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In many systems it is required or desirable to implement a control law in a partitioned or decentralized
architecture comprised of subsystems. This paper presents a technique for deriving specifications for each
subsystem that, if met, guarantee that total system performance (e.g., stability) goals will be met when the
subsystems are combined. The approach is based on the concepts of robust control theory and generates results
that are expressed in the frequency domain as allowed error envelopes about nominal requirements. Although
emphasis is placed on generating specifications that guarantee only the stability of the combined system,
extensions that would guarantee performance are also discussed. The focus of the paper is the integrated
flight/propulsion control problem in which specifications on the propulsion system are derived based on the
mission-level requirements of the aircraft. However, the results are generally applicable. A numerical example
demonstrating the application of the procedure is included.

I. Background: The Need for Specifications

CURRENT trend in aircraft system design is to integrate

the functions of the flight and propulsion systems
through their controls with the intent of improving the opera-
tional capabilities of the overall system. Such integration has
been shown! to yield significant improvements in supermaneu-
verable air-to-air operation and in short takeoff and vertical
land (STOVL) operation. The performance gains obtainable
through this integration are results of recent technological
advances that permit greater flexibility in the use of propul-
sion generated thrusts as primary flight control effectors. Ex-
amples include vectoring nozzles and various propulsive lift
schemes such as ejectors, remote augmented lift systems
(RALS), and various techniques of boundary-layer control
using engine air.?

One obvious result of this integration is that the flight and
propulsion systems become much more coupled than ever
before. The propulsion system becomes an integral part of the
flight control providing forces and moments about several
axes rather than just providing axial thrust. Although many
technological advances are required to enable this capability,
one of the most critical is the development of a control design
procedure that addresses the issues that result from this intro-
duced coupling and provides a practical approach to control
system design. The preliminary development of an integrated
flight/propulsion control (IFPC) design procedure based on a
decentralized approach is addressed in Refs. 3-5. Alternate
techniques based on centralized approaches are addressed in
Refs. 6-8.

Two issues make a decentralized approach to IFPC design
attractive. The first is that flight and propulsion control design
problems are very different. Flight control designs are typi-
cally regulators with input shaping where the design objective

Received Oct. 24, 1990; revision received Feb. 25, 1993; accepted
for publication Feb. 25, 1993. Copyright © 1993 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Associate Professor, Department of Aeronautics and Astronau-
tics. Senior Member AIAA.

tResearch Scientist, Advanced Systems Group.

1Ph.D. Candidate, Department of Aeronautics and Astronautics.
Member ATAA.

201

is to match flying and handling quality criteria that are often
expressed in terms of equivalent system models.!® Propulsion
control is primarily nonlinear limit tracking.!! Hence, writing
a single performance index that completely defines the details
of both problems is difficult.

The second issue that supports a decentralized approach is
that the aircraft and the propulsion systems are built and
supplied by different responsible manufacturers. Hence, de-
sign accountability issues dictate that each party retain control
over all aspects of the system for which it is responsible.
Specifically, each manufacturer will need to design and deliver
the control logic that affects its plant.

For partitioning to be possible in an integrated control
design, a mechanism must be introduced for communicating
performance requirements and operational constraints among
the designers that guarantees that overall performance goals
will be met in the presence of the coupling and modeling
uncertainty that exist. Presented here is a technique for gener-
ating such specifications. Also presented is an example that
demonstrates an application of the technique to the propul-
sion control system design in an IFPC system.

Note that the derivation of the specifications that follows is
based on linear system theory assumptions, whereas actual
implementations can involve significant nonlinearities in the
control system. In short, linear analysis tools are being used to
evaluate the performance of a nonlinear system. Although
potentially restrictive, this approach is justifiable and power-
ful. For example, under certain conditions, it is possible to
deduce information about the stability of a nonlinear system
from an associated linear model. Restrictions enter, however,
in the need to specify the class of inputs used to evaluate the
nonlinear system. As a simple example, the stability of a
nonlinear system can be dependent on the input amplitude.
Consequently, if frequency domain techniques are used, sta-
bility must be checked for “‘all’’ input amplitudes in addition
to all frequencies. Direct nonlinear techniques might improve
the results, but such procedures are not currently available.

