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Fixed-Order Dynamic Compensation for a High-Performance
Fighter Aircraft

Edward V. Byrns Jr.*
Systems Planning and Analysis, Inc., Falls Church, Virginia 22041

and

Anthony J. Caliset
Georgia Institute of Technology, Atlanta, Georgia 30332

This paper presents a robust fixed-order dynamic compensator design for a high-performance fighter aircraft.
The compensator design methodology is based on an approximate loop transfer recovery technique. Full-state
gains are first designed for the dual system, which is the equivalent of designing a full-order observer. Then the
loop characteristics at the dual system input are approximated with a compensator in controller canonical form.
Finally, the optimal éains are implemented in the dual compensator to insure robustness and tracking perfor-
mance at the plant output. The fixed-order dynamic compensator developed here is compared with a previously

published full-order observer design.

Introduction

HE agility of modern fighter aircraft is rapidly improv-

ing. New flight regimes are being encountered where con-
ventional aerodynamic controls lose their effectiveness. To
overcome this difficulty, many new control surfaces are being
introduced into the airframe. The coordination of these muiti-
ple surfaces is a challenging modern control problem. Classi-
cal design techniques are typically difficult to implement.

A version of the Navy’s F-18 fighter aircraft has been con-
figured for low-speed, high angle-of-attack flight. Numerous
independent inputs are available to control the aircraft. As
listed in Ref. 1, these control elements are 1) a large span,
single-slotted trailing-edge flap capable of 45-deg deflection in
the landing configuration, but doubling as a differential flap-
eron with + 8-deg deflection in the up and away maneuvering
configuration; 2) single-slotted, drooped ailerons for takeoff
and landing, with +25-deg deflection for up and away condi-
tions; 3) leading-edge flaps that are scheduled with angle of
attack and Mach number to a maximum of 34 deg down (in
addition, they are used differentially =3 deg for roll augmen-
tation); 4) twin rudders that are used for the normal purposes
of directional control and roll coordination but that are also
used for enhancement of longitudinal stability and control in
the takeoff and landing configurations; 5) an all-movable sta-
bilator with differential deflection for roll; 6) a throttle posi-
tion that regulates the thrust delivered by the engine; and 7) a
thrust vectoring vane system that regulates the angle at which
the thrust is applied on the aircraft. This vehicle, the F-18/
HARYV (High Alpha Research Vehicle), is called ‘‘superma-
neuverable’’ since it has thrust vectoring vanes that allow mo-
ment generation even in low-speed flight.

In Refs. 1 and 2, several longitudinal flight controllers were
designed for the F-18/HARV. Both standard loop transfer
recovery (LTR)® and H,* design techniques are employed.
These designs produced full-order controllers that provided
robustness to unstructured uncertainty at the plant output. In
this paper, a fixed-order dynamic compensator is designed for
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the F-18/HARY, and it is compared with the full-order ob-
server in Refs. 1 and 2. The H,, full-order controller is com-
pared with a fixed-order dynamic compensator in Ref. 5.

Fixed-order dynamic compensators are a promising ap-
proach to designing low-order controllers. The compensator
order is selected at the outset of the design, and this constraint
is included in the derivation of the necessary conditions for
optimality. However, until recently, the compensator designs
had poor robustness characteristics. In Ref. 6, a design tech-
nique is presented for approximating recovering linear qua-
dratic regulator (LQR) properties at the plant input when
implementing a fixed-order dynamic compensator in either
observer or controller canonical form.” This formulation par-
allels the well-known LTR design technique.? Full-state gains
are first computed for desirable loop properties at the plant
input, followed by the compensator design to approximately
recover these characteristics. It has also been shown in Ref. 8
that the approximate LTR formulation at the plant output is
the exact dual of the procedure in Ref. 6. In this paper, the
output approximate LTR technique is used to insure robust-
ness and tracking at the plant output.

A brief outline of this paper follows. First, the observer and
controller canonical compensator forms are presented, fol-
lowed by a review of the approximate LTR design methodolo-
gies. Next, the compensator design and implementation steps
are discussed. Finally, the detailed design of an F-18/HARV
longitudinal flight controller is presented. In this example, the
fixed-order dynamic compensator is compared with a full-or-
der observer designed using the standard LTR procedure.

