JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 20, No. 6, November-December 1997

Autopilot Design for Bank-to-Turn Missiles
Using Receding Horizon Predictive Control Scheme
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Receding horizon predictive control (RHPC) methodology is applied to the design of an autopilot for a bank-
to-turn missile. The main control objective is high tracking performance for guidance commands. The proposed
RHPC-based autopilot consists of the RHPC and the design algorithm of future commands. The design algorithm
of future commands determines future guidance commands required in the RHPC. It is based on the first-order
approximationof the current guidance commands generated from the existing guidance law. The RHPC is designed
for tracking control of pitch acceleration, yaw acceleration, and roll rate. It is shown by computer simulation that
the RHPC-based autopilot offers good tracking performance in six-degree-of-freedom environments, which results
in low terminal miss distances even for maneuvering targets. Implementation issues such as memory requirements
and computing power are also discussed. We demonstrate that the RHPC-based autopilot can be implemented in

real time.
Nomenclature
ag, ay, a, = actual acceleration along body axes
dyc, Ay, d,. = commanded acceleration along body axes
al.,al,,a!, = commanded accelerationalong inertial axes
I, 1y, I, = principal moments of inertia
P, De = actual and commanded roll rate, respectively
q,49. = actual and commanded pitch rate, respectively
ryre = actual and commanded yaw rate, respectively
u, v, w = velocity along body axes
Us = commanded surface deflection
us,,us,,us, = commanded effective surface deflection in pitch,
yaw, and roll, respectively
Vv = missile velocity
o = angle of attack
B = angle of sideslip
8 = actual surface deflection
84,6,,6, = effective control surface deflection in pitch, yaw,
and roll, respectively
¢ = actuator damping factor
w = actuator natural frequency

I. Introduction

CONVENTIONAL missile has two distinct subsystems de-
signed independently, a guidance system and a flight control
system. The guidance system generates suitable guidance com-
mands for the flight control system. The flight control system,
which is called an autopilot, steers the missile to track the guidance
commands."? Specifically, the autopilot is required to obtain high
tracking performancesuch as a good transientresponse for arbitrary
guidance commands, so that the missile may have a high intercept
capability with little miss distance
The majority of existing autopilots do not take the tracking
performance for arbitrary guidance commands into account.*~!0

Received Nov. 21, 1996; revision received May 5, 1997; accepted for
publication May 20, 1997. Copyright © 1997 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

*Ph.D. Student, School of Engineering, San 56-1, Shilim-dong, Kwanak-
gu. E-mail: kmj@cisl.snu.ac.kr.

TProfessor, School of Engineering, San 56-1, Shilim-dong, Kwanak-gu.
E-mail: whkwon@cisl.snu.ac.kr.

#Ph.D. Student, School of Engineering, San 56-1, Shilim-dong, Kwanak-
gu. E-mail: yongho @isltg.snu.ac.kr.

$Principal Researcher, Guidance and Control Technology Division.

1248

Instead, they deal with zero steady-stateerror for constant guidance
commands. For arbitrary guidance commands, these approaches
may yield tracking errors between commanded outputs and achieved
outputs. The tracking errors are possibly a major factor contributing
to excessive terminal miss distances.!

Generally, the tracking performance for arbitrary reference com-
mands is known to be good in predictive controls when finite future
reference commands are available in advance. Predictive control
has been applied successfully in many control applications, and its
good tracking performance has been reported, particularly in pro-
cess control.!>~!* The receding horizon predictive control (RHPC)
algorithm is known to be a general predictive control scheme that
is based on general multi-input/multi-output state-space models.'
Hence, it is expected that the application of the RHPC to a missile
autopilot will provide improved target intercept capability.

