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Abstract

:

The Vertical Take-Off and Landing (VTOL) system is a multi-variable system subjected to harsh weather conditions, which creates challenges in proving the stability of the system before takeoff, which is essential for a flight dynamics system. The presented research work is based on the experimental results of the VTOL system to investigate and prove the stability using Lyapunov theory. This is achieved by tracking the pitch along the x-axis using cascaded control and integral super twisting sliding mode control (ISTSMC) algorithms. The motor current of the propeller assembly is regulated based on proportional integral (PI) and proportional integral derivative (PID) controllers. The cascaded control shows the maximum tracking error due to high-frequency fluctuations in the controller input signal, which lead to expensive mechanical losses for the actuators. The comparison of the results shows that ISTSMC outperforms the cascaded control strategy by reducing the tracking error to less than 1% percent and reducing the high-frequency fluctuations in the controller input signal. The hardware results show a minor delay in the transient response during vertical takeoff due to the inertia of the system and the tracking error due to air friction, etc., of the external environment, compared to the simulation results obtained in MATLAB.
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1. Introduction


The investigation of the applications of UAVs in the last few decades has increased tremendously, particularly regarding the monitoring of pests in the agriculture sector, security surveillance to monitor the borders to reduce smuggling, the tracking of theft in densely populated areas, the recording of crime scenes in metropolitan cities, fire detection and monitoring in forestry, the shipping and home delivery of various products, the supervision and monitoring of political and religious gatherings, geographic mapping, hazardous gas detection, and monitoring using various sensors [1,2,3]. The growing demand for UAVs in the current technological era reflects the scientific community’s attention towards the control of its various dynamics. An accurate dynamics model of the autonomous aerial vehicle can be investigated using various control algorithms. It has been a challenging research area since the 1990s, based on a feedback control system for VTOL vehicles [4,5]. VTOL vehicles have fewer requirements than fixed-wing aircraft for take-off and landing. VTOL’s capability in aerial vehicles removes the need for a runway and provides flexibility to operate in any domain [6]. The VTOL aircraft system can be sectioned into two parts: the flight mode and VTOL mode. The flight mode can be operated using a six-servo motor configuration. The first two servo motors are operated for roll control, the second two are operated by a ruddervator, and the last two are connected with brushless motors to drive the propellers on the left and right sides of the ailerons [7].



The autopilot mode regulates the aircraft pitch that the flight crew can use to reduce the workload during cruising and assist the aircraft to land in adverse weather conditions. At the plane’s rear section, the horizontal stabilizer attached to the tail is applied to regulate the pitch. The degree of the pitch of an aircraft is maintained by changing the angle and balancing the vertical lift of the rear elevator [8,9]. One example of a VTOL UAV is based on a ducted air fan craft that uses two main propellers to generate vertical thrust to ensure the vertical takeoff ability. It works with vector thrust to control the system’s dynamics by directing the thrust using the set of control surfaces [10]. The VTOL aircraft is an under-actuated system having six degrees of freedom (6-DoF), including three for translation and three for rotation. Hua developed a general framework of position, altitude, and velocity control based on a backstepping control strategy [11]. They proposed a multistage idea developed through a series of simpler controllers including velocity control, thrust direction control, and position control. Many researchers have extended the idea with the two-stage design strategy, developed through an outer translational control loop assigning the thrust vector by treating the air vehicle as a point mass [12,13,14]. Similarly, the inner altitude control loop applies a torque input to fix the thrust vector to the desired axis, controlling the vehicle headings simultaneously. Furthermore, the later stage is designed based on a backstepping control strategy.