II. Problem Statement
A decentralized approach for implementing an IFPC logic is
presented in Fig 1. This structure is consistent with that pro-
posed in Ref. 5. It suggests a hierarchical approach in which a
mission-level plant P(s) is controlled using the outputs of a set
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Fig. 1 Hierarchical IFPC design.
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Fig.2 Mission-level design problem.

of subsystems R(s). In an IFPC system, the mission-level
plant would be the aircraft, and the subsystems would consist
of all of the aerodynamic surfaces plus the propulsion system.
The mission related outputs y,, would include variables that
define aircraft handling qualities, flying qualities, tracking
accuracy, etc. The subsystem outputs y, would include the
forces and moments generated on the aircraft plus variables
that define the performance of the aerodynamic surface con-
trol loops and the performance of the propulsion system.

There are two compensators indicated in the figure: K,,(s)
and K, (s). K,,(s) is a mission-level compensator that addresses
the control of outputs y,, using the forces and moments u,,
which are created by the subsystems. That is, the mission-level
controls u,, are a subset of the subsystem outputs y;

Uy
Ys = l: :l (1)
Yint

where y;,, are the outputs internal to the subsystems and do
not affect directly the mission-level performance (e.g., surge
margins, pressures, temperatures, and speeds within the en-
gine).

The second compensator K (s) is a subsystem level compen-
sator (or group of compensators for a decentralized system)
that addresses simultaneously the control of the subsystem
specific variables y;,, and the generation of the interface con-
trol variables u,,.

Let the mission-level plant be defined as

Im(8) = Pi($)um(s)

)
z(s) = Py(s)upm(s)
and
A | Pi(s)
P(s) =
) [Pz(s)] ®
Let the combined set of subsystems be defined as
U () = R ($)us(s) + Ry1x(s)z(s) @
4
Yini(8) = Ryi($)us(s) + R(s)z(s)
and
A | Ri(s) Rifs)
R(s) =
©) [Rm(s) Rzz(s)] ©

From Eq. (4) and the fact that wu.(s) = K(s)[tmc(s)
— u,,(s)], the response of the closed-loop subsystems to a
commanded u,,. is found to be

Un($) = [ + Ry (S)K ()] ™ 'R1(SIK (8 )thnc (5)

+ [T + Ryy(s)K:(5)] ~ 'Ryzls)z(s) ©6)

In these equations, z defines the vector of terms that couples
the plant output into the subsystems. This coupling is de-
scribed by Py(s), R;»(s), and R,,(s). For some applications, the
plant and the subsystems can be assumed to be one-way cou-
pled, and these terms set to zero. This assumption is reason-
able when integrating the propulsion and flight controls in
fixed-wing aircraft for some configurations, but it is not al-
ways true.'? The assumption is valid when the forces and
moments generated by the engine are not affected by the
motion of the aircraft.

The advantage of the integrated control problem defined in
Fig. 1 is that it permits the mission-level and the subsystem-
level problems to be addressed separately. Consider first the
mission-level problem. It is identified in Fig. 2. Nete two
things about this figure. First, the closed-loop subsystems
have been replaced by a set of equivalent actuator characteris-
tics Q(s) that define the nominal performance assumed
achievable by the subsystem control designers. Second, note
that the coupling path z(s) has been moved in this figure into
the outer loop (its command is zero). This approach allows
systems with two-way coupling to be addressed, and requires
that

0 ©)

Z [ umc:l
Ume = (8)
z

The solution to this mission-level problem involves both the
compensator K,,(s) and the set of nominal equivalent closed-
loop actuator characteristics Q(s) that together satisfy the
mission-level goals. The compensator K,,(s) is defined as

Ki(s) = [K’"(S’ 0 }

and

Uyne(5) = K () (5) = Y ()] ©)

and the nominal actuator characteristics are defined as

U (5) = Qu(S)Umc(s) + Qx(s)z(s) (10)

and

0(s) 2 1Q:(s) Ox(5)] (11

where Q,(s) is usually the zero matrix and Q,(s) is typically
diagonal. That is, the typical desired response of u,, is that it
tracks its commands u,,. and rejects the coupling terms z as
disturbances. If the system is one-way coupled, Q(s) = Qi(s),
K,:(S) = K (s), and ur:c(s) = Upmc(S).