There havebeen few results on the designof missile autopilotsus-
ing the predictive control approach. Bendotti and M’ Saad!> applied
generalized predictive control to the single-input/single-outputyaw
channel of a skid-to-turn missile. Future guidance commands re-
quired in predictive controls were assumed to be known in advance,
and how to compute future guidance commands was not provided.
Note that finite future guidance commands are required to obtain the
current control input in predictive controls. Future guidance com-
mands can be computed only when future states of the missile can
be determined, if the existing guidance law is used. However, future
states of the missile can be determined when future control inputs
of the autopilot are given. Therefore, it is difficult to solve future
guidance commands in the case where one of the existing guid-
ance laws is used for the guidance system and the predictive control
scheme is used for the autopilot. Thus, a method for determining
future guidance commands is needed for the successful application
of the RHPC to missile autopilots.

An autopilot design based on RHPC methodology is proposed
with the design algorithm of future commands. The design algo-
rithm of future commands determines future guidance commands
by the first-order approximation of the current guidance commands
generated from the existing guidance law. The approximated future
guidance commands are fed to the RHPC, which is designed for
tracking control of pitch acceleration,yaw acceleration,and roll rate
in a bank-to-turn (BTT) missile. We will call the integrated system
composed of the RHPC and the design algorithm of future com-
mands the RHPC-based autopilot. Good performance in terms of
low miss distancesis verified through six-degree-of-freedom(DOF)
simulations for intercept scenarios. Because computational burden
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could be a detrimental aspect of predictive controls, the require-
ments of memory and computing power for the implementation of
the RHPC-based autopilot are also analyzed.

In Sec. II, we explain a dynamic model of a BTT missile and
obtain two linear subsystems for design: one for pitch/yaw and one
for roll. In Sec. III, the designs of the RHPCs are investigated for
each subsystemand the design algorithmof future commandsis pro-
posed. The simulation results are shown in Sec. IV for a six-DOF
missile model, and the characteristics of the RHPC-based autopi-
lot are discussed. Implementation issues such as memory require-
ments and computing power are discussedin Sec. V. Finally, Sec. VI
presents our conclusions.

II. Plant Description
The motion of a missile in flight is described with nonlinear dif-
ferentialequationsincludingaerodynamicterms. Let us assume that
the control actuators in the pitch and yaw channels are expressed by

1) w?

us  §*+2ws + w?

To simplify the derivation of the state equations, we define

B=v/u

a=w/u,

under the assumptions that & and B are small. Then the dynamic
equations are derived as follows®:

dz = (Zot/v)az + Zotq + ZB‘Sq - p(za/Yﬁ)[ay - Y«S(Sr] (1)
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where Yﬁ» Y(g, Zot» Z(g, Lﬂ? Lp, La, Mot» Mq, M(g, Nﬁ? Nra andNa are
aerodynamic derivatives, which are complicated functions of Mach
number,dynamic pressure,angle of attack, angle of sideslip,etc. The
real values of aerodynamicderivativesat a flight conditionare given
in the Appendix.In Egs. (1-9), cross-couplingterms proportionalto
the roll rate appear due to coriolis and gyroscopic moments. When
the roll rate p is constant,itis possibleto separate Eqs. (1-9) into the
pitch/yaw channel of Egs. (1-8) and the roll channel of Eq. (9). At
an appropriate operating point, we can linearize the models of each
channel and obtain two linear time-invariant state-space models.
The state, input, and output variables of the pitch/yaw channel are
as follows:

xP =la, ¢q 8y Sq a, r & 51"
(10)

T
ul’’ = [Maq uér] ’ .YP/Y =la, ¢ ay r]T

By neglecting the 8 term in Eq. (9), we can also obtain the model

of the roll channel whose variables are as follows:

x®=p, u® =us,, y=p (11)

III. Design of the RHPC-Based Autopilot
A. Design of the Pitch/Yaw and the Roll RHPCs
We start designingthe RHPCs by discretizingthe linearmodels of
Egs. (10) and (11). By augmenting integrators, the discrete models
are converted to the form of

x(t 4+ 1) = Ax(t) + BAu(t) + D&, (1)

y(®) = Hx (1) + &)

where x(t) € R", Au(t) € R', and y(t) € R" and A, B, D, and
Haren xn,n x[,n x 1, and m X n matrices, respectively. A is
1 —¢~!, and ¢! is the unit delay operator. Also, &,(t) € R' and
&,(t) € R™ are zero-mean, white noise sequences with variances
given by

covl§,] = Q.

where O, > 0and R; > 0.

