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ABSTRACT 

The thesis documents the expansion of model reference adaptive control (MRAC) research previously 

developed at Wichita State University.  This research was conducted in response to the National Aeronautics and 

Space Administration’s Integrated Resilient Aircraft Control project.  The project seeks to develop new types of 

flight control systems that have the ability to react to unforeseen changes in the aircraft or its environment.  Desktop 

simulations conducted have shown the ability to meet the results desired from the project. 

A desktop simulation for a six degree of freedom model of a Hawker Beechcraft Bonanza is modified with 

multiple MRAC architectures.  These architectures include a model follower and proportional derivative and 

proportional integral controllers.  In addition, an artificial neural network is used to compensate for modeling error 

and changes in the aircraft or the environment.  The adaptive elements within each artificial neural network range 

from simplified bias only neural networks to linear basis vectors with additional modification terms. 

Each architecture was simulated to determine the error between the desired and actual aircraft state.  

Further analysis was conducted to determine time delay margin within each control loop.  Finally, a comparison of 

architectures was conducted to determine which controller would be suited for flight testing on the Hawker 

Beechcraft Bonanza testbed. 
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CHAPTER 1 

1.  INTRODUCTION 

1.1 Motivation 

The aviation industry holds safety as a main priority for every aircraft due to the fact that many accidents 

result in serious injury or fatality of the passengers.  Companies must spend a significant amount of money 

designing, testing, and certifying airplanes to account for many different flight scenarios.  However, not every 

situation and combination of events can be anticipated.  Most accidents involve pilot error, mechanical malfunction 

or external disturbances.  In most accidents, some factor causes a change to the aircraft which contributes to the pilot 

making a fatal error such as Air France Flight 447 [1] or Colgan Air Flight 3407 [2].  While accidents such as these 

are highly publicized due to the number of fatalities involved, accidents within the general aviation community are 

much more likely due to the inexperience of most pilots.  If additional safety measures could be supplied to these 

pilots, perhaps the Federal Aviation Administration’s (FAA) goal of no more than one fatal accident per 100,000 

flight hours by the year 2020 could be realized [3].  

In order to resolve some of these issues, NASA created the Aviation Safety Program’s Integrated Resilient 

Aircraft Control (IRAC) project.  This project seeks to develop new types of flight control systems that have the 

ability to react to unforeseen changes in the aircraft or its environment.  The flight control systems utilize fly-by-

wire (FBW) with adaptive control algorithms embedded within the software.  Early research in the project centered 

around developing thrust only control algorithms in response to United Airlines Flight 232 which suffered loss of all 

hydraulic control surfaces [4], yet was able to be flown with propulsion only control.  This situation developed after 

the tail mounted engine of the DC-10 suffered rotor non-containment which resulted in the severing of all hydraulic 

power to the flight control systems.  After this incident, research into adaptive control technology blossomed due to 

its ability to handle emergency situations. 

Developing systems that react to unanticipated changes, and allow pilots to continue to fly the airplane as 

normal have become greatly desired.  Not only would this reduce the catastrophic accidents, it could greatly reduce 

the time pilots spend in training by simplifying the transition from driving cars to piloting airplanes.  The adaptive 

flight control systems (AFCS) would also allow for reduced time designing FBW systems that utilize gain 

scheduling.  Typically, FBW control systems must be evaluated with different gains at many different points 

throughout the flight envelope.  This process known as gain scheduling can be very time and labor intensive.  Also 
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desiring this feature is the general aviation community which could successfully bring aviation to the masses by 

creating systems that are more intuitive to fly and thereby reduce the amount of training required to learn to fly.  

This thesis will expand upon the work done at WSU on the application of Model Reference Adaptive 

Control (MRAC) on a six degrees of freedom simulation of a fly-by-wire general aviation airplane.  Previous work 

involved the use of bias only neural networks which is expanded in this thesis to use linear basis networks with 

modification terms.  In addition, a PI controller developed by Hinson [5] will be applied in the 6 DOF simulation.  

The structure of this thesis is as follows.  A literature review and research objectives in addition to the introduction 

will be presented in Chapter 1.  Chapter 2 will contain the development of all the various architectures studied.  The 

design and results of gain and learning rate studies will be shown in Chapter 3.  In Chapter 4, results of the 

controllers in response to different flight conditions and different failure scenarios will be examined.  Finally, 

Chapter 5 will consist of conclusions and recommendations for future research. 

1.2 Adaptive Control Literature Review 

1.2.1 Model Reference Control 

Adaptive flight control systems (AFCS) have developed from a technique known as Model Reference 

Adaptive Control (MRAC).  This technique uses nonlinear dynamic inversion (NDI) to cancel the plant model 

dynamics [6].  With the plant dynamics canceled, a new system model with desired dynamics can be used.  

However, the dynamic inversion model can perfectly cancel all of the nonlinear plant dynamics only if it is exact.  

The dynamic inversion model cannot compensate for modeling errors or failures.  This led researchers to find new 

ways to compensate for these differences.  Traditional thinking would be to gain schedule all possible conditions.  

However, gain scheduling takes a lot of manpower and time and cannot compensate for all unexpected flight 

conditions, failures, and errors. 

1.2.2 Artificial Neural Network Theory 

Artificial Neural Networks (ANN) were created to be information-processing systems similar to biological 

neural networks operate [7].  These ANNs are well suited to error compensation.  The basic theory uses system 

inputs multiplied by a weighting function to attempt to track a known function in a process called training.  The 

weights are updated at every time step using the error between the desired output and the actual output.  This ability 

to adjust based on the system error and update in real time makes ANNs excellent for compensating for errors when 

using NDI. 
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1.2.3 Model Reference Adaptive Control 

The use of artificial neural networks (ANN) to compensate for uncertainties and errors in aircraft plant 

dynamics and inversion was popularized by Calise, Rysdyk, and Kim [8][9][10].  The uncertainties can come from 

several different sources including unmodeled or unknown system dynamics, inaccurately computed models, 

actuator dynamics, parameter variation, or failures.  The ANN supplements the commanded signal into the NDI 

model in a method called model reference adaptive control (MRAC).  The method seeks to minimize or eliminate 

the error between the model’s commanded signal and the plant output signal.  A detailed derivation of the basic 

MRAC architecture can be found in section 2. 

Kim and Calise [8] continued their work with MRAC by developing a two ANN control system for an F-18 

aircraft model.  The first ANN was trained offline to perform the dynamic inversion at a variety of expected flight 

conditions and maneuvers.  The second ANN was trained online and used to compensate for uncertainty and errors 

[8].  In reference [9], Calise and Rysdyk replaced the first ANN with a linearized mathematical inverse of the 

aircraft plant.  The plant inverse was taken around a nominal operating point.  The second ANN was left to 

compensate for errors resulting from the linearization of the aircraft plant and failures.  They continued to expand 

their research by applying the MRAC to a XV-15 rotorcraft [10].  The model was able to demonstrate level-one 

handling qualities and increased controllability during failures. 

The online ANN for all of these projects utilized a stable weight update rule that was derived from a 

Lyapunov analysis to guarantee boundedness of the ANN.  However, when using a high learning rate for fast 

adaptation, additional oscillations can be imparted to the system especially in the presence of time delay and other 

unmodeled system dynamics.  In order to reduce these oscillations, several different methods have been developed.  

Lewis et al. [6] discusses how using the previous weights in the weight update rule can reduce the drastic changes 

that accompany the use of high learning rates.  Nguyen et al. [11] developed an optimal control modification to 

improve robustness.  Calise et al. [12] developed an adaptive loop recovery (ALR) method that seeks to maintain 

loop properties of the reference model.  Yucelen and Calise [13] created a method that uses a derivative-free 

approach to reduce significant oscillations. 

An important part of adaptive flight control is the ability to assess the performance of the architecture.  

Most flight control systems are evaluated in terms of phase and gain margins.  These traditional methods for 

determining the performance of control systems cannot be extended to nonlinear adaptive systems.  Particularly, 
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phase margin cannot be extended to nonlinear control systems, such as adaptive flight control [14].  Stepanyan et al. 

[14] developed several different metrics for determining the stability and performance of control systems to replace 

the traditional metrics.  Two of these metrics have been proven particularly useful.  The first metric is the concept of 

time-delay margin.  An artificial time-delay is injected into the system, normally between the control system and the 

plant model.  The simulation is run with increasing time-delay until the system is on the verge of instability.  The 

second is a transient performance metric, tracking error, also performed using simulations.  The tracking error 

measures how well the control system tracks a commanded reference model with the following equation 

 BC = ‖6_&`16a_&`‖ℒb‖6a_&`‖ℒb  (1.1)   

1.2.4 Wichita State University Contributions 

Due to the high number of general aviation manufacturers in the area, researchers at Wichita State 

University (WSU) have sought to apply the benefits of MRAC to general aviation airplanes.  In 2001, WSU 

partnered with Hawker Beechcraft Corporation (HBC, formerly Raytheon Aircraft Company) to apply MRAC to a 

Beechcraft Bonanza.  This Bonanza, CJ-144, was developed as a NASA fly-by-wire testbed and retrofitted with an 

“EZ-fly” system by Duerksen [15].  This control system uses decoupled flight control commands where the 

longitudinal stick position commands flight path angle, lateral stick position commands bank angle, the throttle 

commands airspeed, and the rudder petals command side force.  When there is no rudder pedal command all 

maneuvers are coordinated (zero side force) [16]. 

MRAC was applied to a 3-DOF longitudinal only simulation of the CJ-144 aircraft by Pesonen et al. [17].  

They were able to successfully demonstrate adaptation to both modeling errors and partial control system failures.  

Steck et al. [18] utilized the Dryden turbulence model to apply turbulence to the simulation developed in reference 

8.  They found that an unreasonable amount of control effort was needed.  In order to correct this issue, a first order 

filter was implemented to reduce actuator demands.  A second generation of inverse controller was developed by 

Lemon et al. [19].  This inverse controller uses a predictor corrector method.  Reed [20] modified the ANN to use 

the optimal control modification developed by Nguyen et al. [11].  Hinson [5] developed a proportional integral 

controller and applied it to a Bonanza model that included aeroelastic effects.  Lemon [16] and Lemon et al. [21] 

expanded upon the early work at WSU by creating a full six degree of freedom control system architecture for the 

Bonanza simulation.  This model forms the starting point for the research presented in this thesis. 
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A major advantage of the research conducted at WSU is the ability to flight test the controllers that have 

been developed.  Lemon et al.  [19]  demonstrated the application of a 3-DOF architecture on the CJ-144 Bonanza.  

The results from the flight test led to greater refinement of the Bonanza model and additional requirements that need 

to be tested.  Further research has been conducted on the quality of the various MRAC architectures with pilot-in-

the-loop simulations.  The simulations use a combination of MATLAB
®
, SIMULINK

®
 and X-Plane

®
 flight 

simulation software.  The modified Cooper-Harper Rating system is utilized to determine if the flight control model 

is acceptable. 

1.3 Research Objectives 

Basic neural network design has been completed using a 6 DOF aircraft model, however the various 

modifications to MRAC have been shown to improve performance and be more robust.  Application of these new 

techniques proves promising in development, but testing them on actual aircraft is critical to the advancement of 

MRAC.  The research presented in this thesis is an attempt to determine the most fitting modifications to MRAC 

that will be used for the Beechcraft Bonanza.  The following three questions will be answered: 

1. Which type of model reference control works better, PD or PI? 

2. Which type of neural network will prove most effective? 

3. Will different modifications to the weight update rules provide additional enhancement to the base 

neural networks?  

This document is organized as follows:  Chapter two discusses the development of the different control 

architectures.  Chapter three contains implementation of these networks onto the Bonanza and evaluation criteria.  

Chapter four contains simulation results.  Chapter five will give a discussion of the results and recommendations for 

future work.   
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CHAPTER 2 

2.  ADAPTIVE CONTROL DESIGN 

2.1 Application of Model Reference Adaptive Control 

MRAC theory begins with a nonlinear 2
nd

 order dynamic system 

 Sc = 0_S,! S, V` (2.1) 

where x is the state vector and δ is the control vector.  Since the function, ƒ, may not be completely known or may 

vary with time, it is replaced by the approximate function 03 and the unknown uncertainty, ∆′.  Equation (2.1) 

becomes 

 Sc = 03_S,! S, V` − ∆′ (2.2) 

If 03 is invertable in controls and the state vector and its derivates are measurable, then equation (2.2) can be 

manipulated using mathematical inversion to become 

 V = 0312fS#,! S#, L + ∆′h (2.3) 

where U is the pseudocontrol variable.  Finally, it is assumed that the uncertainty, ∆′, can be estimated by the 

adaptive signal from the ANN, Uadd.  Equation (2.3) becomes  

 V = 0312fS#,! S#, L + LMNNh (2.4) 

These equations can be represented visually in the following diagram,  Figure 2.1.  The inverse controller, 0312,  for 

an aircraft will be discussed next, followed by a discussion of the methods to estimate the uncertainty,	∆i, with the 

adaptive control signal, Uadd, from ANNs. 
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 Figure 2.1.  Basic inverse controller architecture 

In  Figure 2.1, L represents the commanded accelerations, Sc  represents the actual accelerations of the 

aircraft, and LMNN  is the neural network output used in the next section. 

