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Preface 

O 
The purpose of this thesis project was to apply modal 

control theory to the B-52 CCV state-variable model and to 

compare the results with those obtained for an optimal con¬ 

troller. The model was developed by the Air Force Flight 

Dynamics Laboratory and was used by their Control Configured 

Vehicle Advanced Development Program Office to design the 

optimal controller. Initially this thesis was to include a 

design for both the longitudinal and lateral axes of the 

B-52 CCV model but due to time-constraints, the lateral axis 

was dropped. Throughout the thesis, several other items of in¬ 

terest in the design were investigated as the project pro¬ 

gressed and as a successful design was sought. In its en- 

4 , tirety, the project required the use of nearly all the conven- 

tional and modern control theory to which I have been exposed 

in my Air Force career and in my studies at AFIT. This as¬ 

pect of the thesis has been very satisfying. 

On the other hand, the achievement of only an initial 

design instead of a final one is somewhat disappointing but 

not without its rewards. Hopefully this project leaves fu¬ 

ture students of control theory with a computer program which 

permits them to achieve the successful design I originally 

sought. If they receive from their advisors the encourage¬ 

ment which I did, they should have no problem. 

Throughout this thesis, I have become indebted to sev¬ 

eral people for their assistance, their interest, and mostly 

their patience and encouragement. First, I wish to extend a 



thanks to my sponsor, Mr. Robert D. Poyneer, of the AFFDL 

CCV ADPO. Mr. Poyneer developed the B-52 CCV state-variable 

model and designed the optimal controller. Discussions with 

him of his design problems were very beneficial. A special 

thank you is also due Professors Constantine H. Houpis, 

Thomas E. Moriarty and Richard M. Potter of the Electrical 

Engineering Department at AFIT. Their encouragement and in¬ 

terest as readers caused several mountains to be moved, scrib- 

blings on blackboards and Saturday afternoon cups of coffee 

not withstanding. Another to whom a thank you is given is 

Professor Brian Porter of the University of Salford, England. 

Twice during this thesis, Prof. Porter visited the Air Force 

Institute of Technology. During the first, he helped formu¬ 

late the project, and during the second he offered numerous 

suggestions of design alternatives and improvements. Of 

course, without the text by Prof. Porter and his colleague, 

Dr. Crossley, I would have gone nowhere. 

Perhaps the most appreciative thank you should to to 

Professor John J. D’Azzo of the AFIT Electrical Engineering 

Department. Prof. D’Azzo performed the role of thesis ad¬ 

visor and based on my vote of one, was the greatest. His 

quiet manner of encouragement at weekly meetings and his 

very strong interest in my personal gains in knowledge was 

far more influential in progress being made than an equal 

number of half-time locker-room coaching sessions. 

With all deference to Prof. D'Azzo however, none of 

this project would have been completed without the help, en- 



couragement, and understanding of my wife, Beverly. Her un¬ 

selfishness for the past year-and-a-half has permitted me the 

opportunity to achieve a personal goal I have wanted for some 

time. She is certainly deserving of that high degree of PhT: 

Putting husband Through. 

Finally, I am very grateful to Mrs. Charlette Kjesbo 

for her patience as a typist. Her willingness to type at 

most any hour is appreciated. 

Ronald M. Adams 
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the B-52 Control Configured Vehicle (CCV) longitudinal axis. 

This model gives the opportunity to use modern control tech¬ 

niques to design the CCV concepts of interest. Previously 

the B-52 CCV control task was designed in increments using 

conventional control techniques. When the entire control 

problem is formulated and drawn up in one specification how¬ 

ever, the designer's job becomes significantly more diffi¬ 

cult. Modern control techniques are available which permit 

the large multi-input multi-output control problem to be 

addressed. 

I ) For this thesis, modal control theory is applied to the 

B-52 CCV state-variable model. The pertinent theory is pre¬ 

sented and then a multi-stage design procedure is applied. 

Three of five available inputs are used to shift 14 of the 

eigenvalues associated with 39 modes. The theory and equa¬ 

tions of three system testing techniques are also discussed 

and are applied to the modal control design. The perfor¬ 

mance of the modal controller is then compared with that of 

the open-loop system and a recently-designed optimal con¬ 

troller. The extensive computer program used for the modal 

controller design and comparison is appended to the report 

along with the specification. 
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I. Introduction 

This thesis presents the results of a study to design 

an active control system for the B-52 Control Configured Ve¬ 

hicle (CCV) using modal control theory. Previous design 

work and flight-testing of a modified B-52 has been accom¬ 

plished by the Air Force Flight Dynamics Laboratory (AFFDL) 

as part of their development of CCV concepts for future air¬ 

craft designs. This thesis represents a part of the con¬ 

tinuing effort by the AFFDL to extend their CCV work, par¬ 

ticularly in the area of using multivariable control system 

design techniques to design for several CCV concepts at one 

time. 

To establish a frame of reference, this chapter pro¬ 

vides a summary of the past CCV development work, including 

a short discussion of an in-house AFFDL design study which 

used optimal control theory. In turn, the specific problem 

to be addressed by this thesis is outlined, along with a 

discussion of the model, the scope of the project, and per¬ 

tinent assumptions. The chapter concludes with an overview 

of the remainder of this report. 

Summary of the B-52 CCV Program 

The B-52 CCV program began in 1966 under the sponsor¬ 

ship of the AFFDL, and has evolved through several phases of 

design, development, and flight-testing. The project has al 

so included an in-house AFFDL design study to encompass all 

of the CCV concepts in one design effort using optimal con- 
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o trol theory. 

The first portion of the B-52 CCV program started as the 

LAMS (Load Alleviation and Mode Stabilization) program, its 

purpose was Mto demonstrate the capability of an advanced 

flight control system (PCS) to alleviate gust loads and to 

control structural modes on a large flexible aircraft using 

existing aerodynamic control surfaces as force producers" 

[Ref l:iii]. The actual LAMS-FCS was primarily designed 

using conventional frequency-domain control theory, but 

some design work was accomplished using optimal control the¬ 

ory. The LAMS-FCS was flight tested on a specially modified 

NB-52E aircraft which used existing control surfaces (rud¬ 

der, ailerons, elevator, and spoilers) driven by various 

actuating systems, including a fly-by-wire system for LAMS- 

FCS evaluation purposes. The work completed under this first 

phase forms the basis for today's CCV concept of Fatigue Re¬ 

duction (FR) and was reported in 1969 [Ref 2:2-7]. 

The second step in the AFFDL CCV program was started in 

July 1971 and included the CCV concepts of Ride Control, 

Maneuver Load Control, Augmented Stability, and Flutter Mode 

Control. The Ride Control System (RCS) included the addi¬ 

tion of active horizontal and vertical canard surfaces near 

the nose of the NB-52E test aircraft. The purpose of the 

RCS was "to reduce the root mean square (rms) acceleration 

level at the pilot station by at least 301 without increas¬ 

ing the aircraft accelerations at ether fuselage stations by 

more than 51;" [Ref 2:1]. This system was successfully 



flight-tested and was documented in 1973 [Ref 2;3]. 

The Maneuver Load Control (MLC) system performed the 

role of reducing wing root vertical bending moments by mov¬ 

ing the mean aerodynamic center (MAC) of the wing inboard. 

The NB-52E test aircraft was modified with special three- 

segment flaperon control surfaces used to generate addition¬ 

al lift inboard. At the same time, special outboard aileron 

surfaces were used to reduce the lift on the outboard sec¬ 

tions of the wing [Ref 4:3,67]. 

The purpose of the Augmented Stability (AS) concept in 

the CCV program was to provide the almost standard control 

function of Dutch roll damping and at the same time was to 

provide short-period damping when longitudinal static mar¬ 

gins were relaxed [Ref 4:88]. This latter stability augmen¬ 

tation function would permit aircraft operation at aft c.g. 

conditions where drag-due-to-lift (also known as induced 

drag or trim drag) is at a minimum [Ref 4:170-182]. This re¬ 

laxed static stability would then permit increased aircraft 

range and/or reduced power settings to maintain the same 

cruising speed. The rudder and the elevator were used to 

provide augmented stability. 

The last CCV concept that was included in the B-52 CCV 

program was the Flutter Mode Control (FMC) system. This 

control system was designed to permit aircraft operation at 

speeds up to 30% above flutter placard speed [Ref 4:3,48]. 

The system was installed onboard the NB-52E test aircraft 

along with outboard fuel tanks which had 2000 lbs weights 

3 



installed in their nose sections. The modified tanks were 

used to induce a predicted flutter condition within the 

flight envelope at an altitude of 21,000 feet and 285 KCAS. 

The outboard aileron and outboard flaperon control surfaces 

were used to control the flutter mode and the aircraft was 

successfully flown at speeds of 10 to 12 knots above the 

artificially induced flutter speed at the test altitude 

[Ref 4:7]. 

The CCV concepts of Maneuver Load Control, Augmented 

Stability, and Flutter Mode Control were reported in 1975 

[Ref 4]. Like the LAMS system, these systems and the RCS 

were designed using conventional control theory. Each was 

designed individually and in each case the LAMS-FCS was mod¬ 

ified to be compatible with that particular concept. All of 

these concepts, except the longitudinal Augmented Stability 

system, have been flight-tested and shown to be successful 

and compatible concepts.* 

In conclusion, from an advanced control system stand¬ 

point, all of these concepts proved to be realizable, but 

were designed individually and then implemented together. 

The question thus became: if all of these CCV concepts 

were to be designed at one time, could a successful design 

be realized? To answer this question, the CCV Advanced 

Development Program Office (ADPO) within the AFFDL under¬ 

took the task of designing a multivariable control system 

* The AS system has been exercised but the benefits in 
terms of range improvements were not known due to flight test 
program termination before all tests were made [Ref 4:321]. 

4 



for the B-52 CCV using optimal control theory. 

Optimal Control Design 

The task of designing a multiple-input, multiple-output 

control system can be formidable using conventional control 

theory and design techniques, even for low-order systems 

with less than ten degrees-of-freedom. In the case of the 

B-52 CCV, the problem is compounded by the fact that there 

are as many as 20 degrees-of- freedom involved in the MIC, 

RCS, FMC, and AS systems when considered individually and 

over 70 when taken together. Furthermore, the interactive 

effects of as many as nine sets of control surfaces makes 

the conventional control design even more difficult. In 

short, the design effort required for this type of problem 

dictates the use of some form of modern control theory 

which will handle the large-order multivariable problem. 

To tackle this problem, optimal control theory was used. 

An optimal control computer program which was previously 

written by the System and Research Center of Honeywell, Inc. 

for the Flight Dynamics Laboratory was used [Ref 5,6]. The 

results of the study are presented in Reference 7. This 

Multi-Surface System (MSS) design problem required the reduc¬ 

tion of the B-52 CCV equations of motion from their standard 

second-order differential equation form to first-order equa¬ 

tions in matrix form relating inputs, state variables and out¬ 

puts. As the same time, a quadratic cost function was chosen 

as a performance index and a design specification was drawn up. 



Using weighting matrices that were suggested by Honeywell 

engineers as being good starting points, the AFFDL engineer 

was able to use the Honeywell computer program to success¬ 

fully design a control system which met 36 of 41 longitudi¬ 

nal axis design goals, and met 35 of 37 lateral-directional 

f’xis design goals [Ref 7:30]. The final results represent a 

practical design which uses 7 sensors, 19 feedback gains, 

and 4 control surfaces for the longitudinal axis, and 5 sen¬ 

sors, 10 feedback gains, and 4 control surfaces for the lat¬ 

eral-directional axis [Ref 7:7]. 

In contrast to the achievement of a satisfactory design 

however, the AFFDL engineer did note certain drawbacks to 

the method used. In his technical memorandum, Mr. Poyneer 

cites four specific problems as summarized below [Ref 7:30]: 

1) The computer programs used were too expensive due to 

their being general purpose routines. 

2) The computer programs were only design tools, requir¬ 

ing considerable experience on the part of the engineer in 

using the programs and simplifying the design along the way. 

3) The equations used in three of the programs were 

coupled. Thus, altering one weighting factor caused the 

modification of more than one system characteristic, when 

only one characteristic was to be changed. 

4) The optimization performance index is based on the 

time domain. Therefore, the stability margins of the feed¬ 

back gains were not guaranteed since stability margins are 

based on the frequency response and are not a part of the 

6 



optimization. 

Recognizing that some of these difficulties might be 

overcome by a different design procedure than that of opti¬ 

mal control, the CCV ADPO became interested in a thesis pro¬ 

ject to achieve a realistic design using modal control theory. 

Statement of the Problem 

The problem posed for this thesis was to apply modal 

control theory to the B-52 CCV in order to achieve a design 

which would satisfactorily control the aircraft longitudinal 

axis. A comparison was to be made with the results of the 

previous CCV work to the largest extent possible. To pro¬ 

vide this design and comparison, the B-52 CCV model and de¬ 

sign specification used by Mr. Poyneer for his optimal con¬ 

trol design was used. This was in keeping with the desire 

to develop an alternative to the optimal design. Further, 

this modal control design was restricted to the longitudinal 

axis because of thesis time constraints. Due to the nature 

of the model, the comparison of the modal design versus 

those developed and flight-tested for the B-52 CCV was also 

restricted. In this instance, the restriction was due to 

the flight condition used for the modal control design; not 

all of the previous CCV designs were based on the same con¬ 

dition. In the end, the thesis project was to demonstrate 

the practical use of modal control theory and to piovide a 

technical comparison between the application of optimal con¬ 

trol theory and modal control theory when applied to the 

CCV problem. 



The B-52 CCV Model 

The model of the B-52 CCV that was used for this project 

is the same as that used by the AFFDL for their optimal con¬ 

trol design. The data for the model is presented in AFFDL- 

TM-74-138-FGB [Ref 7] and is in matrix state equation for¬ 

mat.* The data represents linearized second-order longitu¬ 

dinal-axis equations of motion for a single flight condition 

when reduced to state equation form. A complete discussion 

of the procedure used to generate the model is contained in 

AFFDL-TM-74-138FGB and is not repeated here [Ref 7:1,3-5, 

14]. 

The model contains coefficients for the short-period 

motion, the largest of 27 symmetric body-bending modes plus 

the steady-state residuals of the 21 smaller body-bending 

modes, vertical gust inputs, and symmetric operation of the 

elevator, flaperons, inboard and outboard ailerons, and 

horizontal canards. In addition, lift-growth-effects coef¬ 

ficients were developed from Kussner, Wagner, and R. T. 

