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Cross Coupling in Pilot-Vehicle Systems

R. A. Hess* and D. C. Watsonf
University of California, Davis, California

Multiloop pilot-vehicle analysis is applied to the problem of determining crossfeed techniques that may be
employed by pilots in minimizing the effects of vehicle cross coupling. Herein, cross coupling refers to unwanted
vehicle motion, which occurs in one control axis or loop as the result of pilot control actuation in another control
axis or loop. The minimization or elimination of such cross coupling can significantly affect the "workload"
associated with tasks such as nap-of-the-Earth helicopter flight. In contrast, situations arise in which pilots may
use vehicle cross coupling to improve performance by coordinating two control actuations in the control of a
single response variable. A crossfeed model is developed based upon simple control system design principles and
configured in a manner amenable to pursuit or precognitive pilot control activity. A handling-qualities theory
developed to analyze single-loop tasks is applied to the multiloop problem. The crossfeed model is applied to five
different vehicles/configurations ranging from helicopters to fighter aircraft. Results indicate that relatively sim-
ple crossfeed commands can significantly reduce cross coupling and, in some cases, improve handling qualities
as predicted by the single-loop theory.

I. Introduction

T HE term "cross coupling" can refer to a variety of dif-
ferent phenomena in dynamic systems. As used in this

research, the term can best be understood by referring to Fig.
1, which is a simplified block diagram representation of an air-
craft under manual control. In the feedback system shown,
two control variables dl and 62 are available to the pilot to
control vehicle output quantities x and y, respectively. Cross
coupling refers to the production of y output by dl actuation
or x output by d2 actuation. In either case, the outputs can be
considered unwanted since they are essentially system distur-
bances, i.e., uncommanded vehicle outputs. A pertinent ex-
ample in helicopter flight control would be the roll attitude
perturbations produced in some vehicles as a result of
longitudinal cyclic actuation to control pitch attitude.

In certain instances, the existence of cross coupling can be
used to the pilot's advantage. For example, in Fig. 1 the pilot
might use both controls d{ and 62 in a particular maneuver to
control a single vehicle output, say x, with better performance
(e.g., higher bandwidth) than that obtainable using 5{ alone.
With a few exceptions,1'2 there has not been a great deal of
research undertaken to model the activity of human pilots us-
ing control "crossfeed" techniques to reduce or eliminate
cross-coupling effects. However, the advent of aircraft with
the requirement of nearly independent control of as many as
six degrees of freedom3 will demand knowledge of the
human's capabilities in this area. In addition, the successful
completion of certain tasks such as nap-of-the-Earth helicop-
ter flight depends upon precise control of vehicles with strong
cross-coupling tendencies.2'4 The ability of the human pilot to
minimize cross coupling in such tasks obviously influences
vehicle effectiveness, and the "workload" required to ac-
complish this can certainly affect the pilot's perception of
vehicle handling qualities.

Figure 2 shows a pair of hypothesized control crossfeed
structures, which minimize the y output disturbance due to the
d{ activity as discussed in Fig. 1. The dashed element shows a
direct crossfeed from 5l to d2 through appropriate compensa-
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tion Gc'f. An alternate possibility is shown by the solid ele-
ment. Here, an appropriate y£ is created by the compensation
Gcf acting upon xc. Both of these crossfeeds can, in theory at
least, eliminate the cross coupling in question. Actually, a
number of crossfeed possibilities exist, each utilizing a
variable from the upper feedback loop to provide an input to
the lower loop. There is no a-priori reason to view any one as
superior to the others at this juncture.

II. Multiloop Pilot-Vehicle Analysis
The technique for generating multiloop models of the

human pilot used here has as its basis a well-established tech-
nique for multiloop control system analysis and design.5 Suc-
cessful applications of the technique to multiloop pilot model-
ing are quite common.6'7 The approach relies simply on nested
single-point feedback loops in which loop bandwidths
decrease as one proceeds from the innermost to outermost
loop. Consider Fig. 3, which shows a hypothesized multiloop
pilot model for longitudinal control of a fighter aircraft in
landing approach. The loop structure represents a "backside"
control technique in which throttle controls altitude and
elevator controls airspeed through pitch attitude. Figure 3 also
indicates hypothesized bandwidths (or open-loop crossover
frequencies) for each closure. The bandwidth separation
shown between closures for any control point is consonant
with good design practice. The relative and absolute
magnitudes of the bandwidths are assumed to be task-
dependent.7

Fig. 1 Simplified pilot-vehicle system.
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Fig. 2 Pilot-vehicle system involving crossfeed.