Canonical Compensators

In Ref. 7, a formulation based on observer and controller
canonical structures was first presented for designing fixed-or-
der dynamic compensators. The order of the compensator is
first selected, and then its structure determined by the choice
of either controllability or observability indices. These canon-
ical forms are reviewed later, including a mild extension to the
case of proper plants.

Consider the standard linear multivariable system, where x
is an n-dimensional vector, u is an m-dimensional vector, and
y is a p-dimensional vector.

2=Ax + Bu )
y=Cx +Du 2

which has the transfer function from u to y
G(s)=C®B + D, d=(sI —A)"! ?3)
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Fig. 1 Approximate LTR formulation for recovery at the plant in-
put,

Fig. 2 Approximate LTR formulation for recovery at the plant out-
put.

A compensator in observer canonical form for the system in
Egs. (1) and (2) is given next, where z and u, are nc-dimen-
sional vectors:

Z=Pyz +u, (4)
Uy = Foplt — Ny (5)
u, = —H° (6)

where P,, and N are free parameter matrices of compatible
dimensions. The matrices Pg and H® are predetermined by
the choice of observability indices »; and their structure is
given next: '

%, = Block diag[Py, ...,Pg] M
[0 0 0 0]
1 0:-:0 0

po - 01 00 ®
00 00
00 1 0|,y

He° = Block diag{[0,...,0 1l;x,,i=1,...,m} ©

The observability indices are subject to the following constraints:

m

E v, = nc (10)
Vi = Vi + 1 (11)
The open-loop transfer function K,(s) from y to u is

Kop(s) = HO(sI — Poy)™'N 12)

where 7
Py, =P — Py, H® 13)
A controller canonical compensator for the system in Egs. (1)

and (2) is formulated in Eqs. (14-16), where z_ is an nc-dimen-
sional vector, and u, is a p-dimensional vector:

Ze=Plzc + N°u. — N° (14

U, = — %, (15)

u

i

—Hz, (16)

where P. and H are the free parameter matrices. In this case,
the matrices P? and N° are predetermined by the choice of
controllability indices, »;, and their structure is given next:

P? = Block diag[Py, ..., P} 17)
010 00
001700

PP = : (18)
000 01

000 0 0|pyxw

N° = Block diag{[0,...,0 117, ,i=1,...,p]} (19)

The controllability indices are subject to the following con-
straints:

E v, = nc 20)
vi <+ 1 D
In.this form, the open-loop transfer function K, (s) from y to
u is
K. (s)=H(sl — P,)"'N° 22)
where
P, =P —N°P, 23)

Note that these compensator structures are also constrained to
be strictly proper. ]

For both of these canonical forms, the design of the free
parameter matrices reduces to a constant gain output feedback
problem when the plant dynamics are adjoined with the com-
pensator dynamics. Because of the structure of the two canon-
ical compensators, N° = H° and P? = P47 for the same set
of observability and controllability indices. Therefore, the
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Fig. 3 Loop shapes for the F-18 full-order observer.
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observer canonical compensator of Egs. (4-6) is the exact dual
of the controller canonical form of Eqs. (13-15) (for the same
set of compensator indices) if P, = PZ and H = NT.

Approximate LTR Formulations
Recovery at the Plant Input

In Ref. 6, an approximate LTR method is presented for
recovery of loop properties at the plant input. This formula-
tion is based on a performance index that penalizes the differ-
ence between two closed-loop return signals, corresponding to
v, and v, in Fig. 1. These signals are produced by identical
uniformly distributed impulses injected at the plant input for
zero initial conditions. It has been shown that if v, —v,, then
K, G approximates K. ®B .8

If the compensator is defined using the observer form, then
the signal error is given by

ey=v,—v,=K.x — H°z 24)

where the full-state gain K, is designed for desirable loop
properties at the plant input. In this context, it can be seen
from Eq. (24) that the observer form has the unique advantage
in that H° is a predefined matrix. The approximate LTR
performance index is

J= EXO{S lefe, + pulu,] dt} (25)
0

As the parameter p — 0, then K,,G approximates K. ®B to
varying degrees depending on the order of the compensator.
This problem can be reduced to a standard constant gain

a
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Fig. 6 System response to a step y command.

output feedback design formulation wherein the plant and
compensator state weighting matrices and the resulting distri-
bution on initial conditions (due to the impulsive inputs) are
uniquely defined.®

Recovery at the Plant Qutput

An approximate LTR methodology at the plant output is
the exact dual of the input recovery problem.? To formulate
this problem, consider the dual of Eqs. (1) and (2) given next,
where x,; is an n-dimensional vector, u, is a p-dimensional
vector, and y, is an m-dimensional vector:

kg =ATx, + CTuy 26)
Ya=B'x,+ DTuy Q7

A full-state gain matrix K fT is computed to produce desirable
loop shapes at the dual plant input. This is equivalent to
designing full-order observer gains to insure the loop proper-
ties at the plant output.’

