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Robust Flight Control Design with Handling Qualities
Constraints Using Scheduled Linear Dynamic

Inversion and Loop-Shaping
Wichai Siwakosit, S. A. Snell, and Ronald A. Hess, Senior Member, IEEE

Abstract—A technique for obtaining a full-envelope decoupled
linear flight control design is presented. The methodology begins
with a reduced-order linear, dynamic-inversion technique that is
scheduled over the flight envelope. The reduced order dynamic
inverter can offer a significant reduction in the number of state
variables to be sensed or estimated as compared to typical
applications of inverse dynamic control. The technique can
provide desired input–output characteristics including control
decoupling. The required gain scheduling of the reduced order
dynamic inversion is straightforward. Uncertainty is introduced
by perturbing the stability derivatives in the vehicle model at each
of the flight conditions considered. The effects of uncertainty are
then reduced by additional feedback loops involving a diagonal
compensation matrix obtained through application of a loop
shaping procedure based upon a quantitative feedback theory
predesign technique. The tendency of quantitative feedback
theory to produce high-bandwidth conservative designs is mit-
igated by the scheduling and decoupling associated with the
dynamic inversion. Finally, handling qualities and pilot-induced
oscillation tendencies are evaluated using a structural model of
the human pilot implemented in an interactive computer program
that can include the effects of nuisance nonlinearities such as
actuator saturation. The proposed methodology is applied to the
design of a lateral-directional flight control system for a piloted
supermaneuvarable fighter aircraft.

Index Terms—Aerospace control, aircraft control, aircraft han-
dling qualities, attitude control, gain scheduling, robustness.

NOMENCLATURE

State-space description of vehicle dy-
namics.
State-space description of re-
duced-order vehicle dynamics with
dynamic inversion.
State-space description of re-
duced-order vehicle dynamics.
Minimum number of timesth vehicle
output needs to be differentiated before
input explicitly appears.
Matrices used in defining differentiated
vehicle output variables, i.e.

.
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and matrices associated with re-
duced-order vehicle dynamics.
Right inverses of matrices and

.
Compensation matrix obtained through
application of quantitative feedback
theory or predesign technique thereof.
Constant feedback matrix used in re-
duced-order linear dynamic inversion.
Control ganging matrix, associates con-
trol effectors with vehicle output vari-
ables.
Loop transmission.
Vehicle roll-rate, roll-rate command,
deg/s.

PDT Predesign technique, an approximation
to a formal QFT design.

PIO Pilot-induced oscillation, an unwanted,
inadvertent and atypical coupling
between two or more variables in a
closed-loop pilot/vehicle system.

PIOR Pilot-induced oscillation rating.
QFT Quantitative feedback theory.

Vehicle yaw-rate, deg/s.
System input vector.
Pseudocontrol defining th input to
linear dynamic inverter.
System state variable vector.
A subset of the state variable vector
defining the complete vehicle model.
An estimate of .
System output vector.
Vehicle sideslip angle, sideslip com-
mand, deg.
Excess poles over zeros of .
Aileron deflection, deg.
Differential horizontal tail deflection,
deg.
Rudder deflection, deg.
Roll thrust vector deflection, deg.
Yaw thrust vector deflection, deg.
Vehicle roll angle, roll command, deg.
Crossover frequency ofth feedback
loop in QFT/PDT design, rad/s.
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Fig. 1. Flight control system for design example.

I. INTRODUCTION

CONTROL systems for high-performance aircraft are typi-
cally designed for “full envelope” operation through gain

scheduling of classical single-point designs [1], the implemen-
tation of a nonlinear dynamic-inversion controller [2], or the de-
sign of a single robust controller applicable to the entire enve-
lope [3]. Each of these approaches has certain limitations. For
example, gain scheduling classical designs that have been opti-
mized for separate flight conditions may become complicated
because of the number of parameters that need to be sched-
uled. Nonlinear dynamic inversion typically requires full-state
feedback to realize the controller and uncertainty in the vehicle
model can adversely affect the inversion design. Finally, de-
signing a single controller for the entire flight envelope (or large
portions thereof) using techniques such as QFT can produce an
overly conservative design, exhibiting large bandwidths.