Two techniques have been suggested for solving the mis-
sion-level design problem and generating K, (s) and Q(s).
Reference 10 treats Q(s) as an assumed achievable perfor-
mance [Qs(s) = 0] of the subsystems and then designs a K, (s)
that will meet the mission-level objectives using these assumed
actuator characteristics. This approach requires an a priori
knowledge of what will be reasonable performance to expect
from the subsystems. An alternate approach is proposed in
Ref. 9 in which the nominal closed-loop performance charac-
teristics Q,(s) are derived along with the K, (s) as part of a
centralized design approach. In either case, a Q(s) is created
that becomes the nominal closed-loop requirement that the
subsystem designer is expected to match. If this nominal per-
formance is not achievable by the subsystem designers, then
iteration on the mission-level design will be required. (This
could include the relaxation of the mission-level performance
goals.)

Consider second the subsystem control design problem.
From Egs. (6) and (10), it can be expressed as finding a
compensator K (s) that meets a tracking requirement

[ + Riu()K ()]~ 'R1u($)K,(s) = Qi(s) (12)
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and a disturbance rejection requirement

[ + Ri()Ks(5)] ™ 'Ria(s) =~ Qals) (13)

The tracking requirement defines how well each subsystem
must produce those elements in u,, for which it is responsible.
The disturbance rejection requirement defines how well each
subsystem must isolate itself from the other subsystems and
from the mission-level plant. In an integrated control problem
the disturbances of interest include not only external sources
but also the effects of the coupling among the various subsys-
tems. That is, if the problem is decentralized, then a specifica-
tion is required that defines how strongly one subsystem is
allowed to excite another, or conversely, how much one sub-
system is allowed to respond to activity in another.

The issue addressed in the following is determining the
accuracy with which Eqgs. (12) and (13) must be satisfied.
These tolerances, when combined with the nominal require-
ments, represent a set of specifications for the subsystem
designer to meet that will guarantee the performance (e.g.,
stability) of the integrated system. These are specifications
that must be met in addition to all of the normal subsystem
specific specifications that a subsystem designer addresses
(e.g., protecting surge margins, etc.).

III. Subsystem Specifications

An equivalent representation of allowing uncertainty when
matching Q(s) is through an additive uncertainty matrix
AQy(s), which acts in parallel with the generalized actuators
Q(s) (see Fig. 3). Any transfer function matrix 7°(s) relating
U (S) to ut.(s) can be written in the form T'(s) = Q(s) +
AQr(s) or AQr(s) = T(s) — Q(s)-

A bound on IAQr(s)!l = 6{AQ7(s)} can be found that will
guarantee integrated system stability by noting that AQr(s) is
identical in form to the additive uncertainty models used in
robust control analyses. Therefore, if the specifications are
derived in a fashion consistent with robustness analysis, they
will be sufficient for defining the small-amplitude characteris-
tics of the integrated system.

The issue is how to calculate the bound on IAQ;(s)ll and
then how to distribute this bound into individual scalar
bounds for each transfer function of 7T(s).

The proposed procedure is based on the concept of inverting
the procedures of robust control system design. In standard
robust control design, a control law is found that can accom-
modate a specified level of uncertainty. Here, a bound on the
uncertainty that can be tolerated in the generalized actuators
by an existing control design is computed.

A. Calculation of an Additive Uncertainty AQ7(s)

Consider the closed-loop system defined in Fig. 3. The
mission-level plant P(s) is described by Eqgs. (2) and (3); the
nominal equivalent actuator characteristics Q(s) are described
by Egs. (10) and (11); and the mission-level compensator
KX (s) is defined by Egs. (7) and (9). Given this, a matrix AQp
of bounds on the additive uncertainty on the equivalent actua-
tor characteristic AQr(s) can be found through a stability
robustness analysis.

The first step is to calculate a scalar upper bound on the
norm of the matrix AQ7r(s) for s = jw that will preserve stabil-
ity of the closed-loop system. Defining {w) to be this bound
and applying the procedures of Ref. 13 to additive uncertainty
yields (see Ref. 14)

1
F{Kn (P + QUKn(je)P(jw)] ')

where & is the maximum singular value of the matrix.
Given {(w), any stable matrix AQr(s) that satisfies
IAQ7(jw)ll < £(w) will result in a stable closed-loop system.
To write individual scalar bounds for the elements of T(s),
a desired distribution of tolerances must first be specified. Let

bw) = (14

©orm(8),2(s) =0 .
‘+<r:4 K6

Ym(s), 2(s)