Multiple researchers have formulated various control strategies and investigated the various aspects of the VTOL system, including stability analysis and position tracking compensation for various disturbances due to the real environment in harsh weather conditions [15,16,17,18,19]. Stingu designed and developed a VTOL UAV system based on proportional derivative controllers to regulate hover stability [16]. In addition, a nonlinear control algorithm was proposed to mitigate the aircraft control problem using dynamic control and feedback linearization methods, and they applied the backstepping control strategy and sliding mode control scheme. Efe initiated a sliding mode controller to control quadrotor robots at low altitudes. They achieved the desired elevations using a hierarchical control system and dynamic model for the aircraft [20]. Similarly, a PD control method with linear feedback and dynamic inverter control was applied to evaluate numerous VTOL UAV flight controls [21,22,23]. To enhance the stability of the flight dynamics system model, a predicative current control method was investigated, which included the number of candidate vectors, reflecting the vector selection more accurately. The amplitude of the vector can also be adjusted while suppressing ripples [24,25,26]. A sliding mode controller is a robust control strategy that alters the dynamics of a nonlinear system while applying a discontinuous control input. The vital significance of the sliding mode controller is its finite time convergence, insensitivity to interference, and sensitivity to steady-state error [27]. To address disturbances with finite time convergence properties, the integral terminal sliding mode control strategy has played a significant role in various UAVs. The integral terminal sliding mode control along with backstepping control was developed for altitude and position control [28]. This study performs a comprehensive stability analysis of the QNET VTOL system with an experimental investigation in LabVIEW and MATLAB using various control strategies, including cascaded control (PI, PID) and the ISTSMC nonlinear control algorithm.



The first core objective of the presented research work is to identify the significance of the nonlinear robust control technique for flight dynamics systems, which is obligatory to verify the stability of the VTOL system before takeoff. The presented work strengthens the stability analysis of the VTOL system using Lyapunov theory, showing the finite time convergence of the ISTSMC strategy and insensitiveness to disturbances. Moreover, ISTSMC is more immune to parametric variations, referred to as model uncertainties and disturbances that affect the VTOL system in terms of air pressure and friction, etc.



The next objective of the presented research is to compare the performance of ISTSMC with the cascaded control strategy. Linear control techniques such as PID are also compared as a reference, but they lack analysis in terms of verifying the stability of the VTOL system. The open loop analysis of the VTOL system after deriving the transfer function considering the air pressure and temperature of the ambient environment is simulated in MATLAB and LabVIEW using an experimental hardware setup. The actuator model in QNET VTOL consists of a DC motor used to drive the propellers and is primarily operated through a PI controller to investigate the altitude of the system in terms of pitch (deg) along the horizontal axis. The PI controller shows reduced performance in terms of tracking the error of pitch (deg) with oscillating behavior, and it deviates from the equilibrium position. The proportional, integral, and derivative gain of the PID controller for the current system is calculated using the polynomial method for the third-order system. The simulation analysis based on PID for the VTOL system achieved in MATLAB shows better performance than the experimental results achieved using LabVIEW in terms of the tracking of pitch (deg), overshoot, rise time, and steady-state error.



The last objective of this paper is to perform the experimental analysis of the VTOL system. ISTSMC is applied to overcome the magnitude of the tracking error being observed using a cascaded control strategy in a steady-state condition. The results presented show that ISTSMC outperforms the cascaded control algorithm.



The rest of the paper is organized as follows. Section 2 describes the mathematical model of the VTOL system, the actuator model, and the inner loop controller for the motor current of a propeller. Section 3 presents the control scheme design using cascaded control and ISTSMC for the VTOL system. Section 4 discusses the simulation results based on PI, PID, and ISTSMC and investigates the hardware implementation results. Section 5 contains the discussion and Section 6 provides the conclusions.




2. Mathematical Model of VTOL Platform with PI Control


The diagram of the 1-DOF Quanser QNET 2.0 VTOL model is shown in Figure 1.



The VTOL system is a complete experimental setup used to investigate the dynamics of the aircraft along one axis (1 DOF), i.e., pitch. The propeller assembly acts as an actuator operated by a DC motor that provides uplift to the platform. The total length is divided into three segments, as shown in Figure 1, as     l   1    ,     l   2    , and     l   3    . The   θ   shows the angle of the platform and the horizontal axis will vary from     ± 0   °    . The various physical parameters of the VTOL system are described in Table 1.



The VTOL system is an electromechanical system, as shown in Figure 1. The thrust torque acting on the body,     τ   t    , is described in Equation (1) as


     τ   t   = J   θ  ¨  + B   θ  ˙    + K θ   



(1)







In Equation (1),   θ   is the pitch angle, and   J   is the moment of inertia, which can be calculated as in Equation (2).