A design formulation which capitalizes upon the strengths of
each of the approaches just enumerated is the subject of the re-
search to be described. In what follows, a linear dynamic-inver-
sion formulation that decouples output variables and involves
only partial state feedback (reduced order linear dynamic inver-
sion) [4] is reviewed. Next, a PDT for approximating formal
QFT designs is briefly described [5]. The analytical evaluation
of the handling qualities and PIO tendencies of the resulting
design through a pilot/vehicle analysis aided by an interactive
computer program [6] is next discussed. After a brief discussion
of accommodating systems with nonminimum phase transmis-
sion zeros, the multiinput–multioutput (MIMO) flight control
example is presented.

II. REDUCED-ORDER, LINEAR DYNAMIC INVERSION

The formulation to be reviewed here has been discussed in
the literature [4] and will only be briefly described herein. Con-
sider Fig. 1 which represents an MIMO flight control system

with a structure pertinent to the research to be described. The
block labeledcontrol ganging matrix associates groups of
the effectors with specific output variables. Each row ofcon-
tains only one nonzero element. In [7], these nonzero elements
were selected to be proportional to the rate limits of the actuator
affected to permit the use of “software” rate limiters in the con-
trol law implementation. The absolute values of the nonzero ele-
ments are not critical, rather the ratios of any two elements must
match the ratios of the rate limits of the associated actuators. Al-
though these software rate limiters will not be utilized herein,
the elements of will be selected in a similar manner. Even
without the inclusion of software rate limiters, this is a reason-
able approach since, in any group of actuators associated with
a given vehicle output variable, the inputs to these devices will
be effectively weighted in inverse fashion to their rate limits.
Thus, assuming comparable control authorities, an actuator with
a relatively small rate limit, (and higher probability of rate sat-
uration) will make a relatively small contribution to the control
of the specific output variable as compared to an actuator with
a relatively large rate limit. The pairing of control effectors to
output variables is based upon the force and moment producing
characteristics of the particular effector. The subject of the re-
mainder of this section is the design of the block labeledre-
duced-order dynamic inverter .

Reduced-order dynamic inversion is implemented with par-
tial state feedback as follows. Consider the vehicle described by

(1)

If is invertible then full state feedback gives the decoupling
control law

(2)
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where denotes a right inverse of and is a pseudocon-
trol. Thus, (1) can be written

(3)

If the th row of is zero, the th output is differentiated until
the input appears explicitly

(4)

The superscript denotes the smallest number of times that
it is necessary to differentiate before an element of appears.
Defining

(5)

where

(6)

with

for
for

(7)

and

(8)

where

for
for

(9)

Now, inversion gives

(10)

This formulation can be modified if one wishes to place the
“free” poles at positions other than the origin, i.e., modify the
decoupled-integrator form of the last of (10). Consider a vehicle
output with associated . The transfer function between this
output and associated pseudocontrolhas poles that can be
arbitrarily placed. Defining the polynomial formed by multi-
plying the factors associated with these desired pole locations
as one has

(11)

It can be easily shown [4] that if one modifies theth row of the
and matrices as follows, the desired pole placement will

occur

(12)

In the equations to follow, it will be assumed that desired pole
locations have been determined and that theand matrices
have been appropriately modified.

Reference [8] demonstrated that for linear applications, the
dynamic-inversion controller of (10) could be represented as a
precompensation matrix of transfer functions, eliminating the
need for state feedback. However, the order of these transfer
functions, even after simplification, could be high. This means
that scheduling these parameters with flight condition (if nec-
essary) would pose difficulties. The work of [8] also showed by
example that the linear dynamic-inversion controller for a single
flight condition could be applied across a large flight envelope
if, as proposed here, a QFT controller were employed to close
outer loops. Given this result, however, it still may be advisable
to utilize scheduling to increase the size of the flight envelope
for which the control design is applicable, and/or to reduce the
bandwidth of the QFT controller. These considerations provided
the impetus behind the research to be described.

