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Robust Control Techniques for a 
Commercial Autoland System 

}OHN L. CRASSIDIS 

A robust controller, using H,,, control design techniques, is de­
veloped for a commercial landing system. First, a detailed non­
linear aircraft computer simulation of a commercial aircraft is 
summarized. The computer simulation, which includes the air­
craft flight dynamics, pitch attitude autopilot, and automatic thrust 
compensator, is presented for a Boeing 737 aircraft. The aircraft 
simulation is first derived by using a full 6-degree-of-freedom 
rigid-body model. The model is then increased to include the 
pitch autopilot and automatic thrust compensator. The control 
variables for these systems are the elevator, which generally con­
trols pitch angle, and the thrust, which generally controls air­
speed. A detailed digital computer simulation allows the replace­
ment of simplified transfer function models for use in an auto land 
simulation. Therefore, internal states and dynamics associated 
with the aircraft subsystems can be evaluated. Then, a linear 
model is used to design a robust controller for the autoland pro­
cess. The robustness of this controller, with respect to parameter 
and structural uncertainties, is tested with the aircraft simulation. 
The design study indicates that this controller dramatically im­
proves the response characteristics and performance of the auto­
land system. 

Commercial and military autoland systems have become more 
necessary in order to maintain busy flight schedules with safety 
during poor visibility or bad weather conditions. Today, both 
military and civil aircraft rely heavily on automatic control 
systems to provide artificial stabilization, with the use of au­
topilots to help pilots navigate and land their aircraft in bad 
weather. Robust control techniques, with respect to aircraft 
and environmental variations, in the interaction between the 
aircraft tracking systems and handling qualities are being in­
vestigated in the research community. With the aid of flight 
simulation techniques, emphasis on autoland systems could 
lead to the reduction of human error during the landing pro­
cedure. Therefore, the transfer of simulated robust control 
techniques to actual landing systems is plausible for both mil­
itary and civil application in the near future. 

The FAA, concerned with aviation safety, has defined spe­
cific categories of visual reference conditions with respect to 
pilot decision height and runway visual range. These consid­
erations provide the basis for aircraft guidance and pilot land­
ing procedures when visibility or weather conditions are ex­
tremely degraded (1). The use of the instrument landing system 
enables pilots to land aircraft safely in adverse weather when 
normal landing procedures using visual reference alone are 
inadequate. The instrument landing system provides pilots 
with glide slope information, via a localizer beam, and permits 
them to guide an aircraft safely through a low-visibility cloud 
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ceiling until they can see the runway. Auto land systems ex­
pand the instrument landing system by using an aircraft's 
autopilot and automatic thrust compensator so that the air­
craft is guided all the way to touchdown. 

The aircraft's autopilot and automatic thrust compensator 
are essential components in a commercial autoland system. 
Primary components of an autoland system include a localizer 
beam, a glide path coupler, aircraft subsystems, and an au­
tomatic flare control system. The localizer beam is used to 
position the aircraft on a trajectory and intercept the center­
line of the runway. The glide path coupler then calculates 
corrective control commands, which are transmitted to the 
aircraft's subsystems. The aircraft's autopilot and thrust com­
pensator respond to these flight control commands, which 
indirectly control the aircraft's position and orientation. Fi­
nally, as the aircraft approaches the touchdown point the 
automatic flare control system is engaged, which enables a 
decrease. in the vertical descent rate in order to allow the 
aircraft to land safely. 

The design methodology of the current autoland system relies 
on classical control design techniques, such as proportional­
integral (PI) control. Other areas of research and interest in 
the autoland process include fuzzy logic designs (2) and mi­
crowave landing systems (3). Fuzzy logic applications have 
demonstrated a number of benefits including improved per­
formance, reduced power consumption, and shorter devel­
opment times. One reason that fuzzy logic controllers have 
produced these benefits is that they easily embed human-type 
maneuvers into a mathematically based controller. However, 
because fuzzy logic depends on categorizing human responses, 
it may be difficult to create mathematical relations to model 
pilot handling qualities in an autoland system. 

The microwave landing system is capable of determining 
the position of an aircraft over a large q~verage area; there­
fore, it is less sensitive to surrounding interference during the 
autoland process. The microwave landing system.also allows 
for increased reliability and maintainability. However, the 
system requires hardware changes to the current autoland 
system. The focus in this paper is to investigate the replace­
ment of the current controller in the commercial landing sys­
tem with a controller that is robust to surrounding interference 
and structural variations during the landing process. This con­
trol design requires only a software change to the current 
control strategy. 