2.1.1 The Inverse Controller 

A 6 DOF inverse controller for a general aviation aircraft (0312) was developed by Lemon [16][21] to 

control flight path angle, airspeed, bank angle, and sideslip via side force.  The controller uses the outputs from the 

model follower equations with the adaptation signal added to it and the airplane states fed back from the previous 

time step.  Using dynamic inversion techniques, the non-linear equations of motion are inverted at a nominal 

trimmed flight condition.  For the Bonanza, this value is chosen to be 100 KTAS.  The simulation uses transient free 

engagement similar to that of the actual aircraft.  This method allows for engagement of the inverse controller at off 

nominal flight conditions with little or no transient period which will be discussed later.  The inverse controller was 

developed in two parts, the longitudinal and lateral. 

The longitudinal controller calculates the thrust and elevator deflection.  In order to accomplish this, the 

equations of motion are converted to stability axis and the lateral-directional angular rates, p and r, are set to zero 

[21], (2.5) through (2.9) 

  A�!&'OP = −A4jkl� + �IJ�� + �mnj_
. + T` (2.5)  

  A_�&'OP�!` = A4mnj�mnj
 + �IJ�� + �jkl_
. + T` (2.6) 

  588�co = �IJ�+ + ��.  (2.7) 

where, 

03 0312 

Neural	Network	
L 

LMNN  

V 

Δ′ 

S, S!  

Sc  + 

+ + 
− 
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 �� = ��� + ���_��� + ���T − ��&'()`@ (2.8) 

 �� = ��� + ���T + ���! T#! + ��"#�# + ��$%VP (2.9) 

 �+ = �+� + �+�T + �+�! T#! + �+"#�# + �+$%VP (2.10)  

Since angle of attack is non-linear, mnj_
. + T` and jkl_
. + T` in equations (2.5) and (2.6), the 

controller uses a predictor and a corrector element to solve the equations.  The predictor element uses the states from 

the previous time step (�&12, etc.),  to predict the value of angle of attack at the current time step, TK, equations 

(2.10), (2.11), and (2.12).   

  �K = 2z{|_�}~����` fA�!> +A4jkl�&12 + �IJ��h  (2.11) 

 VPK = ;��"I�>o̅a�% �c> − _o���o���}~��o��! � ! }~��o�� "#}~�`o��% + N�"I�>o̅a�% _�K` (2.12) 

TK = 2"I�o�� fA�&'OP,&12�!&12 +A4mnj�&12mnj
&12h + f��� + ���T&12 + ���! T#!&12 + ��"#�#&12h − N�"I�o�� f�Kh (2.13) 

The final inverted longitudinal equations of motion become equations (2.13) and (2.14) 

  �& = 2z{|f�����h fA�!> +A4jkl�&12 + �IJ��h  (2.14) 

  VP} = ;��"I�>o̅a�% �c> − _o���o�����o��! � ! }~��o�� "#}~�`o��% + N�"I�>o̅a�% _�` (2.15) 

where � and VP are each the V outputs from the  0312 in  Figure 2.1, and �!>, the feedback acceleration, and �c>, the 

feedback pitch acceleration, are the inputs from each the feedback loop, L� + L�MNN  and L� + L�MNN, respectively.  

The states, S and S! , fed back to the aircraft plant, 03, are �, �! , 
, T#! , and �#. 

The lateral-directional inverse controller is formulated in a similar manner as shown in reference [16].  This 

controller is used to command the aileron and rudder deflections.  The equations of motion for lateral motion can be 

rearranged into matrix format producing equation (2.16). 

 ��,� �,$M �,$'�*� �*$M �*$'�-� �-$M �-$'� �
UVMV'� = ���

����1��"I�� − _�,� + �,'�̂ + �,K�̂`��1��"I�� − _�*� + �*'�̂ + �*K�̂`��1���"I� − _�-� + �-'�̂ + �-K�̂`���
��
 (2.16) 

where, 

 D> = 599G!> − 569E!> + f588 − 566hEF + 569FG (2.17) 

 => = 566E!> − 569G!> − 569EF + f599 − 588hGF (2.18) 
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 �8 = A_�! + LG −QE` − A4jkl
mnjZ (2.19) 

A full explanation of the inversion can be found in reference [16].  This results in the following three 

equations (2.20), (2.21), and (2.22). 

   Zc> = �c�1 ! b_1¡(, ��¡(,�>¢¡ ��>¢¡�>¢¡ `1 ! _@�! ¡(,�¡(, �@�! >¢¡�¡(, `>¢¡ ��¡(,�¡(, ��>¢¡�¡(,     

 − �c �_1�>¢¡�>¢¡ ��¡(,�>¢¡ `1�! b_�¡(,�>¢¡ ��>¢¡�>¢¡ `>¢¡ ��¡(,�¡(, ��>¢¡�¡(,   

 − �! f1@�! >¢¡�>¢¡ �@�! ¡(,�>¢¡ h1 ! �! _@�>¢¡�¡(, 1@�¡(,�¡(, `��c ¡(,�>¢¡ ��c >¢¡�>¢¡ >¢¡ ��¡(,�¡(, ��>¢¡�¡(,   (2.20)  

  [c> = £f�! >¢¡ >¢¡�1 ! ¡(, ¡(,�h��!��1O!  ! ¡(,�1O c ¡(,�1O ! �! >¢¡�1¤! �! 1¤�c �1¥c �_O>¢¡ >¢¡��¤¡(, `   

 
f£>¢¡ ¡(,�1¦! 1O ! ¡(,�1¤�! ���h_O! >¢¡ >¢¡��O ! ¡(, >¢¡�1O�! >¢¡ ¡(,��¤! ¡(, �¤ ! >¢¡ _O>¢¡ >¢¡��¤¡(, `b  (2.21) 

  �c> = �c>jklU + 2�!&'OPU!mnjU − �&'OPUcjklU (2.22) 

In equation (2.20), the angles, angular rates, and Uc  are the states fed back to the airplane plant in  Figure 2.1, while 

�c> and 
c> are commands into the airplane plant from the feedback loop, 	L + LMNN.  For equations (2.21) and (2.22), 

the angles, angular rates, velocities, and linear accelerations are fed back to the airplane plant, while �!-� and �c> are 

the commands from the inverse controller, V from  Figure 2.1. 

2.1.2 Model Follower 

The basic system for MRAC can be found in Figure 2.2.  From this basic model several different 

architectures can be developed.  The model follower is a first or second order system that models the desired 

characteristics for the aircraft.  For the architectures in this thesis, the terms in Figure 2.2 represent each of the 

following: S>)N = [�> , �> , 
>, �->]; L = [�NP¡ , �NP¡ , 
NP¡, �-NP¡]; V = [�ℎ�«j�, VP, VM, V']; and S = [�, �, 
, �-]. 
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Figure 2.2.  Basic model reference adaptive controller architecture 

The types of controllers chosen for evaluation are a proportional-derivative (PD) model follower and a 

proportional-integral (PI) model follower.  The PD controller was used on the original 6-DOF developed by Lemon 

[16].  The PI controller is an extension of the 3-DOF version developed at NASA and extended by Hinson [5].  Both 

of the controller’s parameters were chosen to produce desired system response characteristics.  If the inverse 

controller perfectly cancels the plant or the ANN cancels all of the error, Thus the airplane model, inverse controller 

and artificial neural network then reduce to 
2¡ and 	 2¡b, respectively.  Then, the system reduces to a simple linear 

system.  The flight path and bank angle loops reduce to second order systems, while the airspeed and side force 

loops reduce to first order systems.  The first order model is found in equations (2.23) and (2.24), and the second 

order model in equations (2.25) and (2.26). 

  S!) + �,S) = �,S>)N  (2.23) 

  Sc) + 2��,S!) + �,@S = �,@S>)N  (2.24) 

  S) = ¬¡�¬ S>)N  (2.25) 

  S) = ¬b¡b�@®¬¡�¬b S>)N  (2.26) 

where S) is the modeled state (�, �, 
, n�	�-), � is the damping ratio, and �,	is the frequency. 

In state space form, first (2.23) and second (2.24) order equations become equation (2.27) and equation 

(2.28), respectively. 

03 0312 

Neural	Network	
L 

LMNN  

V 

Δ′ 

S, S!  

Sc  + 

+ + 

− 

Linear	Controller	Model	Follower	S>)N 

S 

+ 

− 

S) 
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  S! = −�,S + �,S>)N  (2.27) 

  ¶S!Sc · = ¸ 0 1−�,@ −2��,» ¶SS! · + ¸ 0�,@» S>)N  (2.28) 

The PD systems are represented by equation (2.29) and (2.30) where KP and KD are based on the desired 

system characteristics for the second order models.   

  :< = �,@ = _21�.C2½¾®�@.¿2¾®b.À `@ (2.29) 

  :� = 2��, = 2�_21�.C2½¾®�@.¿2¾®b.À ` (2.30) 

where �, is the desired natural frequency, � is the desired damping ratio, and �' is the desired rise time [16].  Only, 

KP was used for the first order models, equation (2.31).   

  :< = 2Á (2.31) 

where � is the desired time constant. 

The model follower in systems with PD controllers is a transfer function which allows an ideal system to 

reduce to the desired system.  The system diagrams for the PD controllers are represented by Figure 2.3 and Figure 

2.4.  These systems assume that the ANN perfectly cancels the uncertainty. 

 

Figure 2.3.  PD controller for a first order system 

 

1j :< 1	S>)N S S!  + 

− 

S) 
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Figure 2.4.  PD controller for second order system 

The PI systems are represented by the following equations.  These equations are based on the research 

NASA completed by Hinson [5].  The PI controller is a cascaded system for second order systems that uses the error 

of the commanded state versus the actual state, as well as the first derivative of the actual state.  This method results 

in an outer and inner loop for second order models shown in Figure 2.6.  The gains for the outer loop are defined as 

  :; = �,@ = _21�.C2½¾®�@.¿2¾®b.À `@ (2.32) 

  :< = 2��, = 2�_21�.C2½¾®�@.¿2¾®b.À ` (2.33) 

where �, is the desired natural frequency, � is the desired damping ratio, and �' is the desired rise time.   Hinson [5] 

used rise time as criterion for developing the desired model characteristics.  The inner loop is defined by Hinson [5] 

as first order dynamics with the gains defined as 

  :; = �,@ (2.34) 

  :< = 2�, (2.35) 

where �, is the desired frequency.  The linear controller is divided into two parts much like two separate first order 

systems.  The PI system also uses feed forward terms from the model follower instead of taking the derivative of the 

system state.  Reference 22 explains the benefits of using feed forward terms from the model follower.  This 

prevents noise from being accentuated in the error signal. 

1j@ :�j + :< :<:�j + :< 
S>)N S Sc  + 

− 

S) 
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Figure 2.5.  PI controller for a first order system 

where the Model Follower is given by equation (2.25). 

 

Figure 2.6.  PI controller for a second order system 

where the Model Follower is given by equation (2.26). 

Figure 2.7 through Figure 2.9 present a reduction of the inner loop dynamics found in Figure 2.6. 

:;2j + :<2 Model	Follower	S>)N S Sc  + 

− 
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Figure 2.7.  PI controller, inner loop 

 

Figure 2.8.  PI controller, simplified inner loop 

 

Figure 2.9.  PI controller inner loop transfer functions 
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Using block diagram algebra, the inner loop dynamics reduce to Equation (2.36). 

 S! = «<; (2.36) 

The outer loop dynamics can reduce in a similar manner in Figure 2.10 though Figure 2.12.   

 

Figure 2.10.  PI controller, outer loop 

 

Figure 2.11.  PI controller, simplified outer loop 
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Figure 2.12.  PI controller, outer loop transfer functions 

 

The outer loop dynamics reduce to Equation (2.37). 

 S = S) (2.37) 

The error dynamics for the system in state space form are found in equation (2.38). 