Jones functions. In all, the model is represented by 39 

states with 5 inputs (control surfaces), 10 outputs (sensors), 

and 2 disturbances [Ref 7:14-15]. An illustration of the 

aircraft is given in Fig. 1, and a listing of the states, in¬ 

puts, outputs and disturbances is given in Table I. The 

flight condition represented by the model is: 260,731 lbs 

gross weight, 29.26% MAC center-of-gravity location, .517 

Mach, 330 KCAS, and 2000 ft MSL altitude [Ref 7:13]. It is 

* The data for the model is not reproduced in this report 
due to test and evaluation data distribution restrictions. 
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Table I 

States, Inputs, Disturbances, and Outputs for 
B-52 CCV Longitudinal-axis State-variable Model 

State 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

(a) System States 

Symbol Description 

w 

q 

n 
X 

n 
5 

n 
7 

n8 
• 

nl 2 

n! 

n2 

n5 

n7 

ne 

nl 2 

ñi 

îTz 

n5 

ïT7 

ñe 

2 

^ e 

ôf 

Vertical Velocity 

Pitch Rate 

1st Flexible Mode Rate 

2nd Flexible Mode Rate 

5th Flexible Mode Rate 

7th Flexible Mode Rate 

8th Flexible Mode Rate 

12th Flexible Mode Rate 

1st Flexible Mode Displacement 

2nd Flexible Mode Displacement 

5th Flexible Mode Displacement 

7th Flexible Mode Displacement 

8th Flexible Mode Displacement 

12th Flexible Mode Displacement 

1st Flexible Wagner Mode 

2nd Flexible Wagner Mode 

5th Flexible Wagner Mode 

7th Flexible Wagner Mode 

8th Flexible Wagner Mode 

12th Flexible Wagner Mode 

Elevator Deflection 

Flaperon Deflection 

[Adapted from Ref 7:32,33] 
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23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

(a) System States - cont’d 

State Symbol 

ao 

<sc 

wm 

^m 

s s 5+7° e 

s i 

iîTsf 

5TISai 

S Ä 
5+70 ao 

s 
?T7' 6C 

w 

w 

w 

(0) 

Co) 

(0) 

<5e 

Description 

Inboard Aileron Deflection 

Outboard Aileron Deflection 

Horizontal Canard Deflection 

Vertical-velocity model 

Pitch-rate model 

Washed-out Elevator Deflection 

Washed-out Flaperon Deflection 

Washed-out Inboard Aileron Deflection 

Washed-out Outboard Aileron Deflection 

Washed-out Horizontal Canard Defelction 

Wind Model Output for BS600 

Wind Model Output for BS1020 

Wind Model Output for BS1690 

Dryden Wind Filter Output 

1st Kussner Lag Output 

2nd Kussner Lag Output 

Pilot-input Elevator Command Model 

[Adapted from Ref 7:32,33] 
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Inputs 

1 

2 

3 

4 

5 

1 

2 

Output 

1 

2 

3 

4 

Table I - cont'd 

(b) System Inputs 

Symbol Description 

6 

ec 

5fc 

saic 

aoc 

^cc 

Elevator Input 

Flaperon Input 

Inboard Aileron Input 

Outboard Aileron Input 

Horizontal Canard Input 

(c) System Disturbances 

Disturbance Symbol 

n6( 

Description 

Wind Gust Disturbance 

Pilot-Induced Elevator Disturbance 

(d) System Outputs 

Symbol 

N 
z 17 2 

N 

N 

z860 

zl655 

®426 

Description 

Normal Acceleration at BS172 

Normal Acceleration at BS860 

Normal Acceleration at BS1655 

Pitch Rate at BS426 

[Adapted from Ref 7:33,36] 
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Table I - cont'd 

(d) System Outputs - cont'd 

Outputs 

5 

6 

7 

8 

9 

10 

Symbol 

N. 'z810 

Nz920L 

Nz565L 

® 566 

9 815 

'1377 

àiït 

Description 

Normal Acceleration at BS810 

Normal Acceleration at WBL920L 

Normal Acceleration at WBL565L 

Pitch Rate at BS566 

Pitch Rate at BS815 

Pitch Rate at BS1377 

[Adapted from Ref 7:36] 
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noted that this flight condition is the same as that used 

C/ for the design of the RCS [Ref 2:21]. 

Scope 

The scope of this project was that of designing a lon¬ 

gitudinal control system for the B-52 CCV using modax con¬ 

trol theory. The design was accomplished for a single flight 

condition. The results were to be compared with those of 

previous designs which were based on the same flight condi¬ 

tion. The project included researching previous work in 

modal control theory, developing a set of computer programs 

to be used as design tools, developing a concise design 

specification, achieving the design, proving that the de¬ 

sign met the specification, and finally comparing the re- 

^ ) suits. 

Assumptions 

The assumptions used for this project were the same as 

those used for the AFFDL optimal control design. There, the 

longitudinal and lateral-directional equations were assumed 

to be uncoupled and random turbulence inputs were simulated 

in each axis by the one-dimensional Dryden wind filter [Ref 

7:5]. Based on these assumptions the system was modelled by 

the AFFDL as a linear, time-invariant, multi-input, multi¬ 

output system for a single operating point. The equations 

for the model as given in AFFDL-TM-74-138-FGB were used for 

this project and were not validated. Further, thioughout 

this project, complete state availability was assumed, al- 
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though from a practical standpoint not all of the states are 

U accessible for control purposes. 

Sequence of Presentation 

The following sequence is used for the remainder of 

this report. Chapter 2 is devoted to presenting the theory 

and equations which are pertinent to this project. The 

theory and equations presented also include items related to 

the testing of the design in order to show that a design 

meets the specification. Chapter 3 presents the design se¬ 

quence as applied to the B-52 CCV. It starts with an analy¬ 

sis of the open-loop system and continues through the selec¬ 

tion of an initial modal control design. Chapter 4 covers 

the results and comparative aspects of the project. This 

^ includes the comparison of the initial mod^l control design 

with the optimal control design, and with the designs which 

were based primarily on the convention control theory and 

were flight-tested during the B-52 CCV program. The last 

chapter, Chapter 5, presents recommendations and conclusions. 

The recommendations are primarily oriented toward possible 

future work in modal control design for the B-52 CCV. 
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II. Modal Control Theory 

O 
This chapter presents the theory and equations of modal 

control theory that were pertinent to this design project. 

At the outset, it is noted that the theory presented is only 

a small aspect of that available. However, there are several 

excellent sources in the literature which provide broader or 

more in-depth discussions of the theory and which are readily 

available. These include the work by Simon and Mitter [Ref 

8], and Porter and Crossley [Ref 9]. The latter text served 

as a primary reference for this project. 

This chapter is divided into five sections. The first 

summarizes the general equations of modal control theory, 

namely those that provide modal decomposition of the state 

i ) equation and allow the designer to determine the mode-control- 

lability and mode-observability characteristics of the sys¬ 

tem. The second section discusses the selection of a set of 

closed-loop eigenvalues, while the third section discusses 

the design procedure which was used for this thesis project: 

the multi-stage design procedure. The fourth section pre¬ 

sents the theory which can be used to determine system re¬ 

sponses to white noise disturbances, system transfer func¬ 

tions, and system frequency responses. The chapter concludes 

with a summary of the theory and introduces the material to 

be presented in Chapter III. 

Pertinent Modal Control Theory 

To provide a working definition of modal control theory, 
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the following is quoted from Porter and Crossley: 

The central concept of modal control is very 
simple; it is merely that of generating the input vec¬ 
tor of a system by linear feedback of the state vector 
in such a way that prescribed eigenvalues are associ¬ 
ated with the dynamical modes of the resulting closed- 
loop system. [Ref 9:2] 

In other words, given an open-loop system whose dynamical 

characteristics can be determined, the task of designing a 

controller becomes that of feeding back the states of the 

system in such a way as to alter the input vector of the sys¬ 

tem to yield a desired set of dynamical characteristics for 

the closed-loop system. When the controller specifically 

acts on the open-loop modes to yield the desired closed-loop 

modes, then the controller is called a modal controller. 

Consider the linear time-invariant open-loop system rep 

resented by the state equation 

i(t) * Ax(t) + Bz(t) + Hn(t) (1) 

and the output equation 

y(t) = Cx(t) (2) 

and illustrated in Fig. 2. Here, x(t) is the n * 1 state 

vector, z(t) is the r * 1 input vector, n(t) is the m x l 

disturbance input vector, and y(t) is the p * i output vec¬ 

tor. The matrices A, B, H, and C are all real matrices, 

where A is the n * n plant matrix, B is the n * r control 

matrix, H is the n * m disturbance matrix, and C is the p * 

n output matrix. In this format (and throughout this re¬ 

port), vectors are taken to mean column vectors and row vec 
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Figure 2. Open-loop System 

tors are written as the transpose of a column vector; i.e., 

the row vector is written as dT. 

The dynamical modes of the open-loop system are deter¬ 

mined from the eigenproperties of the autonomous system rep¬ 

resented by 

x(t) = Ax(t) (3) 

The eigenvalues of A, namely Xj; (i = 1,2,...,k where k $ n), 

are found from the characteristic equation 

det[XI - A] = 0 (4) 

The n * 1 eigenvectors of A, namely ui (i = 1,2,...,k where 

k 5 n), are found from the relationship 

Aui = Xjui (5) 

If none of the eigenvalues are repeated, they are all con- 

a8Effiamsss&. 
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If some sidered to te "distinct" and in such a case, k = n 

of the eigenvalues are repeated, then k < n. The first case 

is called a distinct eigenvalue problem, whereas the second 

is called a repeated eigenvalue problem. In either case, 

the eigenvalues may be real or complex or both. 

The eigenvectors found from Eq (5) will be linearly in¬ 

dependent; however, there may be less than n found in this 

manner. If n eigenvectors are found, then they constitute a 

basis for the state space of the system represented by Eq 

(3). If k < n, then m eigenvectors may be found, where k 5 m 

< n. In this case, a procedure to find the n - m additional 

"eigenvectors" must be used. These vectors are called gen¬ 

eralized eigenvectors and texts such as those by Chen, Nering, 

or Kwakernaak and Sivan present methods for finding them [Ref 

10:39-40, 11:118-127, 12:20]. In either case, a basis form¬ 

ed by the eigenvectors or generalized eigenvectors must be 

found in order to design a modal controller. For the prob¬ 

lem reported in this thesis, some of the eigenvalues of the 

open-loop system are repeated, but there are n linearly in¬ 

dependent eigenvectors associated with those eigenvalues and 

no generalized eigenvectors were required to form a basis. 

The remainder of this section deals only with this type ox. 

problem. 

Once the eigenvalues and eigenvectors of the system rep¬ 

resented by Eq (3) aie known, the mode composition of the 

autonomous system can be found. Consider the linear trans¬ 

formation 



x(t) * Uq(t) (6) 

When Eq (6) and its derivative are substituted into Eq (3), 

then che system can be represented by 

Uq(t) * MJq(t) (7) 

Since U is made up of n linearly independent vectors, it has 

an inverse, and Eq (7) becomes 

q(t) = U*1AUq(t) (8) 

or q(t) = Jq(0 (9) 

where J*UAU (10) 

and is of the form (for this problem) 

J — diag[Xi ,X2 ,... ,Ah»*h> • • • »*kl (i^-) 

Eq (9) is the Jordan normal form of Eq (3) and some of the 

elements on the diagonal of J are understood to be repeated 

as in Eq (11). In Eq (11), J is n x n, so there are n ele¬ 

ments on the diagonal. However, some of the eigenvalues 

such as Afo are repeated according to their individual multi¬ 

plicities. 

The individual homogeneous first-order differential 

equations of Eq (9) are of the form 

qi(t) = Aiqi(t) (12) 

and have solutions of the form 

qi(t) = qi(t0)exp(Ait) 
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where qi(t0) is the value of the i-th element of the initial 

condition vector q(t0) [Ref 9:8]. In turn, the homogeneous 

solution, or free response, of the system represented by Eq 

(3) can be found as 

x(t) = £ [exp(Xit)]ujViTx(0) (14) 
1*1 

where the v^^ row vector is the i-th row of the inverse of U 

[Ref 9:8]. In Eq (14) is found the dynamical mode descrip¬ 

tion which is required. The modes themselves are given by 

the expression [exp(Xit)]ui. As Porter and Crossley point 

out: "..., the 'shape' of a mode is described by its associ¬ 

ated eigenvector, ui, and its time-domain characteristics by 

its associated eigenvalue, Xi’...." [Ref 9:8]. 

With the equations required to find the eigenproperties 

and modal composition of the autonomous system presented 

above, the mode-controllability and mode-observability char¬ 

acteristics are now explored. For this discussion, the open- 

loop system given by Eq (1), less the disturbance term, is 

used: 

X(t) = Ax(t) + Bz(t) (15) 

Substituting in the transformation equation given by Eq (6), 

Eq (15) becomes 

q(t) * Jq(t) + Pz(t) (16) 

where P = U"1? (17) 

and P is called the mode-controllability matrix. 



Like the matrix B, the matrix P is n * r, but it has com- 

(J plex elements if any of the eigenvalues of A are complex. By 

inspecting the rows of P, the controllable modes of the open- 

loop system may be determined by the following rules: 

1) If the mode is associated with a non-repeated eigen¬ 

value, then that j-th mode is controllable by the k-th 

input, zjjt), if the k-th element of the j-th row of P 

is non-zero; i.e., pj^ t 0. 

2) If the mode is associated with a Jordan block in J, 

and the repeated eigenvalue Xj appears only in this 

block*, then that block is controllable by the k-th in¬ 

put if the k-th element of the row of P associated with 

the last row of the Jordan block is non-zero. Further¬ 

more, that block is partially controllable if the k-th 

element in the last row is zero but at least one of the 

remaining elements in the k-th column of the block of 

rows of P associated with the Jordan block is J is non¬ 

zero. The block is uncontrollable by the k-th input if 

all of the elements of that k-th column are zex“o [Ref 

9:47]. 