H,, methods provide new techniques and perspectives, com­
pared with classical control techniques, in designing control 
systems. The frequency response characteristics of a plant are 
shaped according to prespecified performance specifications, 
in the form of weighting functions. The Hx design process is 
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chosen because it (a) provides robust stability, (b) achieves 
performance requirements efficiently, ( c) handles both dis­
turbance attenuation and controller saturation problems eas­
ily, and ( d) works not only on single-input/single-output sys­
tems, but also on complex multi-input/multi-output systems. 
Therefore, frequency response criteria can easily be shaped 
to desired specifications. · 

Previously, autoland simulations used a reduced linear model 
for the aircraft simulation ( 4- 7). These models, obtained 
from experimental flight data, incorporate a transfer function 
relating the aircraft's attitude response to the transmitted pitch 
control command. However, the reduced models neglect the 
dynamic effects of the autopilot and thrust compensator. Of 
particular interest is the aircraft's response to atmospheric 
turbulence. With the transfer function model, the aircraft's 
response to turbulence is solely controlled by the autoland 
controller. But, in practice, the automatic thrust compensator 
also minimizes the aircraft's response to turbulence. The transfer 
function model approach neglects this internal control system. 

In this paper, the fundamental elements and feedback con­
trol systems of the pitch autopilot and thrust compensator are 
shown and incorporated into a computer-generated simula­
tion. The simulation is first presented for an open-loop study 
by a numerical integration scheme of the rigid-body equations 
of motion (the simulation is shown in the vertical-altitude 
plane only, although the techniques are easily extended to 
the horizontal plane). The closed-loop system results are shown, 
so that the simulation can be analyzed in order to develop a 
robust control design for the autoland approach simulation. 
Then a linearized model of the aircraft simulation is used to 
develop an controller for the autoland system. Finally, per­
formance characteristics of this controller are shown in order 
to investigate the stability robustness and disturbance sensi­
tivity of the control design. 

DESCRIPTION OF SIMULATION 

Aircraft Model 

The aircraft simulation is derived by using a 12th-order state­
space model, based on the 6-degree-of-freedom rigid-body 
aircraft dynamic equations of motion and the concept of static 
stability using aircraft forces and moments [see elsewhere for 
details (8,9)]. All computer simulation trajectories are pro­
duced for a Boeing 737 aircraft. Experimental (wind tunnel) 
aerodynamic coefficients are provided by the National Aero­
nautics and Space Administration (NASA) (10). Equation Set. 
1 summarizes these aircraft equations of motion. 

P = ( - (Jzz - ~ .. y)qr]/lxx + (kiJ3 + kip + /<:ir + b1 &0 + b2&,)0.S(V)2 

iJ = ( - Uxx - fzz)pr]fyy + (k4a + ksq + b3&e)0.5(\/)2 + b4T 

f = [-(fyy -lxJqr]Izz + ("6~ + k,p + k8 r + b5 &a + b6 &,)0.5(\1)2 

<i> = p + q sin <I> tan 0 + r cos <I> tan 0 

0 = q cos <I> - r sin 0 

\jf = (qsin<I> + rcos<l>)/cos0 

x = [kw+ k11 a+ k12~ + b1&a + bs&, + b9&e]o.s (\/)2
. + bwT 
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Y = (k13 + k14<X + k15~ + b11&a + biz&r + b13&e]0.5(V)2 + b14T 

i = [k16 + k17a + k1s~ + bis&a + b16&r + bn&e]0.5(\/)2 + b 18T + g 

i = i 

y = y 

i = i 

where 

a, ~ angle of attack and sideslip angle; 
p, q, r = angular velocities; 

<I>, 0, 'I' = roll, pitch, and yaw angles; 
Be, Ba, 8, = elevator, aileron, and rudder angles; 

V, T = airspeed and thrust; and 

(1) 

x, y, z = franslational accelerations in an inertial refer­
ence frame. 

The symbols ki's and brs represent aircraft forces, moments, 
and other constants. [See elsewhere for more details (9).] 

To evaluate the aircraft equations of motion for an actual 
aircraft trajectory, an open-loop simulation was first con­
ducted using 737 aircraft coefficients. All trajectories are ini­
tially started with the aircraft set to trimmed values. For land­
ing, the final approach speed is approximately 240 ft/sec (the 
trim values for angle of attack and elevator setting are 1. 7 
and -18 degrees, respectively). 