The selection of appropriate pilot dynamics for the blocks
YPO> YPh9 and YPu is basec* uP°n repetitive application of the
crossover model "of the human pilot.6 While the multiloop
design technique may require iterations due to the initial selec-
tion of an inappropriate loop structure, experience soon
teaches the analyst to quickly formulate an acceptable
multiloop model of the pilot. For the sake of simplicity, pilot
time delays are ignored in the analyses to follow. Adequate
phase margins have been provided in the pilot-vehicle analyses
so that the effects of the neglected delays will be minimized.

III. Crossfeed Model
Consider Fig. 2 with only the solid-line crossfeed element,

i.e., crossfeeding of commands. Using the multiloop analysis
techniques from Ref. 5, the transfer function y/xc can be
found as follows:

y_
xfi

(1)

Here the terms 7V£ and A^$2, etc., represent "coupling
numerators" of the first and second types, respectively. Now
setting y/xc equal to zero (implying that the crossfeed Gcf has
eliminated the cross coupling), one can solve for the necessary
crossfeed characteristics as

Gcf = - (2)

Equation (2) can be put into a simpler form by considering
Fig. 2 with Gcf = 0 and using the multiloop analysis technique
to calculate y/xc and y/yc as

y
x A" yc

(3)

where A" is the denominator of Eq. (1). Thus, the required
crossfeed becomes simply

Ga=-(y/xc)/(y/ye) (4)

where the closed-loop transfer functions on the right-hand
side have been calculated from Fig. 1. Although more com-
plicated than Eq. (4), Eq. (2) clearly shows the influence of
basic vehicle characteristics (through the coupling numerator
terms) and the pilot dynamic characteristics (YPe, etc.) on the
required crossfeed transfer function.

The pilot model crossfeeds used in this study will be as-
sumed to originate at the outer-loop command in the loop
causing the cross coupling and to terminate in the disturbed
loop. Now two additional constraints are made at this junc-
ture. The first requires that the bandwidth of the loop into

CD = 2.0, a* = 0.5, w = 0.2 (rad/sec)
*»n Ci_ C

Fig. 3 Hypothesized multiloop pilot model.
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Fig. 4 Structural model of the human pilot.

which the crossfeed is entering be greater than or equal to that
associated with the outer loop from which the crossfeed is
originating. The second constraint requires that the crossfeed
signal y'c should act as a command to the innermost of the
disturbed loops. Here "innermost" refers to the loop contain-
ing the pilot's control variable. This constraint allows the pilot
to treat the crossfeed as a pursuit task.

A question can arise as to whether the pilot will actually be
able to generate the equalization implied by the transfer func-
tion Gcf. This is not a minor point since the manual control
literature clearly indicates that the human has limitations in
this area and there is no guarantee that crossfeed transfer
functions such as Gcf will be amenable to representation by,
say, a simple gain or first-order lag. An alternate interpreta-
tion is possible here, however. Namely, one can view the
crossfeed activity in the time domain, i.e., by examining the
signal y'c itself. This is especially attractive since the outer-loop
command from which the signal y'c is generated is always
likely to be very simple in form, i.e., a step command, or an
approximation thereof. Heffley9 has shown, for example, that
many realistic discrete flight maneuvers can be modeled by the
multiloop pilot-vehicle approach discussed in Sec. II by allow-
ing the outer-loop command(s) to be generated by a "sample-
and-hold" operation on the actual continuous "task"
command(s). The sampling interval of the sample-and-hold
operation is inversely proportional to the outer-loop crossover
frequency or bandwidth. Heffley's results suggest that, re-
gardless of the time-dependence of the actual task command,
the outer-loop command which the pilot utilizes is actually a
series of step commands of varying sign and magnitude that
arise from the natural scanning and sampling operation the
human is known to employ in controlling a multivariable
system.10

