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i A MODERN CONTROL DESIGN METHODOLOGY
WITH APPLICATION TO THE CH-47 HELICOPTER

Richard D. Holdridge, Ph.D.
Stanford University, 1985

A control system design methodology is developed which 'produces robust,

low-order optimal controllers for multiple-input multiple-output systems. The

methodology attempts to focus the strengths of recent “Modern Control” design

algorithms on the problems associated with real control system designs. The

methodology is a set of procedures which aids the engineer in creating a realizable *

controller in either digital or analog form.

To demonstrate the usefulness of the methodology, two control augmentation

t‘ systems (CAS) were designed and flight tested on a CH-47 helicopter at NASA J
“ Ames Research Center. The first design was a longitudinal cruise CAS giving !
the pilot decoupled control of forward velocity and climb rate. This design task :
; demonstrated the low-order controller and robustness features of the methodology. ]
F It also demonstrated the use of modern control techniques in designing integral- !

» error controllers. Flight test results are presented. The second controller is a

Y

translational velocity command/ precision hover hold system. This two mode con-

troller demonstrates the methodology as applied to a more complicated design task

T.
scindimiiclliit

which includes control law switching and inner loop/ outer loop considerations.

Flight test results are also presented. J
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Section 2.2 12 B
State Equations >
u -045 036 0 -322][wu 0o 1 045 —.036 J
W -.37 -2.02 176.0 0 w + -282 0 [6¢]+ .37 2.02 Uy
q .00191 -.0396 —2.98 0 q =110 0O | & —-.00191 .0396 W ;
g 0 o 10 o |l¢ 0 0 0 0 f
(2.2) ]
Measurements :
u 1 oo o> 0 0] ry 0 0] vy
hi=10 -1 0 1760 0 0 [6‘]+ 0 011 o1+ v (2.3)
] 0 0 0 1 H o o]t Lo of tU"d |,
246 0
e=1 o 998] (2.4)
318 0 0
R=|0 318 o0 (2.5)
0 0 .00039
where:
u- forward velocity, ft/sec
w- vertical velocity, ft/sec
7- pitch rate, radians/sec
6- pitch angle, radians
A, - elevator, radians
Ay - throttle, ft/sec2
thee - longitudinal gusts, ft/asec
Wee - vertical gusts, ft/sec
vy, V. Vg~ Measurement noise, ft/sec. ft/sec. radians
Q- disturbance spectral density [2]
R- measurement noise spectral density(assumes standard deviations of 1 ft/sec for

u and h and 2 deg for # with .16 second correlation times(T,)). The spectral
denaities come from the approximation S.D. sy 202T,.[9)]

Figure 2.1: Navion Linear Model Before Scaling. Nominal airspeed is 100 knots
(100 ft/aec). Note the large order of magnitude differences in the elements of the system
matrices. This i1s caused by the different units of the states.




&)

N e T P ey

Section 2.2 11

needed is a linear system in state variable form:
t=Fz+Gu+Tw

y=Hz+Lu+ Nw+vy
(2.1)
2= Az+ By

u=Cz+ Dy

where:
z- system states, n x 1
z- compensator states, r x 1
u~ controls, m x 1
w~ plant disturbances, m' x 1
Yy~ sensor measurements, p x 1

v~ sensor noise, p x 1

Q- plant disturbance spectral density matrix, m' x m’

R- sensor noise spectral density matrix, p x p

This model is needed for all plant conditions for which the controller is expected
to operate. Typically, the conditions include the nominal operating point and
several off-nominal conditions for which the control system must also be stable
and perform adequately. Figure 2.1 shows the Navion model at the sea level, 104
knot flight condition. No off-nominal flight conditions are included in the example.
With the dynamic model now available, the methodology can continue with the

scaling of the model.

2.2. Model Scaling

Model scaling is the systematic process of changing the units of the variables
in the plant model. This process is described and used by Bryson(BR,sect 7.2)

and is a necessary first step in the process of compensator order reduction. Since

e e e .
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Chapter 2.

The Design Methodology

From the discussion of Chapter 1, the need for a structured approach to using
modern control methods to design control systems is apparent. This chapter de-
scribes a design methodology developed to take advantage of the strengths of the
modern control techniques while eliminating or reducing their weaknesses. The
methodology is a refinement and an expansion of design procedures described by
Bryson and taught in the advanced flight control course at Stanford University.[1]
Figure 1.3 shows a flow chart describing the methodology. This chapter describes
each step and explains why it is necessary. To facilitate the description of the
methodolgy, a simple design task is traced through the process, namely the design
of a longitudinal autopilot for commanding aircraft airspeed and climb rate. The
plant model represents the Navion general aviation aircraft at sea level and about
100 knots(176 ft/sec) airspeed. The objective is a dynamic compensator which

could be implemented on a digital compr ter in the aircraft.

2.1. Model Derivation

The development of dynamic models for use in control system synthesis is
an entire engineering discipline in itself. For this design methodology, the model
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Section 1.2 9

dures is the lack of experience in real world application, Chapters 3 and 4 present
the results of applying these techniques to a real world problem. The “real world”
problem is the design of a control system for a Boeing-Vertol CH-47 “Chinook”
helicopter operated by the NASA Ames Research Center. Chapter 3 shows the
application of the methodology to the design of a longitudinal cruise control aug-
mentation system(CAS). Specifically, the CAS is designed to give the pilot a veloc-
ity /climb rate command capability for cruise flight. The controller is MIMO with
4 measurements and 2 controls. Chapter 4 applies the techniques to the more dif-
ficult task of designing a position hold/velocity command controller for the CH-47
during hover and low speed operations. For this task there are two modes of oper-
ation(velocity command and position hold), switching logic for going between the
modes, 11 measurements, and 3 controls which must be considered in the design.

For both these designs, simulation and flight test results are presented.
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Model Derivation

v

Model Scaling

= v v

LQG Design

— 3 ¥

Order Reduction
Reoptimization
-]

>

Robust Design

—

-

Feedforward Gains
Digitization

<

Simulate

Fly

|

Figure 1.3: The Design Methodology. The many loops indicate the iterative 1
nature of the process. The computer programs associated with each step are described in

the appendices.
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Section 1.2 7

e The design and analysis tools for LQG techniques have only recently be-

come easy to use in practical engineering applications.

These disadvantages provide a dilemma to the engineer faced with a difficult
MIMO control design task. If he chooses to use LQG methods, he may be break-
ing new ground when he finally implements his system in actual operational hard-
ware/software. On the other hand, if he uses classical techniques in his design

procedure, he may end up with a design lacking in performance.

This report presents a control system design methodology which attempts
to minimize the disadvantages of many modern control techniques, as described
above, while taking advantage of the strengths of both modern and classical con-
trol techniques. Specifically, the methodology gives the engineer a structured
approach to designing arbitrary order, robust, optimal controllers which can be
implemented in digital or analog hardware. In this case, “arbitrary order” implies
feedback compensation of any size, regardless of the plant model. This is an im-
portant consideration for high order plants. “Robust” is defined as insensitivity
of the controller performance to changes in the plant. “Optimal” relates to the
design methodology’s attempt to minimize a quadratic performance index. This
methodology is a refinement and expansion of techniques described by Bryson (2]
and depends heavily on a robust-control design algorithm by Ly.[3] Figure 1.3 is
a flow diagram showing the steps involved in the methodolgy. Chapter 2 of this
report is a detailed description of this methodology. To clarify the description, a
simple design is taken through all steps of the design procedures with explanations

for design decisions made during the process.

Since one of the major disadvantages of using modern control design proce-
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diiadudbts ol PO NIy e N o g w3

W N W W W T r—————




P

prm——

Section 1.2 6

Modern (or LQG) design techniques are characterized by simultaneous closing
of all loops from measurements to controls. Figure 1.2 shows the form of this type
of controller. LQG design techniques offer several advantages to the designer of

MIMO controllers:

e They ensure a stable design, if it exists, for the given measurements and

controls.

e They result in coordinated, “graceful” controllers. In particular, the con-

trols do not fight each other to satisfy the design requirements.
e For complicated systems, the design can be done fairly quickly.

Although these advantages make modern control design techniques very powerful,

there are disadvantages which cannot be disregarded:

o The designs are often not robust to changes and uncertainties in the plant

model, i.e. they are to “finely-tuned” to the plant model.

e For complex systems, the controller designs are complicated, making im-

plementation difficult.

e Only a few designers have developed physical intuition for selecting perfor-

mance indices.

o There is little physical intuition developed concerning the loops closed by

the design process.

e There are relatively few examples of operational systems designed using
these techniques. Practicing design engineers are therefore hesitant to use

these techniques.
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Y - measurement
H - {esdback compensation

Figure 1.1: Classical Control. Characterized by incremental loop closures.

2aaze Dy
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Figure 1.2: Modern Control. Characterized by simultaneous loop closures.
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Section 1.2 4

1.2. A Modern Control Design Methodology

Classical control techniques are routinely applied to the design of MIMO sys-
tems. The process is characterized by successive loop closing. (Figure 1.1) Some

of the advantages of using this approach are:
e The designs are simple with clear physical intuition for each loop closed.
e For uncomplicated or open loop stable systems, the procedure is fairly fast.
e There is a large experience base for applying these methods.
e Numerous design and analysis tools exist.

e Operational hardware/software implementation is well understood and straight-

forward.

However, there are also some disadvantages to using classical design techniques

for MIMO systems:

e For complicated or highly unstable systems, one loop may pot stabilize the

system.

e It may be difficult to decide what loops should be closed. This is espe-
cially true in complicated systems(large space structures for example), or

in unfamiliar systems where little physical intuition has been developed.

e Different loops can “fight” each other resulting in using more control than

i3 necessary or available.

e Many of the design techniques(Root locus, frequency response,etc.) are

difficult to apply to MIMO systems.
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e Better Numerical Methods(HQR, HQZ, SVD, etc.)-~ 1960-present j
e Singular Value Techniques~ Doyle and Stein and others,1970-present ]

e Gradient Design Methods- Ly and others,1980-present

These techniques are often labeled “modern control” where the previously men-

. N

tioned methods(Root locus, Frequencly Response, etc.) are often called “classical
control” techniques. Perhaps the major difference between the two is that classical
techniques are best suited to single input single output(SISO) dynamic systems i;.
where the modern control techniques are equally applicable to mulitiple input mul- \!

tiple output(MIMO) systems.

”

. Virtually all control systems in operational use today, in numerous diverse ap-
plications, have been designed using classical control techniques. These techniques
have been preferred over the modern control methods because most of the appli-
cations are fairly simple SISO systems. Even if the systems being controlled aren’t

truly SISO, acceptable SISO approximations can often be made. For instance, air-

craft motions can be separated into longitudinal and lateral motions which can be
approximated by fast and slow linear SISO systems. Design methodologies based

on classical control use these SISO approximations for autopilot designs. As we

might expect, this approach results in less performance than might be possible had
we not made the simplifying assumptions (necessary to use the design techniques).
This procedure is completely inappropriate if the system to be controlled cannot

be adequately approximated by several uncoupled SISO systems.
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engineers had the opportunity to build greatly improved control systems. How-
ever, the existing analytical tools were difficult to apply. More systematic anal-
ysis and design tools were needed to aid in developing control systems. Such
techniques were developed in the early part of this century. A few of these tech- |

niques(applicable to linear systems) are listed below: 1

e Nyquist Stability Analysis- Nyquist, 1930’s

e Frequency Response- Bode, 1940’s
e Root Locus- Evans, 1940’s

McRuer’s Chapter 1 contains an excellent summary of these early analytical tech-
: niques and their applications.[1] All these techniques(plus others) provided the
theory, and the signal processing devices existed to design sophisticated control
rq ur systems which were installed in operational systems such as aircraft, missiles,
rockets, ships, etc. The requirements of the military during World War II pushed
o the development and refinement of these techniques and of hardware capable of
k : implementing the designs.

During the 1950’s, the tools and hardware available to control engineers con-

tinued to expand. It was during this decade that the digital computer became a
r practical tool for designing and implementing control systems. With the digital

computer, the control design engineer had much more signal processing capability.

Analysis and design techniques soon developed which took advantage of the digital

|
{ ]

computer. A few of these techniques are:

e Kalman Filter- Kalman,1960

e Linear Quadratic Gaussian(LQG) techniques- Bryson and others,1960-present

o T T T T
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Chapter 1.

Introduction

1.1. Historical Background on Control System De-
sign

Control system design, as an engineering discipline, is relatively new. It has
been coupled closely with the development of measurement devices(sensors), elec-
tronic signal processing capability(analog and digital hardware), and the develop-
ment of mathematical techniques for the design and analysis of dynamic systems.
Before electronic signal processing, ingenious mechanical devices were designed
which incorporated simple feedback mechanisms. “Simple” here implies their an-
alytical complexity; sometimes these devices could be quite compicated mechani-

cally. Some simple examples of these mechanical feedback devices are:
o Water level control in a tank using float valves
e James Watts’ centrifugal governor for steam engines

Conventional techniques for analyzing dynamic systems (Newtonian dynamics,
Lagrangian dynamics, etc.) were adequate to study and design these mechanical

devices.

With the development of electronic signal processing and electronic sensors,

1
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many dynamic systems, including the example here, have parameters with different
units, it is often difficult to compare control gains or estimator gains for states
or measurements with differing units. In the Navion example, to determine the
relative importance of velocity to elevator and pitch angle to elevator gains would
be difficult since velocity has units of ft/sec and pitch angle has units of radians.
Model scaling allows the engineer to select a new set of units which result in the
plant model having variables with units having a sort of “equivalent” importance
to the designer. Of course, selection of such a set of units requires an understanding
of the dynamics of the process being controlled. For the Navion, the angle variables
are changed from radians to .01 radians while the linear variables remain in units
of ft/sec. Such a selection is reasonable since .01 radians and 1 ft/sec are similar
in importance to a pilot flying the aircraft. For a supersonic aircraft, a suitable

selection might be .01 radians and 10 ft/sec.

Figure 2.2 shows the scaled dynamic model. This change of scaling is accom-
plished analytically using similarity transformations based on the changes in units.
Appendix A presents the derivation of the transformations and the equations used
to transform all matrices of the dynamic model into the new units. The computer
program ROPTSYS, described in Appendix J, implements these equations as the
first step in calculating an optimal full order compensator. The next step in the

design methodology uses this scaled dynamic system as a starting point.

2.3. LQG Design

During this step in the design procedure, the optimal regulator and estimator

gains are calculated for the scaled dynamic system. Appendix B shows the deriva-

N N . L . . . . " . . . . -
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State Equations

o —.045  .036 0 —.322 o 1 048  —.036 !
) ~| -371 -202 178 0 4|22 0 [a.] 37T 2.02 [ ]

] 191 -3.96 -298 0 ~11.0 o L4 m,,, -m soe scaled .
e scaled 0 0 1.0 o sceled 0 K

0
Measurements

u 1t 0o 0o o7y 0 0],
| S Rt IS 1 1 A T L1 | 3 e 4 I
scaled 9 vealed Y8Jd scaled

@ea g &

r‘w-vv!: P

(2.0)

}
3 Qucated = [2:)'6 92)8] :
[.318 0 0 ] (2.8)
3 Rygteda=)| 0 318 0
[ 0 0 39
ﬂ o where: .
5 u- forward velocity, ft/sec |
w- vertical velocity, ft/sec
N q- pitch rate, .01 radians/sec _
@ 9- pitch angle, .01 radians "
be~ elevator, .01 radians k
b1~ throttle, ft/sec?
U - longitudinal gusts, ft/sec :
F, Weg— vertical gusts, ft/asec :
"~ vy, v}, Vg~ Measurement noise, ft/sec, ft/sec, .01 radians !
Q- disturbance spectral density, (From Bryson [2] sect 9.4) :
5 R- measurement noise spectral density(assumes standard deviations of 1 ft/sec !
l for u and h and 2 deg for § with .16 second correlation times(T.). The spectral :
5 densities come from the approximation, S.D. r3 20%T,.[9) >

Figure 2.2: Navion Linear Model After Scaling. The results of the scaling are
most noticeable in the F, G, and R matrices.
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L{‘ - tion of the technique used to calculate these gains. The optimal gain calculation
of this appendix is based on the eigenvector decomposition of the Hamiltonian

matrix as described in Hall and Bryson.[17] A modification to the technique is the

w capability to weight the linear combination of states and controls, y, = H,z + Du,
} in determining regulator gains, and, by duality, to include plant noise in the mea-
| surement, yn = Hn,z + Lu + Nw + v, in determining estimator gains.! This
L" modification is essential for aerospace applications since it allows acceleration to

be used as a measurement for estimator design, and weighted in regulator design.
The ROPTSYS computer program, described in Appendix J, calculates these reg-
; ulator and estimator gains. It also calculates the compensator dynamic system
based on these gains. One item of note is that the A and B matrices, used in

the quadratic performance index(P.I. = [{°(yT Ay, + u” Bu) dt), can start as the

b
;‘ o, identity matrices since the system has been scaled in “equivalent” engineering
L' units.

f The compensator dynamic system is displayed in three formats:

(]

! Conventional Form

2=(F-GC-KH)z+ Ky
(2.9)
u=0Cz

LARAR TS Sieee i s

where:
z- compensator states, n x 1
y— sensor measurements, p x 1
r u- controls, m x 1
K- steady state Kalman filter gains, n x p

C - optimal regualtor gains, m x n
s 'Franklin and Powell show this derivation for the direct digital design case.|6]
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Foin— minimal form of (F - GC — KH)
Kmin- minimal form of K

Comin- minimal form of C
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:(‘ - Modal Form
: é=Fmodz+Kmody
! (2.10)
: U= Cmod 4
where:
Fnoq- modal form of (F — GC — KH)
S
. ' Kmoq— modal form of K
Lﬁ Cmod— modal form of C
[
{ [ 01wy 0
[. _Wl 01
Frod = 0 o2 w2 ,nxn
—w2 02
L .
f * %] (2.11)
,a A Komod = * * nXp
S -
5 * Kk
) Cmod = * *x ...l mXn
- LE A
O
1 Block Minimal Form
}-. z.=Fminz+Kminy
o (2.12)
u=Cnpinz
where:

M
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0 1 0
3 02

Foin = 0 0 1 L. lanXxn

ay a2

|
-* *

Kmin= [* * .| ,nxp (2.13)
* « 0 1
0 1 % =

Coin= {4 » = = ,mxn

The modal form is calculated using the eigenvector matrix as a similarity transfor-
mation. Appendix C shows the equations needed to do this. The transformation
to minimal form is derived in Appendix C. The modal and minimal realizations
are important since they are unique realizations of the dynamic system. From
the block minimal realization of the compensator, the designer can assess the rel-
ative importance of the different modes. To aid in this determination of modal
importance, the ROPTSYS program also calculates two input/output measures,
both based on work done by Bernard.[7] One measure is the singular value of the

residue matrix associated with that mode. It is defined as:

M,

5(R:) = o7 + 9295 /AT hy + hTh, (2.14)

where:
91,92— the two rows of Ky, associated with the mode being analyzed
hi, ha- the two columns of Cp,, associated with the mode being analyzed
o(R;)- the singular value of the residue matrix for the i*» mode

The second measure of merit, M,, is just the first weighted by the real part of the

mode being evaluated:

QY

(%) (2.15)

o]

M, =
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The larger these measures are, the more important that mode is to the overall
input/output characteristics of the compensator. In the case of unstable compen-
sator modes, these should not be eliminated since they are usually required for
stabilization of unstable plant modes. Figure 2.3 shows the results for the Navion
control, which came from ROPTSYS. The input data required to get these results

are shown in Appendix J.

From these results, we note that the open loop Navion has a well damped short
period (the fast open loop mode) but the phugoid (the slow open loop mode) is
only lightly damped. The regulator design improves these dynamics by forcing
the two phugoid roots onto the real axis and speeding them up. The resulting
compensator is fairly fast (as fast as the aircraft response itself) and well damped.
This design was also analyzed using the RSANDY program, described in Appendix
K, to evaluate the compensator performance in the presence of plant disturbances
(vertical and longitudinal wind gusts) and measurement noise. The wind gust
data come from a turbulence model described by Bryson.[1] The performance is

tabulated in Figure 2.4.
Using these data, Figures 2.3 and 2.4, we can proceed to the next step of the

design, simplification of the full-order compensator.

2.4. Compensator Order Reduction and Reopti-
mization

As with each step in this methodology, the subject of compensator order reduc-

tion and simplification is an engineering discipline in itself. For this methodology,

the compensator mode measures, M; and M,, are the criteria for deciding which
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Section 2.4
System f Eigenvalues Damping
Open Loop(F) —-2.51+52.59,-.017+3.21 | .7,.08
Regulator(F-GC) -2.43 + 73.05,-1.03, —2.43 | .62,1,1
Estimator(F-KH) -11.3,-2.98, .84 + .43 1,1,.89
Compensator(F-GC-KH) | —11.3,-3.04 + ;2.34,-1.82 | 1,.8,1
Mode | Real | Imag | M, | M,
1 -11.34 0 2.62} .23
2 -3.04 | 234 | 1.86 | .61
3 -3.04 | -2.34 - -
4 -1.82 0 .83 | .46
Compensator Dynamic System Matrices
[ —11.342 0 0 0
ro | 0 0 1 0
min = 0 —-14.686 -6.0721 0
! 0 0 0 —-1.8155
[—.0133 -2.6218 .0244]
-~.278 —-.0886 .0652
Kmin{scaled) =} |49 872 -.337
| 771 -.0464 -.101 |
[~.0133 -2.6218 2.44 ]
-.278 -.0886 6.52
Kmin(unscaled) = | " 872  -337
! —.0464 -~10.1]
[ 1.0 0 10 -.36
Cmin(scaled) = | _ 1244 108 0216 10 ]
[ -.01 0 -.01 .0036
Cmin(unscaled) = | o300 _ 108 - 0216 —1.0]

Figure 2.3: Navion Full Order Compensator. The unscaled matrices are in units

of the physical system.

19

(2.16)

Standard Deviations
Controls States
b, 6 u w q 0 h
(deg) | (deg/sec?) | (ft/aec) | (ft/sec) | (deg/aec) | (deg) | (ft/sec)
153 .284 5 2.25 .66 47 1.32

Figure 2.4: Navion Full Order Compensator Performance. This statistical
performance i3 based on the noise characteristics described in Figure 2.1.
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:‘ - modes of a compensator can be eliminated. The M; term seems to be most useful i
in the work here on flight vehicles. A mode can probably be eliminated with little
performance impact if its value of M;/My,, ., i8 .1 or less. When this ratio is
*‘ greater than .1, that mode may still be neglectable but the decision must rest on
reduced order analysis results. In addition to eliminating modes, a compensator

can also be simplified by eliminating unimportant measurements. This is desir-

f
;‘ able since it would lower the cost of the control system. The scaled K,,;, matrix
F provides the data which are used to decide if a specific measurement is neces-

sary. If the magnitudes of the elements of a specific column of K., are smaller

. than the other column elements, the measurement associated with that column qu
may be neglectable. Of course, the final decision must be based on the simplified 1
compensator analysis results. 4

f‘ V' J .4

f Applying these design guidelines to the Navion example, Figure 2.3, we note

@ the two real modes have an M; smaller than the single complex mode so we ‘

t‘ eliminate these modes and the associated rows of K. and columns of C,,;n. .4
Examining the values of scaled K,,;,, we note the column associated with the 4 *
(pitch angle) measurement is smaller than the other so we try eliminating this ]

;_0 measurement. The importance of the scaling process is evident here since the 4 )

i column elements in the unscaled K, matrix have large magnitudes due to the *
radian units. Thus, without scaling, the § measurement would have seemed more

} . important than it was. The compensator is now second order, 2 input, and 2 .;

q output, a significant simplification from the fourth order, 3 input, and 2 output ]
full order compensator.

¥

The next step is to analyze and reoptimize the reduced order compensator

.
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Simplified Compensator before Reoptimisation

[él]_[ 0 1 ][zl +[—.278 —.0886] [u]
2] 1-14.69 -6.072] |2, 1.485 873 h

4] =L 00 o2 IE (2.17)
&1 |-.1978 —.0216] | 2,
Simplified Compensator after Reoptimisation
[z',] _ [ 0 1 ] [z,] + [-—-.1366 2124 ] [u]
2] 1 —13.59 -16.93] |2 2676 -—3.241] |A (2 18)
[6c] _ [ 0 —.01 ] [z, )
6]  1-13.14 -—-1.228] |2,
Full Order vs Reduced Order Performance
Standard Deviation .
System be 8¢ u w q 0 h
(deg) | (deg/sec?) | (ft/sec) | (ft/acc) | (deg/sce) | (deg) | (ft/aec)
Full Order 153 .284 .5 2.25 .66 47 1.32
Reduced Order 2 31 .57 2.39 77 .58 1.23

Figure 2.5: Navion Reduced Order Compensator Design Results. The
reduced order compensator was unstable before the reoptimization. The performance is
based on the disturbance and noise properties of Figure 2.1

using the RSANDY computer program. The RSANDY program, described in Ap-
pendix K, is a modified version of a design and analysis code written by Ly.[8] The
program designs robust, low order compensators using a gradient search technique
based on a quadratic performance index. The results of using this code on the

Navion simplified compensator are shown in Figure 2.5.

The reduced order compensator resulted in an unstable closed loop system.
This points to the necessity of the reoptimization step after compensator sim-
plification. The utility of Ly’s code is also evident here since it allows unstable

initial guesses when reoptimizing the compensator. Another important feature,
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not used in this example, is the capability of including several plant conditions in
the optimization to ensure compensator stability robustness to changes in plant
parameters. The selection of weighting matrices in the quadratic performance in-
dex, used by the RSANDY program, was based on “Bryson’s Rule” as applied to
the scaling parameters. Briefly, “Bryson’s Rule” suggests that the outputs and
controls be weighted by the inverse square of their scale factors. For this example,
the outputs were u(velocity) and h(climb rate), and the controls were 5,(elevator)
and &(throttle), with units of ft/sec, ft/sec, radians, and ft/sec?, respectively.
The scaled units were ft/sec, ft/sec, .01 radians, and ft/sec?. The performance

index is then:

t
PI = /o ' (yTQy + uT Ru)dt (2.19)
where:
[y
y= h
_[]
“= s

~lo 3 01

r_1
R = | tor? O]Or[mgoo (l)]

L 17

For more complicated problems, these weighting terms may need to be adjusted
to get the desired performance. The input file for RSANDY used to get the results

of Figure 2.5 is listed in Appendix K.

The results of Figure 2.5 show what might be expected. The simplified com-
pensator has slightly degraded performance in that both the aircraft motion and

control activity is slightly larger than the full order compensator. These statistical
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performance parameters are important since they indicate the disturbance rejec-
tion properties of the design but we recall the design objective was a velocity and
climb rate command system for the Navion. Since the designs thus far are only

regulators, we still need to d. sign the command capability for the controller.

