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Abstract

This thesis addresses the application issues raised implementing flight control designs derived from

optimal control theory and the challenges in obtaining acceptable handling qualities when using these

techniques. Using the USAF TPS FCS project as the controller architecture, four controllers were designed

using classical methods, and H2, H-, and mixed H2/H** optimal control theory. These designs were

implemented in the Calspan VSS II Learjet, simulating unstable aircraft longitudinal dynamics and a limited

handling qualities flight test evaluation was performed. The design phase found the optimal control

techniques, as applied, difficult to design to handling qualities specifications. The H2, H-, and mixed H2/H-

controllers were unstable and often contained high frequency poles, which were difficult to implement. The

flight test rated the designs acceptable on approach, but no handling qualities level for approach was

determined.

xv



MODERN FLIGHT CONTROL DESIGN, IMPLEMENTATION AND FLIGHT TEST

I. Introduction

1.1. Background/Motivation

Flight controller designs for piloted aircraft have become increasingly more complex in the past few

years with the advent of fly-by-wire control systems [Ber88]. Modern aircraft now have the capability to

use both conventional and innovative control surfaces and systems to increase performance and reduce drag

and radar cross section. While these systems greatly enhance capabilities, the challenges to the flight

control designer have grown exponentially. Single-input-single-output (SISO) systems become multiple-

input-multiple-output (MIMO) systems. Modeling the aircraft dynamics, which has never been an exact

science [DFT92], is more complex. To simplify the design process, a linear, time invariant system model is

developed about an operating point or nominal condition. The primary purpose of a flight control system

for piloted aircraft is to provide acceptable handling qualities to accomplish a mission flight phase [TPS95].

Embedded in this requirement for good handling qualities is the objective to obtain nominal and robust

stability and performance. Ultimately the pilot completes the flight control system, and as handling

qualities degrade, the pilot becomes unable to perform piloting duties. Stability and performance alone are

not sufficient if a pilot cannot control the aircraft.

There has been considerable research developing design techniques to optimize flight control

systems to reduce noise introduced into the system, and provide robust stability to the system [Gan86].

These techniques include H2 control theory, -L. control theory, and a Mixed H2/H- control theory [RW95].

H2 optimization minimizes the system's output energy when the system is faced with white Gaussian noise

inputs. The H2 design technique targets noise rejection as its main objective. L optimization minimizes

the system's output energy to unknown, bounded energy inputs, which results in a highly robust system.

The H. design technique targets system stability margins and also provides good tracking. Mixed H2/-L

optimization combines the objectives of H2 and HL- optimization by limiting the H2 problem with an EL

constraint. The Mixed H2/IL design technique optimally trades off noise rejection with the tracking and
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robust stability objectives to obtain a system targeting all of these goals. All of these design methods are

capable of handling both SISO and MIMO systems. These techniques do not directly provide assurances of

acceptable handling qualities in the flight control systems designed by these methods. The previous

research on these methods has focused on improving the numeric solutions of these techniques. Although

example applications of these techniques have been analyzed for robustness and some measures of

performance, little has been done to investigate the resulting design's handling qualities.

There are several handling qualities design criteria for evaluating flight control designs described in

the Department of Defense MIL-STD- 1797A, Flying Qualities of Piloted Aircraft [Mil90]. These criteria

are used to predict an aircraft's handling qualities based on historical pilot evaluations. Of these criteria,

Hoh's Bandwidth Criteria [Hoh8l] and Ralph Smith Criteria [SG79] are accepted as predictors of an

aircraft's handling qualities. The USAF Test Pilot School (TPS), as part of its curriculum, uses these

criteria to evaluate student designed flight control systems during the Flight Control System (FCS) design

project. This project then implements the FCS in the CALSPAN Variable Stability Simulator II (VSS II)

Learjet [Bat93] to allow the TPS students to evaluate the handling qualities of their design. This project is

well suited for implementation and a limited handling qualities evaluation of augmented longitudinal flight

control systems designed with optimization techniques.

1.2 Research Objectives

The purpose of this thesis is to investigate the implementation of flight control systems designed

using H2, -L, and Mixed H2/tL design techniques and evaluate the resulting handling qualities of these

designs. This research applies modern optimal control theory to the USAF TPS FCS design project, used in

the TPS curriculum from 1994 through 1995. These designs, as well as a classically designed flight control

system, were implemented in the CALSPAN VSS II Learjet and evaluated for handling qualities during

flight test. The classically designed flight control system served as a control case for comparison and was

used to help verify proper implementation of the un-augmented aerodynamics simulated by the VSS II

system. The classical design serves as a base-line and is not intended to be compared to the optimal control

theory designs to determine which method can achieve a "better" controller. This thesis addresses the
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application issues raised implementing flight control designs derived from optimal control theory and the

challenges in obtaining acceptable handling qualities when using these techniques.

1.3 Thesis Outline

This thesis is divided into six chapters, including this introductory chapter. The second chapter

presents the necessary groundwork for this research. The control theory used to develop the flight control

designs is discussed in the first section of Chapter II. An explanation of the handling qualities criteria used

to evaluate the designs is then presented. The third section of this chapter addresses the TPS FCS project

on which this research is based. Finally, a description of the CALSPAN VSS II Learjet and its limitations

is presented.

In Chapter III, the various models used in this research are developed. The aircraft aerodynamic

model, in both transfer function and state space form, is derived from the stability derivatives of the

intended target aircraft. The models for wind gust noise and sensor noise, used in the design and computer

evaluation, are then developed. The third section addresses the structure of the closed loop system used in

each of the designs. It also explains the model used in the computer simulations to evaluate the designs and

in the handling qualities predictions. The fourth section describes the set-up for each design method,

comments on the design process and presents the resulting designs.

Chapter IV describes the implementation of the flight control designs. It discusses the controller

model used in implementation and the issues raised developing this model. This chapter also presents the

results of the ground and flight verification and validation testing.

The fifth chapter addresses the flight test. It describes the flight test objectives, and the methods and

procedures used during the flight test. The flight test results are presented and then analyzed. The flight

test analysis focuses on the handling qualities ratings determined during the test, and on the conclusions that

can be drawn based on these results.

The final chapter summarizes the findings of this study, presents some conclusions and provides

recommendations for areas of future research.
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II. Preliminaries

2.1. Control Theory

The control theory and the optimization techniques presented in this section are all well developed

processes. This section will summarize the basic principles and assumptions made by the design methods

used for each of the flight controllers examined in this thesis. A very general description of the classical

control theory used to design the classical controller will first be discussed. The remaining subsections

present the basic development of H2, I-, and Mixed H2/ H optimization.

2.1.1. Classical Control Theory

Flight control designs have classically used single loop frequency response and root locus design

techniques to solve the control problem. When multiple feedback loops are required to achieve the desired

stability and performance objectives, classical control theory predominantly relies on one-loop-at-time

frequency response and root locus design techniques [Gan86]. While classical control theory encompasses

a broader range of techniques then presented here, this discussion will be limited to the techniques specified

in the TPS project outlined later in this chapter.

The classical design method starts with a block diagram like that shown in Figure 2.1. Here G

represents the linearized aircraft modeled dynamics and K the designed controller. The commanded input is

labeled r, and the outputs of interest are depicted by y. Transfer function representations for G and K are

commonly used, as is a negative feedback sign convention. The controller can be a simple gain,

Figure 2.1. Block Diagram
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or a dynamic filter. A root locus of all possible closed loop root locations for a given loop transfer function

as loop gain is varied is then plotted for the system and gains are chosen to place the closed loop poles in a

desired region of the plot. Frequency response plots, or Bode plots are used to analyze the loop transfer

function gain magnitude and phase angle to determine the system loop shape. The feedback gains and

controller dynamics are varied until the desired system response is obtained. As multiple loop closures and

higher order controller dynamics are used, this iterative process requires significant engineering insight and

experience [Gan86].

2.1.2. H 2 Control Theory

The objective of an H2 design is to synthesize a controller which minimizes the energy of a system

output faced with a zero-mean, Unit intensity White Gaussian Noise (UWGN) input. H2 optimization is a

generalization of the standard Linear Quadratic Gaussian (LQG) problem [Doy89]. The feedback system

used for H2 optimization can be depicted in general form, shown in Figure 2.2. The linear, time-invariant

aircraft model is defined by P. The block represented by P also includes parameter weightings used to

obtain the desired H2 controller design. The controller developed by the design techniques is represented

by K2. The exogenous inputs to the system are shown as w, and the controlled system outputs are

represented as z. The measured outputs from the system are shown as y and are input to the controller.

The controller output signal is labeled u and is fed back into the system. The symbol Tzw represents the

closed loop system.
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p 

.................................... Z

w2 z

......................................

Figure 2.2. General H2 Feedback System

The plant P can be partitioned into separate input and output transfer functions

Py (2.1)

where

z=Pw+PzuU
Py + Py (2.2)

A state space realization of P can be written as

-2 = A 2X 2 + Bww+ B 2 U

z = Czx 2 + DZw+ Dzuu (2.3)

y = Cy X2 + DYw w + DYU u

where the 2 subscript indicates the problem setup for H2 optimization. Minimizing the energy of the system

output to a UWGN input is equivalent to minimizing the 2-norm of the closed-loop transfer function, T.w

[RW95]. This minimal value of the 2-norm, a, is defined to be [Wal94]:

a= inf IIzl1 (2.4)
- K(s)Stabilizing

inf (2.5)
K(s)Stabilizing IT" (22

= binf jPw+ Pzu K(I-PyuK) -Ip 1 (2.6)
K (s )Stab2ilizin -3
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The following assumptions are made:

i. Dw=O

ii. Dy,,=O

iii. (A, B) is stabilizable and (Cr A) is detectable

iv. DT DZU = I and D Dyy=1

v. [A- joI B] has full column rankSCz Dz. I

vi. AyGII D w  has full row rank

Assumption (i) assures that the closed loop two-norm of the system is finite. Condition (ii) makes the

development easier but can be removed completely. Condition (iii) is necessary for the existence of

stabilizing solutions. Assumption (iv) is a regularity condition which insures that there is a direct penalty on

all controls and no perfect measurements. Finally, requirements (v) and (vi) are required to ensure the

existence of stabilizing solutions to the two Algebraic Ricatti Equations (ARE) in the H2 solution.

All stabilizing H2 controllers can be parametrized by a family of lower fractional transformations

(LFT) of a transfer function J and a constrained freedom parameter Q E H2 [Wa194], shown in Figure 2.3.

Figure 2.3. H2 System with Parametrized Controller
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The freedom parameter is used to identify sub-optimal H2 controllers, which are useful for computing

designs that trade off H2 performance for H_* performance. One particular form of J is given by

J(s) Ji Jvr i - K , 0 (2.7)

(2.8)
where

AJ = A- Kf Cy, - B,, K, (2.9)

Kc = B'X2 + DrCZ  (2.10)

Kf =Y2 C +B. D, ,  (2.11)

Kc = -Cy 2  (2.12)

Kfl = B.2  (2.13)

X2 and Y2 are the real, unique, symmetric positive semi-definite solutions to the AREs

(A-BU D cz)T X 2 +X 2(A-BuDTCz X 2Bu BT +6 T6Z =0 (2.14)

where

6Z =(I-DzuD )CZ (2.15)

and

BwO Yz )T _ Cy 2 2

(A- BWDwCy 2 )Y2 + Y2 (A- BWWC 2 T y, 2 + 0 (2.16)

where

B = B(I- DwD,) (2.17)

The controller is unique and optimal if Q = 0, otherwise the set of all controllers such that ITZ :5 a is

parametrized by any Q - H2 such that

IIQI12 <a 2 _ a 2  (2.18)

When Q is chosen to be identically equal to zero, the resulting optimal controller is
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K2 'p [FAj Kf] (2.19)

2.1.3. H_ Control Theory

The objective of an H. design is to synthesize a stabilizing controller which minimizes the maximum

energy of the output e, given a bounded energy input, d [Dec94l. The feedback system used for H_.

optimization is depicted in Figure 2.4 and is identical to the H2 block diagram with the input and output re-

labeled for distinction between the design methods.

d e

S.....................................

Figure 2.4. General H. Feedback System

The plant P can be partitioned into separate input and output transfer functions

p P ed  Peu.

"=ePyd Py1 (2.20)

where

e=Pedw+Puu (2.21)

Y = PydW+ Pyuu(

A state space realization of P can be written as

.i_ = Ax_ + Bdd + Buu

e = Cex. +Dedd+ Deuu (2.22)
y=C Yx- +Dydd+Dyuu
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where the c, subscript indicates the problem setup for H. optimization. Minimizing the energy of the

output to an exogenous, bounded energy input is equivalent to minimizing the ,. norm of the closed-loop

transfer function, Td [RW95]. This minimum achievable value of the ,c - norm, 7, is defined to be

y = inf sup jells2 inf ITed (2.23)
K Stabilizing d12 <I K Stabilizing

where the infinity-norm of Ted is

IlTed 1-= sup Ckd] (2.24)

and F denotes the maximum singular value.

The following assumptions are made:

i. Ded= 0

ii. DYu=0

iii. (A, Bu) is stabilizable and (Cy, A) is detectable

iv. DeTDeu =I and DydD[T =I

[A -j.I Bu] has full column rank
SC' DeuJ

vi. A A-jO Bd ] has full row rank

[cY Dyd

Assumption (i) and (ii) are not required for a solution to exist, but reduce the complexity of the solution.

Condition (iii) is necessary for the existence of stabilizing solutions. Assumption (iv) is a regularity

condition which insures that there is a direct penalty on all controls and that no perfect measurements are

allowed. Finally, requirements (v) and (vi) are required to ensure the existence of stabilizing solutions to

the two AREs in the H_* solution.

The IL optimal controller found by the optimization process is not unique. This process is iterative

and is based on the parametrization of all sub-optimal controllers where

DITedI11 < )' (2.25)

The family of all admissible controllers which satisfy (2.25) is given by the LFT (Figure 2.5)
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da- em

V r:

Figure 2.5. H- System with Parametrized Controller

where

J,, j, 1 Ai Kf Kfll
J(s)= , I 0 1 (2.26)

[ J r cK l 1 ]

and

Ai = A- Kf Cy - Bu-K,+ 2YCT (Ce - DeuKc) (2.27)

IT X_ \/e(< + eu e)(I- Y-oX_) (2.28)

Kf =Y-CrT + B D)y (2.29)

-2-2 -1

Kfl = Y-YCeTDeu + Bu_ (2.31)

The matrices X- and Y- are solutions to the AREs

(A-Bu DCe)TX+X(A-Bu D-Ce)+X(fB - B.T)X +T = 0 (2.32)

where

Ce = (I - DeuD, )Ce (2.33)

and
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( BddCy )Y..+'CTDC - BCT Cy + dh = 0 (2.34)

where

Rd = Bd(I- DyTdDyd) (2.35)

With that stated, Q can be chosen to be any Q E H.. such that

I1Q11. < r (2.36)

This parametrization of a controller K is valid if and only if the following three conditions hold:

i. Hx e dom(Ric) with X. = Ric(Hx) > 0

ii. Hy r dom(Ric) with Y. = Ric(Hy) > 0

iii. p(Y. X.) <y

where Hx and Hy are the Hamiltonians associated with (2.32) and (2.34) [Wal94].

As previously stated, the process of finding a controller with a closed-loop infinity-norm close to X is

iterative. A value for y is selected, then the above three conditions are checked. If any one of the

conditions fail, increase y and repeat the check. If all three conditions are met, decrease y until the desired

accuracy is obtained.

2.1.4. Mixed H2/FI. Control Theory

The objective of mixed H2/H. optimization is to achieve the robustness of H. control with the noise

rejection properties of H2 control. The mixed H2/H. diagram is shown in Figure 2.6. This method,

described by Ridgely [Rid9l] and Walker [Wa194], poses the H2 problem, to minimize x with an H

constraint that is constraining the infinity-norm. The final mixed design goal is to determine an admissible

controller that meets the following:

infDT~ ~2'subject to the constraint <Td 11_ (2.37)
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w il1z
d 0 e

u y

K '1
Figure 2.6. General Mixed H2/I-I Design Diagram

The mixed system can be written in general form as

d Pew Py. dZ: PdEJLIJ. (2.38)

A state space representation is given by

X x+ dd + wW+ uu (2.39)

e = Cex+ bded + )ewW+D euU (2.40)

Z = Czx + D)dzd + bzwW + bzu (2.41)

y=Cyx+Ddyd +Dyww+Dyuu (2.42)

The closed loop transfer functions Ted and T,. for the mixed problem are defined as

T, = C. (sI - A2 )-1B, + Dz. (2.43)

Ted = Ce (sI - A )-'Bd + Ded (2.44)

The mixed H2/I controller to be developed, in state space form is defined as

x, = Acx, +Bcy (2.45)

u = Cox' (2.46)

Closing the loop of the individual H2 and H_ problems with the above mixed controller results in the

following closed-loop state space representations
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X2 -A 2 x 2 +B w (2.47)

z = CZx 2 +Dzww (2.48)

and

i-= A-x- +Bdd (2.49)

e CeX, +Dedd (2.50)

where

X2 = (2.51)X
c

(2.52)Xc

2 A= B 2  Ac (2.53)

A =[A_ BuCC (2.54)AM=Bc Cy -  Ac j(.4

B. (2.55)

Bd B d yd  (2.56)

c =[cz Dzu c, ] (2.57)

Ce=[Ce Deu Cc] (2.58)

Dzw =0 (2.59)

Dea = Ded (2.60)

The assumptions for the mixed problem are a combination of the assumptions for the individual H2

and H. problems. Walker [Wa194] reduced the assumption list to just those required by the H2 problem, so

the assumptions become

i. D,=O
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ii. Dy,, = 0

iii. (A, B) is stabilizable and (Cy, A) is detectable

iv. DT Du = I and DywDyT-I

v. A- jo)I Bu has full column rank

vi. A - Dyw has full row rank

Walker found that the H_ assumptions could be relaxed since conditions (i-vi) guarantee a strictly proper,

admissible controller. A non-zero Ded does not significantly complicate the mixed development. Singular

and non-strictly proper H_ constraints are also allowed, so no assumptions need be made on the ranks of Ded

and Dyd.

The following definitions are made to simplify the development:

y_ infsiblell~ed 11_ (2.61)
-K admissbe

a inf ITrzw (2.62)
K admissible 2

K2ol, the unique K(s) that makes T2w 2 = a (2.63)

-Ted 11 when K(s) = Kzopt (2.64)

Kmj- a solution to the H2 / H_ problem for some yr> y (2.65)

*Ted 1 when K(s) = Kmix (2.66)

*=- Tw2 when K(s) = Kmix (2.67)

where the admissible set of controllers is the set of all stabilizing controllers.

