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ABSTRACT

Mathematical models are presented in this paper to describe
human maneuvers for aircraft flight simulation. Input parame-
ters for the human pilot model (HPM), such as the course de-
viation indicator (CDI) and the heading change, are defined
for the model, and are related mathematically to those in the
proportional-integral-derivative (PID) controller for automatic
control. Similarities are discussed between the parameters in
HPM and those in the automatic control for better understand-
ing of the significance of human factors and their effect on air-
craft behavior. Examples for the HPM include aircraft instru-
ment landing system (ILS) lateral and vertical control, heading
change, and homing. The model is tested by using the high-
fidelity flight simulation simulator JSBSim [1].

NOMENCLATURE

ail Actual aileron position.

aily Desired aileron position.

ags Weight for glide slope CDI observation.

aroc Weight for localizer CDI observation.

Bes Weight for the observation of descending angle change.
Broc Weight for the observation of heading angle change.
CDIgs Course deviation indicator for glide slope approach
CDIoc Course deviation indicator for localizer approach
D Gain for derivative term.

Ot Time increment for flight simulation.

8, Change of control variable.

dHeading Change of aircraft heading angle.

ele Actual elevator position.

eleg Desired elevator position.

Yy Speed of the actuator movement.

h  Aircraft altitude.

H Glide slope height at the aircraft horizontal location.

I Gain for integral term.

Lgs Distance from aircraft to glide slope unit.
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Lioc Distance from aircraft to localizer.

P Gain for proportional term.

¢scr Horizontal location angle of aircraft with respect to true
north.

¢roc Horizontal direction angle of localizer beam with respect
to true north.

Yacr Horizontal location angle of aircraft with respect to east.

04cr Elevation angle of aircraft with respect to horizontal
plane.

0gs Glide slope elevation angle with respect to horizontal

plane.

Y Summation operator.

V  Aircraft velocity along flight path.

V, Aircraft vertical velocity.

x  Control variable.

xo Desired control variable.

x,y,z Aircraft location in local coordinate system.

y Actuator position.

yo Desired actuator position.

Ymax Maximum actuator position.

Ymin Minimum actuator position.

INTRODUCTION

Large numbers of aircraft dynamic models are available and
well documented for the simulation of aircraft flight since com-
puters become popular. Among those, high-fidelity aircraft flight
simulators include the JSBSim [1], X-Plane [2], and Microsoft
Flight Simulator [3]. However, many applications that need the
high-fidelity flight simulator and full animation, especially the
Monte Carlo simulations for the safety studies on aircraft land-
ings [4], require computer pilot models.

While the pilot models have been extensively studied [5-8],
those models in the closed-loop control are difficult to implement
since the aircraft dynamics is often unknown [9]. When model-
ing a human pilot maneuver, it is important to identify the signif-
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Figure 1. SYSTEM DESIGN OF HUMAN PILOT MODEL.

icant factors in as simple a model as possible that still captures
major behavior and complexity.

This paper presents a generic HPM that is used in the closed-
loop control for the high-fidelity aircraft dynamic model — JSB-
Sim [1]. The input to the HPM is the change of control variable
(e.g., the difference between the actual altitude and the desired al-
titude for leveling control) and the output is the actuator position
(e.g., elevator or aileron position). Parameters are used to capture
the “human factors” in the HPM, including the gains of the pro-
portional, integral, and derivative terms that ensure the stability
of the aircraft reaction and the simplicity of the model. Using the
ILS localizer and glide slope approaches as examples, this paper
shows that alternative physical parameters such as the heading er-
ror and the vertical velocity available on the cockpit can be used
as the derivative terms of the localizer and glide slope CDIs, re-
spectively. These derivative terms are not directly available for
human pilots.

SYSTEM DESCRIPTION OF HUMAN PILOT MODEL

As shown in Fig. 1, the HPM takes the change of control
variable () as the input to “compute” the desired actuator po-
sition (yg). The actuator is “moved” to the position y through
the actuator model which is connected to the ACF dynamics.
The generic mathematical algorithms that describes the HPM are
shown below.

Denoting x(¢) and xo(¢) as the control variable and predeter-
mined target variable, respectively, the change of control variable
is written as

&y = x(t) — x0(1). (1)

It is assumed that the HPM “computes” the desired actuator
position based on the sum of the strength, the integration, and the

rate of the change of control variable, i.e.,

yo(?) :P~8X(t)+l-/0t 8u(¢)dt' +D-:(1), @)

where P, I, and D are gains and are often treated as random num-
bers in the numerical simulation to describe various human pi-
lots.

The movement of an actuator (e.g., throttle, aileron, and el-
evator) for one time-step &t is modeled as the integration of ac-
tuator speed vy as:

y(t+8t) = y(r) —sign [y(r) = yo(r)] 0, 3)

where y(0) is the initial actuator position. The actuator position
is truncated and limited in the range of [Ymin, Ymax ), Where “min”
and “max” are minimum and maximum values, respectively. The
pseudo code of the limiter is

if }’(t) > Ymax, then y(t) = Ymax, “4)
if Y(t) < Ymin, then )’(t) = Ymin- ()

For the HPM, the speed of the actuator movement ¥, varies for
different HPMs. It is specified as a random number in the nu-
merical simulation.