Fig.'3 Additive uncertainty on Q(s).

the matrix AQ define this distribution. For example, a choice
of AQ = [I 0] would allow equal errors in tracking all com-
manded controls u,,. but would require that all coupling ef-
fects be rejected exactly [zeros are desired on the off-diagonals
of Qi(s) and in all of QOss)]l. A choice of AQ having
AQ(i,j) = 1for all i and j would allow equal errors in tracking
and disturbance rejection. [Since AQ may have structure, the
structured singular value g could be used in place of ¢ in Eq.
(14) and evaluated with respect to the structure to reduce
conservativeness. This is illustrated in the example in Sec. IV.)

Since AQ specifies the relative magnitudes of the error toler-

ances, each element of AQ must be nonnegative. Also, to
simplify numerical issues, all system matrices should be nor-
malized to remove units.
. Given AQ, next define AQp(w) = {w)AQ/IAQ . This defi-
nition allows the tolerances defined in AQ to remain fixed
relative to each other, but to vary with frequency. Now,
lAQp(w)l = fw), and any matrix AQr(jw), with
IAQr(jw)l < IAQg(w)ll, will guarantee stability.

One way to ensure that 1AQr(jw)l < IAQg(w)ll is for the
magnitude of each element of AQr to be less than the corre-
sponding element of AQg, i.e., |AQr;(jw)| <AQp;(w). This
element-by-element requirement allows scalar bounds to be
written in the desired form. The actual transfer function ma-
trix T(s) = Q(s) + AQr(s) will have the form illustrated by
this 2 x 2 example:

On+AQm Qun+ Aan]

Q+40r= |:Q21 + A0 QOn+AQm

as)

To get the tracking specification, the bound on the additive
uncertainty must be mapped into upper and lower bounds on
magnitude and phase. For a given nominal, scalar transfer
function Q;;(s), where Qj;(s) # 0, the value of the actual trans-
fer function Tj;(s) can be expressed as

T;(s) = Qy(s) + AQqy(s)

_ AQr;(s) -
- [1 * 00 } %)

Since Qp bounds Qy, this equation can also be written for
s =jwas

(16)

T(jw) = fl@) X Qy(jw) an

where f(w) is any complex number of the form 1 + r(w) that
satisfies |r(w)| <R (w) with

A AQpg;(w)
R 4 SXBji\%)
©=19,Ga)

That is, if f(w) is represented as a vector drawn from the origin
it must terminate within a circle of radius R (w) about 1. This
is shown in Fig. 4. Case 1 in the figure corresponds to
R(w)< 1, and case 2 corresponds to R(w) = 1.

For both cases, magnitude and phase bounds define a sector
region inside this circle. If R(w)<1, the maximum allowed
phase deviation occurs if the magnitude boundary is tangent
to the circle. That is

(18)

¢max(‘!~’) =sin~!R (w)
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a) Definition of f

b) Definition of @max

¢) Case 1: sector region for R <1

imsg. M,

d) Case 2: sector region for R >1

Fig. 4 Use of sector regions to calculate magnitude and phase bounds.

with a magnitude of
M(w) =V1 - R¥w)

For a given phase bound ¢(w) < ¢na(w) the upper and lower
magnitude bounds My, (w) and M;y(w) are found using the
relation

R¥(w) = M*(w) + 1 — 2M(w)cos ¢(w) 19

Myr(w) and M;o(w) are just the maximum and minimum
solutions of Eq. (19). Note that Eq. (19) is similar to a result
in Ref. 15 that was derived within the framework of multiloop
stability margins.

If R(w) = 1 the upper magnitude bound is the positive solu-
tion of Eq. (19), and the lower magnitude bound is zero.

From Fig. 4, it is evident that the magnitude and phase
bounds are conservative since the sector does not completely
cover the circle. It is also evident that, using sector regions, the
bounds are not unique. If the magnitude bounds are relaxed,
it is necessary to tighten the phase bounds. One approach to
minimizing the conservativeness and establishing uniqueness is
to select magnitude and phase bounds that maximize the area
of the sector region. Alternatively, this tradeoff can be used to
give the subsystem control designer more freedom to meet the
specifications. _ _

If Q;(jw)=0, bounds on the magnitude and phase are
derived in a similar fashion. For this case, |T;(jw)| < AQp;(w).
The phase is arbitrary ( — 180 deg < ¢ < 180 deg).