 /! = �P/ − �PQR .U − �PΔ′ (2.38) 

where / = [∬SP 	Ã SP 	SP 		S!P 	]., �P = [0 0 0 1], and 

�P = Ä 0 1 0 00 0 1 00 0 0 1−_:;2 + :;@` −_:<2:;@ + :;2:<2` −_:<2:<@ + :;2 + :;@` −_:<2 + :<@`Å 
Equation (2.36) was found using block diagram algebra [13] where the error dynamics of the system are: 

 ScP = −_:<2 + :<@`S!P − _:<2:<@ + :;2 + :;@`SP − _:<2:;@ + :;2:<2` Ã SP �� (2.39) 

 −_:;2 + :;@`∬SP ��@ − Δi − «MN  

where Δi is the uncertainty and «MNN is the signal from the ANN.  The error dynamics of the system are used to 

derive the many different ANNs. 

The desired characteristics are limited by the actuator models.  The actuators are modeled as first order 

systems with a maximum slew rate of 4.0 degrees per second for the elevator, 23.0 degrees per second for the 

ailerons and 18.0 degrees per second for the rudder.  This slow rate allows the pilot to override the actuator 

commands with the mechanical controls [16].  Further research is being conducted to better model the current 

actuators on board CJ-144. 

:;2 + :<2jj@ + :<2j + :;2 

+ 
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S) 
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jj@ + :<2j + :;2 
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2.2 Artificial Neural Networks 

2.2.1 Adaptive Bias Corrector 

The Adaptive Bais Corrector (ABC) was developed at WSU as a bias artificial neural network, references 

10 and 15.  The ABC uses only a bias element 

 LMNN = Q (2.40)  

that is adapted online according to the usual adaptation rule 

 Q! _�` = Y/_�` (2.41)  

 /_�` = S!N − S!  (2.42) 

where S varies depending on which command loop is used.  Since Lemon [16] developed the six degree of freedom 

with a PD controller and ABC, that combination was not evaluated in this thesis.  A PI controller, similar to the 

NASA system, with ABC was evaluated. 

2.2.2 Linear Basis Function 

The Linear Basis Function (LBF) network uses aircraft state variables and reference model states as inputs.   

 LMNN = QU_S` (2.43) 

where β(x) is a vector of basis functions determined by the developer. 

The following equation illustrates the weight update rule for linear basis functions: 

 Q! _�` = 	ΓUfS_�`h/._�`E� (2.44) 

where Γ is the learning rate, P is the solution to the Lyapanov equation as in [9], e is the error vector, B is the control 

vector for the closed loop system, and β(x) is again the basis vector. 

The Lyapanov equation is defined as  

 E�> + �>.E = −F (2.45) 

Where Q = 2I and Ac is the closed loop state matrix of the system error dynamics.  The solution to the Lyapanov 

equation for a PD controller is  

 E = Ä�Æ�Ç + �Ç�2�Æ 2�Ç2�Ç 2�2 �ÇÈ�Æ
Å (2.46) 

The solution to the Lyapanov equation for a PI controller is  
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 E = Ä�Ç�É + �É�2�Ç 2�É2�É 2�2 �ÉÈ�Ç
Å (2.47) 

The error vector, e, is defined for a first order system as the difference between the desired S!  and the actual S! .  For a 

second order equation, the error vector is the difference between both the desired S!  and Sc , and the actual S!  and Sc . 
The first set of LBFs that were evaluated contained only a bais element and a single state variable that 

would affect the neural network the most; �! for the bank angle ANN, �!  for the flight path angle ANN, etc.  From 

this base network several elements can be used to expand each network in order to capture all possible effects that 

maybe influencing an uncertainty.  Reed [20] used �, Z, and T as terms in the basis function for the optimal control 

modification.  Hinson [5] used several elements within his pitch rate ANN.  Some of the elements included are 

velocity, angle of attack, flight path angle, pitch rate, thrust, and elevator deflection.  With these elements, Hinson 

was able to capture much of the uncertainty even in the event of failures.  Calise et al. [22] included the output from 

the reference model as input to the network. 

In reference [23], the number of components that go into building each of the stability derivatives provides 

a good idea of what can comprise the system uncertainty.  Roll and yaw coupling within the lateral directional 

airplane equations of motion provides insight into the coupling between their respective ANNs.   

Several different combinations of basis vectors were constructed.  The first developed was a simple bais 

element and S, where S is either �, �, or �8.  The basis functions were then expanded to include additional terms to 

account for different affects.  Each ANN uses the terms bais, �&'OP, p, q, r, α, and β.  In order to include the 

influence of the reference model, these terms were later added, �), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  In 

an effort to reduce possible undesired influence, state variables were separated into longitudinal and lateral 

directional terms only with the ANN for flight path angle using the longitudinal basis function and the bank angle 

and side force ANNs using the lateral directional basis function. 

Each state variable input into the basis function was scaled to within the range of [0 1] for normal operating 

conditions.  This allowed each element to equally contribute to the neural network when using a linear basis function 

as Hinson [5] recommended.  It also limited spikes due to rapid changes in parameters.  Scaling parameters for each 

variable are given in Table 2.1.  When parameter scaling was not used, rapid changes in accelerations created much 

higher weights than were required.  
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Table 2.1.   

Scaling Parameters for Basis Function Inputs 

Parameter Minimum Maximum 

�&'OP 65 KTAS 165 KTAS 

� -10 deg/sec 10 deg/sec 

� -5 deg/sec 5 deg/sec 

� -10 deg/sec 10 deg/sec 

T -5° 15° 

U -16.5° 16.5° 

� -6° 6° 


 -60° 60° 

�8 0 lbs 3200 lbs 

�) 65 KTAS 165 KTAS 

�!) -0.5 KTAS/sec 0.5 KTAS/sec 

�) -6° 6° 

�!) -5 deg/sec -5 deg/sec 

�c) -5 deg/sec
2 

-5 deg/sec
2 


) -60° 60° 


!) -10 deg/sec 10 deg/sec 


c) -10 deg/sec
2 

10 deg/sec
2 

�8) 0 lbs 3200 lbs 

�!8) -20 lbs/sec 20 lbs/sec 

 

2.3 Modification to Adaptive Elements 

Problems have arisen with MRAC when learning rates are set to high values in order to quickly converge 

on the necessary additive signal.  The high learning rates tend to make the system less robust by imparting 

undesirable oscillations into the system in the presence of time-delay.  With this in mind, researchers developed 
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additional terms for the weight update rule that add damping to the weight update rules.  Research into this area is 

continuously expanding from the simple σ- and e- modifications [24][25] to the more complex optimal control [20], 

derivative-free approach [13], and adaptive loop recovery methods [12].  For this thesis only σ modification and the 

derivative-free approach were evaluated.  Using these two methods provides a sampling of one simple and one 

complex modification. 

2.3.1 Derivative Free Approach 

The Derivative Free Approach (DFA) developed by Yucelen and Calise [13] uses a Lyapunov-Krasovskii 

function to create an architecture that does not require high adaptations gains to rapidly compensate for uncertainty.  

The weight update law for this method takes the form 

 QR _�` = 	Ω2QR _� − �` + Ω@_�` (2.48) 

where τ > 0 is a time delay design value.  The values of Ω2 and Ω@ are determined by the designer but must follow 

the following form 

 0 < 	Ω2.Ω2 <	Κ2 (2.49) 

where 0 < 	Ì2 < 5 is a positive matrix, and 

 Ω@_�` = 	Κ@UfS_�`h/._�`E� (2.50) 

where Ì@ > 0.  The weight update law developed in equations (2.48) and (2.50) can be transformed into an easy to 

use form of equation (2.51) 

 QR _�` = 	Γ��UfS_�`h/._�`E� +QR _� − ��` (2.51) 

where Γ is the designed learning rate, and �� is the simulation time step as in reference [13].  In equation (2.51), Ω2 

has been set to one, Ì@	has been set to Γ��, and � has been set to ��. 
2.3.2 Sigma Modification 

Sigma Modification was developed to provide damping to the standard weight update law.  This is 

especially true with the introduction of uncertainties or failures.  Equation (2.44) is modified to become 

 Q! _�` = Γ_UfS_�`h/._�`E� − �Q` (2.52) 

where σ is a design parameter.  The – �Q term provides damping proportional to the current network weights. 
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CHAPTER 3  

3.  EVALUATION CRITERIA 

3.1 Zero Delay Error 

Zero delay error is a measure of how well the aircraft tracks a desired signal in the presence of no time 

delay.  This transient performance metric provides a baseline evaluation of how well each control system is 

functioning by measuring tacking error.  For zero delay error, the tracking error is integrated over the entire time 

period to calculate the L2 norm as defined in equation (3.1) from reference [14]. 

 BÏ = ‖8a18‖b‖8a‖b = ÐÃ _818a`bN&}Ñ}�ÐÃ 8ab N&}Ñ}�
 (3.1) 

where ym is the desired state of the reference model, y is the actual state, t0 is the time of command input, and tf is 

the final time of the simulation.  In the simulations completed here, t0 is zero seconds, and tf is 50 seconds. 

Each state is measured individually by applying a step command.  The magnitude of the commands can be 

found in Table 3.1.  These commands were the same as used by Lemon [16] in the evaluation of the original 6-DOF.  

Table 3.1.   

Commanded Maneuvers 

State Pilot Command � + 10 KTAS � -3° 
 30° 

	c  ~ 12° of β 

0.092 g at 65 KTAS 

0.270 g at 100 KTAS 

0.420 g at 165 KTAS 

 

 

3.2 Time Delay Margin 

Stepanyan et al. [14] describes time delay margin as a measure of robustness of nonlinear control systems.  

The time delay margin of the system is measured by inserting an artificial time delay into the system between the 

inverse controller and the aircraft plant [16] as in Figure 3.1.  The time delay is increased at 0.02 seconds increments 

until the system is on the verge on instability.  This threshold is defined as a metric value (M5) equal to ten times the 

zero delay error.  The increment of 0.02 seconds is the same as the simulation time step as presented by Hinson [5]. 
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Figure 3.1.  MRAC architecture with time delay 

3.3 Velocity Loop Criteria 

Based on research completed by Lemon et al [19] and Hinson [5], the velocity loop modeled input must be 

sufficiently slow as to prevent throttle saturation but still provide responsiveness.  The slow dynamics of the velocity 

loop allow for a simple ANN to provide an adequate response.  An ABC neural network was determined to be 

sufficient for this loop and is used for all architectures. 

3.4 Transient Free Engagement 

Transient free engagement is the process of calculating all the values of the inverse controller for the 

current velocity.  This process is conducted at time step zero of the simulations.  By initializing the inverse 

controller at the current flight condition, the transient period created from the transition from 100 KTAS to the 

current airspeed is eliminated.  Transient free engagement prevents exciting oscillations in the simulation before the 

change in commanded state is conducted. 

3.5 Gain and Learning Rate Selection 

Each architecture was evaluated based on time delay margin and zero delay error.  Calise et al. [9] tried to 

reach a minimum time delay margin of 0.08 seconds.  In conjunction with work completed with Hawker Beechcraft 

Corporation [19], the amount of time delay within the existing flight path angle loop exceeded 0.08 seconds and 

approached 0.25 seconds for the Beechcraft Bonanza.  The 6 DOF PD controller with ABC developed by Lemon 

[21] provided a good baseline for what is possible for zero delay error and time delay margin.  In order to provide an 
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additional measure of comparison, a PI controller with ABC is tuned (Section 3.7.1) and is evaluated against 

(Section 4.2.1) the architecture developed by Lemon [21]. 

Based on previous research conducted at WSU [19][21][26], 65 KTAS is the critical speed for selecting 

controller parameters.  In Table 3.2, information is presented for all of the controllers developed, parameters studied, 

section, and page numbers where this information can be found. 

 

Table 3.2.   