2.5. Command Inputs

Generally, control systems are expected to do more than regulate the outputs
of a process to some nominal value. We need the ability to change the output
of the compensated system to any selected realizable value. To accomplish this
end, the desired outputs are used to determine actuator commands which are
the steady state controls for the desired outputs. Figure 2.6 shows this concept.
The maximum number of outputs which can be commanded is the same as the
number of independent controls in the system. This means that the feedforward
matrix is square. An additional constraint is that the desired outputs must be
physically realizable. For instance, velocity and position cannot be decoupled, i.e.
you cannot command a steady velocity while holding position. Appendix D derives
the algorithm which calculates this decoupling feedforward matrix for the case of
equal numbers of controls and desired outputs. This algorithm is implemented in

the SETPNT computer program described in Appendix L.

To complete the Navion autopilot design, we need to include the climb rate
and forward velocity command capabilities required by the specifications. For this
aircraft, these two outputs can be decoupled (controlled independently) with the
two controls, elevator and throttle. Using the SETPNT program with the Navion

data(shown in Appendix L), the feedforward matrix for the full order compensator
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i.

Compensator

limd rat

Desired Output=|:c"'°°""';]

Measurements = [} o 1ot

Command Control=[fesstid]

| t
Regulator Control- {’,,.‘3:&.".,']

Total Control=[heseied]

Control Sensitivities

Feedforward Gains

Figure 2.6: Commanding a Desired Output. The K matrix is diagonal and based
on human factor considerations. The N matrix comes from an analysis of the system in
steady state; the derivation is described in Appendix D.
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is:
S 221
For the reduced order controller, the result is:
N= '933?33 _'.2225?4] (2.22)
where:
] =¥ e a0

One item to note here is the fact that the feedforward matrices are dependent on
both the plant and the controller. The correctness of these decoupling feedforward

matrices becomes clear when the Navion designs are evaluated in simulation.

2.6. Simulation and Test

The final step of any design methodology is the demonstration of performance.
The first step in such a demonstration is the use of a simple linear simulation. Once
the design is validated in linear simulation, the simulation might be expanded to
model some of the important nonlinearities in the physical system. In this method-
ology, the RSANDY program, described in Appendix K, includes the option of
creating a linear simulation model. This model is then used by the SIMPLOT
program (described in Appendix M) to simulate the closed or open loop system
with or without the random disturbances. Using these RSANDY and SIMPLOT

programs the Navion full and reduced order compensators can be compared.

The results of step commands in velocity and climb rate are shown in the

following figures. Comparing Figures 2.7 and 2.8 we note the performance is

<
4
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-
4
9




L R -y -

e T

Section 2.6 26

1 e ol
SRe an ‘e T (N ] s 10 - IR} ‘e 'y X IS ) e ]
8 TIE sest 3: 4L AT*Y

EN 2 F
23 c

x° 942

3 - g.

3]\ £

) 2 ]
- - .{
. .l )
<2 e 27 ) .
2‘ g 3e s a3 «ﬁ:x'ao IR

=~ / Za / 3
J.j - /

.-/ g: .
§=/ L _
=e 42 4

. *Fe v va v ee s sa
g. ; ‘1 Tt

') - a

g. of &t |or:{,“..an IR} ‘0 ;: /,_ —
£ / g g

ce -

2 ¢ ‘\//

. —_}

Figure 2.7: Velocity Response for Full Order Compensator. The system has
a rige time of about 2.5 seconds and near critical damping.
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unscaled model ¢ and 4 appear much less noisy than the u and h measurements
indicating the possibility that u and h may not even be necessary. After scaling,
the spectral densities are closer in magnitude but  is still more accurate. With
the scaling accomplished, the methodology continued with the design of the full

order compensator using the ROPTSYS program.

3.4. LQG Design of the Full Order Compensator

The design of the full order compensator is straightforward since we have all
the data necessary to run the design program ROPTSYS. Since we have the system
scaled, the first choices for output and control weighting matrices in the regulator
design are identity matrices. With this selection, the compensator is calculated and
shown in Figure 3.6. Examining the closed loop roots (the estimator and regulator
roots) we note the very slow estimator pole at -.0088. The slow estimator pole
results from having a very accurate measurement of § (low noise spectral density)
but relatively noisy measurements of u and h. The fast filter roots estimate mostly
8 and g while the slow mode estimates mainly u. If we had introduced h and u
commands into the compensator(Equation 3.9), the slow estimator mode would
not have affected the response to commands, since the estimator would have been
“tracking” closely before the commands. For perfect tracking, the estimator modes
are not excited at all. This need to include the command in the compensator was
not recognized until later so the responses of Figure 3.7 show the poor performance

when commands are not properly fed forward to the compensator. Figure 3.8 shows
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State Equations

i —.0204 0377 0236 -.3217 .0127 .04267 rou o o0 0205 —.037
@ —.0663 —.551 .9902 -.0186 .0467 -.936| | w o o 0663 .5512
d| _] —42 176 -1.682 0 391 153 al,f0 0 [.]+ 42 -1.78 [u,]
e~ 0 0 1.0 0 o ] 8 0 0 B ] 0 v
ée 0 0 0 0 -400 O be 00 o0 0 0
be 0 0 0 0 o -40.0J Ls, 0 400 0 0
(3.0)
Measurements
q 0 0 1 0 0 0][u] [0 O 00 vg
6 _{o0o 0 o 1 0 0 w 0 0] [é 00 Uy vy
Al = 1o -1 0 1000 0 0 q+00[6¢]+00[w.+v,“(3'7)
u 1 0 O 0 0 0 0 0 0 0 0 Uy
246 0
Q= [ 0 9.98]
323 0 0 0
8
R_| 0 81x10* 0o o (38)
- 0 0 160 0
0 0 ¢ 11
where:
u forward velocity, ft/sec
w vertical velocity, ft/aec
1 pitch rate, .01 radiagns/sec
0 pitch angle, .01 radians
be pitch control, .1 tnches
s, collective lever, .1 tnches
. longitudinal gusts, ft/sec
Wee vertical gusts, ft/sec
Vq.¥9, v}, vy meagurement noise, .01 radians/sec, .01 radians, ft/sec, ft/sec
Q disturbance spectral density, [1]
R measurement noise spectral density(assumes standard devations shown in Fig-

ure 3.1 with 3 Hz bandwidth) The spectral densities come from the approxi-
mation S.D. s 20°T,. [9)]

Figure 3.5: CH-47 Scaled Longitudinal Linear Model at 60 knots. Even

after scaling, the # measurement is much more accurate than the others.
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State Equations )
a —.0204 0377 236 3217 127  .426 u o o 0205 —.037
W —.0663 -551 99.02 -—1.86 467 -936| |w 0o o 0663 5512 '
g | _|-oo42 .0t76 -1682 0 391 183 gl 0o o [6.]+ 42 -L.76 [u.,] -
el 0 0 1.0 [i] 0 0 ] 0 0 8¢ 0 0 we ‘
be 0 0 0 0 -400 o0 b 00 o 0 0 N
be 0 0 0 0 0 —40.0J L& 0 400 0 0 4
(3.3)
Measurements
u Y
q 0 01 0 00]|w|l 0O 00 ve ]
ol o o o 1 o of||q| |0 0f[&] |0 O|[ue],|vs ]
il =1o -1 o 1000 o oflo|*|o oflelT|o of lwa]¥|u;| &Y ]
u 1 0 O 0 00 b, 0 0 g O Vy J
Se ’
ﬁ
(246 O '
=10 9.98]
[3.23 x 1075 0 0 0
2/ R 0 81x10® 0 0 (35)
= »
0 0 160 0 é
[ 0 0 0 11 ‘
where:
u forward velocity, ft/sec
w vertical velocity, ft/aec )
q pitch rate. radians/sec
9 pitch angle, radians |
b pitch control, tnches 4
be collective lever, inches »
Uy longitudinal gusts, ft/sec ]
Wy vertical gusts, ft/sec ]
vg. ¥§. Vj,, vy Measurement noise, radians/sec, radians, ft/sec, ft/sec ]
Q disturbance spectral density, (1] .'
R measurement noise spectral deusity(assumes standard devations shown in Fig- ]
ure 3.1 with 3 Hz bandwidth) The spectral densities come from the approxi- )
mation S.D. s 202T,. (9] {
Figure 3.4: CH-47 Longitudinal Linear Model at 60 knots. The highly ,
accurate § measurement comes from the inertial navigation system(INS), the pitch rate 1
from a body mounted rate gyro, the velocity from the pitot-static system, and the climb
rate from an instantaneous vertical speed indicator (IVSI).
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other consideration in the development of a linear model for this design is the need
to avoid “nuisance disengages” of the experimental control system in the CH-47.
These automatic disengages are a safety feature of the modified control system
which cause the experimental control system to be tripped off when the control
rates exceed a known rate. The approach used to eliminate the possibly of these

problems was to include simple first order actuator models:
Uactual = —40 Ugetual + 40 Yderired (32)

By weighting t,.ruat in the performance index, the control rates should not get
large, hence eliminating the nuisance disengages.! Before starting the control

design, the linear model was scaled to help in compensator order reduction.

3.3. Model Scaling

The selection of units for the CH-47 at a 60 knot flight condition is dependent
on our understanding of the aircraft dynamics. In this case, 1 ft/sec of velocity
or climb rate is about as important to the pilot as .01 radian of pitch angle or
.01 radian/sec of pitch rate. Similarly, the pilot would feel comfortable using .1
inch of either control to command the 1 ft/sec of velocity. Another way of looking
at this scaling is to note that a .01 radian pitch angle would result in a 1 ft/sec
climb rate at the nominal airspeed of 60 knots(a 100ft/sec). Figures 3.4 and 3.5
show the linear model at 60 knots both before and after scaling the system into
the units above.

The usefulness of the scaling step is again evident if we look at the measure-

ment noise spectral density matrix for the scaled and unscaled models. In the
'Flight test later confirmed that the experimental system seldom had these type disengages.
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| Componuto+—
Y, == Actual Outputs (Subset of Measurements)
Ye -- Desired Outputs
> % -~ Measurements

U, -- Command Control
U, -- Iintegral Control
U, -- Regulator Control
Y, -- Total Control

Figure 3.3: Controller Structure for The Longitudinal Cruise Autopilot.
Flexibility comes from making the controls, outputs, and measurements vectors rather
than scalars.
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The form of the controller to be used for the design depends on its function.
For this design, the controller must give the pilot a command capability. From
Section 2.4, we recall that the command capability comes from the feedforward
matrix which decouples the desired outputs. Appendix D shows that this matrix
results from inverting the steady-state dynamic system. In flight, this matrix would
exactly decouple the two desired outputs only if the helicopter were actually linear
and had the same parameters as the model. Of course, this can never happen for

several reasons:
e The helicopter dynamics are not linear.
e The helicopter has dynamics which were not modeled.
e The atmosphere is never “standard”.
e The helicopter burns off fuel during flight, changing its inertia properties.
e The sensors have biases and scale factor errors.

The list could go on but it is clear we need to correct for differences between the
model and the actual aircraft. One obvious solution is to use integral-error control.

Figure 3.3 shows a form of the controller which includes this capability.

An interesting difference between this type of controller and more conventional
flight control systems is the presence of off-diagonal terms in the integral-error
feedback. Normally, the integral feedback is from desired output to the primary
actuator for that output. For instance, a classically designed integral controller
would use integral of velocity error for pitch control and integral of h error for
collective. These off diagonal gains would be difficult to find using classical tech-
niques since four transfer functions would be used to calculate the four integral

gains. Finding these gains is straightforward using the RSANDY program. An-

w,

.
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u(ft/sec) u
w(ft/sec) ~rl¥|+c [5,(inches of longitudinal stick)
(radians/sec) | ~ q + S.(inches of collective lever)
f(radians) 6
q 0O o 1 0 u (3-1)
é 0 0 0 1 w
ym(measurements) = il =lo —10 o 1000 q
u 1 0 O 0 6

Figure 3.2: CH-47 Longitudinal Model. This is a conventional longitudinal model
found in most textbooks. The climb rate measurement is based on the approximation,
h = —w + Unominatf.

the need for a fairly rigid control structure. This was necessary since the controller
was to be programmed in fixed point assembly language on the aircraft’s Sperry
1819A flight control computer. Since major controller structural changes would be
difficult and time consuming, the baseline controller had to have a broad control
structure which would allow design flexibility to come from changes in the com-

pensator order or in the matrices themselves. With these goals and constraints in

mind, the application of the methodology began.

3.2. Linear Models and Basic Control Structure

The models used for these designs come from Reference 11. This reference gives
the aerodynamic coefficients at several different flight conditions and a general form
of the “F” and “G” matrices based on these coefficients, the inertia properties of
the aircraft, and the nominal airspeed. Appendix G shows this general form as
well as the resulting linear models used for this research. Figure 3.2 shows the

parameters of the longitudinal model.
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Measurement Units Approx. Noise Approx. Correlation | Spectral Density 4
Standard Deviation | Time in Seconds $.D. s 2(a?)T, o
0.,¢r¢.'ml gyro degreea 1 .053 1.061 x 103
Poertical gyro degrees .1 .053 1.061 x 10~3 ]
d)d.'n,ﬁ,,,ml gyro degreea 1.0 .053 .1061 1
Or~ns degrees .05 .053 2.653 x 10~4
brns degrees .05 .053 2.653 x 10~4 ol
Dins degrees 1 053 1.061 x 10~3 b
p degrees/sec 2.0 .053 424
q degrees/sec 1.0 053 .106 "
r degrees/sec 5 .053 2.653 x 10~ R
ay ft/sec? 3.22 053 11
ay ft/sec? 3.22 053 1.1
a; ft/sec? 3.22 053 1.1
Rbarometric ft 2.0 318 2.546
hradar ft .5 .053 2.653 x 102
velpitot static St/sec 3.0 318 5.73
Qpoom vane degrees 2.0 .053 424
Bboom vane degrees 2.0 .053 424

Figure 3.1: Sensors Available on the NASA CH-47. The standard deviations
are estimates based on flight test data from the CH-47 instrumentation system. The .053
second correlation times corresponds to a 3 hz bandwidth.
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Similarly, to establish a constant speed climb, the pilot must add collective thrust
to begin climbing but simultaneously adjust pitch attitude to hold airspeed. In a
sense, the pilot (through his extensive training) becomes an inner-loop decoupling
controller, needed to give good speed and climb rate performance, the ultimate
goal in cruising flight. The design goal, in terms of human factors, can be restated
as reducing the pilot’s workload in cruise flight by taking him out of the aircraft

inner loops and giving him a direct velocity command system.

With the design goal stated, the physical hardware and flight software con-
straints must also be considered. Appendix F briefly describes the aighly modi-
fied CH-47B flight research helicopter flown and maintained at the NASA Ames
Research Center. The Langley Report gives a more detailed description of this
particular helicopter, which has been modified to include a full authority fly-by-
wire flight control system and extensive instrumentation.[10] Figure 3.1 shows the
list of sensors available on the aircraft. Unfortunately, many of these sensors were
quite noisy in the sense that they contained frequencies associated with the rotor
motion. Rather than attempt to use the noisy measurements directly in the digital
compensator, the TR-48 analog computer on the aircraft was programmed to filter
several of the important aircraft motion sensor outputs. Specifically, fourth order
Bessel filters were used on the longitudinal, lateral, and vertical accelerometers; a
third order Bessel filter was used on the roll rate gyro; and second order Bessel
fillers on pitch rate, yaw rate, altitude, and pitot-static airspeed measurements.
The filters were designed with 5 Hertz breakpoints to eliminate the “3 per rev”
and “6 per rev” main rotor harmonics at 11 and 22 Hz. A brief description of these

filters is included in Appendix H. A further constraint on the design process was
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Chapter 3.

. Iu

Longtidinal CAS for the CH-47

P, Y

3.1. Design Goals and Constraints

The first example of an application of the methodology in Chapter 2 is the R |

design of a longitudinal cruise autopilot for the CH-47. The goal was to synthesize 2

& a controller which gave the pilot independent control of airspeed and climb rate
using separate pilot controls. For this design, the pilot longitudinal stick was used
for the airspeed control and his collective lever was used for climb rate control.
This implementation is unconventional since most helicopter control systems, even
the highly augmented ones, give the pilot either pitch rate or pitch angle command
from longitudinal stick and direct collective thrust command from the collective
lever. Some of the more modern helicopters (CH-47D, HH60, CH-53) do close
outer loops such as altitude or speed-hold around the collective thrust and pitch
rate inner loops, but these are usually implemented as additional pilot-selectable
autopilot modes. One trouble with pitch-angle, collective-thrust controllers is the
coupling between the two. To increase speed in level flight, the pilot must pitch
down, add collective thrust to maintain altitude and accelerate, then pitch up
and reduce to a thrust slightly higher than the original to hold the new airspeed.

31
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the compensator and then further simplifies the discrete compensator by putting
it back into block minimal form. The SETPNT program uses an algorithm which
finds the exact digital representation of a 2 x 2 compensator subsystem. One
advantage of having the digital compensator in block minimal form is the reduction
of arithmetic operations required by the computer. Specifically, the minimal form
reduces the number of multiplies and adds, required by the compensator, by r(r—1)
where r is the order of the compensator. For large order compensators, such as
required by systems controlling structural modes, the reduction can be important.
The SETPNT program calculates this digital compensator in a form immediately

usable in a floating point digital controller.

2.7. Summary

This chapter has shown an approach to designing control systems based on
“modern control” methodologies. The approach is especially useful for MIMO sys-
tems of large order where compensator order reduction is essential. The Navion
autopilot design was a simple example chosen to illustrate the design methodol-
ogy. In applying this methodology to real control systems, problems will surface
requiring the designer to modify and iterate the design to achieve the desired per-
formance specifications. The next two chapters show this methodology applied to
a real design problem. They illustrate the usefulness of the approach applied to a
fairly complicated design task. They also show the type of problems which surface

in real design applications.
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Figure 2.12: Navion Reduced Order Compensator Performance in Tur-
bulence. The performance is nearly identical to the full order compensator (Figure 2.11)
and is shown numerically in Figure 2.5

7N

could be “tuned” by changing the weighting matrices and disturbance properties

in the RSANDY program.

Eventually, the control system may be put into the physical system and tested.
Since these compensator designs can be computationally intensive, it is unlikely to
see any analog or continuous implementations for anything other than the simplest
designs. Since the entire design process has been in the continuous domain, the
final compensator must therefore be discretized to be useful in a digital computer
based control system. The process of discretization is simple since the compensator
is in a block minimal form. If the control is assumed to be a zero order hold
(ZOH), i.e. step commands over the cycle time, then the discrete form can be
solved exactly for the 2 x 2 and 1 x 1 blocks which make up the compensator

dynamic system. The SETPNT program does this exact ZOH discretization for
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Figure 2.11: Navion Full Order Compensator Performance in Turbulence.
The primary difference between the full order performance and reduced order performance
! (this figure and Figure 2.12) is in the control response which is smoother here.
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Figure 2.9: Climb Rate Response for Full Order Compensator. The rise
time is 2 seconds with critical damping.

as we might expect.  The velocity is better damped and faster using the full
order compensator. Also, with the elimination of the § measurement, we note the
reduced order compensator has greater pitch angle excursions due to the velocity
command. Comparing the climb rate responses of Figures 2.9 and 2.10, we note
similar performance between the full and reduced order compensators. To compare
the disturbance rejection characteristics of the two designs, we use the SIMPLOT
program with plant disturbances and measurement noise. Figures 2.11 and 2.12
show the system performance in response to an initial pitch rate of 5 degrees in
the presence of identical disturbances.  As expected the full order compensator
does a better job, as seen earlier in Figure 2.5. At this point, the design could
be iterated by eliminating more modes or measurements, or by adding modes

or measurements to improve performance. Alternately, the reduced order design
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the responses when the commands are correctly accounted for in the compensator.

z=Az+ B Ym + T,;.‘l,. T,;:d G Ycommand
(3.9)

Uregulator = Cz

where:
A: the block minimal form of the compensator dynamics matrix(F —GC ~ K H) which
already includes the regulator control effects (the GC term)

B: The minimal form of the Kalman gain matrix from ROPTSYS
C : The minimal form of the optimal regulator gain matrix from ROPTSYS
G:  the control distribution matrix for the physical system

T} : the similarity transformation from the modal form to the block minimal form

described in Appendix C

;;d: the similarity transformation from the nominal form to the modal form, composed

of the eigenvectors of F - GC - KH

At this point in the process, alternative approaches to the design were used.(Still
before we realized how to implement Equation 3.9 above.) Two such alternatives

Y2
are shown below:

e Pick noise spectral density matrices independent of the actual noise but

which give good time responses.

e Use an inverse optimal solution as described by Bernard to establish the

performance index weighting matrices and noise spectral density matrices.[7]

3.4.1. Redesign Using Arbitrary Measurement Spectral Den-
sities
The first intermediate approach to improving the poor time response in the
velocity channel required selecting noise spectral densities which give an adequate
time response. This approach violates the assumptions of the LQG estimator
design procedure where the Kalman filter gains are calculated to minimize the

estimate errors in the presence of the given noise. However, the noise properties are
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0 1 0 0 0 0
-260.43 -20.31 0 0 0 0
0 0 —-14.5 0 0 0
Frin=1"9 0 0 o 1 0 (3.10)
0 0 0 -273 -638 0
0 0 0 0 0 —4.86 |
-.58 -12.1 -.011 .0078
6.98 226.5 0411 .058
_ -72 -100.7 -.154¢ .233
Kmin(scaled) = | _y o9 _g5 355 —75 (3.11)
9.12 -3.78 -236 4.35
-11.34 -493 244 -444
—58 -121 -.011 .0078
69.8 22649 0411 .058
) _ | =72 -10070 -.154 .233
Kmin(unscaled) = —199 -850 355 75 (3.12)
912 -378 -236 4.35
-1134 -4930 244 —4.44
405 .74 75 —-506 -—-46 -.25
Cmin(3caled) = [ 0 1 1 0 1 i J (3.13)
405 .074 075 -.0506 -—.046 —.025
Cmin(unscaled) = [ 0 ~1 -1 0 21 1 ] (3.14)
System Eigenvalues Damping
Open Loop(F) —-40.0, —40.0, —2.54, .503, —.105 + 7.276 1,1, 1, unstable, .35
Regulator(F-GC) —4.64+£582 ~504+ 1.2, ~2.94 + 4.01 62,.98, .59
Estimator(F-KH) —40.0, —40.0, -11.55 + 8.69, -3.74, —.0088 1,1,.79, 1,1
Compensator(F-GC-KH) | —10.15 + 12.54, —14.5, —-3.39 + 3.97, —-4.86 63,1,.65,1

Mode || Real | Imag | M, | M,
1 -10.15 | 12.54 | 277.9 | 274
2 -10.15 | -12.54 - -
3 -14.54 0 126 | 8.66
4 -3.4 3.97 68 20
5 -3.4 -3.97 - -
6 -4.87 0 52 10.8

Figure 3.6: CH-47 Longitudinal Full Order Compensator. Notice the highly
unstable open loop mode at &
condition is the most unstable in the envelope.

.503. According to the test pilots, the 60 koot flight
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Figure 3.7: Longitudinal CAS Time Responses using Nomimal Noise. The
poor velocity command response is dominated by the slow estimator mode (s = —.0088).
fairly uncertain and furthermore, the goal of this design was not a good estimator,
but a good compensator. The selection of Q@ and R matrices which give “good”
performance is an iterative process. Figure 3.9 shows the compensator when the
spectral densities of all the measurements are set to .2. The very slow estimator

pole is eliminated. Figure 3.10 shows the improved velocity response and the

unchanged climb rate response.

3.4.2. Redesign Using an Inverse Optimal Controller

The second intermediate approach uses Bernard’s “inverse optimal controller”
technique.[7] This technique computes A, B, @ and R matrices which, if used in
an LQG design, give a closed loop system with desired poles. Figure 3.11 shows
this compensator including the A, B,Q and R provided by Bernard. The time
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Figure 3.8: Longitudinal CAS Time Responses with Commands to the
Compensator. With the command correctly fed to the compensator, the response is
identical to a full-state feedback controller. The climb rate response is unchanged from

Figure 3.7.
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-
¢ 0 1 0 0 0 0
- ~14715 -743 0 0 0 0
0 0 0 1 0 0
h Frin=1 0 -427 -161 0 0 (3.15)
- 0 0 0 0 0 1
{ 0 0 0 0 -~27 -3.16]
.00014 00048 —.009 -1.12
{e -.001 -.0018 -240 3.99
—-.0076  -.00093 -.18 .99
[ Kmin{sealed) = | 501 .0018 311 -366 (3.16)
-.000093 1.1x10"* -15 -.24
.00015 0018  -.026 -.20
o 014 048 ~-.009 -1.12
3 -10 -.18 -240 3.99
{ ‘ | -076 -093 -18 .99 ‘
Kmin(unscaled)= | 1,7 15" 311 -366 (3.17)
-.0093 .00011 -.15 —.24
015 018 -.026 -.20
(R 00 10 00 1.0 165 1.17
| Crmin(scaled) = [.26 40 23 38 00 1.0] (3.18)
¢ . o0 -1 00 -1 -.165 -.117]
3 Cmin(unacaled) = [—.026 -040 -.023 -.038 00 -—.1 (3.19) ]
le
u System Eigenvalues Damping
- Open Loop(F) —40.0, —40.0, —2.54, .503, —.105 £ 5.276 | 1, 1, 1, unstable, .35
3 Regulator(F-GC) -2.62, —.866 + 7.913, —1.035 + .384, —.281 1,.69,.94, 1
- Estimator(F-KH) -40.0, -40.0, -4.45, -1.0 £ 5.721, - 1.31 1,1,1, 81,1
{ Compensator(F-GC-KH) | —3.72 + 7.947, —.803 + 51.90, —1.58 + 7.445 .97, .39, .96
r. Mode || Real jImag | M, | M,
r_ 1 -3.72 | .947 [11.33 | 3.05
: 2 -3.72 | -.047 | - -
Y 3 [ -803]| 190 | 5.24 |6.53
' o 4 -803 | -190 | - -
5 -1.58 | .45 | .254 | 1.61
t 6 -1.58 | -45 - -
Figure 3.9: Longitudinal CAS using Arbitrary Measurement Spectral
o Density. The slow estimator mode of Figure 3.6 is eliminated.
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Figure 3.10: Longitudinal CAS Time Responses using Arbitrary Noise.
The poor velocity response of Figure 3.7 is eliminated.
/)

responses of Figure 3.12 confirm the improved performance.

Figure 3.13 shows the statistical performance of the original design and the

two alternate designs. As expected, the nominal design has the lowest errors. The
inverse optimal controller is nearly as good tut the other is clearly the worst.
Based on the combination of statistical performance and the time responses, the
inverse optimal design was the best of the full order compensators. With the full i

order compensator in hand, the process of order reduction began.