3) If the mode is associated with a Jordan block in J, 

and there are other Jordan blocks associated with that 

eigenvalue, Xj, then all of these blocks are considered 

collectively and they are "...controllable by the input 

vector z(t) if and only if all the rows of the mode- 

controllability matrix which correspond to the last rows 

* Porter and Crossley label these blocks as "distinct Jordan 
blocks" [Ref 9:47] . 
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of its constituent Jordan blocks are linearly indepen¬ 

dent : . . . " [Ref 9:49]. As a consequence, the minimum 

number of inputs required to control all of the Jordan 

blocks associated with a particular Xj is the same as 

the number of blocks [Ref 8:322]. 

An excellent illustration of these rules is provided by 

Chen [Ref 10: 192*194]. These three rules permit the design¬ 

er to determine the controllability of the modes of a system. 

This knowledge of controllability is required if the modes of 

the system are to be modified by a modal controller; that is, 

if a mode is to be modified by feedback, then it must be 

controllable. It is noted that in the problem used for this 

thesis, the controllability of all of the modes can be deter¬ 

mined by rules (1) and (3). 

Attention is now turned to the mode-observability of a 

system. Here, the transformation given by Eq (6) is substi¬ 

tuted into the output equation, Eq (2), to yield 

y(t) = RgiO (18) 

where R = CU (19) 

and R is called the mode-observability matrix. 

Parallel to the discussion of the mode-controllability 

matrix, it is noted that the mode-observability matrix con¬ 

tains complex elements if any of the eigenvalues of A are 

complex. Also, R is p * n, as is C. Furthermore, there are 

three rules for determining the observability of the modes, 

but here the columns of R are considered instead of the rows 
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of P, and the k-th output is of importance rather than the 

k-th input. Because the rules for determining mode-observ¬ 

ability are the dual of the rules for determining mode-con¬ 

trollability, the rules are not given here except rule 1) 

as an example: If the mode is associated with a non-repeated 

eigenvalue, then that j-th mode is observable in the k-th 

output, yjçCt), if the k-th element of the j-th column of R 

is non-zero; i.e., r^j j* 0. 

For the problem of modal control using linear feedback 

of the states, knowledge of mode-observability is of less im¬ 

portance than that of mode-controllability. Assuming all 

states are available, then in general, the ability to observe 

the modes in the output is required only to the extent neces¬ 

sary to insure that overall output specifications have been 

met. This is the case for the problem at hand, and thus in¬ 

formation on mode-observability is required. 

Selection of the Closed-loop Eigenvalues 

With the basic equations given above, the criteria that 

might be considered in the selection of a set of closed-loop 

eigenvalues are now discussed. Having found the eigenvalues 

and eigenvectors of the open-loop system, and having deter¬ 

mined the mode-controllability and mode-observability char¬ 

acteristics of the system, the eigenvalues which are to be 

modified can be assigned their closed-loop values. The se¬ 

lection criteria for the desired closed-loop eigenvalues may 

be based on stability requirements, on closed-loop damping 

requirements, on changing natural or damped frequencies, on 
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a requirement to cancel an open-loop zero of a transfer func¬ 

tion, or other reasons associated with a particular system. 

The open-loop eigenvalues associated with the observable and 

controllable modes are the poles of the open-loop transfer 

functions of the system, and relocation of these poles may 

be to the designer’s advantage. Whatever the specific cri¬ 

teria may be, however, the underlying requirement is that of 

shifting the eigenvalues to their new, closed-loop locations 

in the complex plane ”...in such a way that those prescribed 

eigenvalues are associated with the dynamical modes of the 

resulting closed-loop system" [Ref 9:2]. 

There are two basic problems in selecting the closed- 

loop eigenvalues. The first problem deals with the question 

of how they are to be selected, and the second deals with 

the limitations that must be realized in making the selec¬ 

tions. The method of first establishing design requirements 

or specifications and then translating them into a list of 

desired closed-loop eigenvalues is not, in general, discussed 

in the technical literature for large scale multi-output sys¬ 

tems. After a review of the literature, only two sources 

were found which dealt with the subject of how the closed- 

loop eigenvalues might be selected [Ref 13:89-92; 14:Chapter 

12]. The design of a modal controller requires the selec¬ 

tion of a set of desired closed-loop eigenvalues, and the 

designer must use his own judgment in applying the limited 

guidelines available in making the selection. The method 

used for this thesis problem is discusseu in Chapter III. 
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The second problem in selecting a set of eigenvalues 

0 has to do with the limitation of influencing only the eigen¬ 

value part of the closed-loop modal response of the system. 

Recall Eq (14) 

n 
x(t) = £ [exp(Xit)]uiViTx(0) (14) 

i = l 

where the modes of the system are given by the expression 

[exp(X¿t)]u¿. For the closed-loop system, these Xi's are the 

closed-loop eigenvalues. In effect, the designer is limited 

to directly influencing only the eigenvalues in his desire 

to achieve a satisfactory closed-loop system. The designer 

does not have direct control over the mode shapes (the eigen¬ 

vectors, Uj) which influence the overall time response. This 

is not to say that the mode shapes cannot be changed, but 

it does say that a series of designs by trial-and-error may 

be necessary. 

With the modal analysis equations previously stated and 

a list of selected closed-loop eigenvalues in hand, a modal 

controller design procedure must be found. The purpose of 

the procedure is to systematically determine the appropriate 

controller which shifts the eigenvalues and causes the closed 

loop system to meet the design specification. Numerous de¬ 

sign procedures are available in the technical literature, 

and several are presented in the text by Porter and Crossley 

[Ref 9:Chapter 6]. For this project, all but two of the 

available procedures were quickly eliminated for one reason 

or another. Of these two, one was the "dyadic modal control- 
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1er" design procedure given by Porter and Crossley. It was 

V.) initially selected as an appropriate procedure due to its 

ease of implementation and because it did provide some in¬ 

sight into the behavior of the open-loop system. However, it 

was ultimately rejected due to its reliance on a lack of in¬ 

herent coupling between system inputs (control surfaces in 

this case). That is to say, the dyadic modal controller de¬ 

sign procedure determines a feedback matrix which has the 

effect of changing the open-loop multiple-input system to a 

closed-loop single-inrat system with fixed "gearing" or ra¬ 

tios between input signals. For this procedure to work ef¬ 

fectively, there can be no existing inherent coupling or 

gearing between inputs. Unfortunately, the B-52 CCV model 

does reflect input coupling, both structurally and aerody- 

namically. Thus, the dyadic modal controller procedure was 

rejected. The other procedure which was initially consider¬ 

ed is the one which was used for this project. Porter and 

Crossley call this procedure the "multi-stage design proce¬ 

dure" and the theory of its use is presented next. 

The Multi-stage Modal Controller 

This section presents the theory behind the multi-stage 

design procedure and is based on material given by Porter and 

Crossley [Ref 9:92-93]. The procedure essentially treats 

the open-loop system as a series of single-input systems and 

is readily coded for computer-aided design work. 

For the multi-stage or sequentially-designed modal con¬ 

troller, the system equation Eq (15), is rewritten in summa- 
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tion form: 

X (t) = Ax (t) + JbiZi(t) (20) 

where the fci vectors are the columns of the open-loop control 

matrix. The sequential design procedure starts with the se¬ 

lection of a control law 

Zj (t) = kiTx(t) (21) 

based on using just one of the available inputs zj(t) to 

shift certain of the open-loop eigenvalues to new locations. 

This control law is then used to close a minor loop, so to 

speak, and a new system equation is formed 

r 

where 

x(t) = Ax (t) + ^¿iZitt) 

1 = WlT 

(22) 

(23) 

(24) 

The procedure is repeated sequentially until all of the 

eigenvalues are shifted. When the sequence is completed, 

the resulting closed-loop plant is 

A = A + ZbjkiT 

where I is the number of inputs used and bji is the control 

vector used for the i-th stage of design. This closed-loop 

plant has the desired eigenvectors. 

To use this multi-stage design technique, the problem 

becomes one of prescribing the closed-loop eigenvalues, of 

determining with inputs should be used to shift which eigen- 
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values, and of finding the vectors. The order of the use 

of the inputs is also a variable and should be considered. 

Porter and Crossley present an example of using the inputs 

in their numerical order in the input vector z(t) [Ref 9: 

92-93]. This may serve as a starting point and then other 

orderings can be tried if not satisfactory. 

Assuming the closed-loop eigenvalues have been selected. 

Porter and Crossley suggest inspection of the mode-control¬ 

lability matrix to determine which inputs to use for which 

eigenvalue shifts. Their inspection technique is to deter¬ 

mine the magnitudes of the elements in the P matrix which 

correspond to the eigenvalues to be shifted. If input #1 is 

to be used first, use it to shift those modes where the lar¬ 

gest of the elements in a row of the array of magnitudes ap¬ 

pears in the first column (the rows being considered are the 

same as the rows corresponding to the eigenvalues to be 

shifted)[Ref 9:92-93]. With these decisions made, the con¬ 

trol law for the first input can be found. 

To determine the control law, a single-input feedback 

vector is required and is given by 

m 
IT (ok - m IT 

m 
(25) Pi ÏÏ (*k - 

k/j 

where (1) i is the number of the stage being designed, (2) 

m is the total number of eigenvalues to be shifted, (3) 

is the value of the k-th desired closed-loop eigenvalue at 
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this point in the design, (4) Xj is the value of the j-th 

O current open-loop eigenvalue, (5) vj^1^7 is the j-th row of 

the IT1 matrix associated with the i-th stage of the design, 

and (6) pi is the scalar product of Vj^)7 and bi*. 

Pi-VjCUTbi (26) 

For the first iteration of the design then, the eigen¬ 

values of the open-loop plant and the eigenvalues of the 

plant given by Eq (23) for j = 1 are the same except for the 

eigenvalues to be shifted by the first input. Also, the 

VjU) vectors are based on the original open-loop plant and 

its associated IT1 matrix. Furthermore, the value of Vi 

will depend on vj(^) and on the column of B associated with 

the input being used, and is determined from Eq (26). All 

O 0f these parameters are updated at each stage of the design. 

For example, for the second stage, the "open-loop" eigen¬ 

values (the Xj's) will be the same as the eigenvalues just 

found for A of Eq (23), and the eigenvalues for the plant 

given by Eq (24) for il = 2 (the pk’s) will be the same as 

the eigenvalues of A except for the eigenvalues to be shifted 

by the second input. Similarly, the VjC2) vectors are also 

based on the inverse of the modal matrix associated with the 

plant represented by Eq (23). 

The mode-controllability matrix is also updated at each 

stage. For the second stage, the revised inverse of the mo¬ 

dal matrix is used, but only the remaining r-1 columns of B 

are considered. At the same time, only those rows of P cor- 



responding to the yet-to-be-changed eigenvalues are inspected 

for relative magnitudes. From these magnitudes, the second 

input to be used is selected, and the entire design proce¬ 

dure is repeated until all of the eigenvalues are shifted. 

An excellent example of this procedure is provided by Pai, 

et. al. [Ref 13]. 

When the designer completes the final iteration of his 

design, it is ready to be tested to see if it meets the de¬ 

sign specification. If it does not, then the design may re¬ 

quire reiterating with a different set of prescribed closed- 

loop eigenvalues, or with a different ordering of the sequence 

in which the inputs are used. As with most all of the var¬ 

ious modal controller design techniques, the multi-stage mo¬ 

dal controller provides an infinity of design choices. For 

the multi-stage modal controller, the choices to be made are 

between the lists of eigenvalues and the lists of input se¬ 

quences. Figure 3 illustrates the multi-stage design in 

block diagram form. 

Testing the Design 

When the design of the modal controller has been select¬ 

ed, with a feedback matrix or set of feedback vectors having 

been found, the closed-loop system is tested to show that it 

does or does not comply with the design specification. In 

general this means that system responses to prescribed input 

signals are to be found and compared with similar responses 

for the open-loop system. For this thesis project the inputs 

were in the form of random gust disturbances, random pilot- 
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Fig. 3. Multi-stage Modal Controller 
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induced elevator disturbances, or step elevator disturbances, 

o The outputs were the sensed accelerations, sensed pitch rates, 

calculated stresses induced by the disturbances, or control 

surface deflections and deflection rates. In addition, the 

closed-loop system must exhibit minimum levels of phase mar¬ 

gin and gain margin as stability considerations. The ques¬ 

tion then becomes: How is the system to be tested? This 

section provides answers to that question. 

To be more specific, this section presents the three 

different methods that were used in this project to test the 

closed-loop system. First, for the responses to random gust 

or pilot-induced disturbances, a covariance analysis was 

used. Second, to check the system response to a step eleva¬ 

tor response, transfer function analysis was used. Third, 

to check the stability of the control loops, a frequency re¬ 

sponse analysis was made. The theory and methodology behind 

each of these methods is now presented. 

Covariance Analysis. To determine the response of the 

closed-loop system at various body and wing stations to ran¬ 

dom inputs, a covariance analysis is used. For a zero-mean, 

Gaussian, white noise input, which is the type of random in¬ 

put considered here, a covariance analysis can determine the 

rms values of the states of the system. In turn, linear com¬ 

binations of the states are formed as transformations of the 

states into sensor outputs, stresses, or control surface de¬ 

flections and deflection rates. The following discussion 

provides more detail for such a covariance analysis. 
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First, the state equation, Eq (1) is recalled: 

O ui x(t) = Ax(t) + Bz(t) + Hn(t) 

For this thesis, n(t) consists of two different disturbances, 

either n^t) or n2(t), where rijCO is defined as an 8 fps 

rms random gust, and n„(t) is defined as a 0.1 rad rms ran¬ 

dom pilot-induced elevator deflection. Also, these distur¬ 

bances are considered individually; that is, one disturbance 

is present at a time. Therefore, E{n (t)n (t+T )} = Efr^Ct) 

ni (t+r)} = Qjdt-r) with Qj = (8)2, or E(n(t)n (t+x)} = E{n2(t) 

n2 (t+x)} = Q2d(x) with Q2 = (0.1)2 Finally, the input vector 

z(t) is assumed to be zero for the analysis. Eq (1) then re¬ 

duces to the single-input linear differential equation given 

by 

X ( t ) = Ax(t) + hn(t) (27) 

where h is the appropriate column of H for n(t) = n^t) or 

n(t) * n2(t). 

A proper solution to Eq (27) can be obtained by consid¬ 

ering it a notational variation of the stochastic linear dif¬ 

ferential equation: 

(28) dx(t) = Ax(t)dt + hdß(t) 

In Eq (28), dß(t) is the differential of a scalar Brownian 

motion process, and B(t), the Brownian motion, is said to 

have diffusion strength Q(t), corresponding to the white 

noise strength described previously. The solution of Eq (28) 

is known and can be shown to have the form 
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(29) x(t) = Ht,t0) x(t0) -/1 i(t,T)h de(T) 
to 

where is the state transition matrix. 

