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(ABSTRACT)

Altitude excursions particular to high speed aircraft
are investigated in this thesis. An aerodynamic database of
the XB-70 is created and a longitudinal 1linear model is
constructed for a high speed cruise flight condition. An
examination of the unpiloted aircraft dynamics revealed that
the excursions were not due to a poorly handling aircraft.
Thus, it is theorized that the excursions are due to pilot-
vehicle interactions. A classical control method developed
a loop closure scheme suitable for acceptable control of the
aircraft. The results showed that a pilot should close an
inner loop with negative attitude feedback and an outer 1loop
with positive flight path feedback. A modern control method
analysis using an optimal control pilot model confirmed the
preceding conclusions. Based on these results, the cockpit
pitch attitude display resolution should be less than 1° so
that the pilot will be able to perform the loop closures

necessary for constant altitude flight.
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1.0 Introduction

High speed aircraft such as the XB-70 and SR-71 have
experienced problems with undesired altitude excursions
during high speed cruise. The excursions were not due to
the aircraft or the flight control system. Low resolution
cockpit displays, inaccurate sensors, and sensor lags made
accurate control of altitude at high speed cruise difficult .
for the pilots. As a result, the inadequate display
characteristics resulted in pilot-induced oscillations
(PIO).

The problems associated with previous high speed
aircraft gain renewed importance with the present joint
government-industry research concerning the future High
Speed Civil Transport (HSCT). The HSCT will be flown
primarily by autopilot; however, manual control must be
feasible throughout the flight envelope for safety reasons.
At high altitudes there is virtually no perceptible horizon
and the pilot will fly on instrumentation alone. Therefore,
as evidenced by the XB-70 and SR-71 experiences, the
instrumentation must be sufficiently accurate and reliable
if the pilot is to achieve flight characteristics acceptable
to civilian passengers. The HSCT's cockpit 1is expected to
employ digital displays and television monitors. The HSCT
engineers must consider how the monitors' refreshing rate

and resolution will affect the pilot-aircraft interaction.



An analysis of a proposed HSCT's performance will
include aircraft handling qualities as well as the
interaction of pilot and vehicle. Thus, a pilot model is
required that will accurately predict a pilot's control
strategy while taking into account the cockpit display
characteristics. Therefore, the focus of this research is:
Can the PIO behavior observed during high speed cruise of
previous large aircraft be predicted using modern analysis

methods?



2.0 XB-70 Model Development

The XB-70 was chosen as a representative aircraft for
this research because it is a supersonic aircraft that has
experienced undesired performance during high speed flight.
A literature review produced eighteen references that
contain a wealth of XB-70 flight test data, wind tunnel data
and predictions(1-18], In addition, the references give
insight to the problems encountered with the XB-70 flight>
test experience and some of the measures taken to alleviate
those problems. Finally, the references provide a plethora
of XB-70 aerodynamic properties.

Figure 1-a shows the three principle views of the XB-
70. As Figure 1-a shows, the XB-70 has a 1long slender
fuselage, a canard behind the pilot's station to provide
pitch control, and the delta-wing configuration used widely
for supersonic aircraft. In addition, six segmented elevons
on the delta wing's trailing edge provide pitch and roll
control while two rudders provide yaw control. The XB-70 is
powered by six YJ93-GE-3 engines, each capable of nearly
30,000 1b. static thrust at sea level. Lastly, the XB-70
wing-tip deflections reduce drag by capturing the engine
nacelle shock and improve directional stability.

Figure 1-b shows the XB-70's flight envelope. The
altitude versus Mach plot reveals the areas of the flight

regime that the XB-70 may travel in. As the figure shows,
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the XB-70 is capable of nearly Mach 3 flight at heights up
to 75,000 ft. 1In addition, the flight envelope is divided
into partitions according to the wing-tip deflection (dq)
schedule utilized in the flight test program. Additional
details of the XB-70 are contained in Appendix 1.

2.1 Aerodynamic Model

From the references obtained in the literature review,
a database was created and implemented into the MATLAB™
computer—-aided engineering software package. With this
database, one can input a flight condition and receive the
longitudinal and 1lateral-directional force and moment
coefficients. The canard, elevons, and rudders are included
in the database. The database incorporates the XB-70's wing
tip schedule and covers the Mach number range of 0.8 to 2.5.
Finally, for convenience, all data and utilization programs
were implemented in MATLAB™ using script files.

Linear longitudinal models were constructed from the
database. The flight condition of interest is level cruise
at Mach 2.5 and 60,000 ft. Appendix 1 gives the matrices
associated with the linear model of the bare airframe at
this cruise flight condition.

2.2 Pitch Axis Control System

The XB-70 control system included a Pitch Axis Control

System (PACS) which improved the bare airframe

characteristics of the XB-70. Among the MATLAB™



utilization files is a program that attaches the XB-70's
PACS to the state space representation of the bare airframe.
Appendix 1 also contains the state space matrices associated
with the linear model of the bare airframe augmented with
the Pitch Axis Control System.

Figure 2 displays the PACS. The inputs are pilot stick
force (Fgc), bobweight normal acceleration (ay), and the
Stability Augmentation System's input (6%“ , described
below). The parameters for the a, segment of the PACS are
dependent upon flight condition as shown by the offset
chart. The moment arm 1lg is -21.69 ft and the gain B is 10
1b./g for the cruise flight condition. The parameter 1lp is
necessary for the computation of a;. Equation (2-1) gives
the expression for the normal acceleration at a distance 1
from the center of gravity in terms of velocity, angle-of-
attack and pitch rate.

a, = V(a - q) - 1q (2-1)
Thus, to compute a;, let 1 = lg. Additionally, the forward
path gain K varies with the XB-70 flight envelope. The PACS
outputs are the commanded deflections for the elevon and
canard control surfaces.

