without any plate extension, the length 

between each motor to the centre of mass are all equivalent, and that the thrust 

generated by each motor is faced vertically upward from the body.  

4.1. Flight Operation 

Figure 3 illustrates the selected Quadrotor which consists of four actuators 

placed 90° apart similar to a ‘+’ configuration. Motor 1 and 3 are set to rotate in 

the CW direction while motor 2 and 4 rotate in the CCW direction, which are 

referred to 𝑆𝑒𝑡1,3|𝑐𝑤  and  𝑆𝑒𝑡2,4|𝑐𝑐𝑤 . Since the Quadrotor is an under-actuated 

mechanical system that possesses less control inputs than the 6-DOF. Figure 3 (a) 



illustrates that simultaneously increasing the speeds of all the motors will enforce 

the UAV to purely lift in the vertical direction. Hence, all arrows facing upwards 

have an equivalent height which represents the speed of the relative motor. 

Achieving a roll angle is shown on figure 3 (b) where the angular velocity of motor 

2 is set higher than motor 4, and the angular velocity for 𝑆𝑒𝑡1,3|𝑐𝑤 is kept constant. 

Similarly, increasing the angular velocity of motor 3 in comparison to motor 1 

while maintaining  𝑆𝑒𝑡2,4|𝑐𝑐𝑤  constant will incur a pitching angle as shown on 

figure 3 (c). Finally, achieving a yaw motion is presented in figure 3 (d) where the 

angular velocity of two opposite motors will simultaneously increase while the 

remaining motors are simultaneously reduced.  

 

Figure 3. Quadrotor operation for lift, rolling, pitching and yawing. 

Once a thrust is generated, the displacement is measured with respect to the 

inertial frame of reference or ‘fixed frame axis’ on figure 3. In other words, 



identifying the location of the Quadrotor in mathematical terms is essentially 

described as the correlations between two coordinate frames [24].  

 Fixed frame axis (𝐹𝑓) – An earth fixed coordinate system with the origin located 

on the ground.  

𝐹𝐹 = (𝑥𝐹 , 𝑦𝐹 , 𝑧𝐹) 

 Body frame axis (𝐵𝑓) – The origin coordinate system located on the vehicles 

centre of gravity. 

𝐹𝑏 = (𝑥, 𝑦𝐵, 𝑧𝐵) 

In summary of the operation and the relationship between the motions of the 

vehicle and the coordinate frame, table 1 presents the commands required for each 

rotation and the relative translational motion. 

Command 𝑆𝑒𝑡1,3 𝑆𝑒𝑡2,4 Speed Status Axis of Rotation  Axis of Motion 

Hover (𝐻) 𝜔𝑚1 = 𝜔𝑚3 𝜔𝑚2 = 𝜔𝑚4  𝑆𝑒𝑡1,3 =  𝑆𝑒𝑡2,4  N/A 𝑍 − 𝑎𝑥𝑖𝑠 

CCW Pitch  𝜔𝑚1 = 𝜔𝑚3 𝜔𝑚4 < 𝜔𝑚2  N/A ~𝑌 − 𝑎𝑥𝑖𝑠 ~𝑋 − 𝑎𝑥𝑖𝑠 

CCW Roll  𝜔𝑚1 < 𝜔𝑚3 𝜔𝑚2 = 𝜔𝑚4  N/A ~𝑋 − 𝑎𝑥𝑖𝑠 ~𝑌 − 𝑎𝑥𝑖𝑠 

CCW Yaw  𝜔𝑚1 = 𝜔𝑚3 𝜔𝑚2 = 𝜔𝑚4  𝑆𝑒𝑡1,3 > 𝑆𝑒𝑡2,4  ~𝑍 − 𝑎𝑥𝑖𝑠 N/A 

CW Pitch  𝜔𝑚1 = 𝜔𝑚3 𝜔𝑚4 > 𝜔𝑚2  N/A 𝑌 − 𝑎𝑥𝑖𝑠 𝑋 − 𝑎𝑥𝑖𝑠 

CW Roll  𝜔𝑚1 > 𝜔𝑚3 𝜔𝑚2 = 𝜔𝑚4  N/A 𝑋 − 𝑎𝑥𝑖𝑠 𝑌 − 𝑎𝑥𝑖𝑠 

CW Yaw  𝜔𝑚1 = 𝜔𝑚3 𝜔𝑚2 = 𝜔𝑚4  𝑆𝑒𝑡1,3 < 𝑆𝑒𝑡2,4 𝑍 − 𝑎𝑥𝑖𝑠 N/A 

Table 1. Rotational commands and axis of motion for a plus configured Quadrotor with respect to 

the inertial frame. 

4.2. Conventional Quadrotor Modelling 

Typically, the dynamic description of the UAV is defined by twelve states 

[25,26], which can be mathematically symbolised in  𝑥𝑇 as shown in Equation (1): 

  𝑥𝑇 = {𝑥, �̇�, 𝑦, �̇�, 𝑧, �̇�, 𝜙, �̇�, 𝜃, �̇�, 𝜓, �̇�) (1) 



Where {𝑥, 𝑦, 𝑧, �̇�, �̇�, �̇�} represents the respective positions and linear velocities, 

while {𝜙, 𝜃, 𝜓, �̇�, �̇�, �̇�} signifies the respective angular positions and velocities of 

rolling, pitching and yawing. 

The orientations are mathematically described using Euler angles approach as 

shown on equation (2). The angles must be restricted to −
𝜋

2
≤ 𝜙, 𝜃 ≤

𝜋

2
 and −𝜋 ≤

𝜓 ≤ 𝜋 in order to prevent singularities and maintain stability [27]. However, 

Numerous authors including those in [28] have further limited rolling and pitching 

angles to 0.35 radians (20°) to ensure a successful stability for the proposed UAV. 

Another researcher has also saturated the attitude angles to 0.2 radians (11.45°) in 

order to carry out a successful practical experiments with the Quadrotor [29], while 

others have restricted the angles to approximately 0.25 radians (15°) [30,31]. 

