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ABSTRACT 

The aim of this research is to assess the capability of Modified State Observer (MSO) 

based adaptations for use in controlling the longitudinal flight dynamics of a General Aviation 

(GA) type airplane and a Micro Aerial Vehicle (MAV). For the GA type aircraft, the report 

details the issues encountered while flight testing a neural network based Model Reference 

Adaptive Controller (MRAC), on a General Aviation fly-by-wire test bed. The flight test results 

of the MRAC presented in this report show PLA surging issues due to adaptation during the 

commanded flight path angle and airspeed. To overcome this problem, MSO based adaptation 

methodology is adopted to control the longitudinal dynamics of a typical general aviation 

aircraft. The advantage of MSO is that it adapts to estimation error, not modeling or tracking 

error. A controlled flight simulation is carried out including the turbulence effects observed 

during flight. The simulation results show the controller is able to track flight path angle and 

airspeed commands in the presence of turbulence. The random PLA surge seen during the 

simulation and flight test of the baseline MRAC controller is not observed in the simulation 

results of MSO adaptation controller.  

For the MAV, the simulation is carried out using the aerodynamic derivatives of the 

Black Kite 300 mm wing span MAV developed by CSIR-NAL Bangalore. The controller is 

tested in simulation for its ability to adapt to modeling errors for the highly responsive MAV. 

Simulation results are presented that show the MSO based adaptive controller’s ability to 

respond to altitude and airspeed commands with elevator and engine failures in the presence of 

parameter uncertainties. The MSO adaptation, along with the nonlinear dynamic inverse 

controller developed using the mathematical model of the MAV, enables the pilot to control the 

vehicle with a lower workload. 
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CHAPTER 1 

1. INTRODUCTION 

 
Modern flight control system technology has enabled the development of more 

sophisticated and reliable control systems that ensure good handling qualities as well as safe 

flight conditions throughout the flight envelope. An increase in air transportation, over the past 

few decades, aircraft industries, across the globe, are engaged in developing airplanes with low 

cost, light weight, fuel efficient, highly redundant and reliable flight control systems. The high 

safety standards adopted in aircraft flight control system certification has pushed the aviation 

engineers to look for control system designs that can adapt to failure. Research on adaptive 

control techniques by NASA and others has paved the way for simple and cost effective flight 

control systems for general aviation aircraft that traditionally used mechanical control systems. 

In the recent decades, there is significant rise in the fleet of general aviation type 

airplanes. The usage of these aircrafts extends from personal recreational flights to business or 

agricultural needs. In such cases, there is a possibility that these aircraft will be flown by 

unskilled and low time pilots. The data showing the accidents and the fatalities of general 

aviation alone is concerning. The statistical records in 2010 [1] reveal that about 96 percent of all 

aviation accidents, 97 percent of fatal aviation accidents and 96 percent of all fatalities for US 

civil aviation is contributed by general aviation. Figure 1.1 shows the total and fatal general 

aviation accidents from 2001 through 2010. Figure 1.2 shows the number of total and fatal 

accidents per 100,000 flight hours for general aviation aircraft from 2001 through 2010.  

Table 1.1 shows the number of accidents in general aviation aircrafts with the aircraft 

type and purpose of flight. It can be seen that most of the general aviation accidents involve 

personal flying of fixed wing aircrafts. It is evident that there is an urgent need to develop a 
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reliable flight control system that would ease the pilot job or would guide the less skilled pilot to 

fly the aircraft safely during difficult conditions.  

 

Figure 1.1  Total and fatal general aviation accidents, 2001–2010, [1]. 

 

Figure 1.2  Total and fatal accident rates for general aviation, 2001–2010, [1]. 
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TABLE 1.1 

NUMBER OF GENERAL AVIATION ACCIDENTS, 2010, [1]. 

 

On July 19, 1989, DC-10 aircraft in Sioux city, Iowa made an emergency landing due to a 

tail mounted engine failure that led to the total loss of hydraulic flight control systems [2]. The 

flight crew attempted landing the aircraft using the thrust levers that control the wing mounted 

engines. 112 passengers and crew members out of 296 died due to the injuries in this accident. A 

detailed description about this aircraft accident report is available in [2]. Research was then 

carried out to use computers to automate the flight control process during such emergency 

situations. The National Aerospace and Space Administration (NASA) and the Department of 

Defense (DOD) did extensive research in developing onboard flight control software that would 

adapt to the emergency flight conditions. NASA initiated the Integrated Resilient Aircraft 
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Control (IRAC) Project: the prime motive of which is to develop an onboard resilient flight 

control system that would ensure safe flight during adverse flight conditions as experienced by 

the DC-10. The IRAC program was focused on military and transport category aircrafts. The 

investigation and application of this NASA technology for General Aviation Aircrafts and Micro 

Aerial Vehicles is being carried out at Wichita State University (WSU). Researchers in WSU and 

Beechcraft Corporation have been working on adopting the IRAC work to General Aviation 

Aircraft. A neural network based Model Reference Adaptive Control (MRAC) and Modified 

State Observer (MSO), which is an Observer-Controller technique, are adopted for developing a 

robust adaptive flight control system.  

1.1 Literature Survey 

Research carried out by other flight control system engineers is studied to guide us in the 

development of a robust adaptive controller. Scientific papers and technical articles on modeling 

and applications of integrated neural network based MRAC controller and MSO adaptive 

controller are looked upon to check the feasibility aspects of the controller design. 

1.1.1  Model Reference Adaptive Control 

In the 1980s Narendra, et al. [3] used neural networks to perform identification and 

control of nonlinear dynamic systems. A robot arm using a neural network based controller was 

developed by Lewis, et al. [4]. They showed that using standard back propagation technique for 

real time closed loop control, yield unbounded neural network weights when the net fails to 

rebuild a control function or in the presence of bounded unknown disturbances in the robot 

dynamics. Boundedness of the neural network weights and tracking is ensured using an on-line 

weight tuning algorithm with a correction term to back propagation along with a robust signal. 

Sharma, et al. [5] used a neural network based control algorithm that adapts to gain uncertainties 

in guided munitions. Calise [6] developed a method using neural networks to compensate for 
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unknown nonlinear mapping and dynamic nonlinear damping to provide robustness to 

unmodeled dynamics. He used this method to study the nonlinear bank to-turn missile autopilot 

system [7] based on approximate dynamic inversion. Gundy-Burlet, et al. [8] uses a neural 

network based direct adaptive control in the presence of damage or failures in order to achieve 

desired flight control performance. Test results show that neural flight control system can 

provide additional control authority under emergency conditions. Neural network based dynamic 

inversion discussed by Calise [9] shows the capability of neural network to correct for inversion 

errors due to modeling uncertainties and reduction in actuator effectiveness. Johnson, et. al [10] 

devised an adaptive control method for reusable launch vehicles with control authority 

limitations. Neural network adaptations are used to control the system without scheduled gains 

and aerodynamic data. Johnson, et al. [11] developed an adaptive controller based on Pseudo 

control hedging technique for six Degree of Freedom (DOF) autonomous helicopter. Flight 

testing results shows that the controller is able to adapt for the modeling errors in the system 

dynamics.  