At this point, two basic approaches to using Eq (29) to 

determine x(t) can be used: A Monte Carlo approach which de¬ 

velops individual process samples that can be averaged to ob¬ 

tain statistical characteristics, or a covariance analysis 

which yields the rms values of the states for a rms distur¬ 

bance; the latter approach is used. From Eq (29), the "ex¬ 

pected" or "mean" value of the states for the system becomes 

E(x(t)} = $(t,t0) E(x(to)} + E{/%(t,x) h dß (t )} (30) 
o 

and the mean square is written as 

E{x(t)xT(t)} = E{x(t0)xT(to)} fT(t,t0) 

+/t 4>(t,x) h Q(x) hT<I>T(t,x) dx (31) v 

The integral on the right hand side of Eq (31) is now an or¬ 

dinary integral. 

Under the premise of zero-mean noise and zero mean x(t0), 

the covariance matrix is written as 

Px(t) = E{x(t)xT(t)} (32) 

For t - t0, Eq (32) becomes 

Px(t0) = E{x(t0)xC(t0) ) (33) 

Using Eqs (32) and (33), Eq (31) becomes 

Px(t) = H t,to ) Px(te) $T( t,to ) 

+ / $(t,x) h Q(X) hT f(t,x) dx (34) 
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At this point, it is noted that if x(t0) is known ex¬ 

actly, or is a Gaussian random variable, then the solution to 

Eq (28) is a Gaussian process where the mean and covariance 

completely determine the density function of x(t). That is, 

the rms values of the states as a function of time can be de¬ 

termined as the square roots of the diagonal elements of 

To obtain the covariance matrix, the system is observed 

at fixed intervals of time, AT. Then 4>(ti + AT, t¿) is a 

fixed matrix, which is evaluated once to give 

Hti + AT, ti) = $ = exp [A(AT) ] (35) 

Furthermore, the integral on the right of Eq (34) is also 

evaluated once to give 

ti+.'T 
W = /*.«Ht,!:) hQ(x) hT$T(t,T) dx 
- 11 ~ ~ -- 

(36) 

where Q(x) is fixed for the specific disturbance considered 

here. Finally, the covariance matrix, Px^,,) is zero since 

x(t0) is zero and Eq (33) holds. Substituting Eqs (35) and 

(36) into Eq (34) yields 

Px(ti) = W (37) 

and 

Px(ti+1) = <tPx(ti) + W (38) 

where Eq (38) is a linear difference equation. On an itera¬ 

tive basis then, Pv(ti+i) can be calculated. In turn, the 

rms values of the states are found by determining the square 



roots of the diagonal elements of Px(ti+i): 

Xj (t *!) = [Pxiiin.l)]172 (39) 

For this thesis project, certain of the specification 

parameters are stated in terms of the rms values of specific 

states. When this is true, those states can be evaluated 

directly from Eq (29). Certain other specifications are 

stated in terms of the rms values of the system outputs, 

yRMS(t)• When this is the case, Eqs (37) and (38) must be 

extended. The mean square of the output vector is 

E(y(t)yT(t)}. Using the relationship of Eq (2) yields 

E{y(t)yT(t)} = E{[Cx(t)][Cx(t)]T} (4o) 

or E{y(t)yT(t)} = C E{x(t)xT(t)}CT (41) 

Substituting Eq (32) into Eq (41) and taking the square root 

gives the desired result: 

Yj = {diag[C Pxtti.ilcT]}172 (42) 
RMS 

Eq (42) can be generalized to cover other measurements in ad¬ 

dition to sensors. These measurements could be internal 

structural stresses or most any other "output" which from a 

deterministic standpoint can be represented in the form of 

Eq (2). The specific manner in which this covariance analy¬ 

sis was used for this project is discussed in Chapter III. 

Transfer Function Analysis. The previous subsection pre¬ 

sented a development of covariance analysis for use in de¬ 

termining the response of a system to stochastic (random) 
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disturbances of a special type. This subsection and the 

next present developments of two types of analysis for use 

in determing the response of a system to deterministic 

(analytic) disturbances. This subsection gives the equations 

necessary to obtain the system transfer matrix, G(s) in par¬ 

tial-fraction expansion form, and in turn to obtain the sys¬ 

tem output equations as functions of time for unit step-in- 

put disturbances. 

Consider the state equation which represents a system 

with only analytic disturbance inputs: 

x(t) = Ax(t) + Hn(t) (43) 

The output equation remains y(t) = Cx(t). The Laplace op¬ 

erator notation is adopted and Eq (43), when transformed, 

becomes 

sX(s) = AX (s) + Hn(s) (44) 

where zero initial conditions are assumed. Further manipu¬ 

lation yields 

X(s) = [si - A]"1Hn (s) (45) 

where the matrix [si - A] is assumed to be non-singular. 

The Laplace transform of the output equation is 

Y(s) = C X(s) (46) 

Combining Eqs (45) and (46) gives the usual transfer matrix 

representation of the system: 
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YCs) , 
G(s) = ^- = C [si - A] 1 H (47) 

n(s) ---- 

Unfortunately, this form of the system transfer matrix is 

difficult to handle on the computer, therefore a similarity 

transformation is performed. 

Consider the term [si - A]'1 which is commonly called 

the resolvent matrix and appears on the right side of Eq 

(47). Using the identity 

U U'1 = I (48) 

Eq (10) is rewritten as 

A = U J U 1 (49) 

Substituting Eqs (48) and (49) into the resolvent matrix and 

rearranging terms gives 

[si - A]'1 = [U(si - JiU'1]'1 (50) 

Using the identify (EG) 1 = G 1 F 1, Eq (50) becomes 

[si - A]'1 = U [si - J]'1 U (51) 

Substitution of Eq (51) into Eq (47) yields a more useful 

form of the transfer matrix: 

G(s) = C U [si - J]'1 U'1!! (52) 

Using Eq (19) and the definition T »U1!!, Eq (52) can be mod¬ 

ified to a form which is easily coded for computer-aided 

transfer function analysis, especially when J is a diagonal 
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matrix. Then Eq (52) becomes 

G(s) = R [si - J] T (53) 

-1 where [si - J] is of the form 

[si - J] 

s - X 
1 1 

s - X, 

s - Xh 

s - Xh 

s - Xk 

(54) 

and where for the problem in this thesis, there are no ones 

on the super-diagonal of Eq (54) , but some of the diagonal 

elements are repeated [Ref 15:259-260). 

Consider that the elements of R are r^j and the elements 

of T are tjj . Multiplying-out the right hand side of Eq 

(53) yields a p * m transfer matrix of partial-fraction ex¬ 

pansions whose elements are of the form 

Yi(s) 

ïïjm = G3i(5) 
i*ij Ui 

s - X. 

r2j tÍ2 ^ rnj tin 
s - X, (55) 

An inspection of Eq (55) reveals that the right hand side is 

the sum of n first-order terms, with some of the terms hav- 
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ing identical denominator factors where there are repeated 

eigenvalues. It is also seen that the numerators of the in¬ 

dividual terms are scalar products of the appropriate elements 

of the R and T matrices, and these scalars are in fact the 

residues of the poles of the transfer functions; they are 

also commonly known as the coefficients of the partial-frac¬ 

tion expansion terms. The terms with identical denominators 

can be combined to complete the partial-fraction expansion 

process and Eq (52) becomes 

Gji(s> = 11*1 i—tí 

k 

I. AJl 
(56) 

where = rj^t^ if is not repeated, or = rjhthi + 

rj (h + 1) + 1) i + • • • + rj(h + g -1) ^h + g - I)1 i£ 

\£ = Xft and Xjj is a repeated value of multiplicity g. 

To complete the time response calculations, Eq (56) may 

be multiplied by the Laplace transform of the unit-step in¬ 

put to yield the output equation in Laplace form for XÄ ^ 0: 

Bj, 

Vi(5) * ? + £ (57) 

where, in general, the A¿'s of Eq (56) are not the Bj,'s of 

Eq (57). The inverse-Laplace transform of Eq (57) gives the 

desired output as a function of time. 

Í y.(t) =6+^ Bfl, expfXfct) (58) 

The solution of Eq (58) for the range of values of t that 

are of interest gives the output at that time. Eq (58) also 

shows that the steady-state value of y^t) is B if all the 
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Xj^'s have negative real parts. This concludes the develop¬ 

ment of the equations which may be used to obtain the time 

response of the system to an analytic input using transfer 

functions and the inverse Laplace transform. 

Frequency Response Analysis. The previous two subsec¬ 

tions present the theory used in this thesis for covariance 

analysis and transfer function analysis. This subsection 

concludes the material on testing the design by presenting 

the theory for obtaining frequency response information about 

the closed-loop multi-stage modal controller system. 

The open-loop system equation is recalled: 

x(t) = Ax(t) + Bz(t) (15) 

For the multi-stage modal controller problem, Eq (15) was 

rewritten as Eq (20): 

x(t) = Ax(t) + ^ biZitt) (20) 

For the closed-loop system, the plant was found as Eq (24): 

^ = 6 + íl bjibiT (24) 

The closed-loop system is illustrated in Fig. 4a. 

For the frequency response of one control loop, that 

loop is broken and the "signal" from the particular gain vec 

tor, kj1T, is routed to an external point for measurement. 

Simultaneously, the path for that input which goes through 

the corresponding control vector, bg, is used as an input 

path for the incoming sinusoidal signal. This concept is 
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Fig. 4. Block Diagrams for Frequency Response 
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illustrated in Fig. 4b. 

O With the control loop of interest broken as in Fig. 4b, 

Eq (24) can be reformulated as 

A = Afr + bgkhT (59) 

where Afr is the plant matrix of the system shown in Fig. 

4b, and bg is the control vector and khT is the gain vector 

of interest. Rearranging Eq (59) and substituting it into 

Eq (20) gives the desired form of the state equation for a 

frequency response evaluation: 

x(t) = Afrx(t) + bgZg(t) (60) 

The output equation is written as 

( j Zg(t) = kh^fb) (61) 

Next, a modal analysis of Afr is performed and the eigen¬ 

values, the modal matrix, and the inverse of the modal matrix 

are found. Using the Laplace operator and the form of Eq 

(49), the transfer function for the ratio of the output 
/\ 

Zg(s) to the input Zg(s) becomes 

G(s) = khTyfrtsJ - Jfi-r'Ufrbg («) 

where Jfr is the Jordan normal form of Afr and is diagonal. 

The transfer function, G(s), appears in partial-fraction ex¬ 

pansion form and has as many terms as there are distinct 

eigenvalues with non-zero residues. Hence Eq (62) can be 

written in the form 
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+ . . + R* 
• S - Xk (63) 

G(s) 

where some of the residues, Rj, may be zero. In addition, 

the residues will be complex if the corresponding eigenvalue, 

Xj, is complex. Substituting jw = s into Eq (63) gives 

G(jw) —-»- 

+ JO) 
+ 

Rk 
"■^k + 

(64) 

Using values of w of interest, Eq (64) can be solved to yield 

magnitude and phase data. From this data, log-magnitude and 

phase information is obtained to determine gain margins and 

phase margins for the control loop so evaluated. Selection 

of other control loops with their associated control and 

gain vectors permits a frequency response analysis to be per¬ 

formed for any of the control loops of the multi-stage modal 

controller. 

It should be explained that the above technique does not 

yield useful information about the open-loop system which 

does not have any feedback paths. Furthermore, useful in¬ 

formation about other types of controllers, modal or other¬ 

wise, is not obtainable by this method unless those control¬ 

lers have specific gain vectors fed back to each individual 

controller. The above method is limited to those systems 

which can be expressed in the form of Eq (20) and subsequent¬ 

ly in the form of Eqs (61) and (62) . The use of this fre¬ 

quency response analysis is presented in Chapter III. 

This second chapter has presented the theory of modal 

control as applicable to this thesis project. Specifically, 



the subjects of modal analysis, closed-loop eigenvalue selec 

O tion, multi-stage modal controllers design, and system test¬ 

ing have been addressed. The next chapter presents the use 

of this material when applied to the B-52 CCV. 

i ; 
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III. A Modal Controller for the B-52 CCV 

The purpose of this chapter is to present the details 

of a modal controller design for control of the B-52 CCV. 

The state-variable model for this aircraft is mentioned in 

Chapter I, and now the results of evaluating that model via 

the theory presented in Chapter II are presented. This chap¬ 

ter essentially proceeds in the same order as Chapter II 

following a discussion of the system specification in the 

first section. In the second section, the results of the 

modal analysis are given, and in the third, a set of desired 

closed-loop eigenvalues is determined. The fourth section 

presents the design decisions relative to finding a multi¬ 

stage modal controller, and the fourth section presents 

specific details on the testing of the system. Since this 

design project relied heavily on digital computer calculations, 

each of these four sections refers to the computer program 

codes given in Appendix A as the use of the programs arise 

in the discussion. Once the basic design for the controller 

is completed, the responses of this system are compared in 

Chapter IV with those of the aforementioned optimal design. 

The System Specification 

The modal controller that was designed for this thesis 

project was intended to meet the same specified requirements 

as the longitudinal-axis optimal controller designed by the 

AFFDL CCV ADPO. Since this project included only the longi¬ 

tudinal-axis, the lateral requirements were deleted from the 



optimal Controller specification. The resulting longitudinal 

axis controller specification is presented in Appendix B to 

this thesis report. 

To summarize, the specification requires the achieve¬ 

ment of reduced vertical accelerations at the crew station 

and tail and reduced vertical stresses at six body and wing 

stations for rms gust inputs. In addition, rigid-body pitch 

rate responses for a step elevator input are to be within 

certain bounds, and the stability of the control loops is to 

meet 6 db gain margins and 60° phase margins. Also, for 

rms gust and elevator inputs, the surface displacements and 

rates are to stay within prescribed bounds. Finally, the 

controller is not to change the natural frequencies of the 

structural modes by more than 101, nor to degrade the damp¬ 

ing ratios of the structural modes by more than 10%. The 

reader is referred to Appendix B for specific details on the 

system specification. 

Modal Analysis of the B-52 CCV State-variable Model 

The state-variable model used for this thesis was the 

same as that used by the CCV ADPO for their optimal control¬ 

ler design study. As the first step in determining a modal 

controller design following the completion of the system 

specification, a modal analysis of the model was performed. 