Moreover, the author in [32] has applied a disturbance on the Quadrotor where he 

mentions that the designed controller was able to tolerate the disturbance up to 0.52 

radians (30°). Therefore, it has become customary for these limitations to be 

implemented in order to maintain an ideal performance especially during the early 

stages of experiment. As a result, the rotational limit for rolling and pitching in this 

study is set to 𝜃𝑙𝑖𝑚 = 𝜙𝑙𝑖𝑚 = 0.6 𝑟𝑎𝑑 (𝐴𝑝𝑝𝑟𝑜𝑥. 35°). The three elemental rotations is 

composed in the direct cosine matrix presented in equation (2) as [33]: 

                ℝ𝑀 = ℝ(𝜓,𝜃,𝜙 ) = (

𝑐𝜓𝑐𝜃 𝑐𝜓𝑠𝜃𝑠𝜙 − 𝑐𝜙𝑠𝜓 𝑐𝜙𝑠𝜃𝑐𝜓 + 𝑠𝜓𝑠𝜙
𝑐𝜃𝑠𝜓 𝑐𝜓𝑐𝜙 + 𝑠𝜓𝑠𝜃𝑠𝜙 𝑠𝜃𝑠𝜓𝑐𝜙 − 𝑐𝜓𝑠𝜙
−𝑠𝜃 𝑐𝜃𝑠𝜙 𝑐𝜃𝑐𝜙

) 

 

(2) 

Where 𝑠 and c denotes the respective sine and cosine. As the Quadrotor rotates 

in free space, a moment along the corresponding axis begins to generate a 

translational moment which is expressed by 𝒓𝒃𝒇 as [34]: 

𝒓𝒃𝒇 = [𝑥,𝑦, 𝑧] (3) 



Expressing the MOI is represented by 𝑱𝒃𝒇 in equation (4) as [35]: 

𝑱𝒃𝒇 = (

𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
𝐼𝑥𝑦 𝐼𝑦𝑦 𝐼𝑦𝑧
𝐼𝑥𝑧 𝐽𝑦𝑧 𝐼𝑧𝑧

) 

 

(4) 

Where 𝑱𝒃𝒇  contains scalar moments of inertia and the product of inertia. 

Assuming that the centre of mass is present and the body fixed axis are taken along 

principle axis of inertia, the sum of all moments about each axis is presented as 

[36]: 

𝐼𝑥𝑥�̈� + �̇��̇�(𝐼𝑧𝑧 − 𝐼𝑦𝑦) = 𝜏𝑥 (5) 

𝐼𝑦𝑦�̈� + �̇��̇�(𝐼𝑥𝑥 − 𝐼𝑧𝑧) = 𝜏𝑦 (6) 

𝐼𝑧𝑧�̈� + �̇��̇�(𝐼𝑦𝑦 − 𝐼𝑥𝑥) = 𝜏𝑧 (7) 

Where, 𝜏𝑥, 𝜏𝑦 and 𝜏𝑧  represents the moment about each 𝒓𝒃𝒇  axis respectively 

and �̈�, �̈�  and �̈�  represents the angular acceleration for rolling, pitching and 

yawing. 

During flight, a gyroscopic torque is generated as a result of rolling and pitching. 

These rotational effects are theoretically expressed as [37,38]: 

𝐺𝑎 =∑ 𝐽𝑟

4

𝑖=1

�̇�Ω𝑖 (8) 

Where 𝐽𝑟 represents the moment of inertia, �̇� is the angular velocity of the body 

frame and Ω𝑖 is the angular rate of the rotor 𝑖 (𝑖 = 1, 2, 3, 4). 

Finding the total thrust generated by each actuator disk is derived using the 

propeller coefficients and squaring the motor speed as [39–41]: 

𝜍
𝑖
= 𝐾Ω𝑖

2
 (9) 

Where 𝜍
𝑖
 either represents the thrust or torque generated from the actuator disk 

according to 𝐾, which is a constant that represents the thrust factor 𝑏 or the drag 



factor 𝑑.  These two coefficients are selected according to the orientation of the 

Quadrotor, where the thrust factor is considered during normal flight conditions 

except when the UAV is rotating about the z-axis (yaw) [42–44]: 

𝑏 = 𝐶𝑇𝜌𝐷
4 (10) 

𝑑 = 𝐶𝑃𝜌𝐷
5 (11) 

Where 𝐶𝑇 and 𝐶𝑃  represents the thrust and power coefficient, 𝜌  is the air 

density and 𝐷 is the propeller diameter. These parameters are generally collected 

from the manufacturer’s datasheet, where the propellers selected for this study are 

presented on table 2 [27].  

Parameter Names Symbol Value 

Diameter 𝐷 0.254 𝑚 

Thrust coefficient 𝐶𝑇 0.121 

Power Coefficient 𝐶𝑃 0.0495 

Air density 𝜌 1.255 𝐾𝑔/𝑚3 

 Table 2. T-Style 10x5.5 propeller key parameter 

Based on the parameters presented in table 2, the thrust and drag factor are 

calculated to: 

𝑏 = 𝐶𝑇𝜌𝐷
4 = 6.317 × 10−4 (12) 

𝑑 = 𝐶𝑃𝜌𝐷
5 = 1.61 × 10−4 (13) 

Therefore, the input signals can be theoretically described as the addition and 

subtraction of the respective motor speeds in order to achieve the desired motion, 

which are expressed as [25]: 



{
  
 

  
 𝑈1 = 𝑏 (Ω1

2 +Ω2
2 +Ω3

2 +Ω4
2
)

𝑈2 = 𝑏 (Ω2
2 −Ω4

2)                   

𝑈3 = 𝑏 (Ω3
2 −Ω1

2
)                   

   𝑈4 = 𝑑 (Ω1
2 −Ω2

2 +Ω3
2 −Ω4

2
)

    

 (14) 

Where  𝑈1  signifies the total thrust generated by the four actuator disks, 

𝑈2, 𝑈3 and 𝑈4  represent the total torque for rolling, pitching and yawing 

respectively. Ω1, Ω2, Ω3 and Ω4 are defined as the angular velocity of each motors. 

Transposing the control inputs presented in Equation (14) to a matrix form is: 

[

𝑈1
𝑈2
𝑈3
𝑈4

] = [

𝑏        𝑏       𝑏       𝑏
0       𝑏       0   − 𝑏
−𝑏     0       𝑏        0
𝑑   − 𝑑     𝑑   − 𝑑

] ∗

[
 
 
 
 Ω1

2

Ω2
2

Ω3
2

Ω4
2]
 
 
 
 

 

 

(15) 

As for the gyroscopic effects about the x or y-axis, Equation (16) defines the 

residual angular velocity of the Quadrotor as Ω𝑟 [45]. 

Ω𝑟 = −Ω1 + Ω2 −Ω3 +Ω4 (16) 

To obtain the full equations of motion, figure 4 illustrates the dynamic 

representation for the 6-DOF respectively, where system states such as 

acceleration, velocity, and position can be viewed once the integration process is 

carried out. 