IV. Handling-Qualities Analysis
Reference 11 discusses a theory for handling qualities that

has as its basis a structural model of the human pilot presented
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in Ref. 12. A simplified version of the structural model for
compensatory control of a single variable is shown in Fig. 4.
The model employs an inner proprioceptive feedback loop,
which contains an explicit internal model of the controlled ele-
ment dynamics. Reference 4 indicates that the rms value of the
signal um in the model varies monotonically with task diffi-
culty as perceived by the pilot. Now, one can consider that the
pilot dynamics in each of the innermost loops of the pilot-
vehicle systems to be discussed consist of a structural model
such as the one shown in Fig. 4. Furthermore, the nature of
the pilot compensation (e.g., gain, lead, or lag) predicted by
the multiloop analysis provides enough information to make a
relative comparison of the rms values of the um signals that
would exist in the structural models configured to exhibit the
same dynamics (gain, lead, or lag). This means that an
analytical assessment of the effects of crossfeed on handling
qualities can be made as discussed below.

BO-105C Helicopter
The BO-105C is a twin-turbine, lightweight utility helicopter

with a single main rotor system consisting of a four-bladed,
soft-in-plane, hingeless design. The flight condition of interest
here is sea-level flight at 60 knots. The cross coupling to be ex-
amined is the altitude disturbance, which occurs when a
longitudinal acceleration is initiated by longitudinal cylic con-
trol. Figure 5 shows the hypothesized pilot loop closures ap-
propriate for an aircraft in backside operation. The assumed
crossover frequencies in each compensatory closure are in-
dicated in the figure, as is the appropriate crossfeed strategy as
discussed in the Introduction. The relatively large crossover
frequency for the altitude loop was selected on the basis of the
rapid response characteristics of the hingeless rotor system.
The aerodynamic data which allowed the multiloop pilot-
vehicle analysis was taken from Ref. 12. The simplified com-
pensatory pilot dynamics which resulted from the analysis are
given below. In what follows, Kl—K19 represent constant
gain values.

Y»=
(5)

The predicted crossfeed transfer function can be adequately
represented by the lower-order representation

K4(66.7s+l)
(6)ct (5.13s2 +4.875+1)

It should be emphasized, of course, that the transfer-function

simplification is not really necessary in the analysis. It was
done here as an analytical convenience. Indeed, the lack of
complete elimination of cross coupling in the examples is at-
tributable to the simplifications made in the predicted
crossfeed transfer functions. Note that, although the block
diagram of Fig. 5 differs from that discussed in Sec. IV (Fig.
2), the same technique can be applied to finding the necessary
crossfeed, i.e.,

Gcf=-(h/uc)/(u/uc) (7)

where the transfer functions u/uc and h/hc are calculated with
all the compensatory loops closed, using the equalization
given in Eq. (5). Figure 6 shows the altitude disturbance to an
airspeed command of 20 ft/s with and without crossfeed. In
all cases in these examples, the outer-loop "commands" were
generated as step inputs passed through a second-order filter
with unity damping ratio and a break frequency four times
that of the bandwidth of the loop they were comanding. This
smoothed input was felt to be realistic in that it did not result
in discontinuous or extremely abrupt signals in the simula-
tions. Figure 6 indicates that a very significant improvement in
performance is possible with crossfeed. Also shown in the
figure is the time history of the crossfeed command h'c.
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(ft) no crossfeed

crossfeed command

-2-

-3 .

-4

Fig. 6 Time histories for airspeed command; BO-105C.
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Fig. 5 Pilot loop closures for BO-105C helicopter.
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Fig. 7 Pilot loop closures for OH-6A helicopter.
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Fig. 8 Time histories for pitch attitude command; OH-6A.
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Fig. 9 Pilot loop closures for QSRA aircraft.

The ratio of the rms values of the appropriate um signals in
a structural model representation of Y isPh

(8)

This indicates that little degradation in handling qualities is
predicted by the technique of Ref. 11 when comparing pilot
control with and without crossfeed.

OH-6A Helicopter
The OH-6A is a single-turbine, light observation helicopter

with a four-bladed, fully articulated main rotor. The flight
condition of interest here is sea-level flight at 60 knots. An
ideal turn coordination autopilot was assumed. The cross
coupling to be examined is concerned with the roll attitude
disturbances which occur when pitch attitude changes are
made with longitudinal cyclic control. Figure 7 shows the
hypothesized pilot loop closures appropriate for an aircraft in
backside operation. The crossover frequencies are also shown.
The aerodynamic data for the vehicle model was taken from
Ref. 13. The simplified compensatory pilot dynamics which
resulted from the analysis are
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Fig. 10 Time histories for altitude command; QSRA.
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Fig. 11 Pilot loop closures for F-4C aircraft.

