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Abstract

The purpose of this study is to validate a design technique for the control of
unstable atrcraft which are subject o limited control authority. This thesis applies the
technique to a realistic aircraft model, instead of the simphfied models used in the
theoretical development, to produce a pitch rate controller for widely spaced regions
of the flight envelope.

First the aircraft is stabilized by feeding back pitch rate. Then an adjustable
command limiter is placed in the input path for the stable effective plant. The satura-
tion level of the limiter is adjusted by a second feedback loop feeding back the stabi-
lator deflection angle. An outer feedback loop provides the proper command tracking
response when the command limiter is not saturated. The final element is a minor
feedback loop around the command limiter to provide a second degree of freedom to
ensure the limiter comes out of saturation as quickly as possible.

Simulations for step commands ranging from [ to 50 degrees/second pitch rate
show the design is quite successful. The stabilator does not saturate in a manner
which causes instability even when responding to extreme commands. Simulations of
a pulse command show that the command limiter unstaurates rapidly and the aircraft
responds appropriately to a reduced pitch command even when the stabilator is near
the Limit.

The technique applies relatively simple linear design tools to the non linear

problem of control surface saturation.
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CONTROL DESIGN FOR AN UNSTABLE NON-MININMIUM PHASE

AIRCRAFT SUBJECT TO CONTROL SURFACE SATURATION

I. Introduction

1.1 Background

In the aggressive search for improved performance of modem fighter aircraft, it
1s becoming increasingly popular to intentionally design aircraft to be open loop
unstable. While this removes the weight and drag burden of basic aircraft stability, it
requires a full time, active flight control system to regain the stability the pilot needs
to perform the mission (11). It becomes obvious, then, that control surface limits of
rate or amplitude cannot be allowed to interfere with the application of the additional
control power needed to restabilize the airplane. When an unstable aircraft departs
equilibrium, either from pilot command or some external force, it tends to diverge
from the original condition. The forces necessary to return the aircraft to equilibrium
may require rapid, large control surface deflections. If, at any time, the flight control-
ler demands a deflection that is bevond the physical capabilities of the surface. the
effect is the same as if there is no flight controller present at all. Horowitz says that
"if feedback is not reasserted soon enough, the instability becomes uncorrectable”
(6:1137). Therefore, it becomes essential to design the controller so that the control
surface does not saturate.

In 1972, Horowitz and Sidi proposed a control synthesis technique which prom-
ised to provide an organized approach to obtain sartisfactory svstem performance
despite the uncertainties guaranteed to exist in any physical system (8:677-699). The

technique is called Quantitative Feedback Theory (QFT) because of the svstematic




and quantitative manner in which feedback compensators are designed. QFT is a
methodical technique for designing control systems in the presence of uncertainty of
the plant characteristics. QFT admits the impossibility of exactly modeling the real
world and assumes only that the limits of the modeling inaccuracy are known. Con-
trollers are synthesized to produce satisfactory performance for any arbitrary plant
within the defined limits. The reader is assumed to have a basic knowledge of linear
control theory and QFT and these are not extensively explained here. For further
information on linear control theory and QFT, the reader should refer to references 2
and 9.

All past AFIT thesis work using Quantitative Feedback Theory has concentrated
on applying the technique to as wide a range of plant parameters as possible to
explore the limits of the technique. This effort excluded the consideration of either
rate of amplitude surface saturation. Plant variation due to control surface failures or
battle damage is typical.

A critical assumption in linear control theory is that the device behaves in a
linear manner. This implies that the control surfaces will be able to supply any forces
deemed necessary by the controller. In other words. the control surface deflection is
not limited by either rate or amplitude. This removes a highly nonlinear device from
the plant and greatly simplifies the design. Obviously, this is an unreasonable
assumption. Although it works quite well for small perturbations about the nominal
condition, large commands may require control surface movement beyond its capabili-
ties producing highly non-linear behavior. This is often handled by synthesizing a
linear design and then performing simulations. If the simulation shows control
surface movement beyond capabilities. the engineer must go back and "tweak” the

design to give satisfactory response (10).




In 1983, Horowitz extended QFT to include plants that contain elements which
saturate. Horowitz was able to guarantee acceptable system performance even during
"hard" saturation and for conditionally stable plants. The control system was first
designed as if the non-linear element was not present, using the procedures outlined
in 1972. Then an additional feedback loop and feedback compensator were added
around the saturating element to provide a rapid retum to the linear range of opera-
tion. (5:169-187).

In 1984, Horowitz dealt specifically with the problem of rate and amplitude sat-
uration in elements which represent translational power amplifiers such as the hydrau-
lic actuators used on aircraft flight control surfaces. In this particular class of
problem, it is often impossible to directly sense the actual quantity which saturates.
For instance, it may not be practical to place a deflection rate sensor directly on the
control surface. This makes placing the extra feedback loop required by the proce-
dures of 1983 difficult. The procedure is basically unchanged although Horowitz
stresses that the feedback must be taken from as near the saturating element as
possible. The farther from the element the feedback is taken. the less freedom the
designer has to tailor the loop response under saturation. He points out that if the
saturating quantity can be sensed directly, the extra degree of freedom afforded by the
additional feedback loop gives great flexibility to design the loop performance even
under "hard” saturation. This paper also discusses the complexity of having more
than one element susceptible to limiting. Horowitz assumes that oniy one element
dominates and is the constraining case. All other saturating components can be
ignored (7:1215-1229). Horowitz and Liao considered the added difficulty of an

open-loop unstable plant in 1986 (6).