3.5. Compensator Order Reduction ;|
]

Using the M, criterion of section 2.3, both the nominal and the inverse optimal ]
compensators indicate reduction to third order is feasible. From a more practical ?
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0 1 0 0 0 0
-205.73 -2268 O 0 0 0
0 0 -373 0 0 0
Fain=1 ¢ 0 0 0 1 0 (3:20)
0 0 0 -155 -233 0
0 0 0 0 0 -—.68
-013 -87 -.34 -.0015
-17 495 .17 -1.03
1 31 -84 01 184
Kmin(scaled) = | )1 43 12 g8 (3.21)
022 34 069 -—.57
014 63 .16 -140
-1.29 -86.68 -.033 -.0015
-16.62 494.75 .17 -1.03
| 3728 -s8430 .01 1.84
Kmin(unscaled) = | _,0s _go6a 12 88 (322)
216 3385 .069 —.57
144 6312 .16 -1.40.
_[00 10 10 161 .33 1.0
Cmin(scaled) = 0 25 21 00 1.0 —.42] (3.23)
00 -01 -1 =-.16 -.033 -.1
Cm;n(unaca’ed)—[_.m -.025 -021 00 ~-.1 .042] (3.24)
System Eigenvalues Damping
Open Loop(F) —40.0, —40.0, -2.54, .503, —.105 £ 7.276 | 1,1,1, unstable, .35
Regulator{F-GC) -2.13 + .78, —.56 + 5,23, —.82 + ;.33 .94, .93, .93
Estimator(F-KH) -40.0, -40.0, —11.54 + 58.70, —1.01, — .52 1,1,.80,1,1
Compensator(F-GC-KH) | —11.34 + j8.78, —3.73, —1.17 + j.44, — 68 79.1,.94.1

Mode || Real |Imag| M, | M,

S UV W e

-11.34 | 8.78 | 15.33 | 1.35
-11.34 | -8.78 - -
-3.73 | 0.0 | 2.11 | .56
-1.17 | .44 | 2,59 | 2.22
-1.17 | -.44 - -
-.68 0.0 | 1.67 | 2.46

Figure 3.11: Longitudinal Compensator based on Inverse Optimal Solu-
tion. The slow estimator mode of the nominal design, Figure 3.6, is gone.
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Figure 3.12: Longitudinal CAS Time Responses using Inverse Optimal
Controller. The velocity reponse is much improved from Figure 3.7.

Standard Deviation
System 5. S, u w q 6 h
(inches) | (inches) | (ft/sec) | (ft/sec) | (deg/sec) | (deg) | (ft/sec)

Nominal 12 .06 1.01 1.51 0.84 0.78 1.49 .
Arbitrary Noise 39 21 4.24 3.96 3.46 3.34 2.65 .j
Inverse Optimal .16 07 1.43 2.90 1.24 1.29 1.72 g

= |
Figure 3.13: Performance Comparison of Full Order Compensators. These .
data are based on the measurement noise shown in Figure 3.1 and disturbance noise of /
Figure 3.4. ]
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standpoint, using output feedback of the measurements is also a possibility. This
is appropriate if we recall from section 3.1 that all the measurements were being
analog filtered before entering the flight control computer. The next two sections

show these two designs.

3.5.1. Robust Longitudinal Third Order Compensator

Using the nominal compensator reduced to third order as a starting guess, the
RSANDY program was used to optimize the low order compensator using its ro-

bust design feature. The following flight conditions were used with the weightings

shown.
Condition Airspeed(knots) | Climb Rate(ft/min) | Weighting
Nominal 60 0 8
Off Nominal 1 60 500 .05
Off Nominal 2 60 -500 .05
Off Nominal 3 40 0 .05
Off Nominal 4 80 0 .05

Stability is ensured by the RSANDY program for each of these flight condi-
tions. Figure 3.14 shows the results including the closed loop roots at the nominal
flight condition. There is still a slow mode (s = ~.059) which is shown in the time

responses of Figure 3.15 indicating the need for integral control.

When the integral control loop is added to the third order controller, the
RSANDY program was again used to set the four gains in the K; matrix of Figure
3.3. The program did not converge with only the four gains of K; allowed to
vary in the optimization. By releasing both the K; and the compensator gains,
the compensator of Figure 3.16 emerged. Figure 3.17 shows the associated time
responses. The same approach was used to set the integral gains for the full-order

compensator when the integral control loop was added. Figures 3.18 and 3.19
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0.0 1.0 0.0
Friin = [—226.3 —-78.49 0.0 ]
0.0 0.0 -1.397
-22.17 -~-121.7 -35 -.1
Kopin = [ 53.14 3527. .87 24
-31.38 -8446 -90 -.38
co. [ 00 -.10 —.10]
min Tl -11 -.056 .012
Real Part | Imag Part | Damping | Freq(rad/sec) | Freq(Hz)
-75.45 0.0 1.0 75.45 12.01
-40.00 0.0 1.0 40.00 6.37
-40.18 0.0 1.0 40.18 6.40
-3.12 0.0 1.0 3.12 .50
-.96 1.36 .08 1.67 27
-.96 -1.36 .58 1.67 27
-.059 0.0 1.0 .059 .0094
-.42 0.0 1.0 42 .068
-.96 0.0 1.0 .96 15

50

(3.25)

(3.26)

(3.27)

Figure 3.14: Longitudinal Reduced Order Compensator. Reducing from 6‘*
to 3'9 order decreases the number of independent gains in the compensator from 36 to 18.
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Figure 3.15: Longitudinal Reduced Order Compensator Time Responses.
The velocity response is still quite slow but climb rate is adequate.

show the resulting compensator and time responses.

3.5.2. Longitudinal Output Feedback Controller

Since the measurements available (qﬁuiz) are nearly the same ? as the states of
a fourth order model, the gains of a regulator design are a good starting point in
using RSANDY to compute output feedback gains. In fact, using these gains with
no further optimization gave quite impressive performance as shown in Figures

3.20 and 3.21.

As with the reduced order compensator, an integral control loop is necessary
to ensure that the actual commands are achieved in flight. Using the K; gains

from the reduced order design(Figure 3.16) and the output feedback controller of

2The fourth order model has states (uwgf) and h =~ Unominald — W.
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N
}
0.0 1.0 0.0 ®
Apin = | 2295 —16.82 0.0 (3.28)
0.0 0.0 —2.48

—-22.83 -1909 -.07 .059
Kpin=| 57.00  3528. 044 -33 (3.29) L
—-18.57 -59.93 -1.37 -.67

o

PN

00 -1 -1

Cmin=|45 —om1 .0m (3.30) J
Dl
[ —.0054 .0098 g
I'= | —.00823 .047 (3.31) ]
Closed Loop Eigenvalues N
Real Part | Imag Part | Damping | Freq(rad/sec) | Freq(Hz)
-39.75 0.0 1.0 39.75 6.32
-40.03 0.0 1.0 40.03 6.37
-7.61 11.46 .55 13.75 2.19 j
-7.61 -11.46 55 13.75 2.19 »
-1.81 2.17 .64 2.83 .45 ﬂ
-1.81 -2.17 64 2.83 45 :
-1.77 0.0 1.0 1.77 .28 4
-.044 .092 .44 .10 .016 ]
-.044 -.092 44 .10 016 1
.53 37 82 65 10 o’
.53 .37 82 65 10 2

Figure 3.16: Longitudinal Reduced Order Compensator with Integral
Control. The Anin, Kmin, and Cpin matrices are not the same as in Figure 3.14.
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p
®

0 1 0 0 0 0
-205.7 -2267 O 0 0 0 B
, 0 0 0 1 0 0 01
Fmin = | 0  -1781 -2661 0 0 (3.32) ¥
0 0 0 0 —-4279 0 3
0 0 0 0 0 -.263 -
-196 -86.7 -—.148 -.0213 -4
~16.62 4948 .166 .81 ®
—111 -426 —.437 475
K=191m 338 727 -114 (3.33)
373 -843 148  1.09 ‘
133 631 0823 -.395 y
co 4932 122 417 L0l -068 -4 (3:34) o
T |-0105 -025 0 -1 -.021 .042 ‘ ‘
-.00003 -.01
I'= [.000157 .053] (3.35)
Closed Loop Eigenvalues '
Real Part | Imagz Part | Damping | Freq(rad/sec) | Freq(Hz)
-40.01 0022 1.0 40.01 6.37
-40.01 -.0022 1.0 40.01 6.37
-11.43 8.21 81 14.07 2.239 |
-11.43 -8.21 81 14.07 2.239 o]
-.543 2.87 185 2.93 466 ]
-.543 -2.87 185 2.93 466 3
-3.38 0.0 1.0 3.38 537 p
-2.86 0.0 1.0 2.86 455 1
-.299 .90 315 947 151 3
-.299 -.90 315 947 151
-.561 334 86 65 104 -
-.561 -.334 86 65 104
-.206 0.0 1.0 206 0329
-4.24 x10°5 0.0 1.0 4.24 x10-% | 6.75 x10~*
Figure 3.18: Longitudinal Full Order Compensator with Integral Control.

As with the third order design, the A, K, and C matrices are different from the full order
design without integral control (Figure 3.11).
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Figure 3.31: Third Order Compensator Flight Response to Climb Rate
Command. Atmospheric turbulence masked the transient portion of the response but
steady state was achieved in about 10 seconds, similar to the simulation of Figure 3.17.
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Figure 3.30: Full Order Compensator Flight Response to Climb Rate
Command. As in the velocity response of Figure 3.27, the h command response was
well predicted by the simulation results of Figure 3.19. This response also shows the
decoupling between velocity and climb rate.
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Figure 3.20: Output Peedback Compensator Flight Response to Velocity
Command. As in the responses of Figures 3.27 and 3.28, this flight response agrees
with the simulation predictions. In this case, however, the overall loop gain (final gain to
the actuator) was reduced by half.
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Figure 3.28: Third Order Flight Response to Velocity Command. This

reponse to a command of approximately 10 ft/sec follows closely the simulation results

of Figure 3.17.
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Figure 3.27: Full Order Compensator Flight Response to Velocity Com-
mand. The rapid velocity response and poorly damped pitch angle were also evident in
the simulation response of Figure 3.19.
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in a realistic task such as flying a precision approach.

3.8. Summary of Results for the Longitudinal CAS
Design

The results of this section can be separated into two categories:
o the design task
o the flight test results

The design task was important because it established an experience base for use
of the design methodology. This task showed that use of integral-error feedback
in a state variable based controller eliminates the effects of an inaccurate plant
model in achieving commanded outputs. It also showed the difficulty encountered
when using LQG design techniques with specified time domain properties. In
this example, three methods of setting weighting matrices and spectral density
matrices were compared. From a practical standpoint, this first design task was
very important since an accurate way of scaling the analytical design for use in
the fixed point flight computer was developed. An equally important result of this
task was the coding and testing of a general form of a modern controller for the
Sperry 1819 flight computer.

The flight test results showed the technical feasibility of decoupled control
using a “modern” controller. The test system had adequate handling qualities
but, due to time constraints, no attempt was made to iterate the designs for
“good” handling qualities. Also, the disturbance rejection capabilities were not

thoroughly investigated.
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took place at the Crows Landing test facility(in the San Joaquin valley) to avoid the
heavy traffic of the South San Francisco Bay Area near Ames Research Center. The
purpose of the flight test was to validate the performance of the different controllers
rather than “tune” the system for maximum pilot acceptance. Step commands
from the computer or the pilot were used to evaluate the different systems. The
nominal airspeed was 60 knots but stability and performance were checked from
40 to 80 knots. Figures 3.27, 3.28 and 3.29 show the responses of the full-order,
third-order, and direct feedback compensators to velocity step commands of about
10 ft/sec. All three of these systems show good decoupling between velocity and
climb rate. Their velocity responses are similar to the simulation results of figures
3.12, 3.17, and 3.23 but the pitch angle behavior is less damped than the simulation
results. Chen has shown that unmodeled dynamics, especially rotor dynamics, are
the probable cause for the lower achievable control bandwidth in flight.[12] In fact,
the output feedback flight implementation had the overall pitch and collective loop
gains reduced by half to achieve an acceptable response. Figures 3.30, 3.31 and
3.32 show similar results for climb rate commands. The importance of integral
control is demonstrated in figure 3.33 which shows the response to a climb rate
command for the third order controller without integral control. Although a steady
climb rate is achieved, an unwanted velocity change of similar magnitude is also

present.

Pilot opinion was mixed concerning the system. They were impressed at how
well it held airspeed and climb rate but the transient behavior was not totally
acceptable and the system was “sloppy” in response to gusts. This is valid criticism

based on the pitch angle responses. Unfortunately the system was not evaluated

.
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Figure 3.26: Comparison of Analytical Design and Flight Test Implemen-
tation of the Controller. This figure confirms the correctness of the steps needed to
go from the analytical design to flight. These responses are for the 3"9 order compensator
with integral control.

tinuous designs were digitized and scaled correctly. The OBS was also useful in
preliminary pilot evaluation of the control laws and in initial setting of the stick
sensitivities and other pilot-related items. Figure 3.26 shows a comparison of the
time resporses for a climb rate command for the third order system. This con-
firmed the accurate digitization and scaling of the analytical design. All flight

controllers were similarly checked prior to each flight.

3.7. Flight Test Results

Once the designs had been implemented and checked out in the flight hardware,

the flight testing began. Since the controller was designed for cruise, the testing
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Figure 3.25: Plight Test Implementation. Sensor outputs and actuator commands

were filtered in the analog computer while the control laws were executed in the digitial )

computer. q

pose matrix multiply routine was programmed to take advantage of the y
minimal form of the compensator dynamics matrix. “

o The existing instrumentation output subroutines were modified to send B
internal compensator data to the ground support station.

e Since the Sperry 1819A flight computer is an 18 bit fixed point machine, the
matrices from the previous section were scaled to avoid numerical overflow
during program execution. Appendix E describes this “fixed point scaling”
technique and lists the SCALEM computer programs which accomplish
this.

The actual assembly code implementing the controller is shown in Appendix I.

One important capability of the research system was onboard simulation(OBS).

The OBS allowed the real-time flight software to be checked in the closed-loop

system prior to actual flight. It was especially useful in confirming that the con-
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could work without integral assistance. This would determine how well the design
models compared with the real aircraft. Using the SETPNT program, the digi-
tal block minimal forms of each of these compensators were computed for flight

implementation.

3.6. Flight Test Implementation

Once the analytical designs were complete, the tedious task of actual flight
implementation began. Figure 3.25 shows a block diagram of the control structure
on the research vehicle. The TR-48 analog computer was used to filter the sensor
outputs and the digital actuator commands from the Sperry computer. The digital
commands from the computer were filtered to avoid possible actuator wear caused
by the 20 Hz chatter. The control laws were implemented in the Sperry 1819A
digital flight control computer. Before the designs of the previous sections could
be tested, the flight control computer software had to be modified to use them.
In order to implement design changes more quickly, the flight software was set up
to use the compensator matrices directly. Some of the considerations involved in
programming the general form of the compensator in assembly language (shown

in Figure 3.3) are listed below:

e Since the design was based on a linear perturbation model, the measure-
ment and control trim values were approximated as the values at engage
time; these were subtracted from their sensed values for use by the con-
troller. This had the added advantage of eliminating engage transients.

e The compensator states were initialized to zero before system engage.

e To minimize time required for the compensator calculations, a special pur-

.
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Figure 3.23: Longitudinal Output and Integral Feedback Controller Time 1
Responses. This design was selected for flight evalualtion.
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Figure 3.24: Performance Comparison of All Compensators. The boldbaced .
systems were selected for flight evaluation. .
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_[-5.74 -1251 .041 .103

D=|_123 -1044 -.057 .013 (3.37)
_[-.017 .054
I'=1|_o13 084 (3.38)

Closed Loop Eigenvalues

Real Part | Imag Part | Damping | Freq(rad/sec) | Freq(Hz)
-37.52 0.0 1.0 37.52 5.97
-39.42 0.0 1.0 39.42 6.27
-2.39 0.0 1.0 2.39 .38
-1.17 .58 .89 1.30 21
-1.17 -.58 .89 1.30 21

-.13 0.0 1.0 13 .021
-.23 .36 .54 43 .068
-.23 -.36 .54 42 .068

Figure 3.22: Longitudinal Output and Integral Peedback Controller. As
with the full order and 3¢ order designs, the use of integral control reduces damping
slightly.
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Figure 3.21: Longitudinal Output Feedback Controller Time Responses.
These responses are critically damped and typical of full-state feedback designs. 4
@
Figure 3.20, good results were achieved with no further optimization. Figures 3.22
and 3.23 show these results. 5

3.5.3. Summary of Design Results

A number of controllers have been presented to show the iterative nature of
the design methodology and to show an application of several methods to meet-
ing the requirements. Selecting designs for flight test implementation required a
review of these results. Figure 3.24 shows a comparison of all the designs. The
controllers shown in boldface in Figure 3.24 were selected as candidates for flight.
The three designs with integral-error control show a comparison of three sizes
of compensators (full-order, reduced order and output feedback). The 3¢ order

controller without integral control was included to see if the decoupling matrix




Section 3.5 55

Velocity Step Climb Rate Step

: ! : <
. z _’,‘,g] Ae __7
- - al
i“\ 3 i 3
- 3: 1’\1\ Q' Se \ — I,
- 3R/ o 08 sa me =ms =R 3° . ' R . £
L - =3 v i lsec! E’ 32 °V e fol"(lm‘l. no & 5.
h' g‘ gET (ly 90 38 ne X g: éz
\ ) §r TR sec) e <
- - N
N - - . YD) e s0 ms A
4 = - ~1 : TIM eec)
e Sa - z -
1 Iy 3" 2 -2
. =2 Ze 3 3
32 CRe| e ~ha 50 ma A Za 2 :
s =2 TiRE i coct el sa/ sr—nv ms As -
N i i firte il
a - -
X 0 00 18 o2 g e
h‘F. TinCisact e as : ~:J ¢:
. - TR 20 %
F. 4 - : - T BP0
5;] eI " 2] -
L ?,J! 3oV 35 00 0] 6.0 noe 2194 o |
=2t ° 1IN enct 3 ]
3 :;“V/ g:i !”‘ - t
I.P (1 a0 me Ao Ho, Za1h ~ T _ ;u ;
§31r HE AT T = :nb Ve Pt B0 8 ;.;v ‘\ﬂ/ !J::;:'? ®T A3
=) ¥t Za z2
. %3l =l 2]

“ s’ ; Figure 3.19: Longitudinal Full Order Integral Controller Time Responses.

This design was also selected for flight evaluation.

b D=

-5.74 —12.51 .041 .103
[—1.23 —~10.44 —.057 .013] (3.36)

-—vT.
adncd Bt

» System Eigenvalues Damping
[ Open Loop(F) -40.0, —40.0, —2.54, .503, —.105 + 5.276 | 1,1, 1, unstable,.35 ]
' Closed Loop(F ~ G D Hp) | —39.4, -37.52, -2.07 + 5.213, .72, — 47 1,1,.99,1,1 ]
¢ Figure 3.20: Longitudinal Output Peedback Controller. Since the measure- |
ments (g, 8, h, and u) are almost the same as the states of a 4‘» order aircraft model (u, .
. w. q, and theta), the output gains were set to the full-state feedback gains from a 4'* order ;
J regulator design. 1
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Figure 3.32: Output Peedback Compensator Flight Response to Climb
Rate Command. As in Figure 3.29, the overall loop gains to the actuators were
decreased by half from the analytical design.
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Figure 3.33: Third Order Flight Response to Climb Rate Command with-
out Integral Control. This figure documents the effectiveness of the integral control
loops. It also emphasizes the need for better models of the CH-47.
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Chapter 4.

Hover Controller for the CH-47

4.1. Design Goals and Constraints

With the experience gained in the design of the longitudinal CAS, a more
difficult task was selected for the next flight experiment. The second application
of the methodology was the design of a translational velocity command, precision
hover hold control system for the CH-47. This system was to provide the pilot
with “split-axis” control of translational velocity in an heading-oriented inertial
coordinate frame. “Split-axis” here means the pilot could select either a velocity
command or position-hold control mode in each of the three translational degrees
of freedom of the aircraft. As in Chapter 3, this design required decoupling of the
three axes of interest. Figure 4.1 shows the coordinate system used for the design.
As in Chapter 3, this control law is somewhat unconventional since the pilot’s
workload is reduced by removing him from inner loop attitude control tasks. For
this system, forward velocity is controlled by longitudinal stick displacement, side
velocity by lateral stick, and vertical velocity by the collective lever. If a particular
pilot zontrol is within a small distance of the neutral position (the detent), then
the system enters a position-hold mode for that axis. Yaw rate control, using the
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Y axis4— 4@. X oxise—

2 axis 2 axis

Figure 4.1: Hover Control System Coordinate System. The z, y, and =
coordinates are in a heading-oriented inertial system.

standard CH-47 SAS, comes from the pedals. No operational helicopter control
systems have this type of capability although the concept was tried on a modified
CH-47 helicopter during early work on the Army’s Heavy Lift Helicopter(HLH)
concept.[13] This type of control law has numerous advantages with potential

applications such as:
e Search and rescue
e Shipboard operations
¢ Slung load operations

Before proceeding with the description of how the design methodology was
applied, the design constraints must be mentioned. As in the longitudinal CAS
design, the TR-48 was used to filter the aircraft motion sensor data. The inertial
velocity and position measurements came from either a laser or radar tracker on
the ground. This was necessary since the onboard inertial navigation system(INS)
had a drift of several knots (=~ 5ft/sec) and provided omly position data (no
velocities). To avoid major changes in the flight software, a general form of the
controller was programmed in the flight computer which provided for a flexible

control structure.
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Figure 4.2: CH-47 Hover Model. This is the conventional 8* order model described
in Appendix G.

4.2. Linear Model and Basic Control Structure

DDA, SR

The 8 order basic airframe model is described in Appendix G. This model was

P\ oy

augmented with three actuator states as shown in Equation 3.2. These actuator

A

states allow the the designer to penalize control rate, a necessary step to avoid

nuisance disengages of the research control system during flight. Figure 4.2 shows _.J
this model as it was used for the control law synthesis. One item to note is that i
there is no yaw control in the model. The yaw SAS was approximated by adding
-1 to the Nj, element of the “F” matrix of Figure 4.2 and Appendix G. 'Jﬂ
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Since the longitudinal CAS showed the necessity of integral-error control, the .‘

hover control structure had to accommodate this capability. Figure 4.3 shows |

the hover controller. Unlike the longitudinal CAS, integral control decoupling

is not done in the inner loop. Instead, PID (Proportional Integral Derivative) :‘

outer loops are closed separately to Z.ommands Ycommands 304 Z.ommand, Which act as ]

controls for these outer loops. The velocity command system is the inner loop.

Setting up the control structure in this way had several advantages: |

o The inner loop and outer loop designs, both fairly complicated, could be

separated.

e By using the desired outputs as controls, the magnitude of the outer loop
gains became physically meaningful. This proved to be important later

when these gains were adjusted during flight to achieve good performance.

]
K|
g
e
|
K

¢ Keeping the inner loop separate made the mode switching between pilot

velocity command and PID control easier.

Before the full-order design began, the system was scaled in equivalent units.

4.3. Model Scaling

The hover model was scaled into the same units as used in the longitudinal
CAS design. Ft/sec remained ft/sec; radians and radsan/sec became .01 radians
and .01 radians/sec; and inches of control became .1 inches of control. Figures
4.4 and 4.5 show the model before and after scaling. The ROPTSYS computer

program did this scaling.
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Figure 4.3: Hover Control System. The control system is divided into a distinct ]

inner loop (velocity command) and outer loops which provide position hold using PID .

control. .‘|
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{
State Equations -
]
t=Fz+Gu
- -0.021 -0.00085 0.0326 0.0206  2.585 —-0.108 -31.98¢ 0.0 0.114 0.939 0.0 5
—0.00019 —0.137 0.00265 —1.494 0.00414 —0.165  0.0292 31.99 0.0118 0.0635  1.159 [
0.0248 0.0037¢ —0.296 0.0419  0.435 0.362 -3.71 0.0 0.303 ~8.062 .00002 :
-0.00013 -0.00652 0.00058 ~0.716 0.0382 -~0.0708 0.0 0.0 —0.00598 -—0.0142 432
0.00925  0.00017 0.00234 0.0427 -1.23 —0.00433 0.0 0.0 0.329 0.019 0.0 -
F=1! 000039 —0.00112 0.00027 -0.0544 —0.158 -1.0 0.0 0.0 0.0461  —0.00037 .0425 i
0.0 0.0 0.0 0.0 1.0 0.00788 0.0 0.0 0.0 0.0 0.0 o
0.0 0.0 0.0 1.0 0.00091  0.116 0.0 0.0 0.0 0.0 0.0 )
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 —40.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -40.0 0.0
L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 —40.0
r 0.0 0.0 0.0
0.0 0.0 0.0
0.0 00 0.0
00 0.0 0.0
0.0 00 090
G=|00 00 00
60 0.0 0.0
00 0.0 00
400 00 00
0.0 40.0 0.0
L 0.0 0.0 40.0]
246 O 0
Q=| 0o 246 0
0 0 9.98
2.6 x 107 (] 0 0 0 0 0 (]
0 2.6 x 10-3 0 0 0 0 0 (]
0 0 2.6 x 1077 0 0 0 0 0 .
R= 0 0 0 1.293 % 104 0 0 0 0 R
- 0 0 0 0 3.232 x 10-% 0 0 0
] 0 0 0 0 8.079 % 10~8 0 0 :
0 0 0 0 0 0 3.232 % 10°7 0 »
(1] 0 0 0 0 0 0 3.232 %107 i
]
74
Figure 4.4: CH-47 Hover Linear Model. The last 3 states are 40 radian actuator 1
4
models.
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State Equations

iuahd = Fualedzuulcd + Gnaledunalzd

[ —0.021 —-0.00085 0.0326 0.00020%
-0.00019 -—0.137 0.00265 -—.149¢ O

0.0248  0.00374 —0.298 0.000419
-0.013  -0.652 0.058 -0.716

0.925 0.017 0.234  0.0427

Freatea = | 0.039 —0.112  0.027 —0.0544
0.0 0.0 0.0 0.0

0.0 0.0 0.0 1.0

0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0

[ 0.0 0.0 0.0 0.0

Gl(dled = 00 0.0 0.0

r246 0 0
Qucaled = 0 248 0 ]
L 0 0 9.98
(2.0 x 10-3 0 0
0 2.8 x 10”2 0 0
() 0 2.6x10-2 0
0 0 0 1.293
Rnraled = 0 0 0 0
] 0 0 0
L 0 0 0 0
0 0 0 0

02585  —0.00106 —.31986
.0000414 —0.00165 0.000292
0.00435  0.00362 -.0371
0.0382 —-0.0708 0.0
-1.23  —0.00433 0.0
—-0.158 -1.0 0.0
1.0 0.00788 0.0
0.00091 0.116 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
(] 0
) 0
0 0
0 0
3.232x 10°! 0
0 8.079 x 10-3
0 0
0 0

7

0.0 0.0114 0.0939
.3199 0.00118 0.00635
0.0 0.0303 -—.8062
0.0 -0.059¢ —0.142
0.0 3.29 0.19
0.0 0.461  —0.0037
0.0 0.0 0.0
u.0 .4 0.0
0.0 ~40.0 0.0
0.0 0.0 —40.0
0.0 0.0 0.0
0 0
0 0
()] 0
0 0
() (]
)] 0
3.232 % 10-3 0
0 3.232 %103

Figure 4.5: CH-47 Scaled Hover Linear Model. After scaling, the weak coupling

terms in the F matrix become very obvious.
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4.4. LQG Design and Compensator Order Reduc-
tion

The scaled 11** order model shown in Figure 4.5 was used by the ROPTSYS
program to calculate the full-order compensator. At this point, an important
simplification should be emphasized. The system was to control z, y, and z which
are inertial velocities. The model as used included u, v, and w which are body
axis airmass velocities. The implicit assumption, needed to facilitate the design,

was that the two sets of velocities were equal:

T=u
y=v (4.2)
Z=w

This assumption is reasonable only if § and ¢ remain small, which they must for
safe hover in a large helicopter such as the CH-47. The outputs, y,, weighted in

the performance index:
PI.= / (T Ay, + uT Bu) dt (4.3)
0

were the three velocities (u, v, and w) and the three control rates. Since the
system had been scaled, the weighting matrices, A and B, were just 6 x 6 and
3 x 3 identity matrices. Using these assumptions and criterion, the resulting full-
order compensator is shown in Figure 4.6.

