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Abstract: This paper presents a hierarchical flight control system for smart tilt-rotor drones. The proposed 

approach performs high-level mission goals by gradually confirming them into machine-level instructions. The 

learned data from numerous sensors is spread backside to the greater levels for sensitive decision making. Each 

vertical take-off and landing drone is linked through regular wireless communication rules for an accessible multi-

agent facility. The proposed flight control system has been effectively employed on several types of smart tilt-

rotor drones and has been validated in some applications. Solutions from waypoint navigation, a probabilistic 

chase-evasion competition, and vision-based object chasing show the capability of the recommended method for 

intelligent drones. 

Keywords: Tilt-rotor drone (TRD), vertical take-off and landing (VTOL), control, vehicle control language 

(VCL), vision, strategy, inertial navigation system (INS), global positioning system (GPS).  

 

1. Introduction  

Implementation of smart drones has been done potential because of hi-tech innovations in different areas 

such as artificial intelligence, flying robotics, wireless communication, and control systems. There is slight 

skepticism that intelligent drones will be employed to autonomously run missions, or embedded in numerous 

structures, and spread our abilities to identify, mind and action, or replace human attempts in applications 

where individual action is threatening, unproductive and/or even impossible. Supporting this impression, the 

proposed study aims to establish numerous autonomous negotiators into integrated and intelligent structures 

with condensed reasoning and control intricacy, open-mindedness, adaptivity to variations in mission and 

situation, modularity, and scalability to achieve intricate assignments competently.  

Tilt-Rotor vertical take-off and landing (VTOL) or tilt-rotor drones (TRDs) have distinctive flying abilities 

such as hover, vertical take-off/landing, and sideslip, which cannot be attained by traditional fixed-wing 

airplanes (CH-10, 2021, Sheng, 2018). These multipurpose mission modes are effective for numerous 

circumstances as well as reconnaissance, ground target tracking, and tasks with restricted launching space 

such as a ship deck or in situations that need repeated landings and take-offs (Fig. 1) (Vertical-landing, 2023, 

Zosimovych, 2024). These types of drones integrated are helicopter technology as fixed-wing aircraft 

technology. 
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Fig. 1. Bayraktar DİHA vertical landing unmanned aerial vehicle 

The last time has seen astonishing advancement in TRD study including design and modeling (Çakıcı, 2012, 

Wang, 2024, Pessoa, 2017, Mousaei, 2022), modern control theory (Brogan, 1991, Stenens, 2016), and avionics 

(Advanced, 2009, Kayton, 2006). However, the recent level still drops quickly by applying the results to most 

actual applications and using the detailed abilities of the rotorcraft. Our research has focused on enhancing 

the performance of TRDs as participants of a networked intelligent group containing numerous heterogeneous 

drones. To reach this goal, it is important that every mission control system be able with well -capable 

autonomy, i.e., abilities to independently sense, mind, plan, and act in expertise with other drones or ground/ 

water-based robots or environments. This article shows the combination of a hierarchical flight management 

system (FMS) for smart TRDs that offers autonomy as permitting management among all team participants. 

The proposed paper presents three control approaches: 1) the TRD cascade PID control strategy; 2) the 

dynamic control allocation strategy (from Mousaei, 2022), so it adapts to a potential smart drone configuration 

change; 3) multi-functional hierarchical FMS strategy (Kim, 2003, Zosimovych, 2024). 

 
Fig. 2. TRD PID Control Strategy 
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Fig. 3. TRD Control Strategy 

After determining the TRD dynamic model and the calibration of the appropriate aerodynamic coefficients, 

for the TRD control, state variables are operated by a PID controller, and Fig. 2 shows the block diagram of 

the control strategy. Forces and moments due to rotors and wind aerodynamics are computed independently.  

The general control structure contains two cascade PID controllers, which accept errors from speed and 

attitude and provide consistent control amounts (Wang, 2024). The control of TRD is achieved by applying 

the negative feedback (Zosimovych, 2020). 

Additionally, the current drone controller offers the off-the-shelf controller for this type of drone, it normally 

needs to load up the appropriate files to represent the required control pull to every single actuator input, 

which can only carry the drone with a fixed structure. In its place, we employed a possible drone s tructure 

change (such as an actuator failure). Consequently, the control diagram becomes like on (Mousaei, 2022) 

(Fig. 3). 

Therefore, we use a multi-differential controller as a non-linear model predictive tracking controller (Fig. 4) 

(Zosimovych, 2024). 

The former has been successfully validated in various scenarios, as mentioned on (Mousaei, 2022). The last 

is especially efficient in focusing on the nonlinearity, coupling, input, and state saturation.  

 
Fig. 4. Hierarchical FMS for smart TRD: W – waypoints, C–conflicts 
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The low-level drone stabilization strategy is linked to the higher-level strategy planner using vehicle control 

language (VCL) (Virtual, 2024), interface for autonomous agents (Kim, 2003), and human pilots to control 

the host drone. Every autonomous agent is a piece of a wireless communication network, by which complex 

assignments can be accomplished in a coordinated way (Zosimovych, 2020, Zosimovych, 2023, Zosimovych, 

2024). 

As target problems, these situations are considered: waypoint navigation, pursuit-evasion, ground target 

tracking, and vision-based landing (Kim, 2023). These strategies represent one or more functionalities of the 

hierarchical multi-agent system. In the waypoint navigation, the functionality of the guidance strategy using 

the VCL structure is underlined. Pursuit-evasion refers to the probabilistic logic for the strategy switcher, 

multiagent synchronization on a wireless network, dynamic VCL process, and vision-based detection. The 

ground target chasing and vision-based landing tests high-speed position tracing control, target detection and 

identification, and chasing processes of the onboard vision handling unit as strategy planning and switcher 

(Zosimovych, 2023, Zosimovych, 2024). 