A representative block diagram of g system containing sawarating elements is
shown in Figure 1.1, The hinear dynamics of the basic aircraft is represented by
block P. The linear dynamics of the control surface actuator is shown by block A.
The actuator also contains one or more saturating elements shown by block N1. The
plant is first stabilized with a minor feedback loop utilizing the compensators G,

and H,. This results in a stable effective plant P_.

Figure 1.1. Basic Block Diagram.

Assuming that the subsequent design is satisfactory and the control surface never
saturates. this guarantees that the commands to the effective plant will always "see” a
stable system. Then another saturation element, N, is deliberately added in the input
path. This new element reduces the magnitude of the input to the effective plant P,
as N, approaches saturation. This reduction ensures that the input does not aggra-
vate the unstable tendencies of the plant bevond the stabilizing capability of the lim-
ited contro] surface. The compensators G, and H. and the input Y, govemn the
saturation level of N based on 1" where Y is the control surface deflection and

Y, is the maximum allowable value of Y.

1.4
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A minor feedback loop is placed around the new saturation element to achieve
the desired loop response during saturation of the input limiter. The compensator H,
together with G, and H,, adjust the open loop characteristics of the final system and
guarantee that N remains saturated for as short a time as possible. A prefilter F is
added to adjust the closed loop characteristics. This is now essentially the same pro-
cess as was developed in 1983. The only factor not specifically accounted for 1s
unwanted disturbance in the plant stabilization loop. An example might be wind gust
effects. Such a disturbance would look like an input to the loop which cannot be lim-
ited by the newly introduced element. Horowitz and Liao say that if the disturbance
is large enough, the system will unavoidably be driven into saturation and instability.
However, it may be possible to design the loop gain such that a certain tolerance to
disturbance is achieved (6:1137-1146).

The deflection angle and rate of the control surface must be continually moni-
tored (or discretely sampled if the sample rate is high enough) to determine when it is
approaching its limit. This is done by placing sensors on the control surface or on
the mechanical linkages actuating the surface to measure the quantities of interest.
The nearer the sensor is to the actual saturating quantity, the better the control system
is able 1o handle the problem. If any uncerain plant elements are between the sur-
face and the sensor, the more stringent the control loop will have to be. This is
because the loop design must be based upon the worst case of the uncertain elements.
But by measuring the output of the saturating element, an additional feedback loop
“"can be used to control to some extent the system behavior under saturation”

(6:1137).

1.3 Objective
The purpose of this research is to verify that the apriori knowledge of the non-

linearities of an aircraft system can be used in a QFT design of a practical flight con-
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trol system. This thesis applies QFT techniques to an actual aircraft flight control
problem instead ot the simplified models used in the theoretical development. The
aircraft 1o be used is the STOL/Maneuver Technology Demonstrator (SMTD). The

SMTD is a modified McDonnell Aircratt Company F-15.

1.4_Scope

The actual aircraft model including the actual actuator model is used. Stabilator
amplitude and rate limits are incorporated into the design. Although the actual air-
craft has canards, flaps, and thrust vectoring in addition to the stabilator for longitudi-
nal control, the design is treated, in theis thesis, as a single-input single-output
problem in order to limit the scope of the research. The stabilator is used to control
pitch rate. While this simplifies the details of the design, it forces the stabilator to do
double duty as the only stabilization device and also to provide the required tracking

response.

1.3 _Assumptions

1. The aircraft model is linearized about the equilibrium (trim) flight condition

and the perturbations about the trim condition do not invalidate the model.

2. The only sources of non-linearities are in the stabiator actuator and the com-
mand limiter in the control system.

3. The mass of the aircraft remains constant.

4, The aircraft is a rigid body.

5. The lateral and longitudinal modes are independent of each other for these
trim conditions.

6. The earth’s surface is flat and inertially fixed.

1.6




7. The atmosphere is fixed to the earth and homogeneous in the vicinity of each

trim point.

8. Aircraft pitch rate is measurable and can be fed back for stabilization and

tracking control.

9. Stabilator deflection angle is measurable and can be fed back for command
limiting.
10. The stabilator deflection angle sensor operates very quickly relative to the rest

of the system and its dynamics can be neglected.

I Sensor noise is negligible.

1.6 Units and Transfer Functions

Unless otherwise noted, the units used in this thesis are feet, pounds, seconds.

and radians.




Transfer functions are displayed in the following format:

kia)

= .1
s(w,, ) (b

where

() and (®,.0)

indicate factors of the form

(s-a) and [s°+2(lw,)s +(®,)] (1.3)

respectively. Left half plane roots are indicated by negative values of a and positive

values of C.

1.7_Presentation

Chapter II presents the aircraft model and the desired performance specifica-
tions. Chapter III discusses the stabilization control loop. Chapter IV presents the
design of the tracking control loop and the design of the compensaror around the
command limiter. Design of the saturation control loop is discussed in Chapter V.
Simulation results are shown in Chapter VI, and Chapter VII presents conclusions and

recommendations.
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I1I. Aircraft Model and Specifications

2.1 _Introduction

This chapter detines the linear dynamics model used in the design. Transfer
functions representing pitch rate output due to stabilator command input are derived
from the state space representation of the aircraft at each of six flight conditions.

Figure 2.1 shows the relative position of each condition in the flight envelope.