1.1.2  Development of MRAC based Controller in WSU 

A modified version of Calise neural adaptive flight controller with feedback linearization 

has been used to test adaptive capabilities for the Beechcraft Bonanza aircraft. Researchers in 

WSU have investigated a neural network based MRAC method to use it as a resilient flight 

control system for general aviation aircraft. Pesonen, et al. [12] developed a neural network 

based adaptive longitudinal flight control system and used simulation to show the controller 

capability to adapt for modeling errors and control surface and engine failures. Steck, et al. [13] 

studied the effect of turbulence on the neural network based adaptive controller. Using a first-

order filter on the elevator command signal, simulation results showed reasonably good 
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adaptations for the velocity and flight path angle commands. Hinson, et al. [14] used the MRAC 

based controller to adapt for uncertainties due to aeroelastic effects and also due to modeling 

errors and unanticipated failures. The time delay error metric developed at NASA Ames 

Research Center is used to select the controller gains and learning rates. A 2nd order notch filter 

was designed to attenuate the spikes in pitch rate frequency response in order to prevent any 

feedback of the unmodeled aeroelastic modes. Lemon, et al. [15] designed a Model Reference 

adaptive controller for longitudinal aircraft dynamics that adapts to modeling error and tested it 

through laboratory simulation, Hardware-in-Loop (HIL) Ground Tests and Flight Testing. A 

study of this paper reveals that the designed controller worked reasonably well for desktop 

simulation and HIL tests but it failed in flight test. Possible causes, discussed in this paper, are 

unmodeled and inaccurate modeling of time delays in the elevator, air data sensor noise, and 

engine dynamic response. Philip et al. [16] continued the work on MRAC controller for the 

modified engine model. The Hardware-In-Loop Ground Test shows effective adaptations 

whereas during flight tests tracking of command was good but with considerable PLA surging. 

These oscillations are attributed to the effect of atmospheric turbulence on the adaptation during 

flight tests. To overcome these drawbacks in the WSU MRAC based adaptations, the MSO based 

controller described below and which has been shown to be more robust to noise and large time 

delays is considered. 

1.1.3  Modified State Observer 

Modified State Observer based adaptations are used to compensate for the parameter 

uncertainties and system failures in the aircraft model. The aircraft controller adaptation design is 

based on a model following neuro-adaptive control technique developed by Padhi, et al. [17]. 

The authors have done simulation studies for the Van Der Pol and inverted pendulum problems 
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to demonstrate the controller capability. Trigonometric basis neural networks are used to 

approximate the parameter variations as they cover many nonlinear functions. Unnikrishnan, et 

al. [18] used this technique to develop an adaptive controller for a unmanned aerial vehicle. 

Algebraic and numerical errors in the model are introduced to simulate the unmodeled nonlinear 

functions and parameter uncertainties. The drag term is neglected to create uncertainties 

introduced through drag and load factor effectiveness coefficients. Simulation results showing 

the failure of the nominal controller and adaptive capability of this neuro adaptive controller for 

the airspeed, flight path angle and heading angle were presented. Karthikeyan, et al. [19] 

proposed an observer-controller design that separates the observer and controller functions and 

thereby enabling the use of high adaptation gains. This controller structure is tested for the short 

period dynamics of a fighter aircraft and the results are compared with those obtained using the 

L1 adaptive control technique. Nathan, et al. [20] used the MSO technique to estimate the 

uncertainties with inaccurate gravity models that arise in space missions. The controller was 

tested to estimate the uncertainty due to J2 perturbation and asteroid gravitational fields. 

Karthikeyan, et al. [21] used the MSO based control algorithm to test the controller for its 

adaptive capabilities in a general aviation aircraft. A pseudo aero elastic term is realized in the 

aircraft model by modeling a 2nd order torsional spring between the horizontal tail and the 

fuselage. Engine and elevator failures are introduced for both trimmed and controlled flight 

conditions. 

1.1.4  Micro Aerial Vehicles 

Micro Aerial Vehicles (MAV) play an important role in modern aviation. Their presence 

is felt in a wide range of both civil and military applications. MAVs, because of their small size, 

are highly sensitive to emergency conditions like failures and external disturbances. As these 
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vehicles are remotely operated, knowledge about the flight situation may not be readily available 

to the pilot and if they are, it is not viable to control them manually. In WSUs General Aviation 

Flight Lab (GAFL), neural network based adaptive controllers, which were initially developed 

for General Aviation Aircraft, have been applied to MAVs. Knoebel, et al. [22] developed a 

MRAC based adaptive control algorithm for pitch and roll attitude holds of an MAV. Flight tests 

were conducted for three MAVs without changing the adaptation gains. The MRAC controller 

was tested for the uncertainty in aerodynamic coefficients by deploying the flap during flight 

tests. Beard, et al. [23] used a L1 adaptive algorithm to control the pitch attitude loop for MAVs. 

Simulation and flight test showed that L1 adaptive controller exhibited robustness for variable 

sample rate as well as for time delays. 

1.2 Research Objective 

The current research, presented in this thesis, is to develop a MSO based 3 DOF adaptive 

inverse controller for the General Aviation Aircraft and Micro Aerial Vehicle. The controller 

should be capable of adapting to flight path angle and velocity commands in the presence of 

uncertainties and failures similar to the MRAC based neural network controller. In addition, the 

MSO adaptations are shown to eliminate the undesired oscillations of the Power Lever Arm 

(PLA) response (seen in the flight test of MRAC Baseline Controller) through simulation. For 

the Micro Aerial Vehicle, the MSO based controller is tested in simulation for the altitude and 

velocity commands with engine and elevator failures in the presence of modeling errors. This is 

to analyze the capability of the MSO to adapt for the highly sensitive and faster response 

dynamics of the micro aerial vehicles. 

The report is organized as follows. Chapter 2 describes the mathematical model and 

longitudinal inverse controller design for the general aviation aircraft. Chapter 3 describes the 

design of the MRAC based adaptation and Modified State Observer based adaptive controller. 
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Flight Test results of the baseline MRAC and laboratory simulation of baseline and modified 

state observer based adaptive controller are detailed in Chapter 4. Chapter 5 describes the 

mathematical model and six DOF inverse controller design for the micro aerial vehicle. 