Controller Parameter Selection Directory 

Controller Parameters Section Pages 

PD with LBF and element set 1 

(PD 1) 
Γ�, �� ,	Γ�, �'�, ��, Γ�8, ��8 , Γ�, �'�, �� 3.6.1 24-30 

PD with LBF and element set 2 

(PD 2) 
Γ�, �� ,	Γ�, �'�, ��, Γ�8, ��8 , Γ�, �'�, �� 3.6.2 31-37 

PD with LBF and element set 3 

(PD 3) 
Γ�, �� ,	Γ�, �'�, ��, Γ�8, ��8 , Γ�, �'�, �� 3.6.3 37-43 

PD with LBF and Sigma 

Modification 

Γ�, �� ,	Γ�, �'�, ��, ��, Γ�8, ��8 , ��8, Γ�, �'�, ��, �� 
3.6.4 43-51 

PD with LBF and DFA ���, ���8,	��� 3.6.5 51-53 

PI with ABC 
Γ�, �� ,	Γ�, �'�, ��,	ω�, Γ�8, ��8 , Γ�, �'�, ��,	ω� 

3.7.1 54-60 

PI with LBF and element set 1 

(PI 1) 

Γ�, �� ,	Γ�, �'�, ��,	ω�, Γ�8, ��8 , Γ�, �'�, ��,	ω� 
3.7.2 61-74 

PI with LBF and element set 2 

(PI 2) 

Γ�, �� ,	Γ�, �'�, ��,	ω�, Γ�8, ��8 , Γ�, �'�, ��,	ω� 
3.7.3 62-67 

PI with LBF and element set 3 

(PI 3) 

Γ�, �� ,	Γ�, �'�, ��,	ω�, Γ�8, ��8 , Γ�, �'�, ��,	ω� 
3.7.4 75-81 

PI with LBF and Sigma Modification 
Γ�, �� ,	Γ�, �'�, ��,	ω�, ��, Γ�8, ��8 , ��8, Γ�, �'�, ��,	ω� , �� 

3.7.5 82-91 

PI with LBF and DFA ���, ���8,	��� 3.7.6 91-93 
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3.6 PD Controllers 

3.6.1 PD Controller 1 with Linear Basis Function 

The following architecture, known as PD1, uses a PD controller with the following linear elements:  �&'OP, 

p, q, r, α, β, γ,	ϕ,	Fy,	 	�), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  This set of parameters is chosen based on 

information provided in Section 2.2.2.  Plots zero delay error and time delay margin, Figure 3.2 through Figure 3.11, 

are used to select the various controller parameters described in Chapter 2.  Table 3.3 presents the figure number and 

the corresponding parameter studied, stated measured, and the final value chosen for that parameter.  The zero delay 

error and time delay margin evaluations were conducted at 65 KTAS. 

Table 3.3. 

PD 1 Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.2 Γ� Velocity 0.02 

3.3 �� Velocity 15 (sec) 

3.4 Γ� Flight Path Angle 0.10 

3.5 �'� Flight Path Angle 7.5 (sec) 

3.6 �� Flight Path Angle 0.9 

3.7 Γ�8 Side force 0.35 

3.8 ��8  Side force 4 (sec) 

3.9 Γ� Bank Angle 0.20 

3.10 �'� Bank Angle 1.9 (sec) 

3.11 �� Bank Angle 0.7 

 

In Figure 3.2, the plot shows the variation of in zero delay error and time delay margin with velocity 

learning rate.  From this information, a velocity learning rate of 0.02 was selected due to the high time delay margin 

and similar zero delay error to other learning rates. 
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 Figure 3.2.  Variations in velocity learning rate, Γ� 

 

 Figure 3.3.  Variations in velocity time constant, �� 
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 Figure 3.4.  Variations in gamma learning rate, Γ� 

 

 Figure 3.5.  Variations in gamma rise time, �'� 
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Figure 3.6.  Variations in gamma damping ratio, �� 

For Figure 3.7, the time delay margin remains at 3 seconds for the majority of side force learning rates 

rendering it of no consequence in the determination of the learning rate.  The zero delay error curve has a minimum 

of 0.0851.  This value corresponds to a learning rate value of 0.35. 
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Figure 3.7.  Varitions in side force learning rate, Γ�8  

 

 Figure 3.8.  Variations in side force time constant, ��8  
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 Figure 3.9.  Variations in phi learning rate, Γ� 

The plot, Figure 3.9, presents the variation of zero delay error and time delay margin when the bank angle 

ANN learning rate is changed for a set of values.  A learning rate of 0.2 was selected, because it produced the 

highest time delay margin.  The zero delay error at this point is not the lowest available.  However, the difference in 

error from the lowest is considered minimal.   
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 Figure 3.10.  Variations in gamma rise time, �'� 

 

 Figure 3.11.  Variations in phi damping ratio, �� 
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3.6.2 PD Controller 2 with Linear Basis Function 

This architecture, known as PD2, uses a PD controller with the following linear elements:  �&'OP, p, q, r, α, 

β,	�), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  This set of elements is the same as PD1 with γ,	ϕ,	 and	Fy	
removed.  With these three elements removed, the commanded states are no longer an influence on the neural 

network.  In Figure 3.12 through Figure 3.21, plots of zero delay error and time delay margin versus various 

controller parameters are presented.  Table 3.4 presents the figure number and the corresponding parameter studied, 

stated measured, and the final value chosen for the parameter.  The zero delay error and time delay margin 

evaluations were conducted at 65 KTAS. 
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Table 3.4.   

PD 2 Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.12 Γ� Velocity 0.05 

3.13 �� Velocity 15 (sec) 

3.14 Γ� Flight Path Angle 0.10 

3.15 �'� Flight Path Angle 7.5 (sec) 

3.16 �� Flight Path Angle 0.9 

3.17 Γ�8 Side force 0.40 

3.18 ��8  Side force 5 (sec) 

3.19 Γ� Bank Angle 0.20 

3.20 �'� Bank Angle 2.0 (sec) 

3.21 �� Bank Angle 0.7 

 

Figure 3.12.  Variations in velocity learning rate, Γ� 
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Figure 3.13.  Variations in velocity time constant, τ� 

 

Figure 3.14.  Variations in gamma learning rate, Γ� 
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Figure 3.15.  Variations in gamma rise time, �'� 

 

 Figure 3.16.  Variations in gamma damping ratio, �� 
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Figure 3.17.  Varitions in side force learning rate, Γ�8 

 

 Figure 3.18.  Variations in side force time constant, ��8  
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Figure 3.19.  Variations in phi learning rate, Γ� 

 

 Figure 3.20.  Variations in gamma rise time, �'� 
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 Figure 3.21.  Variations in phi damping ratio, �� 

3.6.3 PD Controller 3 with Linear Basis Function 

This architecture, known as PD3, uses a PD controller with the following linear elements for the gamma 

ANN:  �&'OP, q, α,	�), �!), �), �!), and �c).  This architecture uses a PD controller with the following linear elements 

for the side force and phi ANNs:  p, r, β, 
), 
!), 
c), �8), and �!8).   With the longitudinal and lateral directional 

elements separated, the neural network will behave more like two separate 3DOF controllers.  Campbell et al [27] 

uses divided basis vectors in the evaluation of multiple adaptive control technologies.  Figure 3.22 through Figure 

3.31 provide zero delay error and time delay margin plots used to select the various controller parameters.  Table 3.5 

presents the figure number and the corresponding parameter studied, stated measured, and the final value chosen for 

the parameter.  The zero delay error and time delay margin evaluations were conducted at 65 KTAS. 
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Table 3.5. 

PD 3 Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.22 Γ� Velocity 0.02 

3.23 �� Velocity 15 (sec) 

3.24 Γ� Flight Path Angle 0.20 

3.25 �'� Flight Path Angle 7.5 (sec) 

3.26 �� Flight Path Angle 0.9 

3.27 Γ�8 Side force 0.60 

3.28 ��8  Side force 5 (sec) 

3.29 Γ� Bank Angle 0.25 

3.30 �'� Bank Angle 1.9 (sec) 

3.31 �� Bank Angle 0.65 

 

 
 Figure 3.22.  Variations in velocity learning rate, Γ� 
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 Figure 3.23.  Variations in velocity time constant, ��  

 
 Figure 3.24.  Variations in gamma learning rate, Γ� 
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 Figure 3.25.  Variations in gamma rise time, �'� 

 
 Figure 3.26.  Variations in gamma damping ratio, �� 
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 Figure 3.27.  Varitions in side force learning rate, Γ�8 

 
 Figure 3.28.  Variations in side force time constant, ��8  
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Figure 3.29.  Variations in phi learning rate, Γ� 

 
 Figure 3.30.  Variations in gamma rise time, �'�  
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 Figure 3.31.  Variations in phi damping ratio, �� 

 

3.6.4 PD Controller with Sigma Modification 

This architecture, known as PD_Sigma, uses a PD controller with the following linear elements:  �&'OP, p, 

q, r, α, β, γ,	ϕ,	Fy,	�), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  This is the same architecture PD1, but including 

sigma modification, elements σ�, σ�8 , and σ�.  The PD1 architecture is chosen because the performance of this 

controller is better than the PD2 and PD3 architectures.  Plots of zero delay error and time delay margin versus 

various controller parameters, Figure 3.32 through Figure 3.44, give information used to select the sigma values, 

learning rates, and controller gains.  Table 3.6 presents the figure number and the corresponding parameter studied, 

stated measured, and the final value chosen for the parameter.  The zero delay error and time delay margin 

evaluations were conducted at 65 KTAS. 
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Table 3.6. 

PD_Sigma Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.32 Γ� Velocity 0.02 

3.33 �� Velocity 15 (sec) 

3.34 Γ� Flight Path Angle 0.10 

3.35 �'� Flight Path Angle 7.5 (sec) 

3.36 �� Flight Path Angle 0.9 

3.37 σ� Flight Path Angle 0.07 

3.38 Γ�8 Side force 0.35 

3.39 ��8  Side force 5 (sec) 

3.40 σ�8  Side force 0.01 

3.41 Γ� Bank Angle 0.20 

3.42 �'� Bank Angle 2.1 (sec) 

3.43 �� Bank Angle 0.7 

3.44 σ� Bank Angle 0.06 
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 Figure 3.32.  Variations in velocity learning rate, Γ� 

 

 Figure 3.33.  Variations in velocity time constant, �� 
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 Figure 3.34.  Variations in gamma learning rate, Γ� 

 

 Figure 3.35.  Variations in gamma rise time, �'� 
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 Figure 3.36.  Variations in gamma damping ratio, �� 

 

Figure 3.37.  Variations in gamma sigma modification, �� 
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 Figure 3.38.  Varitions in side force learning rate, Γ�8 

 

 Figure 3.39.  Variations in side force time constant, ��8  
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 Figure 3.40.  Variations in side force sigma modification,	��8   

 

 Figure 3.41.  Variations in phi learning rate, Γ� 
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 Figure 3.42.  Variations in phi rise time, �'� 

 

 Figure 3.43.  Variations in phi damping ratio, �� 
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 Figure 3.44.  Variations in phi sigma modification, �� 

 

3.6.5 PD Controller with Derivative-Free Approach 

The derivative-free approach, known as PD_DFA, was applied to the PD2 controller architecture with the 

following linear elements:  �&'OP, p, q, r, α, β, γ,	ϕ,	Fy,	�), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  The PD1 

architecture is chosen because the performance of this controller is better than the PD2 and PD3 architectures.  The 

chosen values for the parameters studied in the PD1 architecture were unchanged to provide a direct comparison of 

the derivative-free approach to the baseline system.  With the minimal change in time delay margin and zero delay 

error between the DFA and baseline architectures, retuning of the DFA architecture was deemed unnecessary.  The 

comparison of zero delay error and time delay margin presented in Figure 3.45 through Figure 3.47 show the 

differences when time step is varied, ���, ���8, and ���.  Table 3.7 presents the figure number, state measured, and 

the final value chosen for the parameter.  The zero delay error and time delay margin evaluations were conducted at 

65 KTAS. 
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Table 3.7   

PD_DFA Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.45 ��� Flight Path Angle 0.06 (sec) 

3.46 ���8 Side force 0.10 (sec) 

3.47 ��� Bank Angle 0.08 (sec) 

 

 

 Figure 3.45.  Variations in time step for gamma ANN, ��� 
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 Figure 3.46.  Variations in time step for side force ANN, ���8 

 

 Figure 3.47.  Variations in time step of phi ANN, ��� 
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The time step variation does not affect the zero delay error greatly for the set evaluated.  However, the time 

delay margin is improved at various time steps.  Each ANN responds differently to the variation in time step with 

time delay margin improvements coming at distinct time steps. 

3.7 PI Controllers 

3.7.1 PI Controller with ABC 

The PI controller with ABC architecture, known as PI_ABC, was developed to compare against the PD six 

degree of freedom system developed by Lemon et al. [21].  In Figure 3.48 through Figure 3.59, zero delay error and 

time delay margin are portrayed variations in controller parameters.  Table 3.8 presents the figure number and the 

corresponding parameter studied, state measured, and the final value chosen for the parameter.  The zero delay error 

and time delay margin evaluations were conducted at 65 KTAS. 

Table 3.8. 