O ©

L ©

10 |—

Altitude ( x 1000 Feet)

0 0.2 04 0.6 0.8 1.0
Mach Number

Figure 2.1. Flight Envelope
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. 2.2 Basic Aircraft State Equations
Using the pertinent aerodynamic data, listed in Table 2.1 for the six flight condi-
tions, the general state equations for longitudinal motion of the SMTD in stability

axes are (1)

- gcosh, .-\’(: -X;
0 M, M M,
0 0 ‘é + 0 8. (2.1)
—-gsin®, Z, Zs
L/) L/l_ Ll']l..
where
u = Forward Velocity Perturbation (Feet/Second)
g = Pitch Rate Perturbation (Radians/Second)
6 = Pitch Angle Perturbation (Radians)
‘ o= Angle of Attack Perturbation (Radians)

X = Indicates First Time Derivative of x
X, = Longitudinal Force Stability Der.ivati\'e with respect to State y
M, = Pitching Moment Stability Derivative

Z = Vertical Force Stability Derivative

8, = Initial Pitch Angle (Radians)

Gravitational Constant

7
N

[} 9]
to




Table 2.1. Aerodynamic Data

Flight Condition
1 2 R 4 5 6
Alttude 0 0 10000 20000 JO000 40000
Mach No. 0.2 0.9 0.9 0.4 0.5 0.9
U, 22273 1002.34 §31.22 302.00 239.56 431.22
X, -0.0867 -0.0563 -0.0422 -0.0205 -0.0272 -0.0118
M, 0.00168 0.00336 0.00243 0.000588 0.000795 -(1.00249
Z, -0.3988 -0.1508 -0.1464 -0.2341 -().1873 -0.1489
X, 0 0 0 0 0 0
M, -0.5409 -2.319 -1.687 -0.5240 -0.2988 -0.5192
Z, 0 0 0 0 0 0
X, -19.739 -27.217 -15.255 -14.5088 -20.8079 1.85032
M, 1.4021 30.4289 20.448 1.81577 1.3548 4.82617
Z, -105.788 -2886.1 -2005.5 -234.43 -139.08 -555.08
Xs 1.932 -9.876 -8.583 0.879 3.065 0.818
M, 1.002 20.064 14202 1.828 1.079 4,683
Z -9.487 -67.397 -51.836 -9.069 -11.721 -18.209
9, 0.245 0.00853 0.0136 0.1312 0.1985 0.0573
2.3




Table 2.2 lists the gains, poles, and zeros of each of the transfer functions for

the listed flight conditions. The tabulated data refers 1o a transfer function of the

fonn:
po ,K'\'{'Y—:’Hf »—7:?! _ 2.2)
(S =P =) = ps = pa)
Table 2.2, Basic Atrcraft Transfer Functions.
Numerator Denominator
Trim K Z, Z, P, P, P, P,
Point
1 1.00 -0.51 0.0024 -1.74 0.67 -0.01340.211 -0.013-0.24
2 20.06 297 -0.054 -8.12 292 -0.11 0.063
3 14.20 -2.26 -0.041 -6.58 251 -(LO8S 0.051
B 4 1.83 -0.78 -0.0056 -2.03 0.69 -0.03440.1 4 -0.033-0. 14
5 1.08 -0.54 0.0055 -1.63 0.72 0.011+0.121 0.011-0.12i
6 1.68 -1.15 -0.012 -3.08 1.38 -0.007+0.121 -0.007-0.121

2.3 Actuator Model

Figure 2.2 shows a block diagram of the actuator model A used in this design.

The stabilator is subject to limits of +15 to .29 degrees deflection, shown by element

N,. and * 46 degrees/second deflection rate, shown by N..

The stabilator actuator has the following dyvnamic model:

[y

Y (31.27)(231.3y

Yome (s +31.27)[s3+2(0.618)(231.3)s + (231.3)7]




.
Y—=As| =/l -/ Y

c¢md

Figure 2.2. Actuator Block Diagram

2.4 Specifications

A second order pitch rate response is desired for the overall system shown in

Figure 1.1. The preferred equivalent transfer function is:

-

g _ 2
Q(‘md B SZ + 2(08) (2)5 + 22

The aircraft should follow this model from 0.1 radians/second (1/s) to 20 r/s as a
minimum. A Type 1 open loop transfer function is also desired to produce zero

steady siate error.

2.5 Observations

Figure 2.3 shows a portion of the arithmetic complex plane showing the loca-
tions of the dominant poles and zeros of the basic plant transfer function for each of
the six cases. In examining the transfer functions for the basic airplane. it should be
noted that cases | and § each have one right half plane (RHP) zero. This is a highly
unusual characteristic for the pitch rate transfer function of a realistic airplane and
casts some suspicion on the validity of the model. Another unusual feature is that

none of the six cases have an oscillatory short period mode.
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Figure 2.3. Dominant Root Locations for the Basic Plants

Notice also that the transfer functions fall into four basic categories which
roughly correspond to changes in dynamic pressure. The first category is character-

. ized by transfer functions with one RHP pole and no RHP zeros. Cases 4 and 6 are




in this category. Case 4 is at medium speed and altitude while case 6 is at high speed
and high altitude. giving medium dynamic pressure in each case. Cases 2 and 3 are
in a second category with two RHP poles and no RHP zeros. These cases occur at
low altitude and high speed., producing a high dynamic pressure. Cases I and S are at
a fairly low speed and have low dynamic pressures and represent the third and fourth
categories respectively. The third category has one RHP pole and one RHP zero.

The fourth category has 3 RHP poles and one RHP zero. Table 2.3 summarizes the

four categories represented in this problem.