An adequate representation of the predicted crossfeed transfer
function can be given as

K7(0.6675+l)
(0.06675+1)

(10)

Figure 8 shows the roll attitude disturbance of a 10-deg pitch
attitude command with and without crossfeed. Again, a con-
siderable improvement in performance is evident. The time
history of the crossfeed command <t>'c is also shown.

The ratio of the rms values of the appropriate um signals in
structural model representations of Y~ is*^<P

((Tu*)cf -2.7 (11)

Ynn —

A handling-qualities decrement is predicted for roll attitude
control with crossfeed, i.e., the rms value of um for roll at-
titude control with crossfeed is a factor of 2.7 larger than the
value without crossfeed. This number can be placed in
perspective by referring to Ref. 11, where a factor of 2.6 is
concomitant with a controlled element change from
(Ke~°-315s)/s to K/s2. Of course, the caveat here is that we are
dealing with a multiaxis control task, whereas the data of Ref.
11 involves only siiigle-axis tasks. Nonetheless, the handling-
qualities result offers an interesting comparison between con-
trol techniques, and suggests that the pilot would find the
crossfeed technique objectionable, despite the performance

(9) improvement.
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Fig. 12 Time histories for airspeed command; F-4C.

w = 2.0, co = 0.5 ( rad/sec)
C6 ch

Fig. 13 Pilot loop closures for F-4J aircraft.

QSRA
The Quiet STOL Research Aircraft (QSRA) is an advanced

propulsive-lift airplane employing hybrid upper-surface blow-
ing for propulsive lift. It is powered by four turbofan engines.
The model employed here was obtained from a NASA Ames
flight-simulation model. For the configuration studied here,
the vehicle possessed a pitch control augmentation system and
a direct lift control system. The flight condition of interest is a
75-knot landing approach. The cross coupling to be examined
is the airspeed disturbance that occurs when an altitude change
is made using throttles only. Figure 9 shows the hypothesized
pilot loop closures appropriate for an aircraft in backside
operation. The crossover frequencies are also shown. An ex-
plicit vertical velocity inner loop has been employed in the
modeling to support a flight-director design, which is not the
subject of this research. The simplified compensatory pilot
dynamics which resulted from the analysis are

technique for this particular F-4 variant). The assumed cross-
over frequencies are also shown. The aerodynamic data for
the model was obtained from Ref. 14. The simple pitch at-
titude stability augmentation system (SAS) given in Ref. 14
was included. The simplified compensatory pilot dynamics for
this task are

(15)

The predicted crossfeed transfer function can be adequately
represented here as a simple gain, Gcf = K16. Figure 12 shows
the altitude disturbance to an airspeed command of 20 ft/s
with and without crossfeed. A significant improvement is evi-
dent. The crossfeed command B.'c is also shown.

The ratio of the rms values of the appropriate um signals in
a structural model representation of Yp is

(16)

(12)

An adequate representation of the predicted crossfeed transfer
function can be given as

K12s(0.37s3+2.11s2 + 2.6s-l)
3.37s4 + 1 Is3 + 13s2 + 6.37s +1

(13)

Note the nonminimum phase dynamics. Figure 10 shows the
airspeed disturbance to a 50-ft altitude command with and
without crossfeed. Also shown is the crossfeed command O'c.
Note that even without crossfeed, the airspeed disturbance is
quite small/Nonetheless, the task does offer a comparison of
the relative performance improvements that can be obtained
with crossfeed; these improvements are considerable.

The ratio of the rms values of the appropriate um signals in
a structural model representation of Yp is

(14)

Note that a handling-qualities improvement is predicted for
the pitch attitude control task.

F-4C Aircraft
The F-4C is a twin-engine Air Force tactical fighter. The

flight condition of interest is a 230-ft/s landing approach. The
cross coupling to be examined is the altitude disturbance that
occurs when an airspeed change is initiated using the throttles.
Figure 11 shows the hypothesized pilot loop closures appropri-
ate for an aircraft in frontside operation (which is the proper

A slight decrement in the handling qualities associated with
the attitude loop is predicted.