 

Figure 4. Integrating the vehicles dynamics.  



Initially, the extendable plates are actively placed to match the behaviour of a 

traditional Quadrotor, where the centre of mass (COM) and MOI remain 

unchanged during the lifting procedure. Therefore, the mathematical model is 

obtainable through six set of equations as:  

 �̈� =
1

𝑚
[cos𝜙𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓+ 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜓] 𝑈1 (17) 

 �̈� =
1

𝑚
[cos𝜙𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓− 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜓] 𝑈1 (18) 

 �̈� = −𝑔+
1

𝑚
[cosϕcosθ] 𝑈1 (19) 

 �̈� =
1

𝐼𝑥
[�̇��̇�(𝐼𝑧𝑧 − 𝐼𝑦𝑦)− 𝐽𝑟�̇�Ω + 𝑙𝑈2] (20) 

 �̈� =
1

𝐼𝑦
[�̇��̇�(𝐼𝑥𝑥 − 𝐼𝑧𝑧)+ 𝐽𝑟�̇�Ω + 𝑙𝑈3] (21) 

 �̈� =
1

𝐼𝑧
[�̇��̇�(𝐼𝑦𝑦 − 𝐼𝑥𝑥)+𝑈4] (22) 

Where 𝑚 denotes the total mass, 𝑔 denotes the acceleration due to gravity and 

𝑙 represent the length from the motor to the centre of mass. 

4.3. Novel Quadrotor Modelling 

Since the novel structure is aimed at carrying minimised drawbacks similar to a 

traditional Quadrotor, it is believed that the mathematical representation is 

identical while the extendable plates are at their initial positions. However, any 

displacement of EP1 or EP2 will cause the vehicle COM to change accordingly. 

As a result, the MOI would also be effected as well as the quantity of torque 

required to rotate the vehicle. With regards to the equation of motion presented in 

equation (17) to (22), few changes must be applied such that the displacement of 

both extendable plates are respectively considered. While equation (17) to (19) 

purely focuses on the translational motion of the vehicle along each axis the 

constants that are effected are not considered within those equations, thus, they 



remain untouched. As for equation (20) to (22), the constants;  𝐼𝑧𝑧, 𝐼𝑦𝑦 , 𝐼𝑥𝑥 and 𝑙 

will become variables as EP1 and EP2 are displaced.  

By considering the Quadrotor as a three dimensional figure, the masses are 

distributed in three dimensional space with mass component 𝑤𝑖 at (𝑦
𝑖
, 𝑥𝑖, 𝑧𝑖). The 

COM is a point vector notation (𝒓1 ,𝒓2, 𝒓3 ) which is the position vector of 

𝑤1, 𝑤2, 𝑤3 with respect to the origin. Hence, the COM is a point whose position �̅� 

is denoted as [46]: 

�̅� =  
∑𝑤𝑖𝒓𝑖
∑𝑤𝑖

 (23) 

For simplicity, three components are assigned masses; EP1, EP2 and the 

Quadrotor shell. In Figure 5, a two dimensional plane is presented which consists 

of pointing the COM at the centroid. Equation (24) and (25) expresses the approach 

used to determine the COM along each axis, where the Quadrotor shell has been 

split into two subcomponent in order to respectively analyse the behaviour during 

the extension of the relative plate. 

�̅�𝒙 = 
(𝑤2 × (𝑑𝑥 + 𝒓2)) + (

𝑤3
2 × 𝑑𝑥)

𝑤2 +
𝑤3
2

 (24) 

�̅�𝒚 = 
(𝑤1 × (𝑑𝑦 + 𝒓1))+ (

𝑤3
2 × 𝑑𝑦)

𝑤1 +
𝑤3
2

 (25) 

Where �̅�𝒙 and �̅�𝒚 determines the COM point vector notation along the x and y-

axis respectively, (𝑤1, 𝑤2, 𝑤3) signifies the mass of EP1, EP2 and the Quadrotor 

shell.  𝑑𝑥  and  𝑑𝑦  are constants that represent the initial COM measurements 

without any displacement of the plates. It is worth mentioning that the point vectors 

(𝒓1,𝒓2) are variables that are initially zero, which represents the initial positions of 

the extendable plate, and changes as they are displaced respectively.  



 

Figure 5. Top view of the Quadrotor where the COM is presented for the x and y axes. 

With regards to the COM point vector along the z-axis, there are no changes to 

the vehicle structure which validates the fact that it will remain a constant. This 

can also be verified as: 

�̅�𝒛 = 
(𝑤1 × (𝑑𝑧 + 𝒓3)) + (𝑤2 × 𝑑𝑧)+ (𝑤3 × 𝑑𝑧)

𝑤1 +𝑤2 +𝑤3
 (26) 

Where 𝒓3 is the COM point vector for the vehicle shell, which in this case is a 

constant. For simplicity, figure 6 illustrates a side view of the vehicle where the 

COM is right at the cross section between the distances 𝑑𝑥 and 𝑑𝑧. 



 

Figure 6. Side view of the Quadrotor frame illustrating the COM along the z-axis. 

Once the COM changes, the MOI which is the quantity that expresses the 

resistance of the body angular acceleration also changes. The summation of the 

vehicles three mass components must be considered when mathematically 

determining the change in inertia as the extendable plates are displaced. Table 3 

presents the MOI for each component and its relative mass, where the summation 

of each rotational inertia is calculated with the assumption that the extendable 

plates maintain their initial positions. Figure 7 explains this further where each 

component consists of its own relative body coordinate frame, and that the MOI 

determined is around that corresponding axis. 

Component Coordinate Frame Mass  𝐼𝑥 𝐼𝑦 𝐼𝑧 

Shell  BS 1.35𝐾𝑔 9.9492 × 10−3 9.9492 × 10−3 1.9689 × 10−2 

EP1 BP1 0.2685𝐾𝑔 4.5388 × 10−3 3.843 × 10−5 4.573 × 10−3 

EP2 BP2 0.2685𝐾𝑔 3.843 × 10−5 4.5388 × 10−3 4.573 × 10−3 

Total - 𝟏. 𝟖𝟖𝟖𝑲𝒈 𝟏. 𝟒𝟓𝟑 × 𝟏𝟎−𝟐 𝟏. 𝟒𝟓𝟑 × 𝟏𝟎−𝟐 𝟐. 𝟖𝟖𝟒 × 𝟏𝟎−𝟐 

 Table 3. The Mass and MOI of each component 



 

Figure 7. The coordinate frame is placed at the COM for each component. 