Table 2.3. Basic Transfer Function Categories

Category # RHP # RHP Flight
Zeros Poles Condition
A 0 I 4,6
B 0 2 23
C 1 1 1
D ! 3 5

The various categories correspond to the various possitle combinations of RHP
poles and zeros. Each of the transfer functions has two zeros and four poles
(excluding the zero at the origin). This yields 15 possible combinations and only four
of these combinations are represented by the given transfer functions.

Cases 2 and 3 each have two RHP poles. One is quite near the origin and the
other is in the range of 2.5 - 3.0. Cases 4 and 6 have a single RHP pole approxi-

mately at 1.0. Cases 1 and 5 have a RHP pole at about 0.7 and also a RHP zero
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quite near the origin. Additionally, the phugoid mode of case 5 is unstable. The
large differences between the six models pose a severe challenge to the design pro-

CESS.

Y0 Frequeney Response Templates

In order to apply QFT to the problem, the plant variations must be characterized
as a region of uncenainty, called a template, on the Nichols chart. Each template
should be sub-divided into regions corresponding to the categories defined in Table
2.3. Assuming the aircraft dynamics can be represented by a set of linear time invari-
ant (LTID) transfer functions, region A contains the frequency response mapping of all
Category A transfer functions (Cases 4 and 6) and Region B encloses the frequency
responses of all Category B transfer functions (Cases 2 and 3) and so on, as illus-
trated in Figure 2.4.

Awareness of these distinct regions is vital because the dynamics do not neces-
sarily vary smoothly between the regions. For instance, if the phugoid roots of Case
1. which are in the LHP, are moved slightly to the right in the complex plane. they
move into the RHP (like in Case 5). This causes an abrupt -360° phase jump at very
low frequency. The regions are not mutually exclusive and may overlap. The dyna-
mics of the aircraft are assumed to change fairly smoothly within each region. Unfor-
tunately. six cases are hardlv sufficient to fully characterize even one region. Many
more flight conditions would need 10 be studied to be able to accurately characterize
the frequency response of all four regions.

Figure 2.5 shows the relative positions on the Nichols chart of the frequency
response of each of the six cases for four representative frequencies. For the pur-
poses of this study, the templates are assumed to be bounded by straight lines on the

Nichols chart as shown. Appendix A lists templates for frequencies from 0.0001 to
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Figure 2.4. Example Template Regions

562 radians/second. Notice that the templates are 360 degrees wide at very low fre-

quency. This is due to the fact that Category C plants, which have one RHP pole and

one RHP zero, produce no phase shift at very low frequency, while Category B and D

line 26 dB tall.

of phase shift at very low frequency. As the frequency increases, the templates

29

plants, which each have two more RHP poles than RHP zeros, produce -360 degrees

narrow until, in the limit as frequency approaches eo, the templates become a vertical
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111, Stabilization

3 T Compensator Requiremen

J.1.1 Design Philosophy.  Figure 3.1 shows a block diagram representing the
possible locations of compensators to be placed in the stabilization minor feedback
loop shown in Figure 1.1. While the cascade compensator G, and the feedback
compensator H, of Figure 3.1 each have effects on the closed loop response, the
characteristic equation of Q/R; is 1+GH,AP regardless of the position of the
compensator or how it is broken up around the loop. Therefore, only the product

G,H,; need be considered for stability purposes.

N N
Rl - - GIL—"WAS“’/"‘X'I/Q /Y—-P - Q

H | [

Figure 3.1. Stabilization Control Loop Block Diagram

3.1.2 Nvyquist Stability Analvsis. = In order to determine the form of a single

compensator to stabilize all four categories, it is first necessary to examine the various
combinations of RHP poles and zeroes in the separate plants. Categories C and D
(Cases 1 and 5 respectively) each have one RHP pole on the real axis and one RHP
zero. If negative feedback and a compensator with all left half plane (LHP) poles and
zeros and positive gain is used, a root of the characteristic equation must lie on the

real axis between the pole and the zero in the right half plane. This will, for all

3.1
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‘ values of positive gain, produce a pole of the closed loop transfer function in the right
half plane. Therefore, a compensator with negative gain is required if the compensa-

tor has only LHP poles and zeros.

The Nyquist plot is useful for detenmining stability for a proposed compensator
form. For example, consider the simple unity feedback uncompensated system shown
in Figure 3.2(a). The Nyquist stability criterion requires that, for no RHP roots of the
characteristic equation, there must be exactly one counter-clockwise encirclement of
the -1 point for each open loop RHP pole as frequency ranges from —oo to +oe

(2:287).

+
. RI Basic Plant - Q

(a)

<+
RI-’?_. compensator |—1 Basic Plant - Q

(b)

Figure 3.2. Basic Feedback System (a) Uncompensated
(b) with Cascade Compensator
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The unity feedback system of Figure 3.2(a) might not produce a stable closed
loop or may have undesirable open loop characteristics. To correct this, a compensa-
tor may be added to the loop as in Figure 3.2(b).

This compensator might have one or more poles or zeros in the RHP and its
gain may be positive or negative. Figure 3.3 shows that Categories B (Cases 2 and 3)
and C (Case 1) can each be stabilized by a compensator with negative gain and all
poles in the LHP. Category C shows one half encirclement (one full encirclement as
frequency goes from —eo to e0) and must have a gain greater than 1.0 at zero fre-
quency. Category B shows one encirclement and must have a gain less than 1.0 at
zero frequency. Unfortunately, at zero frequency, Case 2 (Category B) actually has a
larger gain than Case 1 (Category C) as shown in the low frequency templates. So a
compensator with all LHP poles cannot stabilize Categories B and C simultaneously.

