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ABSTRACT 
This is the 11th part in a series of research papers investigating autonomous vehicle control. The paper proposes three compensators from the second generation of control compensators handled by the author since 2014 to control an UAV velocity: I-first order, feedback PD and feedback first order. The compensators are tuned for the control of the UAV velocity using a combination of three tuning techniques. The effectiveness of using the proposed compensators is evaluated through comparison with the use of a conventional PI controller from the first generation of PID controllers and the best compensator/controller for the purpose of UAV velocity control is assigned.
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1. INTRODUCTION
UAV is the latest technology application in military and civil applications and subjected to intensive research regarding its design and control. The whole world now is struggling to keep the best styles with most sophisticated control. This paper presents three compensators from the second generation of control compensators introduced by the author in 2014 and onwards to control one of the variables of an UAV, the forward velocity. First of all I present a short survey for the efforts paid by researchers to control this important engineering application, the UAV.
Ren and Beard (2004) investigated the dynamic problem of constrained nonlinear trajectory tracking control for UAV’s with account for heading rate and velocity input constraints. They proposed a control Lyapunov function approach applied to simulation scenario where the UAV was assigned to transition several targets with multiple dynamic threats present [1]. Simpson, Jacob and Smith (2006) studied the testing of inflatable wings for UAV’s covering design and bench tunnel testing. They investigated the mechanical manipulators of the wing shape on a test vehicle as effective means of roll control  [2]. 
Zhang, Zhu and Zhou (2010) proposed a reference model based state predictive algorithm to solve the transport delay problem. They designed a pitch angle control loop employing the proposed algorithm. They claimed that simulation results indicated the effectiveness of their algorithm in decreasing the effect of time delay [3]. Colunga, Guerrero, Escarere and Lozaro (2012) considered the development of a simplified model of an UAV formed by a minimum number of states and inputs and used it in the study of control schemes for roll, pitch and yaw angles. They used first order models for servo and variable pitch propeller, first order + integrator for the roll angle dynamics, 0/2 second order model for the pitch angle and first order + integrator for the yaw angle of the UAV [4]. 
Gau, Wang and Hou (2015) designed an algorithm for a UAV velocity controller based on improved PID. They could remove deviation and achieve fast time response and small maximum overshoot [5]. Pan et al. (2018) proposed a dynamic speed control algorithm for UAV’s to maximize the data collection efficiency. They analysed and modelled the connection establishment process between sensors and drones. They obtained optimal speed under different sensor device densities and presented simulation results verifying models accuracy and data collection efficiency and low collision probability [6]. 
Mazlan et al. (2021) developed an automatic flight control system for a fixed-wing UAV using software in loop method implementing a PID controller with LabVIEW software and the UAV flight dynamics were simulated through X-Plane flight simulator. They used the pole placement technique to tune the PID controller and validated the proposed controller using altitude and velocity simulations. They used a 0/1 transfer function model for the UAV velocity and a PI controller [7]. Zhao (2023) modelled the nonlinear UAV dynamic system and designed a cascade PID based attitude controller and position controller for the UAV. They simulated the designed control system using MATLAB for straight flight and target position flight with obstacles application to verify the control system effectiveness. Their objectives were to design the controller for 3.5 % maximum overshoot and 15 s settling time [8]. 
Lohani, Dixit and Agrawal (2024) developed a dynamic model for an Aerosonde UAV for use with an adaptive PID for lateral and longitudinal autopilots. The PID gain parameters were self-tuned based on analytical approach and the robustness was checked in the presence of external wind disturbance. They proved through simulation the effectiveness and robustness of their autopilot control system [9]. 