PI ABC Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.48 Γ� Velocity 0.02 

3.49 �� Velocity 15 (sec) 

3.50 Γ� Flight Path Angle 0.40 

3.51 �'� Flight Path Angle 6.5 (sec) 

3.52 �� Flight Path Angle 1.1 

3.53 �" Flight Path Angle 1.3 

3.54 Γ�8 Side force 1.0 

3.55 ��8  Side force 8 (sec) 

3.56 Γ� Bank Angle 0.40 

3.57 �'� Bank Angle 2.5 (sec) 

3.58 �� Bank Angle 0.6 

3.59 �K Bank Angle 1.1 
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Figure 3.48.  Variations in velocity learning rate, Γ� 

 

Figure 3.49.  Variations in velocity time constant, τ� 
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Figure 3.50.  Variations in gamma learning rate, Γ� 

 

Figure 3.51.  Variations in gamma rise time, T'� 
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Figure 3.52.  Variations in gamma damping ratio, ζ� 

 

Figure 3.53.  Variations in pitch rate frequency, ω"  
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Figure 3.54.  Variations in side force learning rate,  Γ�8 

 

Figure 3.55.  Variations in side force time constant, τ�8 
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Figure 3.56.  Variations in phi learning rate, Γ�  

 

Figure 3.57.  Variations in phi rise time, T'� 
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Figure 3.58.  Variations in phi damping ratio, ζ� 

 

Figure 3.59.  Variations in roll rate frequency, ωK 
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3.7.2 PI Controller 1 with Linear Basis Function 

This architecture, known as PI1, uses a PI controller with the following linear elements:  �&'OP, p, q, r, α, β, 

γ,	ϕ,	Fy,	 	�), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  This set of parameters is chosen based on information 

provided in Section 2.2.2.  The plots, Figure 3.60 through Figure 3.71, show zero delay error and time delay margin 

used to select the various controller parameters.  Table 3.9 presents the figure number and the corresponding 

parameter studied, state measured and the final value chosen for the parameter.  The zero delay error and time delay 

margin evaluations were conducted at 65 KTAS. 

Table 3.9. 

PI 1 Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.60 Γ� Velocity 0.02 

3.61 �� Velocity 15 (sec) 

3.62 Γ� Flight Path Angle 0.10 

3.63 �'� Flight Path Angle 6.5 (sec) 

3.64 �� Flight Path Angle 1.1 

3.65 �" Flight Path Angle 1.2 

3.66 Γ�8 Side force 0.225 

3.67 ��8  Side force 7 (sec) 

3.68 Γ� Bank Angle 0.03 

3.69 �'� Bank Angle 2.5 (sec) 

3.70 �� Bank Angle 0.7 

3.71 �K Bank Angle 2.5 
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 Figure 3.60.  Variations in velocity learing rate, Γ� 

 

 Figure 3.61.  Variations in velocity time constant, τ� 
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 Figure 3.62.  Variations in gamma learing rate, Γ� 

 

 Figure 3.63.  Variations in gamma rise time, T'�  
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 Figure 3.64.  Variations in gamma damping ratio, ��  

 

 Figure 3.65.  Variations in pitch rate frequency, �" 
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 Figure 3.66.  Variations in side force learning rate, Γ�8 

 

 Figure 3.67.  Variations in side force time constant, τ�8  
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 Figure 3.68.  Variations in phi learning rate, Γ�  

 

 Figure 3.69.  Variations in phi rise time, T'� 
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 Figure 3.70.  Variations in phi damping ratio, �� 

 

 Figure 3.71.  Variations in roll rate frequency, �K 
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3.7.3 PI Controller 2 with Linear Basis Function 

This architecture, known as PI2, uses a PI controller with the following linear elements:  �&'OP, p, q, r, α, 

β,	�), �!), �), �!), �c), 
), 
!), 
c), �8), and �!8).  This set of elements is the same as PI1 with γ,	ϕ,	 and	Fy	
removed.	 	In	Figure 3.72 through Figure 3.83, the plots present the zero delay error and time delay margin used to 

select the various controller parameters.  Table 3.10 presents the figure number and the corresponding parameter 

studies, state measured, and the final value chosen for the parameter.  The zero delay error and time delay margin 

evaluations were conducted at 65 KTAS. 

Table 3.10.   

PI 2 Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.72 Γ� Velocity 0.02 

3.73 �� Velocity 15 (sec) 

3.74 Γ� Flight Path Angle 0.10 

3.75 �'� Flight Path Angle 7.0 (sec) 

3.76 �� Flight Path Angle 1.1 

3.77 �" Flight Path Angle 0.9 

3.78 Γ�8 Side force 0.27 

3.79 ��8  Side force 6 (sec) 

3.80 Γ� Bank Angle 0.04 

3.81 �'� Bank Angle 3.0 (sec) 

3.82 �� Bank Angle 0.8 

3.83 �K Bank Angle 2.0 
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 Figure 3.72.  Variations in velocity learning rate,  Γ� 

 

 Figure 3.73.  Variations  in velocity time constant, �� 
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 Figure 3.74.  Vairations in gamma learning rate, Γ�  

 

 Figure 3.75.  Variations in gamma rise time, �'�  
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 Figure 3.76.  Variations in gamma damping ratio, �� 

 

 Figure 3.77.  Variations in pitch rate frequency, �" 
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 Figure 3.78.  Variations in side force learning rate, Γ�8  

 

 Figure 3.79.  Variations in side force time constant, ��8   
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 Figure 3.80.  Variations in phi learning rate,  Γ� 

 

 Figure 3.81.  Variations in phi rise time, �'� 
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 Figure 3.82.  Variations in phi damping ratio, �� 

 

 Figure 3.83.  Variations in roll rate frequency, �K 
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3.7.4 PI Controller 3 with Linear Basis Function 

This architecture, known as PI3, uses a PI controller with the following linear elements for the gamma 

ANN:  �&'OP, q, α,	�), �!), �), �!), and �c).  This architecture uses a PI controller with the following linear elements 

for the gamma ANN:  p, r, β, 
), 
!), 
c), �8), and �!8).  With the longitudinal and lateral directional elements 

separated, the neural network will behave more like two separate 3DOF controllers.  Campbell et al [27] uses 

divided basis vectors in the evaluation of multiple adaptive control technologies.  The plots, Figure 3.84 through 

Figure 3.95 display zero delay error and time delay margin used to select the various controller parameters.  Table 

3.11 presents the figure number and the corresponding parameter studied, state measured, and the final value chosen 

for the parameter.  The zero delay error and time delay margin evaluations were conducted at 65 KTAS. 

Table 3.11.   

PI 3 Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.84 Γ� Velocity 0.02 

3.85 �� Velocity 15 (sec) 

3.86 Γ� Flight Path Angle 0.15 

3.87 �'� Flight Path Angle 6.0 (sec) 

3.88 �� Flight Path Angle 1.0 

3.89 �" Flight Path Angle 1.1 

3.90 Γ�8 Side force 0.6 

3.91 ��8  Side force 7 (sec) 

3.92 Γ� Bank Angle 0.07 

3.93 �'� Bank Angle 3.5 (sec) 

3.94 �� Bank Angle 0.9 

3.95 �K Bank Angle 2.0 
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 Figure 3.84.  Variations in velocity learning rate, Γ� 

 

 Figure 3.85.  Variations in velocity time constant, τ� 
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 Figure 3.86.  Variations in gamma learning rate, Γ� 

 

 Figure 3.87.  Variations in gamma rise time, T'� 
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 Figure 3.88.  Variations in gamma damping ratio, �� 

 

 Figure 3.89.  Variations in pitch rate frequency, �" 
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 Figure 3.90.  Variations in side force learning rate, Γ�8 

 

 Figure 3.91.  Variations in side force time constant, τ�8 
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 Figure 3.92.  Variations in phi learning rate, Γ� 

 

 Figure 3.93.  Variations in phi rise time, T'� 



81 

 

 

 Figure 3.94.  Variations in phi damping ratio, �� 

 

 Figure 3.95.  Variations in roll rate frequency, �K 
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3.7.5 PI Controller with Sigma Modification 

This architecture, known as PI_Sigma, uses a PI controller with the following linear elements for the 

gamma ANN:  �&'OP, q, α,	�), �!), �), �!), and �c).  This architecture uses a PI controller with the following linear 

elements for the side force and phi ANNs:  p, r, β, 
), 
!), 
c), �8), and �!8).  This is the same architecture PI3, 

but including sigma modification, elements σ�, σ�8 , and σ�.  The PI3 architecture is chosen because the 

performance of this controller is better than the PI1 and PI2 architectures.  In Figure 3.96 through Figure 3.110, the 

plots of zero delay error and time delay margin used to select the various controller parameters are presented.  Table 

3.12 presents the figure number and the corresponding parameter studied, state measured, and the final value chosen 

for the parameter.  The zero delay error and time delay margin evaluations were conducted at 65 KTAS. 
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Table 3.12. 

PI_Sigma Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.96 Γ� Velocity 0.02 

3.97 �� Velocity 15 (sec) 

3.98 Γ� Flight Path Angle 0.35 

3.99 �'� Flight Path Angle 7.0 (sec) 

3.100 �� Flight Path Angle 1.1 

3.101 �" Flight Path Angle 1.0 

3.102 σ� Flight Path Angle 0.03 

3.103 Γ�8 Side force 0.6 

3.104 ��8  Side force 8 (sec) 

3.105 σ�8  Side force 0.00 

3.106 Γ� Bank Angle 0.09 

3.107 �'� Bank Angle 3.0 (sec) 

3.108 �� Bank Angle 0.7 

3.109 �K Bank Angle 1.5 

3.110 �� Bank Angle 0.03 
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 Figure 3.96.  Variations in velocity learning rate, Γ� 

 

 Figure 3.97.  Variations in velocity time constant, τ� 
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 Figure 3.98.  Variations in gamma learning rate, Γ� 

 

 Figure 3.99.  Variations in gamma rise time, T'� 
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 Figure 3.100.  Variations in gamma damping ratio, ζ� 

 

 Figure 3.101.  Variations in pitch rate frequency, ω"  
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 Figure 3.102.  Variations in gamma sigma modification, σ� 

 

 Figure 3.103.  Variations in side force learning rate, Γ�8 
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 Figure 3.104.  Variations in side force time constant, τ�8 

 

 Figure 3.105.  Variations in side force sigma modification, σ�8  
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 Figure 3.106.  Variations in phi learning rate, Γ� 

 

 Figure 3.107.  Variations in phi rise time, T'� 
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 Figure 3.108.  Variations in phi damping ratio, ζ� 

 

 Figure 3.109.  Variations in roll rate frequency, ωK 
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 Figure 3.110.  Variations in phi sigma modification, σ� 

3.7.6 PI Controller with Derivative-Free Approach  

The derivative-free, known as PI_DFA, approach was applied to the PI controller architecture, PI3, with the 

following linear elements for the gamma ANN:  �&'OP, q, α,	�), �!), �), �!), and �c).  This architecture uses a PI 

controller with the following linear elements for the gamma ANN:  p, r, β, 
), 
!), 
c), �8), and �!8).  The PI3 

architecture is chosen because the performance of this controller is better than the PI1 and PI2 architectures.  The 

chosen values for the parameters studied in the PI3 architecture were unchanged to provide a direct comparison of 

the derivative-free approach to the baseline system.  With the minimal change in time delay margin and zero delay 

error between the DFA and baseline architectures, retuning of the DFA architecture was deemed unnecessary.  The 

comparison of zero delay error and time delay margin presented in Figure 3.111 through Figure 3.113 show the 

differences when time step is varied, ���, ���8, and ���.  Table 3.13 presents the figure number and the 

corresponding parameter studied, state measured, and the final value chosen for the parameter.  The zero delay error 

and time delay margin evaluations were conducted at 65 KTAS. 
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Table 3.13.   

PI ABC Metric Study Information 

Figure Parameter Studied State Measured Chosen Value 

3.111 ��� Flight Path Angle 0.08 (sec) 

3.112 ���8 Side force 0.10 (sec) 

3.113 ��� Bank Angle 0.10 (sec) 

 

 

 Figure 3.111.  Variations in time step for gamma ANN, ��� 



93 

 

 

 Figure 3.112.  Variations in time step for side force ANN, ���8 

 

 Figure 3.113.  Variations in time step for phi ANN, ��� 
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CHAPTER 4 

4.  SIMULATION RESULTS 

4.1 Simulation Variations and Test Conditions 

Time response plots of the various system architectures are presented in this chapter.  Each comparison 

presents the controller developed using gains selected in the time delay metric studies of Chapter 3.  The maneuvers 

are those listed in Table 3.1 and were conducted for a variety of speeds to show how well each architecture responds 

to nominal (100 KTAS) and off nominal conditions (65 and 165 KTAS).  Recall, the inverse controller was created 

at an ideal setting of 100 KTAS.  Each set of plots is initially trimmed utilizing transient free engagement.  The 

maneuver is then conducted, and the response of each state presented. 