Assuming an observer canonical form is to be implemented,
then a compensator in the controller form is first designed to
recover the loop properties at the dual plant input. Note that
in this case uy; = ~ Hz.. Referring to Fig. 2, this corresponds
to a penalty on the difference between v, and v,, with the
result that K.,G T approximates K/ ®7C”. The error signal in
this case is given by

e;=vi — v, =K[lx; — Hz, (28)

and the approximate LTR performance index becomes

J= EXOU lefe, + puTu. ] dt} 29)
0
The reduction to a standard constant gain output feedback
design formulation in this case is slightly more complicated in
that the error term in Eq. (28) now depends on H, which is a
free parameter matrix. Substitution of Eq. (28) into Eq. (29)
introduces a cross term between x,; and u, in the performance
index, the details for which are given later. Again, as p — 0,
then K,,G 7 approximates K/ ®7C7, and transposing this rela-
tionship yields GKI approximates C®K . Because of the
structure of the canonical compensators, KT designed for the
dual sysetm in Egs. (26) and (27) is equivalent to K, con-
structed for the original plant in Egs. (1) and (2). Therefore,
by implementing the observer canonical form, GK,,;, approxi-
mates C®K,, indicating that the dynamic compensator ap-
proximately recovers the plant output loop shapes.

Compensator Design and Implementation:
Observer Canonical Compensator Implementation
To implement the compensator in observer canonical form,

a controller canonical compensator is designed for the dual
system. In this case, the reduction to a constant gain output
feedback design formulation is slightly more complicated than
the approximate LTR methodology of Ref. 6. The details of
this formulation are given next.

The dual plant dynamics, Egs. (26) and (27), are augmented
with the controller canonical compensator dynamics, Egs.
(14-16), and the equivalent linear system is given, where x is
an n + nc dimensional vector, u is a p + m dimensional vec-
tor, and y is an nc-dimensional vector:

x=Ax + Bu (30)
y=0Cx 31
u= -Gy (32)

where x7 = {x],z]}, u” = {ul,ul}, y =z, and

A= AT 0 B= cr 0 (33)
| -N°BT p? " | =N°DT N¢
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C =101 G—[H} 34
=10 I,c] - | 5. (34)

As noted earlier, the error signal to be penalized is given by

€ =V — V= Kfod - Hzc (35)
where u, = — Hz,, and the approximate LTR performance
index becomes

J=E,, ﬂ [ed We, + pulu,] dt} (36)
0

The weighting matrix, W = 0, allows the individual error sig-
nals to ‘be selectively penalized in the approximate recovery
design process. Substituting Eq. (35) into Eq. (36) and rewrit-
ing the performance index as

J = EXOU [x7Ox + 2u?Sx + u"Ru] dt} €n))]
0
yields the following plant and compensator state weighting
matrices:
o- KWKF 0 g | WK 0 38)
- 0 0 Lo o
R = [W 0 ] 39)
10 oI,

By injecting uniformly distributed impulses at the dual plant
input, the following initial condition variance is produced:
c’C 0

(40)

E{xoxoT}=Xo=[ 0 o

Equations (30-32) and (37) constitute a constant gain out-
put feedback problem whose necessary conditions for opti-
mality are well known. Using the basic approach outlined in
Ref. 9, the necessary conditions for the output feedback prob-

—0.3830 0 —-0.8258
® — —0.5157 -0.3724  —-0.8377
-19.1941 ~—2.0054 —23.3767

0 0 0

lem defined by Egs. (30-32) and (37) are derived next. The
performance index in Eq. (37) satisfies

J =tr{KX,)} 41)

where K is the solution to

AIK + KA. + AQ + CTGTRGC — (CTGTS + STGC)=0

(42)
A.=A - BGC 43)
Defining the Lagrangian as
L=tr{KX,+[AJK + KA.+ Q + CTG'RGC
— (CTGTS + STGCO)ILT} (44)

then the necessary conditions for optimality, 0£/0K = 0L/0L
= 9L/3G =0, are

AL +LAT +X,=0 45)