An additional RHP pole (provided by the compensator) changes this situation.
Figures 3.4 and 3.5 show that with positive gain, Category C produces the one
required encirclement, Category B gives one and one half encirclements, Category A
shows one encirclement, Category D shows two, and the relative gains now agree
with the actual plants. Figure 3.6 shows the equivalent Nichols plots. The loop
transmission, G,H,AP, must be designed so that, at zero frequency, ALL Category B
plants have gains greater than 1.0 and ALL Category C and D plants must have gains
less than 1.0. Category A plants, since they begin at -360 degrees at zero frequency,

may begin at any gain as long as the gain is greater than 1.0 at -180 degrees.
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Nyquist Plot
LHP Compensator
Negative Compensator Gain
Category C
1 RHP Pole ) _\T
1 RHP Zero w0 U
. P Indicates Direction of Increasing Frequency
Category B + 00
2 RHP Poles , N
1 w=0
0 RHP Zero %/
. Figure 3.3. Nyquist Plot for Category B and C Plants with a Stable Compensator

(Positive Frequency Portion)
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Nyquist Plot
Compensator has 1 RHP Pole

Positive Compensator Gain

Category B

Cases 2 & 3
2 RHP Poles
0 RHP Zero

P Indicates Direction of Increasing Frequency

Category C +oo
w=
Case 1 m—
] /
1 RHP Pole -1 |
1 RHP Zero
. Figure 3.4. Nyquist Plot for Cat. B and C Plants with 1 Extra RHP Pole

(Positive Frequency Portion)
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Nyquist Plot
Compensator has 1 RHP Pole

Positive Compensator Gain

Category A +00
Cases4 & 6

I RHP Pole
0 RHP Zero

w=0

P Indicates Direction of Increasing Frequency

Category D
Case 5 |
3 RHP Poles -1
1 RHP Zero

Figure 3.5. Nyquist Plot for Cat. A and D Plants with 1 Extra RHP Pole
(Positive Frequency Portion)
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Figure 3.6. Representative Nichols Plots for each Category

3.1.3 Nichols Chart Stability Bounds Now, the stability bounds for the

system of Figure 3.2(b) must be plotted on the Nichols chart. Case 1 is chosen as

nominal because its phase will vary the least with frequency and because it is at the

bottom of each template. The purpose of this feedback loop is purely stability and

the only criteria for bound generation is that none of the separate regions of a tem-

plate may penetrate the chosen closed loop magnitude (M,,) contour. It must also be

remembered that the pattern of M,, contours repeats every 360°.

Consider the template for very low frequency in Figure 2.4 (which is repeated

here) with the Regions A, B, C, and D as shown. Attempting to place the template in




such a manner that the magnitude of Region B is greater than 0 dB, the magnitude of
Region D is less than 0 dB, and Region C has a phase of -180° (or any odd multiple

of 180'),.results in enclosing about half of the M,, contour at -540° with the template.
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Figure 2.4. Example Template Regions

Also consider the movement of the poles and zeros as the aircraft moves from
Case 4 (Region A), which has 1 real RHP pole, to Case 2 (Region B), which has 2
real RHP poles. To make this transition, one of the LHP poles from Case 4 must
move into the RHP. Therefore, it is reasonable to expect at least one plant in the

total range of uncertainty to have a pole at the origin. At zero frequency, this plant
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will have infinite gain. This implies that, at very low frequency, Regions A and B
actually extend upwards farther than Figure 2.4 shows. The transition produces a
-180° phase "jump" at infinite gain. So far, this does not cause a problem because
Section 3.1.2 does not place an upper limit on the steady state gain of Category A or
B plants.

Consider the movement from Region A (Case 4) to Region C (Case 1), which
has one real RHP pole and one real RHP zero. In this case one of the LHP zeros of
the Region A plant must move into the RHP. This gives a probable plant with a zero
at the origin which has zero steady state gain. Thus, at very low frequency, Regions
A and C in Figure 2.4 probably actually extend much farther down than shown. The
transition produces a +180° phase "jump" at zero gain. Again this is not a problem
since Section 3.1.2 does not place a lower limit on Category A or C plants.

Now consider the movement from Region C (Case 1) to Region D (Case 5).
For this transition, the pair of lightly damped LHP complex poles of the Region C
plant must move into the RHP. Presumably, during the transition, a case will exist
which has a pair of purely imaginary poles. This does not necessarily affect the
steady state gain (since the poles are not at the origin). However, at some non zero
frequency, an infinite gain can be expected. The effect of the transition, at zero fre-

o 1

quency, is to produce a -360° "jump" in the phase with little change in gain. The
frequency response of the hypothesized "transition” plant places it in Region C at
very low frequency. As frequency increases past the imaginary pole value the gain
increases to infinity (decreasing again past the pole) and the phase "jumps” 180° to
the left on the Nichols chart.

At zero frequency, the template is probably infinitely tall. Region A probably
extends from —o dBs to +eo dBs. Region B probably extends from some non zero

gain to +e dBs and Regions C and D probably extend from —eo dBs to some finite

gain. At some finite frequency greater than zero, Region C probably becomes 180°
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wide and infinitely tall with a lower bound at some non-zero gain. Thus, it is possi-
ble for the plant to transition smoothly from any region to any other region (although,
not necessarily directly) without moving outside the template or violating the low
frequency gain requirements of Section 3.1.2.