The mixed H2/IL problem can now be restated as follows: determine a K(s) such that

1. the underlying H2 and HL_ problems are stable, i.e., A2 and A. are stable

2. y* < y for some given y > y

3. IITII 2 is minimized.
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Walker [Wa194] introduced the following theorem to further refine the H2/H problem setup.

Theorem 1. Let (Ar, B, C) be given and assume there exists a Q = QT >0 satisfying

AQ_ +Q-A: +(Q-C e +BdDed)R (QCe +BdDe)T +BdBT =0 (2.68)

where R = ( -2 -DedDed)> 0. Then the following are equivalent:

(i) (A.,Bd) is stabilizable

(ii) A. is stable

(iii) A2 is stable

Moreover, if the above hold then the following are true:

(iv) liTedll .!<y

(v) the two-norm of the transfer function T, is given by

ITZwI 2 = tr[CzQ 2 CTz]=[Q 2 CTCz]

where Q2 = QT > 0 is the solution to the Lyapunov equation

A2 Q2 + Q 2A + BWB = 0

(vi) all real symmetric solutions Q_ of(2.68) are positive semidefinite

(vii) there exists a unique minimal solution Q_ to (2.68) in the class of real symmetric solutions

(viii) Q_ is the minimal solution of(2.68) iff

Re[A (A. +BdDRT -'Ce +Q_ CTR-'Ce)l 0forall

(ix) ITedl <(-)'y iff91e[,(A. +BdDff R-'Ce +Q_.Cf R-1Ce)]<(<) 0 whereQ isthe

minimal solution to (2.68).

This theorem allows the mixed problem to be stated as: Determine the K(s) which minimizes the cost

function

JCA,, B , Cc )= IIT.j = tr[a cTzc ] (2.69)

where Q2 is the real symmetric, positive semi-definite solution to
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A 2 Q2 +Q 2 AT +B wB T =0 (2.70)

and such that

AQ_ +Q-A! +(Q CT +BdD T)R-'(QCT +BdDeT) +BdBT =0 (2.71)

has a real, symmetric, positive semi-definite solution.

The minimization problem can now be posed as a cost function (2.69) subject to two equality

constraints (2.70) and (2.71). To solve this minimization problem a Lagrange multiplier approach is used.

The Lagrangian is

L = tr[Q2 C Cz ]+ tr{[A 2 Q2 + Q2 A 2 +B B X (2.72)

tr{[A.Q_, +Q-A:+ (Q_.CT + BD T)R-'(Q_ C T + BD T) T +BBTjy}

where X and Y are symmetric Lagrange multiplier matrices. The first order necessary conditions for the

minimum of this Lagrangian are:

dL

dAC -X2Q2 + X 2Q2 + yQab + Y2 Qb = 0 (2.73)

O L -- T Q T Q T C T + x T 1 + 2 B V + y I 2Q C y + Y by .

2 X12iCy + X 2Q 1 2Cy + T CT
dB Y2 122+ 2~ 2 1aLY_ +Iab .y-

+y2Vab + Y2BcVb +(Y 2Qa +y 2 Qr )C[M+(Y2Qab + Y2 Qb )CcDM =0 (2.74)

dL BT XIQ2 +BT X 12Q2 +RTQI 2 +R 2 CCQ2 +BT YIQab + BTY 2Qb
OC' -U,2 U,,1.Q 2I 2,2 U U 1Q

"Raa .YQab + RabQ. Y2aQ b 7.b 12 Qa 7.bQ 2

" RbCcQJ&,YlQab + RbCcQbYIQab + RbCcQ,Y12 Qb + RbCQY 2Qb

+ P (YQb +Y 2Qb) + P 2(YIQab + Y2Qb) = 0 (2.75)

yLA Q ,Q2 T +BBwT =0 (2.76)Ax =2Q2 +Q2 T

=9L X= TX A2 +CTC, =0
d Q2 A 2 XA 2  Z (2.77)

dL -+(QCT T (QCT T )T +BdBT -0 (278)
y =-AQ_ + QA +(Q e +BdDe)R- (Q e +BdDed
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d9 =(A- +BD TR-'C, +QCTR-'Ce) T 
y

+ Y(A- +BdD R-'Ce +QCTR-'C)C)= 0 (2.79)

where

I TM=R-DedDyd (2.80)

T -1 T

P = DTRDed B T (2.81)

P2 = O MB (2.82)

Q1 QT ] (2.83)

F Q2 Q2 1

x= l  X12 (2.84)

Q- = [B Qab (2.85)

T[Yl YI2 (2.86)

V ay abc

BwB W = [ B DywB c ]

V V 12BT 
(2.87)

Bd(DT R -Ded + )B T= Bdy ]DTR D,+IJTDTBT

ed[BCDy d a-D d+I f DyTd f

V.V"B (2.88)

Ri R12C (2.89)

C R1 CC[R2 c
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CT -1 C'?
T

C R IR[C ] (2.90)

C T bJC Rab CC

Equations (2.76) and (2.78) are the original constraint functions, equations (2.70) and (2.71). There

are two possible solutions to (2.79). One solution to (2.79) is that Y =0; the other possibility is that

(A +BdDrR-Ce +Q CTRCe ) is neutrally stable. The first solution, Y=0, corresponds to the an

inactive H, constraint. The second solution implies that solution lies on the boundary of the H- constraint

and Q- is the neutrally stabilizing solution for the H, Riccati equation (2.71). When Y =0, the Lagrangian

reduces to

L = tr[Q2C Cz]+ tr{[A 2 Q2 + Q2A 2 +BwB ]X} (2.91)

which is the same as the H2 Lagrangian. Therefore, for Y =0, Kmix = K2opt. Walker [Wal94] developed the

following theorem:

Theorem 2 Assume n >- n2, where n, is the order of the controller and n2 is the order of the plant for the

H2 problem. Then the following hold:

1. If y < , no solution to the mixed H2/H problem exists

2. If y < y< y, Kmj is such that y'*=y

3. If y > 7, K2oP is the solution to the mixed H2/H, problem.

When the order of the controller is chosen greater than or equal to that of the H 2 problem, the

solution to the mixed H2/H- problem will lie on the H, constraint boundary. Theorem 2 implies that each

point on the mixed H2/H-. curve occurs on the H- constraint boundary, 7*=--y, for Y < Y< 7 . In this region,

a* is a monotonically decreasing function of y. A typical cx versus y curve is shown in Figure 2.7.
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Figure 2.7. Typical Mixed H2/H- ca Versus y Curve

2.2. Handling Qualities Analysis

There are several handling qualities prediction criteria commonly used to evaluate flight control

systems. These criteria are based on historical data of pilot ratings, and are outlined in the Department of

Defense MIL-STD- 1797A, Flying Qualities of Piloted Aircraft [Mil90]. Two criteria were used to evaluate

the flight control systems designed by the various methods in this thesis. The primary criteria used was

Hoh's bandwidth criteria. The TPS project this thesis was based on, uses this criteria. The Ralph Smith

(RSmith) criteria was also considered, and is the criteria TPS is currently using on an updated flight control

system project [TPS95]. The next two subsections briefly describe these handling qualities criteria. For a

full description see the [MIL90], [Hoh96] and [SG78].

2.2.1. Bandwidth Criteria

The bandwidth requirement is based on the hypothesis that if the aircraft has good response

characteristics over a sufficiently wide range of pilot control input frequencies, then the aircraft will have

favorable handling qualities [Hoh8l]. This evaluation method examines two parameters - an equivalent

time delay, to account for the higher order dynamics of the aircraft, and the bandwidth of the pitch attitude

to stick force (or displacement) transfer function.

The bandwidth is defined as the lesser of two frequencies, 0o BWphase and (
0 

BWgain . The bandwidth

due to phase margin, o BWphse , is defined as the frequency at a phase margin of 45 degrees. The frequency
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where the phase angle is -180', labeled O 8o, and the gain which corresponds to that frequency are

determined. The bandwidth due to gain margin, o) BWgai n , is defined as the frequency at the gain which is 6

dB above the gain amplitude corresponding to Oo. The bandwidth determination is graphically depicted in

Figure 2.8.

Bandwidth is the lesser of two frequencies Co BWphse and Co BWgain

es d Gain Margin=6dB

.)BWgain

0 )
BWphase

e

S 18o0 ------------------------------.......
Frequency, co, (rad/sec)

Figure 2.8. Definition of Bandwidth Frequency 4- w from Open Loop Frequency Response

The second parameter needed to determine predicted handling qualities level is the equivalent time

delay, tr. This parameter is computed using the formula

('2O18o + 180)Sp= 2(57.3)(o)180 )  (2.92)

where c)I8o is the frequency corresponding to -180' phase and 2o0 180 is the phase angle at a frequency

twice as great as the frequency where -180 degrees of phase angle occurs.

These two parameters are plotted on the 4)aw versus Tp Bandwidth requirements diagram to

determine the predicted handling qualities level. There are separate diagrams for different flight phases.
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Figure 2.9. Bandwidth Requirements, Category C Flight Phase

Figure 2.9 depicts the level boundaries for the bandwidth criteria, for Category C Flight Phase. This thesis

is only concerned with approach and landing, Category C Flight Phase, so only this diagram is reproduced

here.

2.2.2. Ralph Smith Criteria

A pitch and roll axis handling qualities criteria was proposed by Ralph Smith and Norman Geddes

[SG78]. The RSmith criteria predicts a pilot-vehicle cross-over frequency, a Cooper-Harper rating, and a

pilot-induced oscillation (PIO) rating in both the pitch and roll axes. Only the pitch axis portion of this

criteria will be presented here. The proposed pitch axis requirements are restricted to longitudinal mode,

short period dynamics of Class IV aircraft (high-maneuverability - fighter type), Flight Phase Category A

(non-terminal flight phases that require rapid maneuvering, precision tracking, precise flight-path control).

The requirements proposed in [SG78] were derived from flight test data for a variety of flight control tasks;

the power approach task, however, was not included in this data base. The Smith-Geddes paper does argue

that this criteria is "sufficient to ensure acceptability of front-side power approach handling qualities... [but]

may be too stringent for direct use as design specifications for the power approach condition." [SG78:142]

The test bed used for this research is a Class II aircraft, but it is simulating Class IV aircraft dynamics.

Also, since TPS is currently using the RSmith criteria to evaluate the approach and landing task in the

current TPS FCS project, the RSmith criteria was considered during design as a secondary prediction of

handling qualities.
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The RSmith criteria for the pitch axis can be summarized in a six step process [TPS95]. It requires

measuring a slope, determining a criterion frequency, and obtaining two phase angles. Each of these

parameters has an associated handling qualities requirement. The six steps and the associated requirements

are as follows:

Step 1: From a pitch rate time history, determine the elapsed time to the first peak, tq, resulting from a step

input. The time to first peak must be:

Level 1: 0.2 5 tq < 0.9

Level 2: none proposed

Step 2: Determine the slope parameter, S, the slope of the Bode magnitude curve of -- (jO) , in

dB/octave, between 1 and 6 rad/sec. In equation form, S is defined as

S -d- (jo') dB / octave (2.93)
dco F,,

The handling qualities requirement is

Level I: S < -2 dB/octave

Level 2: none proposed

Step 3: Determine the pilot-vehicle cross-over frequency, also called the criterion frequency, 0), using the

formula:

0Oc = 6.0 + 0.24 S (radians/second) (2.94)

where S is the slope of the Bode magnitude curve of -N(Wo) , determined in step 2.

0

Step 4: Determine the phase angle of 0 (jo, ) at 04, and use Figure 2.10 to determine the predicted
Fe,

Cooper-Harper rating.
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Step 5: If Z - (jo) > -180', susceptibility to pitch attitude PIO is not predicted. However, if
Fes

z -- (joi ) < -180 °, a PIO may result from pitch attitude tracking.

10- - - -

•o -. .: . :

6~ :- : "
.y , /'::

0 5 -; ; ;

0. , , . .
2 . : : .,.

14

-60 -80 -100 -120 -140 -160 -180 -200 -220 -240
Criterion Phase Angle, CO

Figure 210. Criterion Phase Angle Versus. Cooper-Harper Rating

Step 6: Determine the normal acceleration phase angle parameter (jo ) from the following formula:

wheren Zp is normal acceleration at the pilot's location in the airplane. The -14 .30) term is the

phase lag introduced by typical pilot dynamics and is modeled by a transport delay of 0.25

to

seconds. The angle of -fe-(jc) is measured from a Bode phase angle curve. For conventional

flight control systems, the PIO rating can be predicted using cI(jo ) in Figure 2.11.
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Figure 2.11. Predicted Pitch Axis PIO Rating for Conventional Flight Control Systems

These requirements should be considered a set of necessary conditions. Each must be satisfied at the

Level I or 2 values for the overall handling qualities rating to be Level 1 or 2, respectively. If any one is

violated, the overall rating is equal to the level for which the violation exists.

2.3. TPS Project

The US Air Force Test Pilot School (TPS), as part of its curriculum, requires the students to

complete a Flight Control System (FCS) design project. This project includes a scenario involving analysis

of a proposed contractor designed flight control system, then a redesign of the FCS based on two specified

design structure options. The student test teams choose one of two design options. The structure of these

design options (i.e. the designated feedback loops) is fixed, and the test team is limited to selecting FCS

gains and stick characteristics. The FCS is for a Class IV type aircraft performing the approach and landing

task. The project specifies evaluating the handling qualities of the design by applying Hoh's Bandwidth

Criteria. The FCS design is then implemented in the Calspan Variable Stability Simulator (VSS) Learjet

and the handling qualities are evaluated, using the Cooper-Harper rating scale, by the student test pilots

performing a lateral offset approach to a spot landing. This project was used as a foundation for this thesis

research. Only the portion of the TPS FCS project used for this research will be presented here. Design

option one was chosen as the basic structure for the flight control systems designed in this thesis. The

system was restricted further by fixing the stick dynamics used to the baseline stick dynamics and feel

system presented in the TPS project.
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The TPS FCS project strictly uses classical design methods (i.e. Root Locus, Bode frequency, and

time response analysis) and transfer function models of the aircraft dynamics. The pitch angle to elevator

deflection and the angle of attack to elevator deflection transfer functions specified in the TPS project are:

(s) 2.85(s + 0.06)(s + 0.87) (2.96)

5(s) (s+ 155)(s-0.38)(s+0.06±0.23)

a(s) 0.041(s + 0.016 ± 0.21j)(s + 70.2)

5(s) (s + 155)(s - 0.38)(s + 0.06 ± 0.23j) (2.97)

The structure of design Option 1, shown in Figure 2.12, is based on an inner angle of attack feedback loop

(with feedback gain of KA, and a low pass noise filter), an outer pitch rate feedback loop (with feedback

gain KQ), and a forward command gain (KFL). A nominal value and a range for these gains was also

specified, and are shown in Table 2.1.

DISPLACEMENT/FORCE FEEL SYSTEM COMMAND FORWARD LOOP ACTUATOR
BREAKOUT GRADIENT GAIN COMPENSATIION

Fes BI DG=.1 16 2 KC1. +

s2 +2)0.7'16s+16 2 (IN) (DEG) (DEGD

(lbs) 0<KC:= o<KFL,55

q-GAIN

Q
(DEG/SEC)

05KQs'2.5

NOISE AOA-

FILTER GAIN

(DEG) 10(DEG)

05KA<5

Figure 2.12. TPS FCS Design Option 1 (Nominal)

GAIN NOMINAL VALUE RANGE

KFL 1.0 0_<KFL<5

KA 2.5 0<KA<5

KQ 1.0 0 < KQ<2.5

Table 2.1. TPS FCS Design Option 1, Nominal Gains and Ranges
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The general structure of this TPS FCS project was the foundation for the flight control systems

designed in this thesis. The classically designed system followed this setup exactly. The modern designs

(H2, H-, and mixed H2/HI designs) only fed back pitch rate and angle of attack, like the TPS project, but

used state space methods and did not limit the controller to simple gains and a low pass filter. The

controller was also not limited to negative feedback, nor to the feedback path.

2.4. CALSPAN Variable Stability Simulator II Learjet

This thesis research implemented the FCS designs on the CALSPAN Variable Stability Simulator II

(VSS II) Learjet, tail number N102VS. The VSS II is a modified Learjet Model 25 that functions as a three

axis in-flight simulator [Bal93]. It is operated by CALSPAN under an experimental license from the FAA.

The cockpit has a set of side-by-side controls. The control yoke at the left seat, for the safety pilot,

maintains the Learjet's conventional flight control system. The evaluation pilot's center control stick in the

right seat uses a fly-by-wire response feedback system. The variable stability and variable control system

consist of: variable feel system, aircraft motion sensors and associated signal conditioning, control system

simulation computer, control surface servos, digital configuration control system, engage/disengage and

safety monitor logic, and recording/playback capability. The system can be disengaged by any of four

manual disconnect switches which are installed on each of the three control sticks/yokes and on the glare

shield. In addition, automatic safety trips are provided. In the event of incapacitation of the safety pilot or

certain control cable failures, the aircraft can be flown by the evaluation pilot as a nearly normal Learjet

using the VSS in the "Fly-by-Wire" (FBW) mode. All basic Learjet systems are available in the FBW

mode except for nose gear steering. The handling qualities are those of the basic aircraft with the yaw

damper on. There are no safety trips in the emergency FBW mode.

Hydraulic power for the variable stability actuators is obtained from the existing Learjet hydraulic

system which provides four gallons per minute (gpm) per engine. Estimated maximum flow demand to

operate all servo actuators is 3.35 gpm. Maximum demand for normal Learjet flaps, spoilers, gear and

brakes is under four gpm. Solenoid operated valves to the variable stability actuators are designed fail safe

to prevent hydraulic locks on the actuators.
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Some operating limitations that apply to the Learjet are listed in Table 2.2.

VSS OFF VSS ON
SPEED 356 KIAS 325 KIAS

LIMITATIONS 0.82 Mach
G LIMITATIONS +4.4 to -1.0 +2.8 to +0.15

Table 2.2. Learjet Limitations

The control system simulation computer uses MATLAB® SIMULINK to modify the perceived

aircraft dynamics, For the longitudinal axis, only short-period dynamics are simulated. While the system

programming and inter-workings are proprietary to Calspan, the following guidance for implementing FCSs

was provided:

1. Suggest use of MATLAB® version 4.2C. 1 and SIMULINK 1.3 or later.

2. Recommend controllers be cast in pole/zero/gain form using scalar parameters and

integrators. Do not use built in transfer function blocks unless the parameters will never

change. An example block diagram is shown in Figure 2.13.

3. Do not use MATLAB® function blocks.

4. Setup file (MATLAB® script) must contain only constants, no expressions.

5. Do not use masked blocks with dummy parameters.

6. Do not use aAb, use pow(a,b)

7. Do not use matrix SIMULINK parameters unless they won't ever change

8. Use named scalar parameters for anything you might change and initialize it with your

setup file.