For all of the flight path angle, bank angle, and side acceleration plots presented in this chapter, the three 

plots in the left hand column show the commanded state (changes during maneuver) at 65 KTAS, 100 KTAS, and 

165 KTAS respectively.  For all of the velocity plots, the three plots in the left hand column show the commanded 

initial velocity as 65 KTAS, 100 KTAS, and 155 KTAS respectively.  A velocity of 155 KTAS is used instead of 

165 KTAS to prevent the maximum airspeed from being exceeded.  The three plots on the right hand column are the 

other states that are commanded to remain at the initial trim values.  For example, Figure 4.5 the top left plot shows 

an airspeed command change from 65 KTAS to 75 KTAS, the middle left plot shows a change from 100 KTAS to 

110 KTAS, and the bottom left plot shows a change from 155 KTAS to 165 KTAS.  The top right plot shows how 

the flight path angle changes with no commanded change in flight path angle, but a change in airspeed at 65, 100, 

and 155 KTAS.  The middle and bottom right present bank angle and side force, respectively, in the same fashion as 

the flight path angle plot. 

4.2 Results 

4.2.1 Comparison of Controllers with Adaptive Bias Correctors 

The ABC neural network was originally applied to a PD controller by Lemon [16].  The results of that 

thesis for maneuvers listed in Section 4.1 are presented in Figure 4.1 through Figure 4.4.  These plots present a 

benchmark for comparing the architectures developed in this thesis.   
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The plots presented in Figure 4.1 show that bank angle did not remain constant during an airspeed 

maneuver.  The bank angle oscillation was due to a change in rotational velocity of the airplanes propeller.  This 

change increased the rolling moment of the airplane which the bank angle ANN then compensated for. 

 

 

Figure 4.1.  Results for PD with ABC, airspeed maneuver 
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The plots in Figure 4.2 present how the airplane responded to a flight path angle change.  The system did 

not track the modeled flight path angle maneuver perfectly. 

 

 

Figure 4.2.  Results for PD with ABC, fight path angle maneuver 
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A bank angle maneuver generated some oscillations in the bank angle loop at 65 KTAS and significant 

oscillations in the flight path angle loop, Figure 4.3. 

 

 

Figure 4.3.  Results for PD with ABC, bank angle maneuver 
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The side acceleration matched the modeled system well at 100 KTAS and 165 KTAS, but generated some 

oscillations at 65 KTAS, Figure 4.4. 

 

 

Figure 4.4.  Results for PD with ABC, side acceleration maneuver 

The ABC original neural network is applied to the PI control architecture.  With the results presented at 65 

KTAS, 100 KTAS, and 165 KTAS, a direct comparison to the PD control architecture developed by Lemon et al. 

[21] is possible.  Plots of airplane movement versus time, Figure 4.5 through Figure 4.8, show the results of 

maneuvers described in Section 4.1. 
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A comparison with the PD controller from Lemon [16] shows a significant increase in oscillations in the 

flight path angle, bank angle and side force signals resulting from a commanded airspeed change.  While tracking of 

airspeed is reasonably close, Figure 4.5, the high speed oscillations are not desirable.  These oscillations are 

generated by the change in rolling moment do to the change in propeller rotation. 

 

 

Figure 4.5.  Results for PI with ABC, airspeed maneuver 
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The flight path angle loop tracked well at 65 KTAS, the speed at which the controller is tuned, Figure 4.6.  

However, at 165 KTAS, the system becomes unstable for a flight path angle change.  For the PD_ABC controller, 

the ZDE is less than 0.1 and a TDM of 0.5 seconds [16].  In comparison, the PI_ABC has a ZDE of 0.02 and a TDM 

of  0.22 seconds. 

 

 

Figure 4.6.  Results for PI with ABC, flight path angle maneuver 
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Bank angle response differed greatly between the two different contol architectures.  The PI_ABC 

controller is stable at low airspeed in bank angle but generated significate ocsillations at 65 KTAS in both the flight 

bank and side force loops.  For the PD_ABC controller, the ZDE is 0.05 and a TDM of 0.5 seconds [16].  In 

comparison, the PI_ABC has a ZDE of 0.2 and a TDM of  0.28 seconds. The TDM goes to zero and the system 

becomes unstable, as seen in Figure 4.7.  

 

 

 Figure 4.7.  Results for PI with ABC, bank angle maneuver 
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The commanded change in side force is comparable to the PD_ABC controller with oscillations of less 

magnitude but for a longer time period than the analysis presented in Figure 4.4. For the PD_ABC controller, the 

ZDE is 0.08 and a TDM of 3.0 seconds [16].  In comparison, the PI_ABC at 65 KTAS has a ZDE of 0.06 and a 

TDM of 3.0 seconds. 

 

 

 Figure 4.8.  Results for PI with ABC, side acceleration maneuver 

4.2.2 Simulation of Best Proportional-Derivative Controller 

After careful evaluation of zero delay error and time delay metric, the PD1 controller with the linear basis 

elements listed in Table 4.1 is determined to best meet the desired criteria.  This architecture, PD1, provided time 

delay margin over 0.25 seconds and the minimum zero delay error in the flight path angle loop and the bank angle 

loop.  Plots of airplane movement, Figure 4.9 through Figure 4.12, show the responses to the maneuvers presented in 

Table 3.1. 



103 

 

Table 4.1.   

PD Controller Elements 

Parameters 

bias, �&'OP, p, q, r, α, β, γ,	ϕ,	Fy,	�), �!), �), �!), �c), 
), 
!), 
c), �8), �!8) 

 

The response to a velocity step yielded a zero delay error of 0.00047 and a time delay margin of 0.81.  

Table 4.2. presents a comparison of the all the baseline PD controllers and their response to a velocity maneuver at 

65 KTAS.  All of the controllers provide very similar results to an airspeed maneuver.  Again, the oscillations in the 

uncommanded states are generated by the change in rolling moment do to the change in propeller rotation. 

 

 

 Figure 4.9.  Results for PD with LBF, airspeed maneuver 
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Table 4.2. 

PD Controller Response to a Velocity Maneuver 

 PD 1 PD 2 PD 3 

Velocity ZDE 0.00094 0.00047 0.00095 

Velocity TDM (sec) 0.98 0.81 0.88 

Flight Path Angle RMS 0.2119 0.2607 0.1962 

Bank Angle RMS 0.6800 0.8869 0.4531 

Side force RMS 0.0139 0.0162 0.0114 

 

The response to a flight path angle step yielded a zero delay error of 0.0459 and a time delay margin of 

0.74.  Table 4.3presents a comparison of the all the baseline PD controllers and their response to a flight path 

maneuver at 65 KTAS.  PD1 provides the least zero delay error while maintaining a time delay margin over 0.5 

seconds.  
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 Figure 4.10.  Results for PD with LBF, flight path angle maneuver  

 

Table 4.3.   

PD Controller Response to a Flight Path Angle Maneuver 

 PD 1 PD 2 PD 3 

Flight Path Angle ZDE 0.0495 0.0459 0.0489 

Flight Path Angle TDM (sec) 0.74 0.56 0.66 

Velocity RMS 65.2413 65.1940 65.2415 

Bank Angle RMS 0.1273 0.1462 0.0935 

Side force RMS 0.0082 0.0077 0.0070 
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The response to a bank angle step yielded a zero delay error of 0.0485 and a time delay margin of 0.36 

seconds.  Table 4.4 presents a comparison of the all the baseline PD controllers and their response to a bank angle 

maneuver at 65 KTAS.  PD2 provides the least ZDE and the highest TDM. 

 

 

 Figure 4.11.  Results for PD with LBF, bank angle maneuver  
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Table 4.4. 

PD Controller Response to a Bank Angle Maneuver 

 PD 1 PD 2 PD 3 

Bank Angle ZDE 0.0509 0.0485 0.0512 

Bank Angle TDM (sec) 0.32 0.36 0.36 

Flight Path Angle RMS 2.2467 2.2481 2.6175 

Velcoity RMS 65.5763 65.5957 65.1209 

Side force RMS 0.0265 0.0263 0.0759 

 

The response to a side force step yielded a zero delay error of 0.0851 and a time delay margin of 3.0.  Table 

4.5 presents a comparison of the all the baseline PD controllers and their response to a side force maneuver at 65 

KTAS. 
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 Figure 4.12.  Results for PD with LBF, side acceleration maneuver 

 

Table 4.5.   

PD Controller Response to a Side force Maneuver 

 PD 1 PD 2 PD 3 

Side force ZDE 0.0851 0.1011 0.0924 

Side force TDM (sec) 3.0 3.0 3.0 

Flight Path Angle RMS 0.2279 0.2303 0.1990 

Bank Angle RMS 5.3572 5.3600 5.3375 

Velocity RMS 65.0018 65.0983 65.0003 
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All of the PD controllers evaluated provide similar results.  The zero delay error for bank angle is the least 

for PD2.  However, the time delay margin and zero delay error are more favorable for the PD1 control architecture.  

Since these are the two maneuvers desired to be the quickest, they are deemed the critical cases. 

4.2.3 Simulation of Best Proportional-Integral Controller 

After careful evaluation of zero delay error and time delay metric, the PI3 controller with the split linear 

basis elements.  The linear elements for the flight path angle ANN:  bais, �&'OP, q, α,	�), �!), �), �!), and �c), and the 

following linear elements for the bank angle and side force ANNs:  bais, p, r, β, 
), 
!), 
c), �8), and �!8). Figure 

4.13 through Figure 4.16 show the responses to the maneuvers presented in Table 3.1. 
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The response to a velocity step yielded a zero delay error of 0.00098 and a time delay margin of 0.44.  

Table 4.6 presents a comparison of the all the baseline PI controllers and their response to a velocity maneuver at 65 

KTAS.  The PI3 system has the significantly more time delay margin and a very little ZDE as compared with the 

PI1 and PI2 controllers as seen in Table 4.6.  The oscillations in the uncommanded states generated from the change 

in propeller velocity are reduced from the PD controller. 

 

 

 Figure 4.13.  Results for PI with LBF, airspeed maneuver  
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Table 4.6.   

PI Controller Response to a Velocity Maneuver 

 PI 1 PI 2 PI 3  

Velocity ZDE 0.00075 0.00075 0.00098 

 Velocity TDM (sec) 0.6 0.6 0.62 

Flight Path Angle RMS 0.0882 0.0957 0.1136 

Bank Angle RMS 0.2137 0.2613 0.3546 

Side force RMS 0.0101 0.0095 0.0199 

 

The response to a flight path step yielded a zero delay error of 0.022 and a time delay margin of 0.28.  

Table 4.7 presents a comparison of the all the baseline PI controllers and their response to a flight path maneuver at 

65 KTAS.  PD3 is the only system with any time delay margin. 
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 Figure 4.14.  Results for PI with LBF, flight path angle maneuver  

 

Table 4.7.   

PI Controller Response to a Flight Path Angle Maneuver 

 PI 1 PI 2 PI 3 

Flight Path Angle ZDE 0.0232 0.0230 0.0224 

Flight Path Angle TDM (sec) 0.22 0.28 0.28 

Velocity RMS 65.1809 65.1809 65.1809 

Bank Angle RMS 0.1196 0.1384 0.1152 

Side force RMS 0.0088 0.0077 0.0089 
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The response to a bank angle step yielded a zero delay error of 0.023 and a time delay margin of 0.22.  

Table 4.8 presents a comparison of the all the baseline PI controllers and their response to a bank angle maneuver at 

65 KTAS.  Again, PI3 provides the most time delay margin, but not the most zero delay error. 

 

 

 Figure 4.15.  Results for PI with LBF, bank angle maneuver  
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Table 4.8.   

PI Controller Response to a Bank Angle Maneuver 

 PI 1 PI 2 PI 3 

Bank Angle ZDE 0.0194 0.0159 0.0235 

Bank Angle TDM (sec) 0.12 0.18 0.22 

Flight Path Angle RMS 1.0801 1.0614 1.1257 

Velocity RMS 65.1435 65.1410 65.1403 

Side force RMS 0.0302 0.0249 0.0313 

 

The response to a side force step yielded a zero delay error of 3.0 and a time delay margin of 0.3.  Table 4.9 

presents a comparison of the all the baseline PI controllers and their response to a side force maneuver at 65 KTAS.  

All of the controllers have the same time delay margin.  The zero delay error is higher for PI3 than the other two 

systems. 
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 Figure 4.16.  Results for PI with LBF, side acceleration maneuver 

 

Table 4.9.   

PI Controller Response to a Side force Maneuver 

 PI 1 PI 2 PI 3 

Side force ZDE 0.0478 0.04833 0.0465 

 Side force TDM (sec) 3.0 3.0 3.0 

Flight Path Angle RMS 0.0547 0.0559 0.0518 

Bank Angle RMS 5.2654 5.2420 5.2147 

Velocity RMS 65.1200 65.1203 65.1201 
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Like the PD controllers, bank angle and flight path maneuvers were deemed to be the most critical cases.  