Because, as flight conditions change, the particular plant which represents the
current condition of the airplane "jumps” from region to region (caused by poles or
zeros moving across the imaginary axis), it is only necessary that none of the separite
regions penetrate the M,, contours. The portions of the templates between the regions
need not be considered because none of the plants actually have frequency responses
in this area.

Note that if Region B overlaps Region D at very low frequency, stabilization of
all cases will not be possible with a single compensator because the conditions speci-
fied in Section 3.1.2 cannot be met. Indeed, there must be a gap between these
regions at least as tall as the chosen M,, contour. This is only critical at very low
frequency when the templates are nearly 360° wide. The transition between Regions
C and D (Cases 1 and 5) is also troublesome. The size of the template may make
loop shaping difficult. Note that the aircraft does not necessarily transition form
region to region in the manner described. The actual aircraft may go through far
more complicated transitions (possibly including other plant categories) which may
invalidate the design. Many more flight condition need to be studied to accurately
characterize the transition process. Assuming that the given six conditions adequately
describe the behavior of the aircraft and that none of the transitions adversely affect
stability, the design can proceed.

Each bound is a closed contour surrounding the 0 dB/-180° point on the
Nichols Chart and represents a forbidden region for a given frequency. At the
bound’s frequency, the nominal loop transmission must lie outside the contour. This

guarantees that, regardless of where in the range of uncertainty the frequency
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response of the actual plant lies, the closed loop frequency response will not violate
the chosen M,, contour. In other words, |L/A1+L)| £M, . A maximum closed
loop magnitude of 4 dB is used for this problem. -

A bound must be plotted for several discrete frequencies ranging from 0 to 10
radians/second. Above 10 radians/second (for this problem), the templates become
essentially vertical lines 26 dB tall. Figure 3.7 shows the placement of the low fre-
quency template on the Nichols plot to generate the bound. All other bounds are gen-
erated in the same manner. Figure 3.8 shows the plotted bounds for five
representative frequencies assuming that, at very low frequency, Region D is

concentrated at the single point represented by Case 5.
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Figure 3.7. Nichols Chart Template Placement
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Figure 3.8. Nichols Chart Stabilization Bounds

Referring back to Figure 3.6 for Category C, it can be seen that, at zero fre-
quency, the phase angle must be -180 degrees with the gain less than 1.0. Addition-
ally, since Category D plants must also start at a gain less than 1.0, and Category B
plants must start greater than 1.0, the steady state gain of the nominal loop
transmission must be between -22 and -48 dB. This constraint also keeps Cases 2, 3,
and 5 out of the 4 dB M,, contour at -540°. As frequency increases the phase must
decrease (become more negative) while gain increases until the gain is greater than
1.0. Then the phase may be allowed to increase (become less negative) beyond -180

degrees. Figure 3.9 shows the general Nichols plot phase and magnitude trends that
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can be expected from poles or zeros in the right or left half plane. From this figure,
it can be seen that, in order to achieve the necessary initial phase lag and gain

" increase, a RHP zero is required to dominate the frequency response at very low fre-
quency.

As frequency continues to increase, phase lead and gain reduction must occur.
Figure 3.9 shows this requires a RHP pole. A single RHP pole will retum the phase
to -180 degrees and the gain becomes constant (at some value above the zero fre-
quency value) because of an equal number of poles and zeros. The phase angle must
be made to continue to increase toward zero while the gain begins to decrease. This
requires another RHP pole. Once the gain is reduced below 1.0, LHP poles are added
to further increase the phase lag and to ensure physically realizable compensators.
Additional poles and zeros are added to conform, as closely as possible, to the plotted
bounds. Since any attempt to cancel a RHP pole or zero in the plant results in a RHP
pole in the closed loop transfer function (because perfect cancellation is impossible),

the RHP poles or zeros present in the plant must also be in the loop transmission.
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Figure 3.9. Nichols Plot Magnitude and Phase Trends for Poles and Zeros
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s, The previous discussion shows that, to stabi-

lize all six cases, the nomin2! loop transmission (Case 1 and the compensator u,)
must have two RHP poles and one RHP zero and the two RHP poles of the loop
transmission must be farther from the origin than the RHP zero to exert their influ-
ence at higher frequencies. Fortunately, the nominal plant has a RHP zero at 0.0024
and a RHP pole at 0.668 to produce this characteristic. The second RHP pole is

placed at 0.2. A nominal loop transmission which satisfies the plotted bounds is:

2.95 x 10°(=0.025)(—4.5) (-0.51) (0.0024)

(-31.27)(231.3,0.618)(-1000) (-0.7)(-0.05) (~1.74) (0.2) (0.67) 3.D

Ly =G HPy=

and its frequency response is plotted in Figure 3.10. Figure 3.11 shows the frequency
response plots for all 6 cases and demonstrates that all six cases are stable and avoid
the M,, contours. The loop compensator is found by dividing the loop transmission

by the nominal plant:

1.6766 x 10°s(—0.51) (0.0024)
(-31.27)(231.3,0.618) (-1.74)(0.21,0.062) (0.67)

P0=APCas¢l= (32)

Notice that the nominal plant is Type (-1) (one free "s" in the numerator). This

forces the product G,H, to be the following Type 1 transfer function:

_Linom _ 1762(=0.025) (—4.5) (0.21,0.062)
T P, 5(-0.05)(=0.7)(~1000)(0.2)