2. Problem Statement 

An intelligent agent functions as follows: 1) constantly identifies dynamically varying environments; 2) to explain 

apparent data, to resolve tasks and to define suitable reactions; and 3) shows suitably to impact terms in its 

environment (Kim, 2023). Based on these properties, we could depict each strategy in the hierarchical FMS shown 

in Fig. 4 (Zosimovych, 2024). 

Vigorously altering environments in the world and drone states are observed by different onboard sensors. 

Motion-related data, which are crucial for smart UAS control and high-level processes, are measured by onboard 

navigation sensors such as the inertial navigation system (INS) and the global positioning system (GPS) (Kim, 

2023, Zosimovych, 2024). 

Extra sensors, such as ultrasonic sensors and laser rangefinders, are employed to obtain the environmental data 

as well as the relative distance from the ground surface, or to identify the other drones in the vicinity of the host 

drone. A computer vision structure is applied to identify objects of concern based on their color or form 

(Zosimovych, 2023). 

Figure 4 reveals three types of strategy planners to be applied for every test. The suitable strategy planner for a 

particular mission is chosen by a strategy switcher (Zosimovych, 2024). 

While the recent status of the world is not totally significant, the world is modeled as a partly detectable Markov 

decision method. The strategy planner also renews every agent’s information, or probability distribution 

throughout the state space of the world, provides measurement and activity stories, and creates a plan, like a 

mapping from the agent’s principle state to its act set (Kim, 2023). The pursuit of the optimal strategy is 

computationally problematic in many challenges; therefore, optimal strategies are normally applied in (Kim, 

2023), or the group of rules to seek over is restricted as in (Zosimovych, 2023). Processes are usually operated 

on real-time functioning structures to fulfill fast real-time restrictions. 

The strategy planner also operates communication networks. Developed from an easy telemetry for data up and 

down link, the communication performs a crucial function in the real-time management of numerous drones in a 

dynamic environment as a closely coordinated, distributed interacted intelligence. Furthermore, it is necessary to 

obtain a high-ranking quality-of-service wireless communication system with negligible expectancy, in the spirit 

of ambient noise or signal blocking for secure action. 
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Ultimately, the drone is ordered to go to the planned spots that are processed using the decision-making procedure. 

In acting so, the smart UAS ought to be capable of independently driving itself beyond the reference routes or 

waypoints. Each drone platform is supplied with alleviating controllers. Special action-detection management 

appears at an extremely rapid level in charge to survive with possibilities, such as revealing and prevention of 

collisions (Zosimovych, 2023, Zosimovych, 2024).   

1. Methodology 

1.1. Drone Onboard Platform 

Modern smart UAS is firmly integrated by mechanical and electronic modules, involving an airframe, navigation 

sensors, processors, batteries, and extra onboard sensors, targeted at implementing autonomous responsibilities 

through nominal interference by a remote human operative. Bayraktar DİHA TRD is made on off-the-shelf 

remote-controlled drones of numerous ranges and loads. The onboard modules are classified into the following 

pursuits: 1) flight control onboard computer; 2) navigational sensors; 3) communication unit, and 4) onboard 

power structure (Fig. 5) (Vertical, 2023, Kim, 2003, Zosimovych, 2023, Zosimovych, 2024). 

 

 
Fig. 5. Bayraktar DİHA platform architecture  

The onboard flight computer is fundamental to the guidance, navigation, and control of the host drone. It is 

concerned with real-time UAS control, sensor integration, and inter-agent communication. The flight 

management software system is executed in the real-time operating system. The input to the servo control system 

is processed at 50 Hz using the flight control algorithms (Kim, 2003, Zosimovych, 2024). 
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The navigation system is made over INS and GPS. INS delivers position, velocity, attitude angles and levels at 

an arbitrarily high rate. A weakness of INS is the boundless fault that develops quickly over time. This can be 

successfully adjusted by an outward locate sensor such as a GPS. Due to the matching features of INS and GPS, 

a grouping of these sensors has enhanced the universal arrangement for modern UAS. To obtain the setting-

specific information such as the relative distance from the ground or nearby objects, laser range detectors, 

ultrasonic sensors, and vision sensors are also used (Virtual, 2024). 

Bayraktar DİHA TRDs are furnished with an onboard vision handling unit (VHU) and a camera boarded on a tilt 

platform. The VHU path indicators of the specific model and approximate the virtual flow among the camera and 

the object. For independent take-off and landing, a vision-created sensing algorithm estimates the comparative 

space and slope angles to the indicator on the landing site. The VHU approximate is adapted with navigation data 

starting the onboard computer through a sequential tie (Zosimovych, 2023). 

Wireless network is employed to realize the remote availability and connectivity amongst numerous agents. The 

communication stream on the communication connection is labeled in a regulated communication arrangement, 

which allows the interoperability of airborne and ground-created agents (Kim, 2003, Zosimovych, 2024). 

1.1. Drone Dynamics 

A TRD is a kindly nonlinear multi-input multi-output (MIMO) system, which is revealed to have a critical 

disorder such as its peculiar rotor wake and wind gusts. The modeling of the smart UAS merits a dedicated 

exposure and the complete details of the active simulations, beginning which the suggested control rules are 

constructed, is observed in (Zosimovych, 2023). 