PI3 provides time delay margin when PI1 and PI2 do not. 

4.2.4 Comparison of Sigma Modification 

Sigma modification is used to provide additional damping to the MRAC weight update rule.  With the 

increased damping, higher learning rates should be possible [22].  Figure 4.17 through Figure 4.20 show the 

application of sigma modification on a PD controller, while Figure 4.21 through Figure 4.24 show the application on 

a PI controller. 

The results from Figure 4.17 are almost identical to the airspeed maneuver performed by the baseline PD2 

controller presented in Figure 4.9.   

 

 

 Figure 4.17.  Results for PD with sigma modification, airspeed maneuver  
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The flight path angle maneuvers in Figure 4.18 are very similar to the ones in Figure 4.10.  The differences 

arise in the side force response to the maneuvers.  With sigma modification, the controller now overshoots in the 

side force maneuvers unlike in the baseline controller. 

 

 

 Figure 4.18.  Results for PD with sigma modification, flight path angle maneuver  
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The PD2 controller with sigma modification reduces the side force oscillations as a result of a bank angle 

maneuver.  The oscillations in Figure 4.11 side force response are greater in amplitude than in Figure 4.19. 

 

 

 Figure 4.19.  Results for PD with sigma modification, bank angle maneuver  
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When compared with Figure 4.12, the PD controller with sigma modification is similar to the baseline 

controller without any noticeable differences. 

 

 

 Figure 4.20.  Results for PD with sigma modification, side acceleration maneuver 
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When compared with airspeed maneuvers of the baseline PI3 controller in Figure 4.13, the PI with sigma 

modification remains relatively unchanged. 

 

 

 Figure 4.21.  Results for PI with sigma modification, airspeed maneuver  
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As with the airspeed maneuver, the differences in flight path angle maneuver between the baseline 

controller and the sigma modification, Figure 4.14 and Figure 4.22 respectively, are minimal. 

 

 

 Figure 4.22.  Results for PI with sigma modification, flight path angle maneuver  
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The PI controller with sigma modification has greater overshoot in bank angle than the baseline, Figure 

4.15.  However, the response of the other states in greatly reduced from the baseline PI controller. 

 

 

 Figure 4.23.  Results for PI with sigma modification, bank angle maneuver  
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The PI sigma controller’s side force maneuver is almost the same to the baseline controller, Figure 4.16.  

There is an increase in the magnitude of the oscillations in the other states over the baseline controller. 

 

 

 Figure 4.24.  Results for PI with sigma modification, side acceleration maneuver 

From this evaluate and metric studies in Chapter 3, the application of sigma modification does provide 

additional benefits to the system architectures.  Table 4.10 shows the change in zero delay error and time delay 

margin with sigma modification. 
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Table 4.10.   

Sigma Modification vs Baseline 

 PD Baseline PD Sigma PI Baseline PI Sigma 

Side force ZDE 0.0851 0.0877 0.0465 0.0464 

Side force TDM 3.0 3.0 3.0 3.0 

Flight Path Angle ZDE 0.0495 0.0504 0.0224 0.0227 

Flight Path Angle TDM 0.74 0.78 0.28 0.28 

Bank Angle ZDE 0.0509 0.0431 0.0235 0.0398 

Bank Angle TDM 0.32 0.43 0.22 0.22 

Velocity ZDE 0.00047 0.00094 0.00098 0.00080 

Velocity TDM 0.82 0.94 0.62 0.62 

 

4.2.5 Comparison of Derivative-Free Approach 

The derivative-free approach developed by Yucelen and Calise [13] shows additional time delay margin 

over the traditional MRAC law.  However, the time step chosen must be different for each control loop for this 

desired effect.  Based on the evaluation of sigma modification and the baseline controllers, each loop requiring 

different criteria is an expected outcome.  While the zero delay error is not affected by the time steps chosen, the 

increase in time delay margin for PD2 found from the metrics in Chapter 3 is beneficial.  For PI3 with the DFA, 

there is not much change from the baseline controller.  Because of the limited changes over the baseline controllers, 

the derivate-free controllers are not included.  
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5.  CONCLUSIONS 

5.1 Adaptive Controller Development 

Several different architectures were developed for use on the 6-DOF Beechcraft Bonanza with an “E-Z” 

Fly system created by Lemon [16].  Two different types of controllers were evaluated, the proportional-derivative 

controller used by Lemon [16] and the cascaded proportional-integral controller developed for a 3 DOF by Hinson 

[5].  The PI controller first incorporated an ABC neural network on a 6 DOF system for direct comparison to the 6 

DOF PD controller completed by Lemon [16].   

Both controllers then incorporated linear basis vectors that replaced the original ABC.  Each linear basis 

vector contained a combination of several different elements including:  �&'OP, p, q, r, α, β, γ,	ϕ,	Fy,		�), �!), �), �!), 

�c), 
), 
!), 
c), �8), and �!8).  The ANNs used the standard MRAC weight update found in equation 2.34.  In 

addition to the standard MRAC weight update rule, sigma modification [22] and the derivative-free approach [13] 

were incorporated into the PD and PI controller architectures.   

Each of the architectures developed was tuned using the metrics zero delay error and time delay margin.  

Zero delay error provided a measure of the transient properties of each architecture, while the time delay margin 

proved system robustness.  The tuning process involved determining a minimization of zero delay error and a 

maximization of time delay margin.  Emphasis was applied to time delay margin of the flight path angle loop and 

bank angle loop in order to verify it exceeds 0.25 sec.   The time delay margin of the side force loop was well over 

three seconds.  For the bank angle loop, the additional requirements of roll speed defined by Lemon [16] were met.  

The velocity loop was tuned to prevent throttle saturation. 

5.2 Architecture Evaluation 

Based on the results found in Section 4.2.4, the proportional derivative controller with linear basis elements 

listed Table 5.1 showed the most time delay margin for an architecture without ANN modification terms, while the 

PI controller had the least zero delay error.  The PD controllers in general had more time delay margin than their PI 

controller counterparts.  The controllers with linear basis functions proved more robust than the ABC neural 

networks. 
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Table 5.1.   

PD Controller Elements 

Parameters 

bias, �&'OP, p, q, r, α, β, γ,	ϕ,	Fy,	�), �!), �), �!), �c), 
), 
!), 
c), �8), �!8) 

 

Sigma modification showed increased time delay margin over a baseline controller with little or no change 

in zero delay error as shown in Table 4.10.  The derivative free approach showed very little change over the baseline 

controllers.  Due to this fact, the error metric study for the derivative free approach architecture was not retuned.  

The use of neural network sigma modification terms showed great promise.  With addition of modification terms, 

time delay margin could be further increased without sacrificing zero delay error. 

In conclusion, the PD_sigma controller provided the most desirable characteristics.  Based on the 

information provided in Table 4.10, the PD_sigma architecture provided significantly more time delay margin than 

the baseline PD controller.  The zero delay error minimally increased in the side force, airspeed, and flight path 

angle loops; and decreased in the bank angle loop.  

5.3 Future Work and Recommendations 

The research presented in this thesis revolved around the development of new control architectures for use 

on the Beechcraft Bonanza with an “E-Z” fly system.  The ultimate goal is to incorporate these systems on the 

airplane, however, piloted simulations and hardware-in-the-loop simulations should be conducted to verify the 

results.  Pilot evaluation of the system will be critical to the eventual incorporation of these controllers on general 

aviation airplanes. 

The architectures presented have been developed in an ideal flight environment using a standard set of 

performance metrics.  Additional research needs to be conduct involving how the controllers respond to turbulence, 

microburst, and other environmental changes.  The standard performance metrics of zero delay error and time delay 

margin are only two of many metrics presented in by Stepanyan et al. [14].  A better determination of instability 

needs to be created beyond that of time delay margin.  Evaluation of the performance of these architectures to 

structural dynamics similar to what Hinson et al. [26] created would be very beneficial. 

Additional research into more neural network modification terms would benefit MRAC development by 

further reducing oscillations generated by ANNs.  Reed [20], Nguyen [11], and Campbell et al. [27] have all shown 
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the enhancements additional modification terms can create.  An additional avenue of work would center around the 

idea that each state is truly independent based on dynamic inversion.  It may be found that each state responds better 

to a different architecture than another state. 

Further research needs to be conducted in including the effects of the states that are commanded to remain 

unchanged.  The plots contained in Chapter 4 present the results of all states for a given maneuver.  The PD 

controllers performing bank angle maneuvers generate changes in flight path angle of almost 10 degrees.  The 

oscillations generated in the uncommanded states present difficulties in creating flight controller architectures that 

pilots would enjoy flying.   
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APPENDIX A 

MATLAB CODE 

ANN Matlab Code:  Linear Basis Function PD 

%% Main Function 
function [sys,x0,str,ts] = linearq(t,x,u,flag)   
% 
% See sfuntmpl.m for a general S-function template. 
% Dispatch the flag. The switch function controls the calls to  
% S-function routines at each simulation stage of the S-function. 
% 
%% Determine state of flag 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  % Initialize the states, sample times, and state ordering strings. 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes; 
  
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  % Return the outputs of the S-function block. 
  case 3 
    sys=mdlOutputs(t,x,u); 
  
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  % There are no termination tasks (flag=9) to be handled. 
  % Also, there are no continuous or discrete states, 
  % so flags 1,2, and 4 are not used, so return an emptyu 
  % matrix  
  case { 1, 2, 4, 9 } 
    sys=[]; 
  
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Return an error message for unhandled flag values. 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
  
  
end 
end 
% 
%============================================================================
= 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%============================================================================
= 
% 
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APPENDIX A (continued) 

function [sys,x0,str,ts] = mdlInitializeSizes() 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 1;  % dynamically sized with -1 
sizes.NumInputs      = 26;  % dynamically sized with -1 
sizes.DirFeedthrough = 1;  % has direct feedthrough 
sizes.NumSampleTimes = 1; 
  
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
  
%% Initialize Variables 
global Wq_prev 
Wq_prev = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]'; 
  
end         % end mdlInitializeSizes 
  
%% mdlOutputs 
%============================================================================
= 
% mdlOutputs 
% Return the output vector for the S-function 
%============================================================================
= 
% 
function [sys] = mdlOutputs(t,x,u) 
  
global maxelev minelev 
global lr_q 
global Kp_gamma Ki_gamma Kd_gamma 
global Wqdot Wq_prev qdot_d 
  
%% Inputs 
qdot_d=u(1); 
q_d=u(2); 
cmd=u(3); 
cmd_i=u(4); 
de=u(5); 
bais=u(6); 
vtrue=u(7); 
p=u(8); 
q=u(9); 
r=u(10); 
alpha=u(11); 
beta=u(12); 
V_m=u(13); 
Vdot_m=u(14); 
gamma_m=u(15); 
gammadot_m=u(16); 
gammaddot_m=u(17); 
phi_m=u(18); 
phidot_m=u(19); 
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APPENDIX A (continued) 

phiddot_m=u(20); 
fy_m=u(21); 
fydot_m=u(22); 
gamma=u(23); 
phi=u(24); 
fy=u(25); 
qdothat_d=u(26); 
  
%% Function 
basis = [bais vtrue p q r alpha beta gamma phi fy V_m Vdot_m gamma_m 
gammadot_m gammaddot_m ... 
    phi_m phidot_m phiddot_m fy_m fydot_m]'; 
error = cmd - qdot_d; 
error_i = (cmd_i - q_d); 
qdothat = qdothat_d; 
error_m = [error_i error]';                         % Error Matrix 
P11 = Kd_gamma/(2*Kp_gamma) + (Kp_gamma/2/Kd_gamma)*(1+1/Kp_gamma);          
% Compute Lyapunov matrix 
P12 = 1/(2*Kp_gamma); 
P21 = 1/(2*Kp_gamma); 
P22 = 1/(2*Kd_gamma)*(1+1/Kp_gamma); 
P = [P11 P12; P21 P22];                    % Lyapunov Matrix 
B = [0 1]';                                % Model Control Matrix 
  
    if((de <= maxelev*(pi/180) && de >= minelev*(pi/180)) || (de > 
maxelev*(pi/180) && error > 0) || (de < minelev*(pi/180) && error < 0)) 
     
        Wqdot = lr_q.*(basis*error_m'*P*B);         % Weight Update Rule 
        Wq = Wq_prev + Wqdot*0.02;                  % Update Weights 
        qdothat = Wq'*basis;                        % Compute add value 
        Wq_prev = Wq; 
    end 
        
out = qdothat; 
  
sys = out; 
  
end 
 
ANN Matlab Code:  Linear Basis Function PI 

%% Main Function 
function [sys,x0,str,ts] = linearq(t,x,u,flag)   
% 
% See sfuntmpl.m for a general S-function template. 
% Dispatch the flag. The switch function controls the calls to  
% S-function routines at each simulation stage of the S-function. 
% 
%% Determine state of flag 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  % Initialize the states, sample times, and state ordering strings. 
  case 0 
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APPENDIX A (continued) 