The RHPC scheme takes the following strategy.'*

1) At the present time ¢, it is assumed that the finite values of the
commandsignaly, (t +1),y,(t +2),...,y,.(t + N), over the future
horizon N are available.

2) A certain type of output predictory(t + j), j =1,2,..., N,
is introduced. (The Kalman predictor will be employed to make the
output prediction.)

3) Controlincrements Au(t), Au(t + 1), ..., Au(t + N), are ob-
tained to minimize the following finite quadratic cost functionunder
the assumptionthat Au(t + j), j=N+1,N+2,..., N+ Np,are
Zero:

N N
J=Y Uy + ) =5+ Do+ Y Idu + jl,

j=1 j=0

cov[§,] = R,

N+ Np

+ Y A+ =5+ Do,

J=N+1

where ||x||g is xT Ox and y(r + j) is the estimation of y(r + j),
which is obtained at step 2.

4) Only the first controlincrement Au () is applied at the present
time. At the next time, ¢ + 1, the overall procedure is repeated.

The RHPC law comprises a state estimator, a feedforward gain,
and a feedback gain. To consider the effect of computational delay
in the real implementation, we adopt the Kalman predictoras a state
estimator; then x(¢ | — 1) is obtained by'®

xtlt—1) =AU —-KH)xt—1|t-2)
+BAu(t — 1)+ AKy(t — 1) (12)
where
K =PH"(HPH" + R;)™' (13)
and P satisfies
P =APAT-APHT(HPH"+R,) 'HPAT+DQ,D" (14)
Then the RHPC law can be written as

Au(t) = —[R. + BTF(0)B] ' BT[F()AZ(t |1 — 1) + g(1)]
(15)

where F'(0) and g(¢) are obtained from the following recursion:

F(i)=A"F(i + 1)A — ATF(i + )B[R. + B"F(i + DB] '

x BTF(i + DA+ HT Q.H, i<N (16)
Np —1

F(N) = Z ATHTQ HT A (17)
j=0

AT[I+ F(i +1)BR'BT] gt +i+1)

—H"Q.y,t+i+1) for i<N

ATgt+i+1)—HT Qpy (t+i+1)
for N<i<N+Np—1

gr+i) = (18)
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withg(t+ N+ Np — 1)=—H" Qry,(t + N + Ng). The real val-
ues of filter gain AK in Eq. (12) and feedback control gain
—[R. + BTF(0)B]"'BT F(0)A in Eq. (15) are given in the Ap-
pendix for a flight condition.

Here y, (-) are reference commands to the outputs of the model.
They are composed of a.. and a,., which are generatedby a guidance
algorithm.In BTT missiles, nullcommand is used as a,,. because the
motion in the horizontal plane is achieved not by yaw acceleration
but by pitch acceleration and rolling. Thus, y, of the pitch/yaw
model is given by

P aa, g a. r] =la. —@./V) 0 0" (19

The zero reference command to a, plays a role in preventing the
yaw action that may result in a large sideslip angle. In the RHPC
for the roll channel,

yrR épc = —K, arctan(a,. /a,.) (20)

is used as the reference command, where K, is a proportional con-
stant.

The final weighting horizon Ny and the control horizon N are
design parameters peculiar to the RHPC, which do not appear in
the infinite horizon control problems such as the linear quadratic
Gaussian (LQG). They should be greater than or equal to the system
order. When the exact future commands are known in advance, the
RHPC makes the response smoother and produces less tracking
error as the horizon becomes larger. In real applications, however,
exact future guidance commands are not available. Instead, we use
approximated future commands, which will be explained later. As
Np and N become larger, approximated future guidance commands
forlongertimes are required. In this case, abrupttarget maneuvering
may cause significant error in the approximated future guidance
commands. Except for the feedforward gain, the structure of the
RHPC is similar to that of the well-known LQG control, which is
generated from the interconnection of a feedback control gain and
a state estimator.'® Thus, the physical meaning of Q and R except
N and N in the RHPC are basically equal to those in the LQG
control.