The total dynamics of a TRD are modeled as a set of nonlinear differential equations, which is split into the 

kinematics (1st two equations) and the system dynamics (the last one) (Kim, 2003, Zosimovych, 2024): 

[�̇�𝑆, �̇�𝑆, �̇�𝑆]𝑇 = 𝑅𝐵→𝑆[�̇�𝐵 , �̇�𝐵, �̇�𝐵]𝑇 ,                                                                                                                        (1) 

𝑑

𝑑𝑡
[
ϕ
Ɵ
𝜓
] = [

1 𝑠𝑖𝑛ϕtanƟ 𝑐𝑜𝑠ϕtanƟ
0 𝑐𝑜𝑠ϕ −𝑠𝑖𝑛ϕ
0 𝑠𝑖𝑛ϕcosƟ 𝑐𝑜𝑠ϕcosƟ

],                                                                                                                   (2) 

�̇�𝐷(𝑡) = 𝑓𝑐(𝑥
𝐷(𝑡), 𝑢(𝑡)),                                                                                                                                         (3) 

Where; 

𝑥 = [𝑥𝐾 , 𝑥𝐷]𝑇 ∈ 𝑅𝑛𝑥 ,     

𝑥𝐾 = [𝑥𝑆 , 𝑦𝑆, 𝑧𝑆, ϕ, Ɵ, 𝜓]𝑇 

𝑥𝐷 = [𝑢, 𝑣, 𝑤, 𝑝, 𝑞, 𝑟, 𝑎1𝑠, 𝑏1𝑠, 𝑟𝑓𝑏]
𝑇
, 

𝑢 = [𝑢𝑎1𝑠, 𝑢𝑏1𝑠, 𝑢Ɵ𝑀 , 𝑢𝑟𝑟𝑒𝑓]
𝑇

∈ 𝑅𝑛𝑥 .                                                                                                           

At this point, S and B indicate 3-D and body coordinates. �̇�𝐵 , �̇�𝐵, and �̇�𝐵 𝑢, 𝑣 and 𝑤 correspondingly, will be 

treated for notational ease) designate velocity regarding the body-coordinate framework. ϕ, Ɵ, and 𝜓 mean roll, 

pitch, and yaw, and 𝑝, 𝑞 and 𝑟 are their rates, respectively (Zosimovych, 2023). 

The factors 𝑎1𝑠 and 𝑏1𝑠 are longitudinal and lateral flap angles, and 𝑟𝑓𝑏 is the feedback gyro system state (Pessoa, 

2017). The dynamic model, as in Eq. (3), has four enters. 𝑢𝑎1𝑠 and 𝑢𝑏1𝑠 control lateral and longitudinal repeated 

pitch, correspondingly. The cyclic pitch changes the original pitch of every rotor blade throughout a cycle to vary 

the trend of the thrust vector. 𝑢Ɵ𝑀 is the servosystem response for the main rotor cooperative pitch. The 

cooperative control changes the pitch of all blades and thus variations the magnitude of the thrust direction. 𝑢𝑟𝑟𝑒𝑓  

controls the amount and direction of the rear rotor thrust, which counters the anti-torque of the front rotor and 
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thus controls the heading angle. Anticipated to the intricacy and ambiguity essential to aerodynamic orders, the 

dynamic simulation was recognized by using a parametric recognition procedure to a set of test flight statistics. 

The test data were put on the frequency-curving signals to the instrumented TRD in the longitudinal, lateral, pitch 

and yaw paths in turn, whilst providing the drone’s general stability. The UAV reaction is determined by the 

navigation sensors and transferred to the base station through a wireless link. The verified extent is prepared and 

then treated by the forecast error technique, a time-domain parametric identification approach (Kayton, 2006). 

The following model for the last equation (Eq. (3) is a lined time-invariant structure with the conditions and 

responses described below. Fig. 6 matches the state variables expected by the recognized model, which confirms 

an adequate match with the real mission data (Zosimovych, 2023, Zosimovych, 2024). 

 
Fig. 6. Identification simulation: data (solid) vs. prediction by the identified model (dotted) during 20 s 

experiments 

1.2. Drone Stabilization and Tracking 

In the primary approximate, multiple single-input, single-output (SISO) control loops are aimed across the four 

inputs of longitudinal / lateral cyclical pitches and main / tail cooperative pitches (Kim, 2003). This consider has 

evident benefits in conditions of an easier configuration, basic design practice, and low processing capacity. On 

the other hand, it does not present a methodical approach to describe for improbability, disturbance, and 

dispersion. Furthermore, it has extremely restricted implies to alleviate the coupling among passages. 

The suggested controller contains three loops (Virtual, 2021, Zosimovych, 2024): 1) deepest attitude controller, 

2) mid-loop linear velocity controller, and 3) the outer loop attitude controller (Fig. 7). 
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Fig. 7. Controller architecture  

The attitude controller supplies reverse only the difference of the roll and pitch angles from the reduced situation 

(nonzero angle wanted to conserve a stability), not the noisy angular rates p and q measured by rate gyros. This 

methodology produces a controller that is easier and more resistant to mechanical vibration. The suitable angular 

feedback gains for the roll and pitch channels are established to take appropriate reaction speed and damping ratio 

(Kim, 2003, Zosimovych, 2024). 

The translational velocity dynamics of small TRDs are unstable through the attitude response only. They must 

become stable using the velocity response, which is established by an arrangement of the root position and step 

response procedures (Kim, 2003). 

For hover control, the position control circles in all 3 (x-, y-, and z) axes are included on the important of the 

linear velocity and attitude response. The position control includes domestic coordinate conversion to reward the 

heading adjustment. The position gains are located by using the related techniques explained over the extended 

TRD dynamics using velocity and attitude response. Lastly, whole acts are combined to remove steady-state faults 

and reduce disparity (Kim, 2003). 