AJK + KA, + AQ + CTGTRGC =0 (46)
2RGCLCT — 2BTKLCT —2SLCT=0 47)
Solving Eq. (47) for G yields

G =R-'[(B'K + S)LCT/(CLCT)-! (48)

and thus a convergent sequential algorithm!® can be used to
solve the necessary conditions defined by Eqgs. (45), (46), and
(48). As the design parameter p is reduced, the loop properties
K/ ®TCT are approximated by K., (s)G7(s). This determines
H and P,. Using the relationships N = H” and P,, = PT, the
optimal gains are implemented in the observer canonical com-
pensator, Eqgs. (4-6).

F-18/HARY Longitudinal Flight Controller

This example considers the design of a longitudinal flight
controller for the supermancuverable F-18/HARV. In Refs. 1
and 2, several flight controllers are developed for this vehicle
using the standard LTR and H,, design techniques. In compar-
ison, this example illustrates the design of a fixed-order dy-
namic compensator using the output approximate LTR tech-
nique. This compensator is then compared with the standard
LTR design in Refs. 1 and 2.

F-18/HARYV Longitudinal Dynamics

The F-18/HARYV four-state linearized longitudinal dynami-
cal model is given in Refs. 1 and 2 for a low-speed, high angle
of attack (Mach 0.24, « = 25 deg) at 15,000 ft altitude. This
flight condition is considered to be a difficult trim point. The
state-space representation of the dynamics is given by

&= Qa+ Bu 49)

where the scaled system matrices are

—-0.0750 —0.1399 0 —0.1871
—-0.1517 —-0.1959 0.9896 0
@ = (50
—0.0258 —0.1454 -0.1877 0
0 0 1.0 0
0.0262 —-0.4114 1.4400
—0.0054 —0.5157 —0.4641 1)
—0.0653 1.2032 0.7271
0 0 0
and the state and control vectors are
true airspeed, v7(1/8 ft/s)
B angle of attack, « (deg)
- pitch rate (rad/s)
pitch angle (deg)
(52)

symmetric thrust vectoring vane (deg)
symmetric aileron (deg)
symmetric stabilator (deg)
symmetric leading-edge flap (deg)
symmetric trailing-edge flap (deg)
throttle position (deg)

Note that this model has an unstable phugoid mode at 0.0188
+ 0.1280/ and a stable short period mode at —0.248 =
0.3585/.
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Three of the six control inputs are redundant since rank 2 o8
(®) = 3. Following the procedure in Refs. 1 and 2, the actual 1k | osr
system, Eq. (49), can be replaced by the pseudosystem :_;‘_y """"""""" 3 04
0.8} : 3 T 03F
: 3
x= Qax + Byv 53) ’g“ g
: . . -1 3
where v is a vector of three linearly independent pseudocon- ©o4r %
trols, and B, spans the same space as B. Accounting for the 02} : 8
structure of B, an appropriate choice for B,, is s A N
L
B, = |:0:l (54) 2 2 3 4 5 '0'40 1 2 3 4 5
Time (sec) Time (sec)
. . O 3 Controls:
A controller can now be designed using the pseudosystem, and y,"?:::. Airspeed (1/8 ftisec) ..1° sym. Thrust Vectoring
as a postdesign step, the pseudocontrols can be mapped onto ¥, = Flight Path Angle, 7 (deg) 3;:3;? Traling Edge Fisp

y3 = Pitch Angle, 6 (deg) u, = Sym. Alleron

the actual controls. This transformation is given by ug = Sym. Leading Edge Flap

u6=ThrottIe
u="Tv (55)
Fig. 7 System response to a step # command.
where
TIW‘IBIT(BI‘W’IBIT)", W=diag{l1 111131}
(56)

and B is the upper 3 X 6 block of ®&. This transformation distributes the pseudocontrol so that the weighted energy of the actual
redundant control is minimized. This approach also provides for reconfigurable control. The details of this optimization procedure
are given in Ref. 2.

To insure type I behavior (zero steady-state error), three integrators are introduced into the system. Defining x =
(T, \vr, Ve, j@]T, the augmented system matrices are

Q@ |

B,
- 4 0
A= 1 0 0 0 0 0 0 I 0 0 B = 0 (57)
0 1 0 0 0 0 0 I 0 0 0
0 0 0 1 0 0 0 ! 0 0

The outputs of this system are y = {vy, v, 0, p, SVT, Sa, jB} T, where v = 6 — « is the flight-path angle. The v, 8, and v outputs
are chosen to maintain compatibility with the previously published designs. The p output is included since pitch rate is normally
an available measurement. This measurement set allows for proportional plus integral control.