B. Design of Future Commands

Note that the RHPC needsy,(t + 1|1),...,y.(t + N + Ng |1)
to obtain control increment Au(t), whereas general nonpredictive
control laws need only y, (t + 1|). Thus, it is required to predict
future guidance commands. The method of determining future guid-
ance commands greatly affects the performanceof the RHPC-based
autopilot.

Once the current command, y, (t + 1|t), is defined by Eqs. (19)
and (20) using the existing guidancelaw, future commands are com-
posed as follows:

Y+ =y, +i—110)+y,OT for 2<i<N+N;
2D
where T is the sampling period and y, (¢) is obtained by
oy 1) =y @lr=1

30 = - (22)

andy, (t | t—1) is composedofthe accelerationcommands computed
from the existing guidance law at the preceding discrete time step.
Both yf)/y () and yrR(~) are approximated via this method.

In the preceding method, future commands are determined by
using the tangent vector of the current value during the finite future
horizon. This method is successfully applied under the condition
that the derivatives of a,, and a.. will not change severely during
the horizon. For many guidance laws in which the time histories
of guidance commands are smooth and continuous, such as the
conventional proportionalnavigation guidance, we can easily select
the length of the future horizon to satisfy the described condition.

IV. Performance Evaluation

We introduce closed-loop, air-to-air intercept scenarios to assess
the performance of the designed autopilot. We adopt a guidance law
as follows™®:

_ Kn(chl + Vrcltgo)

A, "
go

(23)

where A, = [a!, a)l,c al 17, R, is the three-component vector of

relative position represented in the inertial axes, Vg is the three-
componentvectorof relative velocityrepresentedin the inertialaxes,
14, is the time-to-go, and K|, is the navigation constant. In the simu-
lation, the inertial x axis is established along the initial line-of-sight
(LOS) and the LOS angle is assumed not to be much different from
the initial one over the whole engagement. The commanded accel-
eration [a}, a], a!]" is convertedto [a,c ay. a]" for Egs. (19)
and (20). The time-to-go is calculated using the formula®

2,
fyo = £ (24)

—VUy + [U% + (4}’/\,(1/\,/1(,,)]%

where r, and v, are the relative position and the relative velocity in
the direction of the missile x axis.

Two cases are considered for comparison. Case 1 uses constant
future commands as follows:

Y@+ =y, +2]0)= =y, +N+Ne|)

and case 2 uses future commands generated from Egs. (21) and
(22). The same RHPC is used in both cases. Note that case 1 has
no prediction concept and is basically similar to existing set-point
tracking controllers. Case 2 is the proposed RHPC-based autopilot.
The RHPC is designed on various operating points. In the simula-
tion, the gain is scheduled as a function of dynamic pressure, roll
rate, and angle of attack. To minimize the effect of the guidance er-
ror, all of the quantitiesrequired in Egs. (23) and (24) are assumed to
be known exactly. A g-bias is used to counteractthe effect of grav-
ity. Performance for two cases was evaluated by six-DOF simulation
includingall of the gyroscopicand coriolis couplings and the varia-
tion of aerodynamic parameters. The aerodynamic parameters were
obtained from tabularaerodynamicdata via multidimensionallinear
interpolationroutines. The limiting values of pitch accelerationand
roll rate are assumed to be 30 g and +8 rad/s. The following re-
sults were obtained with MATLAB. The six-DOF simulation block
is shown in Fig. 1, where integrators are used to obtain control input
u(t) from control increment Au(t) of Eq. (15).