The vertical and heading dynamics are naturally steady exactly to the interface between the inflow and the induced 

lift. The vertical reaction is advanced by synthetic dampening via the destructive velocity reaction. For yaw 

tracing, the route fault and its integral are consumed back on top of the integral gyro system (Zosimovych, 2024). 

In brief, the multi-loop PID control law is assumed as the subsequent regular equation (Kim, 2003): 

(

 
 

𝑢𝑎1𝑠 = −𝐾𝜙𝜙 − 𝐾𝜗𝜗 − 𝐾𝑦𝑒𝑦𝑠 − 𝐾𝐼𝑦 ∫ 𝑒𝑦𝑠𝑑𝑡,

𝑢𝑏1𝑠 = −𝐾ƟƟ − 𝐾𝑢𝑢 − 𝐾𝑥𝑒𝑥𝑠 − 𝐾𝐼𝑥 ∫ 𝑒𝑥𝑠𝑑𝑡,

𝑢Ɵ𝑀 = −𝐾𝑤𝑤 − 𝐾𝑧𝑒𝑧𝑠 − 𝐾𝐼𝑧 ∫ 𝑒𝑧𝑠𝑑𝑡,

𝑢𝑟𝑟𝑒𝑓 = −𝐾𝛹𝛹 − 𝐾𝐼𝛹 ∫ 𝑒𝛹𝑑𝑡, )

 
 

                                                                                               (4) 

where 𝑒𝑥𝑠, 𝑒𝑦𝑠, and 𝑒𝑧𝑠 indicate the position error, and 𝑒𝛹 indicates the leading error.  
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Fig. 8. Some experimental results of autonomous hovering  

Figure 8 shows the experimental result of the hovering controller tested on the Tilt-Rotor Bayraktar DİHA 

Unmanned Aerial Vehicle (Turkey) (Vertical, 2023). The RUAV proved a steady and precise control reply 

through (±0.2; ±0.3; ±0.2 m; ±1.10) correctness in (x; y; z; ψ)-axis. Roll, pitch, and translational velocity in the x 

and y paths are controlled very well and completely (Zosimovych, 2024). 

1.3. Nonlinear Predictive Controller 

Earlier, we have shown that the conventional multi-loop control makes a rational fit. To advance the following 

presentation for composite routes by considering the nonlinear features, link between modes, and input/state 

capacity, we similarly reflect a nonlinear model prognostic controller as a chasing deposit. 

For each model time, a nonlinear predictive controller calculates a determinate control arrangement, which 

reduces a cost function, naturally a weighted quadratic sum of positions and inputs completed a finite distance. 

We used a discretized core model obtained from a partly nonlinear continuous time model (with nonlinear force 

footings and complete nonlinear kinematic equations) (Kim, 2003). 

As in (Kim, 2003) for the inner model, Eq. (2) is discretized to 

𝑥𝑘+1 = 𝑓(𝑥𝑘, 𝑢𝑘) ≜ 𝑓𝑑(𝑥𝑘) + 𝐵𝑑𝑢𝑘,   

𝑓𝑑(𝑥𝑘) ≜ 𝑥𝑘 + 𝑇𝑠𝑓𝑐(𝑥𝑘), 

𝐵𝑑 ≜ 𝑇𝑠𝐵𝑐,                                                                                                                                                              (5) 

where 𝑇𝑠 is the sample time. For chasing, we describe a cost function as in (Kim, 2003): 

𝐽 = 𝜙(�̃�𝑁) + ∑ 𝐿(𝑥𝑘, �̃�𝑘, 𝑢𝑘),
𝑁−1
𝑘=0                                                                                                                            (6) 
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𝜙(�̃�𝑁) ≜
1

2
�̃�𝑁
𝑇𝑃0�̃�𝑁,                                                                                                                                                 (7) 

𝐿(𝑥𝑘, �̃�𝑘, 𝑢𝑘) ≜
1

2
�̃�𝐾
𝑇𝑄�̃�𝑘 +

1

2
𝑥𝑘
𝑇𝑆𝑥𝑘 +

1

2
𝑢𝑘
𝑇𝑅𝑢𝑘 ,                                                                                                    (8) 

where  �̃� ≜ 𝑦𝑑 − 𝑦, 𝑦 = 𝐶𝑥 + 𝑅
𝑛𝑦 ,  𝑦𝑑 is the desired trajectory, and S is offered to confident the state variables 

that do not conventional seem in y. By offering an order of Lagrange multiplier vectors  {λ𝑘 ∈ 𝑅
𝑛𝑥}𝑘=1

𝑁 , as like 

in (Kim, 2003): 

𝐽 = 𝜙(�̃�𝑁) + ∑ 𝐿(𝑥𝑘, �̃�𝑘, 𝑢𝑘),
𝑁−1
𝑘=0 + λ𝑘+1

𝑇 [𝑓(𝑥𝑘, 𝑢𝑘) − 𝑥𝑘+1].                                                                               (9) 

By defining the Hamiltonian function as  

𝐻𝑘 = 𝐿(𝑥𝑘, �̃�𝑘, 𝑢𝑘) + λ𝑘+1
𝑇 𝑓(𝑥𝑘, 𝑢𝑘).                                                                                                                        (10) 

In this case, Eq. (6) can be represented as in (Kim, 2003): 

𝐽 = 𝜙(𝑥𝑁) − λ𝑁
𝑇 𝑥𝑁 +∑ [𝐻𝑘 − λ𝑁

𝑇 𝑥𝑁𝑘] + 𝐻0
𝑁−1
𝑘=1 .                                                                                                        (11) 