While the MOI presented in table 3 assumes that the vehicle structure remains 

unchanged, any displacement of either EP1 or EP2 will generate new variables 

about the relative axis, which is calculated as: 

𝐼𝑥𝑣 = (𝒓1
2 ×𝑤1)+ 𝐼𝑥𝑥 (27) 

𝐼𝑦𝑣 = (𝒓2
2 ×𝑤2)+ 𝐼𝑦𝑦 (28) 

𝐼𝑧𝑣 = (𝒓1
2 ×𝑤1)+ (𝒓2

2 ×𝑤2)+ 𝐼𝑧𝑧 (29) 

Where 𝐼𝑥𝑣, 𝐼𝑦𝑣  and 𝐼𝑧𝑣 are the new MOI variables that are effected based on the 

COM point vector 𝒓1  and 𝒓2  respectively. The torque generated significantly 

relies on the distance between the force points (i.e. propeller thrust) to the COM. 

In equation (20) and (21), the length 𝑙 determines the torque required to rotate the 

vehicle. Therefore, the distance between each motor to the COM must equal the 

total distance between the two opposite motors. The distance  𝑙𝑖  (𝑖 = 1, 2)  is 

determined using Pythagoras theorem: 

𝑙𝑖 = √𝑑ℎ
2 + 𝑑𝑣

2 (30) 

Where 𝑑ℎ (ℎ = 1,2) and 𝑑𝑣  are the respective adjacent and opposite lengths as 

shown on figure 8. Since 𝑑ℎ is purely a horizontal length between the motor to the 

COM, it automatically becomes a variable when the plates are extended. On the 



other hand, 𝑑𝑣 is purely a constant because there are no changes to the point where 

the force is generated. 

 

Figure 8. Calculating the length between the motor to the COM (assuming both 

extendable plates are at their initial positions). 

Once 𝑙𝑖 is determined for each motor respectively, the total distance 𝐷𝑇 (𝑇 =

1, 2) between the two opposite motors can be calculated, where the summation of 

both opposite lengths is appropriately added. This concept is followed to ensure 

that the torque generated is accurate as the COM changes. Therefore, 𝑈2 and 𝑈3 

presented in equation (14) are rewritten in order for the dynamic system to consider 

these effects: 

𝑈2𝑣 = [−𝑏Ω2
2 × (𝐷1 − 𝑙1 )+ 𝑏Ω4

2 × 𝑙1] (31) 

𝑈3𝑣 = [−𝑏Ω1
2 × (𝐷2 − 𝑙2) + 𝑏Ω3

2 × 𝑙2] (32) 

As a result, equation (20) to (22) are now transposed to consider the changes in 

these variables as the extendable plates are displaced. 

�̈� =
1

𝐼𝑥𝑣
[�̇��̇�(𝐼𝑧𝑣 − 𝐼𝑦𝑣)− 𝐽𝑟�̇�Ω + 𝑈2𝑣] (33) 

�̈� =
1

𝐼𝑦𝑣
[�̇��̇�(𝐼𝑥𝑣 − 𝐼𝑧𝑣)+ 𝐽𝑟�̇�Ω +𝑈3𝑣] (34) 

�̈� =
1

𝐼𝑧𝑣
[�̇��̇�(𝐼𝑦𝑣 − 𝐼𝑥𝑣)+𝑈4] (35) 



As mentioned previously, it is assumed that a force is generated from suitable 

actuators which drives the position of each extendable plate. In this case, 𝑈𝐸𝑃1 and 

𝑈𝐸𝑃2 symbolises the respective forces of each plate as: 

𝐸𝑃1̈ =
𝑈𝐸𝑃1
𝑤1

 (36) 

𝐸𝑃2̈ =
𝑈𝐸𝑃2
𝑤2

 (37) 

Where 𝐸𝑃1̈  and 𝐸𝑃2̈  are the accelerations for EP1 and EP2 respectively.  

5. PID Controller Design 

 

PID controllers have received a great interest from researchers due to their ease 

of design, tuning and reliability [47]. For this particular study, the UAV will be 

assessed under the influence of zero external disturbances to assess the concept of 

the proposed structure. Four desired inputs are considered; altitude, x-axis, y-axis 

and heading angles. Therefore, multiple PID controllers will be implemented 

where each one is set to control the six degrees of freedom respectively. This is 

generally referred in the literature as the whole-double loop control system which 

consists of; the inner-loop (attitude) and the outer-loop (position) control [48,49]. 

The control loop for the altitude positon can be written as: 

𝑈1𝑐 = 𝐾𝑝𝑧 𝑒𝑧 +𝐾𝑖𝑧∫  𝑒𝑧𝑑𝑡 +𝐾𝑑𝑧 𝑒𝑧̇  (38) 

Further expanding equation (39) gives: 

𝑈1𝑐 = 𝐾𝑝𝑧(𝑧𝑑 − 𝑧)+𝐾𝑖𝑧∫(𝑧𝑑 − 𝑧)𝑑𝑡 + 𝐾𝑑𝑧(𝑧�̇� − �̇�) (39) 

Similarly, the inner-loop control for roll, pitch and yaw is expressed as: 

𝑈2𝑐 = 𝐾𝑝𝜙(𝜙𝑑 −𝜙)+𝐾𝑖𝜙∫(𝜙𝑑 −𝜙)𝑑𝑡 +𝐾𝑑𝜙(𝜙𝑑
̇ − �̇�) (40) 



𝑈3𝑐 = 𝐾𝑝𝜃(𝜃𝑑 − 𝜃)+𝐾𝑖𝜃∫(𝜃𝑑 −𝜃)𝑑𝑡 + 𝐾𝑑𝜃(𝜃𝑑̇ − �̇�) (41) 

𝑈4𝑐 = 𝐾𝑝𝜓(𝜓𝑑 −𝜓)+𝐾𝑖𝜓∫(𝜓𝑑 −𝜓)𝑑𝑡 + 𝐾𝑑𝜓(𝜓𝑑
̇ − �̇�) (42) 

Where the reference angles used to represent the roll, pitch and yaw respectively 

are 𝜙𝑑, 𝜃𝑑 and 𝜓
𝑑
. 

While the controllers presented in equation (39) to (42) can enforce successful 

tracking for the altitude and rotational angles, reaching the desired positions along 

the horizontal positions is impractical in this stage. Therefore, researchers have 

discovered a position tracking approach by introducing more controllers to the 

system that function in an outer-loop manner. Figure 9 explains this further where 

the outer-loop corresponds to the input of the inner-loop control system in order to 

achieve the desired positions [50,51]. 