F-4J Aircraft
The F-4J is a carrier-based Navy fighter aircraft similar to

the F-4C discussed previously. The flight condition of interest
is a 221-ft/s landing approach. Unlike the preceding examples,
the pilot seeks to use cross coupling to advantage here. Figure
13 shows the hypothesized pilot loop closures appropriate for
an aircraft in backside operation (which is the proper tech-
nique for this F-4 variant). The airspeed loop has been
deliberately ignored here because we are attempting to model a
maneuver in the carrier approach environment where the pilot
is interested in making a rapid altitude change close to the car-
rier. Thus, by the time a significant airspeed change has occur-
red, the carrier landing will have been accomplished. The
aerodynamic data for the model was obtained from Ref. 15.
The crossfeed evident in Fig. 13 is intended to improve or
quicken the vehicle's altitude response. The ability of Navy
pilots to develop such a crossfeed has been identified as an in-
dispensable condition for full realization of an aircraft's
flight-path regulation potential in the carrier environment.16

The simplified compensatory pilot dynamics for this task are

Y - Ph ^K18(6.67s+l) (17)

Referring to Fig. 13, with all loops closed (including the
crossfeed), one can calculate

(18)
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Fig. 14 Time histories for altitude command; F-4J.

This can be rewritten as

Now let

h /s/o^ + iy _h_
hc~ \ hc Jcf = 0

(19)

(20)

where c*̂  is the bandwidth of the altitude loop with Gcf = 0
and o>£ the bandwidth of the altitude loop with crossfeed.
Substituting Eq. (20) into Eq. (19) and letting n=\ for
simplicity, one obtains

_ h f (!/«»,- 1/0,̂ 1 / *
-

For the present example, ubl =0.5 rad/s and co^ was selected
as 0.8 rad/s. An adequate representation of the transfer func-
tion of Eq. (21) can be given as

K19(ll.l52 +6.67s+1)
3.33s3 + 66.6s2 + 331.35-1'

(22)

Again, note the presence of nonminium phase dynamics.
Figure 14 shows the altitude response to a 20-ft command with
and without crossfeed. The improvement in performance is
dramatic. Also shown is the crossfeed command 0C'. It should
be noted that although the crossfeed pitch attitude command
has a maximum value of 20 deg, the resulting maximum pitch
attitude is only 11 deg. The decrease in altitude evident in Fig.
14 beyond 10 s could be eliminated by including a low-fre-
quency washout term in Eq. (22), effectively removing the
nonzero steady-state pitch attitude also evident in the figure.

The ratio of the rms values of the appropriate um signals in
a structural model representation of YPh is

- = 0.27 (23)

A large improvement is predicted in the handling qualities for
the altitude closure. This and the accompanying performance
improvement would argue strongly for the likelihood of such a
crossfeed being adopted by the pilot. It is interesting to note
that, in describing the crossfeed technique analyzed here, Hef-
fley et al.16 state that "This pursuit crossfeed satisfies the

prescribed Navy technique, but it brings about a quantum
decrease in pilot workload (increase in excess control capacity)
with a commensurate improvement in flight-path perfor-
mance." (Italics are those in Ref. 16.)

V. Conclusions
The preceding analysis has indicated that
1) Significant reductions in cross coupling in pilot-vehicle

systems can occur with relatively simple crossfeed commands.
Although, in some instances, the cross coupling in the ex-
amples was small without crossfeed activity (due to compen-
satory pilot model activity in the disturbed loops and/or the
actions of stability augmentation systems), the relative reduc-
tions in cross coupling that accrued with crossfeed were
significant.

2) The crossfeed commands derived are not only valid for a
step command, per se, but for any maneuver in which the
outer-loop command is generated as a series of steps conso-
nant with a sample-and-hold strategy. Thus, it would appear
that such crossfeed commands can be learned by the pilot and
applied in a pursuit or even precognitive fashion.

3) The handling-qualities analysis technique utilized is, in
theory at least, applicable to the multiloop tasks studied here.
The technique is very simple to apply once the multiloop pilot-
vehicle analysis is complete and a simulation of the pilot-
vehicle system is implemented. It allows an axis-by-axis
evaluation of the effects of altered pilot control strategy, such
as the use of crossfeed.

4) The crossfeed modeling technique should now be applied
to the analysis of performance and handling-qualities data
from manned simulation (ground-based or in-flight) where the
amount and nature of cross coupling have been experimental
variables.
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