The first scenario is shown in Fig. 2. The initial altitudes of the
missile and the target are 10,000 and 11,000 ft, respectively. The
targetis modeled as a point mass. When the time-to-go drops to less
than 1 s, it starts maneuvering according to

_7g[1 - tgo(t)]z
Ar(n) = 0 (25)
_7g[1 - tgo(t)]z

whereA; = [a,, a,, a,.1" denotes the vector of target acceleration
represented in the initial missile body axes. This scenario causes
only pitch motion of the missile, and it helps to evaluate the effec-
tiveness of the proposed design algorithm of future commands. The
initial z-axis acceleration of the missile is —10g. Figure 3 shows
the time responses of a, for two pitch/yaw autopilots. At a glance,
case 2 gives a response closer to the command than case 1. The
miss distance is only 0.2527 ft. In case 1, however, greater track-
ing error gives birth to the miss distance of 1.4234 ft. From Fig. 3,
it appears that the prediction is useful when the derivative of the
command changes severely as well as when it is nearly constant.
Table 1 summarizes the miss distances for different target maneu-
veringsin scenario 1. Case 2 is shown to be superiorto case 1 for all
runs.

To evaluate the designed autopilots when roll motion is also
present, the second scenario (Fig. 4) is introduced. The altitude
of the missile and the targetis 10,000 ft. The target starts a 9-g turn
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to the right when the time-to-go is 2 s and a 9-g turn to the left
when the time-to-go is 1 s. This target maneuvering is expected to
yield marked changes in the acceleration command and to increase
the possibility of failure of prediction in the design algorithm of
future commands. The time responses of cases 1 and 2 are shown
in Figs. 5-8. The pitch acceleration changes more severely in sce-
nario 2 thanin scenario 1. Although case 2 yields a larger overshoot
when the commanded accelerationchanges abruptly, it gives a better

—40 1 1 . . .
1.5 2 25 3
time {sec)

o
e
o

10 T T T T
— 8 i
[%]
3
ti |
s ¢ 1
@
= 2 1
&
0 achieved ]
Py . . . . ‘
0 0.5 1 1.5 2 25 3
time (sec)
b) Roll rate
Fig.5 Response of scenario 2 (case 1).

overall response. The initial value of the roll angle error, which is
defined as

e, = arctan(a,./a..)

is —90 deg due to the component of target velocity. As the roll rate
becomes the limiting value, the roll angle error rapidly decays. Also
note that, whenever the target acceleration changes abruptly, the
roll rate is increased. The angle of attack and the angle of sideslip
are shown in Figs. 6b and 8b. Even when a transient occurs, the
sideslip is kept below 1 deg. The miss distance of case 2 is only
0.6127 ft, whereas that of case 1 is 5.2774 ft. The difference of
the miss distances between two cases comes from their tracking
performance. In case 1, greater time lag leads to the acceleration
command saturation. It contributes to the severe miss distance be-
cause the acceleration command saturation just prior to the impact
directly results in miss distance. Table 2 shows the miss distances
for various target maneuverings in scenario 2. Case 2 yields bet-
ter results for all runs than case 1. From these results, we conclude
that the designed RHPC-based autopilot provides an excellentinter-
cept capability for the BTT missile. The proposed design algorithm
of future commands was verified to work well, even for a highly
maneuvering target.

Now let us verify the performance of the RHPC-based autopi-
lots when some seeker noises are present. Instead of the existing
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Table1l Summary of miss distances for scenario 1

Target maneuver Miss distance, ft
Run Ist (tgo = 1) 2nd (tgo = 0.3 5) Case 1 Case 2

1 Eq. (25) none 1.4234 0.2527
2 9-g turn up 9-g turn down 6.2663 2.4998
3 9-g turn down 9-g turn up 7.6228 0.9541

Table2 Summary of miss distances for scenario 2

A, Target maneuver Miss distance, ft
Run deg Ist (tgo =25) 2nd (tgo = 1) Case 1 Case 2
1 30 9-g turn none 0.2084  0.1431
2 90 to the left 0.2185  0.1881
3 30 9-g turn none 0.1486  0.0239
4 90 to the right 0.1243  0.1074
5 30 9-g turn 9-g turn 9.2738  5.9942
6 90 to the left to the right 2.2096  1.3296
7 30 9-g turn 9-g turn 52774  0.6127
8 90 to the right to the left 1.8179 1.3588