 

Figure 9. Whole-double loop control architecture. 



Essentially, the position controllers will generate a signal that will act as an 

input to 𝜃𝑑  and  𝜙𝑑  correspondingly. To find the link between the generated 

controls from the outer-loop system to the inner-loop system, the translational 

equations governing the accelerations for the vehicle are firstly presented [33, 50, 

52, 53]: 

𝑚𝒓𝒃𝒇̈ = [
0
0

−𝑚𝑔
] + ℝ𝑀 [

0
0
𝑈1

] (43) 

Where ℝ𝑀 is the Euler rotational matrix and 𝒓𝒃𝒇 is the vehicles position with 

respect to the inertial frame. Expanding equation (43) further will provide the 

following expression: 

𝑚[
𝑥
�̈�
�̈�

̈
] = [

0
0

−𝑚𝑔
] + [

𝑐𝜓𝑐𝜃 𝑐𝜓𝑠𝜃𝑠𝜙 − 𝑐𝜙𝑠𝜓 𝑐𝜙𝑠𝜃𝑐𝜓 + 𝑠𝜓𝑠𝜙
𝑐𝜃𝑠𝜓 𝑐𝜓𝑐𝜙 + 𝑠𝜓𝑠𝜃𝑠𝜙 𝑠𝜃𝑠𝜓𝑐𝜙 − 𝑐𝜓𝑠𝜙
−𝑠𝜃 𝑐𝜃𝑠𝜙 𝑐𝜃𝑐𝜙

] [
0
0
𝑈1

] (44) 

As mentioned previously, the x and y position of the Quadrotor plant cannot be 

controlled directly using one of the four control laws (𝑈1, 𝑈2, 𝑈3, 𝑈4). Therefore, 

we linearize equation (44) to get the difference in acceleration between the 

translational motion and the relative desired angular motion. We assume that the 

UAV is stable around a hovering point and that there are negligible attitude 

rotations; 𝜙 ≈ 0, 𝜃 ≈ 0, �̇� ≈ 0, �̇� ≈ 0. Hence, simplifying equation (44) is 

expressed as: 

𝑈𝑐𝑦 = 𝑔(𝑐𝑜𝑠𝜓 + 𝑠𝑖𝑛𝜓) (45) 

𝑈𝑐𝑥 = 𝑔(𝑠𝑖𝑛𝜓 − 𝑐𝑜𝑠𝜓) (46) 

Where 𝑈𝑐𝑥 and 𝑈𝑐𝑦 are the acceleration control output along the x and y-axis 

respectively. Expressing equation (45) and (46) in a matrix form and including the 

desired angles that are coupled with the relative translational position is presented 

as: 



[
𝑈𝑐𝑦
𝑈𝑐𝑥

] = 𝑔 [
𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜓
𝑠𝑖𝑛𝜓 −𝑐𝑜𝑠𝜓

] [
𝜙𝑑
𝜃𝑑
] (47) 

Applying the inverse matrix and rearranging the formula to make the desired 

attitude the subject is: 

[
𝜙
𝑑

𝜃𝑑
] =

1

𝑔
[
𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜓
𝑐𝑜𝑠𝜓 −𝑠𝑖𝑛𝜓

]
−1

[
𝑈𝑐𝑥
𝑈𝑐𝑦

] (48) 

[
𝜙
𝑑

𝜃𝑑
] =

1

𝑔(−𝑠𝑖𝑛𝜓2 − 𝑐𝑜𝑠𝜓2)
[
−𝑠𝑖𝑛𝜓 −𝑐𝑜𝑠𝜓
−𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜓

] [
𝑈𝑐𝑥
𝑈𝑐𝑦

] (49) 

The determinant of the matrix 𝑠𝑖𝑛𝜓2 + 𝑐𝑜𝑠𝜓2 = 1. Hence, equation (49) is 

expressed as: 

𝜙
𝑑
=
1

𝑔
(𝑈𝑐𝑥𝑠𝑖𝑛𝜓+ 𝑈𝑐𝑦𝑐𝑜𝑠𝜓) (50) 

𝜃𝑑 =
1

𝑔
(𝑈𝑐𝑥𝑐𝑜𝑠𝜓− 𝑈𝑐𝑦𝑠𝑖𝑛𝜓) (51) 

Therefore, the mathematical representation of the x and y controllers in the 

outer-loop within figure 9 are given as: 

𝑈𝑐𝑥 = 𝐾𝑝𝑥(𝑥𝑑− 𝑥)+𝐾𝑖𝑥∫(𝑥𝑑 − 𝑥)𝑑𝑡 +𝐾𝑑𝑥(𝑥𝑑̇ − �̇�) (52) 

𝑈𝑐𝑦 = 𝐾𝑝𝑦(𝑦𝑑 −𝑦)+𝐾𝑖𝑦∫(𝑦𝑑 − 𝑦)𝑑𝑡 + 𝐾𝑑𝑦(𝑦𝑑
̇ − �̇�) (53) 

Where 𝑥𝑑 and 𝑦
𝑑
 are the desired positions of the UAV respectively. Finally, 

controlling the positional displacement of 𝐸𝑃1 and 𝐸𝑃2 is achieved through a 

direct force generated by simple PID techniques.  

𝑈𝐸𝑃1 = 𝐾𝑃1(𝐸𝑃1𝑑 − 𝐸𝑃1) + 𝐾𝑖1∫(𝐸𝑃1𝑑 − 𝐸𝑃1)𝑑𝑡 + 𝐾𝑑1(𝐸𝑃1𝑑̇ − 𝐸𝑃1̇ ) (54) 

𝑈𝐸𝑃2 = 𝐾𝑃2(𝐸𝑃2𝑑 − 𝐸𝑃2) + 𝐾𝑖2∫(𝐸𝑃2𝑑 − 𝐸𝑃2)𝑑𝑡 + 𝐾𝑑2(𝐸𝑃2𝑑̇ − 𝐸𝑃2̇ ) (55) 

Where 𝐸𝑃1𝑑 and 𝐸𝑃2𝑑  are the desired positions and 𝐸𝑃1  and 𝐸𝑃2  are the 

actual positions of each plate respectively.  



6. Simulation and Performance Assessment Methods 

6.1. MATLAB/Simulink 

Demonstrating the dynamic performance of a UAV is monumentally expressed 

by many authors as a set of mathematical equations in Simulink [4,45,53]. 