As pointed out in Chapter II, the purpose of the modal analy¬ 

sis is to determine the eigenproperties of the system along 

with its mode-controllability and mode-observability char¬ 

acteristics . 
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The model for the state-variable representation of the 

CJ system is in the format given by Eqs (1) and (2). There are 

39 states as listed in Table I and the plant matrix A is 39 

X 39. Although specific data for the plant is not provided 

herein (see footnote, p. 8), an illustration of the distribu¬ 

tion of the non-zero elements is given in Fig. 5. From this 

figure, it is seen that the plant matrix is sparse and that 

certain of the eigenvalues of the matrix could be determined 

by inspection, or by partitioning and subsequent analysis 

of the smaller blocks: this feature can serve as a check in 

some of the calculations. As for the system inputs, there 

are five as listed in Table I, and hence the control matrix, 

B, is 39 X 5. All of the elements of this matrix except ten 

are zero; the locations of these ten are shown in Fig. 5. 

The number of disturbance inputs as given by Table I is two, 

and the disturbance matrix, H, is 39 x 2. There are just 

two non-zero elements in H, and their locations are also 

shown in Fig. 5. Finally, there are ten outputs as listed 

in Table I, and the output matrix, C, is 10 x 39. The dis¬ 

tribution of non-zero elements in C is also illustrated in 

Fig. 5. With this orientation, the following modal analysis 

was performed. 

Eigenanalysis of the Plant Matrix. Proceeding as in 

Chapter II, the eigenproperties of the plant matrix, A, are 

determined. The set of computer-coded eigenanalysis programs 

under the library name EISPACK was used via the EISPACK dri¬ 

ver RGEIG. The EISPACK programs are a set of routines deve- 
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loped by the Argonne National Laboratory, and consist of 34 

separate subroutines for use in eigenanalysis [Ref 16]. A 

call to the driver RGEIG causes certain of the routines to 

automatically be attached for use in the eigenanalysis of 

real general matrices. In this one call, the complete list 

of eigenvalues are calculated, as is the modal matrix U which 

is made up of the eigenvectors of A. Further details on the 

use of EISPACK in general and RGEIG in particular are given 

in Appendix Al. 

At this point in the analysis, the open-loop eigenvalues 

are known and are listed in Table II. From Table II it is 

noted that all of the eigenvalues have negative real parts. 

Whether it is controllable or not, the system is seen to be 

stable in the open-loop case. Next it is seen that there are 

26 distinct, non-repeated eigenvalues. There are also three 

repeated eigenvalues, two with geometric multiplicity 2 and 

one with geometric multiplicity 5 [Ref 11:107]. 

In ascending order, all 39 eigenvalues can be attribu¬ 

ted to specific modal sources. The first 12 eigenvalues are 

seen to be 6 complex pairs and these are associated with the 

6 structural modes included in the model. In order of ap¬ 

pearance, these are the 12th, 7th, 8th, 5th, 2nd, and 1st 

symmetric bending modes. The next complex pair of eigen¬ 

values is associated with the short period mode. Eigen¬ 

values 15 through 20 are the eigenvalues associated with the 

six real flexible Wagner modes, one mode for each structural 

mode. The five eigenvalues 21 through 25 are associated 
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with five of the six modes of the wind model. The sixth 

eigenvalue of the wind model is listed as No. 38 and a block 

diagram of the wind model is given in Fig. 6. This model 

provides a distribution of gust inputs to three longitudinal 

body stations, with each input delayed in time from nose to 

tail. Eigenvalues 26 and 27 are a complex pair and they are 

associated with the modes of the vertical-velocity model, 

state x26, and the patch-rate model, state x27. Eigenvalues 

28 and 29 are the first set of repeated eigenvalues, and 

they are associated with the elevator and flaperon actuator 

modes. Eigenvalues 30 and 31 are the second set of repeated 

eigenvalues and are associated with the inboard and outboard 

aileron actuator modes. Eigenvalue 32 is associated with the 

horizontal canard actuator mode. Eigenvalues 33 through 37 

are the third set of repeated eigenvalues and are associated 

with the modes of five washout filters of the form there 

is one filter for each actuator. Finally, the 39th eigenvalue 

is associated with the mode of the model for pilot elevator 

commands. 

As a final comment on the eigenvalue list, the damping 

of the six structural modes is seen to be quite low. All 

have ç's of less than 0.15 and four of them (modes 5, 7, 8, 

and 12) have ç's of less than 0.05. 

Since part of the B-52 CCV control problem is one of 

controlling structural displacements in turbulence, it may 

be necessary to control these modes, as is shown shortly. 

However, first the system's mode-controllability character- 
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istics must be determined. 

Mode-controllability Characteristics . To determine the 

mode-controllability characteristics of the system, the mode- 

controllability matrix P must be found. For this, the sys¬ 

tem representation given by Eq (15) is used. The inverse of 

the modal matrix, namely U_1, is required and must be calcu¬ 

lated. This inverse can be found by any of a number of 

readily available complex matrix inversion routines. The 

routine used for this thesis project is called MINVC and is 

available in the AFITSUBPROGRAM library of routines. Fur¬ 

ther details of MINVC are given in Appendix A2. Using the 

routine MCRM as given in Appendix A3, the product P = U B 

is determined and the mode-controllability characteristics 

can be discussed. 

A computer print-out of the matrix P is provided as 

Table III. Using the rules given on pp 22 of Chapter II, a 

quick study of Table III reveals that all of the first 20 

modes are controllable by any of the inputs. Next, modes 21 

through 27, are seen to be uncontrollable. This might be 

expected since these modes are a function of the wind, ver¬ 

tical-velocity, and pitch-rate model's and not of the air¬ 

craft model itself. These seven modes arise from attempts 

to model physical realities in the B-52 CCV flight environ¬ 

ment at 2,000 ft. and 330 KCAS. Modes 28 through 37 are con 

trollable but only by single, specific inputs; this is expec 

ted since these modes are attributed to the washout filters 

and time-constants of specific actuators. Finally, modes 38 

and 39 are seen to be uncontrollable. This also is expected 
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since these modes arise from the uncontrollable disturbances 

of wind-induced turbulence or pilot-induced elevator oscil¬ 

lations. In conclusion, the 14 modes which may have to be 

controlled are indeed controllable and are controllable by 

any of the inputs. 

Mode-Observability Characteristics- Now that the mode- 

controllability characteristics are known, the mode-observa¬ 

bility characteristics are discussed. First, the mode-ob¬ 

servability matrix, R, as given by Eq (19) is calculated 

from the product C U using the routine MRCM (see Appendix 

A3). Due to its size in printed form as a 10 x 39 complex 

matrix, R is not reproduced herein. In passing however, it 

is noted that all but modes 26 and 27 are observable when R 

is evaluated in accordance with the dual of the rules given 

on pp22 of Chapter II. The reason for this is that these two 

modes are excited only by elevator disturbances which are 

not considered as inputs when calculating the mode-observa¬ 

bility matrix. The fact that these two modes are not obser¬ 

vable is of no consequence however, since these two modes 

or states - have no influence over any other modes as seen 

in A in Fig. 5, rows 26 and 27, and columns 26 and 27. 

Determination of the Closed-loop Eigenvalue^ 

For this thesis project, the locations of the closed- 

loop eigenvalues was determined in the following manner. 

First, the list of eigenvalues to be shifted was determined, 

and then the specific closed-loop values were found. 

of the list of eigenvalues to be shif The determination 



ted was based on (1) the results of the modal analysis and 

an inspection of the system outputs relative to the control¬ 

lable and observable modes, and (2) the performance specifi¬ 

cation. From the modal analysis it was seen that all of the 

first 20 modes are controllable by any of the inputs and 

that all of modes 28 through 37 are controllable, but each 

by only a specific input. Furthermore, all of these modes 

are observable in any of the ten sensor outputs. Hence, a 

shift of any of the eigenvalues of these modes should be re¬ 

flected in the outputs, since these modes are controllable 

and observable. 

The specific nature of the outputs is also of interest. 

All of these outputs are sensed outputs, such as body and 

wing station accelerations or pitch rates. In particular, 

the reduction of accelerometer readings by 301 at BS172 and 

BS1655 without more than a 5¾ increase in the accelerometer 

reading at BS860 is required. These readings are primarily 

influenced by the excitation of structural modes. Consider 

also the requirement to reduce the vertical stresses at six 

wing, body, and horizontal-tail station locations: BS475, 

BS760, BS1412, WS222 , WS974 , and HT56. These stresses are 

basically linear combinations of the states for structural¬ 

mode rates and displacements, flexible Wagner modes, control 

surface positions, and wind model inputs [Ref 7:5,32-34, 

53-54,65-68]. These stresses are also influenced by the ex¬ 

citation of structural modes. Finally, the requirement to 

have the pitch rate response to a step elevator disturbance 
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fall within the '’bounds" of Fig. B1 of Appendix B is consid- 

O ered. Achievement of this specification may require shifts 

in the short period eigenvalues. In summary, the list of 

eigenvalues to be shifted consists of the 12 eigenvalues as¬ 

sociated with the structural modes, and the two eigenvalues 

associated with the short period mode. 

The question now is: By how much should the first 14 

eigenvalues be shifted: Or equivalently: Where should the 

closed-loop eigenvalues be located? The answers to these 

questions lie in part in the restriction of para 1.4 of the 

specification, and also may be determined from an intuitive 

review of simple slender beam theory. 

First, paragraph 1.4 of the system specification re¬ 

stricts the relocation of the structural mode eigenvalues to 

less than a 101 change in natural frequency and limits the 

degradation of structural mode damping to 10%. Although 

from a positive viewpoint this means that damping can be in¬ 

creased by any amount, the more the damping is increased, 

the larger the feedback gains must be. Too large an increase 

may require too much control authority and prohibit the sys¬ 

tem from meeting the requirements of specification paragraph 

1.3. 

On the other hand, simple slender beam theory says that 

in order to reduce the displacements of a mode of a vibrating 

slender beam, either Young's modulus should be increased or 

the moment of inertia should be increased, or both [Ref 17: 

172-184]. The B-52 CCV fuselage and wing can intuitively be 
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thought of as slender beams. Thus, increasing Young's modu¬ 

lus or the moment of inertia or both is essentially the same 

as artifically increasing the damping or the natural fre¬ 

quency, or both, of a structural mode. This is the basis 

upon which the eigenvalues of the structural modes are re¬ 

located. 

Attention is now given to the short period mode and the 

shifts of its two associated eigenvalues. Table II shows 

that the short period mode has a damping ratio of 0.648 and 

a natural frequency of 2.502 rad/sec. Although these values 

are quite satisfactory for most aircraft such as the B-52, 

it is also noted from Table II that the short period eigen¬ 

values are among the roots closest to the origin. Thus, it 

is assumed that their location plays a dominant role in the 

aircraft response after most of the higher frequency transi¬ 

ents have died out. In particular, an increase in the damp¬ 

ing will reduce overshoots in the aircraft pitch rate re¬ 

sponse to a step elevator disturbance. At the same time, 

the natural frequency will affect the mode by reducing the 

settling time if the frequency is increased, and will in¬ 

crease the settling time if the frequency is reduced. In 

light of this situation and that posed by Fig. B1 of Appen- 

dix B, a preliminary analysis of the 0815(s)/6ec(s) transfer 

function was performed for: (1) no change in the short per¬ 

iod roots, (2) increased damping and increased natural fre¬ 

quency of the roots, and (3) increased damping and reduced 

natural frequency of the roots. The second combination, with 
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3.34 rad/sec was found to provide a çsp = 0.80 and u>nsp = 

satisfactory level of dominancy of the short period mode in 

the pitch rate response. The corresponding eigenvalues for 

the closed-loop short period mode are selected for inclusion 

in the prescribed list. 

To summarize this discussion of how the list of closed- 

loop eigenvalues were selected, Fig. 7 illustrates the re¬ 

strictions of paragraph 1.4 of the specification when ap¬ 

plied to the complex plane, and Fig. 8 shows the open-loop 

and the prescribed closed-loop eigenvalue locations. The 

specific values for each of these sets is given in Table IV. 

Design of a Multi-stage Modal Controller 

Having performed the required modal analysis, and having 

found a set of desired closed-loop eigenvalues, the multi¬ 

stage design procedure is used to determine the gains for a 

modal controller. According to the procedure given in Chap¬ 

ter II, the first step is to inspect the magnitudes of the 

terms of the mode-controllability matrix (labelled as magPj) 

to determine which input should be used to shift which set of 

eigenvalues. The magP1 matrix is displayed in Table V. 

In Table V, the largest term in each of the first 14 

rows is boxed to show which is the dominant input to control 

that mode. If the elevator is chosen as the first input to 

be used, then the eigenvalues of modes 1, 2, 3, 4, 7, 8, 13, 

and 14 are shifted first. Assuming satisfactory results can 

be achieved by first using the elevator, the feedback vector, 

kj is found from Ea (25). 
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--35 

Note 1 

Note 2 

Eigenvalues are 
shifted in complex 
conjugate pairs. 

Numerical data for 
pole locations is 
given in Table IV. 
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Fig. 8. Locations of shifted Open-loop and Closed-loop 
Eigenvalues in Third Quadrant of Complex Plane. 
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Table IV 

Open-loop and Closed-loop Structural 

Mode and Short Period Mode Eigenvalue 

Locations with Natural Frequencies and Damping Ratios 

(a) Open-loop Data 

Nat Freq Damping 
Mode Eigenvalues (RPS) Ratio 

1st Structural -0.88±j 6.10 6.167 0.143 

2nd Structural -1.49+J12.57 12.654 0.118 

5th Structural -0.45±jl5.05 15.055 0.031 

7th Structural -0.92±j19.24 19.261 0.048 

8th Structural -0.26±jl9.57 19.571 0.013 

12th Structural -1.15±j38.02 38.037 0.030 

Short Period -1.62±jl.905 2.501 0.648 

(b) Selected Closed-loop Data 

1st Structural -2.68±j 6.7 7.216 0.371 

2nd Structural -5.56±jl3.9 14.971 0.371 

5th Structural -6.06+J15.2 16.363 0.370 

7th Structural -5.82±jl9.4 20.254 0.287 

8th Structural -3.94±jl9.7 20.090 0.196 

12th Structural -7.68±j38.4 39.160 0.196 

Short Period -2.67+J2.00 3.336 0.80 





Using the feedback vector, kj, the first loop is closed 

and a new, interim state equation is found from Eq (23). 