  J =   ∑  i = 1   3    m   r   i   2      



(2)







Expanding Equation (2) to find the moment of inertia   J   for the VTOL system for   r = l   in Figure 1 yields Equation (3) as


  J =   m   1     l   1   2   +   m   2     l   2   2   +   m   3     l   3   2    



(3)







Placing the values of various parameters of the VTOL system into Equation (3) from Table 1 yields   J = 0.0045     k g m   2    . The DC motor that operates the propeller assembly is a well-known rotational mechanical machine, and the torque of the DC motor is a significant parameter, expressed as     τ   t   =   K   t     I   m    , where     K   t     is the thrust current torque constant measured in Nm/A. At the equilibrium position of the VTOL body along the horizontal axis,     K   t     I   e q   = g (   m   1     l   1   −   m   2     l   2   +   m   3     l   3   )   for   θ = 0 °  . Thus,     K   t   =     g ( m   1     l   1   −   m   2     l   2   +   m   3     l   3 )       I   e q      . At equilibrium, the value of     I   e q   = 0.20 A  . By simplifying and placing the values of various parameters in Equation (1), we have


  P   s   =   θ   s       I   m     s     =   34.711   (   s   2   + 0.44 s + 4.706 )    



(4)







The general model of the second-order system is described as


  G   s   =   K   ω   n   2       s   2   + 2 ζ   ω   n   s +   ω   n   2      



(5)







2.1. General Case for a Second-Order System


In a second-order system, if ζ < 0, the system is under-damped and the poles are a complex conjugate pair as     s   1   ,   s   2   = − ζ   ω   n   ± j   ω   n    1 −   ζ   2     .



Solving Equations (4) and (5) for the given VTOL system, we find that   ζ = 0.1  , which shows that the system is in an under-damped condition.



The performance parameters of the open-loop VTOL system are provided in the following Table 2.




2.2. Actuator Model of VTOL System


The actuator of the VTOL system is based on a DC motor used to operate the fan, which provides the uplift to the system. The following differential Equation (6) describes the actuator’s mathematical model of the system.


    L   m     d   i   m     d t   +   R   m     i   m   =   V   m    



(6)







    L   m     is the motor inductance,     R   m     is the resistance of the motor,     V   m     is the applied voltage to the motor, and     i   m     is the motor current. Taking the Laplace transform   L   of Equation (6) in Equation (7),


     L   m   s   I   m   ( s ) +   R   m     I   m   ( s ) =   V   m   ( s )     or       I   m   ( s )     V   m   ( s )   =   1     L   m   s +   R   m       



(7)








2.3. PI Controller for Actuator Model


An input voltage of 4V to 8V is applied to the DC motor to operate the propeller for the VTOL system. The PI controller is applied as an inner-loop controller, as shown in Figure 2. Figure 2 shows that the PI controller and VTOL system are connected in a cascaded fashion. The input to the actuator is voltage     V   m     and the output is the motor current     I   m    . The motor current     I   m     is added to the PI controller as a feedback signal. The mathematical expression for the PI controller can be rewritten as


    v   m     t   =   k   p     ( i   r e f   ( t ) −   i   m   ( t ) ) +   k   i    ∫    ( i   r e f   ( t ) −   i   m   ( t ) ) d t    



(8)







Taking the Laplace transform   L   of Equation (8),


    V   m     s   =   k   p     ( I   r e f   ( s ) −   I   m   ( s ) ) +     k   i     s     ( I   r e f   ( s ) −   ( I   m   ( s ) )  



(9)







Considering the closed-loop configuration for the actuator model, placing the value of     V   m     s     from Equation (7) in Equation (9), we have


     I   m   ( s ) (   L   m   s +   R   m   ) =   I   r e f   ( s )   (   k   p   +     k   i     s   ) −   I   m   ( s ) (   k   p   +     k   i     s   )   



(10)







By simplifying Equation (10), one has


     I   m     s       L   m   s +   R   m     +   I   m   ( s ) (   k   p   +     k   i     s   ) =   I   r e f   ( s )   (   k   p   +     k   i     s   )   



(11)







Finally, rearranging Equation (11), we obtain the following expression:


      I   m     s       I   r e f   ( s )   =     k   p   s +   k   i       s   2   + s     R   m   +   k   p       1     L   m     +   1     L   m       k   i      



(12)







Hence, the proportional and integral gains of the PI controller can be obtained by solving Equations (5) and (12) as


     k   p   = −   R   m   + 2 ζ   ω   n     L   m     ,   and     ω   n   2     L   m   =   k   i     



(13)







The block diagram of the VTOL system and actuator model based on the PI controller is shown in Figure 2.