9. Don't forget initialization of integrators. A "system engage" discrete is available for

controlling reset integrators.

10. Use Euler integration, with a 0.01 step size.

11. Please make sure your top level interface is well defined including engineering units,

etc. Inputs are generally pilot forces or stick displacements and engage status logicals

and sensor signals. Outputs are generally just surface actuator commands.
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The transfer function,

Can be represented by:

ddec (deg)

delta-Elh dg oeV

Figure 2.13. Example SIMULINK Block Diagram for a VSS II Acceptable System

From the list of guidelines provided by Calspan, the critical factors were that the system must be

stable using Euler integration with a 0.01 seconds step size, and the integrators must by able to be initialized

and zero-ized (reset) in-flight with the system running - therefore the SIMULINK state-space blocks were

not directly implementable in the VSS II system. How this was accomplished will be covered in Chapter 4,

Implementation.

2.5. Summary

This chapter has covered the background theory used in this thesis and background information

concerning the resources and the foundation design set-up on which this thesis is based. This chapter

started with classical design theory fundamentals, and then described the basics of H2 and H optimization.

Next, mixed H2/H, optimization theory was briefly discussed. Two handling qualities design criteria were

explained; specifically addressed were Hoh's Bandwidth criteria and RSmith criteria. The TPS project,

which was the foundation for this research, was introduced. Finally the Calspan VSS II Learjet was

described, including the design implementation guidelines specified by Calspan. The next chapter will

address the set-up used to formulate the FCS designs.

2-26



IlI. Model Set-up and Design

3.1. Aircraft Plant Model

The TPS FCS project provided an aircraft plant model in transfer function form. This model only

provided the pitch angle --e and angle of attack a() dynamics (see equations 2.96 and 2.97). The

modem control theory designs investigated in this thesis required a state-space description of the aircraft

dynamics [RB86]. Calspan provided a set of stability derivatives and flight conditions for the aircraft

model used in the TPS FCS project during the past few years. This list of stability derivatives and flight

conditions and the MATLABTM script file used to calculate the state-space model are shown in Appendix A.

At the time the state-space model was created, the VSS II limitation of only simulating short period

dynamics was not known. Therefore, since it is more complete, a full state-space model was determined

based on the data provided by Calspan. The states used were: q - pitch rate (degrees/second), (X - angle of

attack (degrees), v - forward true velocity (feet/second), 7- glide-path angle (degrees), and once the

actuator was included in the model, Xact - the actuator state. The sign convention for elevator deflection

used by TPS is the NASA sign convention, a positive elevator deflection implies the trailing edge moves

down and will produce a negative pitching motion [TPS95]. The actuator model used in the TPS project,

20

s+20, was added to the aircraft plant model for the design and evaluation process. The variables

considered for analysis, the output variables, were the states, ax, q, 7, v, as well as 0 - pitch angle (degrees),

and n, - normal acceleration (g's). The resulting state-space model was

x = Ax+Bu (3.1)

y = Cx + Du (3.2)

where
q
a

X3 V
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U C

q
e

y= n z
Y

V

"0.38 0378 0.00 0.00 2.86-

1.00 - 0.85 - 0.08 0.00 0.04

A = 0.00 - 0.44 - 0.05 -0.56 0.00

0.00 0.85 0.08 0.00 - 0.04

0.00 0.00 0.00 0.00 - 20.00

0.001

0.001

B =0.001
0.001

20.001

-0.000 1.000 0.000 0.000 0.000

1.000 0.000 0.000 0.000 0.000

0.000 -0 0.000 1.000 0.000

C 0.000 0.098 0.009 0.000 0.005

0.000 0.000 0.000 1.000 0.000

0.000 0.000 1.000 0.000 0.000
0.000 0.000 0.000 0.000 1.000

0.000

0.000

0.000

D 0.000

0.000 1

0.0001

0.000

This state-space model can be transformed back to transfer function form to verify accuracy of the

model (compared to the transfer functions given in the TPS project) and for use in the classical design as

well as evaluation of the designs. The transfer function representation of this state-space model is
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0(s) 2.86(20)(s + 0.06)(s + 0.84)

8(s) = (s + 20)(s + 153)(s - 0.39)(s+ 0.07 ± 0.23j) (3.3)

cl(s) 0.041(20)(s+0.024 ±0.21j)(s+ 70.2)

5(s) = (s+ 20)(s + 1.53)(s - 0.39)(s + 0.07 ± 0.23j) (3.4)

When compared to (2.96) and (2.97), the differences are small.

3.2. Wind and Sensor Noise Model / Intensity Determination

One of the objectives of the flight control designs is to provide stability and performance in the face

of noises acting on the system. Both for design and analysis, the noises needed to be categorized and

modeled. The two types of noise considered were wind gust noise and sensor noise. The limited nature of

the flight test prevented the noise rejection characteristics of the designs to be quantified during the flight

test. Prior to flight test, computer analysis was performed to evaluate each design's noise rejection

characteristics.

The wind gust noise can be characterized as a random low frequency disturbance in angle of attack,

at. It is modeled as an angle of attack perturbation by inserting the deviation directly into the core plant

(bypassing the actuator), see Figure 3.1. This is done by multiplying the filtered wind times the second

column of the A matrix of the aircraft plant and adding this to the states. The second column of A will be

denoted by F. For the purposes of design, the wind noise is modeled as a zero-mean, Unit intensity White

Gaussian Noise (UWGN), with no filtering or 'coloring' added since the filtering proves only to increase

the order of the controller and not improve the controller's performance. The design process included

weighting the noise input to obtain the desired noise rejection results. For evaluation of the designs, the

UWGN with a sample time of 0.01 seconds, was passed through a low pass filter, represented by

Wg = 0.1 (3.5)

This filter removes the high frequency component of the UWGN to result in a 'wind like' disturbance of

reasonable intensity for approach and landing. However, when comparing designs, to accentuate the

differences in designs caused by the 'wind noise', the intensity was increases by a multiple of five. This

proved beneficial for analysis.
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Sensor noise can be characterized as a high frequency disturbance entering the system at the output

of the plant, as a result of measuring the signals. The measurements are corrupted by UWGN with a

strength of 0.1 degZ-sec and a sample time of 0.01 seconds. For design, the strength of these noises were

nominally set at: Na = 0.01,for the noise intensity of the alpha measurement, and Nq=0.001, for the pitch

rate measurement. The rate measurement was expected to be better then the angle measurement, but no

actual truth data on the system to be tested was available. These values were then tuned with the output

weightings to obtain the desired design. The evaluation model used a high pass filter to shape the UWGN

input. The filter used was

0.1(s + 10)
W. = (3.6)

s+100

with a sample time of 0.01 seconds. Figure 3.1 depicts the evaluation full model, including the noise

models used to evaluate the designs for noise rejection.

Win Ir

Cox Pntrlle

PrcesmmaWI Wnd ai ontoro n/o1 -

Riqoe M eas. Noise w3ro Wis Noise Model

Figure 3.1. General Evaluation System

3.3. Evaluation Models

Each of the controllers designed were evaluated by considering the time response generated by

SIMULJNK simulations, handling qualities predictions based on the Bandwidth criteria (RSmith criteria

was also considered), singular value frequency plots, and vector stability margins. The results from these

evaluations are discussed in the individual design models and resulting design sections that follow, with the
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time history plots presented in Appendix C. The latter two considerations were used to expedite the design

process, and were accomplished by a simple series of MATLABTM commands. The MATLABT script files

used are presented in Appendix B. The next two sub-sections present the set-up for the time history and the

handling qualities analysis.

3.3.1. Time Domain Evaluation

The MATLABTM SIMULINK simulation program was used to obtain time histories of the feedback

control systems designed. The same SIMULINK diagram, shown in Figure 3.1, was used for all the modern

design methods to obtain the simulated time histories. The classical design used the SIMULINK diagram

shown in Figure 3.2, to obtain the simulated time histories. Different diagrams were used to accommodate

the location of the controller in the feedback path.

on/offd W1 Wa(W ) a M as

W hite W wind q af

Noise Gust Modll - orofftNe M

FIgure 3.2 asica Evauaio Model

were con sd ith enont/oisintrdue and wit fiv time the0 nomialnositeiy.Tetpipu

Gradent gt the ita c w d t

Nos w2sew

Noie Modse w

Figure 3.2. Classical Evaluation Model

All the SIMULINK simulations used the LINSIM numerical inegration routine, a time step of 0.01

seconds, and for a duration of 10 seconds. Both a step input and an initial condition of 5' angle of attack

were considered, with no-noise introduced and with five times the nominal noise intensity. The step input

was used to evaluate the tracking response of the system and the initial condition was used to evaluate the

perturbation rejection characteristics of the system. Both input types were used to consider the noise

rejection properties of the designs.
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3.3.2. Handling Qualities Evaluation

The handling qualities rating of the flight control systems designed were predicted using Hoh's

Bandwidth criteria as primary evaluation method and RSmith's criteria as a secondary evaluation method.

The Interactive Flying Qualities Toolbox for Matlab, version 0.01 Beta, February 1995 was used to predict

the handling qualities of the systems. This toolbox takes as its input the pitch angle to stick force transfer

function. The nominal stick dynamics defined in the TPS FCS project were used to define this closed loop

transfer function.

3.4. Design Models and Resulting Designs

3.4.1. Classical Design Set-up and Resulting Design

The classical design was included in this thesis as a control case for the flight test and as a means to

validate the bare airframe aerodynamics simulated by the Calspan VSS II Learjet. The set-up and structure

was based on Design Option One of the TPS FCS project described in Chapter II. The system can be

represented by the block diagram shown in Figure 3.3. The state-space aircraft dynamics model shown in

Figure 3.3 incorporates the actuator specified by the TPS project. It used negative feedback of angle of

attack and pitch rate, with the controller gains in the feedback path and the alpha channel incorporating a

low pass filter. The ranges on the three variable gains were set by the TPS project.

-- - - -- - -......... - *............. . . . . . . .

Aircraft

10KK

Figure 3.3. Classical Design Model Block Diagram

This made a vary iterative process manageable to an inexperienced designer. The nice aspect of the

classical design method with this simple structure is the physical interpretation of the variables and
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feedback loop gains. Increasing Ka Will generally increase the natural frequency and decrease the damping

ratio of the second-order aircraft response modes. Increasing Kq generally will increase the damping ratio of

the system [Bal93]. Determining the balance of the two which meets the desired handling qualities and

performance constraints is the challenge to the designer. There is no way to determine if the gains chosen

provide either the highest stability margins possible, or the best noise rejection characteristics obtainable,

for a given performance objective and handling qualities rating. The controller gains or states do maintain

their physical interpretation throughout the process. The gains chosen were

Ka = 3.4

Kq = 2.3

KFI = 1.0

or written in state-space form, the controller can be represented by

AK = [-10.0] BK = [1.0 0.01

CK = [34.0] DK = [0.0. 2.3]

The time histories are shown in Appendix C. The handling qualities analysis results for the Bandwidth

criteria are shown in Figure 3.4. and the results for the RSmith criteria are shown in Table 3.1.

0.2
Level .

0.18 .........

0.16... ..... . .........

0.14 ... ........ .........

I 0.12 .-- -- evet -4-----4..... ..........

0.08........ .... ..........

0.06....... .................. .............

0.0 ..................... ......... ..........

o.. .......... ..........

0 1 2 3 4 5 6
Bandwidth (rad/sec.)

Figure 3.4. Category C Bandwidth Requirements: Classical Design
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Parameter Value Level
S (dB/octave) -3.97 1

(0. (rad/sec) 5.05

CD,. (deg) -150.84 2
t,.p, (sec) 0.48 1

Table 3.1. RSmith Handling Qualities Predicted Level for the Classical Design

The structure of this system contains two feedback loops, ct and q, but only one input, 5,. To fully

describe the stability margins, four types of vector stability margins were calculated. The first three are

single-input-single-output (SISO) methods, considering perturbations in one-loop-at-a-time, closing the

remaining feedback loop. Input vector margins and output vector margins were determined in this way. It

should be emphasized that vector margins are conservative bounds on the allowable system perturbations,

and that conventional stability margins are guaranteed to be as good or better. The fourth type of vector

stability margin determined was a MIMO vector margin. It considers breaking both loops simultaneously

and is the most conservative bound on the vector gain and phase margins. For a more complete discussion

of vector stability margins in general, see [FPE94:422-425] and for a derivation of MIMO vector margin

calculations see [RB86]. Table 3.2 presents the vector stability margins for the classical design. It should

be noted that the TPS FCS project did not address or specify stability

Margin Type Vector Gain Margin Vector Phase Margin
(dB) (degrees)

Input Margin [5.86 - oc] ± 60.84
Output Margin [11.70 -8.03] ± 43.43

((X loop 'broken')
Output Margin [6.87 -8.66] ± 36.78

(q loop 'broken')
MIMO Margins 3.03 -2.24]

(sensitivity) ± 17.93

MIMO Margins 2.36 -3.241
(complementary sensitivity)

Table 3.2. Classical Design Vector Stability Margins

margins of any kind. Therefore there were no minimum acceptable margin levels targeted. The MIL-STD

[Mil90] refers to conventional stability margins of ±6 dB gain margin and ±45' phase margin. Since vector
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margins are conservative, values approaching those in the MIL-STD were considered safe to flight test.

The MIMO vector margins were considered only for comparison between designs.

3.4.2. H2 Design Set-up and Resulting Design

The H2 design problem was set-up as a one degree of freedom, angle of attack command controller in

the feed-forward loop with output weightings to influence the resulting controller and a weight on the input

to penalize the control power of the system. Figure 3.5 depicts the block diagram of the H2 problem

U z

Figure 3.5. H2 Design Model Block Diagram

set-up. Here the actuator is separate from the aircraft plant, and the matrix H represents the outputs of

interest, [a, q, 6, nz, y, v], while Cp relates to the outputs fed back, Ot and q. Input weights, W1 and Ww,

represent sensor noise intensities and wind gust noise intensities respectively, and are set to anticipated

levels and altered in the design process to obtain the desired noise rejection characteristics. The F is the

second column of A, the cL column, thereby affecting the states as an O perturbation. The output weight

WH, is a diagonal matrix with weighting factors on each of the outputs of H. The p is a penalty on control

power. The H2 problem can be expressed in equation form as
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A2  B. Bu

p F [AP BpCact ][xp ]-I'w 00C.o 0][w,]j L ]~u (3.7)
Lxa"ctJ 0 Aact LXact J[0 0JW 2 J , I

CZ D DZu

F1 1 .. otp +1o °l lW+2 l

Cy Dyw D
yH= aCp 0 P [0] o J ]'[j (3.9)

1 Xact j W2

From this set-up, the designer sets the weights based on expected intensities and relative importance of the

variables, then tunes the weights to obtain the controller that exhibits the desired objectives.

One of the desired objectives is to design a controller so the closed loop system will track a given

commanded input. Since H2 optimization does not target tracking as an objective, a pseudo-integrator was

originally placed prior to the actuator. This pseudo-integrator would be joined with the controller for

implementation to help improve tracking. It was found that the pseudo-integrator acted like a dynamic

weight on u, which only increased the order of the controller, complicated the numerics, and did not

improve the tracking. The H2 synthesis created a controller state that inverted and canceled the pseudo-

integrator state. When the H2 controller was designed without the pseudo-integrator, the steady state

response could be scaled with an input gain to obtain the desired outcome. Therefore, the H2 controller was

designed without the pseudo-integrator, as shown in Figure 3.5.

The process of designing an H2 controller was fairly straight forward when the only objective was to

reject noise. Even when the two types of noise introduced into the system resulted in competing objectives,

the designer could quickly determine acceptable levels of each disturbance and trade off weightings to find

an acceptable controller. However, designing an H2 controller, based on this structure, that met the

handling qualities criteria was extremely difficult. It should be pointed out that this method, as well as the

other state-space optimization methods, are far more powerful with full state feedback. The process of

designing an H2 controller was just as iterative as the classical method, but more complex. For the classical

method, the designer chooses a solution based on engineering judgment, evaluates the design to determine if

the desired objectives were met, then refines the design. For the H2 controller, the designer varies the
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problem set-up via the weightings, solves the optimization problem, then evaluates the design to determine

if the desired objectives were met. The designer then refines the weightings, resolves the problem, and

hopes the 'refined' controller is an improvement. Unfortunately, the physical interpretation of the controller

states is lost in the optimization process. So, although choosing which weighting to change to increase the

noise rejection properties on a given output variable is not difficult, knowing which weighting would effect

the closed loop damping or natural frequency was not intuitive. There was no predictable, direct relation

between output weightings and improving predicted handling qualities ratings. The design chosen for

implementation was found after numerous, almost random iterations. The difficulty in achieving the desired

handling qualities objective by this design method, with the model structure set-up used in this research,

raises serious questions concerning the utility of this design method, as applied, as the sole source for

designing a manned aircraft flight control system. Since noise rejection typically is not the primary

objective of a flight control system, H2 optimization methods are well suited for mixed design methods

which combine other objectives with noise rejection.

Despite the difficulties in obtaining level 1 handling qualities using H2 design techniques with the

set-up applied in this thesis, a controller design was chosen to flight test. The weightings used are shown in

Table 3.3, with the penalty on control power set at p=0.40.

Input Weights Value Output Weights Value
W, 1000 wa 5.0

Na 10 w, 1.0
N. 10 we 1.0[Na 01 wO0.

W =0 Nq wn7 1.0

w1 _ _ _ 1.0

Table 3.3. H2 Design Weightings

The resulting controller, in state-space form was

- 53.52 57.02 0.00 0.00 2.86-

57.24 - 62.35 - 0.08 0.00 0.04

A2 = 31.54 -31.40 -0.05 -0.56 0.00 (3.10)

-57.97 61.66 0.08 0.00 - 0.04

-76.96 - 210.86 5.01 -43.33 - 29.22

3-11



-56.24 53.13-

61.50 -56.24

B2 = 30.96 -31.54 (3.11)

-60.81 57.97

0.00 0.00

C2 = [- 3.85 - 10.54 0.25 - 2.17 - 0.46] (3.12)

D2 = [0.00 0.00] (3.13)

and in transfer function form, the controller can be expressed in short-hand notation as

8__k  - 292.46(20.00)(256)[0.28, 0.22] (3.14)
a (116.71)[0.74, 1952](- 0.33)(0.04)

8ek 255.02(20.00)(- 4.75)[0.30, 0.25]
q (116.71)[0.74, 19.52](- 0.33)(0.04) (3.15)

where (x) represents (s+x), and [ , a] represents (s2+2 as+a2 ).

The time histories resulting from the SIMULINK simulation are shown in Appendix C. The

handling qualities analysis results for the Bandwidth criteria are shown in Figure 3.6. and the results for the

RSmith criteria are shown in Table 3.4.