Meanwhile, we need to selected {𝑢𝑘}0
𝑁−1 that reduces 𝐽, we take a look at the expression for as in (Kim, 2003): 

          𝐽 = [
𝜕ϕ

𝜕𝑥𝑁
− λ𝑁

𝑇

𝑘

] 𝑑𝑥𝑁 +
𝜕𝐻0
𝜕𝑥0

𝑑𝑥0 +
𝜕𝐻𝑘
𝜕�̃�0

𝑑�̃�0 +
𝜕𝐻𝑘
𝜕𝑢0

𝑑𝑢0 + 

           +∑ [{
𝜕𝐻𝑘
𝜕𝑥𝑘

− λ𝑘
𝑇} 𝑑𝑥𝑘 +

𝜕𝐻𝑘
𝜕�̃�𝑘

𝑑�̃�𝑘 +
𝜕𝐻𝑘
𝜕𝑢𝑘

𝑑𝑢𝑘]

𝑁−1

𝑘=1

 

Picking 

          λ𝑁
𝑇 =

𝜕ϕ

𝜕𝑥𝑁
− �̃�𝑁

𝑇𝑃0𝐶,                                                                                                                                           (12) 

λ𝑘
𝑇 = +

𝜕𝐻𝑘

𝜕�̃�𝑘

𝜕�̃�𝑘

𝜕𝑥𝑘
= x𝑘

𝑇𝑆 + λ𝑘+1
𝑇 𝜕𝑓𝑘

𝜕𝑥𝑘
− �̃�𝑇𝑄𝐶                                                                                                                   (13) 

yields 

∑
𝜕𝐻𝑘

𝜕𝑥𝑘

𝑁−1
𝑘=1 𝑑𝑢𝑘 + λ0

𝑇𝑑𝑥0                                                                                                                                                   (14) 

and 
𝜕𝐻𝑘

𝜕𝑥𝑘
= u𝑘

𝑇𝑅 + λ𝑘+1
𝑇 𝜕𝑓𝑘

𝜕𝑢𝑘
.                                                                                                                                                 (15) 

With a primary rate of the input arrangement {𝑢𝑘}0
𝑁−1 gained using a nonlinear predictive controller and an 

assumed 𝑥0, {𝑥𝑘}1
𝑁 are first calculated using Eq. (5). Then, for 𝑘 = 𝑁,… ,1, λ𝑘 are calculated recursively using 

Eqs. (12)-(13), and for 𝑘 = 𝑁,… ,1, λ𝑘,
𝜕𝐻𝑘

𝜕𝑢𝑘
 are calculated using Eq. (15) and used for the gradient descent. By 

setting 𝑢𝑘 at the opening of the optimization, the iteration counts decrease meaningfully (Kim, 2003). 

Through an original amount of the input series  {𝑢𝑘  
(0)
}
0

𝑁−1

 acquired via a nonlinear predictive controller and a 

known 𝑥0, {𝑥𝑘}1
𝑁 are initially calculated applying expression (5). However, for 𝑘 = 𝑁,… ,1, λ𝑘   are computed 

recursively using expressions (12) and (13), and for 𝑘 = 𝑁,… ,1, λ𝑘,
𝜕𝐻𝑘

𝜕𝑢𝑘
 are calculated with expression (15) and 

employed for the gradient incline. Via setting 𝑢𝑘 at the beginning of the optimization at every time step with the 

𝑢𝑘 of the previous time trial, the iteration counts decrease substantially. 

To permit more complex missions for intelligent autonomous TRDs, we have developed a multipurpose nonlinear 

controller that permits perfect hovering and precise trajectory tracking as well as waypoint navigation and moving 

target tracking. It takes as inputs mention trajectories (guidance system outputs) and state estimates (navigation 
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system outputs) and creates forces and torques that are needed to control the vehicle’s motion (Kendoul, 2009, 

Zosimovych, 2024).  

Our proposed goal is to design a 3D flight controller that achieves 

Well in practice first. This is accomplished by obtaining a mathematical model for smart TRD dynamics and 

developing its structural elements to convert it into two cascaded subsystems coupled by a nonlinear 

interconnection expression. A partial passivation purpose has been used to create control laws for each subsystem, 

so developing in a hierarchical and nonlinear inner–outer-loop controller. The inner loop with fast dynamics 

operates attitude tracking and creates the necessary torques. The outer loop with gradual dynamics is used to 

produce the thrust and the orientation angles required to follow a commanded translational trajectory. The 

asymptotic stability of the entire connected system is confirmed by the theories of systems in a cascade. The 

resultant nonlinear controller is therefore simple to employ and easy to tune, and it results in suitable flight 

performance (Kendoul, 2009, Zosimovych, 2024). 

Let {e1, e2, e3} represent unit vectors along the respective inertial axes and {xb, yb, zb} symbolize unit vectors 

along the respective body axes. 

In the presented study, the dynamical model considered for the control design 

and that can represent various TRD configurations including the quadrator helicopter is given by 

𝑚ξ̈ = −u𝑅(η)𝑒3 +mg𝑒3, 

𝑀(η)η̈ + 𝐶(η, η̇)η̇ = (η)𝑇τ.                                                                                                                                              (16) 

The controller enterprise for nonlinear systems focuses on robust link bids with practical meaning and theoretical 

trials. In this research, the control design for medium-size smart TRDs is addressed in the next steps (Kendoul, 

2009): 

1. Uncouple the translational and attitude dynamics by converting the nonlinear model (16) into two linear 

subsystems coupled by a nonlinear interconnection term. 