Pitch Autopilot 

The basic block diagram for the closed-loop system of the 
pitch autopilot with attitude feedback is shown in Figure 1. 
The pitch autopilot operates as follows. A desired pitch com­
mand is sent to th~ aircraft. A pitch angle error signal, rep­
resenting the difference between the measured pitch angle 
and the desired pitch angle, is the input to the autopilot con­
troller. The controller commands changes in the elevator set­
ting, relative to a datum (typically, the trim value). The air­
craft then responds to the new elevator setting with changes 
in pitch angle, pitch rate, vertical acceleration, and angle of 
attack. 

Closing the loop using only attitude feedback achieves the 
desired pitch angle. But, because the aircraft has very little 
natural damping, the closed-loop response characteristic also 
has a low damping ratio. The dynamic performance of the 
aircraft can be severely degraded, even causing the system to 
become unstable. To achieve significant damping and dy­
namic performance, a pitch rate feedback is also provided 
(represented by the inner loop of the block diagram in Figure 
1). The control gains used in the simulation are the gains used 
on an actual 737 autoland system from NASA Langley (JO). 
The use of these gains helps to ensure that a proper and 
practical simulation is derived. Therefore, the simulation can 
provide a practical means of developing realizable control 
strategies. 

The elevator controller equation in the frequency domain 
is given by (JO) 

[ 
s Kr · ] ( 1 + 2s) AB = K (0 - 0) + ~ 0 --

e ag c S + 1 2s (2) 
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FIGURE 1 Block diagram of pitch autopilot with rate 
feedback. 

where 

s = Laplace transform variable; 
Ka8 = attitude gain, 
Kr8 = pitch rate gain, and 
ec = input pitch command. 

The autopilot simulation is accomplished by converting the 
aircraft equations of motion (Equation 1) into state-space 
form and numerically integrating. The autopilot is engaged 
when the aircraft is trimmed in straight and level flight (80 

= 1. 7 degrees). The input to the feedback system is a pitch 
change command relative to the trim level. The elevator com­
mand is also implemented as a relative change from the initial 
setting: 

(3) 

Simulation results are shown later. 

Automatic Thrust Compensator 

The autopilot achieves the desired pitch angle, but the inertial 
flight path angle ("I) must be controlled in order to land the 
aircraft using the autoland system. One method of achieving 
a desired flight path angle is to control indirectly the angle of 
attack to a desired reference point (e.g., the trim value) while 
also controlling the pitch angle, since the flight path angle 
represents the difference between the pitch angle and angle 
of attack. This control is incorporated by maintaining the 
aircraft's airspeed at a constant level. 

The thrust compensator commands thrust changes accord­
ing to the control law (10) 

AT - [ ( 1 Kcom) ( 1 ) ( 1 ) ] A 
c - + -S- 'T,S + 1 'TeS + 1 e (4) 

where 

uref = reference airspeed of aircraft (usually set to level 
flight condition), 

Ae = detected airspeed error (measured versus com­
manded), 

ATc = change in thrust commanded by autothrottle system, 
Kcom = compensator gain, 

Ks = speed feedback gain, 
'T, = throttle servo time constant, and 
'Te = engine lag time constant. 
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These control gains and time constants used in the simulation 
are again from the actual 737 autoland system. 

Coupling of Autopilot and Thrust Compensator 

The combined closed-loop system incorporates the pitch auto­
pilot with pitch rate feedback and the automatic thrust com­
pensator. A pitch command is sent to the pitch autopilot. A 
pitch angle error signal, representing the difference between 
the measured and commanded pitch angles, is the input to 
the controller. The controller, coupled with the pitch rate 

. feedback loop, commands changes in the elevator setting. 
This command is added to the trim elevator setting. The air­
craft then responds to the new elevator setting, producing 
changes in pitch angle, pitch rate, vertical acceleration, and 
angle of attack. This part of the closed loop is represented 
by the pitch displacement autopilot with the feedback loop 
given by Equation 2. The autopilot also invokes a change in 
airspeed and angle of attack from the desired values. When 
this happens, the automatic thrust compensator engages, given 
by Equation 3, so that the airspeed and angle of attack are 
controlled. The autopilot and automatic thrust compensator 
closed-loop operation continues until the flight path angle of 
the aircraft is changed, which causes a change in aircraft altitude. 