3. Cascaded Controller and ISTSMC for the VTOL System


The two different control strategies, including the cascaded loop controller and ISTSMC, are applied for the VTOL system to investigate the various performance parameters, including the magnitude of the tracking error in terms of the platform’s pitch (deg) along the horizontal axis, the DC motor current, etc.



3.1. Cascaded Control Algorithm


Figure 3 shows the cascaded control strategy based on PID and PI control for the VTOL system to track the     I   m     to     I   r e f     in the inner loop, referred to as a current control loop. This loop takes the measured value     I   m     applied to the VTOL plant to the reference value     I   r e f    . The DC motor operates the propeller assembly to attain the desired altitude. The outer loop is based on a PID controller that tracks the     θ   m     at the output side to the reference value     θ   r e f     in terms of the pitch (deg) of the aluminum arm of the VTOL body along the horizontal axis.



The PID control topology in [29,30] can be redefined for the VTOL system as


  u =   k   p   (   θ   r e f   −   θ   m   ( t ) ) +   k   i    ∫    ( θ   r e f   −   θ   m   ( t ) ) d t   +   k   v       d   d t   ( θ   r e f   −   θ   m   ( t ) )  



(14)







Applying the Laplace transform to Equation (14),


  U =   k   p     θ   r e f   −   k   p     θ   m     s   +     k   i     s     θ   r e f   −     k   i     s     θ   m   ( s ) −   k   v   s   θ   m   ( s )  



(15)







Substituting the value of     I   m     s     as an input to the plant in Equation (15) from Equation (4), we have


    θ   m     s   J     s   2   +   B   J   s +   K   J       1     K   t     =   k   p     θ   r e f   −   k   p     θ   m     s   +     k   i     s     θ   r e f   −     k   i     s     θ   m   ( s ) −   k   v   s   θ   m   ( s )  



(16)







Rearranging Equation (16), we obtain


     θ   m     s   J     s   2   +   B   J   s +   K   J       1     K   t     +   k   p     θ   m     s   +     k   i     s     θ   m     s   +   k   v   s   θ   m   ( s )   =   k   p     θ   r e f   +     k   i     s     θ   r e f     



(17)







Finally, simplifying Equation (17), we have


      θ   m     s       θ   r e f     =     K   t       k   p   s +   k   i           s   3   +   s   2     1   J   ( B     + K   t   k   v   ) + s   1   J   ( K +   k   p     K   t   ) +   1   J    K t   k i       



(18)







The roots of the third-order characteristic polynomial equation can be defined as     p   o     percent overshoot:


    ( s   2   + 2 ζ   ω   n   s +   ω   n   2   )   s +   p   o     =   s   3   +   2 ζ   ω   n     + p   o       s   2   +   ( ω   n   2   + 2 ζ   ω   n     p   o   ) s +   ω   n   2     p   o    



(19)







The gains of the PID controller can be derived by comparing Equation (18) with Equation (19) as


     k   p   =     J ω   n   2   + 2 J ζ   ω   n     p   o   − K     K   t       ,     k   i   =   J   ω   n   2     p   o       K   t       ,     k   v   =   J   2 ζ   ω   n     + p   o     − B     K   t       



(20)







Hence, the following gain values of the PID controller are obtained by substituting various parameters in Equation (20):


     k   p   = 0.90 ,       k   i   = 0.13 ,     k   v   = 0.12   



(21)








3.2. ISTSMC for VTOL System


The ISTSMC-based control algorithm is applied to ensure robustness and reduce the tracking error magnitude so that the desired VTOL system’s pitch level is maintained. The state equation for the VTOL system is derived as follows:


       x   1    ˙  =   x   2     ,       x   2    ˙  = − 4.7   x   1   − 0.44   x   2   + 24.71 u ( t )   



(22)







The   u ( t )   is the input to the VTOL system in terms of the motor current, and   y = x = θ   is the pitch of the VTOL system along the horizontal axis. To achieve the required performance, the following sliding surface is selected for the VTOL system [31,32,33,34,35,36,37,38,39].