0.2
Level S

0.18 ------- .. -- ----- ------ ----. . ...

0.16.....- i ........ ....... ............

0.14

0.12 -- -- - - ~ j ... ..4. ..... .. ...- ----

0 1 1. - - - - - . .. . . . . . . . . - - - - -
t 0.08-

0.06.

0.04-

0.02 ......... . ... ve ....... .. ..........

0
0 1 2 3 4 5 6

Bandwidth (rad/sec.)

Figure 3.6. Category C Bandwidth Requirements: H2 Design
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Parameter Value Level
S (dB/octave) -5.54 1

(0,- (rad/sec) 4.67
(_- (deg) -143.11 2
t-,A (sec) 0.46 1

Table 3.4. RSmith Handling Qualities Predicted Level for the H2

The stability vector margins for the H2 design system are listed in Table 3.5.

Margin Type Vector Gain Margin Vector Phase Margin
(dB) (degrees)

Input Margin [7.41 -5.32] ±33.35
Output Margin [24.61 - ±77.17

(cL loop 'broken')

Output Margin 7.92 -8.05 ±35.16
(q loop 'broken')
MIMO Margins [6.50 -3.68]

(sensitivity) ±30.55
MIMO Margins 3.27 -5.32

(complementary sensitivity) 3

Table 3.5. H2 Design Vector Stability Margins

3.4.3. H. Design Set-up and Resulting Design

The H, design problem was set-up as a one degree of freedom, angle of attack command controller

in the feed-forward loop with dynamic weightings on the system sensitivity and complementary sensitivity

and a weight on the input to penalize the control power of the system. Figure 3.7 depicts the block diagram

of the H** problem set-up......................................................... ... ............

UG

Figure 3.7. B Design Model Block Diagram
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As with the H2 set-up, the actuator is separate from the aircraft plant, and CP contains the outputs fed back,

X and q. The input weight, Wd, represents a weight on the bounded energy exogenous input, d. The

dynamic weights on S and T are simply the inverse of the desired loop shapes of the system's sensitivity and

complementary sensitivity functions. The p is a penalty on control power. The H. problem can be

expressed in equation form as

A- Bd Bu
XP AP B P a 0 X

BC ° Ox iF°] 1
.act 0 Aact 0 0 Xact + Bact (3.16)

[is Bs Cp  0 As 0 xs BsWd [0 u
L-'T J L BTCp  0 0 AT JLxT ] 0 o

Ded Deu

el -DsCP 0 CS  0 S01

:i DTCP 0 0 CT ][a ]+[
'

l
' -

(

- 

3.1 7)
0 T I

CY X yd .

Y0 Xactl+[Wd+ [0] (3.18)
LXs

The process of designing an H. controller is similar to the design process for the H2 controller. The

weightings are set to initial values, the controller is solved for, then the resulting controller is evaluated

against some criteria. Although the process is similar, the choice of weights is more intuitive. The weights

are based on the desired loop shape of the system, then tweaked to obtain the desired objectives. Constant

weights, as well as first and second order weights on sensitivity, and constant and first order weights on

complementary sensitivity were extensively investigated, including combinations of each type of weight.

Poles in the sensitivity weights ranged from 0.0001 - 10.0 radians, and the zeros investigated ranged from

1.0 - 10,000 radians. The complementary sensitivity weights considered contained poles ranging from 1.0 -

10,000 radians, and zeros ranging from 0.0001 - 1.0 radians. Based on this problem set-up, with the

aerodynamic model used, and types and ranges of weights considered, the best resulting design for handling
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qualities, time response, and stability margins was determined. The weights chosen for sensitivity, S, and

complementary sensitivity, T, in transfer function form were

5(s+100) (s+0.001)
= (s+0.001) WT = 100)

5(s+ 100)
Wsq = (s+0.001) Wrq 1

The resulting controller, in state-space form was

-7.80e- 1 3.87e- 1 0 0 2.86e+0 0 0 1.57e- 6-
6.05e- 1 - 1.24e + 0 - 8.04e- 2 0 4.09e- 2 0 0 1.57e- 6
1.17e+0 - 7.20e - 1 -4.8le-2 - 5.62e- 1 0 0 0 - 4.62e - 6

- 6.09e- 1 2.40e- 1 8.04e- 2 0 -4.09e-2 0 0 2.42e-6 (3.19)
-5.75e+2 -2.79e+3 6.53e-2 -9.90e+2 -6.20e+1 -2.49+3 6.82e+0 4.78e+1 

0 0 0 0 0 -LOOe-3 0 0
0 0 0 0 0 0 -1.OOe-3 0

-3.94e- 3 9.96e- 1 0 0 0 0 0 -1.00e + 2

1.78e-1 1.78e- 1
1.77e- 1 1.77e - I

-5.22e- 1 -5.24e- 1
2.73e- 1 2.74e- 1

B_0 0 (3.20)

4.45e- 1 0
0 4.49e- 1

1.76e-3 1.77e- 3

C_ = [-6.40e+1 -3.1le+2 7.26e+1 -1.10e+2 -4.67e+0 -2.77e+2 7.59e-1 5.32e+0] (3.21)

D_ = [0 0] (3.22)

and in transfer function form, the controller can be expressed in short-hand notation as

8ek =- -258.72(20.00)(1.53)[0.29, 0.24](0.19)
a [0.75, 41.63](3.03)(-1.18)(0.064)(0.001) (3.23)

5,k =-134.49(20.00)(153)[0.29, 0.24](-2.95e-7) (324)
q [0.75, 41.63](3.03)(-1.18)(0.064)(0.001)
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The time histories resulting from the SIMULINK simulation are shown in Appendix C. The

handling qualities analysis results for the Bandwidth criteria are shown in Figure 3.8. and the results for the

RSmith criteria are shown in Table 3.6.

Parameter Value Level

S (dB/octave) -6.54 1

(t), (rad/sec) 4.43

cW,,, (deg) -155.11 2
t (sec) 0.58 1

Table 3.6. RSmith Handling Qualities Predicted Level for the HL Design

0.2 , , , ,
eLevel 8

0.18 -- - - - - -.-- - - -0.16 ..... i0.16 .......... ........ I ......... I ......... ............ ......0.14 ...... .. I ......... I ......... I: .......I.,! ........... I .........
0 .12 ---- - - ---. -----I .......... I .......... ----------

0.1 ............... .... . ...................

0.06

0.04 .......................................

0.02 Level....

0
0 1 2 3 4 5 6

Bandwidth (rad/sec.)

Figure 3.8. Category C Bandwidth Requirements: H- Design

The stability vector margins for the H design system are listed in Table 3.7.

Margin Type Vector Gain Margin Vector Phase Margin
(dB) (degrees)

Input Margin [ 17.05 -7.60] ±50.91

Output Margin [ 15.57 -16.78] ±50.62

(cX loop 'broken')
Output Margin
(q loop 'broken')
MIMO Margins 5.74 -3.42

(sensitivity) ±27.97
MIMO Margins 3.26 -5.27

(complementary sensitivity) [ -

Table 3.7. - Design Vector Stability Margins
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3.4.4. Mixed H 2/H. Design Set-up and Resulting Design

The purpose of the mixed design technique is to design a controller that optimally trades off the

objectives of both the H2 design and the H_ design. Upon inspection of the time histories of the H2 design

and the H_ design discussed in previous sections, due to the handling qualities objective, there is little

difference between the noise rejection properties of the two designs. Therefore, determining a tradeoff

between these two designs, as proposed, would not demonstrate the strengths of the mixed method. The H2

portion of the mixed set-up was therefore redone to pose the H2 problem as a pure noise rejection problem.

The nominal H2 controller used in the mixed problem was not constrained by being implementable as an

independent design, that is, it did not have to track commands, have stability margins, nor meet any

handling qualities criteria. Although applying this same logic to the mixed design's H sub-problem might

result in a mixed H2/ H_ controller with the best tradeoff between stability margins and noise rejection,

there would be no guarantee that any of the resulting controllers would meet the handling qualities criteria.

The H_ sub-problem used was required to meet both the stability margin requirements and the handling

qualities objective, but no restriction on noise rejection properties or other implementation issues were

made.

Initially the H_ design set-up described in the previous section was used for the mixed H2/ H_

synthesis. Unfortunately, the complexity of a single H_ constraint with dynamic weightings on both

sensitivity and complementary sensitivity prevented a solution to the mixed control problem as posed. A

new H_* sub-problem set-up, only weighting the system complementary sensitivity function, was derived.

The resulting H_ controller's handling qualities ratings are shown in Figure 3.10, and Table 3.9. The H_

controller expressed in shorthand notation is

5ek -2.07e + 7(1000.00)(20.00)(153)[0.29, 0.24]
a (2.1 le +5)[0.97, 762.38](2.92)(- 1.07)(0.060) (3.25)

6 ek -2.08e+ 7(1000.00)(20.00)(1.53)[0.29, 0.24]
q (2.1 le+5)[0.97, 762.38](2.92)(-1.07)(0.060) (3.26)
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This design was not implementable due to the second order high frequency poles which could not be

eliminated without resulting in an improper controller or effecting the design characteristics. The

implementation issues of the various controllers are addressed in the next chapter.

The mixed design H2 sub-problem used the same structure as the set-up used for the previous H 2

design. The weights chosen for the mixed design H2 sub-problem resulted in a design that rejected the wind

and sensor noise; specifically the focus was on minimizing the angle of attack perturbations, or wind gust

noise. The weights used are shown in Table 3.8.

Input Weights Value Output Weights Value
W1 I000 w, 200.00

N, 1000 Wq 100.00
N, 1000 wA 0.01

FN 01 wy 0.01

W1 -= 0 Nqj Wnz 1.00
wv. 1.00
p _1.0

Table 3.8. Design Weighting for Mixed H2 Sub-problem

This design would have been considered a Cooper-Harper handling qualities rating 10 (uncontrollable).

The time histories for this design are shown in Appendix C.

The mixed H2/ L synthesis was performed with these two sub-problems. The initial controller used

in the numerical mixed solution is the H2 controller described in the previous paragraph. The resulting a

versus ycurve is presented in Figure 3.9. Each of the points on the curve represent a controller determined

to be on the optimal 2-norm versus o-norm curve. Each of these controllers was then evaluated

3200

S o1 0 0o ..... .............................. .....
2900

a

2800 .. . . . . .. . . . . . .. . . . . .. . . . . ... . . .

2700 .... . . . ..,

2600C
0 1 2 3 4 5 6

y X 10,

Figure 3.9. Mixed H2/]tI (X versus 7 curve
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for handling qualities, stability margins, and time history response. There did not seem to be any

predictable pattern to the handling qualities rating resulting from the closed loop systems as successive

controllers on the curve were analyzed. A few had acceptable handling qualities predictions, so the 'best'

of those, considering all of the evaluation criteria, was chosen for flight test.

The resulting mixed controller, in state-space form, was

-5.00e+3 -6.14e- 1 0 0 0 0 0

6.13e-1 -1_50e+3 -4.81e-2 0 0 0 0

0 4.81e-2 -8.35e+ 1 2.57e+0 0 0 0

Am = 0 0 - 2.57e + 0 - 2.07e + 1 3.49e + 1 0 0 (3.27)

0 0 0 -3.49e+1 -2.42e+1 5.18e+0 0

0 0 0 0 -5.18e+0 1.62e+0 -2.78e-2

0 0 0 0 0 2.78e- 2 - 8.52e- 2

9.55e - 2 -3.7 le + 0"

-3.0le - 2 1.05e + 0

-3.01e+1 1.86e+2

Bm = 3.83e + 1 1.06e + 2 (3.28)

6.46e + 0 1.66e + 2

-1.73e+1 - 2.02e + I

-5.83e+0 4.49e+ 1

Cm =[-1.50e+3 -5.00e+3 2.60e+0 -1.48e+O -3.68e-1 3.54e-1 -1.61e-2] (3.29)

D - [0 0] (3.30)

and in transfer function form, the controller can be expressed in short-hand notation as

5k -139.01[0.54, 2815.28][0.84, 40.96][0.48, 0.26] (3.31)
a (4999.94)(1500.29)(83.44)[0.54, 41.65](-1.29)(0.085)

5_. _581.82(-27623.10)[-0.093, 97.35](19:83)[0.23, 0.26]
q (4999.94)(1500.29)(83.44)[0.54, 41.65](-1.29)(0.085)

The time histories resulting from the SIMULINK simulation are shown in Appendix C. The

handling qualities analysis results for the Bandwidth criteria are shown in Figure 3.10. and the results for

the RSmith criteria are shown in Table 3.9.
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Figure 3.10. Category C Bandwidth Requirements: Mixed Design

H._ Sub-problem Mixed H2/H-

Design

Parameter Value (Level) Value (Level)
S (dB/octave) -5.79 (1) -5.90 (1)

01, (rad/sec) 4.61 4.58
(D- (de) -132.22 (1) -146.58 (2)
t,.,a (sec) 0.041 (1) 0.48 (1)

Table 3. 9. RSmith Handling Qualities Predicted Level for the Mixed Design

The stability vector margins for the mixed design system are listed in Table 3.10.

H_ Sub-problem Mixed H2/H. Design

Margin Type VGM VPM VGM VPM
(dB) (degrees) (dB) (degrees)

Input Margin [37.79 -11.78] ±59.15 [10.77 -12.091 ±44.13
Output MarginOp Mrgin [28.09 -- c] ±61.14 [25.14 -- o ] ±75.96(aZ loop 'broken')

Output Margin [13.13 .--c ] ±68.64 [11.04 -18.70] ±52.45
(q loop 'broken')
MIMO Margins 7.25 -3.89]

(sensitivity) ±42.05 7.51 -3.97] +40.28

MIMO Margins
(complementary sensitivity) [ 4.70 -10.89] [ 4.55 -10.13]

Table 3.10. Mixed Design Vector Stability Margins

3-20



3.5. Summary

This chapter has described the steps taken to develop, design, and evaluate four longitudinal flight

control systems, starting with stability derivatives describing the basic longitudinal modes of motion of a

fictitious unstable fighter type aircraft. The methods used to design these flight control systems included

classical methods, as well as modem state-space methods, specifically H2, I, and mixed H2/HI control

synthesis. The performance of each design was not intended to be compared to the other designs. The

designs offered here may not be the 'best' each of these design methods can create. The intent was merely

to demonstrate the ability to implement these design methods from design model set-up through the flight

test process. The practicality of these design methods was addressed in this chapter, and will be further

addressed in Chapter 4, Implementation. With that said, the designs are summarized in the following figure

and tables. Time history plots are in Appendix C.

Classical H2 Design H. Design H0. Sub-problem Mixed H2/H_

Parameter Value (Lvl) Value (Lvl) Value (Lvl) Value (Lvl) Value (Lvl)
S (dB/octave) -3.97 (1) -5.54 (1) -6.54 (1) -5.79 (1) -5.90 (1)

(i11" (rndhzer) 5.05 4.67 4.43 4.61 4.58
(,_ (dev) -150.84 (2) -143.11 (2) -155.11 (2) -132.22 (1) -146.58 (2)
t, ,a, (sec) 0.48 (1) 0.46 (1) 0.58 (1) 0.041 (1) 0.48 (1)

Table 3.11. RSmith Handling Qualities Predicted Level Summary

0.2
Level 3

0.18 "".................

0.16 ................ .......... I.............

0.14 ....... .............. . ..........

0.1 2 ..... [\~ classical . .
"0.1.

0"06 -----.. H_ .......... ._..j""M Xe
d  2 H " Ik" i e "

0 0 .' ........ ! ......... i. . ... ' V ' i ... ......... :0.06.

0.04 ----------- j.. ............ Sub-problem
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0
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Bandwidth (rad/sec.)

Figure 3.11. Category C Bandwidth Requirements: All Designs
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Classical H2 Design H-. Design Mixed H. Mixed H2/H.
Sub-problem

Margin Type [VGM] (VPM) [VGM] (VPM) [VGM] (VPM) [VGM] (VPM) [VGM] (VPM)
(dB) (deg) (dB) (deg) (dB) (deg) (dB) (deg) (dB) (deg)

Input Margin [6 --,] (±61) [7 -5] (±33) [17 -8] (±51) [38 -12] (±59) [11 -12] (±44)
Output Margin [12 -8] (±43) [25 -] (±77) [16 -17] (±51) [28- ,] (±61) [25 -o] (±75)

(a loop 'broken')

Output Margin [7 -9] (±37) [8 -8] (±35) [12 -- ] (±69) [13-oo] (±69) [11 -18] (±52)
(q loop 'broken')

MIMO Margins
(sensitivity) [ 3 -21 (±18) [ 6 -4] (±31) [ 6 -3] (±28) [ 7 -4] (±42) [ 8 -4] (±40)

MIMO Margins
(comp sensitivity [ 2 -3] (±18) [ 3 -5] (±31) [ 3 -5] (±28) [ 5 -11] (±42) [ 5 -101 (±40)

Table 3.12. Vector Stability Margin Summary
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IV Implementation

4.1. Implementation Model

The implementation issues raised in this chapter are directed at specific challenges resulting from the

limitations of the Calspan VSS II Learjet. Some of the concerns are general in nature and would apply to

any system designed with these methods, while other concerns are specific to the Calspan VSS II Learjet

system and the flight test limitations for this project. This chapter addresses the factors that required major

attention to ensure these flight control systems were successfully flight tested. The first problem was due to

the VSS II simulation computer system's computing speed and the integration routine it uses. The second

issue concerned the problems that result when implementing an unstable controller. The last major problem

was due to the actuator model used in the design process. The last section of this chapter discusses the

model verification and validation testing conducted on the implementation used for the actual flight test.

The architecture of the controller implemented needed to be general enough to accommodate all four

designs. This requirement would allow designs to be quickly and efficiently switched in-flight, saving

valuable flight test resources. Four separate set-up script files were used to initialize the system variables at

the stroke of a button.

4.1.1. VSS II System Limitations

The implementation requirements for VSS II provided by Calspan are presented in Chapter II. The

requirements that effected the implementation model most were: the integration routine (Euler) and step size

(0.01sec) used; casting the controllers in pole/zero/gain form using scalar parameters and integrators, like

in Figure 2.13; and ensuring that the integrators can be initialized and -zero-ized (reset) in-flight with the

system running.