Simulation results of the MSO based adaptations for the uncertainty cases with failures is 

presented in Chapter 6. 
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           CHAPTER 2 

2. GENERAL AVIATION AIRCRAFT 

2.1 Description and Mathematical Model of General Aviation Aircraft 

As part of a NASA Advanced General Aviation Transport Experiments (AGATE) and 

Small Aircraft Transportation System (SATS) project, the Hawker Beechcraft (HBC) Bonanza 

fly-by-wire (FBW) test bed was designed to investigate advanced control methods for increasing 

GA safety and make it easier and safer to fly by low-time pilots. The current project is aimed at 

investigating the use of Modified State Observer based Adaptive Control approach to aid the 

pilot in flying the aircraft in emergency situations. 

A specially modified piston engine Bonanza aircraft (CJ-144) for flight testing WSU’s 

algorithms is provided by HBC. The aircraft has conventional wing, horizontal and vertical tail 

with mechanical aileron, elevator and rudder controls. It can be flown using a FBW system from 

the left seat and using mechanical controls in the right seat, which serves as a safety feature 

during flight test. The FBW system is also configured as an EZ-fly software system that de-

couples the aircraft longitudinal and lateral-directional controls. Figure 2.1 shows the in-flight 

and cockpit views of the aircraft used for the flight tests. Figure 2.2 shows the data flow through 

the flight control system. Pilot commands and the current aircraft states are the inputs to the 

system, which give the appropriate control signals to actuate the throttle and control surface 

servos. It also generates the graphic visualization to aid the pilot.  
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Figure 2.1  HBC FBW aircraft in-flight and cockpit view  

 

Figure 2.2  Auto-Pilot Flight Control System in CJ-144 

2.2 Longitudinal Inverse Controller Design for General Aviation Aircraft 

The nonlinear equation of motion in body axes (equations (2.1), (2.2) and (2.3)) 

describing aircraft longitudinal motions are used to develop the inverse controller. The force and 

moment equations for longitudinal wing level flight [24] are inverted to solve for the thrust 

(equation (2.6)). The aerodynamic and thrust coefficients provided by Hawker Beechcraft 

Corporation (HBC) are used to build up the force and moment terms in these equations. These 

coefficients are constant values of the aircraft model set at 100 KCAS. 
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The inverse controller, designed for flight test, uses the Thrust saturation limits based on 

the constraint in shaft horse power (        ). The thrust demand (equation (2.6)), calculated 

using the drag equation (equation (2.1)), is used to calculate the SHP and in turn the throttle 

setting. By algebraic manipulation of throttle and SHP equations, new           and thrust 

demand is calculated. Equation (2.13) inverts the pitching moment equation (equation (2.3)), to 

solve for          . 

 ̅( ̇    )     ̅                (     )          (2.1) 

 ̅( ̇    )    ̅                (     )          (2.2) 

    ̈                 (2.3) 

The true speed,     and flight path angle,   are defined as,  

    √       (2.4) 

          (  ⁄ ) (2.5) 

Transforming equations (2.1), (2.2), and (2.3), to wind axes using equations (2.4) and 

(2.5) the expressions for required thrust and elevator deflection are derived as follows. 

        
 

   (     )
( ̅ ̇   ̅        ̅ (  )      ) (2.6) 

where, 

  ̇  is the commanded acceleration 

Shaft Horse Power,     (          ) (      ) (2.7) 

         (     
  (   ))                  (2.8) 

where, 

          is the estimated maximum shaft horse power for an altitude. 

               = constant terms defining throttle position in SHP vs PLA plot 

 

               (            ) (2.9) 
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    √(  

   (  )(                       ))

 (  )
 

(2.10) 

where,           = Throttle demand  

Rearranging equation (2.10), the required Shaft Horse Power using the limited throttle is given 

by 

           {[((            )     )
           ]  (  

           )        

          } (   ) 
(2.11) 

                         (       )    (2.12) 

          
   ( ̈ )   (              )

 ̅  ̅
 (  )      (2.13) 

where, 

                     = Propeller Efficiency 

                                 = Thrust demand for a given           

                    = constant terms defining throttle position in SHP vs PLA plot 

            = Elevator demand 

   = Distance between aircraft cg and thrust line, positive up 

Elevator and engine failures were simulated by reducing the elevator efficiency by 50% and 

engine efficiency by 33%. 

                        (2.14) 

                        (2.15) 

where, 

        = Reduced elevator deflection 

       = Reduced Throttle due to engine failure  

2.3 Elevator Model 

Based on the flight test data, a second order elevator model was replaced by a new 

elevator model which includes dead band and delays. The elevator model considered in this 
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study deals with a very large delay (200 msec) in the elevator servo. Figure 2.3 shows the 

elevator model designed in Simulink® for the laboratory simulation of baseline and MSO based 

adaptive inverse controller. 

 

Figure 2.3  Block Diagram of Elevator model 
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           CHAPTER 3 

3. ADAPTATIONS 

3.1 MRAC (Baseline) based Adaptive Controller 

The longitudinal adaptive flight control system is designed using a neural network based 

MRAC controller. In this project, the neural network uses a single perceptron weight update 

learning rule. Equation (3.1) shows the learning rule wherein the network generates adaptation 

till the error becomes zero. Figure 3.1 shows the block diagram representation of the perceptron 

neural network model. Two ANNs are used to test the adaptive capability of the controller for 

the aircraft’s longitudinal dynamics. One neural network adapts for the change in flight path 

angle and the other network adapts for the velocity change. 

 ̇   (t) =  ̇   (t - Δt) + η( ̇    -  ̇)  (3.1) 

where   ̇    is the uncertainty estimation 

 ̇    is the desired state 

 ̇ is the actual state 

η is the learning rate 

Δt is the time step 

 

 

 

 

Figure 3.1  Block Diagram of MRAC (Baseline) Adaptation Architecture 
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3.2 Modified State Observer based Adaptive Controller 

A description of the MSO based adaptive control methodology [21] is given in this 

section. Consider the GA aircraft dynamics represented by equation (3.2).  

 ̇   (       )   (       )  (3.2) 

Let    [    ]  be the states that are controlled (velocity and flight path angle) and 

   [   ]
  (angle of attack and pitch rate) represents other measurable states that affects the 

airspeed and gamma control loops. The control inputs   [     ] are thrust and elevator 

deflection. In equation (3.2),  (       )  represents the known nonlinear dynamics, which for 

the aircraft’s longitudinal dynamics is given by equations 2.6 and 2.13. The variable  ̇  

[ ̇   ̈]
  are the commanded acceleration and flight path angle rates. The term  (       ) 

represents the unknown dynamics that need to be estimated. The MSO based adaptive controller 

uses an observer structure of the form given in equation (3.3) to estimate the unknown 

uncertainty. 