Reference [4] indicated that the number of parameters to be
scheduled in a linear dynamic-inversion control law could be re-
duced significantly by reducing the number of states in the ve-
hicle model (e.g., by eliminating actuator states) but introducing
a feedback law which is similar in form to an “observer” as

(13)

where the subscript denotes a subset of the state variable
vector defining the complete aircraft model and denotes a
state vector which now estimates. The reduced order model
may represent the vehicle bare-airframe rigid-body dynamics
without additional states associated with actuators. In such
as case, will include the control distribution matrix .
The additional term causes to converge
exponentially to , a state vector whichis obtained from the
vehicle response. The additional term does not alter the transfer
function between and but it does allow the designer to tailor
the error dynamics that are governed by the eigenvalues of the
matrix . As pointed out in [4], is typically
chosen as a constant, diagonal matrix, whose elements can
be chosen arbitrarily without adversely affecting the good
decoupling properties of the dynamic inverse controller.
is typically chosen to mitigate the deleterious effects of the re-
duced-order model, particularly as regards the zero dynamics of
the inverse system. Also, can also be used to stabilize an
unstable vehicle or increase the stability of a marginally stable
one. It is in this latter property that differs from a true
observer gain that only affects observer dynamics. Equation
(13) exhibits aspects of model-following control. Indeed, the
similarities between dynamic inversion and model-following
control have been noted by other researchers, e.g., [9].

The poles of all internal and external modes of the decoupled
plant are given by the roots of [4]

(14)



486 IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY, VOL. 8, NO. 3, MAY 2000

Fig. 2. Desirable attributes of loop transmissions.

A subset of the poles is located at the eigenvalues of
, while the remaining poles are located at the

eigenvalues of (vehicle transmission
zeros) and cannot be altered using . Because the elements
of in the error feedback term appearing in the first of
(13) do not affect the nominal transfer function between
and , they may be selected to be of any reasonable magni-
tudes to stabilize the poles of the vehicle without resorting to
inappropriately large magnitudes which would invalidate the
reduced-order model. Of course, in most MIMO applications,
the “desired” vehicle dynamics between pseudo-controlsand
vehicle outputs of the linear system will be decoupled [8].
This means that a MIMO QFT controller can effectively be
designed as a set of independent single input–single output
(SISO) controllers, considerably simplifying the QFT design.
The important issue of nonminimum phase vehicle dynamics
will be briefly discussed in a later section.

A. Scheduling

As will be demonstrated in the example, scheduling the dy-
namic inversion controller summarized in (13) is straightfor-
ward. In state-space form, the system to be scheduled (typically
with altitude and Mach No.) involve matrices , , , and

defined from (10) using a reduced-order vehicle model as

(15)

The direct relationship between the scheduled dynamic inver-
sion controller and the vehicle dynamics, as expressed in,

, , and is evident from (12) and (15). Such relative
simplicity is not always found in scheduling algorithms, e.g., if
the controller was described as a transfer function matrix, the
polynomial coefficients of the matrix elements would be sub-
ject to scheduling and their relationship to the vehicle parame-
ters would not be as transparent.

III. QFT PREDESIGN

The QFT PDT was introduced in [5] and exercised in [8].
Only a brief overview will be presented here. The PDT is a
means for obtaining estimates of QFT diagonal compensation
elements, given desired performance specifications expressed
as closed-loop tracking and cross-coupling bounds. In addition,
PDT will provide guidance as to a loop-closure sequence in a
MIMO formulation.