Simulation Results 

The combined closed-loop response for a I-degree step pitch 
command is shown in Figure 2. By incorporating the autopilot 
loop, the steady-state pitch angle error is near zero. Also, the 
rise time for the aircraft response is approximately 3 sec. The 
angle of attack response for this step input is shown in Figure 
3. With the autopilot only (dashed line), the combined angle 
of attack and pitch angle do not enable the control of the 
inertial flight path angle. The thrust compensator controlled 
the angle of attack back to the desired trim value (the com­
pensator can control the angle of attack to any desired set­
ting). This combined closed loop now enables the control of 
the inertial flight path angle to any desired value. Therefore, 
the autopilot and thrust compensator simulation can be ex­
panded to simulate the autoland process. 
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FIGURE 2 Combined closed-loop pitch angle step response. 
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FIGURE 3 Combined closed-loop angle of attack response. 

Though the aircraft model is a set of nonlinear differential 
equations, the response characteristics of the pitch autopilot 
are linear to the input command signal. This feature is illus­
trated in the following table, using different magnitudes for 
the step pitch command: 

Step Pitch Rise Settling 
Command (degrees) Time (sec) Time (sec) 

1 3.1 35 
4 3.5 34 

-3 3.6 34 

The vertical acceleration closed-loop response for a 1-degree 
step pitch command is shown in Figure 4. The initial drop in 
vertical acceleration is caused by a pitching moment induced 
when the elevator setting is changed (i.e., a positive pitching 
moment causes an initial drop in vertical acceleration). The 
response without the automatic thrust compensator (dashed 
line) is lightly damped(~= 0.4). But with the addition of the 
thrust compensator (solid line), the settling time for the sys­
tem is faster because of a higher damping ratio(~= 0.6). This 
improved acceleration characteristic also provides an increase 
in stability in the aircraft response to atmospheric disturbances 
such as turbulence. The thrust history, from the combined 
closed-loop response, for a step pitch command has a steady 
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FIGURE 4 Closed-loop vertical acceleration response. 
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state value of 22,000 lb. Therefore, the thrust increases a net 
2,200 lb from the initial level flight thrust setting (19,800 lb). 
This increase in thrust causes the aircraft to gain altitude. The 
magnitude of the airspeed response is not significantly changed, 
which is ideal for the automatic landing process. 

ATMOSPHERIC TURBULENCE 

The stochastic process of atmospheric turbulence is summa­
rized in this section. Turbulence is a result of instabilities in 
the velocity field of the atmosphere. The instabilities are caused 
by such things as solar heating or the earth's rotation; they 
give rise to gradients in temperature, pressure, and velocity 
(9). Turbulence is random in nature and, in the longitudinal 
plane, is characterized by horizontal and vertical wind gusts. 
The horizontal gusts affect the aircraft's altitude by changing 
the airspeed of the aircraft, which varies the lift on the air­
plane's wings and causes the aircraft to rise or fall, depending 
on whether the wind gusts add or subtract from the aircraft's 
nominal airspeed. Similarly, vertical gusts vary the angle of 
attack of the aircraft, which also results in a change in the 
aircraft's altitude. 

Because of the complicated and changing nature of tur­
bulence, some simplifying assumptions must be made to de­
velop a model that can be realized mathematically (11). First, 
the_ turbulence is assumed to be locally isotropic. Isotropy 
refers to the independence of the statistical properties of the 
turbulence on the orientation of the coordinate axes. Second, 
the turbulence is assumed to be homogeneous, implying that 
all of the statistical properties are the same at each point in 
the velocity field. A result of these assumptions is that the 
horizontal and vertical wind velocities will have a small effect 
on each other, or in mathematical terms, a low cross corre­
lation. Therefore, the aircraft's response to horizontal and 
vertical wind gusts can be separated individually. Because of 
the similarity of the two responses, only.one of these responses 
needs to be analyzed. For these reasons, only the effects of 
the longitudinal wind gusts on the aircraft's vertical velocity 
are considered as turbulence input. 

The aerodynamic forces and moments acting on the aircraft 
depend on the relative motion of the aircraft to the atmos­
phere and not on the inertial velocities. Therefore, to account 
for atmospheric gusts, the forces and moments must be related 
to the relative motion with respect to the atmosphere. This 
is accomplished by expressing the velocities used in calculating 
the aerodynamics in terms of inertial and gust velocities: 

flua = flu - Ug 

flva = flv - vg 

flwa = flw _- wg (5) 

where ug, vg, and wg are gust velocities in the X, Y, and Z 
directions, and the fl-quantities are the perturbations in the 
inertial velocity variables. 