Figure 3 presents the Stability Augmentation System
(SAS) associated with the PACS. The SAS can be turned on or

off by the pilot. The inputs to the SAS are ¢q, a,,

perturbation in Mach number (AM), and 8., the internal
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PACS variable. These inputs are combined to produce the

output 8, which is then sent to the PACS. The purpose of
the SAS 1is to compensate for the handling qualities
deficiencies of the XB-70's bare airframe. The SAS input a;
follows Equation (2-1) where 1 is replaced by 1'. 1 is 34.8

ft for cruise flight (See Figure 3).



3.0 Unpiloted Aircraft Dynamic Survey

An investigation of the unpiloted aircraft dynamics
will reveal if the poor aircraft handling qualities are the
primary source of the altitude excursions. If the aircraft
is the source, the aircraft or its control system can be
modified to eliminate the problems. If the aircraft is not
the source, other suspects, such as pilot-aircraft
interactions, need to be analyzed.

To execute the unpiloted aircraft dynamics analysis,
the eigenvalues of the phugoid and short period modes are
extracted from the linear models of the bare airframe and
bare airframe supplemented with the PACS. Next, the damping
ratios and natural frequencies are examined. Table 1 shows
the longitudinal dynamics at cruise with and without the
PACS. As Table 1 portrays, the PACS increases the damping
ratios and natural frequencies of the bare airframe modes.

Comparing the dynamics of XB-70 with MIL-STD-1797[19],
one can see that the XB-70 meets the necessary conditions
for good handling qualities, especially with the PACS on.
However, as the XB-70 altitude excursions demonstrate, the
MIL-STD-1797 requirements are not sufficient conditions for
good handling qualities. To compare with MIL-STD-1797 one
usually computes a 4th order equivalent system; however, for
the PACS on results shown herein, the necessary parameters

are taken directly from the 10th order linear system which

10



Table 1: XB-70 Longitudinal Characteristics

Parameter PACS Off PACS On
Csp 0.143 0.625
Osp 1.722 1.965
Cph 0.097 0.350
@ph 0.019 0.053

Key: x PACS On

+ PACS Off
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contains six high frequency poles and four poles that
correspond to the effective phugoid and short period modes.

For the PACS-on and -off, Table 1 shows the damping
ratios and natural frequencies of the effective short period
and phugoid modes. Table 1 shows that the phugoid modes of
both cases pass the Category B, Level 1, long-term pitch
response requirement which is Cph must be greater than 0.04.

Figure 4 shows the requirements for short-term pitch'
response to pitch controller. Csp is on the abscissa and
along the ordinate is the product ®gpTe, - The PACS on case
is shown by an x and the PACS off, or bare airframe, case
is marked by an +. With the PACS on, the XB-70 lies within
the Level 1, Category B region, whereas the bare airframe
lies in the Level 3 region.

Figure 5 gives the Category B short-period frequency
requirements. The PACS on and off cases are marked as in
Figure 4. Along the abscissa is n/a and on the ordinate is
Osp- As Figure 5 shows, both cases are in the Level 1
region.

Thus, by examining the XB-70's mode characteristics and
comparing them with the necessary requirements of the MIL-
STD-1797, one would not expect the XB-70 to exhibit unusual
behavior. Other possible sources of the experienced

performance problems must be examined.

12
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4.0 Analysis with Sequential Pilot Loop Closure

A closer look at the problems encountered in the XB-70
flight test program gives insight to the sources of the
altitude excursions. Since h = Vsin(y), one degree of
flight path angle creates 3000 ft/min rate of climb at high
speed cruise. Thus, precise flight path control is crucial
for accurate altitude control at high speed cruise. In
analyzing the XB-70's handling qualities, Powers reported:

The attitude display system has proved to be

inaccurate and inadequate and has not ©been

sufficiently sensitive or responsive for precise

instrument flying at high Mach numbers. In

addition, there has been an apparent lag in the

altitude information. To achieve acceptable

altitude control, increased attention had to be

devoted to the 1longitudinal control task, which

was reflected in the "acceptable but

unsatisfactory" ratings for this flight regimell].
Moreover, Wolowicz and Yancey reported that:

More pilot concentration was necessary at the

higher supersonic Mach numbers to avoid

undesirable changes in altitude. Inadequacies in

the pilot's display contributed to this need for

greater pilot concentration. One deficiency was

14



the low resolution of the attitude display. which

the pilots used for altitude controllZ2l.

The inadequate displays and sensors resulted in pilot
induced altitude excursions ranging in magnitude from 300 ft
to 800 ft.l[2], To alleviate these problems, engineers
doubled the attitude display's resolution and improved the
attitude sensor. The XB-70 experience apparently
demonstrates that severe control problems can afflict high
speed aircraft even if the bare airframe seemingly has good
handling characteristics.

This chapter examines the problem from a classical
control theory viewpoint to determine the root loci trends
for various feedback structures. From the root loci trends,
an appropriate pilot control strategy is developed.