   σ =   e  ˙    + λ e =   x   2   + λ (   x   1   −   x   d   )   



(23)







The   λ   is the slope of the sliding surface, as the sliding surface implies that   e ( t )   converges asymptotically to zero as


   t → ∞     as ,   e   t   = e ( 0 )   e   − λ t     



(24)







The following control law is designed by taking the derivative of the sliding surface:


    σ  ˙  = − 4.7   x   1   − 0.44   x   2   + 24.71 u   t   + λ   x   2    



(25)







The supertwisting-based reachability is proposed in Equation (26) to ensure the finite time convergence of the sliding mode [36].


    σ  ˙  =   − k   1       σ       1   2     s i g n   σ   −   k   2    ∫  s i g n   σ   d t    



(26)




where     k   1     and     k   2     are the control gains. Now, comparing the value     σ  ˙    from Equations (25) and (26), one obtains


    − k   1       σ       1   2     s i g n   σ   −   k   2    ∫  s i g n   σ   d t   = − 4.7   x   1   − 0.44   x   2   + 24.71 u   t   + λ   x   2    



(27)







Equation (26) is simplified to compute the controller input as


  u   t   =   1   24.71   [ 4.7   x   1   + 0.44   x   2   − λ   x   2   −   k   1       σ       1   2     s i g n   σ   −   k   2    ∫  s i g n   σ   d t   ]  



(28)







Validation of Control Law


The stability of the proposed ISTSMC for the VTOL system is based on the nonlinear Lyapunov stability theorem. The existence of a sliding mode can be proven by selecting the following Lyapunov candidate function:


  v =   1   2     σ   2    



(29)







The derivative of the Lyapunov candidate function must be negative definite within the state space of the VTOL system to converge the system dynamics to the desired set point. The first-order derivative of the Lyapunov candidate function is given as


    v  ˙  = σ   σ  ˙   



(30)







Equation (30) is expanded by taking the value of     σ  ˙    from Equation (26),


     v  ˙    =     σ ( − k   1     σ       1   2     s i g n   σ   −   k   2    ∫  s i g n   σ   d t   )   



(31)







Finally, Equation (31) is simplified as


    v  ˙  =   −   k   1     σ       3   2     s i g n   σ   −   k   2   σ  ∫  s i g n   σ   d t   )  



(32)







    k   1   ,   k   2   > 0 .   Now, if     v  ˙    is negative definite, then the ISTSMC is a stable control strategy for the VTOL system. The closed-loop diagram for the VTOL system based on ISTSMC is shown in Figure 4.






4. Simulation Results Using PI, PID, and ISTSMC Strategy


Figure 5 shows the performance of the PI controller in a MATLAB simulation when tracking the desired value of motor current     I   r e f    , which varies from 0A to 0.21A in pulsating form. The     I   m     in Figure 5 shows the measured value of the motor current, with a minor deviation from     I   r e f    . Figure 5 also shows the pitch (deg) of the VTOL system along the horizontal axis based on the PI controller. The input to the VTOL system is     I   m    , which varies from 0 A to 0.21 A; this leads to the operation of the VTOL propeller assembly and initiates vertical uplift to attain the equilibrium position at 0°. In addition, the VTOL assembly faces fluctuations when varying the pitch (deg) from −5° to 5°. The tracking error in steady-state conditions shows the reduced performance of the PI controller simulated in MATLAB, as shown in Figure 5.



Figure 6 shows the results achieved in MATLAB based on the cascaded loop controller for the VTOL system. It shows the pitch in (deg) of the aluminum arm along the horizontal axis tracking the     θ   r e f     of the pulse generator signal with a period of 2.8 s, having a magnitude of pitch of two degrees along the horizontal axis and a pulse width of 50%. The tracking error is observed between     θ   r e f     and     θ   m    . Similarly, Figure 6 also shows the     I   m     measured value of the motor accurately tracking the     I   r e f     based on the PI controller in a current control loop for the actuator model.