Two spectral forms of random continuous turbulence are 
generally used to model atmospheric turbulence for aircraft 
response studies. They are the mathematical models named 
after Von Karman and Dryden, the scientists who first pro­
posed them. 
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The Von Karman model shows that the power spectral 
density approaches a constant value asymptotically at low 
frequencies and decreases asymptotically according to a - 5

/3 

power frequency for higher frequencies (9). These high fre­
quencies occur in a range called the inertial subrange, in which 
energy is neither fed into nor dissipated from the turbulence. 
Mathematically, this relationship can be expressed by 

<Pu/f!) = (J~ 2~u [1 + (1.3~9L,,fl)2)5/6 
2 2L,, 1 + 8/3(1.339L"fl)2 

er.,-:;;:- [1 + (1.339L.,fl)2] 1116 

where 

,, 2L,., 1 + 8/3(1.339Lwfl)2 

CT~,-;:- [1 + (1.339L..,fl)2]1 1'6 

<P = dimensional power spectrum, 
er = root-mean-square intensity of gust component, 
n = spatial frequency' and 
L = scale of turbulence. 

(6) 

The wavenumber fl can be converted from a spatial wave­
length to a temporal frequency by multiplying the wave­
number by the aircraft's airspeed v as follows: w = n v. 

The scale of turbulence for clean air turbulence is defined 
as follows (9): 

Above z = 2,500 ft, L..,
8 

Below z = 2,500 ft, L ... g 

2,500 

184(z) 113 (7) 

For an aircraft landing, the altitude z varies as the aircraft 
descends. Because of the way in which the power spectral 
density of the turbulence is defined in the Von Karman model, 
the corner frequency of the turbulence increases as the aircraft 
descends. For the turbulence conditions likely to be encoun­
tered by the aircraft landing, a range of corner temporal fre­
quencies from 0.5 to 1.0 rad/sec is used. Several data sets of 
turbulence are used in the simulation in order to investigate 
the response characteristics of the aircraft. 

Robust Control Design 

The aircraft simulation can now be used to investigate the 
feasibility of a robust (H,.) control design for the automatic 
landing approach. A block diagram of the glide slope intercept 
and hold system is shown in Figure 5. The glide slope receiver 
in the aircraft is designed to sense the angular r error relative 
to the glide slope of the station. This signal is compared to 
the desired glide slope error Cer introduced into the closed­
loop system. An error signal is produced that is sent to the 
controller/coupler. The controller network then generates a 
pitch command that is transmitted to the aircraft's autopilot 
and thrust compensator. The aircraft responds to this pitch 
command as previously described, so that the aircraft's alti­
tude changes with a change in flight path angle. This closed­
loop operation continues until the aircraft lands on the landing 
strip. 

5 

Coupler Aircraft 

FIGURE 5 Block diagram of autoland system. 

The design of robust controllers has been investigated ex­
tensively over the past decade (13-15). The next step is to 
develop an Rx control design for the coupler while attenuating 
the turbulence response of the aircraft. The Rx criterion is 
chosen because robust stability in the closed-loop system can 
be achieved easily by defining performance and robustness 
specifications in the form of weighting functions. In this man­
ner, frequency response criteria in the auto land system are 
shaped to desired specifications. 

The Rx criterion, with controller K(s) and plant G(s), con­
siders the closed-loop system performance on disturbance sen­
sitivity S(s) and stability [I - S(s)] to prespecified weighting 
functions, denoted as )'W;- 1(jw) and Wz(jw), respectively. The 
requirements for stability and disturbance attenuation are 
specified in terms of singular value inequalities (13): 

CT [S(jw)] s; IW;- 1 (jw)I 

CT [I - S(jw)] s; IWhw)I (8) 

where CT represents the maximum singular value. These spec­
ifications are combined into a single infinity norm: 

(9) 

This equation shapes the frequency loop transfer function 
[L(s) = G(s)K(s)] by penalizing the sensitivity function [S = 

(I + GK)- 1] to reject the plant disturbances (turbulence), 
and high frequency L(s) by penalizing the complementary 
sensitivity function [T = GK(!+ GK)- 1

] to cope with model 
uncertainties-for example, unmodeled (high-order) dynam­
ics, sensor and actuator dynamics, and so on (13). The so­
lution of Equation 9 involves an iteration on the )' term of 
the specified disturbance weighting function. As 'Y is in­
creased, the sensitivity function S decreases and the comple­
mentary sensitivity function (I - S) approaches the W2 1 weight. 
Therefore, the function in Equation 9 approaches its zero­
decibel limit. The controller solution is determined by a two­
Riccati solution (15). 