Much research on manual control has been conducted
involving general and specific pilot loop closure
structures, from which acceptable control techniques have
been predictedl20], Figure 6 presents Craig and Heffley's
work with control technique formulation and loop closure
structure for conventional and unconventional landing
control schemnes. For example, Figure 6-a shows the pilot
loop closure block diagram associated with the
unconventional 'powered lift' short field landing technique.
In this technique, the pilot controls h with thrust and u

with the inner attitude loop. Figure 6-b presents the loop

15
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closure block diagram associated with the conventional
control technique. This technique requires the pilot to
control u with thrust and h with the inner attitude loop.
For both approach and landing techniques, the inner attitude
loop is essential. However, the requirements on the inner
loop qualities, such as bandwidth, depend upon the outer
loop structurel(20],

The conventional control technique is appropriate for
the cruise flight condition investigated in this research.
The pilot loop closure assumes that 06 and h are available
to control the aircraft. As noted above, h = Vsin(y); thus
for constant V and small v, h control may be executed using
precise control of Y. The analysis utilizes the transfer
functions Yy/Fcc and O/Fcc for the cruise flight condition
with the SAS on. The transfer functions are created using
the linear system and the MATLAB™ function ss2tf which
performs state space to transfer function conversion. The
pilot is approximated as proportional gains (Kg, Ky). These
gains are varied to explore the root 1loci trends. The
trends reveal how the short period and phugoid modes are
affected by each feedback 1loop. First, the trends
associated with closing the attitude loop without the flight
path loop are examined.. With Ky equal to zero, this is like
taking flight path information away from the pilot. Then

the trends resulting from closing the flight path 1loop

17



without the attitude loop are studied. With Kg equal to
zero, this is equivalent to taking away attitude information
from the pilot. The trends for flight path only feedback
are analogous to the XB-70 experience because the inadequate
displays prevented the pilot from properly closing the inner
attitude loop. Then, sequential loop closure is executed
with flight path loop closure after pitch attitude closure.
Lastly, the trends for sequential loop closure and flight
path only feedback are compared. The comparison shows the
necessity of the inner attitude 1loop to provide phugoid
stability.
4.1 Pitch Angle Loop Closure

The closed loop poles of the pitch attitude loop are
the roots of the characteristic equation:

1 + Kg(8/Fcc) = 0 (4-1).

The + signifies negative feedback and the - signifies
positive feedback. Kg is defined as greater than or equal
to zero. A root 1locus plot gives the pole locations
associated with Equation (4-1) over a wide range of Ky
values, In a root 1locus plot, the poles' imaginary
component is on the ordinate and the poles' real component
is along the abscissa. Positive Kg variation pole migration
is indicated by an arrow. The poles associated with zero

gain are the open loop poles and are marked with an x.

18



4.1.1 Negative Pitch Angle Feedback

Figures 7 and 8 show the root loci for negative pitch
angle feedback. Although the aircraft and PACS result in a
10th order system, only the roots associated with the
effective phugoid and short period modes are isolated and
shown in Figures 7 and 8. Figure 7 shows the phugoid mode
results and Figure 8 gives the short period mode results.

For the phugoid mode, negative feedback increases the |
damping ratio. The complex conjugate phugoid poles split as
Kg increases; however, due to a =zero at -0.035, both
branches remain stable, i.e. the real component of the poles
are always less than zero. Unlike the phugoid mode, the
short period mode becomes unstable once Kg becomes
sufficiently large.

In summary, the negative feedback root 1loci plots
reveal that as Kg increases, (pn increases while (g
decreases. Thus, negative pitch angle feedback has a
destabilizing effect on the short period mode and a
stabilizing effect on the phugoid mode.

4.1.2 Positive Pitch Angle Feedback

The root loci for positive pitch angle feedback are
given by Figures 9 and 10. Figure 9 shows the results for
the phugoid mode while Figure 10 displays the results for

the short period mode.

19
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From these figures, one can see that positive feedback
affects the modes in the opposite manner by which negative
feedback does. Thus, as Kg increases for positive feedback,
Cph decreases and Csp increases. Therefore, positive pitch
angle feedback has a destabilizing effect on the phugoid
mode but has a stabilizing effect on the short period mode
for moderate gain values.

4.2 Flight Path Angle Loop Closure

Next, the flight path angle loop is examined. The
closed 1loop poles are the roots of the following
characteristic equation.

1+ Kw(y/Fcc) =0 (4-2)
Again, the gain is greater than or equal to 2zero and =%
represents negative and positive feedback, respectively.
4.2.1 Negative Flight Path Feedback

The root loci plots for negative flight path feedback
are given in Figures 11 and 12. Figure 11 gives the phugoid
mode results and Figure 12 presents the short period mode
results. From Figure 11, one can see that the phugoid mode
damping ratio increases and the mode splits into two real
poles. From Figure 12, the short period mode damping ratio
decreases and the mode becomes unstable. Summarizing, the
figures show that as Ky increases, Csp decreases and Cph
increases. Thus, similar to negative attitude feedback,

negative flight path feedback has a stabilizing effect on

24
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the phugoid and a destabilizing effect on the short period
mode.
4.2.2 Positive Flight Path Feedback

The phugoid and short period modes' root 1loci for
positive flight path feedback are given in Figures 13 and
14, respectively. From Figure 13, one can see that the
phugoid mode destabilizes, then splits, and finally, one
branch moves toward the left-half-plane (LHP) while the
other moves farther into the right-half-plane (RHP). In
Figure 14, the short period mode damping ratio increases but
later decreases and finally the mode becomes unstable with
large Ky. Summarizing, the figures show that for moderate
values of Ky, (gp increases while (pp decreases.
4.3 Sequential Loop Closure