Table3 Summary of miss distances for scenario 2 with sekeer noise

A, Target maneuver rms miss distance, ft
Run deg Ist(tyo =2) 2nd (tgo = 15) Case 1 Case 2
1 30 9-g turn none 3.7066 3.2102
2 90 to the left 2.6907 3.0098
3 30 9-g turn none 3.0611 2.1803
4 90 to the right 5.4842 4.7025
5 30 9-g turn 9-g turn 25.0194 15.1291
6 90 to the left to the right 6.9782 6.9322
7 30 9-g turn 9-g turn 32.0045 12.1919
8 90 to the right to the left 6.3465 6.4554

Table4 Memory requirements

Matrices to be stored Number of elements

A(I — KH) in Eq. (12) nxn
B inEq. (12) nxl
AK in Eq. (12) nxm
—HT Qr inEq. (18) nxm
AT in Eq. (18) nxn
AT[I+ FGi+ 1DBR'BT]! (nxn)xN
forO <i < N in Eq. (18)
—HT Q. inEq. (18) nxm
F(0)A inEq. (15) nxn
—[R +BTF(©)B]"'B” inEq. (15) Ixn

Table 5 Computationalburden

Equations FLOPs Real value

x(t|t —1)inEq. (12) <2n(n+1+m) 320

gt +i)forN <i <N+ Np—1 <2n(n+m)Nfp 2800
in Eq. (18)

g(t +i)fori < N inEq. (18) <2n(n +m)N 5600

Au(t) in Eq. (15) <2n(n +1) 240

guidance system block in Fig. 1, we introduce one in Fig. 9,
where Ry, Vi, 7, and 0, are noise-corrupteddata of R, Vi, 7,
andv,,respectively.The seekernoise shownin Fig. 9 representsglint
noise, which is a position error on R,. The 7 is three-component
noise source, and each component is a zero-mean white Gaussian
noise with variance 4 ft. Note that this seeker noise causes not only
inaccurate R, and V,; but also inaccurate f,,. The rms miss dis-
tances for scenario 2 are shown in Table 3, where each rms miss
distance was obtained from 50 trials. In most runs, case 2 is shown
to be better than case 1. It means that the performance of the RHPC-
based autopilot is satisfactory even with the seeker noise and the
inaccurate time-to-go.
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Note that we use approximated future guidance commands under VI. Conclusions

the assumption that future commands will vary to the tangent di-
rection of the current value. Any future information is not used. In
the case of an air-to-air missile, it is difficult to obtain exact future
guidance commands. However, there are many applicationssuch as
the flight-path control problem!” in which reference commands in
the future are known in advance. In these cases, RHPC could be
applied more naturally and offer better performance with known
future information.

V. Implementation Issues

The designed RHPC expressed by Eqgs. (12-18) takes its compu-
tation time into account. Using y(t — 1), Au(t) is computed during
one step size betweent — 1 and 7, and it is applied from ¢ to ¢ + 1.
We designed the RHPCs for about 1000 operating points to cover
all of the flight conditions of the missile. For an operating point,
many parts in the computing procedures of g(¢) and x(¢ [t — 1)
as well as feedback gain F(-) can be obtained by off-line compu-
tation. To minimize the on-line computational burden in the real
implementation, these matrices can be stored in read-only memory
(ROM) or flash memory and referred to in the on-line computation.
Table 4 shows these matrices and the memory requirements to store
them per one operating point. Note that most of the on-line com-
putational burden and memory requirements result from the RHPC
for the pitch/yaw channel because the order of the RHPC for the
pitch/yaw channelis much larger than that of the RHPC for the roll
channel. Thus, we consider only the RHPC for the pitch/yaw chan-
nel here. In the case of the RHPC for the pitch/yaw channel, the
total number of floating-pointelements required is 2300 according
ton = 10,m = 4, and [ = 2. Because one floating-point number
requires 4 bytes, 9200 bytes are required to store the precalculated
matrices of the RHPC for the pitch/yaw channel per one operating
point. Hence, it amounts to a total of approximately 10 megabytes
for all of the designed RHPCs. This amount of memory is feasible,
at a low cost by today’s standards, by using common flash memory
or ROM devices.