The new mode-controllability matrix, P2, is found from a mo¬ 

dal analysis of the new interim system, and the magnitude 

of its terms are inspected. The new magP2 matrix is given 

in Table VI. 

At this point, the boxed terms of Table VI show that 

only the outboard ailerons and the horizontal canards are re¬ 

quired to shift the remaining six eigenvalues. In the order 

of presentation, the outboard aileron is chosen as the sec¬ 

ond input to be used in the multi-stage design. 

As before, Eq (25) is used to find the next feedback 

vector, k2. In turn, another interim state equation is for¬ 

med, a modal analysis is performed, and the mode-controlla¬ 

bility matrix P3, is determined. The magP3 matrix is given 

in Table VII. The final feedback vector, k3, is then found 

and the closed-loop plant matrix is obtained from Eq (24). 

A modal analysis of this plant can be performed and the lo¬ 

cation of the closed-loop eigenvalues can be confirmed. 

Fig. 3 shows the closed-loop system with the feedback paths 

obtained in the multi-stage design procedure. 

To complete the data presented here, a list of the 

three feedback vectors is given in Table VIII and a list of 

the closed-loop eigenvalues is given in Table IX. The 

closed-loop system can now be tested for compliance with 

the specification and for comparison with the open-loop sys¬ 

tem and the AFFDL optimal design. First however; the com- 
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Table VIII 

THE MOOAL CONTROLLER 

ELEVATOR FLAPEPON IN0n 

.56f>RTE-03 0. 0. 

.51061 0. 0» 

.40877E-0? 1. 0. 
,T3?65 D. 0. 
1.71P9 T. 0. 
.41102 0. 0. 
.42549 n. 0. 
.52280 0. 0. 
.45328E-01 0. 0. 
1. 0252 0. 0. 
21.11T 0. P. 
26.611 0. 0. 
.99625 0. 0. 
7.2132 H. 0. 
.44892 0. 0. 
,45578 0. ^ 
.21342 0. 3. 
.85967 0. 0. 
.17905 0. 3. 
-.46171 0. 0. 
-.73814 0. 0. 
.48386 0. 0. 
.11313 0. 0. 
.35402E-01 0. 0. 
.16390 0. 0. 
0. 0. 9* 
0. 0. 3. 
1.4624 0. 0. 
-.54607 0. 0. 
.33545 0. 0. 
.1507 8 0. 0. 
.49626 0. 0. 
-.32571E-03 0. 0. 
-•175Ö8E-03 0. 0. 
•.99767E-04 0. 0. 
.13539E-02 3. 0» 
.24496E-04 0. 0. 

..52635E-05 0. 0. 
.97663 0. 0. 

FEEDBACK MATRIX 

AIL. 090. AIL. CANARD 

.65948E-03 .10498E-02 
-.99619 -1. 8373 

•86633E-01 .43917 
1.0894 -.62188 
.69592 .45752E-01 

-. 22841 .32971 
-, 450 35E-01 -2. 2935 

• 23737E-02 - .93539E-02 
-. 808077-01 1. 8822 

8.6917 -.76980 
-1.3673 .91914 

4.1427 2.2080 
-1.1938 -3. 3245 

. 45012 .19116 
-•10272E-01 -.12142 
-. 28739 -.45033 

,11950 .23191 
.81100E-01 .10269E-02 

-.17915 -.311*17 
-.46873E-01 .13861F-01 
-• 14339E-01 .78676r-02 
-.10158 .16109 
-,54613F-01 .41772E-01 
-.14690 -.408105-01 

,44899F-01 -.19867 
0. 0. 
0. o. 

-.62715E-01 .21916 
. 34788 -.68996 
• 19750 •96738E-0 2 
. 39579 .26557 

-,75483E-01 .47661 
-.78989E-03 -.54P96E-Q3 
-,43924E-03 -•*5Q08E-03 
-. 22840E-05 -.23188E-05 

• 15498F-0 2 .18339E-02 
• 12815E-04 ,17600E-0 5 
0. 0. 

-.747076-01 .26245 
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puter routines used for the above calculations of the feed¬ 

back gains are discussed. 

Computer Routines Used for Multi-stage Design 

The previous sections in this chapter mention the use 

of the routine RGEIG for the eigenanalysis, the routine 

MINVC for the inversion of complex matrices, the routine 

MC RM for post-multiplication of complex matrices by real 

ones, and the routine MRCM for the post-multiplication of 

real matrices by complex ones. This section presents other 

routines used for the multi-stage modal controller design. 

The code for the program MODAL is given in Appendix A4 

and was used for the multi-stage design. The program re¬ 

quires the availability of data for the non-zero elements 

of the A, B, C, and H matrices and proper logical DATA 

statements are provided by the user to iterate the design 

stage-by-stage. To save central memory storage, the pro¬ 

gram uses test routines for various inputs as each plant ma¬ 

trix is found. These routines are NOISE for convariance an¬ 

alysis, XFRFNCT for transfer function analysis, and BODE for 

frequency response analysis. The internal workings of these 

routines are outlined in Appendices AS, A6, and A7, and fur¬ 

ther discussion on the results of their use is provided in 

Chapter IV. 

The basic flow of operations and calculations in the 

MODAL program are as follows. After the establishment of 

array names and other declarations, data for various para¬ 

meters is established and the program is ready for execu- 
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tion. Next, the data for the A, B, C, H, and KOPT matrices 

is read using the routine REED; KOPT is the gain matrix for 

the AFFDL optimal controller. The plant matrix A is also 

duplicated into the arrays AA and A2 for later use. (This 

step is particularly necessary when the EISPACK routine RGEIG 

is used since EISPACK routines destroy the matrix which is 

analyzed.) The routine ZERO is used to set all the elements 

of an array to zero. After the zeroing, the arrays EVALUE, 

EVECTR, AND WIFE are used by RGEIG to calculate the eigen¬ 

values and the eigenvectors. The routine EPRT prints out 

the eigenvalues of the matrix analysis by RGEIG, and EPACK 

converts the dual array storage mode of the eigenvalues and 

eigenvectors into complex arrays. An example of the output 

from EPRT for the open-loop system is given in Table II. 

The codings for REED, ZERO, EPRT, and EPACK are given in 

Appendix A3. 

At this point, the modal analysis information for the 

open-loop system is calculated and that system is ready for 

testing. Following the testing of the open-loop system, the 

design loop is entered. This loop is cycled until the entire 

design, or the desired intermediate stage of the design, is 

complete. Intermediate design iterations are necessary be¬ 

cause RGEIG does not always return the eigenvalues and eigen¬ 

vectors in the same order from one stage to the next. Thus, 

the design must proceed through several iterations (resub¬ 

mittal of the deck) in order to build up the data deck of 

eigenvalue-shift cards. 

72 



With each pass through the design loop, the and 

magPi matrices are printed. These tables are followed by a 

table showing the status of the design. In turn, the feed¬ 

back vector is calculated, stored, and printed. With the 

gains determined, the interim, new plant matrix is formed 

in accordance with Eq (23), and a modal analysis of the .cw 

plant is made. 

The design loop is repeated until completion or until 

user abort is caused by DATA control. When the design is 

completed, a summary table of the transpose of the feedback 

matrix is printed, and the closed-loop system is tested. 

This testing is followed by testing of the optimal control 

1er system for comparative purposes. With testing of the op¬ 

timal controller finished, histories (if any are generated) 

are plotted, and the program is finished. Additional de¬ 

tails on MODAL, the subroutines, and their use are given 

in Appendix A. 

This chapter has discussed the design of the modal con¬ 

troller developed during this thesis project. The results 

of this design are presented in the next chapter along with 

a comparison between the characteristics of the open-loop 

system, the modal controller system, and the AFFDL optimal 

controller system. 
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IV. Results and Comparisons 

The purpose of this chapter is to present the results 

of the design given in Chapter III, and to compare those re¬ 

sults with the AFFDL optimal controller results given in 

AFFDL-TM-74-138-FGB [Ref 7]. In addition, the results of the 

modal controller design are compared with the previous B-52 

CCV work where possible. To achieve this purpose, the re¬ 

sults are first presented. Next, the modal controller de¬ 

sign is evaluated against the specification, and then a com¬ 

parison is made with the open loop system and the optimal 

controller system. Due to a difference in models and a 

lack of correlation of some of the modal controller perfor¬ 

mance data, a comprehensive comparison with other B-S2 CCV 

work is not possible. 

Results of the Multi-stage Modal Controller Design 

The results of the multi-stage modal controller design 

can be viewed in terms of three results. The first result 

of the design is that the eigenvalues are shifted to the 

specified values. This is to be expected because the theory 

"guarantees" the shifts will occur for full-state feedback. 

The availability of all the states was an assumption through¬ 

out the project. 

The second result of the design is the fact that only 

three of the five inputs were selected for use in the de¬ 

sign. This occurs because the procedure selects the speci¬ 

fic input for each eigenvalue shift on the basis of which 
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input has the largest effect on the mode. As a consequence, 

the flaperons were not selected to shift the eigenvalues as¬ 

sociated with the fifth and seventh structural modes even 

though those surfaces are almost as effective as the eleva¬ 

tor that was selected. This is brought out in rows 3, 4, 

7, and 8 of Table V. Similarly, the flaperons were not se¬ 

lected for use in shifting the eigenvalues of the eighth 

structural mode. This is shown in rows 6 and 7 of Table VI 

where the horizontal canard is chosen as the appropriate 

force producer. The multi-stage design procedure selects 

the minimum number of inputs to shift the prescribed number 

of eigenvalues for the order of the inputs selected. How¬ 

ever, as seen in the next section, the design using only 

three inputs as developed in Chapter III did not meet all 

the specifications. Further refinement of the design is 

needed by reordering the inputs and/or moving the eigen¬ 

values to other locations or possibly shifting other eigen¬ 

values . 

The third result of the design is that a computer pro¬ 

gram has been written to initiate the design and to aid in 

further development of the design. This program was used to 

design the multi-stage modal controller presented herein, 

and provides routines for testing and comparing that system 

with the open-loop system and the AFFDL optimal control sys¬ 

tem. The comparisons made between the open-loop system, 

the optimal controller and the modal controller are discuss¬ 

ed in the following sections. 
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The Modal Controller Design Versus the Specification 

The multi-stage modal controller design developed dur¬ 

ing this thesis project was oriented toward meeting a design 

specification. This specification was the same as that used 

by the AFFDL CCV ADPO for their optimal controller design. 

The initial design for the modal controller does not meet 

that specification. 

To be more specific, the specification as presented in 

Appendix B states 53 separate requirements to be met if all 

five control surfaces are used in the design. Since modal 

control could be achieved with only three surfaces, the list 

of 53 requirements is reduced to 41 because the requirements 

for stability, displacement, and rate limits on the inboard 

ailerons and flaperons are deleted. Furthermore, the data 

for the surface deflections and rates and for the stress at 

WS222 due to pilot-induced elevator oscillations can not be 

correlated with the similar data given in AFFDL-TM-74-138- 

FGB. This lack of correlation is discussed in another sec¬ 

tion, but at this point in the discussion these 13 items are 

considered as not being met. The remaining 28 requirements 

are given in paragraphs 1.1, 1.2, and 1.4 of the specifica¬ 

tions; 23 of these are met and are summarized in Table X. 

In total, then the modal controller designed for this thesis 

is known to meet 23 of 41 specified requirements. Because 

not all of the requirements are met, the present system de¬ 

sign is not considered to be satisfactory. 

Comparison of Open-loop and Closed-loop Systems 
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In this section, the closed-loop modal controller sys¬ 

tem perforamcne is compared with that of the unaugmented 

open-loop system and the closed-loop AFFDL optimal control¬ 

ler system. The basis for the comparisons is taken from the 

data generated by the routines in MODAL. The data is pre¬ 

dominantly numerical since the achievement of specification 

requirements is best determined from such data. However, 

one time-history plot is presented to depict aircraft rigid- 

body pitch-rate response to a step elevator disturbance. 

Performance in Wind-induced Turbulence. Paragraph 1.1.1 
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of the specification states the requirements to be met for 

normal accelerations at three body-axis stations and for nor¬ 

mal stresses at three body-axis stations, two wing stations, 

and one horizontal - stabilizer buttock line station in the 

presence of wind-induced turbulence. The wind-induceu tur¬ 

bulence is given as zero-mean, Gaussian, white noise with a 

magnitude of 8 fps rms. The results of forcing the three 

systems with this input noise is found by covariance analy¬ 

sis using the test routine NOISE. The data calculated by 

NOISE is presented in Table XI. 

Table XI shows the comparative open-loop, modal con¬ 

troller, and optimal controller data for wind-induced tur¬ 

bulence, and also shows the specification requirements. 

From the table, it is seen that the modal controller meets 

only four of the nine requirements. This compares with the 

optimal controller meeting eight of the nine. The data 

given in Table XI compares favorable (within two decimal 

places) with the similar data given in AFFDL-TM-74- 138-FGB 

[Ref7:22], except that the data in Table XI is eight times 

greater than that in the AFFDL report. An initial reaction 

might be that the data in AFFDL-TM-74- 138-FGB is only for a 

1 fps rms gust level. However Mr. Poyneer, the author, ex¬ 

plains this is not the case if the data from his report is 

compared with the Ride Control System design data [Ref 2:62]. 

The disparity of the factor of 8 is thus unknown and the 

finding of an actual reason is not possible in the time 

available to complete this project. It is necessary to lo- 
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Table XI 

ú Comparison of Measured RMS Values of Specified 

Accelerations and Stresses for Open-loop, 

Modal Controller and Optimal Controller Systems 

When Forced By Wind-induced Turbulence 

Measured Sysl&m 
Item Open-loop Optimal Modal Spec 

introller Ream't 

Accel, in g's 0 BS172 1.98 1.28 2.22 <1.386 

Accel, in g’s 0 BS860 1.75 1.31 1.55 <1.837 

Accel, in g's 0 BS1655 2.57 1.72 2.53 <1.799 

Stress in psi 0 BS475 4752 4056 9320 < 4279 

Stress in psi 0 BS760 8107 6771 5503 < 7296 

Stress in psi 0 BS1412 3407 4397 4792 < 3066 

Stress in psi @ WS222 13115 10650 8995 <11804 

Stress in psi 0 WS974 9680 7732 7689 < 8712 

Stress in psi 0 SBL56 7111 4536_7985_< 6400 

cate the source of this difference before a meaningful com¬ 

parison of the results can be made. It is noted however, 

that exactly the same items are met by the optimal control¬ 

ler as were reported in AFFDL-TM-74-138-FGB. This includes 

the optimal controller showing essentially (within 2 sig¬ 

nificant figures) the same reductions as previously reported 

[Ref 7:22]. 

