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Optimal Flight Control Synthesis via Pilot Modeling

David K. Schmidt*
Purdue University, West Lafayette,\lnd.

The paper includes the development of a synthesis approach usable in the absence of quantitative aircraft
handling qualities specifications, and yet explicitly includes design objectives based on pilot-rating concepts by
means of an optimal-control pilot model. The methodology uses the pilot’s objective function (from which the
pilot model evolves) to design the stability augmentation system (SAS). The procedure involves simultaneously
solving for the stability augmentation system gains and pilot model via optimal-control techniques.
Simultaneous solution is required in this case, since the pilot model (gains, etc.) depends on the augmented plant
dynamics, and the augmentation is obviously not known a priori.
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= plant system dynamic matrix (nXxn)
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=system observation matrix (/X n)

=expected value operator

= SAS control weighting matrix in Jg,g (m X m)

=scalar SAS control weighting

=pilot control-rate weighting matrix in J,, (m X m)

=identity matrix of appropriate dimension

=objective function for SAS or pilot model

= Riccati gains —solution to Riccati equation; con-
trolled element gain in example

=order of observation vector y

=order of control vector u

=order of state vector x

=augmented state weighting matrix in Jg,g
(nXm)X (n+m)

=pilot rating (Cooper-Harper scale)

=output weighting matrix in J, (/x/)

=pilot-control weighting matrix in J, (mxm)

=control vector, SAS or pilot

=observation or motor noise covariance matrix (/x/)
or (mxm) .

=observation or motor noise vector

=disturbance noise covariance matrix (nxn)

=disturbance noise vector

= system state vector

=observation vector

=dummy variable in least-mean-square predictor

=impulse function; control deflection in example

= estimation error vector

=output variable or commanded variable in example

=estimation error covariance matrix

=observation delay or neuromuscular lag time
constant, seconds

= augmented state vector
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Subscripts

c =commanded variable

m = pertaining to neuromotor parameters (noise)
N =neuromuscular parameters

D = pertaining to the pilot

SAS =pertaining to the augmentation system

y = pertaining to the output parameters

Introduction

OR flight wvehicles with ‘‘conventional’” dynamic

characteristics (i.e., dynamics dominated by the
conventional rigid-body modes such as the short-period
mode), a host of pilot opinion ratings have been correlated
with the damping and frequencies of these modes to yield
quantitative handling qualities specifications.! These ac-
ceptable dynamic properties, or specifications, then provide
the flight control designer with quantitative objectives for
system synthesis on future vehicles.

However, pilot rating data or quantitative handling
qualities specifications are almost nonexistent for flight
vehicles exhibiting nonconventional dynamic characteristics
resulting from completely foreign operating environments
and flight conditions, or radically new aerodynamic and
flight-control designs, that is, V/STOL and control-
configured vehicles (CCV’s). Furthermore, higher-order
system dynamics, such as structural/aeroelastic dynamics or
even augmentation itself, have been found to significantly
alter pilot opinion ratings.>? In these latter cases, then, the
existing handling qualities are inappropriate for use with these
high-order systems.

Consequently, the synthesis problem, already made dif-
ficult by the complex, multivariable nature of the systems
cited above, is compounded by the fact that quantitative
design objectives ultimately based on pilot acceptability are
unavailable. In this paper, the development of an augmen-
tation synthesis methodology applicable in the absence of
handling qualities specifications will be presented. Fur-
thermore, the method explicitly includes design objectives
based on pilot acceptability and is clearly applicable to high-
order systems.

Background

Two previous methods considered appropriate for high-
order systems are the methods of reduced-order or equivalent
systems* and model-following.$ However, in the absence of
prior handling qualities information, the case being con-
sidered here, the equivalent systems method is useless for the
synthesis problem. With regard to model-following methods,
again the system designer has no a priori knowledge of
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desirable system dynamics, hence no information on what
would constitute a desirable model to follow. So these
methods are considered unapplicable in this case.

In the absence of pilot opinion data, some sort of prediction
of pilot rating is required, and any prediction method always
includes some form of pilot model. Two types of pilot control
models exist, describing function models® and optimal
control models (OCM’s).” The first analytical pilot-rating-
prediction method was Anderson’s ‘‘paper pilot.”’® In this
approach, parameters in a pilot describing function of
assumed form were chosen to minimize a pilot-rating metric.
The metric included a measure of closed-loop performance
(i.e., rms tracking error) and a measure of pilot work load (in
the amount of lead introduced into the system by the pilot).
Hollis® applied this methodology to determine the desired
augmentation for an aircraft in a longitudinal pitch-tracking
task.