2. Create two independent controllers for the translation and rotation subsystems. 

3. Verify the asymptotic stability of the complete-linked closed-loop system using cascaded system models. 

Since the attitude dynamics in Eq. (16) is a completely actuated mechanical structure for θ ≠ kπ/2, then it is precise 

feedback linearizable. In detail, by applying the change of variables [16]: 

τ = 𝐽ψ(η)τ̃ + Ф𝑇C(η, η̇)η̇,                                                                                                                                             (17) 

and we obtain a 3D double integrator where τ̃ is a new control input. Therefore, the dynamics of the TRD in Eq. 

(16) converts into the next 

ẍ = −
1

𝑚
𝑢(cosϕsinθcosψ + sinϕsinψ),ϕ =̈ τ̃ϕ,

ÿ = −
1

𝑚
𝑢(cosϕsinθsinψ − sinϕcosψ), θ =̈ τ̃θ,

z̈ = −
1

𝑚
𝑢cosθcosϕ + g, ψ =̈ τ̃ψ

                                                                                                          (18) 

Our idea here is to suggest a multipurpose controller that can accomplish autonomous stabilization of the drone 

but also precise trajectory tracking for as position as attitude. These skills are needed to achieve several practical 

applications. 

4. Results and Discussion 

To estimate the performance of our test TRD, we presented real-time flight tests with numerous mission settings. 

Now, we present some test results from six flight tests that reveal the autonomous abilities of a test TRD, including 
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correct attitude tracking, automatic take-off and landing, long-distance flight, waypoint navigation, trajectory 

tracking, and vision-based flight (Kendoul, 2009, Zosimovych, 2024). The objective of these flight tests is to 

show that the developed drone, equipped with the designed autopilot, can autonomously realize the search and 

rescue mission described earlier. 

In the attitude trajectory tracking flight test, we managed the attitude flight control to study the efficiency and 

robustness of the inner loop nonlinear controller. For reliable estimation of the attitude controller execution, an 

outdoor test was executed in which reference trajectories were generated in the following manner: 

1. During 0 and 30 s, preprogrammed sinusoidal paths were created with a 0.5-Hz frequency and a time-varying 

magnitude. The pitch angle magnitude increases from 0 to 45 deg and the roll angle magnitude is set to 0 deg (0–

20 s), then to 30 deg (20–20 s), and finally to 0 deg (20 s). 

2. Between 20 and 120 s, the reference trajectories are delivered by the operator via the RC transmitter 

(semiautonomous control), such that the induced forward velocities are relatively high-level (about 4 m/s). 

The attitude control effects are displayed in Fig. 6, where you can see the TRD precisely tracking the reference 

commands. Resulting tracking was gained even at comparatively large and quickly varying angles. Moreover, the 

controller manages to link between the pitch and roll axes even when the angles are large enough. 

The nonlinear predictive controller allowing by next Eq.: 

𝑢 = 𝑚‖µ(χ, ξ̈𝑑) − g𝑒3‖ = 𝑚‖−𝐾χχ + ξ̈𝑑 − g𝑒3‖, 

τ = 𝐽ψ(η)τ̃ + Ф𝑇C(η, η̇)η̇ = 𝐽ψ(η)(−𝐾𝑒𝑒 + η̈𝑑) + Ф
𝑇C(η, η̇)η̇.                                                                             (19) 

and we find that a 3D is applied in flight tests to realize automatic take-off, precise hovering, and precise 

intelligent autoloading (Kendoul, 2009). The trial results, established in Fig. 8, show the correct tracking of the 

height reference command, yielding to the actual altitude control and automatic take-off and landing. The smart 

TRD also succeeded in a stable hovering flight and could stay within a 0.5-m-radius circle. The horizontal 

movement is also truly controlled in take-off and landing movements with fewer than 1-m error, which is a good 

performance for this scale drone flying subject to external instability such as wind. 

The goals of this flight test were to do the next: 

1. Show the ability of our smart TRD to fly autonomously until the area of activity, placed at about 1 km from 

the launching point. 

2. Confirm the quality and range of the wireless communication and the video transmission. 

The drone was thus tasked to reach an autonomous forward flight at a translational velocity of 4.0 m/s while 

transferring images to the GCS. 

During flight tests, we obtained results, which shows that the velocity and attitude reference trajectories are well 

tracked. The position trajectories show that the TRD flew a relatively long distance autonomously, which is about 

2.0 km (√𝑥2 + 𝑦2). When the smart TRD reached the checks of the fly region, the safety pilot turned to manual 

flight and retrieved the drone. The test also indicated that the range of the wi-fi wireless communication was about 

500 m; however, the condition of the video transmission was acceptable up to 1,000 m. In those tests, the safety 

technique associated with communication lost was disabled, thus allowing the test drone to continue the mission 

completing even when the communication link was lost. 

Furthermore, now, we show the capability of the tested system to complete precise waypoint navigation and to 

execute hovering and automatic intelligent take-off and landing. In those flight tests, a set of four waypoints were 

selected by simply clicking the desired locations on the two-dimensional (2D) map. The TRD should then pass 
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the transferred waypoints in each series. These flight tests reproduce a reconnaissance mission in which the drone 

is tasked to fly some object areas for the information set. 

The automatic intelligent take-off and landing abilities were also proved in the flight tests with perfect altitude 

control even at the relatively high horizontal speeds of 6 m/s. It is remarkable, however, to note that altitude 

control is more precise at low forward speeds with about 0.5-m squared error. The thrust variation produced by 

different angles of attack at varying forward speeds and wind conditions produces a disturbance that forces the 

drone above the reference height. 

During those fly test, the controller takes some time to reject the instability as a result of the time gap in thrust. 