1'* order compensator

Based on these data, especially the modal cost M, the 1
was reduced to 5* order. This represents a significant reduction of complexity in
the resulting compensator. The 11'* order design had 121 independent gains while

the 5'* order compensator had only 55. After the order reduction, the compensator
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N N S S SRS N

A

AW L Y

PRy

e . Y VRN

WS- Iy




D U i it A

WY

- T YT

- T T T T T T T T ~ry
[ |
Section 4.4 79 -
[
-
h
r 0 1 0 0 0 ) 0 0 0 0 0 1 -
—80.615 -—15.033 ) 0 0 0 0 o 0 0 0 =
0 0 0 1 ) 0 0 0 0 0 0 ®
0 0 —55.126 —11.587 0 0 0 0 0 0 0 .
0 0 0 0 -578 o 0 0 0 0 0 E
Fonin = 0 0 0 0 0 -274 0 0 0 0 0 o
(] 0 (] 0 0 0 -~233 O (] 0 ] ol
0 0 0 0 0 0 0 -148 0 0 0 Ny
0 0 0 ° 0 0 0 ¢ -101 o0 0 B!
0 0 0 0 0 (] 0 0 0 -208 O
L o 0 0 0 0 0 0 ()} 0 0 —.104) »
[ 0032 —.00096 0024  -0112 -.63 023 —324 .007 1
0204 0183 —00274 21 -17.3 -276 598 4.3
-.002 —.08 0127 —442 168 —.99 58T -61.4
0072 -.32  —.028 -36 —1.64 -10.62 —17.3 170.1
-.077 015 616 -074 —079 -—.56 -1.45 -6.74 ]
K in{unscaled) = | -.028 .56 17 5.56 4.24 16.2 1.3¢ -100.8 .
—.05¢ —.013¢  .1%6 ~.238 254 368 378 .33 4
087  —.0084 —.69 146 .00055 .81 50  .058 1
-.0008 -—.02 .0033 -.18 83 -3¢ -—48 -2.19 3
000054 —.034 —-.0022 —21 —.028 -.6 .018 5.6 :
[ -.014 -.00012 =-.00117 —.00145 .1256  .0138  4.87 —.028 | g
00 -1 -.0128 -—.00328 .0226 -.00356 -—.1  .00119 -—.024 .00087 —.1 ]
Cminl(unscaled) = | .0011 —.0036 .0089 .0029¢ -.1  .0044 -—.0041 -—.1 -—.012 .012 —.0108 —
065  .005¢ 0.0 -1 0148 -1  .GI66 ~.0088 -1 ~.1 —.00247 »
System Eigenvalues :
Open Loop(F) | Regulator{F-GC) | Estimator(F-KH) | Compensator{F-GC-KH) Compensator Measures
Mode | Real Imag Real Imag Real Imag Real Imag M, M, -
1 WY 0 -.408 085 -7.63 4.85 -1.62 4.91 447 59 1
2 -1.07 0 -.408 -.085 -7.63 -4.85 -7.62 -4.91 - - -
3 -.902 0 -.382 072 -6.04 4.0 -5.79 4.04 5.58 96 )|
4 -.207 0 -382 | -.0712 | -6.04 -4.6 -5.79 4.64 - - ]
5 079 46 | -.239 4 -5.88 0 -5.78 0 .85 a1 »
) 079 | -.46 | -.839 -4 -.975 0 -2.713 0 1.18 .43 :
7 062 A8 -1.2 33 -11 0 -2.32 0 3 13 A
) 062 | -.46 | -1.2 -.33 -12 0 -1.48 0 69 A7 .
9 -40.0 0 -1.3 11 -40.0 ) -1.01 0 .032 .032 j
10 | -40.0 0 -1.3 -.11 -40.0 0 -.20 0 063 31 ]
11 -40.0 0 -.98 0 -40.0 0 -.10 0 .048 45 !1
B
]
Figure 4.6: Hover Full Order Compensator Design Results. The open loop .::
has two unstable modes which are divergent pitch and roll oscillations. Figure 4.7 is the ]
reduced and reoptimized compensator based on this full order design. Order reduction .4
was based on the M, terms shown here. 1
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was optimized using the RSANDY program. Figure 4.7 shows the optimal reduced
order compensator including the closed loop roots. This optimization step was
difficult since the initial guess (the original 11** order compensator reduced to 5*)
was quite unstable. This caused numerical overflows on the VAX computer used
to run the RSANDY program. Convergence to a stable 5'* order compensator was
finally achieved after numerous iterations of the outputs and the output weightings
of Equation 4.3. Figure 4.7 shows these outputs, y,, and the elements of the
diagonal A and B matrices. This figure also shows another aspect of the difficulty
of this optimization. The entire C matrix was allowed to vary which meant that
there were 60 gains being adjusted by the RSANDY program, 5 more than the 55

independent gains of a minimal realizaton.

The simulation step responses are shown in Figures 4.9, 4.10, and 4.11. All
three velocity responses look good but the pitch angle damping has several over-
shoots. A modal analysis later confirmed this by showing the mode at —.50+;2.03
of Figure 4.7 to be strongest in §. With the velocity inner loop regulator designed,
the feedforward matrix was calculated for direct command of %, y, and 2. The

PID outer loop gains could now be designed.

4.56. Outer Loop Design

As discussed in Section 4.2, the velocity command inner loop and the PID
outer loop were separate. With the inner loop velocity controller set, the outer
loop design began. This approach (inner loop first then outer loop) is common in
the development of operational aircraft autopilots except that the inner loops are

normally designed classically using incremental loop closure. Initially, these PID
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0 1 0 0 0
—-17.93 -—4.90 0 0 0
Fmn=| 0 0 -198 o 0
0 0 0 -.518 1}
0 0 0 0 -6.31
-.035 —-.050 -—.040 -.56 1,96 216 3.22 -74.7
-.037 -.74 07 —-.28 -1 -7.63 -19.7 1690
Koun=| -5 140 =25 .19 289 1605 1.35 -100.3 4
—.48 .0079 1.45 .068 6.5 1.20 2.04 7.16 )
.018 -.0058 —.003 -—-.029 ~-.36 -—.60 13.7 8.32 1
—-.092 .0080 —-.13 —-.020 -65.14 B
Coun = [ 0286 —.0045 -.029 .022 —.52] N
44 -.021 -—.062 .00078 -—.42 N
-.071 —.0061 .013 =
N= [.0070 .0021 -.079 ] !,'
-.012 059 —.0034
Closed Loop Eigenvalues A
Real Part | Imag Part | Damping | Freq(rad/sec} | Freq(Hz :
-39.99 .008% 1.0 39.99 6.37 4
-39.99 -.0085 1.0 39.99 6.37 -4
-40.01 0.0 1.0 40.01 8.37 Il
-7.14 0.0 1.0 7.14 1.14 1
-2.37 2.17 .65 3.65 58
-2.37 -2.77 .65 3.65 .58
-.50 2.03 .24 2.09 33
-.50 -2.03 .24 2.09 .33
-.54 1.59 32 1.68 27
-.54 -1.59 32 1.68 27 3
-.58 .50 74 74 12 )
-.55 -.50 74 74 12 R
-.61 43 .82 75 .12
-.81 -.43 .82 15 12
-.90 0.0 1.0 .90 .14
-.22 0.0 1.0 .22 .003%
Performance Index Data
Outputs or Units Weighting
Controls
u Jt/sec 5 x 10°
v Jt/see 5 x 10®
w Jt]eee 5 x 103
P rad/sec 1 x 108
q rad/eee 1x 108
r rad/see 1% 108
e inches/see 1 % 108
§. inches/oee 1 x 108
b4 inches/see 1x 108
v ft/eec? & x 103
¢ Jt/see? 5 % 10?
@ Jt]/aec? 5 x 103
be inches 1 x 102
4 snches 1 x 102
8, snches 1 % 10?

Figure 4.7: Reduced Order Hover Compensator. The poorly damped modes
(s = —.5 £ 72.03) dominate the pitch angle response as Figure 4.9 shows.
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outer loop gains were set using the RSANDY program. This approach did not
work well as the convergence was very slow. The alternative was to set the gains
intuitively. This approach was actually quite reascnable if one recalls the control
structure of Figure 4.3. The gains were set by determining how much velocity
would be reasonable to use to correct a given position error. For instance, if the
aircraft were 10 feet from the desired hover point and a pilot would be willing to
use 5 ft/sec of y then K, would be .5 }Lffﬁ; This approach worked well for
the y and z axes but failed for the z axis. For this axis, a conventional transfer

function analysis was used to set the 5 outer loop gains which were then adjusted

in simulation.

4.5.1. Transfer Function Analysis for X Axis Outer Loop

The first step in the process required a transfer function from %command t0
Uaetuar fOT the helicopter with velocity inner controller. This came from use of
Bernard’s code for calculating the matrix of transfer functions for any MIMO
linear dynamic system.|[7] These transfer functions were 11** order so to make the
process tractable, the NAVFIT program at NASA Ames simplified them to 3d

order. The following transfer function resulted:

Ugetual _ .94

Ucommand (8 + 24) [(3 + 5)2 + 1872] (44)

To justify the use of § and q as second and third derivatives of x, consider the

longitudinal equation of motion from Etkin: [14]
F,—mgsinf=m [d +@E+qQuw—(f+r) u] (4.5)

where if the following assumptions are made:

-..-A;_,‘
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qE ~0 Earth rotation negligible
r§ ~0 Earth rotation negligible
qw 0 Second order effect
rv 0  Second order effect

sin 6 ~ 0 Small angle assumption

F, 0 Reasonable for a helicopter in hover

R Small angle assumption(6)

then these simplications result:
3

i

~ —gd

] —gé ~8 —gq

83

(4.6)

The actual gain setting is done by including the following for the PIDD*D?

controller in Figure 4.8.

PIDD?*D® = Kpz +

where

Rewriting Equation 4.7 as:

Pmmm=mww+

sz- + Kpzs + Kpszs® + Kpazs®

Kp = Ky,
Ki=Kij,
Kp = K;;
Kps = K
Kps = Kig

KDi 3 Kp 2 Kp K, )l
Kpas + Kps + Kps Kps

(4.7)

(4.8)

(4.9)

B

L.
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comman actuel
——bl PIDD’D’ ———ll CH-47 4E X

e~ EERE ARt SR
|

Ll A 4

R —
PR ) TRV, FUN

u- forward velocity

Figure 4.8: Transfer Function Analysis. The PIDD?D*® compensation was cal-
culated to cancel the two lightly damped poles of Equation 4.4 and move the two poles at
the origin to the left.

R~ i

then the four numerator zeros of the PIDD?D? controller were selected to cancel
the lightly damped poles of Equation 4.4 and to draw the two poles at the origin
' to the left. The gain Kp® was selected for good speed of response. Following are

[ the gains calculated:

. Kp = Hyp = ~1085; ftf; ’r’ :ﬂ
Ki=Kyr = —.131(—1,;8—::%-’_—;)
Kp=Kxp = —2.94%—: (4.10)
Kps = Kxo = .551%
'L Kps = Kxq = .393(“—’;%6—5
L’ 4.5.2. Outer Loop Simulation

A With these gains as a starting point, the time responses were improved using
:1 the onboard simulation in the flight computer. Although this approach (“tweek-
ing” the gains) may seem somewhat unscientific, it was appropriate for several

reasons:
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o Extensive use of the onboard simulation had the added advantage of helping

discover many errors in the flight software before actual flight.

¢ Pilot comments concerning the performance and response characteristics

could be better incorporated into the design.

o Working directly with the fixed point digital computer avoided the addi-

tional time and effort required to digitize and scale the continuous design.

¢ The transient-free switching between the velocity command and position

hold modes could be developed. This is discussed in the next section.
The PID gains coming from this simulation are shown below:

pr =-.75 : Kyp=-10 '(T‘l‘%

Kzp =-20 :

Jterror Terror
Kx;=-38x 10-4 (_LL_H vec :"0' Kyr=-76x 10—4 T7ng:’—ro—')- KZI =-19x1073 U‘—;eézm
Kyp=-30 ;;’L: Kyp = -.18 % . KZD = —45 fﬁ
Kxg =2 {,;L; Kyy =00 c;
K‘.Q =20 deg :“ KYP =0.0 deg :zc
(4.11)

Time responses from simulation are shown in Figures 4.9 to 4.13. These figures

show the results of both the inner and outer loop designs.

4.6. Flight Test Implementation

The flight implementation of the hover control system was based on the soft-
ware and flight procedures developed for the longitudinal CAS flight test. As
before, the sensor data were filtered by the TR-48 analog computer before being
digitized and sent to the Sperry digital computer. There were two areas where
the hover controller was quite different from the longitudinal system and required
new flight capabilities. The first was the inertial position and velocity data and

the second was the transient-free switching required to make the transition from




Section 4.6 86
VELOCITIES
Q
S+
.’ LEGEND
() Q=X
e} o=~
=2 a=~Z
o
g p. 10.0 15.0 20.0 25.0
= TIME (sac)
q
e
o
=3
CONTROLS
5 LEGEND
g = LONGITUCINAL
e = LATERAL

a = COLLECTIVE

_p—‘gj
20.0 25.0

I INCHES)
0.0

0.9

o
- BODY ANGLES
Q
2
>
o
LIGEND
22 T
) T - 33_:
E‘Jo
S

-5.0

o
(=]

Figure 4.9: Hover Forward Velocity Step Command in Simulation. The
poor damping is evident in the pitch angle response.
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response came from the onboard simulation and shows the the outer loop performance
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pilot velocity command to automatic position hold.

4.6.1. Inertial Velocity and Position Data

Although the hover controller uses the inertial data (z, z, y, ¥, 2, and 2) as it
does the other measurements, a considerable effort was required to get these data.?
Since the INS positions drifted so quickly and there were no inertial velocities
available from the INS, an alternative source for these data was needed. The
ground based tracker at Crows Landing was able to provide these data using a
ground-to-air telemetry link that was specially developed for this program. The
steps required to make these ground based position measurements usable by the

control laws are described below:

e The laser or radar tracker measured position of the aircraft in a runway

based polar coordinate system.

o These measurements of azimuth angle (Az), elevation angle (El), and range

(r) were telemetered from the ground tracking station to the helicopter.

e These data, as well as tracker status information, were decoded and scaled

into units common to the rest of the flight software.

e The Az, El, and range data were converted to a runway based rectangular

coordinate system with a new origin located over the runway.

o These data were used with aircraft accelerometer data (rotated into the
runway coordinate frame) in a second order complementary filter to esti-
mate z, Z, ¥, ¥, 2, and z. Figure 4.14 shows the block diagram of this

complementary filter.
! This work was done primarily by Bill Hindson of NASA Ames
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Figure 4.14: Second Order Complementary Filter. The filter uses acceleration
and position to determine the smoothed position and velocity needed by the control law.

e These smoothed values of z, %, y, ¥, 2, and z were then rotated through

the aircraft heading angle to the heading-oriented inertial frame required

by the control system.

Based on the tracker status information coming from the ground and based
on data reasonableness checks, an algorithm kept the inertial data consis-
tent during short term tracker breaklocks. For longer term breaklocks, the
experimental control system was disengaged to avoid the large control mo-
tions caused by trying to follow bad data. Initially, the laser tacker was
used since it provided more precise range information (1 - 2 foot acurracy).
Unfortunately, the laser had frequent and unpredictable breaklocks which
made the data essentially unusable in the control loop. Because of this in-
ability to hold lock, the radar tracker was used for the flight test although

its accuracy was only 5 - 10 feet.
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4.6.2. Transient-Free Switching

Since this control system had both manual and automatic capability in the
three body axes, a way was needed to transition smoothly among these different
control modes. This task was complicated by the following characteristics of the

control system:
e The pilot had the freedom to change heading at any time.

e The z coordinate »f the desired hover point had to follow the z coordinate
of the actual position when the pilot was commanding z velocity. At the
same time, the helicopter had to hold both y and z position in the heading

inertial frame.
e Same as above in the y and z directions.

e A detent on the pilot controls was needed. If the pilot’s control was less
than the detent value, that axis was in position hold mode; else, the pilot

was commanding a velocity.

Figures 4.15, 4.16, and 4.17 show the switching logic for the three axes. The

assembly code, shown in Appendix I, implements this logic.

4.7. Flight Test Results

The hover flight testing was done at the Crows Landing test facility. The
testing was limited to this location since the system required the use of the radar
tracker at Crows. Unlike the longitudinal CAS control system, the hover controller
was very difficult to debug and make operational. The flight testing was divided

into three phases to accommodate these difficulties. The first phase developed the
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quicken the lateral response while in hold mode hence reducing any coupling due

to action in the longitudinal axis. With these two changes to reduce the coupling,

and the redesigned inner loop velocity system, the final flight testing began.

4.7.4. Final Closed Loop Flight Test in Hover

With the redesigned controller, the velocity performance was significantly im-

proved. Figure 4.28 shows the response to a command in z. The poor pitck

damping has been eliminated and the coupling to bank angle is gone. The y

axis velocity performance remains good as shown in Figure 4.29. The 2 velocity

response remained almost identical to the original design shown in Figure 4.21.

The position hold performance is also evident in these figures when the velocity

commands are removed and the system reenters the postion hold mode. Figures

4.30 and 4.31 confirm the good hold performance in the y and z axes but the poor

damping in position hold in z. The z axis position hold dynamics are dominated

by a slow, poorly damped mode (¢ =~ .4 and w =~ 50 sec). A significant amount

of flight time was spent adjusting gains in the PID outer loops to improve this z

hold performance. Shown below are the final set of outer loop gains which resulted

from these efforts. Later flight tests used the integrator in the z axis PIDD?D?

controller only when the error was less than 40 feet. This improved the damping

slightly to about .5.

Kxi =

Kxp = -.20 2 Kyp=-10 78 Kzp = -2.0 s
~T6x 1074 et Kyp=~76 %1073 Uﬁfﬁ—T Kzr =19 x 107% ol
K\D——ZO% K}-D=—-l.0 ,p. Kzp = —-45 %
K,\-,=10{,;L; Ku,=—5££%:

Kxq =30 7l Kyp =5 e

(4.12)
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0 1 0 0 0
-1793 —4.90 0 0 0
Fon=]| 0 0 -198 0 0
0 0 0 -.815 0
0 0 0 0 -6.31
-.035 -.050 -—.040 .58 2.18 .218 3.28 —-74.7
-.037 -—-.74 071 -.28 =157 -7.63 -—19.7 1690
Kmn=1|-58 .40 —.23 .19 202 1605 1.30 —100.3
—.45 .0079 1.45 .068 6.52 1.20 2.57 7.18
.018 -.0058 -—.003 -.029 3.4 —668 14.03 8.32
07 054 -.0776 -—-.0036 -—4.01
Coun = [.oze —.0045 —.020 .022 -—.52 ]
44 -.021 —.062 .00078 —.42
—.048 -—.0098 -.0024
N = [ .007 -—.0079 .0021 ]
0.0 —-.0034 .0059
Closed Loop Eigenvalues
Real Part | Imag Part | Damping | Freq(rad/sec) | Freq{Hz}
-40.2 0.0 1.0 40.2 6.39
-40.01 0.0 1.0 40.01 6.367
-39.99 0.0 1.0 39.99 6.365
-6.007 0.0 1.0 8.007 958
-2.37 2.70 .66 3.59 .57
-2.37 -2.70 .06 3.59 .57
-.94 2.13 .40 2.33 .37
-.94 -2.13 .40 2.33 .37
-.60 1.51 37 1.62 .28
-.60 -1.51 .37 1.62 .28
-.5% 48 .75 73 116
-.55 -.48 .75 73 118
-.62 .402 .84 T4 A7
-.62 -.402 .84 .74 A7
-.90 0.0 1.0 .90 .14
-17 0.0 1.0 17 027
Performance Index Data
Outputs or Units Weighting
Controls
u [tfeee 5 % 107
v Jt/see 5 x 103
w Jt/see 5 % 10°
P rad/sece 1 x 108
q rad/eec 1% 108
r rad/sec 1 x 108
be inches/see 1% 108
4 inches/sec 1% 10%
éq inchee/sec 1% 108
u Jt/sec? 5 x 10?
¢ It/ sec? 8 x 102
@ Jt/eec? 5 x 16°
s inches 1% 10?2
8 inches 1% 10?
8q inches 1 % 103
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Figure 4.24: Redesigned Hover Compensator. Only the columns of K associated
q and 8 and the row of C corresponding to longitudinal control (6,) are changed from the

initial design of Figure 4.7.
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good time responses. In this case, the measurement noise characteristics were left
unchanged and an unrealistically high value of the vertical velocity disturbance was
used. Specifically, the vertical gust root mean square (rms) was increased from
2.3 ft/sec to 10 ft/sec. Vertical gust was selected since it affects the pitch angle
more strongly than the other disturbances. With this one change, the RSANDY
program was used to find a new compensator. To speed up the convergence in
the RSANDY program, only the columns of the K,,, matrix associated with
measurements of ¢ and 4, and the row of C,,,, associated with the longitudinal
control were allowed to vary. This approach was also logical since we wished to
keep the vertical and lateral axes unchanged from the first design. The redesigned
compensator in shown in Figure 4.24 and can be compared to the initial design in
Figure 4.7. Figure 4.25 shows the simulation response of the redesigned velocity
) command inner loop with the improvement in pitch damping compared to the
initial design shown in Figure 4.9. Figures 4.26 and 4.27 show that the y and 2

responses were essentially unchanged by the redesign.

Since there was nothing in the simulation to suggest that there would be
coupling from z command to ¢, the approach to solving this problem was based
on the experience gained thus far. Two changes were made to the controller which e
would have to wait for flight to be evaluated. The first change was the zeroing of
the feedforward gain from £ command to 6, in the N matrix of Figure 4.3. This was
a logical approach to solving the problem since the N matrix was highly dependent *
on accurate modeling and the longitudinal flight test had already shown the model
to be lacking. The other change made to solve this coupling was to include nonzero

values for Ky, and Ky p in the lateral PID outer loop. This change was made to .
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Figure 4.23: Preliminary Lateral Position Step Command in Flight. The
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Figure 4.20: Preliminary y Flight Response. The y response is well behaved and
similar to the simulation results of Figure 4.10. The peak roll angle is about 8 degrees for

both responses to a command of about 10 ft/sec.
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Figure 4.19: Preliminary z Flight Response with Pitch Roll Coupling.
With the instability of Figure 4.18 corrected, the roll coupling, shown here, was discovered.
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Figure 4.18: Preliminary i Flight Response with Pitch Oscillation. The
poorly damped simulation response of Figure 4.9 became unstable in flight as the pitch
angle shows. The decoupling using the outer loops worked well.
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system in flight. Figure 4.18 shows the flight results with the extremely poor z
axis performance. After a redesign of the velocity inner loop system, described in
the next section, another problem was found. There was unacceptable coupling
between the z and y axes. The coupling, evident in Figure 4.19, was manifested
as roll osscillations resulting from the £ command. The next section also describes
the approach taken to solve this pitch to roll coupling problem. The coupling
was one way, however, as seen in Figure 4.20 where the response to a step in y
is quite acceptable and similar to the simulation results of Figure 4.10. The 2
command capability is also quite good as Figure 4.21 shows. The z position hold
performance of Figure 4.22 was very poor due to the low damping (=~ .1). Y
position (Figure 4.22) was much better damped and faster than z. The z position
hold performance was very good with vertical position changes of less than 10 feet
during the velocity commands of Figures 4.19, 4.20, and 4.21. Use of the radar
tracker data in the inner loops, which was considered risky due to its complexity,

worked well throughout the flight test.

4.7.3. Hover Controller Redesign

The redesign of the system was necessitated by bad performance in two modes.
First, the z velocity response was slightly unstable in flight. The other problem
was the coupling from z velocity command to roll angle. The first problem was
handled by redesigning the inner loop velocity control system in order to slow the
longitudinal response. This redesign was first attempted by changing the weighting
matrices in the RSANDY program to get a better damped longitudinal response.
This approach did not work so the technique of Section 3.4.1 was used. Section

3.4.1 described using an arbitrary set of measurement spectral densities to achieve
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new capabilities needed by the hover controller including data uplink capability !
and complementary filtering to get smooth inertial data. The second phase in-

cluded preliminary flight test which discovered poor velocity performance which

necessitated a redesign of the velocity inner loop. The final phase of the flying )

evaluated the redesigned control system.

*"‘ 4.7.1. Support Systems Development Flying i

The complexity of the hover controller required that essentially all the aircraft
systems and all the ground support equipment be working in order to exercise the
| ¢ system. A number of flights was required just to ensure that the uplink system
S and the associated complementary filters were producing good inertial data. Once

these systems were operating correctly, the flight testing continued with checks
s of the mode switching and transient suppression logic while using the real data
coming from the complementary filters. It was while doing this work that the laser

tracker’s poor ability to hold lock was discovered and the decision was make to go

with the less accurate radar tracker.

4.7.2. Preliminary Closed Loop Flight Test in Hover

Preliminary closed loop testing included velocity step commands in the three
axes and changes in desired position while remaining in the hover hold mode.