The integration routine used by the VSS II computer was not known until after the design process

was complete. It is recommended that the design phase use the integration routine implemented in the

aircraft. Unfortunately, that was not known during the design phase. Once this limitation was discovered,

the computer simulations were redone using Euler integration. These revised time histories were

numerically unstable. The designs that had problems contained poles and/or zeros with a natural frequency

4-1



greater then 100 radians/second. Dynamics at those frequencies are beyond the range which affect aircraft

dynamic modes of motion. Therefore, to eliminate the implementation problem, those poles and zeros were

removed from the controller's transfer functions. The system norms, stability margins, handling qualities

rating, and time histories were reevaluated to ensure this change did not significantly effect the properties of

the controller. For the designs implemented, the evaluation criteria were unaffected by the reduced order

controllers. The reduced transfer functions, in shorthand notation, chosen for implementation are shown in

Table 4.1. Although the H2 controller maintained a high frequency pole

Alpha Controller, __ q Controller, 8,k

at q

Classical Design 34 2.3
(10)

H2 Design - 292.46(20.OO)(2.56)[0.28, 0.22] 255.02(20.00)(- 4.75)[0.30, 0.251
(116.71)[0.74, 19.521(-0.33)(0.04) (116.71)[0.74, 19.52](- 0.33)(0.04)

H_ Design - 258.72(20.00)(153)[0.29, 0.24](0.19) - 134.49(20.00)(1.53)[0.29, 0.24](- 2.95e - 7)

[0.75, 41.63](3.03)(- 1.18)(0.064)(0.001) [0.75, 41.63](3.03)(- 1.18)(0.064)(0.001)

Mixed H2/H_ Design - 146.88[0.84, 40.96][0.48, 0.26] -2.14[0.84, 40.96][0.48, 0.26]

(83.44)[0.54, 41.65](- 1.29)(0.085) (83.44)[0.54, 41.65](- 1.29)(0.085)

Table 4.1. Reduced Order Controllers

at 116.7 rad/sec, which could have been discarded, the computer SIMULINK simulation time histories

remained stable and appeared to meet the Calspan requirements.

The mixed H. sub-problem design was eliminated from implementation since it could not be reduced

to a lower order. It contained one zero and three poles with natural frequencies well above 100 rad/sec.

Removing them would result in an improper system or significant changes to the properties of the

controller. This limitation did not prevent this controller design from use in the mixed control synthesis.

However, it does point out one concern of these methods, as applied. Controllers can be synthesized which

are not implementable due to high frequency poles or zeros. Consideration should be given to adding a

constraint to the problem which limits the frequency of the resulting controller.

The next task, in developing the implementation model, was to cast the controller model in

pole/zero/gain form, like in Figure 2.13. This single controller architecture had to accommodate all four

controller designs, even though each controller is of different order, and the classical controller is in the
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feedback, rather that the feed-forward path. There are numerous ways to construct a system that meets the

Calspan requirements, the controller model initially chosen is shown in Figure 4.1. This model met all of

Figure 4.1. Initial Implementation Model

the requirements Calspan specified. The problems that occurred did not become apparent until the gound

testing phase of the project.

4.1.2. Final H2, H-1, and Mixed H2/H,. Implementation Model

There were two major implementation issues discovered during the ground testing phase. The first

was a result of the controllers designed by the modern methods being unstable; that is, they contained poles

in the right half s-plane. The second concern resulted from simulating the first order design model actuator

with the actual aircraft's fourth order actuator. The latter of these concerns was simply resolved, as

described at the end of this section. The implementation of an unstable controller was more difficult.

When the controllers were implemented, as shown in Figure 4.1I, during the ground testing, after

approximately 23 seconds the system went unstable and diverged. Upon examining the controller integrator

states, the individual integrators diverged upon activation of the controller. The closed loop system

remained stable since the controller output was a small difference of large numbers. As the states grew

exponentially, the numerics broke down and the system eventually went unstable. Therefore, the general

architecture needed to be posed in a way that kept the integration states from growing exponentially. The
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controllers were designed using state-space methods, so a state-space implementation architecture was

attempted.

The implementation architecture redesign was accomplished by using a similarity transformation

matrix on the state space representation of the reduced order controllers. The reduced order controllers were

transformed into observer canonical form. The SIMULINK block diagram was then created to represent a

general controller system. The block diagram that was implemented is shown in Figure 4.2.

Stick E 1*u + + Xdot-1 X-1131 U + + C11/s+*E
+ Out-1

a pa Ain 1 2u +

o in qinI n'ypeI i

ds Stck ~ftp-A12*u D110 u + Feedbac
Stick Dynamics4i

B21 u + Xdot-2
B22* + +X-2Kout

alpha1 in afn1 0 0

B31 u + 0 10

31U B62*u + + Xdot-3 X-3
+ 1/s

A61'u

Figure 4.2. Implementation Block Diagram

where

All 1 0 0 0 0

A21  0 1 0 0 0

A= A31  0 0 1 0 0(41
A41 0 0 0 1 0

A51  0 0 0 0 1

A 6 1 0 0 0 0 0
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B11  B12

B21  B22

B B31  B32  (4.2)
B41 B42

B51  B52

B61  B62

Cc = [1 0 0 0 0 0] (4.3)

Dc =[D11 D12 ]  (4.4)

and xl-x6 are the individual states. The 'type-C' and 'type-H' blocks select the appropriate feedback

structure, and the 'feedback sign' block changes the polarity of the feedback loop. The off diagonal

elements of the A, matrix were left in variable form so controllers of lower order could be accommodated.

This representation also meets the Calspan requirements, and remains numerically stable. The Calspan

engineers added 'balance and hold' blocks and replaced the 1/s blocks with 'engage integrators'. These

Calspan created blocks are simple functions that allow the integrators to be initialized and reset by the

computer operator in-flight. It should be noted that this is just one way to solve the implementation

problem resulting from unstable poles in the controller. It may not be the 'best' solution. Some of the

states still gradually increased to fairly large numbers, but did not grow exponentially, and did not cause

numerical problems for the duration the system was engaged during flight test (approximately 8 - 10

minutes per pattern). Although the unstable controllers were successfully implemented for this research, a

flight control designer should approach unstable controllers with caution since the instability complicates

implementation issues. It should be emphasized that this research was for a point design under controlled

conditions, and not for a broad aircraft envelope or varying conditions.

The last major implementation issue concerned the actuator model used in the design. After the

implementation model was finalized, the ground testing, as well as the initial verification and validation

flight test revealed unpredicted oscillatory motion in some of the time histories. The Calspan VSS II system

simulates different aircraft dynamics by varying computer gains to modify the elevator actuator command.

The VSS II system's actuator is extremely fast (approximately 200 rad/sec) and can be modeled as a fourth

order system. Modifying the fourth order dynamics down to first order dynamics with computer gains was

not considered effective. The simulation would have been more accurate if a second order actuator model

4-5



had been used for design. The VSS U's actuator was considered fast enough that the resulting aircraft

response should not have been adversely effected, and the added 20 dynamics would accurately
s+20

represent the aircraft targeted by the designs. However, when the 20 dynamics were removed the
s+20

unwanted response disappeared. The resulting system response is discussed in the following verification

and validation testing section.

4.2. Verification and Validation Testing

The simulated aircraft dynamics and the four flight control designs were ground tested to verify the

implementation accuracy, from 9 September 1996 through 20 September 1996. During this time the

previous mentioned implementation problems were addressed. In addition, two verification flights were

flown by a CALSPAN safety pilot and a USAF Test Pilot School staff pilot prior to actual flight test of the

designs. Model validation testing was accomplished on the four flight control system designs while flying

to and from Palmdale Airport, on the flight test sorties. Only one design was examined on a single sortie.

Heavy weight data were obtained flying to Palmdale Airport and light weight data during the return trip to

Edwards AFB. Programmed Test Inputs (PTI) provided the required frequency sweeps and step inputs.

The frequency sweeps provided data for Frequency Response Analysis (FRA). Data were recorded using

the VSS II onboard system in a MATLABTM format. The sampling rate was 50 Hz. Recorded data

parameters are listed in Table D1, in Appendix D. All model validation testing occurred between 4,000 and

6,000 feet MSL. The aircraft was flown at final approach speed (125 to 135 KAS) with gear down and 20-

degree flaps. The frequency range of the programmed sweeps was from. 1 to 10 Hz. The amplitude was

0.25 degree. Duration was 25 seconds which provided approximately 1250 data points. The FRA was

performed using PC-FRA, Version 1.01, developed by High Planes Engineering. Step inputs were used to

compare predicted time histories. The steps were 1 inch of stick deflection in magnitude for 3 seconds

duration. Time histories and bode plots were then compared to predicted responses simulated in

MATLABTM.

Model validation analysis was performed using the data shown in Appendix E. Bode plots generated

from MATLAB M and flight test data for the closed loop transfer functions alpha output to stick
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displacement and pitch rate output to stick displacement were analyzed for each design method. The flight

test data were limited in frequency range from 0.1 radians per second (r/s) to approximately 30 to 40 r/s,

based on the frequency sweep used. The higher frequency content was not considered significant since this

was beyond the frequency range that affects handling qualities and most of the system outputs in the flight

control systems were attenuated above 30 r/s. Lower frequency data would be desired, down to at least 0.01

r/s, to validate the low frequency response of the closed-loop system and to compare it to the predicted

model since there were some dynamics predicted at lower frequencies. Model validation testing should be

conducted with frequency sweeps that provide a lower frequency content.

For the classical flight control system design, the magnitude gain over the frequency range tested

matched well with predicted values. The H2 design frequency plots showed significant differences between

the predicted gain levels and the flight test data. The H_ design frequency plots were inconclusive due to

scatter, and were marginal at best. The mixed design frequency plots had the best comparison with the

predicted model, but still contained some additional gain above 10 r/s. The phase content of the closed-loop

system, for all the designs, consistently showed additional phase lag, as much as approximately 20 degrees

f-rom predicted. This could degrade the predicted handling qualities, based on RSmith criteria [SG79], as

much as one to two Cooper-Harper ratings [CH69].

Flight test time histories of alpha and pitch rate (q) resulting from a step programmed test input (PTI)

were compared to MATLAB" generated model predictions (Figures E9 through E12). The predictions

used a 3-second step input, while the duration of the PTI lasted from 5 to 6 seconds. Response trend

comparisons could still be made. The flight test pitch rate response was representative of the predicted

response for all the designs except the H2 design, which deviated from predicted. The classical and the

mixed designs exhibited some additional pitch rate response delay, compared to the predicted model. The

alpha flight test response for all the designs was similar in character to predicted for the first 1 to 2 seconds,

although the classical design displayed more initial delay. The alpha response had significant deviations

which can be seen in Appendix E, Figures E9 through E12.

The close matches between the classical predicted curves and the flight test data, for both frequency

response and time histories, tend to indicate that the unaugmented aerodynamics simulated by the VSS II
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Learjet were similar to the model used in design, although the classical system exhibited significant

additional lag. This in-flight simulated aerodynamic model was used for all the configurations flown. The

marginal at best (mixed), inconclusive to marginal (H-), and mismatched (H2) comparisons between

predicted curves and flight test data indicate a problem in the implementation of these designs in the VSS II

Learjet. Although there is a mismatch between the design predicted time histories and the model validation

flight test results, for the purpose of demonstrating the design process through flight test implementation of

these methods, the difference was not significant enough to invalidate the results. Analysis of the VSS II

Learjet system capabilities and the limitations when implementing these flight control designs are beyond

the scope of this thesis, but should be considered in future flight tests of similar systems. It should also be

noted that these factors may contribute to but do not fully explain the undesirable aircraft response during

the flare through landing roll-out, exhibited by some of the flight control systems described in the following

results sections.

The deviations between the predicted time histories and the flight test results make drawing

conclusions concerning comparisons between design methods questionable. This was not an objective of

this research. The model verification and validation testing results were considered sufficient to

demonstrate the successful implementation of these flight control design methods.
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V. Flight Test Results

This chapter presents the results of a limited handling qualities evaluation of the four longitudinal

flight control systems designed during this research. Three of the flight control systems were designed using

modem state-space optimization techniques. The fourth was designed using classical techniques. The

flight test phase of this project was labeled HAVE INFINITY. The purpose of the HAVE INFINITY flight

test was to evaluate the handling qualities of these four longitudinal flight control systems during the

approach and landing phase of flight. Flight tests were conducted using the CALSPAN Variable Stability

Simulator II (VSS II) aircraft from 30 September to 3 October 1996 at Edwards AFB and Palmdale Airport,

California. The HAVE INFINITY test team consisted of members of USAF Test Pilot School Class 96A.

Team members flew 9 practice sorties, requiring 12 flight hours, and 6 test sorties, requiring 8 flight hours.

Testing was requested by Wright Laboratory, Wright-Patterson AFB, Ohio.

5.1. Test Objective

The test objective was to evaluate the handling qualities of the four HAVE INFINITY longitudinal

flight control systems during the approach and landing phase of flight. Each flight control system was

evaluated using an offset landing task as described in the Test Procedures section of this chapter. Cooper-

Harper (CH) and PIO ratings were assigned by the project test pilots after each offset landing task.

Analysis of CH and PIO ratings, as well as pilot comments, allowed the determination of a final handling

quality level for each flight control system design. One of three levels was assigned based upon the

following guidance.

Level I: Satisfactory, no improvement necessary, CH 1-3

Level II: Unsatisfactory but tolerable, deficiencies warrant improvement, CH 4-6

Level III: Unacceptable, deficiencies require improvement, CH 7-9

These final criteria were based on information described in "The Use of Pilot Ratings in the

Evaluation of Aircraft Handling Qualities"[CH69] and in USAF TPS Flying Qualities Phase Text Vol. IV,

Flying Qualities Testing [TPS95].
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5.2. Test Procedures

The HAVE INFINITY test program was conducted from 30 September to 3 October 1996 at

Edwards AFB and Palmdale Airport, California. It consisted of six flights and 8 hours of flight test. The

handling qualities of four different longitudinal flight control systems were evaluated during the approach

and landing phase of flight using an offset landing task. The task was performed by four evaluation pilots

with a broad range of flying experience. Table 5.1 summarizes each pilot's previous weapon system

experience.

Evaluation
Pilot Weapon System Experience

1 C-141B
2 B-1B
3 F-16
4 F-18

Table 5.1. Evaluation Pilots' Flying Experience

Each of the four evaluation pilots rated the flight control system designs using the CH and PIO rating

scales (Appendix F). Prior to the actual flight test, each pilot practiced the offset landing task in a variety of

different aircraft. This allowed the pilots to become familiar with the task over a broad range of aircraft

handling qualities. The practice aircraft included the F-15, F-16, T-38, and C-23.

5.2.1 Methods and Conditions

The test team aircrew onboard the VSS II included a CALSPAN safety pilot, a HAVE INFINITY

evaluation pilot, a test conductor, and a CALSPAN system operator who reconfigured the flight control

systems. The CALSPAN safety pilot was the aircraft commander. The test conductor duties were

performed by a HAVE INFINITY test team engineer or a second evaluation pilot. Flight tests were limited

to a maximum head-wind of 20 knots, a maximum tailwind of 10 knots, and a maximum crosswind of 10

knots for flight safety and data quality considerations. The ground test team consisted of two spotters

stationed beside the landing runway at Palmdale Airport. These spotters maintained VHF radio contact

with both the Palmdale control tower and the test team aircrew.
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The flight test was structured into test blocks. Each test block represented one of the four flight

control system configurations and consisted of three approaches. The three approaches had to be flown

sequentially on a single flight in order to complete the test block. Each test block was reserved for a single

pilot/flight control configuration pairing. Only the CALSPAN safety pilot and the test conductor knew

which flight control system was actually being tested. Evaluation pilots performed blind testing throughout

the test program.

The first approach of each test block was a straight-in to a touch and go. If the flight control

configuration under test was controllable, as defined in MIL-STD-1797A [Mil90], the test proceeded to the

offset landing task. The offset landings were accomplished as described in the next section. The

evaluation pilot provided comments and CH/PIO ratings for each offset landing performed. If a CH rating

of 8 or better was obtained on the first offset landing of a test block, the evaluation pilot repeated the offset

landing task and again provide comments and CHIPIO ratings. A third offset landing was accomplished if

the comments and ratings from the first two were inconsistent. The test conductor determined if the ratings

were consistent and when the test block was complete. Data from any additional landings were also

included in the final analysis of the appropriate control system design.

5.2.2 Offset Landing Task:

The offset landing task was performed at Palmdale Airport, Runway 25. The VSS II aircraft was

configured with the appropriate flight control system on downwind at approximately 150 KCAS and the

variable stability system was then engaged. The aircraft was configured with gear and 20-degree flaps and

turned to final to intercept the 3-degree ILS glideslope. On final, the aircraft was offset 300 feet to the left

of centerline and slowed to final approach speed. The safety pilot called altitude above the ground in 50-

foot increments off of the radar altimeter. At 200 feet AGL, the safety pilot called "maneuver". The

evaluation pilot aggressively maneuvered the aircraft using 30 to 45 degrees of bank to capture the runway

centerline. A simultaneous longitudinal correction was made to intercept a visual glidepath to touchdown.

The pilot attempted to land in the middle of the desired box described in the next paragraph at a touchdown

speed 10 knots less than approach speed (+10/-5 knots).
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5.2.2.1. Landing Zone

Specialized runway markings used to determine desired and adequate task performance were painted

on Runway 25 at Palmdale Airport. Standard 18-inch wide white paint lines were used for all markings.

The landing zone markings are depicted in Figure 5.1. The leading edge of the desired box corresponded to

the ILS glideslope point of impact. Standard runway distance markers were used as a backup in case the

lines became obscured or a runway change was necessary.

60 0 F eet  [GRASS

CONCRETE

25. - -
- -- --- -- Desitred 13ax AdpticBox

4000 Feeet

-2--

Figure 5. 1. Landing Zone Markings and Dimensions

5.2.2.2. Landing Task Evaluation

Following the touch and go, the safety pilot took control of the aircraft. The evaluation pilot

received a performance rating from the ground spotters over the VHF radio based on the aircraft's

touchdown position. For a landing to be considered in a particular zone, both main landing gear were

required to be on or inside the respective white line. The evaluation pilot determined whether airspeed and

lateral touchdown criteria were met. Based on this information, the evaluation pilot assigned a performance

rating of desired, adequate, or inadequate. The test conductor then stepped the evaluation pilot through the
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CH and PIO rating scales. Evaluation pilots assigned a CH and PIO rating to each offset landing task

accomplished. Evaluation pilots also gave qualitative comments on handling qualities, workload, and

problems effecting task performance. The comment card used is shown in Appendix F.

An 8mm camcorder onboard the VSS II recorded all landings and associated pilot comments. A

ground based camera also recorded Sortie No. 2 from final approach to roll out. Post-flight analysis of

cockpit videotape and the test card comments was used to construct a database of pilot comments for each

of the flight control system designs. A summary of these pilot comments can be found in Appendix G.

5.3. Results and Analysis

The next four sub-sections describe the flight test results for the four design configurations based on

the flight test team's analysis of the flight test data. The focus of the HAVE INFINITY test team was to

determine a handling qualities rating for each design. The test team's perspective and evaluation is

included even though it was not limited to the design point used in the controllers' design. All of the figures

referenced in these next four sub-sections are presented in Appendix H, and are as they were presented in

the flight test report. The overall results section, however, interprets these results as they apply to this

thesis.