Linear Model 

The combined computer simulation of the 12th-order aircraft 
model, pitch attitude autopilot, and thrust compensator re­
sults in a complex (high-order) model. A state-space model 
between the pitch command input and the aircraft flight path 
angle output can be obtained by linearizing the nonlinear 
equations of motion and creating closed-loop transfer func­
tions for each feedback loop; however, this involves extensive 
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computational time. To develop a linear model, time-domain 
techniques are used instead to obtain pole/zero locations of 
the aircraft, autopilot, and thrust compensator. Therefore, 
the input/output relationship of the aircraft can accurately be 
obtained. And time-domain techniques are more realistic, 
since operational data can be used in the design process. 

Several identification techniques have been derived for de­
veloping accurate model realizations from time-domain data 
(16-18). The technique used in the aircraft realization is the 
Eigensystem realization algorithm (ERA) (18). The ERA 
method is chosen because (a) only discrete, time-domain im­
pulse response data are required; (b) the computational re­
quirement is relatively easy; (c) the numerical stability prop­
erties have internally balanced realizations; and ( d) accurate 
model representations are possible if the discrete mea­
surements are of low noise in nature. Therefore, a mathe­
matical model of the system is constructed, reproducing the 
plant's input/output behavior. A complete derivation of the 
ERA method can be found elsewhere (18). This algorithm 
produced an 18th-order realization of the 737 aircraft and 
autopilot simulation. 

Because of computer software and hardware requirements, 
the robust control design requires the need for reduced plant 
models. This need arises because the H,,, control design results 
in a controller's having a degree of at least the same order as 
the plant, that is, 18th-order. Therefore, a model reduction 
is essential in developing a realizable control strategy. The 
Schur balanced model reduction technique is used to develop 
a reduced fifth-order model (19). This model is determined 
as 

Z(s) _ 0.083s5 + 0.52s4 + l.55s3 
- 0.52s2 + 0.08s + 0.006 · (lO) 

E>c(s) - s(s4 + l.06s3 + 0. 75s2 + 0.0388s + 0.02) 

where Z(s) is the altitude of the aircraft. The aircraft model, 
pitch autopilot, and thrust compensator have a flight path 
response bandwidth of approximately 1 rad/sec, which is re­
quired to achieve good glide slope control for an aircraft under 
autoland control. 

Control Design Results 

The robust control design is developed using the reduced­
order model given by Equation 10. When the final design is 
complete, the controller is incorporated into the full aircraft, 
autopilot, and thrust compensator simulation, given Equa­
tions 1 through 4. This adds to the validity for the use of the 
reduced model in the H,, design process. 

The complementary sensitivity function is weighted using 
a first-order weighting function. This weighting function is 
chosen to achieve the fastest possible response time in the 
closed-loop system while maintaining the control and actuator 
limitations in the aircraft response characteristics. The opti­
mal control design achieves a bandwidth specification for the 
closed-loop system of about 1.8 rad/sec with no overshoot. 
The sensitivity function is weighted such that the disturbance 
responses to turbulence are attenuated at least 500: 1 with a 
first-order roll-off of 1 rad/sec. The design specifications ob­
tain the maximum bandwidth response possible, subject to 
minimizing the sensitivity function. The combination of the 
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sensitivity and complementary sensitivity function responses 
are also within controller tolerances-that is, ± 10 degrees 
in the pitch command. Stability robustness in the presence of 
model uncertainties is essential for a modern control design 
system. In most circumstances, the mathematical model of 
the plant only approximately represents the behavior of the 
true system. The difference between the .actual system and 
the mathematical model of the plant arises from parameter 
variations, unmodeled dynamics, or nonlinearities in the true 
system. The model error uncertainties are generally repre­
sented in terms of both additive and multiplicative uncertainty 
bounds (14). The maximum allowable additive and multipli­
cative plant perturbations are given by 1/0: [K(J + GK)- 1

] 

and 110:[ GK(! + GK)- 1], respectively. The minimum addi­
tive and multiplicative uncertainty upper bounds for this ro­
bust control design are - 0.52 and - 0.03 decibels, respec­
tively. This means that even if the modeled plant has both 
-0.52 decibels additive uncertainty and -0.03 decibels mul­
tiplicative uncertainty at any frequency, the closed-loop sys­
tem remains stable. This stability robustness property is one 
of the advantages of the H,, controller. 