 ̇̂   (       )   ̂(       )    (    ̂ )  (3.3) 

In equation (3.3), the term  ̂(       )   ̂  (    ) represents the approximated 

uncertainty where  ̂  are neural network weights and  (    ) are the basis functions of the 

neural network. The variable    is a design parameter and it is chosen as explained in subsection 

3.2.1. The estimation error  ̂  (    ̂ ) between the measured states    and estimated states 

 ̂  is used for adapting the weights by using the Lyapunov theory based weight update rule given 

in equation (3.4). 

 ̇̂      (    ) ̂
      ̂  (3.4) 

Here   is the adaptation rate,   is the robust term to ensure boundedness of neural 

network weights and   is the solution to the Lyapunov equation [19]. Figure 3.2 shows the block 
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diagram representation of the MSO based adaptive controller. It is to be noted that MSO adapts 

based on estimation error, not modeling or tracking error. The PID controller is designed based 

on the desired system response characteristics. The design of the PD controller gains for this 

general aviation aircraft is shown in [25]. 

 

Figure 3.2  Block Diagram of Modified State Observer Architecture 

 
3.2.1 Design of parameters    and   

In the MSO technique the use of the observer structure given in equation (3.3) allows us 

to separate the estimation error dynamics from the reference dynamics. By designing    

appropriately, the estimation error dynamics can be made faster than reference dynamics. This 

allows choosing a high adaptation rate without inducing oscillations in the adaptive control 

signal. The typical MRAC algorithm for uncertainty estimation does not have this flexibility. 

For example consider a design objective in which the Gamma control loop is required to 

track a first order reference model given by 
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 ( )  
 

   
  ( )  (3.5) 

where,  ( ) is the pilot input and  ( ) is the reference model output. 

The design of    is carried out using the following procedure. 

1) First arbitrarily choose a high adaptation rate,   . 

2) Now choose the estimation parameter as          

3) Evaluate the tracking performance and check for oscillations in the control signal for 

extreme flight conditions. 

4) If not satisfactory, increase   . 

5) If no oscillations are observed in the control signal but the tracking performance is not 

good, increase the adaptation rate and repeat steps 2 to 4. 

Note that the design parameter    determines the tradeoff between robustness and 

tracking performance. So, for the same adaptation rate, increasing    lessens the oscillations in 

the controller signal, increases the robustness to delay in control signals and may degrade the 

tracking performance. If a second order reference model is considered, choose the initial value 

for    such that it is 10 times the absolute value of the pole of the reference model farthest from 

the origin and follow the same procedure. 

The adaptation terms (estimates of uncertainties) for the longitudinal controller 

( ̈     ̇   ) are estimated as the product of neural network weights and the basis functions. The 

basis function  (    ) is defined as the Kronecker product of the states affecting the 

commands. The states considered are  ,  ̇, and  . The basis functions used in the neural network 

for the longitudinal adaptations of general aviation aircraft are as in equation (3.6). 

  [      ̇    
 

   
      ̇

 

   
            ̇      

 

   
      ̇

 

   
]
 

 (3.6) 
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The integration of MSO adaptations with the longitudinal inverse controller and the aircraft 

model is shown in Figure 3.3.  
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Figure 3.3  Block Diagram of MSO Adaptations integrated with Aircraft Model and Inverse Controller 
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          CHAPTER 4 

4. RESULTS FOR GENERAL AVIATION AIRCRAFT 

4.1 Baseline Adaptation for General Aviation Aircraft 

The WSU adaptive controller algorithm based on MRAC (termed as Baseline Controller) 

was tested on the CJ-144 test bed aircraft. The procedure to determine the controller gains which 

give an acceptable time delay margin and the Hardware-In-Loop (HIL) and flight tests are 

detailed in [16]. Flight test and simulation results showing the aircraft responses to pitch stick 

and airspeed inputs, with and without failures, are discussed here, to motivate the use of MSO 

adaptations for this controller application. 

4.1.1 Flight Test Results 

A. Without Failures 

When the controller was turned ON, at 100 KCAS, the throttle response became more 

active in order to maintain speed. Throttle pulsing was evident. When decreasing commanded 

speeds, the initial power reduction was aggressive and the throttle pulsing frequency was of 

higher magnitude at lower speeds. The aircraft was slow to respond to a pitch input. There 

appeared to be a long lag in pitch response to a commanded pitch input.  A positive climb rate in 

response to a 20% nose up command took approximately 10 seconds. 

1. Airspeed Command 

Airspeed is varied from 100 to 120 KCAS while maintaining constant flight path angle of 

0 degree. In the response data from the flight test, (Figure 4.1), the controller throttle surge 

phenomenon is observed from the Power Lever Arm (PLA) plot and was noted by the pilot. 
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2. Flight Path Angle - Gamma Command 

The baseline controller was tested for a pitch doublet command, wherein, the pitch stick 

was pulled up promptly to 20%, allow the aircraft to stabilize, pitch down promptly to -20%, 

allow airplane to stabilize, and finally pitch up promptly to 0% while maintaining constant 

airspeed of 100 KCAS. Figure 4.2 shows the aircraft response for the doublet command. The 

PLA oscillates excessively all through the command execution with high oscillations when the 

gamma is reversed from +1.5 to -1.5 degrees.  

B. With Failure 

The performance of the controller is evaluated during commanded flight path doublet 

inputs and airspeed changes for a simulated 50% elevator jam (Figure 4.3 & Figure 4.4). Due to 

the throttle pumping characteristics it was decided to reduce the scope of testing to system 

engagement at 100 KCAS and pitch response at 130 KCAS.  Pumping was still evident at 100 

KCAS and pitch lag was even more pronounced during pitch response testing as compared to 

non-failure modes. 

1. Airspeed Command 

Airspeed is varied from 100 to 130 KCAS while maintaining constant flight path angle of 

0 degree. From Figure 4.3, it is observed that the PLA moves to its saturation limit while 

tracking the airspeed command. The deviation of flight path angle from the commanded gamma 

is more evident when the controller tries to track the airspeed command. However, the deviation 

tends to reduce once the desired airspeed is achieved. 
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2. Flight Path Angle - Gamma Command 

The MRAC based baseline controller was tested for its tracking of a doublet command, 

with a minimum gamma of -2 and a maximum gamma of +1.5 degrees, while maintaining 

constant airspeed of 130 KCAS. Figure 4.4 shows the aircraft response for the doublet command. 

The PLA oscillates rapidly between the upper and lower saturation limits for the pitch down 

command and such high amplitude oscillations die out for pitch up commands. 