Finally, the aforementioned loops are combined in order
to study the trends of sequential loop closure implied by
the pilot structure presented in Figure 6-b. First, the
pitch loop is closed and then the flight path 1loop is
closed. From the results of Sections 4.1 and 4.2, it would
appear that two feasible closure options exist. These
options are:

1. To employ outer negative flight path angle feedback
with inner positive pitch angle feedback.

2. To employ inner negative pitch angle feedback and

outer positive flight path angle feedback.
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These are the feasible options because, in each case,
one of the loops improves phugoid damping ratio (while
decreasing short period damping ratio); the 1loop that
performs this is listed first in each option. The other
loop improves short period damping ratio (while decreasing
phugoid damping ratio); this loop is listed second. Thus
the tradeoffs must be analyzed to determine the best option.

The 'natural' control scheme would be to control the
short period mode with the attitude loop and the phugoid
mode with the outer flight path 1loop. However, an
examination of Figures 7 through 14 reveals that Option 2
is, in fact, a better choice because it provides higher
damping ratios and natural frequencies. A higher closed-
loop effective ®gp allows the pilot to more effectively
control flight path angle and h. Figure 14 shows that
positive flight path feedback increases the CSP and ogp,
whereas positive pitch feedback (Figure 10) increases Csp
but decreases ogp. A similar discussion applies to the
phugoid mode. Overall, Option 2 will have better phugoid
and short period performance than Option 1; therefore,
Option 2 is examined for sequential loop closure.

With Option 2, closing the pitch angle loop with
negative feedback improves phugoid stability. Since the
positive flight path feedback can destabilize the phugoid

mode, the inner loop closure should allow a greater range of
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Ky possibilities. To test this hypothesis, a value of 6 dB
was chosen for Kg and the inner 1loop was closed with
negative feedback.

The poles of the sequential loop closure for Option 2
are computed from the characteristic equation:

1 - Ky(y/Fcc) + Kg(0/Fcc) = 0 (4-3),
where Kg is 6 dB and Ky is greater than or equal to zero.
Once the closed loop poles are computed, the damping ratio
and natural frequency are calculated.

4.3.1 Short Period Mode Results
Table 2 presents the results for sequential 1loop

closure (y+0) and flight path only closure (y) in terms of

the parameters Csp and Ogp. Table 2's comparison between CY
and Cy+9 shows that the (y) case has better damping;
however, as Ky increases the two short period modes have

practically the same characteristics. On the other hand,

the values of ay.9 are consistently greater than @y ; this is

attributable to the closed inner attitude loop. Thus, for a

particular Ky, the (y+0) case yields better flight path

performance than the (y) case. In addition, for a given

lower bound on Osp the (y+0) case requires less KY which

leads to lower control power requirements or pilot workload.
4.3.2 Phugoid Mode Results
Table 3 compares the results of flight path closure (y)

and sequential loop <closure (y+0) by examining the
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Table 2: Short Period Mode Variation with Outer Loop Gain
Ky(dB) oy Oy+9 Gy Cy+6
~-Open Loop- 1.9649 2.1478 0.6246 0.5467
-16.0270 1.9674 2.1497 0.6248 0.5471
-6.3613 1.9725 2.1535 0.6253 0.5477
3.2572 1.9878 2.1650 0.6266 0.5497
7.7304 2.0028 2.1765 0.6278 0.5515
10.6685 2.0177 2.1879 0.6289 0.5533
14.8806 2.0490 2.2124 0.6311 0.5569
24.0899 2.1889 2.3260 0.6379 0.5706
48.5842 3.7888 3.8299 0.6442 0.6183
57.8949 5.5871 5.5962 0.6517 0.6361
63.7145 7.9338 7.8984 0.6390 0.6295
66.8926 9.8439 9.8014 0.5903 0.5850
69.3208 11.4986 11.4643 0.5368 0.5333
70.6898 12.5280 12.4987 0.5035 0.5006
Table 3: Phugoid Mode Variation with Outer Loop Gain
Ky(dB) 0y Oy+§ Gy Cy+0
-Open Loop- 0.0527 0.0495 0.3495 0.6997
-21.0100 0.0526 0.0494 0.3305 0.6831
-10.5524 0.0524 0.0492 0.2861 0.6442
-0.1822 0.0517 0.0487 0.1396 0.5159
1.0432 0.0515 0.0485 0.1076 0.4879
3.2515 0.0512 0.0483 0.0371 0.4260
3.4270 0.0512 0.0482 0.0307 0.4204
3.9331 0.0511 0.0482 0.0114 0.4034
4,2548 0.0510 0.0481 -0.0014 0.3922
11.3858 0.0489 0.0464 -0.4569 -0.0089
Key:

(oy, CY): Flight Path Closure Results (Section 4.2)
(coy+9, QY+9): Sequential Loop Closure Results (Section 4.3)
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parameters Cph and @ph. Table 3's results show that wy4p is
slightly lower than Oy ; however, the damping is
significantly higher for the (y+0) case. Thus, for a given
lower bound on Cph, a higher value of Ky is permitted for
the (y+0) case compared to the (y) case. This translates
into higher ©possible ®gp and thus Dbetter tracking
performance for the (y+0) case.