Dynamic Compensator Design
Using the system matrices in Eq. (57), a full-order observer is first designed by selecting.

Q =BBT R =0.21 (58)
and the resulting gain matrix is

f 1.3793 0.2063 —0.1082 —0.0558 1.6099 —0.1329 —0.0869 |
—-0.1180 —1.8820 0.6326 0.5324 —-0.1248 0.8904 0.3406
—-0.0209 0.0862 0.6186 1.9287 -0.0133 0.0717 0.0921
K;=| —0.0406 0.1056 0.7382 0.6186 —0.0282 0.3145 0.4440 (59)
0.6037 0.0967 —0.0282 —0.0133 1.6856 —0.0545 —0.0308
—0.0498 —0.5759 0.3145 0.0717 —0.0545 1.1176 0.3008
| —0.0326 0.1033 0.4440 0.0921  —0.0308 0.3008 0.7610

In Fig. 3, the singular values of C®Kare shown. The focus of this design is to recover the first three loop shapes of C®K, which
are associated with the v, v, and # measurements.

A third-order observer form compensator is to be implemented. Thus, a controller form compensator must first be designed to
recover the loop properties at the dual plant input. To maintain compatibility with the standard LTR design in Refs. 1 and 2, only
the vy, v, and 6 loop shapes are to be recovered. Thus, the error signal weighting matrix, W in Eq. (36), is selected as
W =diag{1,1,1,1.0E — 4, 1.04FE — 4, 1.04E — 4, 1.04E — 4}. In Fig. 4, the recovery of the desired loop shapes is shown for the
p = 0.05 design. This design is considered to have sufficiently recovered the desired loop shapes. For p = 0.05, the compensator free
parameter matrices are given next:

-23.57 -0.609 1.077 0.264 -0.237 -0.00121 -0.00131
N=1] 2302 30.20 1.245 0.338  -0.00285 —0.252 0.123 (60)
0.332 —-0.409 -—-22.79 -14.35 0.00111 - 0.104 —-0.206
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Fixed Order Dynamic Compensation:

u
QLU oty

Ye

T
v ={ylo.yI] and dim ygo < dim u,

where y., = controiled outputs and y, = auxillary outputs

Full Order Observer/LTR:

Ye

g u
O——{Comporsstart—+{ | |—[Peartbér>

Y = Yoo and dim y < dim u

Fig. 8 Comparison of controller structures.
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Fig. 9 Comparison of loop transfer functions.

6.341 —0.0909 —0.0238
Py, =] —0.0443 9.911 —-0.00670 61
~0.0266 -—0.0184 7.093

In Figs. 5-7, time histories are shown for step commands in
vr, v, and 8, respectively. As a general conclusion, all of the
output and control responses appear reasonable. No excessive
control deflections are observed in the control channels. The
apparent lack of zero steady-state error is actually due to slow
integrator modes. Over an extended time interval, this steady-
state error disappears. In Fig. 5, the system 90% settling time
is less than 3 s, and the maximum control effort is approx-
imately 1.6 deg of throttle. For the y step command, Fig. 6,
the system 90% settling time is around 1 s, and the maximum
control effort is approximately 1.3 deg of symmetric stabila-
tor. In this response, the control responses have an extremely
quick rise time since the actuator dynamics are not modeled.
Finally, the slowest response is the 6 channel, where the 950%
settling time is near 5 s, Fig. 7. However, in this channel all of
the control deflections are extremely small.

Comparison with an Observer Design

In Refs. 1 and 2, a full-order observer is designed for the
F-18 using the standard LTR methodology.> Unlike the ap-
proximate LTR methodology for the fixed-order compensa-
tors, the standard LTR design technique requires that the
plant be squarable (i.e., number of inputs equals number of
outputs). This requirement limits the number of outputs to
three, and they are y = {vr, v, #}7. In addition, to maintain
the square plant, the three integrators must be implemented in
series with the control inputs, which is a unconventional con-
figuration. If proportional plus integral control is introduced,
as in the fixed-order dynamic compensator design, then the
number of outputs would exceed the number of inputs. A
block diagram comparison of the standard LTR controller
and the fixed-order dynamic compensator is shown in Fig. 8.