Figure 7 shows the comparative analysis between the cascaded loop controller based on PI as an inner loop tracking     I   m     to     I   r e f    , PID at the outer loop tracking     θ   m     to     θ   r e f    , and the nonlinear control strategy using ISTSMC. In addition, Figure 7A,B illustrate the pitch of the VTOL system tracking the pulse generator signal     θ   r e f    , as discussed in Figure 6, with     I   m     showing the motor current used to operate the actuator of the VTOL system, respectively. A significant tracking error of nearly 40% of the final value is observed in Figure 7A for the PID controller. To reduce the magnitude of the tracking error, the ISTSMC algorithm is applied, with the results illustrated in Figure 7C,D demonstrating the pitch (deg) of the VTOL system and the motor current of the actuator model, respectively. It is shown in Figure 7C that the magnitude of the tracking error is reduced to less than 1%. A tracking delay is also observed, indicating a delay in the response of the VTOL system due to its inertia opposing the uplift provided by the propeller to the platform. As the motor current increases, the VTOL platform’s pitch is also increased to track the reference value     θ   r e f     as depicted in Figure 7D. Figure 7C confirms that the magnitude of the tracking error |    θ   r e f     −     θ   m    | decreases, leading to a significant decrease in     I   m    , shown in Figure 7D, compared with Figure 7B, for the cascaded loop controller. Besides this, the controller input for ISTSMC, shown in Figure 7D, is more uniform and continuous compared to the cascaded loop controller shown in Figure 7B, where rapid fluctuations can be observed that lead to reduced reliability and cause mechanical losses.



Experimental Results Based on PI and Cascaded Controller


Figure 8 shows the experimental setup based on the QNET VTOL system. The 24   V   DC energizes the motor with 11,000 rpm connected to a solid aluminum arm. The circuit board of the QNET VTOL consists of a PWM voltage-controlled power amplifier that generates a peak current of 2 A and a continuous current of 0.5 A. The output voltage of the VTOL platform varies between 4   V   and 8   V  . The values of different physical parameters are shown and tabulated in Figure 8 and Table 1, respectively. The system is subjected to an ambient temperature of 28 degrees and humidity of 38% in the control and instrumentation lab of Balochistan University of Engineering and Technology Khuzdar, Pakistan.



Figure 9 shows the motor current     I   m     (red) of the propeller assembly with the     I   r e f     (blue) as a reference current level. The motor current     I   m     (red) of the propeller assembly tracking the     I   r e f     (blue) as a reference current level is shown in Figure 9. The tracking performance of the motor current based on the PI controller using the experimental setup based on LabVIEW, shown in Figure 9, is closely mapped to Figure 5 based on the PI controller using MATLAB simulation. In this case, the hardware of the VTOL system is operated using a PI controller, with the gain calculated using Equation (12) as     k   i     = 648 V/A and     k   p     = 17.4 V/A.



Figure 10 shows the pitch (deg) of the VTOL system while oscillating along the horizontal axis based on the PI controller. Initially, at static conditions, the aluminum arm of the VTOL system reaches an angle of   − 25 °   along the horizontal axis. When switching the VTOL experimental setup and setting the pitch (deg) parameter of the aluminum arm, raising its position, and reflecting at   10 °   above the horizontal position, the system oscillation decays slowly with a significant tracking error, as observed in the simulation conducted in MATLAB and as shown in Figure 5.



Figure 11 and Figure 12 show the pitch of the VTOL system with the actuator motor current     I   m     tracking     I   r e f     based on the cascaded control strategy using PID and PI in the LabVIEW platform interfaced with the QNET VTOL experimental setup, considering the values of     k   p   = 0.9 ,   k   i   = 0.13 , a n d     k   v   = 0.12  , computed using Equation (21). The gains of the inner loop current controller are obtained as     k   i     = 648 V/A and     k   p     = 17.4 V/A. The results obtained using the experimental hardware setup are shown in Figure 11 and Figure 12, and they are closely mapped to the simulation analysis conducted in MATLAB, as shown in Figure 6. In Figure 11, the measured response of pitch     θ   m     shows slight delay due to the inertia of the overall VTOL assembly as compared to the reference value     θ   r e f    . The     θ   m     tracking the pulse generator signal     θ   r e f     has a frequency of 0.34Hz, magnitude of 2, and pulse width of nearly 50%. The experimental result based on the cascaded control strategy is better than that of the PI-based VTOL system shown in Figure 9 and Figure 10. The actuator motor current     I   m     in Figure 12 accurately tracks the     I   r e f     while fluctuating along the x-axis to converge     θ   m     to     θ   r e f    .