5.3.1. Classical Flight Control Configuration

The four evaluation pilots performed four straight in approaches and ten offset landing tasks with the

classical flight control design. See Figures H. 1. and H.2. for CH and PIO ratings. Evaluation pilot 4 did

not provide PIO ratings for two approaches. All the pilots stated that the classical flight control design flew

nicely throughout the landing task. The aircraft was predictable, responsive and had good sensitivity. One

pilot indicated that quick abrupt inputs were required to maintain glide-path, and that there was a tendency

to over flare the aircraft. A second pilot stated that he got a slight bobble upon the initial glide-slope

capture and that the stick was a bit too heavy. The third pilot stated that excessive aft stick was required in

the flare. A fourth pilot stated that the aircraft flew nicely without additional qualifications. Overall, this

configuration was considered Level II.
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5.3.2. H2 Flight Control Configuration

The four evaluation pilots performed four straight in approaches and twelve offset landing tasks with

the H2 flight control design. See Figures H.3. and H.4. for CH and PIO ratings. The comments indicated

that the aircraft felt heavy and unresponsive. One pilot called the aircraft jittery. The aircraft required low

gain inputs in order to fly acceptably. Of the 12 landings, 11 had desired touchdown performance, and one

was inadequate. All pilots indicated that the aircraft was acceptably flown down to touchdown. The

aircraft exhibited an uncommanded nose up after touch down requiring extensive forward stick input to

maintain control. On one occasion the aircraft became unexpectedly airborne after touchdown. The aircraft

performance after touchdown drove the higher CH ratings. Overall, the H2 flight control configuration was

considered to have Level III handling qualities due to the unacceptable motions after touchdown.

5.3.3. H. Flight Control Configuration

The four evaluation pilots performed five straight in approaches and thirteen offset landing tasks with

the H_ flight control design. See Figures H.5. and H.6. for CH and PIO ratings. The comments indicated

that the aircraft flew predictably until the pilot increased his input gains when the aircraft exhibited a jittery

motion. Of the 13 landings, 6 had desired touchdown performance, 3 were adequate, and 4 were

inadequate. Evaluation pilot 4 did not provide PIO ratings for two approaches. One pilot noticed a

lightening in control forces with reduction in airspeed for all four of his landings. For all pilots the aircraft

behaved unpredictably upon flare initiation. The aircraft tended to float and all pilots noted the need to

apply forward stick right after the initiation of the flare to arrest the pitch-up motion. After the main gear

touchdown, the nose could not be lowered even with full forward stick input. On at least one occasion the

aircraft unintentionally ballooned and became airborne after touchdown. The aircraft performance after the

initiation of the flare through landing roll out resulted in the high CH ratings. Overall, the H. flight control

configuration was considered to have Level III handling qualities due to the unacceptable motions after the

flare initiation through landing roll-out.
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5.3.4. Mixed H1/-l Flight Control Configuration

The four evaluation pilots performed a total of four straight in approaches and ten offset landings

with the mixed flight control design. See Figures H.7. and H.8. for CH and PIO ratings. The comments

indicated that the aircraft felt sluggish and heavy on approach with a somewhat slow initial response. Two

of the pilots indicated that the aircraft was somewhat unpredictable, while the other two considered the

aircraft predictable. All four pilots stated that the aircraft handling qualities prior to the initiation of the

flare were acceptable. For the 10 offset landings, 6 resulted in desired touchdown performance, 2 resulted

in adequate, and 2 were inadequate. The flight control configuration had unacceptable behavior from flare

initiation through landing roll-out. All pilots commented on a heave and float tendencies, and on at least

four occasions, the aircraft became airborne after the initial touchdown. On every landing, all pilots

required one-half to full forward stick to arrest an unanticipated pitch-up motion after touchdown. Overall,

the mixed flight control configuration was considered to have Level III handling qualities due to the

unacceptable motions after flare through landing roll.

5.3.5. Overall Results:

The HAVE INFINITY flight test team concluded that the classical longitudinal flight control design

exhibited Level II handling qualities for the approach and landing phase of flight. Furthermore, all three

state-space designs exhibited undesirable motion at some point between flare and the landing roll, resulting

in Level III ratings. However, the landing roll-out was not included in the design phase. The changes in

stability derivatives due to ground effect and airspeed reduction during landing roll; the effects of a sensed

pitch rate change due to the gear impacting the ground; the shift in the center of rotation once the gear are in

contact with the ground; and the thrust effects on pitching moment as the throttles are retarded to idle are

some of the factors which were not included in the design point used to define the controllers synthesized in

this thesis. While it is interesting that the classical controller did not exhibit the undesirable characteristics

on landing roll and the modem controllers did, the landing roll handling qualities were not the target

objectives of the designs.

The flight control designs were solely designed for the approach phase of flight and intended to be

analyzed from approach to the touchdown point. The pilot ratings that were given were mostly based on the
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disturbing handling characteristics after touchdown. Therefore the ratings given were not directly

applicable to the desired evaluation objective. Pilot comments did indicate the three state-space designs

exhibited acceptable handling qualities on final approach although no precise task was defined for this

portion of the approach. Additionally, many of the spot landings met the desired objective criteria. While

it is not appropriate to alter the flight test handling qualities ratings after the fact, the data does support the

conclusion that all designs were 'acceptable' on approach. The term 'acceptable' must be used loosely

since there is insufficient data (i.e. no pilot ratings given just for the approach portion of the flight) to

determine a handling qualities level for the approach flight phase separate from the landing roll. It can be

concluded that the four flight controller designs were successfully implemented, safely flown during

approach to the touchdown point, and although the handing qualities level rating data was inconclusive for

the objective flight condition, the pilots did not find the handling qualities objectionable during the

approach phase of flight.
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VI. Conclusions and Recommendations

6.1. Summary

The main objective of this thesis was to apply modem control theory, specifically H2, H,, and mixed

H2/-L control synthesis, to an actual aircraft system, starting from an aircraft's stability derivatives and

progressing through implementation to flight test of the systems. That objective was successfully met.

The stability derivatives of a fictitious aircraft with unstable airframe aerodynamics was the starting

point for this research. Those stability derivatives were used to create an aircraft model in both transfer

function and state-space form. Four longitudinal flight control system controllers were design for this

fictitious aircraft. These designs applied not only classical design methods, but also optimal flight control

design methods, specifically H2, I, and mixed H2/H, control synthesis. The TPS Flight Control System

project was the basis for the structure used to design the feedback control systems. These designs were

analyzed for handling qualities, noise rejection properties, and stability margins. Controller designs were

obtained that met the design analysis criteria.

The classical controller was primarily included as a control case for comparison and to help verify,

proper implementation of the un-augmented aerodynamics simulated by the VSS II system. This base-line

design applied the design techniques commonly used to design flight control systems, including root locus

and bode plot analysis, to synthesize the controller. This method was tedious, but the physical

interpretation of the controller states made the process easy to analyze and improving the predicted handling

qualities ratings was intuitive. There was no way, except trial and error, to optimize the controller for noise

rejection or stability margins, or to quantify trade-offs between performance objectives.

The H2 design problem was set-up as a one degree of freedom, -angle of attack command controller in

the feed-forward loop. The H2 design technique was very capable at both wind gust and measurement noise

rejection, but difficult to use when handling qualities was an objective. The use of a pseudo-integrator to

improve tracking was not effective. Setting up the system as a model matching problem, and investigating

the closed loop system pole locations as a function of the design weightings, might provide insights to the

missing physical interpretation of the controller states and make designing for handling qualities more

intuitive.
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The H. design problem was set-up as a one degree of freedom, angle of attack command controller

in the feed-forward loop. This method was less cumbersome then the H2 technique, but also fails to provide

physical interpretation to the controller states. Systematic changes in weightings does not systematically

improve the handling qualities predictions.

The mixed H2/H. control synthesis optimally traded off properties of an H 2 controller solely

designed for noise rejection and an H_ controller designed to obtain both good margins and reasonable

handling qualities with a weighting only on complementary sensitivity. Again, the resulting mixed

controller lacked physical interpretations of the controller states and any correlation between handling

qualities predictions and controller selection.

The four flight control designs were then implemented in the Calspan Variable Stability Simulator II

(VSS II) Learjet. This aircraft has the capability to simulate the fictitious aircraft's aerodynamics and

implement the controller designs. The modern designs were difficult to implement since those methods

tended to create controllers with high frequency poles, which were not realistically meaningful. Also, the

resulting controllers were unstable, and although unstable controllers can and were implemented, internal

stability can become a problem. Unstable controllers are not ideal in applied systems. The implementation

of the fictitious aircraft aerodynamics appeared correct, based on the classical design verification testing

results. The verification and validation testing of the closed loop systems indicated significant variations

between the predicted flight control system response and the flight test results. This would limit

conclusions comparing the design methods and the resulting controllers, since the systems tested did not

accurately represent the flight control systems designed. However, such comparisons were not a thesis

objective. The variations in predicted versus flight test results were not significant enough to invalidate the

implementation of these designs. The modern designs were intended to accommodate uncertainty, and this

was effectively demonstrated. A better understanding of the VSS II system capabilities and limitations

would improve future flight testing results utilizing this system.

The four controllers were evaluated during a limited handling qualities flight test, named HAVE

INFINITY. The classical design was rated level II, while all three modern designs were rated level III. The

resulting pilot ratings were influenced by the handling characteristics after touchdown through landing roll.
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This was not part of the flight condition the controllers were designed to handle. Pilot comments regarding

the handling qualities prior to touch down indicate 'acceptable' handling qualities for all designs tested.

The flight control designs were safely implemented and flown, but the flight test was inconclusive in

determining the handling qualities rating for the controllers in the intended flight condition.

This study encompassed aerodynamic modeling, aircraft equations of motion and dynamics, linear

control theory, optimal flight control design methods, aircraft stability and control analysis, handling

qualities analysis, principles of flight test, and flight test project management. In the process of putting all

of these disciplines together, issues were raised and areas of further research were discovered. This thesis

was accomplished in three major phases: Set-Up and Design; Implementation; and Flight Test and Analysis.

The remainder of this chapter will discuss recommendations arising from each of these phases.

6.2. Recommendations

" Examine and flight test these design methods using full state feedback. The controllers designed

in this thesis were limited by feeding back only angle of attack and pitch rate. Full state

feedback does not complicate the optimization process, but would improve control of the states.

* Set-up the system as a model matching problem.. First choose an aircraft model that exhibits

solid level 1 handling qualities. Then apply H2 synthesis to design a controller that optimizes

noise rejection while minimizing the difference between the system output and the 'level 1'

aircraft model. This set-up was not used during this thesis, but might prove to be a more

efficient approach to the problem, should noise rejection be a primary objective of the flight

control design

* Investigate how the closed loop system poles are affected by variations in design weights. The

physical interpretation of controller states and the effects of weighting changes on handling

qualities predictions could be explored by a systematic investigation of the effects on pole

locations due to variations in design weights. Creating a 'root locus' of the closed loop poles as

a function of design weighting might provide insights into these areas.
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* Include problem constraints in the mixed design which limit the controller's poles to a realistic

frequency range. Some acceptable controllers were eliminated since they were not

implementable due to high frequency poles. The mixed design process is capable of multiple

constraints of various types.

" Investigate constraints which would define the handling qualities criteria boundaries for use with

mixed control synthesis. If the handling qualities criteria could be part of the constraints on the

mixed problem, the handling qualities issue would be eliminated form the process.

* Use a known design method as a control case, like the classical design, to verify and validate the

implementation and help isolate contributing factors of the experiment. The classical controller

also aided in the blind evaluations during the flight test.

* Either design the controllers to include landing roll-out as a design criteria, or limit the flight test

evaluation to the flight condition used in the design process. The point design used in the design

phase of this research did not include landing roll characteristics, but the pilots included this

phase of flight in the ratings given. As a result the ratings did not reflect the condition the

controllers were designed to accommodate. The only applicable flight test data were general

pilot comments concerning the approach phase, insufficient for determining a handling qualities

level.
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Appendix A

Aircraft Model Data

The following was provided by Calspan:

AIRCRAFT DATA
Flight Condition

Altitude = 1000 ft TAS = 214.2 ft/sec Mach = 0.1926
KCAS = 125 knots (ao = 6.69 degrees

Aircraft Geometry
S = 232 ft b - 34.1 ft cbar = 7.0 ft

Mass Properties 2
Weight = 11,000 lbs 2 , =28,000 slug-ft2  I =22,000 slug-ft2
I" = 47,000 slug-ft2

Longitudinal Stability Derivatives
COo = 0.0486 CLO = 0.36 Cm0  = - 0.004
Cdi = 0.0792 CLu = 0.0 Cmu = 0.0
Cdu = 0.0 CLa = 5.04 Cma = 0.2
Ctxu = 0.3255 CLad = 0.0 Cmad = 0.0
Code = 0.0 CLq = 0.0 Cmq = - 6.0
Coig = 0.02 CLde = 0.2438 Cmde = - 0.7314

The following is a MATLABTM script file which uses the above aircraft data and calculates the state-

space representation of the aircraft dynamics.

function [A,B,C,D]= cspanmod
% function [A,B,C,D] =cspanmod
% Returns a 4th-order wind axis state-space model
% of a Learjet N1 02VS @ 125 KIAS and 1000 feet

% The states (x) are:
% 1 q deg/sec
% 2 alpha deg
% 3 V (true) feet/sec
% 4 gamma deg

% Inputs (u) are:
% 1 de deg
% 2 dz deg
% 3 dx deg

% Outputs (y) are:
% 1 q deg/sec
% 2 alpha deg
% 3 V (true) feet/sec
% 4 gamma deg
% 5 q-dot deg/sec/sec
% 6 alpha_dot deg/sec
% 7 V_dot feet/sec/sec
% 9 Nz g's
% 10 theta deg

% Constants
g=32.2; %ft/sec
r2d=1 80/pi; %deg/rad
d2r=pi/1 80; %rad/deg

% Flight condition
V_indicated=125; % KIAS
h=1000; %ft
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% Mass properties
lyy=22000 ; % (slug feetA2)
weight=1 1,000; % lbs
m=weightl32.2; % slugs

% Geometry
b=34. 1; %ft
S=232; %ftA2
c=7; %ft
tailjto_cg=21; %ft
ar=b/o;
e=0.84;

% Atmosphere model
rho_-0=0.0023769; % slugftA3
rhio=rho_0*(1 -(.001981 2*h1288. 15))A((1/(.001 981 296.034))-1);%

slug/ftA3
V=V-indicated/sqrt(rho/rho.0)*6080/3600; % feet per sec
q-bar=-1/2 *rho *VA2;

" Non-dimensional derivatives (per radian)
cmO= -0.004;
cma= 0.2;
cmde=-0.731 4;
cmad= 0;
cmq= -6;
cm= 0;
clO= 0.36;
cla= 5.04;
clde=-cmdectail-to-cg;
cl=weightt(q..bar*S);
alphao=(cl-clO)/cla;
cdo= 0.0486;
cda=(2*clOcla+2*cla*cla*alphaO)/(plare);
cdi= 0.0792*r2d;
cdlg= 0.02;
cd=cdo+cdaalphao+cdlg;

" Dimensional derivatives
Mqi =rho*S*Vcc/(41lyy)(cmq+cmad);
M -alpha=rho*S*V*V*c(2*lyy)*cma;
Mu =0.0;
Zq =0.0;
Zw =rho*S*V/(2*m)*(-cia);
Zalpha=Zw*V;
Zu =-2*gN;
Xq =0.0;
Xw = rho*SV/(2*m)*(-cda);
X..alpha=Xw*V;
Xu = rho*SV/m*(-cd);
Mjde =rho*S*V*Vct(2*lyy)*cmde;
Z-de =rho*S*V*W(2*m)(clde);
X-de =0;

A =fMq M-alpha Mu 0
1+ZqN Z-alphaNV ZuN*57.3 0
0 XalphaI57.3 Xu -g/57.3
0 -Z..alphaNV -ZuIV*57.3 0

B[ M de
Z_deN
X-de
ZdeN 1;

C =[eye(size(A))
A
A(4,:)*(Vd2r/g)
0 1 0 1];

D =(zeros(size(B))
B

0
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Appendix B
Design Evaluation Script Files

The following is a MATLAB TM script file which calculates the vector stability margins given a state-

space representation of the system [Asys,Busys,Cysys,Dysys] and the controller [Ak,Bk,Ck,Dk].