According to [54], designing a precise mathematical model that represents the full 

aerodynamic forces and the disturbances which act on the Quadrotor is 

challenging, and that increasing the results accuracy is essentially relied on 

improving the mathematical representation. Research groups in [55] have also 

mentioned that analysing the behaviour of more emerging vehicle structures is 

becoming complicated to mathematically model. This is due to the introduction of 

new aerodynamic challenges and the motion of moveable components within the 

body where the mathematical model may ignore such effects. 

The method used in modelling the dynamic system is set by applying angular 

velocities measured in radians per second (RPS) to the four respective motors. As 

the motor speed is increased, the propellers generate a thrust which is summed to 

a total thrust as presented in equation (14). The resultant motions are then 

calculated based on the direct cosine matrix in equation (2). However, it is worth 

mentioning that this approach is used to represent the dynamics of a rigid body 

rather than the imagined Quadrotor, which simplifies the complexity of the 

practical system as a result [54,56,57].  

6.2. Msc ADAMS 

Msc ADAMS is an abbreviation for automatic dynamic analysis of mechanical 

systems, which is a calculation program that is capable of modelling and 

simulating almost any mechanical system. In particular, the bodies to be modelled 



must be able to achieve one or more degrees of freedom. The software supports 

engineers in studying the dynamics of a particular body that consist of numerous 

moving parts (i.e. multi-body interaction) based on the loads, forces and 

constraints distributed within the body [58]. 

In the process of designing and studying complex mechanical systems, the 

author in [59] mentions that a number of fundamental questions are raised 

concerning the intended behaviour and the actual response. When the mechanics 

of a particular geometry involve the transfer of motions from one body to another 

to achieve larger rotations and translations, using a mechanical computer aided 

engineering software (MCAE) such as ADAMS can accurately simulates the 

performance of the designed product prior to practically building the prototype.  

In order to obtain simulation results from ADAMS environment, each 

component within the geometry consists of attributes such as mass, material, 

moment of inertia, constraints, and drive inputs. The attributes on table 3 are 

configured to the relative components while fixed joints are applied between the 

chassis and actuators, revolute joints are applied between the propellers and their 

relative actuators. As for the extendable plates, a translational joint in contact with 

the vehicle chassis is used in order to achieve the required displacement 

respectively. To achieve positional tracking, the PID controllers designed in 

Simulink for the mathematical model will also be used in ADAMS. Therefore, 

both software are linked together using the co-simulation feature. 

6.3. Co-simulation 

By designing and developing the Quadrotor model in ADAMS, analysing the 

dynamic behaviour of the vehicle can be manually initiated by increasing the 



angular velocity of the motors. This will generate a thrust which will enforce the 

vehicle to lift and rotate according to the control inputs. However, the 

implementation of a control algorithm can be directly implemented within the 

software, but ADAMS consists of a feature that allows the analyst to study the 

performance of the mechanical system in a more detailed manner. 

Co-simulation is supported by the software which refers to the process of 

simulating a system with the inclusion of two or more simulation tools. A 

communication between both software is simultaneously carried out during run-

time which provides users with the capability of analysing various aspects between 

both platforms [60]. In this case, a Co-simulation between ADAMS and Simulink 

can be carried out where, ADAMS encompasses the modelling features and 

constraints while Simulink is used to design the control algorithm. Figure 10 

explains this further using a block diagram which consists of an overview about 

the functionality of this feature. Initially, the quadrotor dynamics in ADAMS 

presents an accurate simulation similar to a practical model where the theoretical 

representation is not required [61]. As the system states are generated, it is 

transferred into Simulink where the control algorithm can enforce the states 

towards the desired region. 

 

Figure 10. Co-simulation of the Quadrotor system between ADAMS and Simulink. 



7. Mathematical and Physical Modelling Analysis 

Essentially, the main objective of this research is to study the behaviour of the 

vehicle as the extendable plates are respectively displaced. During this analysis, 

the proposed controller is used to verify the proposed concept and ensure that it is 

practically realisable. Moreover, comparing ADAMS (Co-simulation) against 

Simulink will ensure that the mathematical representation is correctly derived. 

Therefore, the physical parameters and the limitations applied on both software 

must be identical as presented in table 4. 

Variable Description Value Units 

𝑔 Gravitational acceleration 9.81 𝑚𝑠−2 

𝑙 Arm Length 0.225 𝑚 

[𝐹𝑚𝑖𝑛,𝐹𝑚𝑎𝑥] Motor thrust range [0, 12] N 

[(𝜃𝑚𝑖𝑛,𝜃𝑚𝑎𝑥)(𝜙𝑚𝑖𝑛,𝜙𝑚𝑎𝑥)] Saturated rotation [(−0.6,0.6)(−0.6, 0.6)] Rad 

Table 4. UAV Physical modelling parameters 

The controller outputs; 𝑈1𝑐, 𝑈2𝑐, 𝑈3𝑐  and 𝑈4𝑐 generated by the PID controller 

must be mapped to generate the required thrust for each motor. This is generally 

referred to as the “thrust mixers”, which has also been similarly implemented by 

the authors in [62–64]. The corrected controller output for each actuator can be 

achieved by following the mixing law: 

{

𝑇1 = 𝑈1𝑐 −𝑈3𝑐 −𝑈4𝑐
𝑇2 = 𝑈1𝑐 −𝑈2𝑐 +𝑈4𝑐
𝑇3 = 𝑈1𝑐 +𝑈3𝑐 −𝑈4𝑐
𝑇4 = 𝑈1𝑐 +𝑈2𝑐 +𝑈4𝑐

 (56) 

7.1. Dynamic Analysis  

In this section, the transient Quadrotor dynamics are analysed on Simulink and 

ADAMS without using any control techniques. Essentially, the minimum thrust 

required by each motor must exceed 4.63N (for a vehicle of weight 1.888kg) in 



order to achieve lift. For example, Figure 11 (a) illustrates that once 5N (88.9RPS) 

is applied simultaneously to each motor, the vehicle has risen vertically upwards. 

In addition, simultaneously applying 4N (79.6RPS) to each motor indicates that; 

due to the gravitational force overcoming the lift force, the vehicle began to 

descend. Another example is also presented in figure 11 (a) where the control input 

for each motor is configured to synchronously oscillate between 0N to 15N. This 

is carried out in order to ensure that the response between both software is 

accurately modelled as the vehicle varies in its altitude.   