Once the bounds for each Tj;(jw) have been found, they
may be displayed as a frequency response plot with upper and
lower limits on both magnitude and phase.

Note that the conservativeness associated with using the
sector regions can be eliminated if R (w) is issued as the speci-
fication. The difficulty with this approach is that it is no

longer possible to represent simply the specification using
classical techniques such as the frequency response Bode plot.

B. Alternate Uncertainty Forms

The previous discussion has assumed that the allowable
error in achieving the nominal subsystem characteristics Q(s)
is expressed as an additive uncertainty AQr(s) (see Fig. 3).
Other forms, such as input-multiplicative and output-multi-
plicative uncertainties on Q(s), are also possible.

These forms are similar in that each describes an error in
achieving the nominal Q(s). There are differences in detail,
however. For example, multiplicative uncertainty describes a
percentage error in achieving the nominal, whereas additive
uncertainty describes an absolute error. The best choice is case
dependent.

The steps to calculate bounds corresponding to multiplica-
tive uncertainty are similar to those for the additive uncer-
tainty treated earlier. The equivalent transfer function matrix
of the subsystems for input-multiplicative uncertainty is

T(s) = QI + L1,(5)] 20)

and for output-multiplicative uncertainty is
T(s)=1[I+ Lr,(s)Q(s) 21

In either case a matrix AL must first be specified that
defines the desired distribution of tolerances (it replaces AQ).
Then a matrix AL of bounds on the multiplicative uncertainty
can be found as

Alp(w) = —== 22
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contour
imaginary
X
N real
X

Fig. 5 Performance region defined in the s plane.

For input-multiplicative uncertainty on Q(s)

1

0(0) = —— e
FH{Kn(J)P(J)QUw) + K ()P )Q(w)] ]
(23)
For output-multiplicative uncertainty on Q(s)
1
(@)= ——— e
H{QUKn (P + QUKn(J)P(w)] 1)
(24)

Any T(jw) [Eq. (20) or (21) depending on the form chosen]
that satisfies IL7(jw)ll < ILg(w)ll guarantees stability.

C. Performance vs Stability Robustness

The previous analysis generates bounds that guarantee sta-
bility of the mission-level design only. Extending this analysis
to guarantee performance is possible for a variety of perfor-
mance measures. The major issue is determining the measures
of performance appropriate for a given problem. Several
choices are possible.!”

Two types of performance measures are described briefly
here to demonstrate how the extensions might be accom-
plished. The detailed development and demonstration of these
approaches is currently under development.

The first performance measure to consider is a requirement
that all closed-loop system poles lie to the left of a specified
contour in the s plane, as shown in Fig. 5. Such a region could
be defined to guarantee a minimum damping ratio and settling
time on all of the system modes.

Calculating the scalar upper bound #s) on the norm of the
matrix AQr(s) for this case requires simply that the gain of the
nominal closed-loop transfer function be calculated along the
specified contour rather than along the jw axis. The inverse of
this gain is the bound for the uncertainty, which will guarantee
that the poles lie to the left of the contour. This is a well-
known result of the small gain theorem. Specifically, Eq. (14)
must be modified so that the specified contour replaces jw in
the calculation

1
(KPS + QK n (PN |5 = contour

The remainder of the procedure to generate the specifications
remains the same except that all quantities must be calculated
along the new contour in the s plane instead of along the jw
axis.

The second performance measure to consider is a model-
matching requirement that places a bound on the system’s
desired closed-loop transfer function matrix H(s) from the
command r(s) to the outputs y(s). For example )

£s) = (25)

IH(w) - TH< |W,(jw)| ! (26)

where Wp defines a limit on model tracking error.

The procedure to design a controller that meets this robust-
ness requirement is described in Ref. 16. A fictitious uncer-
tainty Ap(s) satisfying lAp(jw)l <1 is introduced that con-
verts the system shown in Fig. 3 into that shown in Fig. 6.
Using structured singular value u-analysis, an {w) bound on
TAQr(jw)ll can be found that replaces Eq. (14). Given this
{(w), the rest of the procedure is unchanged. Note that a
general result is that the bounds that guarantee performance
lie inside the bounds that guarantee stability. That is, perfor-
mance bounds are generally more restrictive than stability
bounds.