In this figure, y., corresponds to {vg, v, 0}7, and y, corre-
sponds to {p, |vr, [a, [6}7.

The loop transfer functions, with the loop broken at the
plant output, are compared in Fig. 9 for the full-order ob-
server and the p = 0.05 compensator design. Both designs have
a bandwidth of approximately 3 rad/s. However, the singular
values of the full-order observer design are slightly tighter at
the crossover frequency. In addition, both controliers provide
additional rolloff beginning at approximately 10 rad/s. The
increased rolloff for the full-order observer design is due to
the greater number of poles in this controller.

In Table 1, the open-loop poles of the full-order observer
are compared with the poles of the fixed-order dynamic com-
pensator. Since the fixed-order compensator is not square,
there are no transmission zeros for this controller. When the
integrator states are included, the full-order observer is a
10-state compensator, whereas the fixed-order dynamic com-
pensator is only a 6-state compensator. However, excluding
the three integrator states, the fixed-order compensator has
dynamics that are similar to the three fastest full-order ob-
server modes. The fixed-order compensator has a stable pole
at 6.34 rad/s, whereas the full-order observer has a stable pole
at 5.24 rad/s. The remaining two fixed-order compensator
poles are slightly different from the fastest full-order observer
mode. The full-order observer has a stable complex pole at
(w, {) = (7.46 rad/s, 0.73), whereas the fixed-order dynamic
compensator has two stable real poles at 7.09 and 9.92 rad/s.
However, it is interesting to note that in each controller the
magnitudes of these two poles do not differ significantly. In
fact, the poles of the fixed-order compensator can be charac-
terized by (w, {) = (8.39 rad/s, 2.03), so the difference is pri-
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Fig. 10 Singular values of the full-order observer and fixed-order
dynamic compensator.
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Table 1 Comparison of controller characteristics

Full-order Fixed-order dynamic
observer compensator
No. of inputs 3 7
No. of outputs 3 3
Compensator poles a + bj —-5.49+5.07/ —9.92.0
—-5.24 —-7.09.3
—3.94+3.32j —-6.34
—2.05+3.68) 0,0,0
0,0,0

Compensator zeros a + bj —0.248 +0.359j

—0.178 £0.124/

marily in the damping ratios. In Fig. 10, the singular values of
the full-order observer are compared with those of the fixed-
order dynamic compensator. Note that both controllers have
very similar frequency characteristics.

In Fig. 11, the time response of a step vy command is
compared for the full-order observer and the fixed-order dy-
namic compensator. The full-order observer has a response
time of approximately 2 s, whereas the fixed-order dynamic
compensator has a response time of approximately 4 s. Note
that the full-order observer response does not exhibit the slow
integrator mode behavior, which is evident in the fixed-order
compensator response. However, both trajectories appear rea-
sonable. In Fig. 12, the singular values of the return difference
matrix, [/ + G(s)K (s)], are compared for the fixed-order dy-
namic compensator and the full-order observer. For both of
these designs, the minimum singular value is 0 dB, which
indicates that the designs have recovered all of the robustness
properties of the full-state feedback design. Each output chan-
nel has a guarantee of 60-deg phase margin and 6 dB gain
margin. Thus, it appears that the fixed-order dynamic com-
pensator provides similar robustness and performance proper-
ties as the full-order observer, but with the savings of four
states in the controller dynamics.

Conclusions
A fixed-order dynamic compensator has been designed as a
longitudinal flight controller for the F-18/HARV. The con-
troller is designed using a seventh-order linear model for a
low-speed, high angle of attack hard trim point. The third-or-
der dynamic compensator, implemented in observer canonical
form, provides robustness and tracking performance at the

plant output. The simulations to step command inputs illus-
trated that all outputs settled in approximately 4 s. The control
deflections were generally less than 1.0 deg. The fixed-order
compensator has been compared with a full-order observer.
Both controllers have similar frequency characteristics and
guarantee 60-deg phase margin and 6 dB gain margin. How-
ever, with the integral states introduced, the fixed-order com-
pensator has only 6 states as compared with 10-state full-order
design. Moreover, the full-order observer must be designed
for a square plant whereas the fixed-order dynamic compensa-
tor has been designed for a nonsquare plant. For the fixed-or-
der compensator design, the number of measurements are not
constrained to be equal to the number of control inputs.
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