% Margins 1 -input vector margins
% 2-output (alfa loop broken) vector margins
% 3-output (q loop broken) vector margins
% 4-multi variable output vector margins

[akg,bkg,ckg,dkg]=series(Asys,Busys,Cysys,Dysys,Ak,Bk,Ck,Dk);
[akgs,bkgs,ckgs,dkgs=feedbk(akg,-bkg,ckg,-dkg,1);
[akgt,bkgt,ckgt,dkgt]=feedbk(akg,-bkg,ckg,-dkg,2);
[svsl ,wsl ]=sigma(akgs,bkgs,ckgs,dkgs);
[svtl ,wtl ]=sigma(akgt,bkgt,ckgt,dkgt);
alphao1=1/max(svsl);
aol =l/max(svtl);
vgmsl lo=(l/(1 +alphaol ));
vgmsl hi=(l /(1 -alphaol ));
if vgmsl hi < 1 e-1 0; vgmsl hi=1 e-1 0;end;

vgmtl Io=(1 -aol);
if vgmtl lo < 1le-lO0; vgmtl lo=l e-10O;end;

vgmtl hi=(1 +aol);
vgmI lo=min([vgmsl lo vgmsl hi vgmt1lo1 vgmtl hi]);
vgml hi=max([vgmsl lo vgmsl hi vgmt1lo1 vgmtl hi]);
vgml =20*loglO0([vgml hi vgm1lo1]);
vpmsl =2*asin(alphaol /2y*1 80/pi;
vpmtl =2*asin(aol /2)*1 80/pi;
vpml=max([vpmsl vpmtl 1);
fprintf('a:\margins.m','\nlnput VGM = [%4.2f %4.2f JdB\n',vgml);
fprintf('a:\margins.m',Input VPM = + %4.2f deg\n',vpml);

(agk,bgk,cgk,dgk]=series(Ak,Bk,Ck,Dk,Asys,Busys,Cysys,Dysys);

acl2=(agk+bgk(:,2)*cgk(2,:));
bcl2=bgk(:,1);
ccl2=cgk(1 ,:);
dcl2=dgk(1,1);
[agk2s,bgk2s,cgk2s,dgk2s]=feedbk(ac2,-bcl2,ccl2,-dc2,1); %feedbk defined for
[agk2t,bgk2t,cgk2t,dgk2t]=feedbk(acl2,-bc2,ccl2,-dcl2,2); % negitive feedback
[svs2,ws2]=sigma(agk2s,bgk2s,cgk2s,dgk2s);
[svt2,wt2]=sigma(agk2t,bgk2t,cgk2t,dgk2t);
alphao2=1/max(svs2);
ao2=1/max(svt2);
vgms2lo=(l/(l +alphao2));
vgms2hi=(1 /(1 -alphao2));
if vgms2hi < le-lO; vgmts2hi=le-10;end;

vgmt2lo=(1 -ao2);
if vgmt2lo < le-lO; vgmt2lo=le-10;end;

vgmt2hi=(1 +ao2);
vgm2lo=min([vgms2lo vgms2hi vgmt2lo vgmt2hiJ);
vgm2hi=max([vgms2lo vgms2hi vgmt2lo vgmt2hi]);
vgm2=20*logl 0([vgm2hi vgm2lo]);
vpms2=2*asin(alphao22)*1 80/pi;
vpmt2=2*asin(ao2/2)*l 80/pi;
vpm2=max([vpms2 vpmt2]);

acl3=(agk+bgk(:,1 )*cgk(1 ,:));
bcl3=bgk(:,2);
ccl3=cgk(2,:);
dcl3=dgk(2,2);
[agk3s,bgk3s,cgk3s,dgk3s]=feedbk(acl3,-bcl3,ccl3,-dcl3, 1); %feedbk defined for
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[agk3t,bgk3togk3t,dgk3t]=feedbk(ac3,-bci3,ccI3,-dcI3,2); % negitive feedback
[svs3,ws3]=sigma(agk3s,bgk3s,cgk3s,dgk3s);
[svt3,wt3]=sigma(agk3t,bgk3t,cgk3t,dgk3t);
alphao3=1/max(svs3);
ao3=1/max(svt3);
vgms3lo=(1 1(1 +alphao3));
vgms3hi=(1 /(1 -alphao3));
if vgms3hi < 1le-1 0; vgms3hi=l e-1 O;end;

vgmt3lo=(1 -ao3);
if vgmt3lo < 1 e-1 0; vgmt3lo=l e-1 0;end;

vgmt3hi=(1 +ao3);
vgm3lo=min([vgms3lo vgms3hi vgmt3lo vgmt3hi]);
vgm3hi=max([vgms3lo vgms3hi vgmt3lo vgmt3hi]);
vgm3=20*fogl1 0([vgm3hi vgmalo]);
vpms3=2*asin(alphao3/2)1l 80/pi;
vpmt3=2*asin(ao3/2)*l 80/pi;
vpm3=max([vpms3 vpmt3]);
fprintf(a:\margins.m','lst loop VGM = [ %4.2f %4.2f ]dB\n',vgm2);
fprintf('a:\margins.m','1 st loop VPM = + %4.2f deg\n',vpm2);
fprintf(a:\margins.m,2nd loop VGM = [ %4.2f %4.2f JdB\n',vgm3);
fpri ntf (a:\marg ins. m','2nd loop VPM = + %4.2f deg\n',vpm3);

[agks,bgks,cgks,dgks]=feedbk(agk,-bgk,cgk,-dgk, 1);
[agkt,bgkt,ogkt,dgkt]=feedbk(agk,-bgk,cgk.-dgk,2);
[svs4,ws4]=sigma(agks,bgks,cgks,dgks);
[svt4,wt4]=sigma(agkt,bgkt,cgkt,dgkt);
alphao4=1/max(max(svs4));
ao4=1/max(max(svt4));
vgms4lo=(1 /(1 +alphao4));
vgms4hi=(1 /(1 -alphao4));
if vgms4hi < 1 e-1 0; vgms4hi=1 e-1 O;end;

vgmt4lo=(1-ao4);
if vgmt4lo < 1 e-1 0; vgmt4lo=1 e-1 0;end;

vgmt4hi=(1 +ao4);
vgms4=20*logl 0([vgms4hi vgms4lo]);
vgmt4=20*logl 0([vgmt4hi vgmt4lo]);
vpms4=2*asin(alphao4/2)*1 80/pi;
vpmt4=2*asin(ao4/2)*l 80/pi;
vpm4=max([vpms4 vpmt4J);
fprintf('a:\margins.m','mv s-VGM =(%4.2f %4.2f ]dB\nmv t-VGM =[%4.2f %4.2f JdB\n',vgms4,vgmt4);
fpri ntf('a:\mnarg ins. m',mv VPM =+ %4.2f deg\n\n',vpm4)
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The following is a MATLAB TM script file which calculates and plots the singular values versus

frequency of GK and KG where G is given by [Asys,Busys,Cysys,Dysys] and K is the controller

[Ak,Bk,Ck,Dk].

figure(fa);subplot(2, 1,1)
[as,bs,cs,ds]=series(Asys,Busys,Cysys,Dysys,Ak,Bk,Ck,Dk);
[sv,wJ=sigma(as,bs,cs,ds);

kgsv=20*1og1 O(sv);
semilogx(w,kgsv,'r');
hold; grid;title('SV plot of KG, H2, Design #3r, RWM);xlabel ('requency (rad/sec)'),ylabel('Singular Values dB')
axis([5e-3,1 e3,-50,30])

subplot(2,1 ,2);
[askg,bskg,cskg,dskg]=series(Ak,Bk,Ck, Dk,Asys,Busys,Cysys, Dysys);
[sv,w]=sigma(askgbskg,cskg,dskg);
gksv=20*iogl O(sv);
semilogx(w,max(gksv),'r );
hold; grid;title('SV plot of GK, H2, Design #3r, RWM');xlabel (Trequency (radlsec)'),ylabel('Singular Values dB')
axis([5e-3,1 e3,-50,30])
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Appendix C

Design Phase Time Histories
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Figure C. 1.Classical Design Time Histories (Set 1 of 2)
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H-2 Design -. No Noise
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Figure C.3. H-2 Design Time Histories (Set 1 of 2)
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H-2 Design -- No Noise
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H-infinity Design No Noise
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Figure C.5. H-infinity Design Time Histories (Set 1 of 2)

C-5



H-infinity Design- No Noise
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Mixed Design ... No Noise

- With Noise
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Figure C.7. Mixed Design Time Histories (Set 1 of 2)
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Mixed Design- No Noise
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Figure C.8. Mixed design Time Histories (Set 2 of 2)
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Classical, H2 ,Hinf, & Mixed - No Noise
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Figure C.9. All Designs Time Histories (Set 1 of 2)
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Classical, 112 ,Hinf, & Mixed - No Noise
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Classical, H2 ,Hinf, & Mixed - No Noise
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Appendix D

Data Acquisition Parameters

Parameter Units [Parameter units
HOURS alphac deg
MINUTES alphadot deg/s
SECONDS betacf deg
MSECONDS beta c deg
engaged hp ft
fes lb h-dot ft/sec
fas lb 1 thrust lb
frp lb rthrust lb
des in fuel tot lb
das deg fuelfus lb
drp in oat deg
dec deg pti deg
dac deg des in inch
drc deg de virt deg
de deg dec_fb deg
ds deg detest deg
da deg de-augm deg
dr deg de-virt2 deg
theta deg dec m deg
phi deg dec-jj deg
psi deg alpha_in deg
p deg/sec g-in deg/s
q deg/sec kout deg

r deg/sec xl deg
nx G x2 deg
ny G x3 deg
nz G x4 deg

nzp G x5 deg
vi knots x6 deg
ve knots fl6_q deg/sec
vt ft/sec f 16_alpha deg
alpha_cf deg fcs confignond 1-4

Table D. 1. Data Acquisition Parameters Recorded During Testing
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Appendix E

Data Analysis Plots
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Test Aircraft: Lear 25 N1 02VS Date: 3 Oct 96

Altitude: 4,000 - 6,000 ft MSL Input: Step, 1" stick displacement
Configuration: Gear - Down; Flaps - 20 % - Flight Test Data

----- MATLAB Model Prediction
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Figure E-9: Step Input Time Histories, Classical Design
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Test Aircraft: Lear 25 N102VS Date: 3 Oct 96
Altitude: 4,000 - 6,000 ft MSL Input: Step, 1" stick displacement
Configuration: Gear - Down; Flaps - 20 % - Flight Test Data..... MATLAB Model Prediction
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Figure E-10: Step Input Time Histories, H-2 Design
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Altitude: 4,000 - 6,000 ft MSL Input: Step, I" stick displacement
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Figure E-12: Step Input Time Histories, Mixed Design
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APPENDIX F

Test Card and Rating Scales

HAVE INFINITY TEST CARD DATE: CARD

EVAL PILOT: TEST BLOCK:

SAFETY PILOT: TEST PT:

TEST CONDUCTOR: CONFIG:

WINDS: TURB: RWY:

FUEL: APP SPEED: TD SPEED:

I / /
TASK: Intercept ILS glideslope and offset 300' laterally. At 200' AGL, correct
to centerline by 100' AGL using 30 to 45 degrees of bank. Intercept a visual
glidepath to touchdown in desired box.

CH: PIO:

LANDING: Desired Adequate No Good
SLOW QUICK

INITIAL RESPONSE: I I
LOW HIGH

SENSITIVITY: I I
BAD GOOD

PREDICTABILITY: I I

LOW HIGH

WORKLOAD: I I

COMPENSATION (Type):

UNDESIRABLE MOTIONS (When/Type):

PROBLEMS EFFECTING TASK:
Wind
Turbulence
Offset
Glideslope
Correction
Lateral Control
Flare
Power Control
Touchdown
VSS Trip

GEN HANDLING QUALITIES:

Figure F1 Sample Test Card

F-1



COOPER-HARPER RATING SCALE

Excellent Pilot compensaion not a factor or 1Hfighly desireable desired performance
Good Pilot compensation not a factor fr 1
Neglibable deficiencies desired performance 1
Fair- Some mildly Minimal pilot compensation required
unpleasant deficiencies for desired performance

Minor but annoying Desired performance requires

Deficiencies deficencies moderate pilot compensation
Ltifator wth wara, Moderately objectionable Adequate performance requires

impirovement deficencies considerable pilot compensation
iiL. .. ...:::i:::: J Very objectionable but Adequate performance requires

- tolerable deficiencies extensive pilot compensation

Adequatee performanc ntaa inal i
withajo mai u tolerable io , M pilot compensation.

•il trbcinrvmn deficencies required for control
i N~ii~i!!i~Maj .. .. or Intense pilo! : Mt compensation is required

t deficncie s torticnrl

i ~ ~ ~ ~ ~ ~ ~ ~ .... Cotolbl?, iimndtr o tio oF reuire operation

[ Pilot Decison

Figure F2 Cooper Harper Rating Scale
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PIO
Rating

No No 2

No es Ta
" Yes 3

NCauses svergNeno

Oscillation s °l

Yeses

Pilot Attempts To
Enter Control Loop

Figure F3 PIO Rating Decision Tree

PI1 -No tendency for pilot to induce undesirable motion.
PIO 2 - Undesirable motion tends to occur when pilot initiates abrupt maneuvers or attempts tight control.
These motions can be prevented or eliminated by pilot technique.
PIO 3 - Undesirable motions easily induced when pilot initiates abrupt maneuvers or attempts tight control.
These motions can be prevented or eliminated, but only at sacrifice to task performance or through
considerable pilot attention and effort.
PTO 4 - Oscillations tend to develop when pilot initiates abrupt maneuvers or attempts tight control. Pilot
must reduce gain or abandon task to recover.
PIO 5 - Divergent oscillations tend to develop when pilot initiates abrupt maneuvers or attempts tight
control. Pilot must reduce gain or abandon task to recover.
PIO 6 - Disturbance or normal control may cause divergent oscillation. Pilot must open control loop by
releasing or freezing the stick.
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Appendix G

Pilot Comments Data Base

CONFIGURATION ID Classical

Mission date: 30 Sep 96 Eval pilot: Fittante Flight # 1

Handling qualities: The aircraft was responsive and predictable. Overall the pilot stated that this
configuration had nice handling qualities.

Landing: The nose tracked well and the task was easy to perform.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none calm 3 1
2 Desired none calm 3 1
3 Desired none calm 3 1

Notes on C-H: All four had desired performance and minimal workload.

Notes on PIO Rating: No undesirable motions were noted.

Mission date: 1 Oct 96 Eval pilot: Edwards Flight # 2

Handling qualities: The aircraft had a quick response and was fairly predictable with moderate to high
sensitivity.

Landing: There was no tendency to balloon or bounce with this configuration.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired Light vrb/4 4 2
2 Desired Light vrb/4 4 1

Notes on C-H: Moderate workload was required because the response of this configuration required the
pilot to make quick, abrupt inputs to maintain glide path.

Notes on PIO Rating: There was a tendency to over flare for the first approach and no unwanted motions
were perceived on the second approach.
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CONFIGURATION ID Classical

Mission date: 2 Oct 96 Eval pilot: Malacrida Flight # 3

Handling qualities: The aircraft predictability was good and the sensitivity was nice. The stick was a bit
heavy.

Landing: No problems noted on landing.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none 180/3 4 2
2 Desired none 180/3 4 2

Notes on C-H: The pilot described his workload as moderate, but also commented that this is a borderline
level one design.

Notes on PIO Rating: A slight bobble resulted during the ILS glideslope capture and resulted in a PIO 2.

Mission date: 2 Oct 96 Eval pilot: Fittante Flight # 4

Handling qualities: The aircraft had good response with fairly light stick forces.

Landing: The aircraft nose stayed down after landing.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none vrb/5 3 1

Notes on C-H: Minimal workload was required.

Notes on PIO Rating: No unwanted motions were observed.

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 5

Handling qualities: The aircraft had moderate to slow initial response, with moderate sensitivity,
predictability and workload.

Landing: The pilot felt he flared a little to high which resulted in a firm landing for the first approach and
the aircraft had excessive aft stick required for flare.

Appr Landing zone Turb Wind C-H Rating
1 Adequate none 220/6 5
2 Desired none 220/6 4

Notes on C-H: A CH 5 was given for the first approach because of adequate performance, but the pilot
commented that the handling qualities were more representative of CH 3. The second approach was given a
CH 4 because of moderate compensation in the form of excessive aft stick required to flare.
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CONFIGURATION ID H2

Mission date: 30 Sep 96 Eval pilot: Fittante Flight # 1

Handling qualities: The aircraft had heavy stick forces and didn't want to move. It was very stable with a
dead beat response, and was unresponsive. Sharp inputs caused a slight pitch bobble.

Landing: The aircraft was not evaluated for control after touchdown since the
evaluation pilot tripped off the VSS.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none calm 4 2
2 Desired none calm 4 2
3 Desired none calm 4 2

Notes on C-H: On the second approach the initial correction was input with the aircraft one dot above
glideslope causing a third approach.

Notes on PIO Rating: The rating of 2 was given due to the slight pitch bobble.

Mission date: 1 Oct 96 Eval pilot: Edwards Flight # 2

Handling qualities: The aircraft was very quick in response, jittery, and required low gain smooth inputs
to obtain the desired results.

Landing: During the flare the stick had to be rapidly brought forward to lower the nose.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired Light 160/3 5 3
2 Desired Light 230/6 4 1

Notes on C-H: Sensitivity to control inputs made the aircraft unpredictable which increased workload for
the first approach. For the second approach workload decreased due to a learning curve.

Notes on PIO Rating: Undesirable motions caused the rating of 3 for the first approach, but were not
perceived on the second approach which was given a rating of 1.
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CONFIGURATION ID H2

Mission date: 2 Oct 96 Eval pilot: Malacrida Flight # 3

Handling qualities: The aircraft had poor pitch predictability for higher gain inputs. The initial response
of the aircraft was slow and sensitivity was low.

Landing: The pilot needed small pulse inputs to flare. The aircraft was barely controllable on the ground
requiring high pilot compensation.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none 280/6 8 4
2 Desired none 280/6 8 4

Notes on C-H: The pilot had full forward stick applied at touchdown and still had difficulty keeping the
aircraft on the ground.

Notes on PIO Rating: Significant non oscillatory, undesirable motions were seen on the ground.

Mission date: 2 Oct 96 Eval pilot: Fittante Flight # 4

Handling qualities: The aircraft had heavy stick forces and was sluggish. The heavier forces and delayed
response produced a little oscillation on final.

Landing: At approximately two seconds after touchdown full forward stick was required to keep the nose
from pitching up.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none vrb/5 6 3
2 Desired none vrb/5 8 3

Notes on C-H: Compensation was mainly required for the sluggish pitch response and the pitch up after
landing. On the second approach controllability was in question after touchdown.

Notes on PIO Rating: The rating of 3 was given for the undesired motion on final.

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 5

Handling qualities: The aircraft had low sensitivity, bad predictability and high workload. On final
approach the aircraft seemed to handle fine.

Landing: On the straight in at touchdown the aircraft bounced and began an uncontrollable pitch up
maneuver upon which the safety pilot disengaged the VSS and initiated a go around.

Notes on C-H: Although this test did not consider the straight in an operational task with regards to
Cooper Harper ratings, the configuration was deemed uncontrollable.
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CONFIGURATION ID H2

Mission date: 3 Oct 96 Eval pilot: Malacrida Flight # 6

Handling qualities: The initial response of the aircraft was good but the sensitivity was low to moderate
and the predictability was bad.

Landing: At approximately two seconds after touchdown full forward stick was required to keep the nose
from pitching up.

Appr Landing zone Turb Wind C-H Rating P1O Rating
1 Not adequate none vrb/5 7 4

Notes on C-H: The CH 7 was based on the long landing and the problems in the flare.

Notes on PIO Rating: The task was abandon due to pitch bobble and uncommanded pitch up.

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 6

Handling qualities: The aircraft had good initial response with slightly low sensitivity and bad
predictability.

Landing: Forward stick required in flare and landing to keep the aircraft from ballooning.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none vrb/5 10 1
2 Desired none vrb/5 9 1

Notes on C-H: The aircraft was uncontrollable after touch down for the first approach and with full stick
on the second approach the aircraft marginal control on roll out.
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CONFIGURATION ID H-

Mission date: 1 Oct 96 Eval pilot: Edwards Flight # 2

Handling qualities: The stick inputs were sensitive with a quick initial response, glidepath was not
difficult to maintain

Landing: The aircraft wanted to float in the flare. During the flare the stick had to be brought forward to
prevent ballooning.

Appr Landing zone Turb Wind C-H Rating P1O Rating
1 Safety trip Light 190/5 7 2
2 Adequate Light 190/5 7 2

Notes on C-H: On the first rated approach the safety pilot took control prior to touchdown due to a high
sink rate. On the second approach touched down in the adequate box with the aircraft ballooning.

Notes on PIO Rating: A PIO of 2 was given due to unwanted motion in the flare.

Mission date: 2 Oct 96 Eval pilot: Malacrida Flight # 3

Handling qualities: The aircraft was predictable and had good pitch response until the pilot gains were
increased.