2. THE UAV VELOCITY AS A PROCESS
Mazlan et al. used a 0/1transfer function for the UAV velocity control using a PI-controller [7]. Their UAV velocity transfer function Gv(s) is given by [7]: 

		Gv(s) = 5.6218/(s+0.3395)									  (1)

The unit step time response of the UAV velocity due to a unit step input is generated using the process model in Eq.1 using the step command of MATLAB [10] and shown in Fig.1.
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Figure 1: Unit step time response of the UAV velocity as a process.
COMMENTS:
· Maximum overshoot: zero
· Settling time: 11.5 s
· Steady state error:  -15.557 m/s
-	Any proposed successful compensator has to cope with this large steady-state error and improve the settling time of the closed-loop control system.

3. CONTROLLING THE UAV VELOCITY USING AN I-FIRST ORDER COMPENSATOR
The I-first order compensator is one of the second generation of control compensators introduced by the author in 2014. It was applied by the author for the first time to control autonomous car longitudinal velocity in September 2024 [11].
The I-first order compensator has a structure composed of two control modes in cascade with the controlled process in a single-loop block diagram. The first control mode is an integral mode of gain Ki and the second control mode is a first-order compensator of a zero z and a pole p. It has a transfer function GI-1st(s) given by:
GI-1st(s) = (Ki/s)(s+z)/(s+p)								(2)
The I-first order compensator is tuned as follows:
· Using the process transfer function in Eq.1 and the controller transfer function in Eq.2, the open-loop transfer function of the control system G1(s) is given :
G1(s) = (Ki/s)(s+z)(s+p).(5.0218)/(s+0.3395) 					(3)     
· The zero/pole cancellation technique [12] is used to cancel the zero of the compensator with the pole of the process in Eq.3. This reveals the compensator zero as:
z = 0.3395									(4)
· The transfer function of the closed-loop control system incorporating the I-first order compensator and the UAV velocity process in a unit feedback control loop, M1(s) will be:
M1(s) = 5.0218Ki/(s2+ps+5.0218Ki)							(5)
· Eq.5 represents a standard second order transfer function of the form ωn2/(s2+2ζωns+ωn2). The natural frequency ωn and damping ratio ζ are related to the compensator parameters using Eq.5 as:
 	ωn = √(5.0218Ki)  ,  ζ = p/(2ωn)							(6)
· The performance of any control system is measured by its stability, maximum overshoot and settling time. The maximum overshoot of the second order system related to its damping ratio ζ. The minimum damping ratio producing zero maximum overshoot is the critical damping (ζ = 1) [13].
· The settling time Ts of the second-order control system is related to its damping ration and natural frequency for ± 2 % tolerance band through the equation [14]:
Ts ≈ 4/( ζ ωn)									(7)
· ِAssigning the desired settling time to be one second and using Eqs.6 and 7 with trial adjustment for the compensator gain gives the compensator integral gain Ki and pole p as:
Ki = 10   ,   p = 14.17293								(8)
· The time response of the control system is obtained for a unit step input and using Eqs.5 and 8 using the step command of MATLAB [10] and shown in Fig.2.
[image: ]


 









Figure 2: UAV velocity step time response using an I-first order compensator.
COMMENTS: 
· Maximum overshoot: zero 
· Settling time: 0.8233 s compared with 11.5 s for an uncontrolled UAV velocity.
· Steady state error:  zero compared with –15.557 m/s for an uncontrolled UAV velocity. 