These closed locp tests confirmed what the longitudinal CAS tests had already

shown. The flight responses were less damped than the simulations had predicted. %
In other words, we couldn’t achieve as high a bandwidth in flight as in simulation. '

This was most evident in the z axis where the well damped velocity response
A in the simulation (Figure 4.9) turned into a neutrally stable or slightly unstable ij
]
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Figure 4.17: Z Axis Transient-Free Switching Logic. This figure also shows

the rest of the hover controller which was shown in Figure 4.3.
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4.8. Summary of Results of the Hover Controller
Design

As with the longitudinal CAS, the discussion of results is separated into two
groups:
e the effectiveness of the methodology
e the flight test results

The hover controller emphasized the usefulness of the design methodology for a
more complicated control system. To have used classical incremental loop closures
to do this design would probably have taken longer or would have required more
specific experience in helicopter control systems than I had. This task also showed
the advantage of using a modern control inner loop to modify the open loop plant
in such a way as to increase the physical intuition for the design engineer. The
increased physical intuition made classically designed outer loops simpler. In this
case, the plant was changed from control motion in, measurement out to desired
output in, actual output out. This change simplified the selection of the outer loop
control structure and made the outer loop gains more intuitive. Figure 4.3 showed
these advantages. This task also emphasized the relative speed and ease with
which design iterations can be made on MIMO systems. When the first design
of the hover controller was found unacceptable in flight, the redesign described
in Section 4.7.3 was done in only 2 - 3 days which avoided delays in the flight
testing. As with the longitudinal CAS design, the analysis tools developed to use

the methodology (described in the various appendices) were sufficient but their
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Figure 4.28: Final z Flight Response. The instability in pitch (Figure 4.18) and
the pitch roll coupling (Figure 4.19) are gone but the pitch angle damping is still less than
the simulation response of Figure 4.25.
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Figure 4.30: Final Hover Forward Position Step Command in Flight. The
performance is much improved from Figure 4.22 but the damping of ~ .4 is still not good
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Hover Lateral Position Step Command in Flight. The lateral

position response is adequate and little changed from the first tests of Figure 4.23.
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“user friendliness” needed improvement.

In flight test, the hover controller was fairly successful. Many advanced hel-
copter or VTOL airplane designs call for a translational velocity control(TVC)
system such as was tested here. Normally the evaluations of these concepts sel-
dom leave the simulators to address the hardware and software difficulties of flight
implementation. This test reemphasized two of the important difficulties of TVC
systems, the inertial position/velocity sensor and the human factors involved. The
primary contribution of this work was the development of a flexible TVC system
where these type issues can be studied. Specifically, this system showed good ve-
locity command performance in all three axes, excellent hold performance in the
lateral and vertical axes, and marginally acceptable hold performance longitudi-
nally. The switching logic worked well from a control viewpoint but the pilots who
flew the system commented on the need for a better indication of switching from

hold mode to velocity command mode in each axis.
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Chapter 5.

Conclusions

The conclusions are separated into those applicable to the design methodology

and those associated with the flight t.sts.

5.1. Methodology

e The process of scaling and using the modal input/output measures is an

effective way to reduce the order of the compensator.

e The scaled block minimal realization of the compensator is useful in iden-

tifying unimportant measurements and controls.

e The decoupling feedforward matrix depends heavily on an accurate model
so practical designs will usually require some sort of integral control. For
very poor models, integral control alone should be used for implementing

output commands.
e The software tools were adequate for application of the methodology.

e Both “modern” and “classical” control techniques are important for MIMO
control system design. The specific application determines the appropriate
techniques to use. In this research, the use of a modern control inner loop

117
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with clussically designed outer loops was a useful approach for the hover

controller.

5.2. Flight Tests

e Although requiring some change of pilot technique (retraining), the decou-
pled velocity and climb rate controller was well received by the pilots who

flew it.

e The hover controller performed adequately as a translational velocity com-
mand system, had good position hold capability in the vertical and lateral

axes, but its hold performance in the longitudinal direction was marginal.

e Integral control was crucial to achieve decoupled control for both the cruise

and hover control systems.

5.3. Lessons Learned

Finally, two “lessons learned” (or relearned) during this research should be
emphasized, even though they may seem obvious. First, there is no substitute for

experience. For this methodology, experience was important in:
¢ selecting the correct units for scaling the dynamic system
e determining which gains are “small” for compensator simplification

o selecting outputs and their weightings in the optimization using the ROPT-

SYS and RSANDY computer programs

e selecting scale factors for fixed-point scaling, Appendix E
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o selecting stick and collective lever gains for the pilot
e determining the structure of the integral control loops

Also, experience in use of the methodology itself, especially the design tools, was
critical. The hover controller, though much more complicated, took about as much
time to design as the longitudinal CAS. The other lesson is that the design of the
control logic is often the easiest and fastest step in building an operational control

system. Most of the work is spent on:
e software design, coding, and testing
e hardware modifications and testing

e ground based closed loop testing
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Chapter 6.

Recommendations for Further Research

The CH-47 research helicopter at Ames is a very flexible test vehicle and is
being improved by the addition of a floating point digital computer programmable
in a higher order language. With this improvement, a number of potential research
projects should be considered:

e Parameter identification to improve the existing models used for design and
simulation
e Refinement of the two designs presented here and pilot evaluation in a more
realistic setting such as instrument landing
e Outer loop guidance work (Microwave Landing System, 4-dimensional nav-
igation, etc.) using these inner loops
e Application of singular value LQG-LTR (Linear Quadratic Gaussian - Loop
Transfer Recovery) to account for unmodeled rotor dynamics
One difficulty in applying the methodology was the poor convergence character-
istics of the first order gradient algorithm in the RSANDY program. A second
order technique to speed convergence would be an important improvement to the
program. Another possibility for research is finding a way of commanding a sys-
tem without exciting all the closed-loop modes similar to the method described in

120

r
e, | -

YT YT T

LY | VIR SR W S| Y SR

NV

I

. T

F VOS]

_

N . SV

L2 mdinianimbiainn.




T ORI TNy Y ey Ty T Ty T T ym e

tad

¥

»

Chapter6 121 >
!

Chapter 3 for the case of the full-order compensator. .1
Saberi has shown a technique for calculating helicopter stability derivatives )
during low speed flight near the ground.[18] This research vehicle is an excellent ;
testbed for validating these derivatives. ;
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Appendix D.

Set Point Design

This appendix derives the feedforward matrix which commands a dynamic
system, including compensator, to a new equilibrium. This matrix turns desired
outputs into the steady-state controls needed to achieve the outputs. The restric-
tions are that these outputs (or new operating point) be physically realizable and

that the number of controls be equal to the number of outputs.

Consider the following dynamic system:
t=Fz+Gu
vy, = H,z + D,,u
2 = Az+ By, + G.,u,
u=Cz+ Dy, + u,

where:
z- plant states
y,- measurements

z- compensator states

u- controls

136

|
1. - 3 DRI |, VIR | RESUSUUI Y RN SRR Y T A VIR _J PRI LAJ

{
"




L N R A e ST TR R e .
N - T ST N T T T T T e e . . A - Al A AR R B i St aiiacy g At S 3 0 T T v T

AppendixC 135 .
The general form of the transformation is: i
T, 0 ... O

0O T, 0 0O .
T=1. . 3
0 0 3
o o o % N
7Y 0 ... 0 (C.1) ;

|0 Tt 00

0 .0

0 0 0 (o]

where:
crai( figi — eihs) eiCr2i — bicr2i-1
T = —Cr2i-1(figi — eihi)  gicrai—y — hici2i-y (C.12)

~ fict2i-1? + (&5 — hi)crzi-1ci2i + giCrai?

i- the i** complex mode

I- row index corresponding to the largest value of ¢? + ¢2 for that mode’s

(IR

double column, or the largest value of ¢ for the a real mode

A listing of a FORTRAN subroutine, MINCOM, which does this transforma-

tion is shown in Appendix L.
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The “0 I” in the C,.;, matrix results from scaling the system by the largest values
in the C double columns.

Consider a second order system in general form:

2105 2]+

(C.6)
u=[c ¢ [z‘]
22
The desired transformation will put this system into the following form:
il=la ol 2]+ 2]
[2’2 3, az 2'2 b'z y (07)

u=[0 1][2]

The similarity transformation requires the two systems to have identical eigenval-

ues, that is:
|sI — A| = |s] — Amin|
4
(C.8)
ay = fg—eh
a =e+ h
Introducing the transformation matrix and expanding:
TApmin = AT
Crmin = CcT
[Tu le] [ 0 1 ] — [e f [Tn Tx:] (C.9)
T Tnllfg—eh e+h g hilTa T2

T, T,
0 1=l el 2]

where c? +¢? has the largest magnitude of any row pair in double column associated

with the mode being made minimal. Solving the equations above we have the

desired transformation:
c2(fg —eh) ecy—be
o L-alfg—en) ger = hey (.10)

—fcd + (e — h)eicp + g3
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AppendixC
N where:
*x * 0 0 'l
* *
* *
A= 0 * % 0 0 yIXr
0 .
L : 0 0 *

B =[Fulll,rxp
C=[Fulll,mxr
We want a transformation to a new form:
' = Amin 2+ Bmin y
u=Cpn;p 2

where:
A, in- minimal form of A

Bnin- minimal form of B

o) Cpmin- minimal form of C
0 1 0
2y G2
Amin = 0 0 1 .. xn
ay a2
L
o
Bmin= * x ...l nxp
[« » 0 1
0 1 x *
Cmn’n= * & * ok mxn
z=T2
Amin = TAT
Bm.'" = T—IB
Cm.'" = CT

- IR VS SP U SR % . e - B S
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Appendix C.

Minimal Realizations

The design methodology described in Chapter 2 used minimal realizations
in two places. The first was when the ROPTSYS computer program displayed
the compensator in minimal form to be better suited for the optimization in the
RSANDY program. This eliminated redundant parameters which could cause
trouble in the RSANDY gradient search procedures. The second use of a mini-
mal realization came when the discrete compensator was transformed to minimal
form for computational efficiency. In the first case, the transformation was from
arbitrary form to block modal form then to block minimal form. The second was
from an arbitrary 2 x 2 block form to the block minimal form. The derivation is

shown for an arbitrary 2 x 2 system then expanded for any order.

Given the following form of the dynamic system:

2= Az+ By
(C.1)
u=Cz
132
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By the duality property of regulators and estimators (Figure B.1), these gains,
KT = (R+ NQNT)"}(NQIT + H,P), are determined using the randomly dis-
turbed equations of motion:
t=Fz+Tw
(B.12)
Ym=Hn+ Nw+v
where

Q- noise spectral density matrix of plant distrubances, w

R~ noise spectral density matrix of measurement noise, v

y' J

C

Regulator | F G H S
P KT

L A B
Estimator | FT H,T T'T NT Q R

Figure B.1: Duality Between Regulators and Estimators. This shows the
property of duality which allows the use of the regulator results for design of an optimal
estimator (a steady-state Kalman filter).
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Adjoining the constraints (the equations of motion) to form the Hamiltonian:
H =L+ AT(Fz + Gu) (B.5)

Recalling the optimality conditions:

: oH
dH
0= 2= (B.7)

Introducing the system equations, £ = Fz + Gu, and expanding the optimality

equations, we have the Euler-Lagrange equations (here in matrix form):

[z] _ [ F—G(B+ LTAL)"'LTAM ~G(B + LTAL)"'GT
A T |-MTAM - MTAL(B + LTAL)'LTAM —F — MTAL(B + LTAL)-'GT
(B.8)

As shown in Bryson and Ho [4] or Franklin and Powell (6], the solution to these
equations is A = Sz where § = A_X~'. A_ and X_ are the submatrices of the

eigenvector matrix of the Hamiltonian matrix associated with eigenvalues having

G1=14 2lIE] (B.9)

With this solution for A, the optimal steady state control, u, can be expressed as

negative real values, i.e.

a linear combination of the state variables, z:

u=Cz
(B.10)
C=(B+LTAL) '(LTAM + GTS)

The same approach applies to finding the estimator gains, K, of the equation:

= Fz + Gu + K(ym — Hn%) (B.11)
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Appendix B.

Optimal Compensator Design

The design methodology described in Chapter 2 uses an optimal full order
compensator as the starting point. This appendix summarizes the derivation of
the optimal compensator. From Hall and Bryson, we see that to design a set
of regulator gains which minimize a quadratic performance index, we minimize
the Hamiltonian with respect to the control.[17] In this case, the performance
index includes the control in the output, thus enabling the weighting of state
rates(accelerations). This is essential in aerospace applications where vehicle ac-
celeration is an important parameter in the design and analysis of the control

system. Starting with the modified performance index:

_ -] _ ool T T
J-/O Edt—/o S(y7 Ay + uT Bu)dt (B.1)
where:
y=Mz+ Lu (B.2)
yT = zTMT + oTLT (B.3)

Expanding the integrand of J:

L= [sTMTAMz + sTMT ALu + WTLTAMz + uT(LTAL + B)u|  (B.4)

™| r—-
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AppendixA 128

o- standard deviation of the noise variable

T.- correlation time of the noise

With these transformations, the resulting compensator will use scaled mea-
surements to calculate a scaled control signal. If we want to use the compensator
in the physical system, we need only unscale the gain matrices. The compensator

based on the scaled variables is:

(A.8)

We unscale the system by replacing scaled vectors @ and ¢, with their unscaled
equivalents # = T, 'u and g, = T, " 'y.:
3=Az+BT.'y,

(4.9)
g=T.C2+DT, 'y,

Now the compensator uses actual (unscaled) measurements and gives unscaled
control signals as outputs.

To make the scaling process consistent, I've listed some rules of thumb below:

e Scale the matrices consistently; for example, if a measurement is also a
state, use the same units.

e Scale intermediate state variables in an actuator model the same as the
control itself. For example, if we have a first order actuator model, %, =
—au, + ay,, then scale the actuator position state(u,), its rate(u,), and the
command(u,) identically.

e Similarly, if sensor noise filters are included in the plant model, then these

n sise filter states should be scaled the same as the measurements they filter.
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turbances:
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(A.4)

v=Tnt

With these transformations, the scaled dynamic system is:

where;

yo=H2+ D, i+ No+9 (A.5)

(4.6)

R =T, 'RT,!

The scaled power spectral density matrices were derived using the approxima-

tion:

where:

T S A S W TR VPGNP W

PSD = 20°T, (A7)
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AppendixA

F- plant dynamics matrix, n X n

G- control distribution matrix, n X m

T- plant disturbance distribution matrix, n x m'’
H,- state to measurement distribution matrix, p x n

D.y- control to measurement distribution matrix, p x m

N- plant disturbance to measurement distribution matrix, p x m'

H,- state to output distribution matrix, p' x n
D.,- control to output distribution matrix, p' x m
Q- plant disturbance spectral density matrix, m' x m'

R-  sensor noise spectral density matrix, p x p
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The scaling process continues by describing the changes of units on the states,

controls, etc. as simple transformations. For instance, if we want new states, Z,

and new controls, @, to be 8,,Z1, 3;,Z2, ... 82,Z, and 8y, ¥y, Sy ¥2, - -.

r
we can define scaling (also similarity) transformations:
z=T,%
u=T.14
where:
r 1 b
M
1
T, = '*
L ]
r ._l__ -
tuy
1
T. = *ur
1
! v

Using an identical procedure, we scale the outputs, measurements,

Su. Yn, then

(A.2)

(A.3)

and plant dis-
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Appendix A.

Engineering Scaling

This appendix derives engineering scaling equations used in the ROPTSYS
computer program. This process transforms the model of the physical system into
a “similar” model where the units of the variables have changed. Similar means
the eigenvalues of the system are not changed by the transformation to the new
coordinates. As described in section 2.2, the new units are chosen to make the
new variables of the dynamic system of equal importance to the design engineer.

The process begins with the linear model shown below:
t=Fz+Gu+Tw
Yo = Hlx+Dpuu+Nw+U
(A.1)
Ye = ch + Dcuu

J = /w(yfAy, + uT Bu) dt
0

where:
z- system states, n x 1
z- compensator states, r x 1
u~ controls, m x 1

w-  plant disturbances, m' x 1
Ye~ sensor measurements, p x 1
y.- weighted outputs, p' x 1

vy~  sensor noise, p x 1
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AppendixD 137

If DD,, =0, then these equations can be rewritten as:

[ ] [ F + GDH, ] [ ] [ ] D
B(I + D,,D)H, A+BD..,C Bp,u+a U (D.2)

Defining zr = [;], we can rewrite the equations above as:
Z.T = FTIT + GTUC (D3)

Expressing the desired outputs, yp, as a linear combination of zr and u, we have:
yp = Hpzr + Lpu, (D.4)
At steady state, zr = 0, and the two previous equations become:
ity 2ol L), = L]
= D.5
[HD Lplivu.l,, Yo (D.5)
inverting:
218 21 )
U, 0 HD LD Yo (DG)

=12 w1l

The steady-state controls are u. = Nyp and new equilibrium state vector is zr =

Myp where:
. M F+GDH, GC G -
[ ] - | B +D,,D)H, A+BD,C BD,,+G, (D.7)
* N
HD LD

This last equation is used by the SETPNT program, Appendix L, to calculate the

N matrix.
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Fixed Point Scaling

This appendix describes the technique of scaling the analytical designs to run !

J on the Sperry 1819A flight computer. The process is similar in principle to scaling
[}

AL ¥ P

¢ engineering problems for an analog computer. This computer is an 18 bit fixed-

[ point digital computer. There are two problems which must be considered when

doing this scaling. The first is avoiding overflows (exceeding 2!7 — 1 during cal-

' )] ®
{

culations) and the second is maintaining precision in the results. The procedure

which follows handles both these potential problems.

Consider the compensator dynamic system:
2= Az+ By
(E.1)
u=Cz ;
where y and u are in engineering units (not yet computer scaled). In the computer, .*

these variable have computer scaling factors, K, such that zK;, zK,, yK,, and

uK, have units of bits. For example, if Ky = 500%:;', then then 5 deg of 4 is ]
g 2500 bits in the computer. In these computer scaled variables, the compensator

appears:

g . K; K;

i (2] K; = K4 4] [z] K. + Kp [B] [y} K,

- KzKA K'KB

3 K” (E2)

[u] K, = K [C)]

Kz C [Z] Kz

138




e TN TR TR e .

Il NI R e S Y ) - SR ———— BB At el Sl s

AppendixE 139

where A, B, and C are in engineering units. The scale factors, K, for y and u
are part of the computer environment (set up by the programmers of the original
flight program) but we need to calculate K; and K,. This is simplified by the
digital implemention; we have zp4; and z; rather than 2 and z. This means only
one scale facter, K,, is needed. To find this factor, first estimate the largest value
that any 24, or z; can achieve by finding the maximum single product in the

matrix multiply, (B] [y For controls, measurements, and desired outputs, the

mez’
maximum values can be set using engineering judgement and intuition. Since we

also want precision in the 2 term, we select K, so that z,,, uses all of the 18 bits

available:
217

zma:

K, = (E.3)

where 2,5, is rounded up to the next power of 2. 2!7 is used since the largest
negative number expressed in 18 bits is —2!7.

With the K, term, the problem of overflow is solved. Now we need only ensure
that precision is maintained in the calculations by choosing the additional scale
factors, K, Kg, and K that scale the elements of the A, B, and C matrices.
Making use of all 18 bits, we can find these scale factors in the same way as the

K, term above was calculated:

217
KA = e
Qmay K.

217

Kp = 7~ (E.4)

maz p¢

217
Ko = —¢
Cmoaz Ko

where amaz, bmos, a0d Cmos are the maximum elements of the A, B, and C matrices

which have been rounded up to the nearest power of 2.
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One product from the matrix multiplies is:

K.

(bsj K')KB(!IIK') (E.5)

This number is included in the double precesion(36 bits) A register in the 1819A
and is always less than 2% — 1. We want to accumulate these double precision
elements to get one element of By. Finally, we divide by K4 (or equivalently shift
the A register) to regain the single precision inner product. This is done for each

of the matrix multiplies.

The same approach is used to scale the feedforward matrix and the integral
gain matrix used in the longitudinal CAS. The two BASIC computer programs,
which do this scaling for the longitudinal CAS and for the hover controller, are

listed in Appendix N along with example data files.
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Appendix F.

CH-

47 Research Helicopter

The helicopter used for this research is a highly modified version of the Boeing-

Vertol

CH-47 “Chinook” used by the U.S Army for cargo and troop transport.

Figure F.1 shows the tandem rotor helicopter, which is operated by the NASA

Ames Research Center. Reference 10 is a more complete description of this partic-

ular helicopter including the many modifications made to the basic CH-47. Below

are listed some of the modifications and improved capabilities:

Full authority, variable stability, fly-by-wire flight control system in all four axes.
Programmable analog and digital computers capable of executing the control laws.
Programmable force-feel system on the experimental pilot’s stick.

Flight instrumentation system capable of recording over 100 variables at 100 times
per second.

Operator’s console for control of the experimental systems.

Additional sensors: INS, radar altimeter, body-mounted accelerometers, improved
air data sensors, numerous control position sensors, boom-mounted angle of attack
and sideslip vanes, rate gyros

Digital ground to air uplink capability

Figures F.2 and F.3, from reference 10, show the cabin layout in this experi-

mental vehicle and a block diagram of the experimental control system.
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Figure F.1: Boeing-Vertol CH-47 Chinook Helicopter.
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The large tandem

rotor helicopter is used operationally by the U.S. Army for cargo and troop transport.
Maximum gross weight i3 38000 pounds with typical operating wieght of 30000 pounds.
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Figure F.2: Cabin Layout. The research helicopter requires a crew of 4; safety pilot, }
experimental pilot, research system operator, and crew chief. )

N !

Lents
— e ot
—_— —_— —_—— e
P "1~ wonder RN e

srlenna We e e T amputer com————

e N KR T s
- R — —_ © * rew pevdlor & don
o, oo
\
atal - Y
e unt i <
Rl
— ——— e
1 ey
— 3 b,
‘-
e
O ey E
e ' ﬂ
—— —_— r— I D
l - — ——— . ]
. oo
gy mertiion — - e g —
iy ——  uqnal ~em ety Ll
oo £ c— o=
Y ~ —
— —ig— e
oy ane . R )
et Ingrt aner o, ot
< e
aor ——— ————— 4
2
o

WE AT

Figure F.3: Experimental Flight Systems. The flexibility of the experimental
system is emphasized here where we note the many interfaces between the various com-

ponents.
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Appendix G.

CH-47 Linear Models

The models described in this appendix were calculated using the information
from reference 11. The general forms for the decoupled 4 order models and for
the coupled 8* order are shown in Figures G.1 and G.2. The linear models for

the flight conditions related to this research are shown in Figures G.3 to G.16.
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model above was used in the design of the longitudinal CAS (Chapter 3).
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Figure G.2: Coupled 8" Order Model. This model was used in the design of the
hover controller, described in Chapter 4.
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THIS (S DATA FOR 2DAT= ] FT/MIN AND XDOT OR AIRSFEED=
60 ENQTS
X Y Z [ ™M N

V]
"
]
0B
oC

=0,102046

D, 00014

O.03704
0. 12688
D.42640

-0, 00017

-, 07404
[RIERTS I tad i)
0. 51830
O, 04a83%4

=0, 06631

G, 00487

-0.35118

0. 46734
-9, 15789

-, O024

-0,00548

0.00164
Q.00276
-0,.00844

= 0320

=0, GOUNE

O 01744
0.I911
. 19286

(PR INT Y]
-0, GO0
-, GTe

w.2gl1t

0.00552

S (R PENIWIN TN 1.11989 -0,00044 0, 4055 Q. 00887
DR O.00004 -0, 05298 0. 00008 =0,17432 Q00011 0., 19699
F QL0080 2,078 0.21481 -0.81833 QWOIZ70 -0, 01663
2 2.73790 QL0340 -1,17918 0.00117  -1.68182 -0,07327
R —0.04876 =0, 22199 2. 28375 -0.06772 Qo267 -0, 03I912
LONGITUDINAL F-MATRIX [S: LONGITUDINAL G-MATRI« I

1 2 M 4 1 Z
L ~0, 02044 LT 764 2.3I9790  -T2.14647 0.12688 DL 42540
2 QL6671 -.35118 9. 02031 -1.85603 0.456774 ~9,7S937
i =L G048 20 Ha1764 -1.68183 0, IOOOO 0,391173 L 1T08k
4 ) OO QL QOO0 1. 00000 O, QOO0 3. 00000 O, QUOVO
LATERAL F-MATRIX IS: LATERAL G-MATRIX [S:

! N e 3 1 Z
3 -¢1.35G7 2 Ctg CRBG00 -0, GRS —, LS EF ,32187 -, 02375
N .00 RN TR ORI O,05774 12 AOOO0 O, OOAG0N [N ATINY]
z -0, 8221 O 000 =0, udT70 SO 0O0ST D.04139 D, 17246
4 -2.57391 T2.14647  Z-100, 42200 = 074040 1.1198%9 - 5196
THE 3TH JRDER F-MATRIX 13:

1 N - 4 I 5 7
1 lads a0l 4 0,077 4H4A Coon 1830 20757 0 -G i3678 T 14847 [
oot T o= 07404 0, 0OTTn =2, 0591 (ORI TR R W NI SRS s p
) B T- T Lyo0d87 0 -0 .353118 S RN vRL 081 -1.3%¢ . T '
3 , w7 T ed o157 LR TR LR PRWIMNIEY A NN )
= 1 e ey IR~ el Ted Gl 270 LLadl3T LR .
~ L [ RECRRINLE D & —a 8221 Lm3lsl [P LT
) REUN RTINS R TRIRTRIR ety AR A o, eed 24 Vot

! ' LPERTRININTS] [N RN TR [ . el toeea 3 b, 0T TT ' ey i
TR S TH URLER G-MATRIX 1S:
z T <4

L Lol L=y8 32640 (W PERIRII R IRIRTGNE
N RN RC ] L4354 1.11789 -0 E2e3
’ s 773 +.7598%9 —t, 0 dd [RUNIRE
4 IR L lse7 (RS DU N AN

‘ [N L2 Z22C PRI IX] [KPRRINTEN ]
5 PR g0y RIEAE B A =~ ohla?
N ' TN LT s ennin gt
¢ ) ! " TR NI WT] TN vy T

ul

Figure G.3: Linear Model for Airspeed of 60 knots, Climb Rate O ft/min.
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AppendixH 164
Filrered and Unfiitered Rall Ratp
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Figure H.2: Comparison of Filtered and Unfiltered Data in Flight. The

importance of the filters is evident here where -data- i3 shown before and after the filter.
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AppendixH
2n4 Order Bessel Filter
A1-3 )
’ 374 Order Bessel Filter
[ IR
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Figure H.1: Bessel Filter Analog Flow Diagrams.

grammed on the airborne TR-48 analog computer.
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shown in Figure H.2 where the unfiltered and filtered measurements are compared.
By the end of flight test, all these filters were replaced by hardwired 374 order Bessel

filters located in a signal conditioning box.
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Appendix H.

Bessel Filters

The Bessel filters described here were designed to eliminate the “3 per rev”
and “6 per rev” harmonics at 11 Hz and 22 Hz due to the 225 rpm rotor. The
break frequency was chosen at 5 Hz as a compromise between noise attenuation
and measurement bandwidth. The actual filter designs came from reference 15.

Nine filters were patched on the airborne TR-48 analog computer:
4'h order- Body axis accelerations (4., A4,, 4.)