IV. Example

Consider the IFPC system described in Fig. 7. It is a longitu-
dinal aircraft model that has three aerodynamic surfaces plus
a propulsion system capable of producing two thrusts. The
surfaces are the horizontal tail (3H), the leading edge flaps
(8N), and the trailing edge flaps (6F). Thrust F; is axial and
acts through the center of gravity. Thrust F, is normal and acts
approximately 10 ft behind the center of gravity. Models for
this example were generated at an altitude of 100 ft, a Mach
number of 0.18, and a flight path angle of 3 deg. The mass was
assumed to be 839 slugs.

In this example, the propulsion system is treated as a subsys-

tem that generates thrusts F, and F, in response to commands.
Each aerodynamic control surface is also treated as a subsys-
tem. The mission-level design problem is to control the air-
craft attitude. Each subsystem-level control problem is to
respond to commands for the effector quantities (e.g., F; and
F, for the propulsion subsystem) in addition to providing
internal control of that subsystem. ‘
" The objective of this example is to demonstrate how specifi-
cations can be generated that define how well the propulsion
system must generate F, and F, in response to commands and
how well each aerodynamic surface must respond to its com-
mand. Note that detailed models of the subsystems are not
involved in the example. They are only required when per-
forming the detailed control design of each subsystem.

The equations of motion describing this system were de-
fined in Eq. (2). (This system is one-way coupled.) An equiva-
lent state variable representation is

Xpm = ApXm + By,

Ym = Cpxm + Dpum = [Ilx,, + [Olu,,

Fig. 6 Introduction of a fictitious uncertainty to include performance

robustness.

F

Fig. 7 Aircraft with axial and vertical thrust.
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Table 1 Open- and closed-loop eigenvalues

Open loop Closed loop
—1.4720 —0.2047 +0.1993i
1.0652 —-0.2047 —0.1993i

—0.0568 +0.2154i
~0.0568 —0.2154/

—2.3352
—4.3661 +1.4738i

~15.0000 —4.3661 — 1.4738i
— 15.0000 —9.8604
~ 15.0000 ~14.1960
~10.0000 ~14.9876
~10.0000 —14.9994
103 gy
F 3
102 ¢
3 L ]
s 100
100 E
F ]
10.1 L [ R [ SR I W R
102 10! 104

w (rad/sec)
Fig. 8 Scalar stability bound for the IFPC example.

where
u [forward velocity, ft/s
w vertical velocity, ft/s
*m = q = | pitch rate, rad/s
6 | | pitch angle, rad
6H ] (horizontal tail, deg
ON leading edge flaps, deg
U, = | 6F | = |trailing edge flaps, deg
F\/m axial acceleration, ft/s?
F/m | normal acceleration, ft/ s?
Ym = Xm
and
—0.0589 0.1068 —38.5980 —31.8390
—0.2659 —0.2665 194.8100 —4.5989
Ap = _ 0.0015 0.0078 —0.1949  —0.0005
0.0000 0.0000 1.0000 0.0000
0.1136 0.0347 -0.0496 1.0000 0.0000
—0.2321 0.0693 —0.1455 0.0000 —1.0000
B, = -0.0229 -0.0081 0.0007 0.0000 -0.0720
0.0000 0.0000 0.0000 0.0000 0.0000

The first step in the procedure is to complete a mission-level
design that provides both a compensator K,,(s) and a set of
nominal equivalent actuator characteristics Q(s) (see Fig. 1).
Since the mission-level design is not the focus of this example,
a very simple linear quadratic regulator (LQR) design was
performed. This design yielded a state feedback control law of
the form

Upe = ~ Kp(S)ym = — Kyx

since y,, = x. Here

0.1594 —0.1826 —43.4240 -27.1540
0.0596 —0.0231 —14.5420 -14.5370
K,=]-0.0366 —0.0383 0.7457 5.9117
0.1378 0.0101 —1.1616 —0.5160
0.0735 -0.1659 —34.1329 —19.0037

(Note that a practical compensator would most likely feed
back such quantities as load factor, airspeed, and various
integral states rather than the state variables as done here.)
The set of equivalent actuator characteristics defined in Eq.
(10) was chosen to be (state variable matrix form)

Ag = diag { — 15, - 15, - 15, — 10, — 10}
B, = diag {15, 15, 15, 10, 10}

Cp =diag {1, 1,1, 1, 1}

D, = diag {0, 0, 0, 0, 0}

That is, each aerodynamic surface is assumed to have a nomi-
nal bandwidth of 15 rad/s, and the propulsion system is
assumed to have a nominal bandwidth of 10 rad/s.