4.3.3 Sequential Loop Closure Discussion

The feedback trends presented in Tables 2 and 3 prove
the hypothesis that the inner attitude loop closure allows a
greater range of useful Ky. The value of Ky for which the
phugoid destabilizes more than doubles (almost triples in
dB) with the closure of the inner attitude loop. The short
period mode for the (y+0) case begins with lower damping
than the (y) case, but Figure 4 shows the difference is not
significant with respect to the MIL-STD-1797 handling
qualities requirements. In addition, Ogp is increased by a
significant amount.

The phugoid mode stability is greatly improved under
sequential loop closure. The inner attitude loop closure is
responsible for increasing the open loop damping ratio over
100 percent compared to the (y) case. This 1is very
important because, as Table 3 shows, the opy and Cph
decrease at about the same rate for both cases. This fact

places added importance to the location of open loop poles.
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Furthermore, a typical Ogp range for tracking flight
path is 2 to 4 rad/sec. Comparing Tables 2 and 3, one can

see that as Ky increases, the ogp increases. To maximize

short period performance, the 'proportional pilot' would
prefer to increase Ky to near 55 dB, but it cannot due to
the phugoid instability constraint. For the (y) case, Dgp
reaches 2 rad/sec as Cph goes to zero. On the other hand,
with the (y+0) case, Osp is in the range at Ky equal zero
and continues to climb to 2.19 rad/sec before the phugoid
destabilizes.

Therefore, a comparison of the sequential loop closure
and flight path only feedback trends reveal that the inner
attitude loop is crucial for phugoid mode stability. The
enhanced stability allows greater short period natural
frequency which improves flight path tracking. Thus,
without the inner 1loop, the pilot's ability to control
flight path, and thus rate of climb, is degraded.

The proportional gain analysis reveals that an
appropriate pilot control strategy for the XB-70 would be to
use an inner loop with negative attitude feedback to control
phugoid dynamics and an outer loop with positive flight path
feedback to improve short period mode dynamics. As noted in
Chapter 1, the XB-70 test pilots experienced difficulty in
achieving acceptable performance. This behavior was not due

to the airframe dynamics, but rather attributable to
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inadequate sensors and displays, 1in particular those
associated with pitch information. The inadequate equipment
prevented the pilots from properly closing the inner
attitude 1loop. As the root 1loci trends have shown, the
inner loop is necessary for phugoid damping. Thus, with the
XB-70, altitude excursions occurred due to the low damped
phugoid mode characteristics that result when only the
flight path loop was closed by the pilot using the rate-of-

climb display.
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5.0 Analysis with Modern Control Methods

This chapter discusses the application of modern
control theory to investigate the piloting problens
associated with high speed cruise.

5.1 Pilot Modeling

Once the aerodynamic modeling and the sequential 1loop
closure analysis had been completed, it was of interest to
see if a modern control theory analysis would predict the
same pilot/vehicle interaction. In 1970, Kleinman, Baron,
and Levison developed the Optimal Control Model (OCM) of the
human operator, which is based on a time domain optimal
control methodology. The OCM assumes a well motivated,
well-trained pilot will behave optimally in some fashion,
compensating for task and vehicle. The validity of the OCM
has been proven under many applications(21],

Figure 15 displays the OCM block diagram. The OCM
receives a vector of pilot observations (y). The
observations are time delayed and noise is added. A Kalman
filter is used to compute estimates of the delayed states.
The estimates are passed through a least-mean-squares
predictor to provide lead equalization. The model employs a
linear quadratic solution for pilot gains. A first order
lag is used to represent neuromotor dynamics.

In addition, the OCM accounts for attention allocation

and perception threshold effects. Equation (5-1) gives the
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relationship between pilot observation noise and pilot

observation thresholdsl(22],

2
npy. Oy

vy, fy [l-ef{amy /(V2oy)} T

i

(5-1)

Equation (5-1) shows that the noise contaminating the ith
observation is dependent upon the ith observation's signal-
to-noise ratio (py;), observation variance (Oy;), attention
allocation (fy;), and threshold (agy). The denominator of
Equation (5-1) models the influence of attention allocation
and thresholds. Lower attention allocation and higher
thresholds increase the observation noise. The erf() is the

error function defined by Equation (5-2)I[23],

2

Jn

The pilot's control objective is modeled by a 1linear

2
erf(x) = JXet" de (5-2)

quadratic solution that minimizes the cost function given by

Equation (5-3):

2

J,= B {y'Q, y+ulr+ u, f} (5-3),
subject to the observations with the cost functional
weightings Qy 2 0, r 2 0, and £ > ol22],

Recently, Davidson and Schmidt introduced a modified
optimal control model, or MOCM. The MOCM is easy to
implement in current software packages such as MATLAB™I[22],

As Figure 16 shows, the MOCM retains most of the key
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features of the OCM, except it replaces the OCM's time delay

with a 2Nd order Pade™ approximation. The approximation is:

-18 1 - -%‘ES + %(‘CS)Z

T 1+ l1s + L(rs)?

(5-4) .

The Pade~ approximation is applied to the pilot's output to
reduce system order. The approximation is added to the
plant dynamics before the solution of pilot control and
estimation gains. Thus, the OCM predictor is not needed by
the MOCM. The MOCM also allows one to compute the state-
space form of the pilot.

The parameters used by the MOCM for this study are

given in Table 4.

Table 4: MOCM Parameters and Constants

Input Value
Effective time delay, T (sec) 0.20
Neuromotor lag, T, (sec) 0.10
Observation noise ratio, py (dB) -20
Motor noise ratio, p, (dB) -25
Objective function input weight, r 0

The objective function input rate weight, £, is chosen to
produce the desired 7t,.