34 order- Roll rate (p)

2"? order- Pitch rate (g), Yaw rate (r), Velocity (u), Altitude (k)

The transfer functions for these filters are shown below:

974603
sY + 9833 + 432332 + 969065 + 974603

20220
s% + 765% + 23743 + 29220 (H.1)

987
8% + 543 + 987

Figure H.1 shows the analog patch diagrams for these filters. Their effectiveness is
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L
(¢
.‘1 T™4IS IS DATA FOR ZDOT= =500 FT/MIN AND XDOT OR AIRSPEED=
20 KNOTS
X Y Z L M N
U -0.00641 0,00087 -0.1181868 -0,00012 0.00468 0, 00050
Vv 0.00033 -~0,11666 0.00208 -0,00619 -0.00088 Q.00178
W 0,02589 0,002754 -0,37819 0., 00067 0.00836 0,00028
[9:] 0.112273 0.02487 0.15524 -0.01678 a.74191 0,04829
DC 0.70594 0,068762 -8.31674 -0,01528 0.03169 0,00786
5 DS  -0.00007  1.15112  0.00073 0.4127%9  0.00000  0,0102&
. DR -0,00005 -0,03522 -0,00002 =-0,133T6 -9,00015 0, 20260
P -0,001%90 =1.,40184 -0,09404 -0,66455 -0.0%462 -~0,.01072
[p] 2.82291  -0,02457 0.28001 3,07991 -1.31713 -0,16680
R -0.02995 ~0,.15189 -0.,443%59 -~0,04845 -0.00624 -0,04239
LONGITUDINAL F-MATRIX IS: LONGITUDINAL G-MATRIX IS:
1 2 3 4 1 2z
1 —-0.00641 0, 03589 10.85624 -32.05503 0.11223 0, 70594
2 -.11816 T3.78001 -3.05181 0, 13524 -8.71674
z 0.004868 -1.31713 0O, 00000 0.74191 D.0T159
4 O OO0 1. 00000 0, QOGO 0, QOO0 ), 0
LATERAL F-MATRIX IS: LATERAL G-MATRIX I[S:
1 2 = 4 1 p
- 1 -0, 68970 -0, 06718 -, 00584 0,42988 -0, 053528
z 2 [ ORISR TR TN] V. 09521 Q. QOO0 0, VOO0 O, OO0
M -0.06289 -0,04757 0, 00090 0, 04740 0. 19874
' * -5.723517 T2.08505 -17.3%5189 -0, 11666 1.18112 LU REAY
THE BTH OFRDER F-MATRIX I[S:
1 < = 3 9 ) 7 3
1 =0, 00641 0L QUOETS 0.03889  -0,00120 10,8564 -0,02995 -T2.08S05 Uy GO0
S h0d7 ~d. 1166 QL 03 -?.72517 -0.02437 -I7.55189 0, 2849 T, 0S4307T
'] I-00UIBLe 0,00208  -0,77819 -0,0%404  TT.78001  -0,.443I59  -T.,095181 (RN TROUN]
4 0, 00008 ~—o, 00584 Q00080 -G, 68970 0.014569 -0, 06718 0, QOO0 DURENTRINTNIN
) cedegd —wL, w088 O, 00876 -0,0%462  -1.T71712  -0,00624 Cry QOO0 X TR TN
s IRIRERTRINES § G090 RIPERTRIR Y § -.1057°89 -0, 1868567 -0, 04757 G, CrOU) O T TN TR
7 (NIRRT 1y 000 O 0000 e OO0 U, 79997 G, 008072 Gy GO0 DXENTIRININ
] [IRTRTRTNT R i OO0 O, OO0 1, w0000 O 07 g i, TFE20 [N PRIRIXIWIN] [N DTV
THE 3TH JFDER G-MATRIX IS:
L 2 M 4
{ W, 11223 0.70594 =0, 00007 =0 QO00S
2 G.0T487 D, ue762 1.15112 -0, 07522
M 0, 1S54 -8.31674 Q00077 ~C, D000
4 2T -3,01419 G.42988 -, 0552
5 oL TaLR 1.0T716? ~0, 000135
5 4347 0277 ROUSKRE QUT-TH)
7 XPERTRTRTN I R RINTRINTE [EPERINTRIR IR
3 EURTORIR ORI USRS TRIWININ] (RTINS}

Figure G.16: Linear Model for Airspeed of 20 knots, Climb Rate -500

ft /min.
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L i Bhdes Sndn B & o 3

—4IS IS DATA
20
X
u 0,00129
vV -Q.00143
"] 0.03219
0B 0. 10490
DC 0.469233
DS 0. 000173
DR 0. 000u8
P Q.01602
Q 2.52136

R -u.1765S

LONGITUDINAL
1
0,00129
-0, 16248
0, OOP86S

R N

-0, 77875
1. OO0OO
-0,06962
5.378604

i t) e~

THE 8TH ORDER F-MATRIX [3:

3 2 = 4 5 5 v 3
L 0.0uli9 =0 anlaeT IRl &g GLoalanl  ~S.811-7 U 1TeSS -1l LS06es e
o Ll -0, e8lt O 00741 9.59604  -w,ue8L7 ~17.37694 2086 T, 470
< L. 1a248 0.0LL78  ~0.71S46 0, T1697  I7.70923 1.42750  -T.0?780 RN
3 Lowdn L onS27 0L0010T =0, 77815 -hoouZdl - T35l TRYRTATS
G LoawsS  0.00097  0,01226  G.oB7ael  -1.T w..01739 TR RIS BN PAN Y
o E R i RO “O s Rel -y, —y, ids 2 IR TTN]
7 NI B R PR TR IR N Vh 0000 G g T T
3 [ ;o) ) L HO) 11, OO0 1, 0000 INRTRIR R ] PR Yoy [
THE 3TH ORDER G-MATRIX IS:
L 2 Z 4
1 0, 10490 O,69273 [RRINTID G O, OO0 g
2 . w3847 0, 05507 1.14249 -0, 0T
e G, 1oeul -8.15729 RIS P Dt 8
4 [NIRINn= g — 01747 (K -0, 105547
3 0L 22750 D D33 [PERINININT G027
B} RPERE T Dby X 2 11097
7 RTRINTRIN] o t, CEg O
8 IERTNIR ) I NIRIRININ Cry it

TR love

FOR ZDOT=

*NOTS
Y
0.0Q122
-0.10831
0.00341
O.048473
0. 05507
1.14249
-0, 03710
-1.72729
-1, 06817
-0, 19694

F-MATRIX IS:

0.0T219
-0, 71546
0,0122

O OV0Q0

32,0505

Y

SO0

z
-0.16248
0.01176
-0.31546
0, 16602
-8.1532
~0,00176
O, 00018
0.71697
-0, 09012
1.42780

-5.81197

T

PP

FT/MIN AND XDOT OR AIRSPEED=

L
0, 00027
-0.00563
Q. 000986
-0.0Q0798
-0,01474
0,41067
-0,17291
-0.74894
0,04674
-, 06014

4

M

0. 00965
Q. 00097
0,01226
0.232750Q
0,00333
O, GOQOO
0O,00027
O.,08761
-1.74224
0,01288

Lo

-32.05065
-T.09780

L
= a4
-, 07861 =i, G527
0. 09665 QL GOOOO
-1, 04692 01, 000

-I7.59694

=, L0871

N

D.001731
O, Q0010
0,03966
0, 00774
D, 01006
0,20108

-0 QU977
-0, 13206
-0, 04086
NGITUDINAL G-MATRIX [S:
1

Q. 10490
0. 16602
0. T2750

G G0

ATERAL G-MATRIX [S5:

1 -
L.427s1 -S54
RORTRIN IR TN T
IPERE Ik 196021
1.14249 — a7 10

Figure G.15: Linear Model for Airspeed of 20 knots, Climb Rate 500

ft /min.
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- 11S 1S DATA FDR ZDOT=
2W ENQTS
X Y

U =0.00259 0, 00095
vV ~0,00046 -0.11155
W 0.03412 00334
DB . 10849 D.03076
pc 0.69883 0.06166
DS 1, 00008 1.14599
DR Q. Q0002 -0,03632
P 0,00784 -1.57519
Q 2.518%3 -0.,04279
R -0,09582 -0.17614

LONGITUDINAL F-MATRIX IS:
1 Z K
1 -0, 00259 0.07T412 2.95185% -
2 -0. 14099 -0.374885 T3.61297
M Q0679 [XPRNIS L ~1.21398
4 Cre OO O . CGOOOO 1. Q0000

KIES T 2 et e S Sl - S S

]

b4
-Q, 14099
0.00824
-0.34885 O,
0.16269
-8.21477
-, QOO40
N,00012

G.18709 -~
0, 21293 0.
0, 39539 -0.

Q. 00004
-0, Q03591

-0, 01247 (8]
-0,01453
J,41153
-0,13309

YW e W LW Wy T e v -
. = Y A TR TR TR TN N ~

FT/MIN AND XDOT OR AIRSPEED=
L M N
0.0067% O, 00042
-0, 000086 Q. 00132
Q. 00992 0O, 00021
0.04371
Q. 00744
Q.01014
0.20170
-, 00921

OOO77

G.02107
T, QGO0

70862 0.0T618

06396 =-1.31598 -0,14872
05466 —0,00294 -0,04143
LONGITUDINAL G-MATRIX [S:

4 1 2
T2.05281 0,10849 0.69883
~T.07524 Q. 16269 -8.21477

O, Q0000 0, 3382 G.02107

0, Q000 O.0QQ00 0, 00QO0

LATERAL G-MATRIX IS:

-

1 < T L) 1 -
1 -0.72454 0. GOOO0 ~0.073240 ~(1.00356 0.42853 -0, 05537
2 1. 00000 1, OGOUO 0, 09598 <, QOO0Q G, 00000 0, GOO00
T -, 06587 7, 0000 -0, 04709 O, 00089 O,.048T17 0. 19747
-1.57319 T2.05281 -TI7.57614 -0,11155 1.14399 -, 07612
THE 8TH ORDER F-MATRIX IS:
1 2 = 3 s & 7 8
1 -0 289 -0, 000488 n.07412 0,744 2.51637  -0,09%82 -32.43281 ORI NI
2 D, 00Rg ~u, 11155 Q.OOIZ8  ~1.S751% ~0.04Z7% -I3.57614 0, 02265 TZ,wSlY4
To-0, 134099 0,00524 -0, 14885 0.18709  IT.61197 0.IRGT? -T.0733
4 0,000l —0 00556 O,o0088  ~0, 77454 v, aaSS8 —a T IR0 e MO0
5 L7 0, Q0a0s 0, 00992 0, TALB -1. 71598 0,00 294 Gy OO0
5 cr.oondd 0 00089 0, 00028 -, 06%37 -0,1432° =G, a7ne (KPR ININININ)
7 Cry ottt 0, OO0 Cr, OO0 OO O, I93S7 QLT T PR NIRINIRIR]
3 [RPRIRURININ 0, OOO00 Oy QOO0 1. Q0000 N ENIRTH IS | G,asg94 IR IN IR IR) OPRNIRINI I
THE 3TH OFDER G-MATRIX IS:
1 2 z D)
1 G, 1O0R49 0,69883 O, OOGnNd O Gt 2
< a,od0Ts 0.06166 1.14539 - wIsll
I . 16269 -8.21477 PR RN Tu] ORI
4 DL age -0, 01359 O, 42857 -3, 0S5T7
5 1, TTEI O, 02107 0, DOO0NO T, 0009
S u PRIt G.4TL7 -0, 010%3
v v CH I IR TRININIR] IR PNIRIVININ]
3 Cog e Urg M) Cha o 1000 [N TATRININ]

Figure G.14: Linear Model for Airspeed of 20 knots, Climb Rate O ft /min.
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THIS IS DATA FOR ZDAT= =500 FT/MIN AND XDOT OR AIRSPEED=

Iu] LNOTS
X Y z [ M N

D gtih 2

U -0.027T28 -0.00038 0,.02826 N
Vo -0.00097 -0.14525 0.0013F -0.00623 Q. 00008  ~0,00070 -
W 0, 03589 0.00301 -0.32741 0.000487 O, 002073 O, O00Z2&

DB
DC

0.11831
0.24701

Q,01249
0, 06887

0,02908
-8.13578

-0, 00037

-Q,02628
-(,01448

0,00627

0.27695
0., 02009

O, OO050

0. 05075
O, 00098
0, 00924

DS ~0.00015 1.16274 0,0012S 0.41647 0, Q0000
DR ~.00008 -0,085288 ~0.00009 -0.13I90% -0,00026 0.20448
[ 0.U3IRAD -1,.72917  -0.17822 -0.65429 Q,00108 0.00184

Q

2.59202

0.00144

0. 46157

©.10871

-1.24188

-0, 17600

L. 5 VO B S

R ~0.12040 -0.14595 0.31169  =0.04691  -0,00288 ~0.04263
L LONGITUDINAL F-MATRIX IS: LONGITUDINAL G-MATRIX IS:
1 2 z 4 1 2
1 -0, 0232 0, 07589 10.92535 -T1.785868 G.11831 .94701
2 0.02826  -0.3I2741 .46157  -T.70723 0.02908 -8.17578
z 000627 G.00203 ~1.24188 0. 00000 0, 3269S 209
4 O, CnOO0 O, 00000 1.00Q000 O, QOGO 40000 . .
LATERAL F-MATRIX I[S: LATERAL G-MATRIX IS: Y
1 2 3 3 1 2 ‘j
1 -0, &87402 -0, 06349 -0, 0068737 0.47722 =0 16042 4
2 I, Q000 D L 1S90 Q, QOGO W, OOOQ O, 0O000 4
< -0, G502 )y GOO00 -0, 04749 -0 00127 O, 048264 . 17982
4 -7, 06250 21.98588 -0.14399 ~-,14%92 1.16274 -0.035288
THE 3TH ORDER F-MATRIX [S:
{ 2 < 4 . =) 7
I —G,G232F —0.00097 O.0Z242 10,9275 -0, 12040 -71.58238
2 =0 uneI8 -0 4825 -7 balS0 [PRRIED S -0, 14395 X Zlla
SO0, aI826  LL0al IS5 -0, 17322 . 36157 O, 21169
3 =, 0B =0, 00683 O, 0099 -0, e300 [RY YT 1) . HeSe9
) 3 RIPRRINT-Ph WO DTN = | D AT [OPRWIRE O -} -1.24138 -, 00288 O IGO0 DG
) 9 IET S A B NTR Y O, 00071 -0, 05012 -1, 17287 P N PN IR TR Sy e
v ’ TR T TR S B R BRI IN I IN] O, OO O, i L, 99798 UERTRT= I 1] ORISR IRTN] RO
4 3 R IN] IR TSN V1, OO0 1. 000 G997 L 1L1IS R0 Vi, CrCh G IR
"HE 3T+ JRDER G-MATRIX IS:
- : A - A
B K- | 0,24701 -0, 000135 -0, QUGO8
Lol 249 0, 06887 1.1627 ~.w5288
- G, 2908 -3.13578 0, 00128 =0, OO0LSI
4 R PRIRE-2- T3] -0,01454 Q.47722 -0, 06042
b 0. 27875 DL 02009 0, GOOO0 -0, 000Zs
5 2, 1S0248 ERIERININD B D.04264 0, 01106
7 RN NINTE] Dy CHOO0) PR OUNTRYN [NRRIRIRIRIN]
3 ERIRTRTR] Co 000 ) g RO Cr g
. - * [ 3
Figure G.13: Linear Model for Airspeed of 0 knots, Climb Rate -500 ]
e
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b
~'4IS IS DATA FOR ZDOT= S00 FT/MIN AND XDOT OR AIRSPEED= -
>' (o) KNOQTS {
| X Y Z L M N
- U -0.018%57 -0,00001 Q.02097 -0.00014 0. 01356 Q. 00023
- vV -0.00127 -0,13179 0.009735 ~-0.00583 0.,00027 —-0,.Q0055 “
ﬁ W 0.02894 0.00244  -0,25982 0.00052 0.00285 0.00018 -
DB 0.10910 Q.01113 0.03148 -0.02213 0.21958 0.04294
1 DC 0.93710 0.05696 -8.050%96 -~-0.01419 0.01764 0, 00082
L DS 0.00012 1.15717 -0.001190 0. 41509 0. 00000 0. 00906 -
DR 0.00O07  -0.0S506 0. 00005 -0.13903 0.00021 Q0.20749 |
4 P —0,02869 -1.64496 0.35800 ~0.73128 0.01003  —-0,00148
} [»] 2.97072 0, QOS00 0,40010 0.09244 -1.24855 -0,14708
; R -0,uB8620 -0.18117 0.42277  ~0.05704 Q01044 -0,04078
LONGITUDINAL F-MATRIX IS: LONGITUDINAL G-MATRIX IS:
r, 1 2 3 4 1 2
1 -0,018%7 0.02894 ~5.76261 -31.988S50 0.10910 0.9T710 ~
- 2 0.VR097 -0, 25982 0. 40010 -3.710380 0.07148 -8.0S5096 !
1 M 0.017356 0, 00289 ~1.24855 Q0000 0.31958 0.1764 .
3 4 O, 20000 0. QOOONO 1.000Q00 Q. QOO0 ., OQOO0 G, OOO0N '.‘
LATERAL F-MATRIX I[S: LATERAL G-MATRIX IS )
1 z s 4 1 z
1 ‘.) 1 -1, 75477 0, 0000 -0, 07578 -0, 00624 0.43176 EOURICYE VA
2 1. QG0 IR PERIRIRIRIN D, 118601 O, QOG0 0. 00000 ), OO0
e -0, 0E6E O, 0O0OQ -, 1044659 = e 10T 0,04274 0. 17380
5.6B877 J1.98550 -0.18117 -0, 17179 1.15717 -0, 05506
: THE 8TH ORDER F-MATRIX I[S:
ol 1 2 z 4 3 & 7 8
re 1 =0, 01887 -0, 00127 0.02B94 -0, 02869 ~5.76251  ~0,.08620 —11.985350 PRI
. 2 s oL -0 12179 e Zas 6.58837 GLO0S 0 -0, 18117 3,277 Z1. 73464
t‘ T 2097 D.0097% -0, 23982 O, 25800 0,300 5 0., 8T277  -T,71030 [KERINTICN}
. 4 ~0 0e0nng -0, 006243 Q.u006l =0, 75477 0.07562 -0.07578 Cry Crinoning
: T O.wLlISE 0007 00289 OLuloonT -1.2485% D010 44 ey G
) R PRI TN aindi ot SIS KOt NLonn2T s LSG6E 0L L34TT —Od s [RPRRINININIR}
' T O O Ty Q) DUPERTNISTS IR 0.399997 G073 [ e B
3 [EIRCEIRIRTNIN] Cog o ENRTRIRIA IR 1, 000 g niOEe S ORI SR U] IR IN]
= THE ATH JFDER G~-MATRIX I3:
’ L 2 z L)
1 DL 10910 D.F3I710 DOPRIINIEE B 0, (D7 ;
2 [EPRES W e 0, 05696 1.15717 PRSI
T D.0T148 -8.050948 RPPRRINE B YA] R RN
- 3 -0, VN5 T -0, 01442 W, T 1Ty -0, Qw79 .
S T. 71938 e17564 [KPRDO RN [EERIRIX |
5 L350 S 42743 0, 01105
7 W TR I PRI TRIR [N TRIRIRIN]
3 [ TR TN PENIRISTNIN] G, L) PRSI RIRININ] .
1
[
{
1
M . (] . K
Figure G.12: Linear Model for Airspeed of 0 kmots, Climb Rate 500 :
.
ft /min. !
1
. ”
|
156 i
K
8
4
%
—aa L a . R n e L': N - i . ‘:q




' )i

v

THIS IS DATA F
Q
X
U -0.02114
Vv =-0.0008S
W 0.03239
DB 0.11408
pc 0.92867
DS Q. 00OQ0
DR -0.,00001
F O, 0209
Q 2.38521
R -0,10u3552

LONGITUDINAL F-MATRIX

i
1 -0.,02114
< 0.02484
- O, 0097
-3 U g QOO0

OR ZDOT=
KNOTS
Y
~0.0001%9
-0.13712
0.00265
0.01173
0,063
1.15902
-0,0529%
1.49287
0L00414
-1, 164450

-
-

0L.0IT2%99
-0, 29957

DL 00274

LATERAL F-MATRIX [35:
S

1

CR P R R T A " Sl et Nalh S et Salt st Sl ol A Ja an

s

bl

4
0.02484
Q.00Z74

-0, 29557
-8.16188
-0 0002

O, 00l

G, 04190

0. 4T507

. 76222

2.358%21
0.47507
-1.22923S

—,OTOTT

AN L S N ot~

T Pt e unts Bhude Saare 'Rl

FT/MIN AND xDOT OR AIRSFEED=

(%
-0, 00028
-0, 00608
0, 00048
ECUSIVIAL 3 S
-0,014073
0,41552
-0, 17896
-0, 6949%
DL 10020

-0, 08220

"
0.00925
0, 00017
0,00274

0, 32921
0,01908
0000
O, Q0000
Q. 082867
-1.22925
-, 00433

N
O 00040
-0, Q0062
0.00022
©,0486SS
Q,00072 B
0, 00914
0.20382
Q, 00080
-0, 16052
-0,048172

4
~-71.98577
-%.70819

Cry QOO0

4

{ -, 71628 [ERERI R —, 0G5 2
N 10000 ERTS TRINTS O, 11893 L, OO0
M -, 054472 O -, 04718 =0, 0112
' -1.49282 21.98%77 -0, 16450 -, 12712
THE 3TH OJRDER F-MATRIx [3:

1 2 z 3 3
1 —0.021148 -0 0 3g D. 259 DL0Z2091 2.385.1
2 —hoow0)® -0 17712 DL0Z6eY  -1.49787T WL nd g d
T 0.02484 0 ,00T74 0 -0, 29537 [RPEAE S AN N,43T507
3 om0l T =0 D0eS2 OuaonS8 -4, 71878 DL.wTB817
S 0 LoRTT D00l 7 0, 0274 D.0d26e7 ~1.22929
& L.ee0If ~0,001 L2 QL0007 -0, 05442 -0 1578
b O ool R INTRTRTN [N TRIN TN Cr g Ot G, 79997
3 [N RIRTRIN O, ) (1, T F NI RN ] D9y
THE 3TH ORDER 5-MATRIX IS:

1 2 p 4
1 . 11408 0, 97867 0, o)) EXUPRI AT IN D
> Lot D, 06353 1.15702 1. 05395
e V.ITOTLO -3,06188 =0 OO0 T [NPRRIRIRD
34 =L 00534 -0,01418 a.4ZZ249 ~0, 8058
< [Ubair Bl | L9039 [KISIRTIVIN] Q) 0000
5 . 13609 L InTT N -0, 11105
7 RIS T T IRERIRTRTSIN e [XERININIRTS
3 Gt PRSI IRIATNG [P RINTR IR

LONGITUDINAL G-MATRIX IS:

1 <
0.11408 0,93867
Q. 0310 -8.06188
0,.32921 0L 01P0S

Q. 00000 O, QLI

LATERAL G-MATRIX IS:
1 2

-0, 06056

[ RIRTR RIS

0. 19915

-0, 05293

-} 7 a8

-0, 10532 -71.98577 DN ININTIIN

-1, 16450

>1.38478

0.0Z922

0, 76222 -T.70815

-, 07077 QL O000O) DUSERTRINTNIN
-0, 00473 2, 0000 [N IR
-0,104718 L1y 00 [N nao
Rk EE=1=}] [N IR IN G mntnng
L 11SE9T D, QOO NI I

Figure G.11: Linear Model for Airspeed of 0 knots, Climb Rate 0 ft/min.
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e Nt N et m it R TEW 4w I Wy A A A A AR

Lot ani o o

‘IS I35 DARTA FOR ZDOT=

~20 kNOTS
3 % v
. U ~0.04431  -0.00170Q
- vV ~0.00188 ~0.14266
o ] 0.04284 0,00272
o DB 0.13510 -0.010%

1.22694 3.0657
~0. 00028 1.1569
DR -0,00012 -0,0743
e D.07629  ~1.41972
Q 2.94761 QL.O2677

-
ogQ
0o

DAL AN S St adhie Sk abult /Sl g " g

-500

FT/MIN AND XDOT OR AIRSFEED=

4 L

0.18208 -~0.00058

-0.00104 =0,00
-0, 374017 0,00
2 -0.09822 -0.0

& -8.22802 -~0.0

1 0.,00182 0.4
f  -0,00001  —0.1
~(,31847 -0,.68
0.57134 0.12

{ R -0.21772 -0.1S751 1.12901  ~0.,0%
t LONGITUDINAL F-MATRIX I3:
1 2 3
[’ 3 ~.4431 0.04284 10,.88094 -7
) z 0, 18208 -0, 74017 -22.878%56 -4
§ z 0.00498  —0.00447 1. 71840 O
3 . OOO00 O, 20000 1. 00000 W]
§ LATERAL F-MATRIX I3:
1 2 z
T‘ ‘ 1 -, 700 e [ RIRININI] -0, 06385
) 2 Lo QGGG Cry QOO0 [ Bt daty]
- ~0 . 04049 (PRI IRINT -t 03729
-3, 75205 t.FQLitT TT.24249
s
THE @TH ORDER F-MATRIX IS:
{ L 2 z 4
1 =0.03471 -0 0uidd Q,04284 L7 el?
‘i -0, l 70 -0, 132466 O 272 =2, 7STNG
- = 1

TOLRZOB =0, 00104 —0, 34017 0. T184T

631
049

™M N
0.00498 0L 00073
0.00121  ~0,00271

~0. 004847 0., 0002%

3337 0. 747480 0. 04849
1187 0,01087 -0.00174
1832 Q. 00000 Q.O0A791
4S0T  ~0.00037 0420502
419 0.06421 G.01741
86 -1.21840 ~0,16553
O2T  -0.00775  ~0,04199

4
L0117
« 27670

1. 8803t

R N)

~72.8I8%%

t 3 -~ 0dse -0, 007481 (PR RIRINTSPY -0, Tl s VL, e lse
- 5 ende8 0, 00LlL =0, 004887 L5421 ~1.7134
3 & L OGLI9 GLGLOTO =0, 040149 =0, 15070
7 RN INIETHIR] PR INTFININ] S 1, PIFIT
: 3 ORI RTR Y] R EIRIRTATS) 1), QOO0 Dol
&J THE ZTH URLER G-MATRIX [S:
L 2 z 3
r { UL 17910 1.226%94 =0, U 05 REAUERIIRE
" D —0.01082  0.06S76 1.16671  —0.07451
» M -0, 09322 -3.22802 i, noldn =, Q]
- 4 BRI T Y EXRINND S b 0. 47462 —L 086757
- i 0, 74740 L0087 (AR BRI A TN I
’ 3 and 77 EEERRNIAAG ) rod 7 oLl tEl
¢ 7 G [ NI [INTT e Lo
=5 RIS R TRIRTRIN] [P NIRINININ] [N TR LRI ]

Figure G.10: Linear Model for Airspeed of -20 knots, Climb Rate -500

K ft /min.
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LONGITUDINAL G-MATRIX [Z:
' -

0.123510 1.226%4
-0, 09822 -8.22822

G TATA0 G l0g7

QL OO DU TRIRIRIR]