GH, (3.3)
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3.1.5 Compensator Placement.  In deciding whether to place the compensa-
tor in the forward path (G,) or in the feedback path (H,), an examination of the form
of the transfer functions involved is necessary. Two closed loop transfer functions
are of interest in this problem. Both pitch rate and stabilator deflection are to be con-
trolled by outer feedback loops and their transfer functions due to a command to the
effective plant must both be considered. Figure 3.1 is repeated here to illustrate the

locations of the possible compensators G, and H,.
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Figure 3.1. Stabilization Control Loop Block Diagram

If the entire stabilization compensator calculated in Section 3.1.3 is placed in the

feedback path (G, = 1), the two transfer functions are

b Q_ AP g
«=R, T 1+APH, (34)
and
Y A
P =—=
»=R, T 1+APH, 3.5)

This configuration has two undesirable features. Because the basic plant is Type
(-1) and the stabilization compensator (H,) is Type 1, P, is Type (-1). This forces
the use of a second order integrator in the outer control loop to produce the desired
Type 1 open loop transfer function. The other problem is that the RHP pole in H,

shows up as a RHP zero in both P, and P,.
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‘ Another possibility is to place the entire compensator in the forward path and
letting H,=1. The closed loop transfer functions then become
GAP 16
‘" 14+G,AP (3.6)
and
P = 3.7
*T1+G,AP -7)

In this configuration, the compensator no longer contributes RHP zeroes or
differentiators to either transfer function. An additional effect of this placement is
that P, becomes Type I and P, is Type 0.

. A third possibility is to split the compensator into two parts, placing one part in
the feedback path and the other in the forward path. This might be useful if the com-
pensator contained any RHP zeroes. Placing the RHP zeroes in the feedback path
removes them from either of the closed loop transfer functions. This is not necessary
in this case and unity feedback with a compensator in the forward path is used

(H,=1).
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‘ Letting H,=1 and substituting Eqs (2.3), (3.3) and each of the basic plants
listed in Tabie 2.2 into Eqs (3.6) and (3.7) yields a family of transfer functions P, and
P,. Table 3.1 lists P, for all six cases and Table 3.2 lists P,. P, and P, are of the

form

K(-0.025)(—4.5)(0.21,0.062) (s —z)) (s — =,)

_ 3.
S =PI —pYS =P (S =PI = psIS — P S — P (5 — pa) (8 — o) (s = Pro) (5 — i) (3.8)
and
2.95x 10°(-0 .025)(—4.5)(0.21,0.062) (s —,) (s = 2) (s =) (s = 3.9)

P . .. -
* " s(s pl)(s pz)(s p;)(s p4)(s PSS —pe) (s —p)(s— p.)(s-po)(s P.o)(s—pn)

Notice that P, is Type 0 and P, is Type 1.
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Table 3.1.

Effective Plant Transfer Function

. Flight Condition

1 2 3 4 5 6
K 2.95x10° 5.33x10"° 3.77x10"° 4.68x10° 2.87x10° 1.24x10%
Z -0.51 -2.77 -2.26 -0.78 -0.54 -1.15
z, 0.0024 -0.054 -0.041 -0.0056 0.0055 -0.012
P, -1000 -1001i -1001i -1000 -1000i -1000i
P2 -143+182 -146+181i -146+182i -143+182i -143+182i -144+182i
P -143-182i -146-181i -146-182i -143-182i -143-182i -144-182i
P -29.3 -11.4429.9i | -12.1423.6i 275 -29.1 -18.5
ps | -13742.300 | -114-29.9i | -12.1-23.6i | -2.06+3.18i | -1.30+2.45i | -5.98+4.95i
Pe -1.37-2.30i | -3.34+1.28i | -3.17+0.83i | -2.06 3.18i | -1.30-2.45i | -5.98-4.95i
Py -0.436 -3.34-1.28i | -3.17-0.83i -0.803 -0.492 -1.26
pe | -C01340.21i | -0.019+0.21i | -i0.019+0.22 | -0.018+0.22i | -0.028+0.23i | -0.019+0.22i
po | -0.013-021 | -0.019-0.21i | -0.019-0.22i | -0.018-0.22i | -0.028-0.23i | -0.019-0.22i
P |-0.032+0.03%i -0.054 -0.041 -0.019+0.015i { -0.014+0.018i | -0.021+0.010i
p, | -0.032-0.039i -0.024 -0.023 -0.019-0.015i | -0.014-0.018i | -0.021-0.010i
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Table 3.2. Stabilator Deflection Tiansfer Function

Flight Condition
1 2 3 4 5 6

2, -1.74 -8.12 -6.55 -2.03 -1.63 -3.08

A 0.67 2.92 2,514 0.69 0.72 1.38

z, -0.013+40.21i -0.11 -0.085 -0.034+0.141 | 0.01140.21i | -0.007+0.12i
z, -0.013-0.21i 0.063 0.051 -0.034-0.14i | 0.011-0.21i | -0.007-0.12i
P, -1000 -1001i -1001i -1000 -1000i -1000i

P, -143+182 -146+181i -146+182i -143+182i -143+182i -144+182i
Ps -143-182i -146-181i -146-182i -143-182i -143-182i -144-182i
Pe -293 -11.4429.9i | -12.1423.6i -27.5 -29.1 -18.5