The concert of the autopilot for intelligent trajectory tracking is a crucial assessment. The last goal of the drone 

is to achieve autonomous search, rescue, and observation tasks. Hence, the trajectory tracking ability is extremely 

useful since a spiral trajectory following, allows the experimental smart TRD to explore some spot of activity. 

Moreover, exact trajectory tracking is essential for accurate movements in covered conditions to avoid obstacles. 

In those flight tests, a spiral curve was implemented to demonstrate the tracking performance of the nonlinear 

controller. The reference trajectory was generated using a kinematic model of a modified Archimedean spiral to 

obtain a spiral with a constant separation distance (10 m) between successive turnings and a constant tangential 

speed (2.5 m/s). 

A probable nonlinear control method to control the hover drive is the feedback loop linearization technique [6], 

in which the nonlinear components are void (or have their effects tremendously reduced) over the feedback loop 

of a sufficiently selected control law. An ideal control law would build the following system with a proportional 

control. Counting the examined system: 

V
→̇= 𝐹1 (

𝑋
→) + ℎ2 (

𝑈
→),                                                                                                                                                    (20) 

Ω
→̇= 𝑓3 (

𝑋
→) + ℎ4 (

𝑈
→).                                                                                                                                                    (21) 

The first derivative of the conditions regarding time would be obtained by the resulting mathematical term: 

X
→̇= 𝑓3 (

𝑋
→) +

[
 
 
 
 
 
∫
V
→̇

V
→̇

∫
Ω
→̇

Ω
→̇ ]
 
 
 
 
 

.                                                                                                                                                             (22) 

Agree to 
𝑈∗
→ ̇ occur an ideal control law that would product in (Kendoul, 2009): 

V
→̇= 𝐹1 (

𝑋
→) + ℎ2 (

𝑈∗
→ ) ≅ −𝐾

𝑋
→+ 𝐹1 (

𝑋
→) ≅ −𝐾1 (

𝑋
→) +𝑤𝑣,                                                                                          (23) 

Ω
→̇= 𝑓3 (

𝑋
→) + ℎ4 (

𝑈∗
→ ) ≅ −𝐾

𝑋
→+ 𝑓3 (

𝑋
→) ≅ −𝐾2 (

𝑋
→) + 𝑤𝛺.                                                                                           (24) 

Here 𝑤𝑣 and 𝑤𝛺 are nonlinear noises and disturbances affecting the system. If possible, the noise and disturbances 

should be such that (Kendoul, 2009): 

|−𝐾
𝑋
→| ≫ 𝑤𝑣,                                                                                                                                                                       (25) 

|−𝐾
𝑋
→| ≫ 𝑤𝛺.                                                                                                                                                                     (26) 

Thinking of the next two equations from (Kendoul, 2009): 
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ℎ2 (
𝑈∗
→ ) =

𝐹
→
𝑝𝑟𝑜𝑝

(
𝑈
→)

𝑚
,                                                                                                                                                           (27) 

ℎ4 (
𝑈∗
→ ) = 𝐽−1 [

𝑀
→
𝑝𝑟𝑜𝑝

(
𝑈
→) +

𝑀
→
𝑔𝑦𝑟𝑜

(
𝑈
→)].                                                                                                                      (28) 

After expending both equations above and presumed for the hover movement that the drone has both propellers 

in the vertical position, that is, with zero tilt. These assumptions reduce all previous equations to the next: 

{

𝛿𝑙𝑝 = 𝛿𝑟𝑝 = 0

cos (0)
sin (0)

,                                                                                                                                                                  (29) 

ℎ2 (
𝑈
→) =

1

𝑚
[
0 0 0
0 0 0
−1 −1 −1

] [

𝑠𝑔𝑛(𝜔𝑙𝑝)𝑘𝑙𝑝𝜔𝑙𝑝
2

𝑠𝑔𝑛(𝜔𝑟𝑝)𝑘𝑟𝑝𝜔𝑟𝑝
2

𝑠𝑔𝑛(𝜔𝑏𝑝)𝑘𝑏𝑝𝜔𝑏𝑝
2

],                                                                                             (30) 

 ℎ4 (
𝑈
→) = 𝐽−1

[
 
 
 
 

[

𝐽𝑥𝑥 𝐽𝑥𝑥 0
𝐽𝑦𝑥 𝐽𝑦𝑥 0

𝐽𝑧𝑥 𝐽𝑧𝑥 0
] [

𝑠𝑔𝑛(𝜔𝑙𝑝)𝑘𝑙𝑝𝜔𝑙𝑝
2

𝑠𝑔𝑛(𝜔𝑟𝑝)𝑘𝑟𝑝𝜔𝑟𝑝
2

𝑠𝑔𝑛(𝜔𝑏𝑝)𝑘𝑏𝑝𝜔𝑏𝑝
2

]

]
 
 
 
 

+ 

                         𝐽−1 [[

−𝑦𝑐𝑚→𝑙𝑝 −𝑦𝑐𝑚→𝑟𝑝 −𝑦𝑐𝑚→𝑏𝑝
𝑥𝑐𝑚→𝑙𝑝 𝑥𝑐𝑚→𝑟𝑝 𝑥𝑐𝑚→𝑏𝑝
0 0 0

]] [

𝑠𝑔𝑛(𝜔𝑙𝑝)𝑘𝑙𝑝𝜔𝑙𝑝
2

𝑠𝑔𝑛(𝜔𝑟𝑝)𝑘𝑟𝑝𝜔𝑟𝑝
2

𝑠𝑔𝑛(𝜔𝑏𝑝)𝑘𝑏𝑝𝜔𝑏𝑝
2

].                                                  (31) 

Deciding as a primary model for the control law: 

𝑈
→ =

[
 
 
 