However, a drawback of any method based on a pilot
describing function is that the pilot’s equalization (or form of
describing function) must necessarily be assumed a priori. The
pilot is known to adapt his gain and form of equalization to
the plant dynamics and the piloting task. Prior selection of a
pilot describing function for nonconventional vehicle
dynamics and new tasks is therefore undesirable. The form or
the pilot’s equalization, gains, etc., should ideally evolve
through the synthesis methodology.

With these facts in mind, the form of the OCM appears
ideal. With proper selection of parameters, the OCM predicts
both the pilot’s gains and equalization. Furthermore,
Hess!%!' has shown that the optimal control model can also
yield pilot opinion predictions for a variety of plants and
tasks. Use of this promising ‘method includes a natural pilot-
rating metric via the pilot-model objective function. Finally,
the optimal-control formulation is most compatible with
high-order systems. A summary of this pilot modeling ap-
proach is necessary at this point.

The Pilot Model

As presented in Ref. 7, the optimal pilot model evolves
from the assumption that the well-trained, well-motivated
pilot selects his control input(s) #,, subject to human
limitations, such that the following objective function is
minimized:

!
JP=E[11m = S

T
lim - (y’Qy+ul’,Rup+d,fGllp)dt]

0

The dynamic system being controlled by the pilot is described
by the familiar linear relation

x=Apx+Bpup+w
y=Cx )

where w is the vector of zero-mean external disturbances with
covariance

E[w(t)w’ (t+0)] =Wd(0)
Included as human liminations are observation delay = and
observation noise v,. So the pilot actually perceives the noise-
contaminated delayed states, or
Yy, =Cpx(t—71) +v,(t—71)
The covariance of the zero-mean observation noise may
include the effects of perception thresholds and attention

,allocation, and is denoted

Elv,(t)v)(t+0)]1=V,5(0)
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Defining x =col [, u,], the solution to the problem, or the
pilot’s control, is given as

iy=—G-'10/11K,x

where K, is the positive definite solution to the Riccati
equation

10 .
--------- ] +K,B,G~!BjK, =K, @

and note that now the equation for the optimal control & is
uy=~G 'K, ;-G 'K, u}

or a linear feedback of the best estimate of the state X and
some control dynamics. (These control dynamics have been
shown to be equivalent to the pilot’s neuromuscular lag.)

To model the pilot’s remnant, motor noise is usually added
to the control equation. The final pilot’s control is represented
by

¥ — — -1 o —1 *
uy=—-G'K, x-G~ 'K, u;+v,

where
Elv, (v, (t+0)] = V,.6(0)

Now, the state estimator consists of a Kalman filter and a
least-mean-square predictor, or

X(1=1)=A,X(t—7) +EC, V! [y, (1)
—C,X{(t=7)1+B,u}(t—1)

£() =B +etr [X(t—1)—B(1—-T)]
with
B=AB+B,u’
and I is the solution of the Riccati equation
A,L+LA, + W-XC,V, C,L=10]

This system of equations, when solved, determines the op-
timal-control pilot model.

Finally, as noted previously, Hess!'®!! has found that when
the weightings on the state and control (i.e., Q and R) in the
pilot’s objective function are appropriately selected, the
resulting magnitude of the pilot’s objective function, after
solving for the pilot model, is strongly correlated with the
pilot’s rating of the vehicle and task. If the pilot rating is given
in the Cooper-Harper system, and if the results in Refs. 9 and
10 are reduced to a regression equation, the relation is

Pilot Rating (PR)=25-.(10J,) +0.3
Now, through this relation and the solution of the pilot model

above, we have not only a pilot-control model but a prediction -
of the pilot’s rating of the dynamic system.
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Augmentation Synthesis Method

In the determination of the pilot model parameters above,
we have expressed the system dynamics in terms of the
matrices A, and B,,. However, since the augmentation has not
been defined, the augmented plant, A, and B,, is as yet
unknown.

Consider the unaugmented plant dynamics to be described
by

x=Ax+Bu+w

However, A and B are now the unaugmented system matrices,
and u is the control input vector. Now, the total control input
to the plant will include pilot input #, plus augmentation
input ug,g, or

u=up +uSAS

Further, from the pilot model, we know that although the
feedack gains (e.g., G"Kpj, G‘IKp4) have not been
determined, the pilot’s control input is expressible as

i,=-G'K, i-G~'K, u,

Now, the estimate of the state, X, can be expressed in terms of
the true state plus some estimation error ¢, or

X=x+e

By treating this error as another disturbance w,, we can write
the pilot’s control equation as

up=—G“1Kp3x—G"Kp4up+wp 3)

(Note, the disturbance term w, can also include the pilot’s
remnant as well.) Combining this relation with the plant-
dynamic and control equations we have

. A : B B w
X= |~mmmommeoees P Xt |-=oo| Usas | ----

-G-'K,, | —-G~'K } {0] {wp}
)
where x =col [x,u,].