 

Figure 4.1  Response plots for Speed command (no failures) 
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Figure 4.2  Response plots for Doublet command (no failures) 
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Figure 4.3  Response plots for Speed command (50% elevator failure) 
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Figure 4.4  Response plots for Doublet command (50% elevator failure) 
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4.1.2 Simulation Results 

Contrary to the flight test results, the throttle surge pattern was not observed in the 

desktop simulation of the Baseline Controller carried out prior to flight tests. To understand the 

PLA surge effect, the controller is studied for its tracking of flight path angle and airspeed 

commands in the presence of turbulence. Turbulence is induced into the aircraft model using a 

Dryden turbulence model. The longitudinal and vertical turbulence scale length is 500m and the 

turbulence intensity is 3m/s. The flight path angle and airspeed commands with and without 

failures used in the flight tests are simulated in the laboratory with a reasonable degree of 

accuracy. Results for the baseline controller response to gamma and airspeed commands for 

thrust failure cases (which were not done in flight test) are also shown in this section. In all 

laboratory simulation results shown in this report, the controller is turned ON at 10 seconds.  

Figure 4.5 shows the response to the airspeed command of 120 KCAS at 50 seconds. 

Flight Path Angle is commanded at 0 degree throughout the simulation. The PLA surging 

phenomenon and maximum thrust saturation as seen in the flight test (refer to Figure 4.1) is 

observed in this simulation. The thrust saturation is seen only for a short duration when 

compared to the flight test. This could be attributed to the lag in the actual aircraft and the 

reduced maximum PLA saturation limit of 87% in the flight test. The controller adapts well for 

the airspeed and gamma commands similar to flight test. The red dotted line in the plot for flight 

path angle shown in all the laboratory simulation results is the ideal response of the system. 
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Figure 4.5  Simulated Response plots for Speed command with turbulence (no failures) – Baseline 
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The commanded flight path angle, similar to the doublet command in flight test is 

simulated. The maximum and minimum gamma for this doublet command is +1.5 and -1.5 

degree respectively. The PLA surge in this simulation (refer to Figure 4.6) is not as severe as the 

flight test result shown in Figure 4.2. This is partly due to the lag in the pitch up/pitch down 

response of the actual aircraft. The possibility of noise in the flight path angle sensor cannot be 

ruled out and the controller response to measurement noise inputs is to be studied in the future. 

However, the overall trend in the PLA variation (surging effects and minimum thrust saturation), 

is similar to the flight test result. 
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Figure 4.6  Simulated Response plots for Doublet command with turbulence (no failures) – 
Baseline 
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A 50% elevator jam is simulated to observe the aircraft response to elevator failures. As 

carried out in flight test, the airspeed is varied from 100 to 130 KCAS at 50 seconds. From 

Figure 4.7, it can be seen that the PLA variation is quite similar to that observed in flight test 

(refer to Figure 4.3). The PLA command hits the maximum saturation limit of 96% while 

adapting to the velocity command and reduces once the adaptation is complete. The variation of 

Flight Path Angle is also similar to that seen in the flight test. 

 

Figure 4.7  Simulated Response plots for Speed command with turbulence (elevator failure) – 
Baseline 
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The flight path angle adaptability using the doublet variation, similar to the pitch doublet 

command in flight test (refer to Figure 4.4) is simulated for the 50% elevator jam case shown in 

Figure 4.8. The maximum and minimum gamma for this doublet command is +1.5 and -2.0 

degree respectively. During flight test, the pitch command is initiated just after the airspeed 

command with the throttle still in the maximum saturation limit. This can be observed by looking 

at the time scales of Figure 4.3 and Figure 4.4. Hence, the PLA saturation is not seen in the 

initial period of simulation. However PLA surge effect seen in the flight test is captured in the 

simulation except at the -2 degree command where larger PLA oscillations are seen in flight test.  
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Figure 4.8  Simulated Response plots for Doublet command with turbulence (elevator failure) – 
Baseline 
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To avoid ambiguity, simulation is done wherein, the doublet command is initiated when 

the PLA is in the maximum saturation limit. As observed in the flight test (refer Figure 4.3 and 

Figure 4.4), it is seen in Figure 4.9 that PLA reaches the minimum saturation limit as soon as the 

-2 degree gamma command is initiated. The oscillatory behavior of PLA for the positive flight 

path angle command is also evident, as in Figure 4.9. 

 

Figure 4.9  Simulated response plots for Speed and Doublet command with turbulence (elevator 
failure) – Baseline 
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A 33% reduction in thrust is simulated to observe the aircraft response to engine failures. 

The airspeed is varied from 100 to 130 KCAS at 50 seconds. The PLA response, in Figure 4.10, 

shows the surging effect and thrust saturation when the controller adapts to the velocity 

command of 130 KCAS and gamma command of 0 degree. The flight test for the thrust failure 

case is scheduled in future test flights. 

 

Figure 4.10  Simulated response plots for Speed command with turbulence (engine failure) – 
Baseline 
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Figure 4.11 shows the aircraft response for the flight path angle doublet command with 

33% thrust reduction. The gamma command, here, is similar to the one commanded in the flight 

test for the elevator failure case. A constant airspeed of 130 KCAS is commanded all through the 

simulation. The PLA surge is seen along with the controller hitting the lower saturation limit. 

The throttle saturates to the maximum when the gamma is raised to +1.5 degree. 

 

Figure 4.11  Simulated response plots for Doublet command with turbulence (engine failure) – 
Baseline 
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4.2 Modified State Observer for General Aviation Aircraft 

4.2.1 Simulation Results 

From the flight test and laboratory simulation results of the baseline controller, the PLA 

surging effect is predominantly observed in all test cases. The PLA surge is induced by the 

addition of the turbulence model to the aircraft. The MSO based adaptive controller, as explained 

in Chapter 3, adapts to the state estimation error and is more robust compared to the baseline 

which uses modeling error for uncertainty estimation. Simulation results also demonstrate the 

robustness of MSO based adaptive controller to measurement noises, actuator time delay, etc. 

The flight path angle and airspeed commands used in the baseline laboratory simulations in the 

previous section are repeated to verify the adaptation capabilities of the MSO based adaptive 

controller. 

Figure 4.12 shows the response for the airspeed command of 120 KCAS at 50 seconds 

and 0 degree flight path angle command. The PLA surging phenomenon seen in Figure 4.5 is not 

observed in this simulation. The 96% maximum thrust saturation is seen while adapting to the 

uncertainties during velocity command. The controller tracks the airspeed command, with a 

small overshoot. 
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Figure 4.12  Simulated response plots for Speed command with turbulence (no failures) – MSO 
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The doublet flight path angle command used in the baseline controller simulation is also 

used to verify the MSO based controller’s adaptive capability. Figure 4.13 shows that, for the 

maximum and minimum gamma command of +1.5 and -1.5 degree respectively, the PLA 

transient history is very smooth all through the simulation time. The PLA surge seen in MRAC 

baseline controller (refer to Figure 4.6) is not observed here which demonstrates the robustness 

of MSO based adaptive controller. 