LATEFAL G-MATRIX [3:
1 Z

-0 &E6TT

(RIS I

0,041 77 (AR
L. 160691 EEUPRE IS 3781
s K 3
S D177 ~ILLFOLLT D
IT.06547 0 oL0Tde7 Tr.ve”
LTG0 -30TTeT aLn
-1, 084S i, OO0 R T
SOLOUTTS o oD L
B Tl B DUNUUATN T SRR P
Vi, mu 792 I IRTR IR T "
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&
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Te

g

MR A P A P A M S A A A A I S A e R Bt g BT P
~41S [S DATA FOR ZDOT= 300 FT/MIN AND XDOT OR AIRSFEED=
-20 KNQTS
X Y z L ™M N
U ~0.04422 -0.00151 0,21206 =-0.00063 0.01043 Q. GO008
vV -0,00058 -0.12523 0.00570 =-0.,00574 -0.00033 -~0.002472
W 0,03283 0.0022 -0,27064 0.008530 -0.00731 0, 00030
DB 0,12940 -0.02766 -0,10371 -0.03274 0. 72931 0.03949
o]} 1.20437 0.05345 -B,06621 -0.01071 0.02615 -0.00256
DS Q.Q00007 1.15921  -0,00050 0.41645 0. 00001 0.00772
DR 0,00003  -0.07663 -0.00001 -0.1447F 0, 00009 0,20766
P -0,08257 -1.76946 G 20099 -0,.76640 -0,0%5053 0, 00403
Q 2.46181 0.08166 0.97621 0.12011 -1.33744 ~0,12984
R 0,00776 —=0.18787 -0.45957 -0,.06008 G, 00643 ~0.03976
LONGITUDINAL F-MATRIX IS: LONGITUDINAL G-MATRIX IS:
1 2 3 4 1 2
1 -0,04422 0,07283 -5.87152 -31.90770 0,12940 1.204%7
2 0. 21206 -0, 27064 ~I2.48K379 ~-4.712879 -0, 10321 -8.06621
z Q,01045 —.077T1 ~-1.23744 QL GQ000 Q, 329321 O.036L5
3 W, GOA0a QL QOO0 1. 00000 0, 00000 0, 00000 Q. QOGO
LATERAL F-MATRIX [3: LATERAL G-MATRIX IS:
1 2 z 4 1 2
1 -, 78875 O 000 =, 07810 ~0 L, 00OLF0 0.43262 -0, 16659
2 1. 00000 0, OO G, 17887 O, QOOOO O, 00000 O, OOOQ0
= -0, 05677 [ ERTRIRIRIN] -0, 04978 —1, 00288 0. 08107 0, 19857
&5.58237 T1.R0770 IZ.21213 ~3,12527 1.135921 IR ACY
THE 8TH ORDER F-MATRIX IS:
1 N i 4 o -3 7 3
1 =0.04422 ~0 . 00058 GL.OT28T  -0,.0%8257  -$.871:iC O, 00776 =31,90770 (R PERINTEIRIN]
2 o=0.00151 ~ul. 12523 0,021 6.96787 O 08leco 2121z G, 02901 T1.90699
OO 1I0s DL00S70 <0, 27064 DL I00R9 =T2,446T79  -0.459%7  -4,17287°9 [CPRRINTRININ
a4 =0 00nsT =0, 00690 0L, 00559 -0, 73875 Q.U711S  -0.07810 0 QOO
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Figure G.9: Linear Model for Airspeed of -20 knots, Climb Rate 500
ft/min.
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TS IS DATA FOR ZDQT= 0 FT/MIN AND XDOT OR AIRSPEED=
~-20 KNQTS
X Y Z . ™M N
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P 0,05290 ~1.60085 -, 19944 ~0.72706
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0.002I8
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0. 0S92
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1 pu 3 3
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3 L 727 RPN I —0, 00562 D.9sS8 ~-1.715073 -oo010s8 [T
=] G, 01 ® o, T L0 [RPERIRIN IS -, 48387 -+, 14133 - . d56Sa A PRRTRTANIN
7 Gy 1, 000 I NOURDUR TR PR RISTN] G, FIFQT L7 7T BRI RIS TRIN]
A3 R TRINT] ), a0 QO 1. 00 [T N SN a.1TeTs PRI RTRINTRIN]
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1 < b 4
1 0, 172462 1.21170 EOURRIRININ A EOURIRININ-
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Figure G.8: Linear Model for Airspeed of -20 knots, Climb Rate 0 ft/min.
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Figure G.7: Linear Model for Airspeed of 60 knots, Climb Rate -500
ft /min.
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Appendix I.

Flight Software

This appendix lists the flight computer software unique to this project. It is
written in Sperry 1819A assembly code and internally documented. Three different
sets of the code are shown. The initialization code was executed whenever the

experimental control system was disengaged. It did such things as:
o reset the compensator states to zero
e set the trim values of controls and states to the current values of these
variables in preparation for system engage

The experimental controller subroutines computed the control laws, described in
Chapters 3 and 4, and were executed at 20 Hz. Both the longitudinal CAS and
hover controller are shown. The last item shown in this appendix are the in-
structions which reserve memory for the variables and contants unique to the

subroutines.
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Initialisation Code.
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AppendixI

Initialisation Code. (contd)
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Longitudinal CAS Subroutine. (contd)
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AppendixI

Hover Controller Subroutine. (contd)
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AppendixI

Hover Controller Subroutine. (contd)
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Hover Controller Subroutine. (contd)

AppendixI
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AppendixJ 204

Example Data File for Using the ROPTSYS Computer Program.

ATA TR OPTSYS FOR THE CHAPTER 2 NAVION EXAMPLE
L INQ, IR IOMF ISS.IM ITE1.DM, ITE3. IEDEW, IE, IDSTB, IDBG, ISET. ILNG, [SCLE, IMIN

x

Zoraoa?
Z !

T

1 2 0.2.0.0.003.00.0201,1.1
S NC NM NPD NO.NMOD. IREG
1232200
75 MATRIX (NS)
1210 01 O
7T MATRIX (NC)

IIO

™ wAwnvx(upo)
10
™ “ATRIX(NM)
1210,
P “ATRIX(NO)
1010
£ MATRIX (NS X NS)
145 936.0,-32 2
37.-2 02.176 0.0
20191, - 0396 -2 98.0
0.0.1 0.0
HO MAT?[X(NO X NS)
0.7.0,
10, o 176 O
MATRIX (NO X NC)

=

) MATRIX (NO)
RIX (NS X NC)

OO —=0UDIOr]
— N . ; .
._.go._-(pwss,-‘ Q(_)
3 g;oﬁ Z

IX (NC)

—~mO

TRIX(NM X NS)

2’
k>§

1001"60
o}

oOO~
9

N NAWIX(N‘M X NPD)

JOO()
OOO Q-0

AMMA MATRIX (NS X NFPD}
245 - 016

]7 2 D2

- 131, 0396

2.0

- MATRIX(NPD)

24 6 3 38

R MATRIX (NM)

318, 318, 20039
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(. ROPTSYS Usger’s Manual. (contd)

Fe REGMM wwmrsm ISE
F HO FM HS AM C
R FILT}’F wwmrs.s USE

HO CAM O R
DSTAB R ENTFR DIACONAL FLEMENTS ONL
(AX AM] A Q ARE DIACOMAL R FTLL (SELE(_T IRY
WO 1S A VECTOR

IF LAST CARD MOCL L IS * THFN CONTINUY TO NEXT CASE
atch Cgee expacTs ~ompleta title lines oprlong sizea and malrices

TARCUTINE LISTING
SETUP USER CAN SET UP OPEN LOOP DYNAMICS MARTIX
INNER -OPTIMAL CONTROLLER /OPTIMAL ESTIMATOR DESICN
o OPTIMAL MODEL FOLLOWING DESICN OPTION
CDIV-COMPLEX DIVISION
RAPRINT -MATRIX PRINTING
RCAIN REFORMATS EICENVALUES CALCULATES MODAL SUBMATRICES
MULT MATRIX MULTIPLICATION
s MADD MATRIX ADDITION
MTRN MATRIX TRANSPOSITION
NX’N MATRIX INVERSION
C OV SOLVES LYAPUNCV (QJATYQ! FOR SS COVARTANCT
K‘D( COMPUTES MODAL COORDIMATE NAT‘HCES
NRM FORMATS CICCNVALJJE/EICEWECR‘

ZFROS COMPUTE SISO TF 7EROS
Agmm«wrr: ZEROS BY SROCKETT'S METHOD () SUBROUTINES)
SCL EUNCTION
RESID cOMPUTE (TIME usvasrg RESIDUES
quo € ICENVALUES AND EICENVECTORS VIA
M THES - THE R ALCORITHM (8 SUBROUTINES)
MTRAN
HOR 2
AAL MAX
o

WO CALCULATES THE MODAL FORM OF THE COMPENSATUR (HOLDR1DCE)
NINCYIM- CALCULATES THE MINIMAL FORM OF THE COMPFNSATOR (HOLOR!1DGE)
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Appendix J.

ROPTSYS Computer Program

This appendix includes the users manual for the ROPTSYS computer program,
which is located on the FSD VAX at NASA Ames Research center, and an example
data file. The data file was used to calculate the full order compensator in the

Navion example in Chapter 2. The lengthy FORTRAN listing is not shown.
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AppendixI

Memory Allocation. (contd)
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Appendix K.

RSANDY Computer Program

The RSANDY computer program is a modified version of the SANDY com-
puter program written by Uy-Loi Ly as part of his PhD dissertation at Stanford
(3] and later modified first by Gardner [16]. It is stored on the FSD VAX at NASA

e T—

Ames Research Center. Ly also wrote a user’s guide for the SANDY program. (8]

This appendix gives the input format changes to make the SANDY user’s guide

3 ” correct for the RSANDY program. The major capabilities added by the RSANDY
’ program are:

b

*I‘ e an optional gradient step-size reducer from Gardner [16]

¢ a linear discrete model of the closed loop system can be created for later

[ simulation studies

¢ a leading free line and free lines before all the data items are included to

help in documenting the data files

The changes which follow apply to page numbers in the SANDY User’s Guide.
Other than these changes, the program is exactly like the SANDY program. Also
included here is an example data set for running the program. This data was
used to find the reduced order Navion compensator in Chapter 2. In the following

changes, the new variables needed by the program are italicized.
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Change 1, page 117a. Running the RSANDY Program
@QRSANDY Infile Outfile Simfile

where:

RSANDY- A VMS command file which runs the RSANDY.EXE file with Infile,
Outfile, and Simfile as data files.

Infile- A file containing the input data; an example is shown at the end of

this appendix.
Outfile- A filename where the program will write the output.

Simfile- A filename written by program, if IPLOT=1, which contains the lin-
ear simulation models used by the SIMPLOT program, described in
Appendix M.

Change 2, page 119a. Item 1
Np,n,m,m’,p,p’,p”,r,flag, NNS,IPPSS,ICF,ISS
where:

NNS- Set to 0.
IPPSS- Set to 0.
ICF-  Set to 0.

ISS-  Set to 0.

Change 3, page 119a. Item 2
Maxfn,Nvar, Tol, MSTEP Nlinear,Tf,Print, IDPRN,ICLPRN,MAPRN,IPLOT, DT IBG
where:
MSTEP- Maximum step size for the gradient algorithm. Start at 100 and make

it smaller if there are convergence problems.

BT N
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y )
1 ~ . b
( IDPRN- =0 for no input data printout. q
t R
[ ICLPRN- = 0 for no closed loop data printout.
‘h MAPRN- = 0 for no modal analysis printout. .1
t IPLOT- = 0 for not creating a simulation model. = N for creating a simulation
[ model of the N** plant condition.
L‘ DT- Cycle time for the discrete simulation model. Rule of Thumb, DT =
4 2x

.2(“’!aueu )'

, Change 4, page 126. Add Item 9
[ ¢ Data: XO %

Description:

XO- A vector with (n + r + m') zeros.
€ o
[,,
%
g :
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RSANDY Example Data File.

DATA FG RSA?DY FOR THE CHAP 2 EX. THE NAVION AT 100 KNOTS (REDUCED ORDER COMP) FIL'I'ER CONSTANT
ePLNT N PP P’ R FLAC. DNS IPPSS . ICE ISS 06
l‘l. 441 2 o] UMEAS NOISE TYPE. ORDER RMS

2 . 0. 0 o o
8.1 OE-01.100.0.999 DO, 0. o. o 0. 05.1 ru.m CONSTANT (1HZ)
nomlun DENSITY OF PLANT CONDUTION 1 28
u:or HEAS NOISE TYPE CRDER .RMS

F Mﬂll(N X N)U N Q. THETA

- 045, 036.0. nz.mcousrm
3. -2 oz 176 o.o 6 28
0oonn‘- 0396.-2 98.0 Awm
o
C MATRIX( n X m ) Q mmlu( p' x p' )VELOCITY HDOT
o110 100
-28 2.0 010
-11 0.0 nmnué-.n)urﬂm,mtmu:
0.0 10000 O
CAMMA MATRIX{ n X ' ) 0.10
045 - ox.o.o A MATRIX
37.2 02.0.0 ooooot‘ 1 000 13 59 £16 93
-00191 0396.0.0 B MATRIX
0.0 o 0 2124
nsmmu(pxn)v:wcxﬁmor 2676 -y 24
1 0.0.0 C MATRIX
0.°10.0,176 0 O 00OOE+00 -0 1000E-01
Dsummu(px-) -1) 14 -1
0.0 mvu( Nvar ) N
oo 1456.7.811.12
DsW MATRIX( p X &' } ITEM 9
00100 0.0.0.0.0.0.0.0.0.0.0 0.0.0
000.10 E
HC MATRIX( p’' x n )VELOCITY HDOT
1 00.0.0 - N
0 -100,176 0
DOCU MATRIX( p' x m )} —
00
00 -
DCW MATRIX( p' x @' )
00000
00000
HP MATRIX( p'' x n )JU.W.Q THETA HDOT
10000
01000
0057 30 9
00057 *
0 -100.1760
DPU MATRIX( p'' x &)
00
Q0 »
00 ]
00 1
o0
DPW MATRIX{ p"' X w’ )
0.0 0.0
0000
0000 4
©00.0
000.0 1
UW NOISE TYPE ORDER RMS ]
2123
FILTER CONSTANT [
43
we NOISE TYPE CRDER RMS
212 1
R
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Appendix L.

SETPNT Computer Program

This appendix lists the computer program which calculates the feedforward
matrix described in Appendix D. This version does not have the G, matrix. The
data formats and data sequence are described at the beginning of the program.

Also included is an example data set (the full-order Navion of Chapter 2).

()]

A;ALJ."' }
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AppendixL

SETPNT Computer Program. (contd)
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AppendixL

SETPNT Computer Program. (contd)

wh , Q¢ 2 o, ® = JOPT B

2

®1 soresuadmos 9yl jo wmi0) yf 2

3

103nde0 > Wil (Ras bl

eyl uo sUoTlIT|ND(ED Oyl dn peeds 0} Wi0) (Emtuim clul Hdeq 2
PpIWMio)suwi) 87 s0lesuddEod @IDIOESIP I udyl amyIp oWy >
ejdmes buisn 1] 38z719IONP USY) W0} (TEIUIE XJO(q >

uf s0)esuadmo> ® 0 wi0) bojeus @y si1dIse BulInOiqNE VYL 2
2

*bp) IplOoH WOITY AQ SIS 4y 2

Bl

R R T PR TR TP WCB/6/Tlaeases3OIP s srerrrorseee 2

anN3

NEnLig
(L AMYNIOVMI, ‘X6, TV, .

*/ ,4d¥ BOLVSNISWOD [U 10 STIod WL, X2 //°, ) IvWH0d 0051

(v 21001, 3u¥ SINIIIIIH00 SUVEIMNN DU, XZ //°, ) 1VWHO1 OOk

(/7 ,S1 dLVSNIWO) DU 0 1 3INULSIE L. xZ /77, ) LWWH0 3 o0kt
/.St {5}/ {SIN SOIVSNINO) FHL .

40 NOILVINISIdd33 IVIMONATOd XTAIVW 3HL. x¢ //°, }ividD3 oozt

. INdINO GL , 71 . 1NdNI WOH3 SOM3Z 4 L DU, x2 //7. ) IVREHOS 0001

(0¥ SSYI) VOaHY'1 88 'ON'Q M) 43S ANUISIT QL A'10d LvW TTVO

2
WOLVSNIAWOD 3HL 30 WHOd F10d INaIsay THL aWid D
3
ANIINOD K T
(11)Z (0011 9)311Mm ot
1 xa 1-11 oLt oa
1 C(o001 " 9) 1L 1M
(M31°Z 1 0t A10d) TV
OOt U re (r0) A10d) (0OopT 9) 3 t1um o5l
091 oL U
ToN-% ovl
L= O aiod

1o D
ovt ol 0o {10000 11 (4dt) sawa} 31
Orr 1 N7 L

ost L 00 {1ed O3 M) 41 091
(]

O M
41 1 Xt )
Wl st o

SYIN 30 B ST 4 SIORINO) 3O & St W
31 BOUVHINON HOVY %) Sod4Z2 8U UNTd

(1112 ooty 9) aL1am otz
VI o1z oy
0041 9) 3L1dm
iy W Jo..:z._.KN T
(C et Fd={reaiod 734
d 11 007 0
O v () Aod

WUVIN IS0 [HL %) S1H0d DU ANt
Canivd 4 aliag 1w

!

{ I5Tv3 1 N)1lud 1TV
(oozt 9)Lium
(ON G'N 1Wif 20 83° V) 43S 204 AW Ol HOd TTV)

UOLYSNIAWNOO THL 40 W¥OJ TYIMONATIOS X1REVWM JHL GNT Y
sl 1 1dd TNV
ISV 1°901idd TIV)

ERHI1GZT CWIQET EWIO0T ¥ W 1 23D,

THIQZT IWIALT IWIAYT 4 ¥t @0 @)°

TWIAET IWNIAUT (WIS o ¥ T W ¥ u—‘m;nﬂe\UahShW Ad2 Ty
Od) L4 1MOSIT LINT TIVD)

8) 801410530 1INL TV
Qi JOLAINDSIA LINE TIVD
30) HOLITES KT LINI TTVO
w1) LIS LIND TIVD
4: BOLdIASIT LINE TIV)
N)E0L4TAISId LINT TTVD)
Xij ok d0SIT LINT TIVD
90} oL1ESKT LINT 1T
Q) MOL4 LIS KT LINE TV

SWYROEd S, 0N M03 SEodIRIS3IQ JZTTVILING
LEY Jiy]

1- 18100

itad (8 W) (4 wle Ma 4 ¥ NOISNIMIQ

01)2 9T XIB0)

¥'d W 1

(02)o¥ (¥9)ssv1)y (o7} .o~J<t _o:j .03549 a.
(oziwnia (oz) w1 tor)na {oz)n (oz) a1 (ordea loz)wo waniim
{(Z O H ¥IG W3R LI3I I

AU 1T NTdAVId STOULNO ).
S.UYNNIE ONOO NO d3SVE JaEV STTY) NTLNOMENS THL

7 e =0n
SA s ® + 2 ,¥ :lOo@

W78 NMOHS WLLSAS ) IWWNAG MOLYSNIASEN) T4 40 NOLLYINIS 184 4d
FIOd QIS HE ONY CTVIRONATKOD XTHLVW DL SONT 3 INTLOOWIS SIHL

(4 4w )d v)ITIVNYAL iNTLERS

N1}

NWLL Y

(Nl W W NYEINAIV TV

(ol W 1dN S INAIVH 1TV )
SLNS 1Y DU INTAd

(0 1ewiant taeld {1 tlwy

I




T T

El
A
l
J
4
o
-« o
pm—d ' :
sufInCIqNE S1yL Bl0aA w :._.:wm:.._ “ M:.u ore L4
o aqn i e R e 193
oya |eQuasoy us] AQ PIEN W10 @yi Ul JUU > o 1:=[ o7t ©op |
[ L 2 {3 ~.:..._--opw- }q,zzweb. M. ~ o:..a ot
t o s > (1 te1)a.tie “1)q.zimeb: { o
win otle of
WYL JO RTIIEH B I8 UD | BIUIS pPapIIu W S lUams 188 Stay) 2 i
> xisiem jud Biq ey Ut oA
uTLLET ISTP NIBYD JUIEMOD wemais (1 1)1ud eyi 3o xapul oyl 81 | xjsawe bipa eyl V1V) .
2 -
2 MIUO 1zueb 7iweb jjeed ({1 (+T)Bipe (1 1et)bipe '
e _nhln_oc_u (11 1pe {1 1)bipe ew1ap {1+ (+1)® (T 1e1)o)iud 1100 Oxx .
W 9. TV sx>01q Iy : B
{2 0 1 ¥IE.TYIN SO PYI J0j MTAIEW UCISTEURIT SYI SPUT] UCTIMEE BTUL ¢ e(XK +s
2
Nl grw ) SHONUL B0 S BYY JO Pl )] ©3 ob
S1uMme(d ayl AQ suanio ayy Ajdiafre Ajdeis wejgosd |e@a € o) b o o3 ob (s rw 1)
~ Kliirw vamwb @yi 10) SUD{IN|OB iUl Suinias wesboad ey ey 30U bl Tel
~ > G > 0 1be> o
- Spucoes Ju sifun up | s porsixd 3 dees ey > . a ! - _HM KT vp ‘
bl ./ L AR} L = M
n Nizn) Jzzeeb yrwebl  (x)izzl lzziud tziudi (tem)lzad > fnatl e/to ©emnipe i Thades)) .M_ "w__“~ up ot
m 1tnl lz1eeb jeeb]| o frel lzosyd pried( Izl 3 (om11p, (¢ t)w)dme-(1 1)BIpe  (x
>
— +1w suntienba 2121510 By Al Spow (€25 ¢ Ylla peae] cOseE
. " Xfiiem UOTLISUB LY Yl 30 1480 Syl BPUT) BTUL 00T .t
. .
ELUNE R S R L ’ oof ©a1 ob
’ oot ©) no
2 (oo a1 ((1ey 1)e)sqep) pus (1ODO 1l .ﬁ.n_v .:-.-a-e:
> L3 b et
SRR T TRNT WL XY 1opens > ool (1o s )
1921 ul wr(q 7 AQ 7 snonuiiuo> & &;de) e eul IgQDS N1yl AUeAsO Y BAIO|Q 7AZ 40 Im[ 0] SHOBYD YWiys dooy seino ue :_i
N
(<) 4
> VST 1AIbIp ut xyiew 3 myp, xt //)1emu0) (x ]
(z7web (7web 7imeb {jued 1 St Lubyp Ul xtivw g ey, x| //}avewio)
h twgd tzogd zriud 1wt 1w tediud aupaneagns .81 1abip Ul xtnew y !c.” xt //)rewia) oaxct ..‘
> (i w e S)eusd (e
b 2 (00zt 9}®ayam Cr
- {d 5 2 q)euad e .
@ L (oot1 9)eagan
PPy P 1A (1 14 s w)@iuad (1o
B 1oesueda o ay Jo (00Dt 9)®atam
P Wi0) [RAIbIp Y1 SAFY Se ol iabw Q€ Ayi RON O sasoditd ¥>ayd> 10) s3d>jiiwe indul Syl INO AUl ig
>
(d 4 g v bipr bopg bipeles e (1) 6 .
g ot el i A 00 1 1tres
o (,S1 %1s3vie euamuvhs o ogrsuabeo s i w| L/ 1
C ( 81 xtijem (el aosesuede s e a(
(1 ew ::.f. ) {t Nbtpa {1 4)bipe (1 »)> (1 )a (1 e ma_- o p p
ine b 1 isbeut .
T [ 7:.,:1.:‘.1 _".. ) (2 o ue) goira: 2111wy
¢ Gt ..._c. - ) (d W d N1 OIAD OIGH DIAY 5 ¥ VLI U INTLOWNS
N [ ,:A,.:_...,mu_."-.x. “ R R R R R R R P Y PR R PR i
P [ 207 NN A {(10170a |naquoy) | n @ 4
(101308 jusmainsesw) | x4 sh 9
T R R T R PR ey R N I R4 LU T L L. T . (v1aavm astp andino sojesustmon) 5 k@ N
(x12210@  asip andut sojesuadecns} d x o Q o
E o _..._ o4 ot (st 1em & (weukp sojeuadmsc) 3 ¥ 2 [ arm
Sad ot (e abo1) g o
/)] e 7, . =

AppendixL




_._...,.‘.—qm.,‘ .«uv«.q.«,‘ﬂq,.d.\. -

<
9 .
b
.
4 (Ve
. —
[ ]
y
P v oy . 2 )
1 o o b]
g ; \ . 3 ) x = 1ziyd
9 XTIV TN DN X SN:NIWD 4 \ o NIRd 3 (x 1P Qeleane (192
.7 i vy ' ] LI 4
i o (] ' E} o = i
i 134 3
. I 5 x = zu1ud
- - B (x 1 p 3 qejgqne tie>
w0138 NMOHS W03 THL I0VL SIDIULVW WILSAS THL 3u4IHM WHOJ 2 [
TENINTW JHL OL WuDd ANVELIGYWY NI 3V OOWH ONY OOWD (0WJ J¥DHM b} 0= 2
X GOMH- A 3 "
~— 0.00WD + X+(0W 1= LOXX 3 x = 1114
~ W03 THL 30 WALSAS ¥V SLHIANOD WYHDOUd SIHL 2 (x1p24q -:A:-L_:v
3 =
.m F0018TI0H XD1Y A8 NILLium 2 te >
CeeseerresvrIREI IR IIPERIIRIIOY 0ef8/6/[ToversorsMUININsssssrvosvens D
[=] (W DN SN NTRE NTRO NIW OOWH QOWO GOMI) WODNTW N1LNONENS (s, 1e)asbs - q
" s 50 =®
& pus :
- waniai #3001 na|dBOD> Om) 06 -
F. . (Am23 1 ),{2.qs ®,v)/@nu = x
(dwa1 1'p > Qe )i'ms (1D enujjuol Uil
. *,2:=P 0002 ©3i0b b
~ o1 =2
I EL] 1meb , (& = z7esd
' {Z O H V)ByTwid 11D11dWl
! {x wnu 1 q'e )pgns Bulinoigns lueb , zw . (7web - fimed
pua
1 [=) uinjaa ziiyd = (rwed
(1, Jdxa , x = x .
L (1.Q0uts, /(2% - P} +» (1,G)s03 4> = x ) x - {(wed .
{2 O H V)8, Tv3d 11D1TdNI (x wnu L'q sjrqns (e
f. (x 1'P 2'q ®){gns @u)inoigns 1 = enu
e pua
'] uinias = rriud
L Pred (dma1 1) o(q,r)/enu - x t= 1L p >qehigee 119>
’ (w23 '] p'>Qe)iqns (v o .
3 u G+ ®zp 1 3
1 - =
3 p WWN 8, TVIY BRI AL
1 m {2 O H V)8 TVid L1017 IMIL (x L P >aqesjqne jle>
(x whu | q ®)zqns Julinosgns 1« - p
. Q pus P
uinies
3 C {1.9 Ydxa .(q e}/{>q - P} + x x x = prynd
3 {Ll.® )dxo (e q)}/{>.e p) * (x 1L p 2qQwliane ((®>
(7 O H¥)gIvid 1ID1MI TP
. (x L P *'Q €) [gus aulnoims e
3 pus
N NHALIH O w gptud
3 g (1P >qejigns (e,
P Liwet , (e z7web e o
L jweb 7e . (2webh Z1web 1 s
: [N : :
h E Zliud  [reed zi_v 11bs -w eSO a
. wip)iabs . 79) , 5 O -
S x 1wrb
N (x wnu 1 g elpans (1€ 0oo1 owb | enay ba wos ) 3y
| . e
f s ISTVy - dmos (0 b Lwip )
= rriud 1® , ¥ 7% , 2% : OSIP
(« 1 & v ae)guns t1es 7v e 1
- (9] b . 1

Appendi




SIAI ) v e e au

o e g

T

LA S 4

T Ty

| AL R
.