The reasons for the modal controller not meeting the 

specification are not known at this time. However the de¬ 

sign presented herein represents only a first attempt at a 

design and does not reflect what might be accomplished if 

other control-input sequences or eigenvalue shifts were 

tried. The controller presented does not perform the task 

of ride control; this is evident in the increased accelera- 
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tions at the crew station Further, the empennage 

normal acceleration is not reduced as seen in the Nzl655 

data in Table XI. The stress reduction considerations of 

the specification relate to the CCV concept of Fatigue Re¬ 

duction. The modal controller is seen to reduce only three 

of the six stresses. One of those not reduced is the same 

as that not reduced by the optimal controller: the normal 

stress at BS1412. It is noted however that for two of the 

three items of stress reduction caused by the modal control¬ 

ler, these two reductions are significantly greater than 

those achieved by the optimal controller. The percentage 

reductions for the closed-loop systems versus the open-loop 

system is summarized in Table XII. 

Table XII 

Percent Reductions for Normal Accelerations and 

Normal Stresses Due to Wind-induced Turbulence 

Parameter 

N- @ BS172 

Nz @ BS860 

N2 @ BS1655 

Stress @ BS475 

Stress « BS760 

Stress @ BS1412 

Stress P WS222 

Stress @ WS974 

Stress @ SBL56 

Specification 

30¾ 

-5¾ 

30¾ 

10¾ 

10¾ 

10¾ 

10¾ 

10¾ 

10¾ 

Modal 
Controller 

-12.1¾ 

11.4¾ 

1.6¾ 

-96.1¾ 

32.1¾ 

-40.7¾ 

31.4¾ 

20.6¾ 

-12.3¾ 

Optimal 
Controller 

35.4¾ 

2 5.1¾ 

33.1¾ 

14.6¾ 

16.5¾ 

-29.1¾ 

18.8¾ 

20.1¾ 

36.2¾ 

Performance with Pi lot - induced Elevator Oscillations. 

Paragraph 1.1.2 of the specification requires a 30¾ reduc¬ 

tion in wing-root bending stress at WS222 when the aircraft 
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is subjected to a zero-mean, Gaussian, white noise input of 

a 0.1 rad rms level. This input represents random elevator 

deflections which the pilot might induce. The analysis of 

the three systems to determine their compliance with para¬ 

graph 1.1.2 was made using the routine NOISE. The data cal¬ 

culated is 164 psi for the open-loop system, 133 psi for the 

optimal controller system, and 112 psi for the modal control¬ 

ler. Based on these numbers, the specified maximum level 

of stress would be 114.8 psi for a 30¾ reduction. The opti¬ 

mal controller reduces the stress by 18.9¾. and the modal 

controller reduces it by 31.71. Based on these values, the 

modal controller as designed shows a satisfactory reduction 

of the stress at WS222. 

On the other hand, the above data does not correlate 

with the results given in AFFDL-TM-74- 138-FGB: 4865 psi for 

the open-loop system and 3417 psi for the optimal controller. 

This is a reduction of 29.7¾. The lack of correlation is 

not understood and the reason was not pursued due to project 

time constraints. Because of the lack of correlation, the 

specification requirement of reducing the stress @ WS222 is 

considered not to be satisfied. 

Performance for Step-elevator Input. Paragraph 1.1.3 

of the specification requires that the pitch rate response 

of the aircraft to a step elevator input fall within 

the "bounds” of Fig. Bl. This requirement is basically 

one oriented toward aircraft handling qualities. The 

measured quantity used for determination of this para- 
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meter is taken as sensed pitch rate at BS815. The responses 

i j of the open-loop and closed-loop systems to a unit step was 

calculated by the test routine XFRFNCT, and the resulting 

time history for a five-second period is shown in Fig. 9. 

Fig. 9 gives an illustration of the open-loop system 

response and the effects of the modal and optimal control¬ 

lers. The open-loop system is fairly responsive with a peak 

overshoot of 4.1$ at 1.65 seconds and a settling time of 

2.19 seconds to reach 2$ of the steady-state value of 

.062102 units/sec. 

The closed-loop optimal controller system shows a well- 

damped behavior with no overshoot and a settling time which 

is outside the five-second time length calculated. The al¬ 

most sluggish response of the optimally-controlled system is 

' ' primarily due to the increased damping and reduced natural 

frequency of the short period mode and the shift of one of 

the washout filter time constants from 0.5 seconds to 1.526 

seconds. These details are listed in Table XIII. Table XIII 

shows the eigenvalues of the AFFDL optimal controller system. 

For the modal controller, its behavior shows a slightly 

faster rise time than the open-loop system. The curve peaks 

at 1.60 seconds with a 0.7$ overshoot and shows a much re¬ 

duced settling time of 1.22 seconds. As was the case for 

the open-loop system and for the optimal controller system, 
• • 

the modal controller system steady-state value of e815 is 

0.062102 units/sec. 

The pitch rate response data given in Fig. 9 can not be 
A 

correlated with similar data presented in Fig. 4 of AFFDI- 
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TM-74-138-FGB [Ref 7:23]. That figure is reproduced herein 

as Fig. Bl, and is considered to be a bound. The text of 

the AFFDL technical memorandum may imply that the upper 

curve of Fig. Bl is the response of the open-loop airplane 

and that the lower curve is the response of the optimally- 

controlled airplane. However, the data presented in Fig. 9 

is believed to be a correct representation of the 0815 re¬ 

sponse. It does not show a 57% overshoot for the open- 

loop system, nor does the optimal controller curve display a 

lightly damped oscillation after the transients die out. 

Finally, Fig. 4 of AFFDL-TM-74-138-FGB does not reflect any 

time scale on its abscissa. Therefore, the curves shown 

there are considered to be bounds and not actual system re¬ 

sponses. The lack of correlation in this information is not 

considered to be a problem; the curves shown in Fig. 9 and 

the accompanying data in the text is taken as correct. 

Control Loop Stability. Control loop stability require¬ 

ments are given in paragraph 1.2 of the specification. The 

requirements are 6 db gain margins and 60° phase margins. 

Compliance with these requirements is determined only for 

the modal controller system and the routine BODE is used. 

The data computed is tabulated below along with the similar 

data for the optimal controller [Ref 7:21]. 

Gain Margin Phase Margin 

Modal Optimal Modal Optimal 
Controller 

15 db 

10 db 

Loop Controller 

Elevator °° db 

Controller Controller 

167.5° 69.6 

N/A 39.3 Flaperon 

Outboard 
Aileron 

Canard 

N/A 

oo db 10 db 90° 180.0 

« db 20 db 78.2° 31.9 
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From the above table, it is seen that the modal control¬ 

ler provides very satisfactory control loop stability for 

the three loops used. All have infinite gain margin and 

have phase margins greater than 60°. The data for the modal 

controller should not be compared with the data for the op¬ 

timal controller however. The data from Reference 7 was de¬ 

rived by a completely different approach and is listed here 

only to show the stability of the optimal controller loops. 

Control Surface Displacements and Rates. Paragraph 1.3 

of the specification provides limits that must be met for 

control surface displacements and rates. As previously sta¬ 

ted, the data for the modal controller designed during this 

project does not correlate with the limits given in the 

specification nor with the data for the optimal controller 

as given in AFFDL-TM-74-138-FGB [Ref 7:26] . The data as cal¬ 

culated by the routine NOISE is listed in Table XIV for 

both wind-induced turbulence and pilot-induced elevator os¬ 

cillations. 

The possible reasons for a lack of correlation is now 

discussed. The data presented in Table XIV was obtained 

from a covariance analysis which made calculations based on 

the input being white noise. That is, all frequencies were 

assumed to be included in the input signal. In addition, 

the outputs for the surface displacements and rates were 

computed using the state-response matrix and the control- 

response matrix given in AFFDL-TM-74-138-FGB. Therein, 

these matrices were used in accordance with Eq (42) to ob- 
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tain rms values of the responses. The use of these matrices 

by themselves for this project should cause no problem, but 

they may when used in an infinite-bandwidth covariance an¬ 

alysis. The method used to set up these matrices in un¬ 

known. Further, their use may be restricted to the Honey¬ 

well optimal control program and its internal and unknown 

method of performing a covariance analysis. Whatever the 

reasons may be however, the data in Table XIV shows thp lack 

of correlation and is recorded for future attempts at making 

a correlation. It is pointed out that the same method was 

used to obtain the data given in Table XI and the data for 

elevator oscillation-induced stress at WS222. The finding 

of reasons for the lack of correlation for the surface data 

may also explain the reason for the lack of correlation of 

the WS222 data and the reason for he factor of eight in the 

other stress data. 

Eigenvalue Location Restrictions. Paragraph 14 speci¬ 

fies limits on changes to structural-mode natural frequency 

and damping ratios. These restrictions are illustrated on 

Fig. 7. The modal controller meets the requirements of this 

paragraph in every way since closed-loop eigenvalue locations 

are guaranteed under the premise of full-state feedback. 

Comparison of Modal Controller Performance With Other B-52 

CCV Controllers 

The previous section compared the performance of the 

modal controller design developed during this project with 

the open-loop system and the AFFDL optimal controller. In 
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Table XIV 

Covariance Analysis Data From Routine NOISE 

for Surface Displacements and Rates For 

Wind-Induced Turbulence and For 

Pilot-Induced Elevator Oscillations 

Parameter 
Displacements 
in deg, rates 
in deg/sec 

TJ 
<D 0> 
U O 
3 C 
T3 0)( 
C fHt 
•H 3! 

• ,0 
Ti Vi 
G 3 

•H Hi 
» 

I 

t/> 
G 
O 

TJ 
0) 
o « 
3 rH 
13 
c 

•H U 
t (/1 
V O 
o 
i-H Vi 
•H O 
H 

rt 
> 
0) 
rH 
w 

°e 
6f 

öao 

«c 

«e 

^f 

fiao 

fic 

fie 

fif 

fiao 

5c 

fie 

fif 

fiao 

fic 

Open 
Loop 

System 

0 

0 

0 

0 

0 

0 

0 

0 

Optimal 
Controller 

System 

597 

513 

459 

374 

4.53 

4.49 

3.92 

4.85 

0 

0 

0 

0 

0 

0 

0 

0 

7.46 

6.41 

5.73 

4.67 

0.057 

0.056 

0.049 

0.061 

Modal 
Control 
System 

676 

0 

906 

1217 

5.14 

0 

2.70 

7.67 

8.45 

0 

11.32 

15.20 

0.064 

0 

0.034 

0.096 

Spec 
Reqm't 

<19 

<20 

<20 

<12 

<80 

<80 

<80 

<83 

Data 
from 

Ref 7 

1.54 

1.14 

1.04 

0.82 

22.2 

18.2 

18.1 

8.93 

<19 

<20 

<20 

<12 

<80 

<80 

<80 

<83 

4.96 

3.56 

0.97 

1.25 

42.9 

19.7 

24.7 

25.4 

this section, the modal controller performance is compared 

with the Ride Control System data presented in AFFDL-TR-73- 

84 [Ref 2]. Due to the lack of project time and lack of com¬ 

monality of operating points, the modal controller design 

developed for this thesis can not readily be compared with 

the results of other previous B-52 CCV programs. 

One area of comparison can be discussed when the modal 

controller system is evaluated against the RCS: aircraft 



accelerations and stresses due to wind-induced turbulence. 

Other areas of comparison may be possible if the calculated 

modal controller surface displacements and rates were corre¬ 

lated. Table VII of the RCS report lists the rms accelera¬ 

tions at BS172, BS860, and BS1655. With the units of g/fps, 

the respective values are 0.0240, 0.0251, and 0.0451. That 

table also lists the open-loop rms accelerations as 0.0358, 

0.0296, and 0.0443 g/fps for the same stations. If these 

numbers are multiplied by 8 fps, they compare very well with 

the data given in AFFDL-TM-74-138-FGB. If the factor of 8 

is applied again, the open-loop values from the RCS report 

match very well with the corresponding numbers in this re¬ 

port. As previously mentioned, the reason for the addi¬ 

tional factor of 8 is not understood; if it can be logically 

explained, the open-loop rms accelerations compare satis¬ 

factorily. The number for the RCS show reductions in the 

acceleration at BS172 by 331 and at BS860 by 15%. The 

change at BS1655 is a 2% increase, but a reduction there was 

not an RCS program goal. In comparison, the modal control¬ 

ler performance is not satisfactory for providing ride con¬ 

trol in turbulence. 

Summary of Results and Comparisons 

This fourth chapter has presented the results of an in¬ 

itial modal controller design and has compared the results 

with the specification requirements as given in Appendix B, 

and with the -esults of the AFFDL optimal controller. The 

results show that the modal controller uses three control 
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surfaces to precisely shift the 14 eigenvalues of six struc¬ 

tural modes and the short period mode when full-state feed¬ 

back is utilized. The initial design is shown to meet 23 of 

41 specification requirements; many of the remaining re¬ 

quirements may be met once the data for those parameters is 

successfully correlated with the requirements and the AFFDL 

optimal controller data. Although the design as presented 

is nnt satisfactory, the computer program which was devel¬ 

oped as part of this project is available and can be used in 

any future effort to improve the modal controller design. 

The next chapter presents specific recommendations in this 

regard. 
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V. Conclusions and Recommendations 

Based on the foregoing discussion of modal control 

theory, the determination of an initial design, and the pre¬ 

sentation of an initial design, and the presentation of re¬ 

sults and comparisons, this chapter draws three conclusions 

and lists several recomr.endations. 

Conclusions 

The first conclusion that might be made is that the in¬ 

itial design attempt did not meet the specifications. The 

design presented here is only an initial design and as such 

was not expected to meet the requirements in total. Because 

over 901 of the project time was spent building and testing 

the software for the computer program, little time was avail¬ 

able to do the task of designing a modal controller for the 

B-52 CCV. Therefore, the first and most important conclu¬ 

sion to be reached is that this thesis has resulted in a 

computer program which can now be used for the design pro¬ 

ject originally intended. 