4. CONTROLLING THE VESSEL YAW ANGLE USING A FEEDBACK PD COMPENSATOR
The feedback PD compensator was introduced by the author in 2014 as one of the second generation of control compensators used to control processes having bad dynamics [15]. - -
The feedback PD compensator was set in the feedback path of a single-loop block diagram for the control of the process which is located in the forward path of the control loop. The PD-control mode has the transfer function GPD(s) given by: 
GPD(s) = Kpc+Kds	 								(9)
Where Kpc and Kd are the integral and derivative gain parameters of the compensator. 
The two gain parameters of the feedback PD compensator are tuned as follows: 
· The transfer function of the closed loop control system incorporating the UAV speed process (Eq.1) and the feedback PD compensator (Eq.9) and given by:
M2(s) = 0.6218/[(1+5.6218Kd)s+0.3395+5.6218Kpc]					(10)
· It is clear from Eq.10 that this automatic control structure will not generate a zero steady-state error except when a constraint is set on its proportional gain Kpc.
· This constraint is set by equating the numerator of Eq.10 and the free term of the denominator. This reveals Kpc as:
Kpc = 0.93961									(11)
· Now, we use the requirement of the settling time of the closed-loop control system as 0.5 s.
· From Eq.10, the control system is a first-order one where its settling time of its step time response will be 4T where T is its time constant [14]. This reveals the corresponding value of the compensator derivative gain as:
Kd = -0.05287									(12)
· The unit step time response of the control system for the UAV velocity using the proposed feedback PD compensator using its gain parameters in Eqs.11 and 12 is shown in Fig.3.
COMMENTS: 
· Maximum overshoot: zero 
· Settling time: 0.489 s compared with 11.5 s for an uncontrolled UAV velocity.
· Steady state error:  zero compared with –15.557 m/s for an uncontrolled UAV velocity. 
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Figure3: UAV velocity step time response using a feedback PD compensator.

5. CONTROLLING THE SIDESLIP ANGLE USING A FEEDBACK FIRST-ORDER COMPENSATOR
The feedback first-order compensator was one of the second generation of control compensators introduced by the author in 2014. He applied the feedback first-order compensator  to control a highly oscillating second-order process in 2014 [16]. The compensator was set in the feedback path of a single loop block diagram incorporating the controlled process in the feedforward path. The compensator transfer function G1st(s) is given by [16]. 
G1st (s) = Kc(s+z)/(s+p)								(13)
Where Kc is the compensator gain, z its zero and p is its pole.
The feedback first-order compensator is tuned as follows:
· The zero/pole cancellation technique [12] is used. When driving the closed-loop transfer function of the control system incorporating the UAV velocity process and the feedback first-order compensator, the zero of the compensator is set equal tp the pole of the UAV velocity. This reveals the compensator zero as:
z = 0.3395									(14)
· The closed-loop transfer function is derived and a condition was set for zero steady-state error revealing a relation between the compensator pole p and its gain parameter Kc. This relation is:
p = 0.36132									(15)
· We are left know with one compensator parameter to be identified, Kc. An ITAE performance index [16] function of the error between the reference input and the UAV velocity is to be minimized using the MATLAB optimization toolbox [17]. This step reveals the optimal compensator gain and hence the other compensator parameters as: 
Kc = 0.938994  ;  z = 0.3395  ;  p = 0.339277						(16)
· The unit step time response of the control system is drawn using the ‘step’ and ‘plot’ commands of MATLAB [10] using the tuned feedback first-order compensator parameters in Eq.16 and shown in Fig.4.

COMMENTS: 
· Maximum overshoot: zero 
· Settling time: 0.6915 s compared with 11.5 s for an uncontrolled UAV velocity.
· Steady state error:  zero compared with –15.557 m/s for an uncontrolled UAV velocity. 
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Figure 4: UAV velocity step time response using a feedback first-order compensator.

6. CONTROLLING THE SIDESLIP ANGLE USING A PI CONTROLLER
The PI controller is one of the first generation of PID controllers. It is still in use nowadays in controlling some of the industrial processes [18-21]. It has a transfer function GPI(s) given by:
GPI(s) = Kpc+(Ki/s)								(17)
Where Kpc and Ki are the integral and derivative gain parameters of the PI controller.
The two gain parameters were tuned by Mazlan et al for the UAV velocity under study in the present research and given by [7]:
Kpc = 0.473  ;  Ki = 0.220								(18)
The unit step time response of the control system using the PI controller parameters in Eq.18 and the closed-loop transfer function incorporating the UAV velocity transfer function in Eq.1 is drawn using the ‘step’ and ‘plot’ commands of MATLAB [10] and shown in Fig.5.
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Figure 5: UAV velocity step time response using a PI controller.
COMMENTS: 
· Maximum overshoot: 2.15 % compared 
· with zero for an uncontrolled UAV velocity. 
· Settling time: 2.55 s compared with 11.5 s for an uncontrolled UAV velocity.
· Steady state error:  zero compared with –15.557 m/s for an uncontrolled UAV velocity. 