Landing: The aircraft had a tendency to float on the runway. Too much forward stick was required during
the flare.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Not Adequate none 280/6 7 3
2 Adequate none 280/6 5 3
3 Not Adequate none 280/6 7 3

Notes on C-H: Workload was not an issue, poor performance drove the CH 5 and 7's.

Notes on PIO Rating: The unwanted motion of the heave and float at flare resulted in a PIO 3.
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CONFIGURATION ID H.

Mission date: 2 Oct 96 Eval pilot: Fittante Flight # 4

Handling qualities: The aircraft had good aircraft response through the correction to centerline with light
pitch forces.

Landing: The aircraft wanted to float and forward stick was required for touchdown. Full forward stick
was required to keep the nose on the runway.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none vrb/5 8 3
2 Desired none vrb/5 8 3

Notes on C-H: The aircraft was just barely controllable for both landings after touchdown.

Notes on PIO Rating: A PIO rating of 3 was assigned for the easily induced jittery aircraft response
during the flare as stick forces became lighter.

Mission date: 2 Oct 96 Eval pilot: Edwards Flight # 4

Handling qualities: The lateral correction was easily accomplished with heavy stick forces.

Landing: The aircraft had a tendency to balloon in the flare and full forward stick was required to keep the
aircraft on the ground.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none 200/5 8 2
2 Desired none 200/5 7 2

Notes on C-H: Pilot workload to prevent the aircraft from pitching up drove the CH ratings.

Notes on PIO Rating: A PIO of 2 was given due to unwanted motion during and after touchdown.

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 5

Handling qualities: The aircraft had moderate to quick initial response, with moderate to highly sensitive,
slightly unpredictable and moderate workload.

Landing: Forward stick was required to keep the nose down.

Appr Landing zone Turb Wind C-H Rating
1 Desired none 220/6 7
2 Desired none 220/6 9

Notes on C-H: The design was considered level 3 because of the roll out characteristics. The first received
a CH 7 because of extensive pilot compensation without questionable controllability. The second received
a CH 9 because controllability was in question after touchdown.
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CONFIGURATION ID IL.

Mission date: 3 Oct 96 Eval pilot: Malacrida Flight # 6

Handling qualities: The aircraft had adequate initial response and sensitivity but it had bad predictability.

Landing: A forward stick was required at flare to keep the aircraft from ballooning.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Not adequate none vrb/5 7 3

Notes on C-H: The aircraft landed long.

Notes on PIO Rating: The rating of 3 was given for the undesired motion on final.

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 6

Handling qualities: The aircraft had adequate initial response with low sensitivity and bad predictability.

Landing: After touchdown forward stick was required to keep the nose from pitching up.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Adequate none vrb/5 6 1

Notes on C-H: The aircraft landed in the adequate zone with high workload.
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CONFIGURATION ID Mixed H2/H.

Mission date: 1 Oct 96 Eval pilot: Edwards Flight # 2

Handling qualities: The aircraft handled well coming down final and during the offset task. The aircraft
initial response seemed slow.

Landing: During the flare the stick had to be brought forward to prevent ballooning.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none 230/6 5 2
2 Desired none 230/6 8 2

Notes on C-H: On the first approach a CH 5 was given due to high workload. On the second approach a
CH 8 was given due to unpredictable aircraft motion after touchdown

Notes on PIO Rating: A PIO of 2 was given due to unwanted motion after touchdown.

Mission date: 2 Oct 96 Eval pilot: Malacrida Flight # 3

Handling qualities: The aircraft felt heavy with a sluggish response and was not terribly predictable.

Landing: The aircraft exhibited a heave with the flare.

Appr Landing zone Turb Wind C-H Rating PIO Rating
I Adequate none 280/6 7 3
2 Not adequate none 280/6 7 3

Notes on C-H: The pilot gave CH 7 because of the high workload and extensive compensation. The pilot
had to consciously lower his gains and apply his inputs early.

Notes on PIO Rating: The unwanted motion of the heave at flare resulted in a PIO 3.

Mission date: 2 Oct 96 Eval pilot: Fittante Flight # 4

Handling qualities: The aircraft had slightly high stick forces and pitch control was solid during transition
to landing until just prior to touchdown.

Landing: At touchdown there was a sudden reversal in pitch force, requiring full forward stick to keep the
nose on the runway.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Desired none vrb/5 8 1
2 Desired none vrb/5 8 1

Notes on C-H: CH 8 was given for controllability during and after touchdown.

Notes on PIO Rating: The PIO rating of 1 was given because there was no longer a jittery response during
the transition to landing.
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CONFIGURATION ID Mixed H2/IH.

Mission date: 2 Oct 96 Eval pilot: Edwards Flight # 4

Handling qualities: The initial response was good with adequate sensitivity and bad predictability.

Landing: Full forward stick was applied after touchdown, but the aircraft became airborne again after both
landings.

Appr Landing zone Turb Wind C-H Rating P1O Rating
1 Desired none vrb/5 8 2
2 Desired none vrb/5 8 2

Notes on C-H: Considerable pilot compensation was required.

Notes on PIO Rating: A PIO of 2 was given due to unwanted motion after touchdown.

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 5

Handling qualities: The aircraft had moderate initial response, with low to moderate sensitivity, bad
predictability and high workload.

Landing: At touchdown, during the straight in, the aircraft bounced and began an uncontrollable pitch up
maneuver similar to configuration L. At this time the pilot requested the safety pilot to take control of the
aircraft.

Notes on C-Hi Although this test did not consider the straight in an operational task with regards to Cooper
Harper ratings, the configuration was deemed uncontrollable.

Mission date: 3 Oct 96 Eval pilot: Malacrida Flight # 6

Handling qualities: The aircraft had adequate initial response but moderately low sensitivity and bad

predictability.

Landing: After touchdown forward stick was required to keep the nose from pitching up.

Appr Landing zone Turb Wind C-H Rating P1O Rating
1 Not adequate none vrb/5 7 3

Notes on C-H: The aircraft landed long.

Notes on P1O Rating: The rating of 3 was given for the undesired motion on final.
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CONFIGURATION ID Mixed H2/H

Mission date: 3 Oct 96 Eval pilot: Bouchard Flight # 6

Handling qualities: The aircraft had adequate initial response and sensitivity and bad predictability.

Landing: After touchdown full forward stick was required to keep the nose from pitching up.

Appr Landing zone Turb Wind C-H Rating PIO Rating
1 Adequate none vrb/5 6 1

Notes on C-H: Landed in the adequate zone and had high workload.
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Appendix H

Flight Test Data

Cooper-Harper and PIO Ratings

Classical Design:

Test Aircraft: Lear 25, N102VS Dates: 30 Sept - 3 Oct 1996
Configuration: Gear Down, Flaps 20% Data Source: Fliaht Test

5 12Pilot four
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1 2 3 4 5 6 7 8 9 10

Cooper Harper Ratings

Figure H.1. Classical Flight Control Design Handling Quality Ratings

Test Aircraft: Lear 25, N1 02VS Dates: 30 Sept - 3 Oct 1996
Configuration: Gear Down, Flaps 20% Data Source: Flight Test
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Figure H.2. Classical Flight Control Design Pilot Induced Oscillation Ratings
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H2 Design:

Test Aircraft: Lear 25, N102VS Dates: 30 Sept - 3 Oct 1996

Configuration: Gear Down, Flaps 20% Data Source: Fliqht Test
4- 0 [ Pilot four

v} !tM Pilot three

[] Pilot onec

02 -
E
z

0 '

1 2 3 4 5 6 7 8 9 10

Cooper Harper Ratings

Figure H.3. H2 Flight Control Design Handling Quality Ratings

Test Aircraft: Lear 25, N102VS Dates: 30 Sept - 3 Oct 1996
Configuaration: Gear Down, Flaps 20% Data Source: Flight Test3 [ Pilot four

[] 1 Pilot three
[] Pilot two

1a 4 5Pilot one

0

12 3 4 5 6

P1O Rating

Figure H.4. H2 Flight Control Design Pilot Induced Oscillation Ratings
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H- Design:

Test Aircraft: Lear 25, N102VS Dates: 30 Sept - 3 Oct 1996
Configuration: Gear Down, Flaps 20% Data Source: Fliaht Test
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u) 6 -- liPilot three
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Cooper Harper Ratings

Figure H.5. H- Flight Control Design Handling Quality Ratings

Test Aircraft: Lear 25, N1 02VS Dates: 30 Sept - 3 Oct 1996
Configuaration: Gear Down, Flaps 20% Data Source: Fliqht Test
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Figure H.6. H- Flight Control Design Pilot Induced Oscillation Ratings
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Mixed Design:

Test Aircraft: Lear 25, N1 02VS Dates: 30 Sept -3 Oct 1996
Configuration: Gear Down, Flaps 20% Data Source: Flight Test
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Figure H.7. Mixed Flight Control Design Handling Quality Ratings

Test Aircraft: Lear 25, N102VS Dates: 30 Sept - 3 Oct 1996
Configuration: Gear Down, Flaps 20% Data Source: Fliaht Test
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Figure H.8. Mixed Flight Control Design Pilot Induced Oscillation Ratings

H-4



Bibliography

Ba193 Ball, J., et al., Learjer Flight Syllabus abd Background Material for the U.S. Air Force/U.S.
Navy Test Pilot School Variable Stability Programs, Calspan Corporation, Buffalo NY, July
1993.

Ber88 Berthe, C.J., et al., Fly-By-Wire Design Considerations, Presentation at The Society of
Experimental Test Pilots 20'h Annual European Symposium, Linkoping, Sweden, June 1988

CH69 Cooper, George E., and Robert P. Harper, The Use of Pilot Rating in the Evaluation of Aircraft
Handling Qualities, NASA Technical Note D-5153, National Aeronautics and Space
Administration, Washington DC, April 1969.

Dec94 Decker, Douglas D., Flight Control Design using Mixed H2/ Optimization, Master's Thesis,
Air Force Institute of Technology, Dayton OH, December 1994.

Doy89 Doyle, John C., et al., "State-Space Solutions to Standard H2 and H Control Problems," in
IEEE Transactions on Automatic Control, Vol. 34, No. 8, August 1989, pp 831-847.

DFT92 Doyle,. John C., Bruce A. Francis, and Allen R. Tannenbaum, Feedback Control Theory,
Macmillan Publishing Company, New York NY, 1992.

FPE91 Franklin, Gene F., J. David Powell, and Abbas Emami-Naeini, Feedback Control of Dynamic
Systems (Third Edition), Addison-Westly Publishing Company, New York, 1994.

Gan86 Gangsaas, Dagfinn, et al., "Application of Modern Synthesis to Aircraft Control: Three Case
Studies," in IEEE Transactions on Automatic Control, Vol. AC-31, No. 11, November 1986,
pp 995-1013.

Hoh96 Hoh, Roger H., Class Lecture, "Highly Augmented Airplane Handling Qualities," USAF Test
Pilot School, Edwards AFB CA, May 1996.

Hoh81 Hoh, Roger H., et al., Development of Flying Quality Criteria for Aircraft with Independent
Control of Six Degrees of Freedom, AFWAL-TR-81-3027, Wright-Patterson AFB OH,
AFFDL, April 1981.

MIL90 Military Standard, Flying Qualities of Piloted Aircraft, MIL-STD-1797A, 30 January 1990.

MH90 Mitchell, David G. and Roger Hoh, Concepts for a Mission-Oriented Flying Qualities Mil
Standard, Technical Report No. 1279-1, Hawthorne CA, Systems Technology Inc., July 1990.

RB86 Ridgely, D. Brett, and Siva S. Banda, Introduction To Robust Multivariable Control, AFWAL-
TR-85-3102, AFWAL/FIGC, Wright-Patterson AFB OH, February 1986

Rid91 Ridgely, D. Brett, A Nonconservative Solution to the General Mixed H2/H Optimization
Problem, PhD Dissertation, Massachusetts Institute of Technology, Cambridge MA, 1991.

RW95 Ridgely, D. Brett, and David E. Walker, "The General Mixed H2/IL Control Problem," July
1995, Submitted to Automatica

SG79 Smith, Ralph H., and Norman D. Geddes, Handling Qualities Requirements For Advanced
Aircraft Design: Longitudinal Mode, AFFDL-TR-86-44, AFFDL, Wright-Patterson AFB OH,
August 1979

BIB-1



TPS95 USAF TPS Flying Qualities Phase Text Vol. IV, Flying Qualities Testing, USAF TPS/EDF,
Edwards AFB CA, June 1995.

Wa194 Walker, D.E., H2 Optimal Control With H, g. and L, Constraints, PhD Dissertation, Air Force
Institute of Technology, AFITIDS/AA/94-2, Wright-Patterson AFB OH, June 1994.

WR94 Walker, D.E. and D.B. Ridgely, "Reduced Order Mixed H2/I-I. Optimization With a Singular
H. Constraint," in Proceedings of the 1994 American Control Conference, Baltimore MD,
June 1994, pp 1,128-1,132.

BIB-2



Vima

Captain Phillip T. Edwards -.... . . He graduated from Oak

Park and River Forest High School, Oak Park, Illinois in 1983. He was appointed to the U. S. Air Force

Academy where he earned his commission and a Bachelor of Science degree in Aeronautical Engineering in

1987. Captain Edwards attended Undergraduate Pilot Training at Vance APB, OK, where he received his

wings in September, 1988. He was assigned to the 1I" Military Airlift Squadron (MAS), Military Airlift

Command (MAC). McGuire AFB, NJ, flying the C-141B Starlifter. While at McGuire AFB, he became a

flight evaluator and served as Assistant Chief, Airlift Training Section. 21 AF Standardization, Evaluation

and Training. Captain Edwards was selected for the Joint Air Force Institute of Technology / USAF Test

Pilot School program, and graduated from the Experimental Test Pilot course in December 1996. Upon

completion of his studies,. he will be assigned to the 418* Flight Test Squadron at Edwards AFB, California.

flight testing the C-130J.

Permannt Addrts: 1123 N Mvrion St
Oak Park, L600

VITA- I



Form Approved

REPORT DOCUMENTATION PAGE OM No pp4-0o1

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

IMarch 1997 Master's Thesis
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

MODERN FLIGHT CONTROL DESIGN, IMPLEMENTATION AND
FLIGHT TEST JON: M96J0200

6. AUTHOR(S) PEC: 65807F

Phillip T. Edwards, Captain, USAF

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Air Force Institute of Technology, WPAFB OH 45433-6583 REPORT NUMBER

AFIT/GAE/ENY/97M-01

9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/ MONITORING
AGENCY REPORT NUMBER

WL/FIGC

2210 Eighth Street, Bldg 146, Suite 21 N/A
Wright-Patterson AFB, OH 45433-7531

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited A

13. ABSTRACT (Maximum 200 words)

This thesis addresses the application issues raised implementing flight control designs derived from optimal control
theory and the challenges in obtaining acceptable handling qualities when using these techniques. Using the USAF TPS
FCS project as the controller architecture, four controllers were designed using classical methods, and H2, H., and mixed
H2/H. optimal control theory. These designs were implemented in the Calspan VSS II Learjet, simulating unstable
aircraft longitudinal dynamics and a limited handling qualities flight test evaluation was performed. The design phase
found the optimal control techniques, as applied, difficult to design to handling qualities specifications. The H2, H., and
mixed H2/H. controllers were unstable and often contained high frequency poles, which were difficult to implement.
The flight test rated the designs acceptable on approach, but no handling qualities level for approach was determined.

14. SUBIE.CT TERMS. 15. NUMBERI95 PAGES
handimg qualities flight control systems VSS II Learjet
variable stability optimal control theory H, Optimization 16. PRICE CODE
H. Optimization Mixed H2/H. Optimization

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED SAR

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102



GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is important
that this information be consistent with the rest of the report, particularly the cover and title page.
Instructions for filling in each block of the form follow. It is important to stay within the lines to meet
optical scanning requirements.

Block 1. Aqency Use Only (Leave blank). Block 12a. Distribution/Availability Statement.
Denotes public availability or limitations. Cite any

Block 2. Report Date. Full publication date availability to the public. Enter additional
including day, month, and year, if available (e.g. 1 limitations or special markings in all capitals (e.g.
Jan88). Must cite at least the year. NOFORN, REL, ITAR).

Block 3. Type of Report and Dates Covered.
State whether report is interim, final, etc. If Seeso n Technial
applicable, enter inclusive report dates (e.g. 10 Statements on Technical~Documents."
Jun 87 - 30 Jun 88).n 8DOE - See authorities.

Block 4. Title and Subtitle. A title is taken from NASA - See Handbook NHB 2200.2.
the part of the report that provides the most NTIS - Leave blank.
meaningful and complete information. When a
report is prepared in more than one volume,
repeat the primary title, add volume number, and
include subtitle for the specific volume. On
classified documents enter the title classification

DOE - Enter DOE distribution categoriesfrom the Standard Distribution for

Block 5. Funding Numbers. To include contract Unclassified Scientific and Technical
and grant numbers; may include program Reports.
element number(s), project number(s), task NASA - Leave blank.
number(s), and work unit number(s). Use the NTIS - Leave blank.
following labels:

C - Contract PR - Project Block13. Abstract. Include a brief (Maximum
G - Grant TA - Task 200 words) factual summary of the most
PE - Program WU - Work Unit significant information contained in the report.

Element Accession No.

Block 6. Author(s). Name(s) of person(s) Block 14. Subiect Terms. Keywords or phrases
responsible for writing the report, performing identifying major subjects in the report.
the research, or credited with the content of the
report. If editor or compiler, this should follow
the name(s). Block 15. Number of Pages. Enter the total

number of pages.
Block 7. Performing Organization Name(s) and
Address(es). Self-explanatory. Block 16. Price Code. Enter appropriate price

Block 8. Performing Organization Report code (NTIS only).
Number. Enter the unique alphanumeric report
number(s) assigned by the organization

Blocks 17. -19. Security Classifications. Self-
explanatory. Enter U.S. Security Classification in

Block 9. Sponsoring/Monitoring Agency Name(s) accordance with U.S. Security Regulations (i.e.,
and Address(es). Self-explanatory. UNCLASSIFIED). If form contains classified

information, stamp classification on the top and
Block 10. Sponsoring/Monitoring Agency bottom of the page.
Report Number. (If known)

Block 11. Supplementary Notes. Enter Block 20. Limitation of Abstract. This block must
information not included elsewhere such as: be completed to assign a limitation to the
Prepared in cooperation with...; Trans. of...; To be abstract. Enter either UL (unlimited) or SAR (same
published in.... When a report is revised, include as report). An entry in this block is necessary if
a statement whether the new report supersedes the abstract is to be limited. If blank, the abstract
or supplements the older report. is assumed to be unlimited.

Standard Form 298 Back (Rev. 2-89)
*U.S.GPO: 1990-0-273-271