The second conclusion of this thesis is that a modal 

controller can at least in part perform the role of an ac¬ 

tive system for the control of structural modes in a large, 

flexible aircraft. Of 41 requirements, 23 are met by the 

initial design presented. The only design variations that 

were accomplished were the initial three short-period mode 

eigenvalue locations. The modal control theory permits 

eigenvalue relocation with ease and the early study showed 
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the influence of the pair of short-period roots on the pitch 

rate response. Using the program now available, additional 

studies of the effects of shifting the six pairs of struc¬ 

tural mode roots should permit several more of the specifi¬ 

cation requirements to be met without a major effort. 

A third conclusion that is reached is that although mo¬ 

dal control theory is well developed and there are numerous 

design techniques available, there is negligible work pub¬ 

lished in the area of selecting closed-loop eigenvalue lo¬ 

cations. The paper by Pai, et.al., provided some insight, 

but intuition served as the primary guide for this project. 

Part of the problem may be that the specification used was 

written in standard aircraft control language where perfor¬ 

mance is based on sensor readings; i.e, system outputs. In 

contrast, the modal controller design for this project used 

state feedback rather than output feedback. This makes it 

difficult to relate system output responses to internal 

structural dynamics by any meais other than intuition. How¬ 

ever, if the relationships of eigenvalue locations and system 

responses were to be developed rigorously, then a modal con¬ 

troller can indeed be designed. 

Recommendations 

Several recommendations are now presented. The first 

and foremost recommendation is based on the second conclu¬ 

sion above. Throughout this project, a full-state feedback 

design was assumed feasible and with the initial design 

meeting over one-half of the specified requirements, the use 
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of the appended computer program should permit a satisfac¬ 

tory design to be found. However, this is not to say that 

a design can be formulated quickly; but with the ability to 

readily test the design, the task should be fairly straight 

forward. If the project is continued, the initial study 

should include an analysis of the effects of shifting each of 

the structural modes about the nominal values given in Table 

IV in order to more fully understand the influence of each 

mode on each of the outputs. (Here, outputs refer to the re¬ 

sponse matrix outputs of stresses, accelerations and surface 

parameters along with the 10 outputs given in Table I.) In 

addition to this study, initial efforts should also be made 

at correlating the results given in Chapter IV. Such a cor¬ 

relation is absolutely necessary if a modal controller de¬ 

sign is to be compared with the AFFDL optimal controller, or 

is to be a viable candidate for future CCV programs. An ex- 

tention of this project should include a study of using 

other sequences of the inputs. For example, choosing the 

horizontal canard as the first input to be used may show that 

the flaperons or inboard ailerons are needed to complete the 

design. For full-state feedback this would require more 

feedbacks than the 109 listed in Table VIII, but the values 

of some of the larger gains may be appreciably reduced and 

thus offset the complications associated with over 30 more 

paths. Finally, an extension should also include a study of 

using less than complete state feedback. This step is neces¬ 

sary to achieve a practical design which could be implemen- 



ted. Several papers that may be useful in this effort are 

those by Davison, Davison and Chatterjee, Davison and Gold¬ 

berg, and Fallside and Seraji [Ref 18-21]. Furthermore, the 

computer program is now available to make these suggested 

continuations a reasonable project. By comparison, it is 

recalled that when the AFFDL started their optimal control¬ 

ler design study they started with a program already written 

and with an initial guess at a suitable weighting matrix. 

The second recommendation to come from this project is 

also one to extend this thesis. This recommendation pro¬ 

poses that output feedback be evaluated as an alternate mo¬ 

dal control design. Papers such as that by Fallside and 

Seraji [Ref 22] are available in the literature and such a 

design would offer great practicality since the sensed out¬ 

puts of accelerations and pitch rate are available. This 

effort could also include a study of the use of a state ob¬ 

server to reconstruct those states which are known to be ob¬ 

servable but are not easily measured. The use of an obser¬ 

ver might also present a practical and successful design. 

The third recommendation to be made deals with the com¬ 

puter program written for this thesis. As it exists, it is 

special-purpose, being useful for the design of multi-stage 

modal controllers with 39 states. Another thesis project 

might include streamlining this program for efficiency, 

adding options for other types of modal controller designs, 

such as dyadic, and converting the program (perhaps in re¬ 

duced size) to an interactive program for intercom and graph 
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ics design purposes. The algorithms for the various designs 

can be coded fairly easily and a minimum of modern control 

theory knowledge would be necessary to pursue this effort. 

A fourth and final recommendation to be included in 

this list is one offered by the faculty at the Air Force In¬ 

stitute of Technology. Their recommendation is that of de¬ 

termining the feasibility of using modal control theory to 

achieve a set of initial, stable starting gains for an opti¬ 

mal controller, and then using a routine such as the afore¬ 

mentioned Honeywell "Quadratic Methodology" program to home 

in on the final design. The use of modal control theory and 

optimal control theory together may help to overcome the 

difficulty in selecting the weighting matrix and in remedy¬ 

ing some of the conclusions presented in AFFDL-TM-74-138-FGB. 

In summary, this thesis has presented the theory and 

results of a study to design a modal controller for the B-52 

CCV. Although the theory is straight forward, the implemen¬ 

tation of the theory and associated testing techniques into 

a working computer program took up a large amount of time. 

As a consequence, only an initial design was completed. 

That design does not meet its specification, but sufficient 

results are presented to conclude that a modal controller 

may be a feasible system when compared with an optimal con¬ 

troller designed to the same specification. It is thus con¬ 

cluded that the modal controller technique is feasible and 

various recommendations for extending the work are made. 

The experience gained in this project in terms of altering 

the design has shown that a modal controller design can be 



used to achieve satisfactory results. 

o 
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Appendix A 

Computer Routines 

This appendix is composed of seven sections which pre¬ 

sent routines or information on routines used for this 

thesis project. 

Al: EISPACK and the Routine RGEIG 

A2: Complex Matrix Inversion via MINVC 

A3: General Matrix Manipulation and I/O Routines 

A4: P-52 CCV Modal Controller and Comparison Program: 
MODAL 

A5 

A6 

A7 

Covariance Analysis via NOISE 

Transfer Function Analysis via XFRFNCT 

Frequency Response Analysis via BODE 
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Appendix Al: EISPACK and the Routine RGEIG 

The EISPACK library of eigensystem routines is a read¬ 

only permanent file of binary records available on the Aero¬ 

nautical Systems Division Computer Center CDC 6600. The 

complete package consists of 34 routines which can be used 

for the determination of eigenvalues and eigenvectors, of 

most matrices. A user's guide is available and is listed as 

Reference 16 in the bibliography. Of interest to this thesis 

however, is the fact that a set of four driver routines has 

been developed by Purdue University to perform eigenanalysis 

of four classes of matrices. These drivers are available in 

modified form on the ASD Computer Center CDC 6600 under the 

names RSEIG, RGEIG, CGEIG, AND CHEIG. In the order listed 

these routines compute the eigenvalues and optionally the 

eigenvectors of real symmetric matrices, real general ma¬ 

trices, complex general matrices, and complex Hermitian ma¬ 

trices. The driver RGEIG is used in the program MODAL and 

the subroutine BODE. 

The driver routine RGEIG solves for the eigenvalues of 

a real general matrix, A, and optionally, the eigenvectors. 

The call is of the form 

CALL RGEIG (M, N, A, IND, EIGVAL, EIGVEC, WORK) 

The input arguments are as follows: 

M = Row dimension of A. 

N = Order of matrix A, where N 5 M. 

A(M,K) * Two-dimensional real general matrix where 
K > N. 
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IND = Integer index which must be passed to RGEIG. 
Set IND = 0 for calculation of eigenvalues 
only. Set IND t 0 for calculation of eigen¬ 
values and eigenvectors. IND must be set for 
each call to RGEIG. 

WORK = 2 X N working array. 

The output arguments are 

EIGVAL = Complex N-vector of eigenvalues. EIGVAL may 
be declared as DIMENSION EIGVAL(2,N) or COM¬ 
PLEX EIGVAL(N) in the calling program. The 
dimension statement causes the eigenvalues to 
be returned by RGEIG in the dual-array storage 
mode. The complex statement causes the eigen¬ 
values to be returned by RGEIG in the complex 
storage mode. 

EIGVEC * Complex N * K array of N eigenvectors. EIGVEC 
may be declared as DIMENSION EIGVEC(2,N,K) or 
as COMPLEX EIGVEC(N,K) with the same results 
as for EIGVAL. 

For this thesis, N = M = K = 39 in all calls to RGEIG. A 

very important comment is that RGEIG (like all EISPACK 

drivers) will destroy the matrix A. 
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Appendix A2: Complex Matrix Inversion via MINVC 

The routine MINVC is used in the program MODAL and the 

subprogram BODE for the inversion of complex matrices. 

MINVC is a routine available in the AFITSUBPROGRAM library 

The call is made as 

CALL MINVC (A, B, N) 

where the inverse of the N x N matrix A is to be found and 

stored in the N * N matrix B. The matrix A is destroyed un 

less the call is made as 

CALL MINVC (B, B, N) 

where A has been previously duplicated into B (see routine 

COUP, Appendix A3). For the use of MINVC, 311 cells of 

blank common should be allowed (see card 26 in MODAL as 

example). 
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Appendix A3: General Matrix Manipulation and I/O Routines 

This section provides coding for the following subpro¬ 

grams useful in matrix multiplication, data read-in from 

cards, matrix print-outs, matrix duplication, matrix zeroing, 

and matrix transposition. The use of the routines is ex¬ 

plained in the routines. 

MRCM 

MC CM 

MC RM 

MRRM 

REED 

RPRT 

CPRT 

EPRT 

RDUP 

COUP 

ZERO 

EPACK 

RXPOSE 

CXPOSE 
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Appendix A4: B-52 CCV Modal Controller and Comparison Pro- 

U gram: MODAL 

This section provides the coding for the program MODAL. 

The user can control program options through changes in the 

DATA declarations, and must comply with the data require¬ 

ments of the subprograms used. The program MODAL also uses 

the subprograms GAIN and TIMPLOT listed in this section. 
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Appendix AS: Covariance Analysis via NOISE 

The coding for the covariance analysis subroutines are 

used in this program. The listing are for the test routine 

NOISE and the associated subprograms INTEG, XNORMf and MEXP. 
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Appendix A6: Transfer Function Analysis via XFRFNCT 

This section gives the coding for the test subroutine 

XFRFNCT and the associated routines RESIDUE, PARTEI, 

POLAR, and FT. PARTEI is a special version of the 

AFITPROGRAM routine PARTI used for partial-fraction expan¬ 

sions . 
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Appendix A7: Frequency Response Analysis via BODE 

The coding for the subroutine BODE is given in this 

section. The associated routine MARGIN is also included. 

BODE is used to find control loop phase and gain margins. 

The routine RESIDUE listed in Appendix A6 is also used. 
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Appendix B 

System Specification for a B-52 CCV 

Longitudinal-axis Controller 

The following system specification was adapted from 

AFFDL-TM-74-138-FGB [ref 7] and was used for the design of 

a multi-stage modal controller. This specification is the 

same as that used for the Multi-Surface System optimal con¬ 

troller reported in the AFFDL technical memorandum. The 

design requirements are based on achieving percentage im¬ 

provements of specific parameters of the unaugmented open- 

loop aircraft longitudinal axis. If all five available con¬ 

trol surfaces are used for the control task, the specifica¬ 

tion consists of 43 criteria to be met. The paragraph num¬ 

bering used will permit the addition of lateral-direction 

axis requirements if so desired for extension of this thesis 

work. The word "system" in the specification refers to the 

closed-loop system. For the purposes of meeting the speci¬ 

fication, wind-induced turbulences are defined as zero-mean, 

Gaussian, white noise at a level of 8 fps rms. Similarly, 

pilot-induced elevator oscillations are defined as zero- 

mean, Gaussian, white noise at a level of 0.1 rad rms. 

1. Longitudinal Axis 

1.1 Performance 

1.1.1 Wind-induced Turbulence 

I (ol 



n 

Fig. Bl. Normalized Pitch Rate Response to a Step Elevator 
Input [from Ref 7:23]* 

1.1.1.1 Acceleration 

41 In the presence of wind-induced turbulence, the system 
shall reduce the normal acceleration at the crew station (BS 
172) and the empennage (BS1655) by at least 301. The system 
shall not increase the normal acceleration at the center-of- 
gravity (BS860) by more than 51. 

1.1.1.2 Stress 

In the presence of wind-induced turbulence, the system 
shall reduce the normal stresses at the following locations 
by at least 10%: BS475, BS760, BS1412, WS222, WS974, SBL56. 

1.1.2 Pilot-induced Elevator Oscillations 

In the presence of pilot-induced elevator oscillations, 
the system shall reduce the normal stress at WS222 by 301. 

1.1.3 Step Elevator Input 

For a step elevator input, the system shall provide a 
pitch rate response within the bounds of the curve given in 
Fig. Bl.* 

* Fig. Bl is taken diiectly from AFFDL-TM-74-138-FGB. There¬ 
in are no further details on the "bounds" except that the 
upper curve has a peak value of 1.57. 
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1.2 Control-loop Stability 

The system shall have gain margins of 6 db and phase 
margins of 60° for each control loop used. These loops may 
include the elevator, flaperon, inboard aileron, outboard 
aileron, and horizontal canard control surfaces. 

1.3 Surface Displacements and Rates 

In the presence of wind-induced turbulence or pilot- 
induced elevator oscillations, the system shall not exceed 
the surface displacement or rate limits given below. 

Surface 

Elevator 

Flaperon 

Inboard Aileron 

Outboard Aileron 

Horizontal Canard 

Displacement 
limit in degrees 

19 

20 

17 

20 

12 

Rate limit 
in deg/sec 

80 

80 

120 

80 

83 

1.4 Structural Mode Frequency and Damping 

The system shall not change the natural frequency of 
structural modes by more than 10% and shall not reduce 
the damping of the structural modes by more than 10% for 
modes 1, 2, 5, 7, 8, and 12. The baseline natural frequen¬ 
cies and damping rations for the unaugmented aircraft struc¬ 
tural mode are as follows: 

Mode 

1st 

2nd 

5th 

7th 

8th 

12th 

Natural Frequency 
(rad/sec) 

6.167 

12.654 

15.055 

19.261 

19.571 

38.037 

Damping 
Ratio 

0.143 

0.118 

0.031 

0.048 

0.013 

0.030 

l (¢4- 
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