7. COMPARISON OF PROPOSED COMPENSATORS WITH A PI  CONTROLLER

The time-based characteristics of the control systems used to control the UAV velocity are compared as follows:
Graphical Comparison
The unit step time response of the control systems proposed to control the UAV velocity with graphical comparison with PI controller is shown in Fig.6.
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Figure 6: UAV velocity step time response comparison.
Numerical Comparison
The time-based characteristics of the control systems proposed to control the UAV velocity as extracted from Fig.6 are tabulated in Table 1 compared with those of uncontrolled and PI controlled velocity.
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OSmax: maximum overshoot
Ts: Settling time
ess: Steady-state error

8. CONCLUSION
· The control of the UAV velocity was investigated in this research paper using three compensators from the second generation of control compensators: I-first order, feedback-PD and feedback first order.
· The use of the three compensators was compared with the use of PI controller from the first generation of PID controllers.
· The compensators were tuned using a combination of two or three techniques: zero/pole cancellation, special requirement for some characteristics of the closed-loop control system and using the MATLAB optimization toolbox. 
· The unit step time response of the closed-loop control system was presented and the main time-based characteristics were extracted from the plot.
· The compensators performance in controlling the UAV velocity was compared with the PI controller graphically and quantitatively.
· The I-first order compensator could eliminate completely the maximum overshoot (compared with 2.15 % for the PI controller) and the steady-state error and achieve a settling time of 0.8233 s (compared with 2.55 s for the PI controller). 
· The feedback PD compensator could eliminate completely the maximum overshoot (compared with 2.15 % for the PI controller) and the steady-state error and achieve a settling time of 0.489 s (compared with 2.55 s for the PI controller). 
· The feedback first order compensator could eliminate completely the maximum overshoot (compared with 2.15 % for the PI controller) and the steady-state error and achieve a settling time of 0.6915 s (compared with 2.55 s for the PI controller). 
· The feedback PD compensator was selected as the best controller for the UAV velocity for its perfect performance depicted in Fig.3 and Table 1.
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DEDICATION
ABBAS IBN FIRNAS (810-887 AC)
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Image for Ibn Firnas flying in Al-Andalos sky in 887 AC [22]
· He was an aviation pioneer, the first man to fly on a heavier-than-air machine 1000 year before the Wright brothers  [22].
· He was known as the ‘Wiseman of Al-Andalos’ because he was an inventor, poet, philosopher, alchemist, musician and astronomer [22].
· He manufactured colorless glass, glass planispheres, corrective lenses for reading, simulator for some planets and stars motion, tool for crystal cutting, introduced the book of  ‘Sindhind’ to Al-Andalos, designed a ‘water clock’ and designed a prototype of a ‘metronome’ (oscillating pendulum) [23].
· Worldwise appreciation for Ibn Firnas: Installing a statue for him in Baghdad International Airport in 1973, naming a crater on the moon by his name in 1976, naming a bridge in Cortoba (Spain) ‘Abbas Ibn Firnas Bridge’ and naming ‘Firnas Airline’ in UK [23]. 
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Table 1.

Comparison  of the

time-based
., Characteristics of the UAV velocity.
Compensator |  OSmax Ts (s) ess (m/s)
/ controller (%)
Uncontrolled 0 11.500 -15.557
I-first order 0 0.8233 0
compensator

o
Feedback 0 0.6915 0
first-order

compensator

PI controller 2.15 2.5500 0
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