5. Discussion


The presented research work investigated the simulation results and hardware-based results of a flight dynamical system while focusing on PI, PID, and a robust control strategy referred to as ISTSMC. It is evident from the achieved results that a flight dynamical system such as a vertical takeoff and landing system, subjected to harsh weather conditions such as ambient air pressure, leads to variations in various parameters of the model, known as modeled uncertainties. In terms of addressing the parametric variations, ISTSMC outperformed the cascaded control mechanisms such as PI and PID for the flight dynamical system.



The analytical analysis of any control technique is significant to prove its stability.



The limitations of other control techniques, such as H Infinity, PID controllers, and fuzzy logic controllers, are evident for flight dynamical systems because we cannot verify the stability analysis after controller design. The significance of ISTSMC is clear due to the possibility for analysis after controller design as compared to other control strategies.



Furthermore, the presented research validated the stability analysis of the control law using Lyapunov theory and proved that the Lyapunov candidate function was negative definite as     k   1   ,   k   2   > 0  . In addition, the various performance parameters in the transient phase, including the peak time, overshoot, and steady-state response, as well as steady-state error, were also compared for both control strategies. In the closed-loop system, the input of the controller is quite significant for the lifespan of the actuator. If the variations in the control input signal are numerous and have high frequency, this leads to extensive mechanical vibrations and faults in the actuators due to fast switching. To minimize this fluctuation in the input signal, ISTSMC provides a uniform and smooth input signal to the actuator as compared to a cascaded control strategy based on PI or PID.




6. Conclusions


The study performed a stability analysis of the VTOL system using a cascaded control strategy and ISTSMC controller in MATLAB and LabVIEW, using experimental hardware setups. The analysis of ISTSMC was conducted by applying Lyapunov’s theory of stability while subjecting the VTOL system to ambient environmental conditions. The results achieved via the proposed ISTSMC control strategy showed that we significantly stabilized the aluminum arm of the VTOL system along the horizontal axis, with a tracking error of less than 1%, compared to the cascaded loop controller with nearly 40%. ISTMSC reduced the fluctuations in the controller input signal, which was the motor current provided to the VTOL system, reducing the mechanical losses. The research work can be further extended to reduce the fluctuations in the actuator current by applying robust control algorithms to enhance the lifespan of the VTOL actuator system.
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Figure 1. Single DoF model of QNET VTOL system. 
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Figure 2. Block diagram of the VTOL system and actuator model based on PI controller. 
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Figure 3. Complete functional block diagram of closed-loop VTOL system based on cascaded loop controller. 
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Figure 4. Closed-loop system for VTOL system based on ISTSMC. 
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Figure 5. Pitch of the VTOL system and motor current of actuator model based on PI controller. 
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Figure 6. Pitch of the VTOL system and motor current of actuator model based on cascaded loop controller. 
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Figure 7. (A–D) represent the pitch of the VTOL system and motor current of actuator model based on ISTSMC and cascaded loop controller. 
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Figure 8. Experimental setup of VTOL system. 
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Figure 9. VTOL motor reference current and output current in LabVIEW based on PI controller. 
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Figure 10. VTOL pitch (deg) along horizontal axis in LabVIEW based on PI controller. 
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Figure 11. Pitch (deg) of VTOL based on cascaded controller in LabVIEW. 
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Figure 12. Actuator model current based on cascaded controller for VTOL system in LabVIEW. 
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Table 1. Physical parameters of VTOL system.
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	Parameter Name
	Description
	Unit





	     m   2     
	Balancing weight mass
	258



	     m   1     
	Fan assembly mass
	127 g



	     m   3     
	Link body mass
	60 g



	     l   2     
	Length from pivot to center of balancing weight
	72.5 mm



	     l   1     
	Length from pivot to center of fan
	155 mm



	     l   3     
	Length from pivot to center of link body
	7 mm



	   B   
	Estimated damping of the pivot
	0.002 Nm/(rad/s)










 





Table 2. Performance parameters of open-loop VTOL system.
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	Sr. No.
	Parameter
	Value





	1.
	Damping ratio
	0.1



	2.
	Settling time
	18 s



	3.
	Overshoot
	72%



	4.
	Peak time
	2.136 s
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