Ps -1.3742.30i | -11.4-29.9i -12.1-23.6i | -2.06+43.18i | -1.30+2.451 | -5.98+4.95i
Pe -1.37-2.30i | -3.34+1.28i | -3.17+0.83i | -2.06-3.18i -1.30-2.45i -5.98-4.95i
P, -0.436 -3.34-1.28i -3.17-0.83i -0.865 -0.492 -1.26

Ps -0.013+0.21i | -0.019+0.21i | -i0.019+0.22 | -0.018+0.22i | -0.028+0.23i | -0.019+0.22i
Ps -0.013-0.21i | -0.019-0.21i | -0.019-0.22i | -0.018-0.22i | -0.028-0.23;i | -0.019-0.22i
P |-0-032+0.039i -0.054 -0.041 -0.019+0.015i {-0.014+0.018i | -0.021+0.010i
p,, |-0.032-0.03% -0.024 -0.023 -0.019-0.0151 | -0.014-0.018i } -0.021-0.0101

3.2 Individual Compensators

Regardless of whether cascade compensation, feedback compensation rr a

combination is used, the RHP poles of the plant show up as RHP zeroes of P,. This

means that the saturation control loop compensator(s) (G, and/or H, from Figure 1.1)

must contend with RHP zeroes ranging from 0.051 to 2.92. Since it is difficult to

3.23




achieve a loop gain greater than 1.0 within one octave of a RHP zero location, there
‘ can be little feedback benefit from about 0.025 to 6.0 rad/sec if a single compensator
is used (4).
Additionally, not all the cases have the same number of RHP zeroes. The trans-
fer functions P, for Cases 1, 4, and 6 each have one RHP zero while cases 2 and 3
have two RHP zeros and case 5 has three. Any stable Type | open loop transfer
function with an even number of RHP zeros requires negative feedback to produce a
stable ciosed loop transfer function. Any stable Type 1 function with an odd number
of RHP zeros needs positive feedback or else a root of the characteristic equation will
exist in the right half plane between the origin and the first RHP zero. Therefore, a
single compensator set (G, and/or H,) cannot produce a stable saturation control loop
for all six cases.
Although the stabilization issue can possibly be circumvented by adding a differ-
. entiator to the compensator (G, and/or H,) to produce a Type 0 open loop transfer
function, the large frequency range of very little loop gain is enough reason to
consider separate designs for each case. These might be implemented by gain sche-
duling or by switching the compensator set as the aircraft enters a particular region of
the flight envelope (4). For the remainder of this thesis, case 6 is used to illustrate
the design process. The design details for each case are presented in the appendices.

From Table 2.2, for case 6, the basic plant is

_ 4.68s5(-1.15)(-0.012)
" (—3.08)(1.38)(0.12,0.062)

(3.10)

Stabilizing case 6 does not require a RHP pole. A compensator can be designed
by any conventional technique to obtain a stable effective plant. Nichols plot loop

. shaping is used here. A simple (although probably sub-optimal) approach is to design
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a loop transmission which resembles the loop transmission obtained with the single
compensator. Because this compensator need only handle Case 6, a somewhat more
conservative value of M,, can be used. M, =3dB is used here giving the following

loop transmission:

L - 1.54 % 10°
' (=31.27)(231.3,0.618) (-15) (1.38)

3.11)

where

L,=GAP (3.12)

Figure 3.12 shows the Nichols plot for the stabilization loop transmission.
Substituting Eq (3.10) and Eq (2.3) into Eq (3.12) yields
_ L 19.677(-3.08)(0.12,0.062)

= 3.13
i AP s(=15)(-~1.15)(-0.012) ( )

Substituting Egs (2.3), (3.10), and (3.13), into Egs (3.6) and (3.7) yields

1.54 x 10°
P = 3.14
¢ (231,0.62)(-35.8)(7.91,0.58) (3.14)
and
7
3.29x 107(-3.08)(1.38)(0.12,0.062) (3.15)

v §(231,0.62)(-35.8)(7.91,0.58)(~1.15)(0.012)
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Figure 3.12. Stabilization Loop Nichels Plot for Case 6
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‘ I1V. Saturation Control Loo

4.1 Design Philosophy

The control system developed in this thesis can be thought of as a dual mode
control system. The first mode is the standard pilot command tracking mode. Chap-
ters III and V present the design of the necessary components for this mode. The
second mode is a maximum pitch performance mode. In this mode, the control
system recognizes that the commanded input exceeds the capabilities of the aircraft
and the control system delivers what it can.

Whenever the tracking control loop gains control of the airplane, it commands
the stabilator to go to a steady state value somewhere near maximum deflection. This
gives the maximum pitch rate the aircraft can produce without sacrificing stability.

. Figure 4.1 shows the saturation control loop block diagram.

- |+
. VG O-Gy | A |-
v G —o-Gil+al /.

S g g Mg S S

Figure 4.1. Saturation Control Loop Block Diagram
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The stabilator deflection angle is continually compared to the maximum allow-
able deflection angle Y.. The input/output relationship of the command limiter (V) is
shown graphically in Figure 4.2. The saturation level of the command limiter is

adjusted according to

4.1
m*=Y!'-H)Y 4.1)

m=Y ~HY (4.2)

where
¥} = Maximum Allowable Positive Deflection Angle
¥. = Maximum Allowable Negative Deflection Angle

m™* = Positive Command Limit

m” = Negative Command Limit

Whenever the input V is larger than the saturation level m* (or m” for negative
commands), the saturation control loop gains control. The input to G, now comes
directly from the saturation control loop instead of the tracking control loop.
Although pitch rate is continually being monitored by the tracking control loop, it is
no lon