The sensor shown in Fig. 1 is modeled to be “perfect”’, mean-
ing that the output from the sensor is exactly the same as the
input.

ILS Localizer Approach

The control variable used by the HPM for ILS localizer ap-
proach is the CDI, the difference between the aircraft horizontal
location angle (@4cr) in the local coordinate system and the lo-
calizer pointing angle (¢zoc) as illustrated in Fig. 2. The E (east)
and N (north) axis (or x and y axis) form a plane that passes
through the localizer and is tangent to the ellipsoid earth surface
defined by the WGS84 model [10]. When an aircraft is flying
along a localizer centerline, the HPM uses the CDI as the major
input to determine the desired aileron position (Here for simplic-
ity only the aileron is considered). According to the PID control
theory [11], the rate of the CDI is also important for aircraft sta-
bilization and overshoot minimization. The following discussion
will show that the heading angle could be (actually has been)
used by the HPM to obtain the CDI rate information.

Consider an aircraft located at distance x from the localizer
centerline, and distance L;oc from the localizer. The CDI, de-
fined as the horizontal offset angle of the aircraft with respect to
the localizer centerline, is approximated as

x(t)

CDIoc ~ ;
Lioc(t)

(©)
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Figure 2. GEOMETRY OF ILS LOCALIZER APPROACH.

where x(t) << Lroc(t). The derivative of CDIoc is found as

dCDILoc_LLoc(t)< ) o x0) ) )

dt  Lioc(t) \Lroc(t) Lroc(t)

In the right side of Eqn. (7), X(t)/L(¢) is the heading angle in
terms of the localizer centerline, x(¢)/L(t) is the CDI, and L(z) is
the aircraft speed toward the localizer. Thus Eqn. (7) is rewritten
using Eqn. (6) as

dCDIj oc 4 (1)
dt LLOC (t)

(dHeading — CDI o¢) . (8)

Assume that the desired aileron position for the horizontal con-
trol by the HPM is modeled as the sum of the proportion and the
derivative terms (the integration term is not shown here but could
be added):

dCDI; oc

il = P-CDI D-
atlp Loc + 7

€))

Then using Eqn. (8), one obtains

. V() V() .
ailp = {P —D- ] CDIoc + {D~ ———— | dHeading.
Lroc(t) Lroc(t) £
(10)
Redefine the coefficients
Vit
0roc=P—D- ) ;
Lroc(t) 11
roc Lroc(t)’
Eqn. (10) is simplified as
ailp = dzoc - CDILoc + BLOC . dHeading, (12)

where o oc and Broc are parameters that quantify the HPM ob-
servations of the CDI and the heading angle error with respect to
the localizer centerline.

If oapoc = 0 and PBroc # 0, then the aileron position is pro-
portional to the change of heading angle, indicating that the
change of heading is zero when the control process is stabilized
and the aileron position is centralized. Thus this process is actu-
ally the “turning to the heading” and may happen when the HPM
only looks at the compass to fly the aircraft for ILS landing.

If o oc # 0 and Broc = 0, then the aileron position is pro-
portional to the CDI. This will cause the aircraft to oscillate
across the localizer centerline because of overshoot. This be-
havior will occur when the HPM only looks at the CDI to control
the ILS landing.

When ozoc = Proc and the aircraft is stabilized with the
zero aileron position (aily = 0), CDILoc and dHeading will be
equal with opposite signs. This is actually “homing” because the
aircraft flies with the same heading while it remains the same
offset angle from the runway centerline.

To obtain a desired flight path for ILS localizer approach,
the parameters should be 0t oc > Broc > 0.

ILS Glide Slope Approach

The control variable used by the HPM for ILS glide slope
approach is the CDI, the difference between the aircraft eleva-
tion angle (B4cr) in the local coordinate system and the glide
slope elevation angle (s, usually 3.0 degrees) as illustrated
in Fig. 3. The U (or z) axis is perpendicular to the “horizontal
plane” formed by the E and N axes shown in Fig. 2. The “hor-
izontal axis” is the projection of the glide slope onto the “hori-
zontal plane”. In addition, the information of the CDI rate must

AUorz

H(t)

Y

>
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Figure 3. GEOMETRY OF ILS GLIDE SLOPE APPROACH.

also be used in order to stabilize the aircraft and minimize over-
shoot [11]. The discussion bellow shows that the CDI rate can
be obtained from aircraft vertical speed.