We now may proceed to determine an objective function
for determining ug,.

From the correlation between pilot rating and the pilot’s
objective function, we clearly see that the best (i.e., lowest)
pilot rating implies the lowest pilot objective function.
Therefore, for optimum pilot rating, the control ug,s should
be chosen to minimize J, as defined in the pilot rating
method. '° (This method defines the state and control weights,
Q and R, as the inverse of the maximum allowable deviations
in the variables as perceived by the pilot.) Finally, to preclude
infinite  augmentation gains, we must also penalize
augmentation control energy. Therefore, the augmentation is
chosen to minimize

1T
JSAS =Jp +E[1T1£n°° 5_ SO uSAsFuSAsd{]
or
17 o
Jsas =E[1Tim 7 SO (y'Qv+u,Ru,+u,Gu, +u§ASFuSA5)dt]

and Q, R, and G are as chosen in the pilot’s objective function
J,. '
p
This may be written as

T
Jsas =E[1T1_rf1®} So (x'Px +"§A5F"5As)d’]
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where
pe { C,’,QCp+K,§3G—1Kp3 i K,’,3G-’Kp4 }
B e o~
K,’,4G"Kp3 .R+K,,4G 1Kp4

and instead of Eq. (3) being substituted for #, in the above
Jsass We have invoked a form of separation principle and
substituted the relation

u,= —G"Kpjx—G"Kp4up

The heuristic justification for the use of this relation lies in the
fact that we wish to synthesize the augmentation on the basis
of how the pilot is trying to perform the control function
rather than on how the pilot is capable of doing so. The effect
is to eliminate the accuracy of the pilot’s state estimate from
the augmentation synthesis. We are concerned here with
system-dynamic modification rather than display design or
the pilot’s estimation process.

With this objective function and the system dynamics given
in Eq. (4), the problem is now stated in conventional form,
except K, and K, are as yet undetermined of course. If we
assume, for example, full-state feedback, the solution of this
problem is known to be

uias=—F~1[B" 0] Ksasx
or
uips = —F !B’ Ksps, Xx—F~!B'Kgps, 4,

where

A i B ’
‘P‘_“G‘:;;gp;";‘:g:;;gp;“} Kons
X A E B
- { Zo-ik, _G_,;gp;‘}
B . ‘
—P+Kg,g {“0—{! F~=1[B"10]1Kgps =Kgpg (&)

We see in this expression that the solution for Kg,g ob-
viously depends on K, (or K,,, and Kp4 ). Returning to the
Riccati equation (2) for the pifot gain, we also see that that
equation depends in turn on the SAS gains (or K,), since the
pilot Riccati equation involves the augmented plant matrices
A, and B,. As a result of the SAS design procedure just
presented, we now know, however, the SAS structure.
Returning to the pilot model, we may now include this SAS
structure specifically, so that 4, and B, as in Eq. (1), may in
fact be expressed as

ns

A,=A—BF~'B'Kgs,
and
Bp =B(1—F_IB,KSA52 )
Substituting these expressions in the pilot Ricatti equation

yields two coupled Riccati equations, one for the pilot gains,
Eq. (2), and one for the SAS gains, Eq. (5). These may be
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solved simultaneously for Ks,s and K, by integrating both
equations backward. Note that this solution does not involve
a two-point boundary-value problem. Finally, although
optimality of the solution has not been formally addressed
here, in the author’s experience to date the integration has
converged to the positive-definite unique solutions.

A Simple Numerical Example

Consider a simple tracking task with the controlled element
(plant) dynamics considered in Ref. 10:
0(s)/8(s)=K/s? (K=11.7)

The command signal 6. is white noise w, passed through the
filter:

0.(s)/w(s)=3.67/(s2+35+2.25)
and
E(w)=0 E[w(t)w(t+0o)]=6(0)

If-we define the state vector as x=col(8,, 6., 6, 6), we have
the plant

X=Ax+Bb+3.67w

where
0 1 0 0
-225 -3 0 0
A=
0 0 0 1
0 0 0 0

B'=[0, 0, 0, 11.7]

For this system, error and error rate are perceived by the pilot

or
6, -6 1 0 -1 0
yp = N . = X
6, —6 0 1 0 -1
The performance index, chosen consistent with Hess’ rating
hypothesis, is

Lo 1T .
Jp=E{11m —TSD [6,—0)2+0.0152 +g6§]dt}

T—o

and g is chosen to yield a neuromuscular lag, 1/ TN=
G-'K,, =10, 0r 7y =0.1 seconds.