    [sys,x0,str,ts]=mdlInitializeSizes; 
  
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  % Return the outputs of the S-function block. 
  case 3 
    sys=mdlOutputs(t,x,u); 
  
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  % There are no termination tasks (flag=9) to be handled. 
  % Also, there are no continuous or discrete states, 
  % so flags 1,2, and 4 are not used, so return an emptyu 
  % matrix  
  case { 1, 2, 4, 9 } 
    sys=[]; 
  
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Return an error message for unhandled flag values. 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
  
  
end 
end 
% 
%============================================================================
= 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%============================================================================
= 
% 
function [sys,x0,str,ts] = mdlInitializeSizes() 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 1;  % dynamically sized with -1 
sizes.NumInputs      = 26;  % dynamically sized with -1 
sizes.DirFeedthrough = 1;  % has direct feedthrough 
sizes.NumSampleTimes = 1; 
  
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
  
%% Initialize Variables 
global Wq_prev 
Wq_prev = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]'; 
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APPENDIX A (continued) 

end         % end mdlInitializeSizes 
  
%% mdlOutputs 
%============================================================================
= 
% mdlOutputs 
% Return the output vector for the S-function 
%============================================================================
= 
% 
function [sys] = mdlOutputs(t,x,u) 
  
global maxelev minelev 
global lr_q 
global Kp_gamma Ki_gamma Kd_gamma 
global Wqdot Wq_prev qdot_d 
  
%% Inputs 
qdot_d=u(1); 
q_d=u(2); 
cmd=u(3); 
cmd_i=u(4); 
de=u(5); 
bais=u(6); 
vtrue=u(7); 
p=u(8); 
q=u(9); 
r=u(10); 
alpha=u(11); 
beta=u(12); 
V_m=u(13); 
Vdot_m=u(14); 
gamma_m=u(15); 
gammadot_m=u(16); 
gammaddot_m=u(17); 
phi_m=u(18); 
phidot_m=u(19); 
phiddot_m=u(20); 
fy_m=u(21); 
fydot_m=u(22); 
gamma=u(23); 
phi=u(24); 
fy=u(25); 
qdothat_d=u(26); 
  
%% Function 
basis = [bais vtrue 0 q 0 alpha 0 gamma 0 0 V_m Vdot_m gamma_m gammadot_m 
gammaddot_m ... 
    0 0 0 0 0]'; 
error = cmd - qdot_d; 
error_i = (cmd_i - q_d); 
qdothat = qdothat_d; 
error_m = [error_i error]';                                                 % 
Error Matrix 
P11 = Kp_gamma/Ki_gamma+(Ki_gamma+1)/Kp_gamma; 
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APPENDIX A (continued) 

P12 = 1/Ki_gamma; 
P21 = P12; 
P22 = (1+1/Ki_gamma)/Kp_gamma; 
P = [P11 P12; P21 P22];                         % Lyapunov Matrix 
B = [0 1]';                                     % Model Control Matrix 
  
    if((de <= maxelev*(pi/180) && de >= minelev*(pi/180)) || (de > 
maxelev*(pi/180) && error > 0) || (de < minelev*(pi/180) && error < 0)) 
     
        Wqdot = lr_q.*(basis*error_m'*P*B);          % Weight Update Rule 
        Wq = Wq_prev + Wqdot*0.02;                   % Update Weights 
        qdothat = Wq'*basis;                         % Compute add value 
        Wq_prev = Wq; 
    end 
        
out = qdothat; 
  
sys = out; 
  
end 

 

ANN Matlab Code:  Sigma Modification 

%% Main Function 
function [sys,x0,str,ts] = sigmaq(t,x,u,flag)   
% 
% See sfuntmpl.m for a general S-function template. 
% Dispatch the flag. The switch function controls the calls to  
% S-function routines at each simulation stage of the S-function. 
% 
%% Determine state of flag 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  % Initialize the states, sample times, and state ordering strings. 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes; 
  
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  % Return the outputs of the S-function block. 
  case 3 
    sys=mdlOutputs(t,x,u); 
  
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  % There are no termination tasks (flag=9) to be handled. 
  % Also, there are no continuous or discrete states, 
  % so flags 1,2, and 4 are not used, so return an emptyu 
  % matrix  
  case { 1, 2, 4, 9 } 
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APPENDIX A (continued) 

    sys=[]; 
  
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Return an error message for unhandled flag values. 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
  
  
end 
end 
% 
%============================================================================
= 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%============================================================================
= 
% 
function [sys,x0,str,ts] = mdlInitializeSizes() 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 1;  % dynamically sized with -1 
sizes.NumInputs      = 26;  % dynamically sized with -1 
sizes.DirFeedthrough = 1;  % has direct feedthrough 
sizes.NumSampleTimes = 1; 
  
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
  
%% Initialize Variables 
global Wq_prev 
Wq_prev = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]'; 
  
end         % end mdlInitializeSizes 
  
%% mdlOutputs 
%============================================================================
= 
% mdlOutputs 
% Return the output vector for the S-function 
%============================================================================
= 
% 
function [sys] = mdlOutputs(t,x,u) 
  
global maxelev minelev 
global lr_q sig_q 
global Kp_gamma Ki_gamma Kd_gamma 
global Wqdot Wq_prev qdot_d 
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APPENDIX A (continued) 

%% Inputs 
qdot_d=u(1); 
q_d=u(2); 
cmd=u(3); 
cmd_i=u(4); 
de=u(5); 
bais=u(6); 
vtrue=u(7); 
p=u(8); 
q=u(9); 
r=u(10); 
alpha=u(11); 
beta=u(12); 
V_m=u(13); 
Vdot_m=u(14); 
gamma_m=u(15); 
gammadot_m=u(16); 
gammaddot_m=u(17); 
phi_m=u(18); 
phidot_m=u(19); 
phiddot_m=u(20); 
fy_m=u(21); 
fydot_m=u(22); 
gamma=u(23); 
phi=u(24); 
fy=u(25); 
qdothat_d=u(26); 
  
%% Function 
basis = [bais vtrue p q r alpha beta gamma phi fy V_m Vdot_m gamma_m 
gammadot_m gammaddot_m ... 
    phi_m phidot_m phiddot_m fy_m fydot_m]'; 
error = cmd - qdot_d; 
error_i = (cmd_i - q_d); 
qdothat = qdothat_d; 
error_m = [error_i error]';                                  % Error Matrix 
P11 = Kd_gamma/(2*Kp_gamma) + (Kp_gamma/2/Kd_gamma)*(1+1/Kp_gamma);         % 
Compute Lyapunov matrix 
P12 = 1/(2*Kp_gamma); 
P21 = 1/(2*Kp_gamma); 
P22 = 1/(2*Kd_gamma)*(1+1/Kp_gamma); 
P = [P11 P12; P21 P22];                               % Lyapunov Matrix 
B = [0 1]';                                           % Model Control Matrix 
A = [0 1; -Kp_gamma -Kd_gamma]; 
Ai = inv(A); 
  
    if((de <= maxelev*(pi/180) && de >= minelev*(pi/180)) || (de > 
maxelev*(pi/180) && error > 0) || (de < minelev*(pi/180) && error < 0)) 
     
        Wqdot = lr_q.*(basis*error_m'*P*B... 
                          -sig_q.*Wq_prev);              % Weight Update Rule 
        Wq = Wq_prev + Wqdot*0.02;                       % Update Weights 
        qdothat = Wq'*basis;                             % Compute add value 
        Wq_prev = Wq; 
    end 
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APPENDIX A (continued) 

out = qdothat; 
  
sys = out; 
  
end 
 

 

ANN Matlab Code: Derivative Free Approach 

%% Main Function 
function [sys,x0,str,ts] = DFAq(t,x,u,flag)   
% 
% See sfuntmpl.m for a general S-function template. 
% Dispatch the flag. The switch function controls the calls to  
% S-function routines at each simulation stage of the S-function. 
% 
%% Determine state of flag 
switch flag, 
  %%%%%%%%%%%%%%%%%% 
  % Initialization % 
  %%%%%%%%%%%%%%%%%% 
  % Initialize the states, sample times, and state ordering strings. 
  case 0 
    [sys,x0,str,ts]=mdlInitializeSizes; 
  
  %%%%%%%%%%% 
  % Outputs % 
  %%%%%%%%%%% 
  % Return the outputs of the S-function block. 
  case 3 
    sys=mdlOutputs(t,x,u); 
  
  %%%%%%%%%%%%%%%%%%% 
  % Unhandled flags % 
  %%%%%%%%%%%%%%%%%%% 
  % There are no termination tasks (flag=9) to be handled. 
  % Also, there are no continuous or discrete states, 
  % so flags 1,2, and 4 are not used, so return an emptyu 
  % matrix  
  case { 1, 2, 4, 9 } 
    sys=[]; 
  
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Unexpected flags (error handling)% 
  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  % Return an error message for unhandled flag values. 
  otherwise 
    error(['Unhandled flag = ',num2str(flag)]); 
  
  
end 
end 
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APPENDIX A (continued) 

% 
%============================================================================
= 
% mdlInitializeSizes 
% Return the sizes, initial conditions, and sample times for the S-function. 
%============================================================================
= 
% 
function [sys,x0,str,ts] = mdlInitializeSizes() 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 0; 
sizes.NumOutputs     = 1;  % dynamically sized with -1 
sizes.NumInputs      = 23;  % dynamically sized with -1 
sizes.DirFeedthrough = 1;  % has direct feedthrough 
sizes.NumSampleTimes = 1; 
  
sys = simsizes(sizes); 
str = []; 
x0  = []; 
ts  = [-1 0];   % inherited sample time 
  
%% Initialize Variables 
global Wq_prev QQ 
Wq_prev(:,1) = [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]'; 
QQ = 0; 
  
end         % end mdlInitializeSizes 
  
%% mdlOutputs 
%============================================================================
= 
% mdlOutputs 
% Return the output vector for the S-function 
%============================================================================
= 
% 
function [sys] = mdlOutputs(t,x,u) 
  
global maxelev minelev 
global lr_q DT QQ 
global Kp_gamma Ki_gamma Kd_gamma 
global Wqdot Wq_prev qdot_d 
  
%% Inputs 
qdot_d=u(1); 
q_d=u(2); 
cmd=u(3); 
cmd_i=u(4); 
de=u(5); 
bais=u(6); 
vtrue=u(7); 
p=u(8); 
q=u(9); 
r=u(10); 
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APPENDIX A (continued) 

alpha=u(11); 
beta=u(12); 
V_m=u(13); 
Vdot_m=u(14); 
gamma_m=u(15); 
gammadot_m=u(16); 
gammaddot_m=u(17); 
phi_m=u(18); 
phidot_m=u(19); 
phiddot_m=u(20); 
fy_m=u(21); 
fydot_m=u(22); 
qdothat_d=u(23); 
  
%% Function 
  
  
basis = [bais vtrue 0 q 0 alpha 0 V_m Vdot_m gamma_m gammadot_m gammaddot_m 
... 
    0 0 0 0 0]'; 
error = cmd - qdot_d; 
error_i = (cmd_i - q_d); 
qdothat = qdothat_d; 
error_m = [error_i error]';                                 % Error Matrix 
P11 = Kp_gamma/Ki_gamma/2+(Ki_gamma+1)/Kp_gamma/2; 
P12 = 1/Ki_gamma/2; 
P21 = P12; 
P22 = (1+1/Ki_gamma)/Kp_gamma/2; 
P = [P11 P12; P21 P22];                                % Lyapunov Matrix 
B = [0 1]';                                            % Model Control Matrix 
  
    if((de <= maxelev*(pi/180) && de >= minelev*(pi/180)) || (de > 
maxelev*(pi/180) && error > 0) || (de < minelev*(pi/180) && error < 0)) 
QQ = QQ + 1; 
 
        Wqdot = lr_q.*(basis*error_m'*P*B);            % Weight Update Rule 
        [a,b]=size(Wq_prev); 
        QQQ = QQ-(DT/0.02); 
        if QQQ < 1; QQQ = 1; end;  
        Wq = Wqdot.*DT + Wq_prev(:,QQQ);               % Update Weights 
        qdothat = Wq'*basis;                           % Compute add value 
        Wq_prev(:,QQ) = Wq; 
         
    end 
        
out = qdothat; 
  
sys = out; 
  
end 
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