To demonstrate the stability robustness properties of the 
H"" controller, a comparison is made with respect to a classical 
control design. The current control design for the autoland 
land system incorporates a PI control philosophy (10). The 
control gains for the classical PI control strategy are deter­
mined from a parameter optimization scheme. The perfor­
mance criterion for the classical design is evaluated with re­
spect to optimal step response, turbulence attenuation, and 
controller limitations. The combination of these criteria de­
scribes the optimal closed-loop performance. 

The cost function chosen for the classical PI control design 
is based on the integral of the error signal. A quadratic form, 
the integral-squared error, is used to ensure a well-defined 
minimum. The step response is used to evaluate the aircraft's 
response to a step input signal. The step response cost function 
is chosen as 

ft! 

Ys = t [zer2(t)]dt 
to 

(11) 

where zer is the error between the desired and actual flight 
path angles'. The turbulence response cost function minimizes 
the error between the desired and actual altitudes of the air­
craft. The desired altitude for the turbulence response is set 
to zero. This cost function is given as 

ft! 

yt = [ Z2(t) ]dt 
to 

(12) 

where Z is the altitude of the aircraft. The final cost function 
minimizes the control signal level and maintains controller 
tolerances to within prespecified tolerances. This cost.function 
is given as 

(13) 

Optimization of any one cost function produces an optimal 
response for that characteristic but a degradation of other 
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characteristics. Therefore, a combined cost function is used. 
This cost function is defined as 

(14) 

Selection of the weights (11 13 ) can be varied in order to 
trade off individual response characteristics for the classical 
PI control design. 

Optimization Results and Comparison 

A turbulence comparison plot of the robust Hx control design 
and the optimized classical PI control design is shown in Fig­
ure 6. Clearly, the turbulence response is attenuated to a 
higher degree with the .use of the robust control design. The 
optimized step response comparison plot is shown in Figure 
7. The robust control design has a faster time to peak and no 
overshoot, whereas the optimized classical control design re­
sponds slower and has a slight overshoot. These results clearly 
show an improvement in system performance when the robust 
control design is used. 
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FIGURE 6 Turbulence response comparison. 
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The robust control design provides better performance 
characteristics than the "current" classical PI control design. 
However, the main advantage of the Hx control design is the 
stability robustness in the presence of model uncertainties. 
To demonstrate this characteristic, a model error is introduced 
into the aircraft simulation. The model is perturbed by varying 
all the aircraft stability and control derivatives, given by Equa­
tion· 1, by a factor of approximately 10 percent. Then both 
the robust control design and PI control design are compared 
using the perturbed plant model. Figure 8 shows the step 
response comparison using the model error plant. The clas­
sical PI control design is now unstable, but the robust control 
design remains stable. Therefore, the Hx control design pro­
vides a way to guarantee stability in the presence of significant 
model error and uncertaint)'. 

CONCLUSIONS 

In this paper, a detailed simulation of a Boeing 737 aircraft 
with a pitch autopilot and thrust compensator has been pre­
sented. This system was first developed with an open-loop 
simulation of an aircraft using a 12th-order state-space model. 
Then a closed-loop simulation was developed for the aircraft 
under autopilot and thrust compensator control. The auto­
pilot maintains a desired pitch attitude, and the automatic 
thrust compensator maintains the desired airspeed and angle 
of attack. The combination of these systems is essential for 
an automatic flight path control landing. 

Next, the turbulence model, used as a disturbance input to 
the aircraft, was summarized. Therefore, the use of the air­
craft simulation and turbulence model enabled the design of 
a robust Hx controller. Combined cost functional results in­
dicate that the robust control design attenuates the turbulence 
response of the aircraft by a factor nearly two times, as com­
pared with the current controller. The new design was also 
robust in the presence of model and structural uncertainties. 

Finally, the new control design requires only a software 
modification to the current landing system, so that the con­
troller can easily be implemented onto the actual system. 
Therefore, an optimal design can be used to simulate an au-
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FIGURE 8 Step response comparison with perturbed plant. 
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tomatic aircraft landing while minimizing the adverse effects 
of turbulence. 
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