LR R Rl g scoh N 10 G ALt e Botgage A VY R ag TR V. T vy T al v REDSCACaSr 3 o
(=]
w—
(3]
5 )
WHD3 TVRINIH THL OL WO iSNVHL f) . ~
2
seresnceessO0besrvnsrrverns w vzz ol n.x.v_-_ Qm_.h.i&ﬂ.m
o0y ont oy co 'S Gt 51
oos (SN 1) 31 ! W)
oL oo d = 2: 1) SUV-biY
. [ 4
HONY/ !
: seseerversO0Zesverarsre
(L DR (1 NI T Dind, STy
—_ By ooz a1 g ({100 4 :_._ :wn!t
~ 5 aw Tode % O __
e 3 oot AL 0o wz Fr) n out
g (SWail TYNDOVIG 130 Q:E.x!n VI ¥o3 .GHC
Q cresssereseO0lenevsrarer 1
©
S [ 8]
T =oM 1L . )
- /s 113 : (SN SNINIWL  XTMIVIV NCLIVMHOISNVIL THL 3LVINDTY)
AT L ¥ B S-S T VIR S 1id,-v, Xt .:!5_ 0007 v
!.uzmz:a_l!x_:. H'a"2 8 vioooz 9) 1nram o)
3 SEUHOONIW U1 X119 OOMOD @I, X1 //) Jewi0) o)
ONI120NG3a 04 D CPT MWD ONEW UL xTales QUM oyl, x| //)aewio) toiil
3 <BEOHUNIW Ul xpyew QOMY SYL, X1 //)3emio} 1o
ZooZHe3+ZHaIHe (O ¥} o740 11,8 =HONIG (ON SN SN° Jeauad [re>
o (o1 H)OORBY - 7H 1021 9)eatan
: WKk = 1H (SN MM WN )®iusd yie>
{1 tot1 9)earjan
{SK SN SN j:luc-& t1e>
1001 9)@ajia
[N : Hhamd v ose 5 sasodund wray> uo) sad1sive Induy ®Y) IN0 Uty
Q Liresseraens Q5 ssveravsssenne )
- ) {0z o7) Ly (07 o~.>z_z=¢ 07 OZINIWL NOISNINIG
B INIINUI OZ¢ (1 sN) 1 .!. IWH {1 SNINIW3,
5 U shlaso (1w cﬁ-. (1 Q!u NOISN In1Q
[~ % CessensO260nsenes ) (Z 0" v}, TvIY LIDIIaWI
)
m VI i STV T 40 ONINDISNIMIG THL (x)
[
[~] OFF QL 0 (did LT VW) 31
C VT CHOMI 2en (1 C)oowal VR sevvesesesens terererrrrsrrenne strretinesenns “eeesersrrtterrernsnrnrrinrres
2 ore od
o 101 W) 1)
=~ T YN N - WIS OOHI N1HB
1T W (xw ORI ANIWL NIR)
N ) ML M ARIWL  RIWS
........ O eavnnnssase 3 IVHL HXIS WL XTHIVW NOTLVWEDISNYHL ¥ SONLE A1 L0OMINS Ty
}
P ool al (o
T OUF QL (3 (SN 1D 1) 31 ' .
el 1 . P
E O o (1 IANINIWL \ .
wn (T HIsd /1 (1 1INIRL 057 \ \ LI e 11 Y]
» .
....... ilesnssrsssse ) . v 1 o

AppendixL

W LNG ) (244

-

/).




[

TR A e

Lnd 4

T
——r .

S aan e oo

(RPN

T

217

AppendixL

SETPNT Computer Program. (contd)

TR ey

NI
(00 (0 xUJo1 112 41 91 IvWm g i
CoAer xe)on 61 7) Ty

Tt oy

CE) 190§
LT TR T I VR R
N X XU INT L

——— L TN
L Al ot s SEL a’

ani

NaOWL 3y

(SN0 (0 ) aiie) (©OL01 9) 1w
121 089 o

0901 °9) 3L 1w

Oh

(SN 1= (0 1npme) OOt 9} 3Lt (wy -

t=1 O#9 oQ
1°9) 31 1um

(SN T-¢ (c 1hntvad) OOl '9) 1118 sy

t=1 079 oq

ﬂ.o..o L1

OR el fhimo) Lot 9)ilimm 01
‘."_:.oc

ﬂo..%u:i
.wz~_::z:t. Qo_,a:
._.,_

o

LNAUND MOLYSNIBD) TNy By

. S1ON) XMl

LN HUYSN LG ) LTSt TRININ L, X2 s O )iveer
Lose " i xlatw.

S TIHVNAU MOLYSN T 841 UNOSIO MRININ By w~ 27700103 o1
. S1 wiinowans,

NIZUMNINGW DU 30 1nags, e 2z s/ o Vi) o

SIS BU (NTay

J!.SC .27
g L VN Y IYamtie (0 1) nney (U Dwiwn
o

(¢} Q.-ﬂq ._Wz_ov..ﬂ o

SN L obe oy
L IR IS 19 [83)

NIl (Xt - LR

NN an e
(e xjome, (n LFANIN s £ NI (¢ _wz_'c
ma .nw xe o
0o e 1IN
W - ¥ (x)
SHL oy o

RFIANININL NIWS

JINODY  (my
(0 ) it g (n VANINIRg 1 VINIKT &Hi.

SN 1 X 02é iy
BRI TRNS PP
SN T £ otk ny
SN L1 ooze ny
TINGY oy
(0 MINtWL, (n ThOmae (0 1) aqg g IR
SN X oie )
VO N Ny
SN Ot oy
SN LT oo oy o

v:'C.;!..)z_z_x._ NIWj

s




AppendixL

SETPNT Computer Program Example Data Set.

[ 4

,P.R,SAMPLE TIME FOR SPHOVS DAT
3.4,

L maz

3.4, S
MATRIX( n X n )--U.W.Q. THETA
045, .036.0, -32.2

- 37.-2.02.176 0.0

00191, -.0396, -2.98.0

0.0,1.0.0

C MATRIX( n X m )}

0.1

-28.2.0

-11.0.0

0,0

HS MATRIX( p X n )--U, HDOT.THETA

1.0.0,0.,0

0,-1 0,0.176.0

0.0,0,1.0

DSU MATRIX. PXM

0.0

0.0

0.0

A MATRIX

0. O00OE +O0 1.000 O.0000E+00 O .O00OE+00
-14 .69 -6.072 0.0000E+00 0. OO000E +00
O OOCOE+QO O OOOQE+0O0 -11.34 O . OO0OE+00
O OOOOE+O0 O OOOOE+0O O OOOOE+O0 -1.816

B MATRIX

-0.2781 -0.8863E-01 6.515

1 485 Q.8725 -33.66

-0.1334E-01 -2 .622 2.441

0.7711 -0 4641E-01 ~-10.10

C MATRIX

O 000 -0.1000E-01 -O.1000E-01 O 3600E-02
-0.1978 -0.2163E-01 0.3446E-01 -1.000
D MATRIX, MXP

0.0.0

0.0,0

HD MATRIX, M X N+R,--U HDOT.THETA
1.0,0,0.0,0,0,0.0

0.-1.0,0,176 0.0,0.0.0

LD MATRIX. M X M

0.0

o,0

PP — PR Sar A I gmatan
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AppendixN

SCALEM?2 Computer Program. (contd)
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SCALEM2 Computer Program.
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SCALEM1 Computer Program. (contd)

AppendixN
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Appendix N.

SCALEMI1 and SCALEM2 Computer

Programs

This appendix lists the computer programs for doing the fixed point scaling
described in Appendix E. Also included are two example sets of data. These
programs are written in VAX BASIC. The SCALEM1 computer program does the
scaling for the longitudinal CAS controller. The SCALEM2 computer program
does the scaling for the hover controller. The description of required data is at the
beginning of each program. The SCALEM1 data is for the 6% order compensator
with integral control. The SCALEM2 data is for the final hover controller.
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{

SIMPLOT Example Data File.

.

4,8,0,.1,15.0.0.0

18,22,20,21.16,17.18,22

'NAVION WITH FULL ORDER COMP HDOT COM = 10 FT/SEC '
'FORWARD VEL(FT/SEC) '

'CLIMB RATE(FT/SEC) '

' PITCH RATE (DEG/SEC) '

' THETA (DEG) '

' ELEVATOR (DEGREES) °

' THROTTLE (ET/SEC**2)’

'FORWARD VEL (ET/SEC) °

'CLIMB RATE (ET/SEC) '
0.0,0.0,0.0,10.0.0,0,0.0,0,0.0,0.0.0.0.0.0.0.0.0.,0

. A'LA_“
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R

-
L

SIMPLOT Computer Program. (contd)

Wk B« s v _CAEBL - 4 .PJ

X
8
- DO 3100 121 NPNTS
vmnn—ou(mn
YARA ‘ m:vwvslg
lF iY l LY mIN YMIN=YARAY ([
0 CONTINUE
CALL PHYSOR {X3ORC (NCRVE) . YIORG (NCRVE) )
CALL AREAZ AREA2D(6 0.2 7)
{ CALL M}ﬂEF(PLTIT(VC&T}) 20
g CALL CROSS
CALL GRAF (0, *SCALE. TIME (NPHTS) YMIN. "SCALE® YMAX)
' CALL CURV rmc YARAY . NP .
CALL ENDCR
1400 CONTINUE .
CALL ENDPL (NPCNT) 1
w00 CONTINUE
GO TO 5000 ’
"( 1S 1S THE PARY THAT DOES 4 PLOTS/PAGE ;
s W00 DO 4500 NPCNT=1.NPACE
CALL PACE (11 0.8 5)
AL vmsué\ K
TE (NPLTR EQ O) CALL HWROT{'MOVIE') ﬂ
CALL NOSRDR
CALL AREAZD(9 0.6 O) 1
CALL HEADIN r(amn 50.2.1) .
CALL ENDCR
NOW START THE LOOP FOR PLOTTING THE 4 CURVES ]
DO 4400 NCRVE=1.4 )
{1 \CNT 1S THE COUUMN OF THE VECTOR IN DAT BEINC PLOTTED
NONT> (4*NPCNT - 4) sNCRVE
- YMAX=DAT (NCNT+1. 1) k.
YMIN=
DO 4100 11 NPHTS %
YARAY (1) -DAT (MCNT< 1
It ; -vmvi ] p
& 13 vwvi‘ LT YNIN) YMIN=YARAY{L ]
) 4170
[ - CALL PHYSOR (vuvn YACRG (NCRVE}) R
4 & um 4
L
“ CALL amm}n:r(vm}r(mgfm 20) K
3 ‘) CALL GRAF(O..'SCALE' TI® "{.rsmnﬂ YMIN. SCALE® YMAX) -
CALL CURVE (Tive X YARAY . NP )
CALL ENDGR (NP p
. 4400  CONTINUE [}
CALL ENDPL (NPCNT) r}
4500 INVE N
6O TO SO00 [
“0N0  CALL DONEPL
RETURN .
END :

¥
b
»
]
)
!
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SIMPLOT Computer Program. (contd)

LS AT ' R i 1 i

B
(1 1+ JNDN) 1¥0=X¥WA
FAWN (€ - LOINWE ) =LaON R
QLL1d ONEIE LVG NI #0103A DU 30 NTI0D U 51 OWN O
3
€°1:IAHN OO¥E 00
3
SIAND € IHL ONILLOTd ¥D1 dOOU 3HL L¥VIS .azw
) w3 TIVO
vz os :.J.B. 3N NIAYIH TIVO
@70 9JUIVIEV TIVO
WTHEON TTVD
17 U BOSAHd TIVD
1S 8)INd TV
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a3
ING/SLNE © SIU0 LVHL L¥vd THL ST SIHL D
3
Q005 QL O
WWIINDD 005t
(1NN 13aN3 TTYD 3
LOtd ING 30 IDWd INO UN3 D
>
(O SINGN AVYEVA 3HIL) 3IAND TIVD 5
viva I 1ond 2
3

{0vWA . TIVOS, NIMA (SINGN) WL 3IDS, © 0) I TIVD
SSow TIVO

O=A 1V Sixv T4l Ind anv
ONI'TVDS X13S ONISN 3dAL HAVED THL dn 13§
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SIMPLOT Computer Program. (contd)
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AppendixM 222 i
P
- -
m- Number of controls. »
p" - Number of performance variables. k
Item 3
GRTIT,PLTIT(NPLT)
where: ]
GRTIT- A 50 character variable containing the title which will be put on all NPLT/NTYPE »
pages of plots. ]
PLTIT- An array of NPLT 20 character variables containing the y-axis labels for the S
plots. The x-axis is always time. ]
Note: These character variables must be exactly 50 and 20 characters long. é
Item 4
XCon+r+ns) ]
XC0 is an array containing n + r + ns initial conditions on the simulation states in the ]
following order: {
4
-
State | Parameter o
1 g
l plant states
In
F4 |
I Ji ! compensator states
' 2 .1
wy
l noise filter states |
Wne
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= Description of “Plotdata” File inputs i
'» Item 1 )
NTYPE,NPLT NPLTR,DT1,TMAX,IDF,TR :
: where: '
NTYPE- “1” for 1 plot per page, horizontal. “3” for 3 plots per page, vertical. “4” for 4 -
h plots per page, horizontal. N
NPLT- The total number of plots to be made NPLT/NTYPE must be an integer less R
than 13. K
NPLTR- “1” for immediate results on a VT125 screen. “0” to create plot files, VECTR1.PLV -
and PARM.PLV. 3
;‘ DT1- The data point interval, DT1/DT(from RSANDY) must be an integer.
TMAX- Final time of the simulation, TMAX/DT1 must be less than 5000.
IDF- “1” to run the simulation T R seconds prior to recording data for plotting. This
is used to allow filtered noise to reach a steady covariance. “0” to start taking
{. plot data at time= 0.
4 TR- The number of seconds to wait prior to recording and plotting data.
. Item 2 1
y Plot parameter ID’s, the array NPARM |
NPARM s an array containing NPLT identification numbers of the variables to be plotted. 4
t identified in the following : ‘
1 y ) The parameters are identified in the following sequence ol
ID number Parameter
1 I .
! | plant states o
r‘ n In .
o n+1 21 ';
{ ! | compensator states ]
n+r 2y 7
n+r+1 wy
{ | noise filter states
! n+r+ns Wne
F n+r+ns+1 uy
3 l | comtrols
f'_ n+r+ns+m Um
: ntr+nsa+m+1 [yt
, | | performance variables(from RSANDY)
" n+r+ns+m+p' Ypr

where:
n- Order of the plant.
r- Order of the compensator.

ns- Number of states in all the noise filters.
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AppendixM 220
- Running SIMPLOT i
@SIMPLOT Plotdata Ssmfue
where:
SIMPLOT- A VMS command file which runs the SIMPLOT.EXE file with Plot- .
data and Ssmfile as data files. )
Plotdata- A users created file containing data used by SIMPLOT. The input
item descriptions are shown on following pages. .
, Simfile- The simulation model file previously created by an RSANDY run. .
l The SIMPLOT program will ask 3 questions: "
E 1. “Are the disturbances random?” :
F Type “1” for yes or “0° for no. If no noise was modeled in the RSANDY run which
?‘ ' J, created the Simfile, you must type “0”. If you had noise in the RSANDY run but want
:_. a clean time response, you can type “0” and no noise will show up in the time responses.
s If you answered “0” to this question, the simulation will be run. If you answered “1”, the
E‘ program will ask:
_ 2. “Input new random number generator seed?” 1
Type in any odd integer for a new seed or type in zero for the default seed.
}L 3. “Input scale factors for disturbances” ;
To force the simulation to be driven by noise having the same RMS as the RSANDY data, ‘
: type “1,1,1...1" where there are as many 1's as there were random inputs in the RSANDY 1
r data, i.e. m'. If you want to scale the RMS of the noise, change the “1's” accordingly. For .

example, typing “2,.5” will make the first noise source twice the RMS of the RSANDY

data and will make the second source half as large.

R

N .‘. L




Appendix M.

SIMPLOT Computer Program

This appendix is the user’s guide for the SIMPLOT computer program. The
simulation part of the code was written by Bruce Gardner. It uses models created
by the RSANDY program to run simulations of the closed loop designs. The
program has the option of including the random disturbances used in the RSANDY
design. Up to 12 variables can be plotted versus time and displayed on a VT125
screen or sent to a file for later plotting. The listing of the program and an example
data set (Navion with full-order compensator from Chapter 2) are shown at the

end of the appendix. The user’s guide begins on the next page.
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q

- ) |
:‘ - SCALEM2 Computer Program. (contd) !

TAB(10) . "THE N MATRIX IS”
=1

é
3

TO NC\ PRINT TAB(J*8) FNR(N(! J}).\ NEXT 1\ PRINT\ N

T
g }3'“ COMPUTER SCALED VARIABLE MATICES ARE"

NT

1
N Nt
32 INT T
2260 PRINT TAB(10) “THE COMPUTER SCALED B MATRIX 1S~ :
“230 FOR 1= TO MR\ FOR J=1 TO MA PRINT TAB(J'8) FMR(BCS(I J)) \ WEXT N\ PRINT\ .
1300 PRINT TAB(10) . "THE COMPUTER SCALED C MATRIX (S™ |
P10 FOR 11 TO MC\ £OR J=1 TO MR\ PRINT TAB{J*8) FMR(CCS(1.J}).\ NEXT J\ PRINT\ .
2320 PRINT TAS(10) "THE COMPUTER SCALED N MATRIX IS® .
za&r? [21 TO NC\ FOR Jz1 TO MC\ PRINT TAB(J*8) .FNR(NCS(I J)) \ NEXT J\ PRINT\ .
2140 PRINT
1350 PRINT TAB(10) . THE COMPLETELY STALED MATRICES aRE"
2360 PRINT TAB(10) . "THE AFINAL
2370 FOR 1=1 \_PRINT nau-ol‘m«nrmu)) \ NEXT 1
2380 PRINT 1':\3(10'1l 'n!
Pz‘_i_:o";glr t=110 OR J=1 TO MM\ PRINT TAB(J*S8) EMR(BEINAL(L.J}}.\ NEXT 1\ PR1

«

2400 PRINT TAB(10) . THE CTINAL MATRIX IS” 1
.;1'\'°,,§§’<', =171 N\ Fo= 771 TO MR\ PRINT TAB(J*5) .FMR(CFIMAL(T.J)}.\ NEXT 1\ PRI l
2420 PRINT TAB(10)."THE NFINAL MATRIX [S” ]
2430 =1 TO NC\ FOR J=1 TO NC\ PRINT TAB(J*S) . FMR(MFINAL(1.J)) .\ NEXT J\ PRI

52
:ﬁ

PRINT T%XO THE KXT INAL MATRIX IS"
2450 TOR IN‘I‘ TAB(1+8) . ENR (IXFINAL (1)) :\ NEXT I
5:20 :"".T e lgl’:\-mw?ru 1+8 m KXIFINAL (1)) :\ NEXT [
0 PRI \
2472 PRINT TAB(IO) “THE HSAL LAT‘I }

174 l:nm =y TO 'KZ\ PRINT TAB(18) . ENR{(IOIFINAL(1)) .\ NEXT 1

A MATRIX REQUIRES A LRTA'3) THEN STRAU IN 1819 ASSEMBLY" 4
2 PRINT "THE 8 MATRIX REQUIRES A LRTA'".18-SCALEBZ. “THEN STRAU™
2510 PRINT "THE C MATRIX REQUIRES A LRTA'" 18-SCALEC]."THEN STRAU® !
2520 PRINT "THE N MATRIX REQUIRES A LRTA'", 18 -SCALEWI. “THEN STRAU"
2530 PRINT “THE KX (1} EL IT REQUIRES A LRTA'" . 18-SCALEKX (1) ."THEN STRAU® .
2540 PRINT "THE XX (2) ELEMENT REQUIRES A LRTA'" 18-SCALEKX 3 :“THEN STRAU® «
2550 PRINT “THE KX ()) ELEMENT REQUIRES A UTA"' 18- SCALEXX . "THEN STRAU™
2560 PRINT "THE XXI({1) ELEMENT R IRES A LRTA'" 18.-SCALE 1) . "THEN STRAU® .
2570 PRINT “THE 1Ot (2) ELEMENT REQUIRES A LRTA'" IB-SCN-EKXK 2} . "THEN STRAUY
2580 PRINT “THE KXI {3} ELEMENT REQUIRES A LRTA'" 18- KXI(3). " THEN STRAU® ‘
2582 PRINT "THE KXD(1} ELEMENT REQUIRES A LRTA'" 18-SCALEXXD{l)."THEN STRAU"
2584 PRINT "THE KXD(2) ELEMENT REQUIRES A LRTA'" 18-SCALEKXD{1). THEN STRAU™
2586 PRINT “THE IOM(3) ELEMENT REQUIRES A LRTA'" . 18-SCALEXXD{)). THEN STRAU"
2590 END
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] SCALEM1 Computer Program Example Data. I

: "NR,NM.NC, TP" ‘
6.4.2,.05 .
"A MATRIX(NR)"

-.23081, 89831, -.23642.1 17826. .43492, . 88649

"B MATRIX(NR X NM) MEASUREMENTS DISTRIBUTION MATRIX "

-16.358, -456 .87, - . 2653, 05454

-8.274,-230.9,-.15366, .012244&
10.224,195.99, .02073, - 00S18&

L 2.39548,49.65, .00599, .00061&
2.749,160.16, .17429. .0093&

1 04027, -.01363, - .00002, .00428

"C MATRIX(NC X NR) COMPENSATOR STATE TO CONTROL DISTRIBUTION MATRIX *
0.0,1.0.0.0.1.0,1.0, 688184

L - 91396, 2.70164, - 90986.4 64211, . 56013.1 O

"N MATRIX(NC X NC) COMMAND DISTRIBUTION MATRIX"

S -.08369, - .037894&

- 164, .07336

“K1 MATRIX(NC X NC) INTEGRAL GCAIN MATRIX"

-.0042511. - .049044&

-.0040024, - 042269

{ "g§%§§§%19iéijif1m SCALING FACTORS ON SPECIFIC COLUMNS OF B "

I < ICTC.:Lf(IfR{ ------- THE SCALING FACTORS ON SPECIFIC COLUMNS OF C."
“NSCALE (NC) - - - - - - - THE SCALING EACTORS ON SPECIFIC COLUMNS OF N "

: 'I'K%SCALE(NC) ------ THE SCALING FACTORS ON SPECIFIC COLUMNS OF KI "

fr ;égcu.s (mzq)é ------ THE SCALING ON EACH MEASUREMENT "
"CNTRLSCALE (NC) - - - THE COMPUTER SCALING ON EACH CONTROL."

"‘ o i?ti)%ékgf:q(nq ------ THE COMPUTER SCALING ON EACH DESIRED OUTPUT."
“YMAX (NM) - -+ - - - - THE VECTOR OF MAX VALUES OF THE MEASUREMENTS "
igbégkz(gc? ------- THE VECTOR OF MAX VALUES OF THE DESIRED OUTPUTS "

o

v

T—p—

- LT ST
a a

. . L e - : :
¥ VR RS Sr————. Snindnaniunininduminite paeihempalimsinfiinetinsieinfi i 3 CNNP USSR R VU G




B St et st ] e T W e Y T Y e W E TR TN OT T4 T el ST e s e D T T B
:.—-~.~-w~ c ~s mE PR TN TN T WU w T iR adh JhC VT T R E R . . - . > e

N

Y WY T 7

AppendixN 235

SCALEM2 Computer Program Example Data.

Te———

“NR,NM,NC.TP"
5 8.3, 05
“THE MINIMAL DISCRETE COMPENSATOR DYNAMICS MATRIX. PHI. IS:"
-0 78263,1.74302.0.90592.0.96006,0.72946
“THE MINIMAL DISCRETE COMPENSATOR INPUT MATRIX. GAMMAMIN, IS:"
-0 00068,0.00024, -0.00074, -0.01160,0.04977,0.01823,0.10458, -1.910234
-0 00076, -0 00083, -0.00088, -0.01252,0.04972,0.00800,0.08074. -1.75084&
0 00214, -0.00052,0.00084, -0.00071, -0.10784, -0.05930, -0.00479,0 . 37056&
-0 00048,0.00001.0.00156,0.00007,0.00701,0.00129.0.00276,0.00769&
-0 00356,0.00115,0.00006.0.00581, -0.67143,0.13067, -2.77471, -1 64643
“THE MINIMAL COMPENSATOR OUTPUT MATRIX, HMIN, Is:"
-1 79786.1.82597.1.00000. -0.16434. 1. 00000&
O 10394, -0 03719.0 26894,1.00000,0.111844&
0.00000,1 00000.0.79317,0.03578.0.09061
"N MATRIX(NC X NC) COMMAND DISTRIBUTION MATRIX"
-4 829E-02.-9 785E-03,-2 378BE-03&
7 O04E-03, -7 883E-02,2 O98E-03&
-1 17S5E-02.-3 420E-03,5.886E-02
“"THE KX MATRIX"
26522, - 19939, -1.2212
"THE KX1 MATRIX"
- 0000864, - 0003028,- 17365

i — gl

T

Yy

- 094118, -.72424.-3.0

"BSCALE (NM) - - - - - - - THE SCALING FACTORS ON SPECIFIC COLUMNS OF B."

1 1.1.1, 017452, .017452, 017452, .017452, .017452

"CSCALE (NR) ------- THE SCALING FACTORS ON SPECIFIC COLUMNS OF C." g
1 1.1.1.1.1

"NSCALE (NC) - ------ THE SCALING FACTORS ON SPECIFIC COLUMNS OF N.“ 3

1.1.1 .
§ "YSCALE (NM) - - - - - - - THE SCALING ON EACH MEASUREMENT."

32,32, 32,500,500, 500, 500, 500 1
. "CNTRLSCALE (NC) - - - THE COMPUTER SCALING ON EACH CONTROL." 1
- 1024,1024. 1024

'J';DSCALE (NC) ------ THE COMPUTER SCALING ON EACH DESIRED OUTPUT.” p

032,32

h‘ ') "YMAX (NM) ~-------- THE VECTOR OF MAX VALUES OF THE MEASUREMENTS." .1
v 50.50. 30. 10, 10, 30. 20, 30 1
: “{DMAX (NC) - == -~~~ - THE VECTOR OF MAX VALUES OF THE DESIRED OUTPUTS." 1
! 20.20.20 4
f .
b K
}
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