A Matrix-X™ version of the MOCM algorithm, supplied by
J. Davidson of NASA Langley Research Center, was implemented
into MATLAB™ for this research. To validate the new

implementation, the MOCM was compared to Bacon and Schmidt's
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results obtained with the OCM for a pilot-in-the-loop
analysis of a pitch attitude tracking taskl[24]., The MOCM
was compared to Bacon and Schmidt's results for

Configuration 2D only.

Figure 17 shows the pitch attitude command structure
utilized for this comparison. The pilot is located within
the dashed box and consists of the combination of a pitch
angle loop (6) and a pitch angle error loop (0g). The
vector of observations y is [0O¢ ée ® 6] and the observation
weighting matrix Qy is diag(16,1,0,0), which means 6, and
ée are weighted. The commanded pitch attitude is driven by
a 2Nd order white noise disturbance that is characterized by

6, + 0.256, + 0.50, = 0.25w(t) (5-5) .
The noise, w(t), is a zero mean white noise with intensity
of 64. This intensity produces a 4° rms value for Oo. The

aircraft dynamics for Configuration 2D are modeled as

-8 _ 168100805 + 1 (5-6) .

Fee s(s? + 6.86s + 24.01)

The pilot is able to detect both pitch attitude (0) and
pitch rate (é). From the pilot state space representation
that the MOCM gives, the pilot blocks, or pilot transfer
functions, in Figure 17 are computed via the form

H, = h, + shé (5-7),
where Hy is the total 6 block, h, is the transfer function

from O to Fgoo, and h, is the transfer function from 6 to
0
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Fcc- The blocks for O follow Equation (5-7) to produce Hg.
Using these blocks, an equivalent, single 1loop pilot

representation is constructed and is given by

Hp = = He (5-8) .
6, 1-HgH,

Figure 18 gives a comparison of pilot function
frequency responses for Bacon and Schmidt's work (OCM) and
the MOCM results. The upper plot displays the magnitude of
Hp as a function of frequency whereas the lower plot gives
the phase angle of Hp as a function of frequency. The
results matched favorably; however, there are differences
that can be attributed to the differences in the two models.
For instance, the phase angle does not match at high
frequency due to the 2Nd order Pade™ approximation. A
higher order Pade~ approximation would match the phase more
closely; however the gain would not improve any appreciable

amount and the system order would increase.

5.2 Task Modeling

The pilot objective during high speed cruise is to
maintain a steady altitude (i.e. maintain zero flight path);
however, occasionally turbulence disturbs the aircraft and
the pilot endeavors to suppress the disturbance in order to
maintain the desired cruise altitude. For task modeling,
several different pilot 1loop closure structures were

studied. First, as discussed above, Figure 17 shows the
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pitch attitude command structure utilized in the Bacon and
Schmidt analysis. However, as one would expect from the
results discussed in Chapter 4, the pitch attitude command
structure does not sufficiently represent the constant
altitude flight task. Although the attitude 1loop is
essential, an outer loop is required to control sink rate.
Thus, the flight path command structure shown in Figure 19
is used for this research. It uses an inner attitude loop

and outer flight path loop like that described in Chapter 4.

The vector of observations y is [y & 0 é] and the
observation weighting matrix Qy is diag(1,0,0,0), which
means only flight path angle is weighted.

In addition, this structure is more representative of
the actual piloting task because the disturbances are based
on the Dryden Turbulence model. The disturbance generates a
perturbation in the angle-of-attack. Appendix 2 contains
the derivation and associated constants. The result for the

turbulence filter, with unity disturbance intensity, is

ag(s) _ Fs) = 226125 + 180,53
w(s) s? + 2.7657s + 19123

(5-9).

5.3 Multiloop Pilot Analysis using MOCM

This section details the integration of the
aerodynamic, pilot, and task models in an effort to predict
the PIO behavior experienced during the XB-70 flight tests.

A correlation between the display characteristics and
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altitude excursions or related behavior is sought. The
sensor characteristic that will be examined is the attitude
displays' resolution as modeled by pilot threshold on the
attitude input. Decreasing resolution of the attitude
display is represented in the modeling process by increasing
attitude threshold. From Equations (5-1) and (5-2), one can
see that as the pitch threshold ary; increases, erf()
approaches unity. The noise in the pitch signal therefore
increases to mimic the effect of lost signal information.

The expected results are increased root-mean-square
(rms) signals in flight path and altitude when the pitch
attitude threshold is increased. Increased rms values mean
that the pilot has difficulty in maintaining constant
altitude flight. Furthermore, it is expected that the gain
of the Hg block will decrease with increasing threshold.
This result is expected because the pilot will use pitch
information 1less and will finally ignore the attitude
information altogether.
5.3.1 Methodology

The MOCM algorithm is first implemented with all
observation thresholds set to zero. Then, while the
thresholds on flight path and flight path rate are fixed at
zero, the thresholds on pitch angle and pitch-rate are

varied according to Equation (5-10).