 

Figure 4.13  Simulated response plots for Doublet command with turbulence (no failures) – MSO 
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The elevator failure case is simulated through a 50% elevator jam. From Figure 4.14, for 

the airspeed command of 130 KCAS, it can be seen that the PLA variation is smooth when 

compared to simulation results of baseline controller (refer to Figure 4.7). As expected, the PLA 

command reaches the maximum saturation limit of 96% for the chosen velocity command. The 

flight path angle adapts well similar to the flight test and baseline controller simulation results. 

 

Figure 4.14  Simulated response plots for Speed command with turbulence (elevator failure) – 
MSO 
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Figure 4.15 shows the airplane’s response using the MSO adaptations for doublet 

command in the presence of elevator failure. The PLA remains close to minimum saturation 

limit for -2 degree gamma command and rise to maximum saturation limit for the +1.5 degree 

command. Again, the PLA surging phenomenon is considerably reduced compared to baseline 

simulation in Figure 4.8.  

 

Figure 4.15  Simulated response plots for Doublet command with turbulence (elevator failure) – 
MSO 
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Similar to the simulation carried out in baseline controller (refer Figure 4.9), the flight 

path angle doublet command is initiated, when the throttle still remains in maximum saturation 

limit due to the velocity command of 130 knots. As observed in the flight test (refer Figure 4.4) 

and laboratory simulation of baseline controller (refer Figure 4.9), the throttle reaches the 

minimum saturation limit for the -2 degree gamma command, as in Figure 4.16. The PLA swings 

between the upper and lower limits for the doublet command. The PLA surging phenomenon is 

not observed in this case, as the controller uses the MSO adaptations for tracking. 

 

Figure 4.16  Simulated response plots for Speed and Doublet command with turbulence (elevator 
failure) – MSO 
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The commanded airspeed is varied from 100 to 130 KCAS at 50 seconds, for the 33% 

thrust failure case, and the response using the MSO based adaptive controller is observed. Figure 

4.17 does not exhibit the PLA surging as seen for the baseline controller in Figure 4.10. Thrust 

saturation is observed when the controller adapts to the velocity command of 130 KCAS and 

gamma command of 0 degree. 

 

Figure 4.17  Simulated response plots for Speed command with turbulence (engine failure) – 
MSO 
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Figure 4.18 shows the aircraft response for the flight path angle doublet command, for the 

thrust failure case, with maximum and minimum gamma of -2 and 1.5 degree respectively. The 

constant airspeed command of 130 KCAS is maintained all through the simulation. The PLA hits 

the maximum saturation limit when the controller is turned ON at 10 seconds and hits the 

minimum for -2 degree gamma command. Unlike the PLA transient history of the Baseline 

controller, shown in Figure 4.11, the PLA surging is not predominant with MSO based adaptive 

controller. 

 

Figure 4.18  Simulated response plots for Doublet command with turbulence (engine failure) – 
MSO 
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Based on the simulation results shown in Figure 4.12 through Figure 4.18, it is observed 

that the MSO adaptations remove the PLA surge phenomenon which is observed predominantly 

in flight test and simulation results of the controller using baseline adaptations. Hence the inverse 

controller using MSO adaptations is considered for Hardware-In-Loop and flight test for the 

longitudinal dynamics. The HIL and flight tests are to be conducted by Beechcraft Corporation 

in the near future. 

  



 

46 

          CHAPTER 5 

5. MICRO AERIAL VEHICLE 

5.1 Description and Mathematical Model of Micro Aerial Vehicle 

The Black Kite MAV, developed by CSIR-NAL India, is shown in Figure 5.1. It has an 

endurance of approximately 20 minutes, has a 2 km operational range, and flies at a cruise 

altitude of 60–100m AGL. The vehicle is designed for a cruise speed of 15 m/s and a climb rate 

of 2.5 m/s. The wing span is 0.3 m and the surface area is 0.0611 m2. The mass of the MAV is 

0.29 kg. The aircraft is hand launched and operated using a GPS aided navigation system. The 

airframe is made of Kevlar and has a small radar footprint. 

 

Figure 5.1  Black Kite Micro Aerial Vehicle 
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The geometric properties of this aircraft are shown in Table 5.1. 

TABLE 5.1 

GEOMETRIC PROPERTIES OF BLACK KITE 

Serial 
No. Properties Value Units 

1 Mass,  ̅ 0.29 kg 
2 Wing span,   0.3 m 
3 Mean Aerodynamic Chord,  ̅ 0.25 m 
4 Wing Surface Area,   0.06118 m2 

5 Inertia 

Ixx 0.00301326 kg-m2 
Iyy 0.00310261 kg- m2 
Izz 0.00026367 kg- m2 
Ixz 0.00000109 kg- m2 

6 Moment Reference Position,      [0.074 0 0] m 
 

The aerodynamic and stability derivatives of the Black Kite 300 mm wing span model 

were obtained from the wind tunnel tests conducted by CSIR-NAL [26]. An accurate 

mathematical model of the aircraft dynamics has been developed by CSIR-NAL using the 

nonlinear six degree of freedom equations of motion [27].  

Force Equations: 

 ̇         (    )      (5.1) 

 ̇         (    )(    )      (5.2) 

 ̇         (    )(    )      (5.3) 

Moment Equations: 
Neglecting the coupled nonlinear terms, the moment equations are as in equations (5.4), (5.5), 

and (5.6). 

  ̇         (5.4) 

  ̇         (5.5) 
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  ̇         (5.6) 

Kinematic Equations:  

 ̇                (5.7) 

 ̇                          (5.8) 

 ̇                        (5.9) 

Aerodynamic Forces and Moments: 

The longitudinal and lateral-directional aerodynamic forces and moments are functions of 

the force and moment coefficients respectively: 

[        ]   
 ̅ 

 ̅
[        ] (5.10) 

[     ]   ̅ [           ] (5.11) 

The MAV is equipped with elevator and aileron controls. There is no rudder. The force and 

moment coefficients are modeled using equations (5.12) through (5.17). 

Force Coefficients:  

                    
     ̅

  
  (5.12) 

           [         ]
                (5.13) 

                
[         ] 

  
  (5.14) 

Moment Coefficients: 

                
[         ] 

  
 (5.15) 

                    
     ̅

  
 (5.16) 

                
[         ] 

  
 (5.17) 
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5.2 Standard Dynamic Inverse Controller Design for Black Kite 

The nonlinear aircraft equations of motion are used in designing the inverse controller 

[28] to control the longitudinal and lateral dynamics of the aircraft. 