The PDT has its basis in an assumption regarding the diagonal
compensation elements of QFT compensators such as in
Fig. 1. Referring to Fig. 1, if the pseudocontrolsand , are
approximately decoupled (as they would be after application of
the reduced order dynamic-inversion elementin Fig. 1), then
the following relationship can be employed:

(16)

where and represent the excess poles over zeros of
and , respectively. The relations of

(16) ensure that the well-known desirable frequency-domain
attributes of a loop transmission, (shown in Fig. 2) will be in
evidence in each of the (approximately) decoupled control
loops of the design. Equation (16) indicates that the elements
of can be of relatively high order. However, reductions
in order are almost always possible due to near pole-zero
cancellations. Indeed, one of the benefits of the linear inver-
sion controller is that the resulting outer-loop dynamics, i.e.,

can be easily compensated with the elements of .
Since the selection of the elements of is based upon a
loop-shaping procedure, the effects of such simplification on
closed-loop performance can be immediately assessed through
the PDT.

After introducing uncertainty by perturbing the stability
derivatives in the vehicle model, the crossover frequencies
in (16) can be systematically increased until desired tracking
and cross-coupling performance bounds are achievedin the
presence of uncertainty. This exercise would serve as a prelude
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Fig. 3. Bode plots of diagonal elementsG (1; 1) andG (2; 2) of compensation matrixG (s).

Fig. 4. Nichols chart plots of loop transmission forp=p loop; 18 flight conditions with perturbed vehicle dynamics.

to a formal QFT design. In addition to estimates of performance
and crossover frequencies, the PDT also will allow estimation

of realizable cross-coupling bounds which are often difficult to
establish ina priori fashion. Finally, the PDT will suggest a
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TABLE I
NOMINAL VEHICLE MODEL

loop closure sequence in a sequential loop closure QFT design
[8], [10].

IV. QFT FORMAL DESIGN

The QFT design technique, described here as the “formal”
technique to distinguish it from the PDT, has been thoroughly
described in the literature. No further discussion will be under-
taken herein. The text of [3] and the research reported in [8]
and [10] provide background information and examples of flight
control applications.

V. DESIGN ELEMENTS AND CONSIDERATIONS

The design technique just outlined involves the following: 1)
selection of desired pole location(s) of “free” poles in the dy-
namic inversion controller; 2) selection of elements of ; 3)
selection of the crossover frequencies in (16); and 4) selec-
tion of a diagonal prefilter matrix . Obviously, each of these

selections will impact the final design, and in particular, the han-
dling qualities and PIO susceptibility of the vehicle. Limitations
on the first two of these selections accrue because of the approx-
imation inherent in (13), i.e., that a reduced-order vehicle model
is being considered, in which actuator dynamics may have been
ignored. Thus, forcing free pole(s) to too high a frequency would
invalidate the reduced order assumption. The same is true for se-
lection of the elements of .

Following the QFT design philosophy, the crossover frequen-
cies of selection (3) are typically determined as the minimum
values ensuring stability and providing acceptable variations in
the magnitude and phase characteristics of thelinear tracking
and cross-coupling transfer functions across the flight condi-
tions defining the flight envelope [5]. Desired bandwidths, de-
termined primarily from handling qualities constraints are then
obtained from item (4), i.e., appropriate prefilter characteristics,
typically lead-lag in nature. In the case of the design approach
discussed herein, it is likely that crossover frequencies low in
comparison to those needed without scheduling will still yield
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acceptable transfer function variations across the flight enve-
lope. While this is a highly desirable situation from the stand-
point of a linear system, (minimizing sensor noise propagation
to the actuators) it may be undesirable when actuator saturation
occurs due to aggressive maneuvering. The existence of a higher
bandwidth feedback loop through (created by larger
values) can ameliorate the effects of nonlinearities such as sat-
uration. In the linear domain, the actuator rate requirements are
independent of the mechanism used to create the desired system
bandwidths, i.e., either through large , with modest or no pre-
filter lead requirements, or through small with large prefilter
lead requirements. It is thus obvious that tradeoffs exist in each
of the four selections that define the design procedure offered
herein.