[O1H GTH]T = [OrmMms éRMs]T*zN (5-10)
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In Equation (5-10), the subscript TH represents threshold
value and the subscript RMS represents the rms value at zero
thresholds. The integer value of N is varied to produce a
range of thresholds. The pitch rate threshold is varied
with attitude threshold because it is assumed that a pilot
can deduce pitch rate information from the pitch attitude
display.
5.3.2 Multiloop Pilot Discussion

Once the MOCM algorithm is executed with all thresholds

set to zero, the Hy and Hg blocks are computed to determine

the closure scheme implemented by the MOCM. The frequency
responses of Hg and Hy are given in Figures 20 and 21,
respectively. Note that at low frequencies the phase angle
is 180° for Hg and zero degrees for Hy. The MOCM algorithm
utilizes the following equation for the computation of the
pilot output.
Foc = Hp 6 + Hy v (5-11)
This equation can be rearranged to 1look 1like the
characteristic equations used in Chapter 4.
1 - Hg(8/Fcc) = Hy(Y/Fge) = 0 (5-12)
In Chapter 4, the gains were considered greater than or
equal to zero. From the frequency responses given in

Figures 20 and 21, the phase angle plot gives the sign of

the transfer function. Since Hy begins at zero degrees, its

sign is considered greater than zero; however, Hg begins at
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180° and its sign is considered negative. With these facts
one can see that the MOCM pilot control structure is the
same structure suggested by the sequential 1loop closure
analysis performed in Chapter 4.

Figures 22 and 23 show the effects of increased
thresholds on the rms values of Yy and h, respectively. In
Figures 22-a and 23-a, the value of pitch angle threshold is
plotted along the abscissa and the signal rms value is on
the ordinate. 1In Figures 22-b and 23-b, the abscissa is the
integer value of N and on the ordinates are the rms values.

The results show that as the thresholds on pitch and
pitch-rate increase the rms values of flight path and
altitude increase. As the thresholds increase, the rms
values begin to increase also, then the rms values rapidly
increase, and finally 1level off. Thus, the altitude
excursions are predicted using modern control methods.
Additional rms data for other signals are presented in
Appendix 3.

The most significant increase in the rms values occurs
in the attitude threshold range of 1.09° to 4.34°, or the N
range of -1 to 1. From this result, one can conclude that
if the pitch attitude display resolution is greater than 1°
performance will begin to degrade. For a display resolution
greater than 4°, performance is severely degraded and

altitude excursions are of high probability. For HSCT
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aircraft, tight altitude control is required for passenger
comfort, thus the critical value for pitch attitude display
resolution is at most 1°.

The increase in threshold is modeled as an increase in
white observation noise (Equation (5-1)). As the noise
increases, the signal becomes less reliable. The leveling
off of the rms values represent the pilot totally ignoring
the attitude information due to the overwhelming observation
noise. Without the attitude information, the inner 1loop
essentially vanishes. This conjecture is proven in Figure
24 which shows the frequency responses of Hyg parameterized
by N. As N increases, one can readily see that the
magnitude of Hg decreases. For N=3 (not shown) the
magnitude of Hg is practically zero. Once the pilot doubts
the attitude information, the gain of Hyg decreases and the
phugoid mode damping degrades. Finally, for N=2 or 3, the
pilot does not effectively have an inner attitude loop. As
detailed in Chapter 4, the phugoid mode destabilizes quickly

for flight path loop closure without pitch closure.
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6.0 Conclusion

Modern and classical control theories have been applied
to a representative supersonic transport in order to predict
pilot induced altitude excursions. This research has
successfully predicted the phenomenon with a model of the
XB-70 aircraft. Specific results show that:
1. The critical value of pilot attitude threshold is
roughly 1°. This figure can be interpreted as the display
characteristic necessary for acceptable aircraft
performance.
2. For pitch attitude thresholds greater than 4°,
pilot/aircraft performance is severely degraded because the
pilot will undoubtedly ignore the attitude indicator.
3. An aircraft with otherwise good handling qualities can
exhibit poor performance or undesirable behavior if the
cockpit displays are corrupted or ‘noisy'.
4. Acceptable performance can be achieved despite noisy
displays if the noise does not prohibit the pilot from
executing critical loop closures.
5. Modern control theory and classical root-locus methods
arrive at the same conclusions concerning longitudinal
pilot-vehicle interactions for high speed cruising aircraft
such as the XB-70 or HSCT.

Future work would expand the analysis to include sensor

lags and rate of climb sensors. Also, it would be of
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interest to repeat this research for other tasks and flight

conditions.
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8.0 Appendix 1: 8State Space Models of the XB-70

From References 1-18, a database for the XB-70 was

created and implemented in MATLAB™. From the database, a

longitudinal model was extracted for researchl25], The
cruise flight condition statistics are given in Table 5.
Table 5: Cruise Flight Condition
I, (slug-ft?) 106
c’ (£t) 78.53
S (ft9) 6,297.8
Weight (1lbs.) 384,524
Altitude (ft) 60,000
Velocity (ft/sec) 2,420
Mach Number 2.5
Trim angle-of-attack (°) 3.4
Trim elevator deflection (°) 2.7
For the XB-70's linear system representation, X = ax + bu,

the state vector x is [ v' a q 6 ]T and the control vector

u is [ 8¢ 8¢ 8c 1T. The a and b matrices are:

[ -3.0648e-3 8.5233e+0 0 -3.2170e+1
a = -5.5914e-6 -2.1590e-1 1.0000e+0 0
7.0583e-5 -2.9055e+0 -2.7577e-1 0
i 0 0 1.0000e+0 0

[ 8.3622e-5 1.0710e+0 1.3619e+0

b = 0 -7.3756e-3 -9.3790e-3

2.2000e-7 -1.0518e+0 2.7679e+0

L 0 0 0

The linear system representation of the bare airframe and

PACS is denoted x
and u are [ v' a g 0 8g 8% 8oc

given below for the PACS's SAS on and off.