5.2.1 Longitudinal Dynamics Controller 

 Equations (5.18), (5.19) and (5.20) represent the longitudinal dynamics of the airplane. 

The drag and the pitching moment equations for wings level flight are manipulated below to 

compute the required thrust and the elevator deflection to attain the commanded velocity,  ̇    

and pitch rate,  ̇   . 

 ̅( ̇    )     ̅              (     )          (5.18) 

 ̅( ̇    )    ̅              (     )          (5.19) 

    ̇     (5.20) 

 The pitching moment,    is measured about the hinge point of the MAV in wind tunnel. 

To get the rate of change of   , the moment about center of gravity is obtained as in Equation 

(5.21). 

       ̅  ̅     (   ) (5.21) 

Substituting      in equation (5.20) and expanding    using equation (5.16) yields 

 ̇   
(                   (

  ̅
  
) )  ̅  ̅

   
  
  (   )

   
 (5.22) 

where the downward force    is 

      ̅ (             ) (5.23) 

and      is the distance between aerodynamic center and hinge point. 

Substituting for force coefficients using equations (5.12), and (5.13) for    and   , 

setting  ̇    ̇   , the commanded pitch rate and rearranging equation (5.22) for    yields 
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(
 ̇             

 ̅  ̅
)                 

  ̅
  

      
     
 ̅  ̅

 (5.24) 

where, 
    is the pitching moment coefficient for unit change in pitch rate 

     ̅ [    (       (         )
      (        )  

     ̅

  
  )] (5.25) 

     ̅ [                    ] (5.26) 

where, 

      is the minimum drag coefficient 

       is the lift coefficient for minimum drag 

    is the lift coefficient for unit change in pitch rate 

Combining equations (5.18) and (5.19) and transforming them to wind axes, setting 

 ̇   ̇    and solving the x-force equation for Thrust  , gives  

   
 

   (    )
[ ̅ ̇     ̅    (   )    ̅   (    )]  (5.27) 

where,    is the Thrust-line angle, positive up 

 ̇    is the commanded acceleration 

5.2.2 Lateral Dynamics Controller 

The roll acceleration is commanded by the controller via the ailerons. The Black Kite has 

no rudder. Using the roll rate equation (5.4) and substituting for the aerodynamic moment L 

using equations (5.11) and (5.15), setting  ̇   ̇    and rearranging gives the aileron deflection 

equation as 

   
(
 ̇      
 ̅  

)      
(          ) 

  

    
  

(5.28) 
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where, 

 ̇    is the commanded roll acceleration 

Clβ, Clp, Clr, Clδa is the rolling moment coefficient due to sideslip, roll rate, yaw 

rate, aileron deflection respectively.  
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          CHAPTER 6 

6. RESULTS FOR MAV 

6.1 MSO Adaptations for Micro Aerial Vehicle 

The Black Kite MAV with the aircraft model and the inverse controller detailed in the 

previous section is tested for adaptation to uncertainties in its longitudinal dynamics using MSO 

adaptation. The response characteristics of the MAV are studied for a ramp and step altitude 

command and also a step velocity command. 

6.1.1  PI Controller Design 

The nominal outer loop PI controller is designed based on the aircraft short period mode 

characteristics. The PI gains are chosen such that they generate a rise time value close to the 

aircraft rise time value calculated using the short period mode damping and frequency values. 

The MSO algorithm, described in Section 3.2, is integrated with this nominal PI controller and 

the dynamic inverse controller. The proportional gains for the altitude and pitch angle control 

loops are designed based on the required system response characteristics. In normal flight 

condition, the altitude and velocity commands are tracked by the PI controller designed for the 

longitudinal dynamics of the MAV. The MSO adaptations are included when the aircraft 

experiences modeling errors and failures. Figure 6.1 shows the integration of PI controller and 

MSO adaptations with the aircraft model and dynamic inverse controller. 



 

53 

 

Figure 6.1  Block Diagram of MSO Adaptations and PI controller integrated with Black Kite Model and Inverse Controller 
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6.1.2  Simulation Results 

Two scenarios are studied to observe the adaptation capability for the parameter uncertainties –  

A. Modeling Error in Aircraft 

B. Modeling Error in Inverse Controller 

A.  Adaptation for Modeling Error in Aircraft 

The MSO adaptation is tested for the parameter uncertainties that arise from modeling 

inaccuracies. The aircraft pitching moment coefficient due to alpha (Cmα) is varied as percent of 

the nominal design value for the aircraft. A Cmα value of -1 is the nominal value for the aircraft. 

The elevator and engine failures are also introduced in the presence of modeling errors. To 

simulate the critical condition, both elevator and engine failures are initiated simultaneously at 

140 seconds. Table 6.1 shows the results. Case # 1, 2 and 3 has the aircraft Cmα as 0.5 times the 

nominal value. Case # 4 and 5 has aircraft Cmα equal to -1 times the nominal value. The aircraft 

does not have enough elevators to trim for +50% Cmα value (1.5 times nominal Cmα value) and 

hence this data is not shown in Table 6.1. It is to be noted that Case #3 in Table 6.1, shows that 

the aircraft adapts well for 40% elevator failure, which is not the case in scenario B. This is due 

to the reduced Cmα of the aircraft in scenario A which in turn reduces the required elevator to 

trim. Figures 6.2 to 6.13 show the response of the aircraft for the altitude command with and 

without MSO adaptation for Case #2. It is observed from the Figure 6.2 that the PI controller is 

not capable of adapting to and following the altitude command once the combined elevator and 

engine failure is initiated at 140 seconds. 
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B.  Adaptation for Modeling Error in Controller 

The pitching moment coefficient due to alpha (Cmα) is varied by +/- 50% of the nominal 

design value for the inverse controller. Similar to scenario A, the elevator and engine failures are 

introduced simultaneously at 140 seconds. The results for this study are shown in Table 6.1, Case 

# 6 to #14. Case # 6, 7 and 8 has the controller Cmα as 0.5 times the nominal value. Case # 9, 10 

and 11 has controller Cmα equal to -1 times the nominal value. Case # 12, 13 and 14 has 

controller Cmα equal to 1.5 times the nominal value. It is observed from Case # 8, 11 and 14, the 

design Cmα of the aircraft presently used, limit the controller’s capability to adapting for 35% 

elevator failure only. Figures 6.14 to 6.25 show the response plots of the PI and PI+MSO 

combination for the altitude and velocity command for Case # 12 of Table 6.1. The PI controller 

is unable to hold the altitude command in the presence of off-design Cmα as soon as the velocity 

is increased from 15 m/s to 20 m/s. 