VI. PILOT/VEHICLE ANALYSIS

If the aircraft whose control system is being designed will be
subject to human pilot control, the establishment of performance
boundaries must address constraints associated with handling
qualities and PIO tendencies. A variety of analytical measures
are available for assessing the handling qualities of an aircraft,
e.g., [11]–[14]. Reference [15] summarizes tools for analyzing
PIO susceptibility. While all of these techniques are useful, they
all have one shortcoming, they are limited tolinear systems.
Since the possibility of actuator saturation should be considered
in high-performance aircraft, pilot/vehicle analysis techniques
amenable to the study ofnonlinearsystems are highly desir-
able. In this light the methodology discussed in [16] and [17]
will be utilized here. The analysis will be made more tractable
through the use of an interactive computer program for pilot/ve-
hicle analysis described in [6].

It must be emphasized that the final assessment of the accept-
ability of the flight control design will be through the exercise
of the nonlinear pilot/vehicle analysis technique just mentioned.
Since system nonlinearities such as the hard saturation charac-
teristics associated with actuator rate and amplitude limiting are
not included in thelinear design procedure which has been de-
scribed, their inclusion in the pilot/vehicle analysis may require
additional design cycles. This iteration is most likely to affect
selection of the in (16) and the elements of .

VII. V EHICLES WITH NONMINIMUM PHASE

TRANSMISSIONZEROS

A well-known limitation of dynamic inversion involves its
application to systems with nonminimum phase transmission
zeros. In these cases, internal dynamics of the controller become
unstable. One of the means of accommodating such systems is
through the introduction of “regulated variables” [4]. For ex-
ample, one may be able to form a linear combination of system
output variables that yields a vehicle with transmission zeros
that are all minimum phase. Control of the desired output vari-
ables can then be reestablished through appropriate off-diagonal
terms in the prefilter matrix . This is an especially attrac-
tive approach given the ability of the design technique proposed
herein to yield small variations in tracking dynamics and small
cross-coupling.

VIII. D ESIGN EXAMPLE

A. Vehicle and Flight Conditions

The aircraft data were taken from [18] and consists of a
simple aerodynamic model of the NASA High Alpha Research
Vehicle (HARV). The five aerodynamic effectors consist of
the 1) differential horizontal tail, (deg); 2) ailerons,
(deg); 3) rudder, (deg); 4) roll thrust vectoring (differential
pitch vectoring of the two engine exhausts), (deg); and
5) yaw thrust vectoring (deg). The simplified vehicle
model consisted of three states: sideslip angle(deg), roll-rate,

(deg/s) and yaw rate, (deg/s). Eighteen flight conditions
comprised the flight envelope and ranged from
ft, to ft, .
Table I shows the vehicle model for the flight condition chosen
as nominal ( ft, ). Also included
are models of the actuation devices with their rate and ampli-
tude limits and the model of the cockpit force/feel system for
the aircraft center stick. The latter is necessary for application
of the pilot/vehicle analysis discussed in [16] and [17]. Fig. 1 is
the block diagram of the flight control system for the example,
and defines a roll-rate command/sideslip command system. It
is assumed herein that the pilot will command vehicle roll-rate

through lateral control stick inputs and sideslip through
pedal inputs.

B. Linear Dynamic Inversion Design

The inversion design begins with definition of the reduced-
order vehicle model, i.e., the , , , and matrices. Here
this will involve the bare airframe dynamics, and will neglect ac-
tuator dynamics. The system description allows one pole to be
placed in each of the decoupled loops. Here these were each
chosen at 1. The selection of a single pole is due to
the fact that only one differentiation of each output was nec-
essary to allow each input to appear explicitly, Selection of1
was somewhat arbitrary, but based upon the desire to create a
first-order response with a bandwidth which would not unduly
amplify sensor noise. Next, the static elements of the ma-
trix were selected. In addition to improving the performance of
the dynamic inversion based upon the simplified vehicle model,
elements of were selected to improve the damping of the
dutch-roll model of the vehicle, which is lightly damped at all
flight conditions. The following was utilized:

(17)

Referring to (13), the larger gain on the third state variable,,
increases the dutch-roll damping by moving the poles from the
eigenvalues of to those of .