= Ax + Bu.

respectively.

The linear

d
dt

system variables x

-~ d
(Occ ) Bcc* E;(Scc*) 1T

The A and B matrices are
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First, for the cruise flight condition with the SAS on:

A =

Columns 1 through 6

[-3.065e-3
|-5.591e-6
| 7.058e-5
0
-1.837e-2

|
|
|
|
|
| 0
L

8.523e+0
-2.159%9e-1
-2.906e+0
0
1.319%e+1
0

0
7.280e+3
0

0

0 -3.217e+1

1.000e+0
-2.758e-1
1.000e+0
2.566e+l
0

o
7.437e+1
0

0

Columns 7 through 10

l1.664e-2
-1.146e-4
3.382e-2
0
=1.913e+0
0

0
=1.006e+3
0

0

0
0]
0
0
0
0
0
0
0

_—————

| 4.000e+1

0
0
o
6.284e+0
0

o
0
0
0

©O OO O O O O O

1.000e+0

1.071e+0
-7.376e-3
-1.052e+0
0
~1.420e+1
0

0
5.056e+2
0

0

]

-1.000e+3 -1.400e+1 |

0 1.664e-2
0 -1.146e-4
0 3.382e-2
0 0
0 -8.312e-1
0 -1.082e+0
1.000e+0 0
-1.400e+l -5.672e+0
0 0
0
8.362e-5 |
o |
2.200e-7 |
o |
-1.606e-5 |
o |
o |
-5.933e-5 |
o |
o J

1.071e+0
-7.376e-3
-1.052e+0
0
-8.706e-1
-1.333e+l
0
5.056e+2
0

0
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Second, the cruise flight condition with the SAS off:

A =
Columns 1 through 6
[-3.065e-3 8.523e+0 0 -3.217e+1 1.071le+0 1.071e+0
|-5.591e-6 -2.159e-1 1.000e+0 0 -7.376e-3 -7.376e-3
| 7.058e-5 -2.906e+0 -2.758e-1 0 -1.052e+0 -1.052e+0
| 0 0 1.000e+0 0 0 0
I 0 0 0 0 -1.333e+1 0
| 0 0 0 0 0 -1.333e+1
| 0 0 0 0 0 0
| 1.492e-1 7.280e+3 7.437e+l 0 5.056e+2 5.056e+2
l 0 0 0 0 0 0
L 0 0 0 0 0 0
Columns 7 through 10
1.664e-2 0 1.664e-2 o |
-1.146e-4 0 -1.146e-4 o |
3.382e-2 0 3.382e-2 o |
0 0 0 0 |
-1.082e+0 0 0 o |
0 0 -1.082e+0 o |
0 1.000e+0 0 o |
-1.006e+3 -1.400e+1 -5.672e+0 o |
0 0 0 1.000e+0 |
0 0 -1.000e+3 -1.400e+1 |
B =
[ 0 8.362e-5 |
| 0 o |
I 0 2.200e-7 |
| 0 o |
| 0 o |
| 0 o |
| 0 o |
| 0 -5.933e-5 |
| 0 o |
| 4.000e+1 o J
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9.0 Appendix 2: Turbulence Model
The Dryden model is utilized for turbulence
disturbances. From Appendix A of MIL-STD-1797[19], the

power spectra of the plunge turbulence is

1+ 12( LWQ)Z]

_ L 2L,
Pll)) = o [ (1 + 4L, Q)

(9-1).

To develop a turbulence filter for pilot-vehicle study,

Equation (9-1) was factored to yield Equation (9-2).

ap, O+ \/—li%w—s)(l i \/ﬁ%s)
Lw 2
v

®ug(s) = o’ (9-2)

Lw
R 1+ 2 7s)2(1 -2
The causal and non-causal components were then separated.
Dug(s) = f(s)*f(-s) (9-3)
Comparing Equations (9-2) and (9-3), the filter for the

turbulence model is extracted (9-4).

vV
7 (s + )
3V N
f(s) = o 3 [ 128 1 (9-4)
nL A\ 2
(st o)
2Lw

From Reference 19, the parameters are chosen to
correspond to "moderate" turbulence at 60,000 ft. Thus, ©
is set to 4 ft/sec, and the value for L+ is 875 ft. V, the
trim velocity, 1is 2,420 ft/sec for the cruise flight
condition. Filling in Equation (9-4) with the constants,

the turbulence filter becomes:
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226.12s + 180.53
s2 + 2.7657s + 1.9123

f(s) = (9-5)

The filter in Equation (9-5) is used as the turbulence model
in the block diagram of Figure 19.
The following rms definition is utilized in this

researchl[26];

1
0"2” = o [ 2 Dyy(0) do (9-6).

The parameters of the chosen turbulence filter lead to a

value of 111 ft/sec for o, which translates into an angle

of attack disturbance rms of about 3°.
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10.0 Appendix 3: RMS Plots

For reference, Appendix 3 contains additional rms data
of pilot input and output signals. Figure 25 shows the how
the flight path rate 1rms values vary with attitude
threshold. Next, Figure 26 gives the rms plots for pitch
attitude. Then Figure 27 displays the relationship between
pitch rate rms and varying attitude threshold. Finally,
Figure 28 exhibits the variation of pilot stick force rms

with attitude threshold.
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