Consider the aircraft altitude to be h(z) at time ¢, H(z) to
be the corresponding altitude of the glide slope, and Lgg is the
distance from the touchdown, the CDI of the glide slope is ap-
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proximated as

h(t) — H(t)
Dlgs ~ ———— 1

CDlIgs Los() 13)

where |h(t) — H(t)| << Lgs(t). The derivative of CDIgg is found
as

dCDIgs h(t)—H(t) h(t)—H(t),
= — Lgs(t). 14
dt LGS(t) LZGS(I) GS( ) ( )

Define the following parameters:

h(t) = Vi(t),
H(t) =~ V(t)sin0Ogs, (15)
Lgs(r) =V (1),

where V,,(¢) is the vertical speed, O¢s is the glide slope elevation
angle (usually 3°), and V (¢) is the aircraft speed along the flight
path, Eqn. (14) is rewritten as

dCDIgs . V(l‘) B Vv(t)
o=

- V(t)

ar = LGS(t —sin e(;s>:| . (16)

Assume that the desired elevator position for the HPM is mod-
eled as the summation of the proportional, integration, and
derivative terms:

dCDlIgs

t
eleO:P~CDIGS+I~/ CDIgs(t')dt' +D- , A7)
0

one obtains from Eqn. (16):

V(t)
LGS (l)

D .
+ [LGS(I)} [Vu(¢) — V() sinBgs]

CICQ = |:P —D- :| CDIGS

t
s / CDlgs (')dr'. (18)
0
Redefine the coefficients

ogs=P—D-

Las(r) (19)

Bos =

Eqn. (18) is simplified as

eleg = ags-CDIgs + Bas - [V (1) — V(¢) sinBgs]
!
‘1 / CDlgs(1')dr', (20)
0

where 0gs and Bgs are parameters that specify quantitatively the
HPM observations of the glide slope CDIgs and the vertical ve-
locity V().

The behavior of aircraft flight with glide slope is different
from the flight with localizer because of the integration term. To
obtain a desired path on the glide slope, the parameters should
be determined by numerical experiment for ogs > Bgs > 0.

NUMERICAL EXAMPLE

The ILS approach of B747 to runway O8L on the George
Bush Intercontinental Airport (KIAH) is simulated with the JS-
BSim and the HPM described in this paper. The key “human fac-
tors”, o oc and Broc for the ILS localizer approach, are assigned
to different values to represent various aircraft flight behavior,
including heading, homing, damping, and oscillating. Instead of
directly retrieving the CDI rate which is difficult for human pi-
lot to achieve, the change of heading and vertical speed are used
as alternative parameters which are available on the cockpit to
obtain the CDI rate information.

Figure 4 shows the trajectories of B747 with different val-
ues for o oc and Proc. The aircraft initially located at latitude
of —95.57356532°, longitude of 30.05671811°, and altitude of
3,000 ft, or about 12 nmi from the runway threshold and 3.38
nmi from runway centerline. The approaching speed is about
150 knots. For all trajectories, the parameters 0gs and Pgs for
glide slope approach are the same as shown in the caption of the
figure.

When ozoc = 0 and Broc = 0.03, indicating that the pilot
only looks at the compass to monitor the heading angle during
the landing, the aircraft will fly parallel to the runway with the
trajectory marked by “Heading”, but will not merge to the run-
way centerline.

In the situation when otz pc = 0.03 and Bzoc = 0.03, the CDI
and the change of heading angle remain opposite signs and can-
cel out each other, so that the desired aileron position becomes
zero and the aircraft keeps its state unchanged. Therefore the air-
craft flies straight to the localizer like “Homing”. It also implies
that the pilot pays equal attention to the CDI and the compass.

The desired trajectory (marked as “Damping” in the figure)
is achieved when o oc = 0.03 and Broc = 0.01 (azoc > Broc >
0 as required). This situation is interpreted as that the pilot pays
about 3 times more attention to the CDI as the compass.

If the pilot pays too much attention to the CDI than the com-
pass, namely oz oc >> Broc, then the aircraft will be subject
to “Oscillating” as shown in the figure where oz oc = 0.03 and
Broc = 0.005.

CONCLUSION

This paper demonstrates the human pilot model with three
key “human factors”: proportion, integration, and rate of change
of control variables. The proportion factor denotes the sensitivity
of the human pilot to the control error. The integration indicates
the human pilot’s memory for the control error, and the rate is
interpreted as the strength of human pilot’s reaction to the rate of
change of the control variable.
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Figure 4. AIRCRAFT TRAJECTORIES FOR ILS LOCALIZER AP-
PROACH WITH DIFFERENT HUMAN FACTORS. HEADING: O oc =
0,Broc = 0.03. HOMING: ¢z oc = 0.03, Broc = 0.03. DAMPING:
ozoc = 0.03,B.0c = 0.01. OSCILLATING WITH SMALL DAMPING:
ozoc = 0.03,Broc = 0.005. THE PARAMETERS FOR ILS GLIDE
SLOPE CONTROL ARE tigs = 1, Bgs = 0.05, and I = 0.001.

Using both mathematics and numerical simulation, this pa-
per also shows that the heading change and the vertical speed can
be used to retrieve CDI rate. The CDI rate is needed for achiev-
ing necessary damping and stabilization but is difficult to obtain
for a human pilot without much flight experience.
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