Figure 11 (b) illustrates the vehicle’s attitude response as the thrust (i.e. speed) 

of a single motor is varied. A sinusoidal control input is set to continuously change 

between 4.8N (71.1RPS) and 5.2N (106.7RPS) for motors 1 and 2 in order to 

evaluate the dynamics. Therefore, rolling and pitching angles are effected which 

caused the multirotor to horizontally move along the coupled y and x-axis 

respectively. By comparing ADAMS and Simulink, the results clearly indicate that 

the transient motions are superimposed for every study. Therefore, it can be 

concluded that the geometry designed and imported into the physical modelling 

software has successfully justified the performance of the mathematical model. 

Moreover, ADAMS has illustrated a 3D visual representation of the vehicle during 

flight while Simulink was only limited to a set of numerical results. 



 

Figure 11. Applying constant and variable thrusts to the Quadrotor while Simulink and 
ADAMS are compared. 

7.2. Structural Variation Impact on Flight Performance 

This section focuses on the implementation of PID controllers similar to the 

block diagram presented in figure 9. The control system was first tested and 

validated following several simulations where trial and error approach was used to 

determine the most appropriate gains. These are: 

 

 



Controller P I D 

Altitude, 𝑧 10.1 0.01 7.5 

Rolling, 𝜙 5.5 0.01 1.1 

Pitching, 𝜃 5.5 0.01 1.1 

Yawing, 𝜓 4.2 0.01 0.8 

Lateral, 𝑥 3.9 0.001 4.3 

Longitudinal, 𝑦 3.9 0.001 4.3 

EP1 22 0 4.1 

EP2 22 0 4.1 

Table 5. PID parameters selected for each controller 

7.2.1. Extendable Plates Analysis 

Upon selecting the parameter gains for each controller, the extendable plates 

were displaced while the vehicle maintained a hovering altitude. During this 

assessment, the desired rotational angles for rolling, pitching and yawing were all 

set to zero. Figure 12 illustrates the analysis undertaken for the extendable plate, 

where the Quadrotor dynamics are thoroughly studied. Iterative simulations where 

carried out with a displacement starting initially from 1cm and moving up to 15cm. 

While the reference positions where identically applied for ADAMS and Simulink, 

the transient response between both signals illustrates that there is a slight 

difference during the early stages of reaching the reference position (below 1s). As 

the vehicle progresses into settling at the desired position, both signals become 

superimposed. 



 

Figure 12. The positional displacement of each extendable plate from 1cm up to 15cm. 

During the transition of each extension, the dynamic behaviour will be focused 

on attaining the effected rotational and translational motions. Figure 13 (a) presents 

the vehicle motion along the y-axis and the effected rotational angles as EP1 is 

displaced. A related point to consider is that the extension of the corresponding 

plate will effect a rotational angle which is coupled with a relative translational 

position. For instance, extending EP1 by 15cm will effect roll by 0.177 Radians 

(10.1° approx.) in which the translational behaviour along the y-axis moved by 

approximately 53 meters within a 9s margin.  

Similarly, figure 13 (b) illustrates the dynamic changes on ADAMS with 

identical inputs to the Simulink model shown in figure 13 (a). A comparison 

between both software illustrates that the transient behaviour is fairly identical with 

marginal differences. For instance, extending EP1 by 15cm effected the rolling 

angle by 0.182 radians (10.4° approx.) in which the translation motion along the 

y-axis reaches approximately 54 meters within a 9s margin. By analysing both 

graphs, the resultant translational motion is very similar because both physical 

components consist of the same mass as well as the MOI.  



 

Figure 13. Extending EP1 effected the rotational and translational motions from 

hovering conditions. 

Clearly, increasing the displacement of the plates at different iterations indicates 

that the effected rotation is also increased. These effects only occur due to the 

structural changes of the vehicle, where a hovering position would be maintained 

if the structure does not change. Hence, it can be concluded that displacing EP1 

will alter the rolling angle and effect the y-axis, while displacing EP2 will alter the 

pitching angle and effect the x-axis. Moreover, the maximum displacement which 

is set to 15cm causes the vehicle to rotate by up to 0.177 radians on Simulink and 

0.182 radians on ADAMS from a hovering position. As for yawing, the system 



states have presented no effects where it is believed that the proposed mechanical 

system is only capable of enforcing the vehicle to roll or pitch according to the 

relative structural changes.   

In order to verify the performance further, Figure 14 illustrates how the vehicle 

performed as EP1 and EP2 are displaced simultaneously by 10cm. Maintaining a 

hovering position and applying the desired displacement at 1s caused the vehicle 

to rotate in both angles simultaneously, which also enforced motions along the x 

and y-axis in a transient form. While the vehicle continues to uphold a specific 

structure during flight, the positional motion along the horizontal axes will 

continue to infinitely rise over time so long as the rotational angles are not zero. 

Hence, figure 14 indicates that the translational motion is continuously rising with 

EP1 and EP2 extended. Moreover, applying an identical displacement of the 

extendable plates on both software illustrates that ADAMS has reached an 

increased rotational angle of approximately 0.1 degrees in comparison to Simulink. 

Therefore, the final position reached at 10s is 0.8 meters higher than Simulink.  

 

Figure 14. Simultaneously extending EP1 and EP2 by 10cm while hovering. 

7.2.2. Changing Structure during Rotation 

To study the performance of the novel structure further, the vehicle is set to 

carry out a desired rotational angle of 0.6 radians (34° approx.) at the 1s interval. 



Figure 15 (a) presents the resultant motion along the y-axis where the final position 

reached is 151.9 meters at 10s while maintaining EP1 and EP2 at their initial 

positions. On the other hand, a separate response is presented along the same axis 

where the final position reached is 180.9 meters due to the extension of EP1 by 

14cm. Finally, Figure 15 (a) also illustrates a separate response of the Quadrotor 

where 133.5 meters is reached when the extension of EP1 is displaced along the 

opposite direction by 14cm. 

Figure 15 (b) is coupled with the translational motion in figure 15 (a) where the 

vehicle maintained zero steady state error once the desired angle is reached. This 

is purely set on studying the behaviour similar to a traditional Quadrotor while 

upholding the positions of EP1 and EP2 at their initial positions. By repeating the 

simulation, EP1 was extended at 4s by 14cm in the positive direction which caused 

the vehicle to reach a higher position by approximately 29 meters in comparison 

to the traditional version (without EP1 & EP2 extension). The desired angle 

between 1s to 4s is accurately tracked until EP1 is displaced, which has caused the 

vehicle to further rotate by approximately 0.24 radians (14 °  approx.).  Then, 

repeating the simulation and extending EP1 in the opposite direction caused the 

Quadrotor to deviate away from the desired angle by 0.18 radians (10° approx.). 