The on-line computational burden using this approach is shown
in Table 5. The computational burden to obtain future commands
y @+, y,+2),...,y.(t+ N+ Np) is not considered here be-
cause this burdenis negligiblecompared with that of the RHPC. The
sequencesshouldexecute 8960 floating-pointoperations(FLOPs) in
5 ms, one step size, for the rate of 1.8 x 10° floating-pointoperations
per second (MFLOPS). The TMS32040, a commercially available
digital signal processor (DSP), supports 20 MFLOPS (Ref. 18).
This means that the designed RHPC-based autopilotcould be easily
implemented with a DSP.

~[R.+ B"F(0)B] 'B"F(0)A

—0.2632 0 —0.0008 1.2741 -9.2613
0 —0.0909 0 0 0

0

This study has demonstrated that RHPC methodology can be ap-
plied successfully to an autopilot design for a BTT missile while
using the existing guidance law. The problem of computing future
guidance commands inherent to the predictive control scheme was
solved througha designalgorithmbased on a first-orderapproxima-
tion of the current guidance commands. It was shown by computer
simulation that the proposed RHPC-based autopilot offers excel-
lent tracking performance for arbitrary guidance commands and
that this contributes to reduced terminal miss distances. The anal-
yses on memory requirements and computational burden showed
that the suggested autopilot could be implemented with currently
available devices such as a DSP chip and 10 megabytes of ROM
devices.

Appendix: Representative Data

The flight conditions are altitude = 10,000 ft, Mach = 2.0, « =
1.6036deg,and 8 = 0 deg. The aerodynamicderivativesand design
parameters are geven in Tables A1 and A2, respectively.

Filter Gain in Eq. (12)
Pitch/yaw channel:

AK =
[—1.5702E-3 —2.8180E-1 —5.0000E-14 1.1770E-11]
1.0000E-15 1.4000E-13 1.2076E-3 —2.7202E-1
2.7073 —6.3445 —2.5000E-13 —6.2050E-11
—7.7681E-3 2.0303E-1 1.0000E-14 —5.1000E-13
2.9672E-4 —1.6832E-3 —1.0000E-15 —1.0000E-14
—1.1041E-1 —3.1904E-1 1.0000E-14  1.1540E-11
6.0000E-14 3.3800E-12  2.6467 1.7989
1.0000E-15 1.0000E-14  4.6466E-3 2.6181E-1
—1.0000E-15 —1.0000E-15 —3.6349E-4 —1.3399E-3
L 1.0000E-14  5.0000E-13  1.3121E-1 —1.7047E-1 |
Roll channel:

0.0086
K =
1.9826
Feedback Control Gain in Eq. (15)
Pitch/yaw channel:

—0.0013 0.1694 1.9964 —0.0059

—0.0396 0 0 0 0 i|
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Table A1 Aerodynamic derivatives

Yg = —3.3651E+03 fu/s
Zo = —1.1691E404 ft/s? Zs = —2.2108 E4+03ft/s>
Lg = —3.1195E+03 I/s? L, = —2.90661/s
Ls = 2.3274E+04 1/s?

M, = —91.5918 I/s? M, = —0.03221/s
M;s = —1.0386E+03 1/s?

Ng = 458.4064 1/s N, = —0.0322 /s
Ns = —986.9393 I/s?

Ys = 2.1599E+03 ft/s

Table A2 Design parameters

Sampling period 5 ms
K, in Eq. (23) 3
K, in Eq. (20) 7
N (pitch/yaw channel) 20
Np (pitch/yaw channel) 10
N (roll channel) 4
Np (roll channel) 2
Roll channel:

—[R. + BTF(0)B]"'BTF(0)A = [—60.2784 —0.0774]
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