 
 √
𝜔𝑙𝑝

√𝜔𝑟𝑝

√𝜔𝑏𝑝
0
0 ]
 
 
 
 
 

− 𝐾
𝑋
→,                                                                                                                                                       (32) 

ℎ2 (
𝑈
→) =

1

𝑚
[
0 0 0
0 0 0
−1 −1 −1

] [

𝑠𝑔𝑛(𝜔𝑙𝑝)𝑘𝑙𝑝𝜔𝑙𝑝
𝑠𝑔𝑛(𝜔𝑟𝑝)𝑘𝑟𝑝𝜔𝑟𝑝
𝑠𝑔𝑛(𝜔𝑏𝑝)𝑘𝑏𝑝𝜔𝑏𝑝

],                                                                                                      (33) 

ℎ4 (
𝑈
→) = 𝐽−1 [[

𝐽𝑥𝑥 𝐽𝑥𝑥 0
𝐽𝑦𝑥 𝐽𝑦𝑥 0

𝐽𝑧𝑥 𝐽𝑧𝑥 0
] [

𝑠𝑔𝑛(𝜔𝑙𝑝)𝑘𝑙𝑝𝜔𝑙𝑝
𝑠𝑔𝑛(𝜔𝑟𝑝)𝑘𝑟𝑝𝜔𝑟𝑝
𝑠𝑔𝑛(𝜔𝑏𝑝)𝑘𝑏𝑝𝜔𝑏𝑝

]] + 

                         𝐽−1 [[

−𝑦𝑐𝑚→𝑙𝑝 −𝑦𝑐𝑚→𝑟𝑝 𝑦𝑐𝑚→𝑏𝑝
𝑥𝑐𝑚→𝑙𝑝 𝑥𝑐𝑚→𝑟𝑝 −𝑥𝑐𝑚→𝑏𝑝
0 0 0

]] [

𝑠𝑔𝑛(𝜔𝑙𝑝)𝑘𝑙𝑝𝜔𝑙𝑝
𝑠𝑔𝑛(𝜔𝑟𝑝)𝑘𝑟𝑝𝜔𝑟𝑝
𝑠𝑔𝑛(𝜔𝑏𝑝)𝑘𝑏𝑝𝜔𝑏𝑝

].                                                             (34) 

This proposition for a potential control law even so not pass to stabilize the system because MATLAB’s function 

‘place’ and ‘dlqr’ here unable to find correct gain matrices K. This indicates that a more robust and complicated 

control procedure is essential. A different opportunity to study is the further use of linearization, incorporating 

the linearization of the input. By employing the Taylor series to the description of the rotor force, it is feasible to 
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convert it into a piecewise equation, such that, created a specific boundary, it is linear inside that boundary 

(Kendoul, 2009): 

{
 
 

 
 𝐹rot(

𝜔rot
→  )|

𝜔∗
→ 

≅ 𝛼 + 𝛽(
𝜔rot
→  − 𝜔∗⃗⃗ ⃗⃗  )

𝛼 = 𝑘rot𝜔∗⃗⃗ ⃗⃗  
2

𝛽 = 2𝑘rot𝜔∗⃗⃗ ⃗⃗  

.                                                                                                                       (35) 

The alternative does not resolve; however, the nonlinearities raise the tilting of the rotors and the combination of 

the states. An unconventional potential key is to realize a rolling-mode output-feedback linearization as offered 

on (Bartolini, 2012). However, that publication does not cover some essential parts such as strategies to specify 

a sufficient tilting manifold. 

Conclusion and Future Work 

Even though there have been upright samples of autonomous control of tilt-rotor drone and obtained results 

represent substantial innovations for autonomous intelligent drones: 

1. From a control system viewpoint, we have designed a hierarchical model-based nonlinear controller that has 

the following benefits: 

• it believes in system nonlinearities and links while guaranteeing the asymptotic stability of the closed-loop 

system; 

• it is a versatile controller that can supervise various flight modes such as hovering, flying forward, flying 

sideward, takeoff and landing, and trajectory tracking;  

• it is simple to apply and easy to tune online even when the plant factors are not well identified. 

4. We have carefully chosen lightweight avionics components that fit the partial payload of miniature 

intelligent drones, and we have designed an embedded real-time architecture that contains navigation sensors, 

GPS, pressure sensor (PS), mission sensors (camera), a flight control computer (FCC), and a WI-FI 

communication module. In contrast to other tests reported in the literature, we do not trust any precise IMU or 

GPS whose costs and weights are considerably higher. We believe that the cost decrease will yield a significant 

speedup of the use of drones for civilian applications. 

5. From a drone system integration perspective, we have settled and employed guidance, navigation, and 

vision algorithms that present advanced autonomous behaviors to tilt-rotor drones (TRD) that weigh up to 200 

kg. 

6. From an experimental perspective, we performed several flight tests in outdoor and natural environments 

using a smart TRD. The drone, equipped with the developed autopilot, has undergone an extensive program of 

flight tests, resulting in various autonomous flight behaviors (automatic takeoff and landing, accurate hovering, 

long-distance flight, waypoint navigation, trajectory tracking, and vision-based target tracking).  

7. The next recommended stage would be the application of robust control laws and methods such as adaptive 

control, feedback stabilization, sliding mode control, and extremum seeking control by the detached of the 

supervisory system without additional simplifications and specific expectations.   

8. It is evident that the proposed model needs advanced control methods, numerous of which are new to the 

field of control and intelligent automation. The absence of acceptable mathematical models for this UAS concept 

validates the perception that this type of drone is at rest an object to to control, expecting advances and findings 

of new AI control systems.  
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