The formulation just outlined was repeated for each of the
eighteen flight conditions. Employing linear interpolation, a
scheduling map was obtained for the elements of the matrices

, , , and of (15) for the entire flight envelope.

C. QFT Predesign Technique

As discussed in the preceding, the QFT PDT assumes
that uncertainty is included in the model formulation. This
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Fig. 5. Bode plots ofp=p transfer functions from system of Fig. 1: 18 flight conditions with perturbed vechicle dynamicsF (s) = identity matrix.

uncertainty would typically arise in estimation errors in the
aerodynamic model of the aircraft at various flight conditions
and/or in the variation in vehicle dynamic characteristics that
would occur with different configurations of external stores,
e.g., missiles, fuel tanks, etc. Herein, these errors were cre-
ated artificially by perturbing the stability derivatives of the
vehicle model by a maximum of 20%, with the magnitude
of the perturbation chosen randomly from a rectangular dis-
tribution. The maximum 20% perturbation was considered
to be representative of aerodynamic modeling errors which
would be encountered in practice.

Fig. 3 shows the Bode plots for , obtained from applica-
tion of (16). A crossover frequency rad/s was chosen for
each loop based upon the PDT. That is, as 4 rad/s represented a
compromise between too small a value which resulted in large
variations in the magnitude portions of the Bode diagrams of

and and too large a value which would have the
potential of causing actuator saturation. Fig. 4 shows the loop
transmissions for the loop (with perturbations and the
loop closed) on a Nichols chart. Similar results obtain for the

loop. It should be noted that the PDT includes the linear
actuator dynamics given in Table I. As demonstrated by Fig. 4,
excellent stability margins are in evidence for thelinear design.
Fig. 5 shows the Bode plots for the transfer function with
an identity matrix for the prefilter, . Similar results obtain
for . An examination of the cross-coupling transfer func-
tions also indicates small cross-coupling.

Because of the quality of the design resulting from the PDT,
no formal QFT design was undertaken here. That is, it was felt
that little additional information would be added by such a study

Fig. 6. Pilot/vehicle system for roll-attitude control.

and the so obtained would differ little, if any from that
obtained from the PDT. Certainly this was true in [8].

D. Pilot-Vehicle Analysis—Linear Model

Fig. 6 is a simplified representation of the pilot/vehicle
system for roll-attitude control with a pilot-in-the-loop.
Although sideslip control can also be considered, attention
will be focused herein on the roll-attitude loop, with so-called
“feet-on-the-floor” behavior by the pilot, i.e., no explicit control
of sideslip when roll-maneuvers are undertaken. The pilot/ve-
hicle analysis technique described in [6] was then employed
to design prefilter dynamics to yield level 1 handling qualities
with no predicted tendencies for pilot-induced oscillations. The
resulting prefilter elements were

(18)

These elements are not unique, and were obtained in iterative
fashion, i.e., a form for was selected and then evaluated for
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Fig. 7. Pilot model prediction of handling qualities level for nonlinear vehicle (includes effects of actuator saturation and antiwindup logic);Alt: = 10 000 ft,
Mach No: = 0:2.

Fig. 8. Pilot model prediction of PIO susceptibility for nonlinear vehicle (includes effects of actuator saturation and antiwindup logic);Alt: = 10 000 ft,
Mach No: = 0:2.

handling qualities and PIO susceptibility using the pilot/vehicle
analysis technique of [16]. It should also be emphasized that

these predictions are based upon thelinear vehicle model. It
should also be noted that this assessment was conducted using
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Fig. 9. Pilot model prediction of tracking and cross-coupling performance (includes effects of actuator saturation and antiwindup logic);Alt: = 10 000 ft,
Mach No: = 0:2; each vehicle model parameter perturbed�10%.

only a single transfer function for , and a single transfer
function for a simplification allowed by the small varia-
tions in magnitude and phase of these transfer functions as ex-
emplified by Fig. 6 for .