The open- and closed-loop eigenvalues for this mission-level
system design are shown in Table 1.

The second step in the procedure is to calculate the bound
Hw). It is computed as defined in Eq. (14). The result is
displayed in Fig. 8.

The third step in the procedure is to select a distribution of
uncertainty as defined by AQ. For this example the distribu-
tion of uncertainty is chosen to be

20000
02000
AQ=0 02 0 0
00011
00011

103

_102f — oo

‘%101_

=

104

200 L e e RARL ——Tr

-100 ‘
200} :

Lo il bl 1111

L6H(s)/6H.(s) (degrees)

2300 -
102 101 10

w (rad/sec)

Fig.9 Aerodynamic surface tracking specification.
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(Note that the diagonal elements of the upper 3 x 3 block are
set to 2 rather than 1. This reflects the desire to maximize the
size of each entry in AQ, and hence the allowable error in the
corresponding subsystem, without increasing its norm. The
norm of this matrix is 2 for any [AQ;| <2 fori =1, 2, 3.)

This distribution matrix was chosen to take advantage of
the fact that there is known to be no coupling between the
aerodynamic surfaces and the propulsion system. The matrix
indicates that each of the aerodynamic surfaces (the first three
controls) will have a tolerance band on how well it must track
its command, and that the response of each surface must be
uncoupled. The distribution matrix also indicates that the
accuracy with which the propulsion system must track its two
thrust commands (the last two controls) is equal to the accu-
racy with which it must decouple the two thrust responses.

Finally, upper and lower bounds are calculated as described
in Egs. (16-18). The results are shown graphically in Figs.
9-11. The specification on the tracking performance of the
aerodynamic actuators is presented in Fig. 9. The specification
on the tracking performance of the engine (F,/F,. and F,/F;.)
is presented in Fig. 10. The specification on how well F| and F,
must be decoupled is presented in Fig. 11. (Note that the lower
bound is zero and that a linear scale has been used.)

These specifications indicate that at low frequencies (for
example) the aerodynamic surfaces must track their com-
mands within a range of 45-136% of nominal gain and =+ 25
deg of phase. The propulsion thrusts must track their com-
mands within a range of 75-120% of nominal gain and + 12
deg of phase. Also, the F, thrust response to an F; thrust
command must be less than 31% (and vice versa). These
specifications were determined by maximizing the sector area
(see Fig. 4).

Note that these specifications calculated earlier are known
to be conservative. This results from two sources. First, ex-
pressing the specifications as magnitude and phase limits re-
quired using sectors (see Fig. 4). Second, the distribution
matrix AQ has structure. L

The conservativeness caused by the structure in AQ can be
reduced by replacing & with the structured singular value u in
Eq. (14), and then calculating p with respect to the known
structure. This calculation was done, and the resulting {w) was
at most a factor of 1.25 lower than the {w) shown in Fig. 8.
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Fig. 10 Thrust tracking specification.
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Fig. 11 Thrust decoupling specification.

Note that this result is very case dependent, however. The
consequence of using this bound would be a slight broadening
of the tolerance bounds (frequency dependent) shown in Figs.
9-11.

Y. Conclusions

A procedure based on the concepts of robust control theory
has been developed that allows the generation of control de-
sign specifications for individual subsystems within the con-
text of an integrated system design problem. In particular,
subsystem specifications are generated that, if met, will guar-
antee stability when the subsystems are combined to form the
integrated system. Extensions that would also guarantee per-
formance were also discussed.

The form of the specifications generated is an allowed toler-
ance band about a nominal response characteristic and is
expressed in the frequency domain. Specifications are gener-
ated for both tracking and disturbance rejection.

The numerical example demonstrated the application of this
procedure to an IFPC problem. It involved the longitudinal
control of an aircraft using three aerodynamic surfaces and
two engine generated thrusts. Requirements on how well the
aerodynamic surfaces must track their commands and on how
well the propulsion system must track and decouple the thrust
commands were generated.
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