As a result, the final position reached was reduced by approximately 18.4 meters 

which is due to the mass distributed along the body moving to the opposite side of 

which the vehicle is turning. 

As for figure 15 (c) and figure 15 (d), reference inputs where applied on 

ADAMS which were identical to the Simulink model. Clearly, there is a marginal 

difference in relation to the final positions reached. While upholding EP1 and EP2 



at their initial positions, Simulink presented an increased position of 5.27% in 

comparison to ADAMS. As for displacing EP1 to increase the vehicle rotation, 

Simulink presented a 0.56% increased final position in comparison to ADAMS. 

Finally, extending EP1 in the opposite direction is 2.38% different in Simulink 

compared to ADAMS.  

The resultant motions indicates that the performance derived can be a useful 

methodology in increasing the rotational boundary as compared to the traditional 

version. For instance, assuming that the Quadrotor is carrying out missions that 

require quick translational or attitude motions, the displacement of EP1 or EP2 can 

be a useful approach in improving the vehicles performance. Moreover, displacing 

any of EP1 or EP2 along the opposite direction of which the vehicle is turning, will 

reduce the rotational angle towards the hovering region. 

 

 

 



 

Figure 15. Extending EP1 in opposite directions at 4s while the vehicle is tracking the 

desired rotational angle of 0.6 radians. 

7.2.3. Improved Position Tracking 

Stabilisation and position tracking are currently used within many applications 

for autonomous flying. Here, the study focuses on analysing the effects of the 

Quadrotor as the structure changes during flight. Previous assessments has 

illustrated that the attitude response can change based on altering the Quadrotor 

structure. In this particular study, initiating the desired position along a particular 

axis while extending the relative plate will be analysed and compared against the 

traditional version (without extension). In order to correlate the angular momentum 

with the extendable plates, equation (57) and (58) are presented which focus on 

retracting the plates based on the relative rotational angle. 

𝜙
𝑙𝑖𝑚
× 𝐸𝑃1𝑚𝑎𝑥
𝜙
𝑙𝑖𝑚+

= 𝐸𝑃1𝑑 (57) 

𝜃𝑙𝑖𝑚 × 𝐸𝑃2𝑚𝑎𝑥
𝜃𝑙𝑖𝑚+

= 𝐸𝑃2𝑑 (58) 

Where 𝜙𝑙𝑖𝑚 , 𝜃𝑙𝑖𝑚 represents the systems states which are bounded to 0.6 𝑅𝑎𝑑 <

𝜙𝑙𝑖𝑚 , 𝜃𝑙𝑖𝑚 > −0.6 𝑅𝑎𝑑 ,  𝐸𝑃1𝑚𝑎𝑥  and  𝐸𝑃2𝑚𝑎𝑥  are constants that represent the 

maximum displacement of 13cm to ensure stability. 𝜙
𝑙𝑖𝑚+

 and 𝜃𝑙𝑖𝑚+  define the 

maximum rotations of 0.6 𝑅𝑎𝑑. 



In figure 16, the vehicle is set to reach a desired position of 400 meters along 

the y-axis. This simulation is carried out during hover where in figure 16 (a), the 

desired position is initiated at 1s. Two sets of transient curves are presented; the 

first one consists of reaching the final positon without the use of EP1 extension, 

while the second one presented a faster dynamic response by approximately 4s as 

EP1 is used.  

Figure 16 (b) illustrates the coupled rotational angles which autonomously 

occurred during the reaching stage. Two sets of rotational angles are presented 

where one considers EP1 extension while the other upholds EP1 at the initial 

position. Clearly, extending EP1 to support the vehicles performance has enforced 

the Quadrotor to further rotate by approximately 0.22 radians (13 °  approx.). 

Additionally, as the vehicle approached the desired position at approximately 20.7s 

and 16.9s, marginal oscillations occurred before stabilising at the final position. 

Therefore, it can be concluded that the proposed changes of MOI and the COM 

due to EP1 can in fact support the vehicle in reaching the final positions at a faster 

pace without effecting the overall stability of the system. 

As for figure 16 (c) and figure 16 (d), identical reference inputs were applied on 

ADAMS, where the dynamic behaviour is also marginally different for this 

particular study. By increasing the responsivity of the Quadrotor using EP1, 

ADAMS reached the final positon 0.1s faster than Simulink although it is 

approximatley 1s slower than the Simulink results (without extension). 



 

 

Figure 16. A comparison between the responsivity of a traditional Quadrotor (without 

extension) and novel Quadrotor (with extension) using PID controllers for position 

tracking. 

8. Conclusion 

This paper addressed a novel methodology in improving the performance of a 

traditional Quadrotor by modifying the mechanical characteristics during flight. 

The Quadrotor which is similar to any plus configuration has been split into three 

components for the design process. The first components consists of the propellers 

and actuators as well as the Quadrotor shell, while the other two consist of plates 

that carry the mass of the electronic components. The two plates which are referred 

to EP1 and EP2 are originally stationed coincident to the Quadrotor shell where 

the overall structure of the vehicle consists of similar characteristics and features 

to a traditional Quadrotor. During flight, EP1 and EP2 can move back and forth in 

a horizontal manner which causes the MOI and COM to change correspondingly.  



Mission criteria such as positional tracking are applied for this study using 

simple PID techniques to verify the proposed concept. The resultant behaviour 

illustrates that the Quadrotor was able to reach the final position at a faster pace 

than the traditional model while maintaining stability. As for the controller 

implemented, the PID maintained stability during the transition of EP1 and EP2 

from their initial positions. On the other hand, reaching larger displacement of the 

extendable plates illustrates that the Quadrotor was able to respond quicker, which 

is more viable for this particular study as the objectives are successfully reached.  

Justifying the mathematical approach for the novel Quadrotor was achieved 

using ADAMS environment due to its high accuracy in modelling the dynamics of 

advanced mechanical systems. A comparative study was carried out between 

Simulink and the geometry imported into ADAMS with the inclusion of identical 

parameters. Initiating the desired inputs on ADAMS as well as Simulink presented 

a similar transient curves for all the studies carried out with marginal differences.  

Therefore, we conclude that the proposed Quadrotor with the mechanical 

modifications has indeed presented an improved performance in comparison to the 

traditional version. Future contributions to this work will continue to carry out 

detailed dynamic analysis using physical modelling tools while using more robust 

control techniques. The work will also continue to simulate and analyse the 

dynamic behaviour of the vehicle under the presence of external disturbances. 
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