E. Pilot/Vehicle Analysis—Nonlinear Model

Analysis with a nonlinear vehicle model requires specifi-
cation of a precision roll tracking command such as the one
employed in recent flight tests of a fighter aircraft [19]. The

roll command was displayed as a rotating command bar on
a head-up display. The maximum commanded roll-attitude
was 70 for all but three of the flight conditions. For the
low-speed flight conditions (those at Mach No. of 0.2 and 0.3),
the maximum roll-attitude command was reduced to a more
realistic 30 .

Space does not allow a full description of the pilot/vehicle
analysis. The study of [17] demonstrates application of the
technique of [16] to nonlinear vehicle dynamics. However,
the results for a single flight condition with perturbed vehicle
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dynamics will be briefly described. The flight condition was
chosen from the 18 original design points ( ft,

). This condition was chosen as being one of
the most challenging from a design standpoint, i.e. the vehicle
is flying slowly (215 ft/s) and at an altitude where dynamic
pressure is approximately 65% of what it would be if the
vehicle was flying at the same speed at sea level.

1) Antiwindup Logic: This logic was created by removing
the pole at the origin in and and im-
plementing separate integrators in each of the two loops imme-
diately following . These integrators were implemented
as “limiting integrators,” i.e., each possessed upper and lower
limits which, when once achieved, were maintained until the
derivative of the input was such as to drive the integrator out
of the limit. The respective bounds were obtained by examining
the magnitude of the integrator outputs without limiting.

2) Performance Evaluation:With the instability problem
solved, the vehicle model was perturbed. As opposed to
selecting the perturbation magnitudes previously described,
here each perturbation consisted of a full10% change in
the respective elements of the and matrices with the
sign of the change selected randomly. Fig. 7 shows the pilot
model prediction of handling qualities level as interpreted on
the Cooper–Harper [20] scale after the inclusion of the limiting
integrators. Shown on the figure are bounds indicating regions
of level 1, 2, and 3 handling qualities. The curves denoted
“analysis” and “simulation” represent metrics for handling
qualities prediction referred to as handling qualities sensitivity
functions (HQSF’s) [16], [17]. The handling qualities which a
vehicle and task are predicted to receive are indicated by the
region into which the HQSF penetrates. The “analysis” curve
represents thelinear vehicle, while the “simulation” curve
represents thenonlinear vehicle, i.e., incorporating actuator
rate and amplitude limitations. Fig. 8 shows a similar analysis
for PIO susceptibility. As with the HQSF, the predicted “levels”
for PIOR are indicated by the region into which a pertinent
pilot/vehicle signal (the normalized power spectral density
of a proprioceptive signal in the pilot model) penetrates. The
PIO rating scale itself was first introduced in [21], however,
the definitions oflevelsas shown in Fig. 8 were introduced
in [16], and are not in general use. Basically, the PIOR levels
indicated in the figure progress from little or no PIO suscep-
tibility , mild to significant PIO susceptibility

, definite PIO susceptibility . Fig. 9
shows the tracking performance of the pilot/vehicle system in
the low-speed flight condition. Note the small excursions
indicating effective decoupling. A complete analysis, of course,
should include an analytical handling qualities evaluation at
all the 18 flight conditions. Here, five flight conditions were
analyzed, defining the “corners” of the flight envelope and
a single interior point shown in Table I ( ft,

). All were predicted to possess excellent
handling qualities with no PIO tendencies.

IX. CONCLUSION

A tractable technique for the design of flight controllers
using scheduled linear dynamic inversion and loop shaping is

possible. The technique allows for the use of linear inversion
dynamics of reduced order, thus decreasing the complexity of
parameter scheduling. The loop shaping can be approached
through QFT and the use of a PDT can simplify the formal
QFT design, and in some cases, eliminate it. A pilot/vehicle
analysis program allowed the design to meet handling qualities
and pilot-induced oscillation constraints in both the linear and
nonlinear regimes, where the latter was associated with the rate
and amplitude limitations of the actuators. Current research is
aimed at unifying the four design elements which constitute the
procedure, with a goal of formalizing and possibly automating
the synthesis technique.
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