In the above expression, the form of the pilot’s objective
function, J,, to be used deserves some discussion. In the
references cited, Hess used a J,, without the quadratic penalty
on control rate, or u,’ Gu,. However, recent work by Hess
(as yet unpublished) has shown that use of this form in the
pilot-rating metric may lead to erroneous rating predictions
for various control (stick) sensitivities (i.e., B). This
phenomenon is less pronounced if the complete J,,, as defined
previously in the pilot model, is used in the above metric.
Furthermore, use of a J, without the control penalty u,’Ru,,
but including a control rate penalty and varying the weighting
G to yield the effect of a constant neuromuscular lag, appears
to completely eliminate the stick sensitivity issue. However,
since more research appears needed in this area, in this
presentation we will use the complete J, as defined in the pilot
model. Should later work indicate that a different form is
appropriate, this adjustment will be made at that time.
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Unaugmented, the pilot Riccati equations are solved with.
the following noise statistics (human limitations):

1) Equal, attentional allocation, 50% for both error and
error rate.

2) Observation thresholds on error and error rate=0.5
(units of display displacement). -

3) Sensor noise (V) ,;/E(y?) =-~20dB (i=1,2).

4) Motor noise (V,)/E(u?)=-20 dB, where u, =
-G~'K, 5 Xx.

5) Observation delay 7= 0.1 seconds.

The ““piloted’’ system performance is given in Table 1.
Assuming full-state feedback, the augmentation control
law is

dsas = ~K,0,— K0, —K;0—K,6~K;5,
The SAS objective function is
AT
Jsas =7, +E[1T1_Yf1w T SofaéAsdt]
So the piloted plant, including augmentation, will be

x=Apx+Bp6p +3.67w

where
0 1 0 0
-2.25 -3 0 0
A,=
0 0 0 1

117K, -11.7K, -11.7K; -11.7K,

B,=10, 0, 0, 11.7(1~K;)]

Solving the pilot and SAS Riccati equations simultaneously
and then determining piloted system performance as before
yield the results given in Table 2. The augmentation gains,
K, - K, and K;, for the three cases above are given in Table 3,
along with the augmented plant eigenvalues.

The agreement between the trend in plant dynamics
resulting from augmentation and the short-term longitudinal
response requirements, Fig. 1 of Ref. 12, is shown in Fig. 1.

Table1 Unaugmented system performance

zSp rms Jp PR?

(6, —0) rms

1.17 1.00 1.86 7.7

3 Predicted pilot rating based on Ip-

Table2 Augmented system performance

b

f (6. —6) rms Bp rms .Ipa PR
100.0 1.10 0.89 1.60 7.3
10.0 0.79 0.61 0.77 5.4
1.0 0.38 0.35 0.17 1.6

2Note this is the numerical value of the pilot’s objective function, Jp, not

Isas- ) .
Predicted pilot rating based on J, -
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Table3 Augmentation gains

. . : Plant
S K, K, K; K, K eigenvalues?
100 —-0.009 —-0.002 0.009 0.003 0.004 -0.017+0.331/
10 ~0.078 —-0.016 0.084 0.024 0.036 ~0.142+0.982/
1 -0.513 —0.090 0.542 0.130 0.155 —0.758 +2.400/

2 Not including noise filter eigenvalues of course.

LEVEL 2 % x 2ns + =0

PR < 6.5

i@fﬂ

LEVEL 1

L PR < 3.5
THE BOUNDARIES OUTSIDE THE
RANGE ARE DEFINED BY STRAIGHT
LINE EXTENSIONS. NOTE THAT
w,» RAD/SEC THE MAXIMUM w IS A FUNCTION
OF n/a. (acceleration per
y angle of attack)
1 g J
/
/
i N LEvEL 1 of = 15 n/a
£=100 P NI IR
NN NNSNN N SN N SNONANN NN
fro & I
0 0.5 1 2 3 4
(N0 SAS) .
2cw, . SEC
Fig. 1 Short-term longitudinal response requirements.

Conclusions

In summary, we have cited the flight-dynamic and control
problems of nonconventional flight vehicles (V/STOL and
CCV) due to the complexity of augmentation required and the
lack of handling qualities objectives. We have presented a
methodology intended to be suitable for this type of problem.
The method uses an optimal control pilot model to predict not
only piloted performance but pilot rating as well. With the
optimal-control model structure, we were able to formulate
the augmentation synthesis problem as an optimal-control
problem with the parameters in plant matrices depending on
the pilot model, and vice versa. This necessitates simultaneous
solution of the two (pilot and augmentation) problems. We
have included the form of the solution under the assumption
of full-state variable feedback and no measurement noise, and
a simple riumerical example. .

The first logical extension is the solution for the case of
limited state feedback. This limited feedback case is actually
closer to pure plant augmentation than the case addressed
here. In our solution and in the example, we have closed the
tracking loop, and pure plant augmentation would only
feedback plant states. However, the primary purpose of our

discussion here was to provide the problem structure that
would be unchanged regardless of augmentation approach.
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