 
TABLE 6.1 

RESULTS FOR CHANGE IN CM-ALPHA IN AIRCRAFT AND CONTROLLER 

Case 
# 

Cmα – 
Aircraft 

Cmα – 
Controller 
(Nominal) 

Elevator 
Failure 

Engine 
Failure Result 

1 -0.5 -1 – – Adapts 
2 -0.5 -1 30% 75% Adapts 
3 -0.5 -1 40% 75% Adapts 

4 1 -1 – – 
Does not 

Adapt 

5 1 -1 30% 75% 
Does not 

Adapt 
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TABLE 6.1 (continued) 

RESULTS FOR CHANGE IN CM-ALPHA IN AIRCRAFT AND CONTROLLER 

Case 
# 

Cmα – 
Aircraft 

(Nominal) 

Cmα – 
Controller 

Elevator 
Failure 

Engine 
Failure Result 

6 -1 -0.5 – – Adapts 
7 -1 -0.5 35% 75% Adapts 

8 -1 -0.5 40% 75% 
Does not 

Adapt 
9 -1 1 – – Adapts 
10 -1 1 35% 75% Adapts 

11 -1 1 40% 75% 
Does not 

Adapt 
12 -1 -1.5 – – Adapts 
13 -1 -1.5 35% 75% Adapts 

14 -1 -1.5 40% 75% 
Does not 

Adapt 
 

  

Figure 6.2  Altitude Response for change in Cmα in aircraft – Case #2 
(Cmα_Aircraft = 0.5 x Cmα_Controller) 
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1. Velocity command 
initiated at 80 seconds. 

 
2.  Adapts between 5 to 10 

seconds after the onset of 
failure at 140 seconds. 
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Figure 6.3  Theta Response for change in Cmα in aircraft – PI + MSO – Case #2 

 
Figure 6.4  Theta Response for change in Cmα in aircraft – PI alone – Case #2 
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Figure 6.5  Pitch Rate Response for change in Cmα in aircraft – PI +MSO – Case #2 

  
Figure 6.6  Pitch Rate Response for change in Cmα in aircraft – PI alone – Case #2 
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Figure 6.7  Velocity Response for change in Cmα in aircraft – Case #2 

  
Figure 6.8  Thrust Response for change in Cmα in aircraft – PI +MSO – Case #2 

Abrupt velocity 
changes while using PI 
controller on the onset 
of failures at 140 
seconds. 
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Figure 6.9  Thrust Response for change in Cmα in aircraft - PI alone – Case #2 

  
Figure 6.10  Elevator Deflection for change in Cmα in aircraft – PI +MSO – Case #2 
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Figure 6.11  Elevator Deflection for change in Cmα in aircraft - PI alone – Case #2 

  
Figure 6.12  Pitch Rate Adaptations for change in Cmα in aircraft – PI +MSO – Case #2 
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Figure 6.13  Velocity Adaptations for change in Cmα in aircraft – Case #2 

  
Figure 6.14  Altitude Response for change in Cmα in controller – Case #12 

 (Cmα_Controller = 1.5 x Cmα_Aircraft) 
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Figure 6.15  Theta Response for change in Cmα in controller – PI +MSO – Case #12 

  
Figure 6.16  Theta Response for change in Cmα in controller – PI alone – Case #12 
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Figure 6.17  Pitch Rate Response for change in Cmα in controller – PI +MSO – Case #12 

  
Figure 6.18  Pitch Rate Response for change in Cmα in controller – PI alone – Case #12 
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Figure 6.19  Velocity Response for change in Cmα in controller – Case #12 

  
Figure 6.20  Elevator Response for change in Cmα in controller – PI +MSO – Case #12 

V
el

oc
ity

 C
om

m
an

d 

Abrupt velocity changes, 
while using PI controller 
alone, for the airspeed 
command at 80 seconds. 



 

66 

  
Figure 6.21  Elevator Deflection for change in Cmα in controller – PI alone – Case #12 

  
Figure 6.22  Thrust Response for change in Cmα in controller – PI +MSO – Case #12 
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Figure 6.23  Thrust Response for change in Cmα in controller – PI alone – Case #12 

  
Figure 6.24  Pitch Rate Adaptations for change in Cmα in controller – Case #12 
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Figure 6.25  Velocity Adaptations for change in Cmα in controller – Case #12 
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          CHAPTER 7 

7. CONCLUSION AND FUTURE WORK 

This thesis discusses the application of a neural network based adaptive control method 

for steering the longitudinal dynamics of the general aviation type aircraft. This aircraft has a 

high lag elevator model. To simulate the actual flight condition, the longitudinal inverse 

controller is modified to accommodate the thrust saturation based on shaft horse power limits. 

The neural network based MRAC controller was flight tested for the airspeed and flight path 

angle doublet commands using the Bonanza aircraft. The response obtained for these flight 

commands looks acceptable except for the high PLA oscillations. Therefore a laboratory 

simulation was carried out for this MRAC baseline controller to test its ability to adapt for the 

flight commands in the presence of turbulence. A Dryden Turbulence model was used for this 

purpose. The simulation results show PLA oscillations as observed in the flight tests. To 

overcome this problem, a modified state observer based adaptive control method was developed 

for the 3 DOF aircraft model. Laboratory simulation was carried out for the airspeed and flight 

path angle doublet commands as in the flight test of MRAC based adaptive controller. The PLA 

response looks much smoother when compared to response using the MRAC baseline controller. 

The PLA surging phenomenon is not observed in this case. With these promising results, a HIL 

and flight test of the MSO based adaptive controller is planned in the near future. A Kalman 

filter based MRAC baseline controller is also suggested and this work is in progress. 

To raise the scope of application of the MSO based adaptive controller within the flight 

control discipline, it is also tested for its adaptive capabilities in the longitudinal dynamics for the 

MAV type aircraft model. The MAV, due to its smaller size, requires a relatively fast response. 

The simulation results show that MSO controller adapts well for modeling errors accompanied 
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with failures. The controller’s capability in adapting to parameter uncertainty is determined by 

varying the aircraft pitching moment coefficient by +/- 50%.  

The usage of this adaptive controller can be extended for controlling the lateral dynamics 

and also for the flight of the MAV in atmospheric turbulences. Hardware-In-Loop and Flight 

testing of this adaptive controller for the MAV model can be taken up as future work to prove its 

robustness in real time situations. At present, only the aircraft’s pitching moment coefficient is 

varied to introduce uncertainty. The aircraft response can also be studied for uncertainties in 

other aerodynamic and stability parameters. 
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