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I. Introduction

NE of the main drawbacks in conventional gain-scheduling

schemes in aircraft control is the lack of stability or
performance guarantees over the entire operating envelope because
controllers are designed at discrete operating points. Linear
parameter varying (LPV) controllers offer a natural way of
circumventing this problem by taking into account the dependence of
aircraft dynamics over the scheduling variables during the synthesis
process. Some of the applications include the design of LPV
controllers for high performance aircraft with added assumptions on
bounds on the rate of scheduling parameters [1,2], the design of the
LPV controller for missiles and aircraft based on a solution of convex
linear matrix inequalities (LMIs) [3,4] and p synthesis [5,6], and
LPV controllers using loop shaping for aircraft [7] and missiles [§].
In fact, one can say that with the flight testing of LPV controllers [7],
this field of research has come of age. However, all of the previous
references, except [8], deal with dynamic LPV controllers whose
orders are generally high, consuming more time in implementation
and testing. As a result, research into the design of static output
feedback has assumed importance over the years. In [9], static output
feedback controllers that minimize a quadratic cost function are
presented in terms of modified Riccati equations and a rank
minimization problem. A global minimum is, however, not
guaranteed for the rank minimization problem. Sufficiency
conditions for the existence of suboptimal controllers are presented
in[10] and inversely coupled Lyapunov inequalities are solved using
a min/ max approach to obtain the controller. The min/max
algorithm is modified in [11] to include extra scalar parameters to
solve the Lyapunov inequalities and both necessary and sufficiency
conditions are given for the existence of controllers. It is to be noted
that both [10,11] rely on an iterative procedure for controller
computation. In contrast to the iterative design procedures in [10,11],
Benton and Smith in [12] present a noniterative method that
guarantees a prescribed level of closed loop stability and output
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feedback gain. The design of static output feedback controllers that
satisfy the H,, norm criterion is also formulated in terms of two
sufficient LMI conditions [13], and an augmented Lagrangian
approach is used in [14] to find an optimal static controller. The cone
complementarity approach is used in [15] to find suboptimal static
controllers. The main drawback of [13] is that the LMI conditions are
problem dependent, while the optimal and suboptimal solutions
proposed in [14,15], respectively, are local solutions. Recently,
coupled LMI conditions were derived [16] to handle H,, loop-
shaping problems with static output feedback, and an iterative
solution is proposed [17] for solving coupled matrix design
equations that lead to static H,, controllers. The results of [16] are
extended in [8] to LPV systems using a loop-shaping technique. This
work focuses on the design of static LPV controllers for an
unmanned air vehicle (UAV) using an alternate approach to [8] for
deriving static loop-shaping controllers for LPV plants. While [8]
uses a coprime factorization approach, this Note uses a four-block
formulation, thus decreasing the number of LMIs to be solved. Itis to
be noted that the final loop-shaping controller includes the weighting
functions [18] and dynamic LPV loop-shaping controllers are more
complicated and difficult to implement than static loop-shaping
controllers.

A related issue in LPV controller design is the development of
LPV models. In the case of UAVs, the dynamics are dependent on
speed, altitude, angle of attack, and side-slip angle. Some of the
methods employed in the development of LPV models include
Jacobian linearization of nonlinear dynamics at different operating
points throughout the flight envelope [19,20] and state trans-
formation and function substitution (Marcos and Balas [20] present a
detailed comparison of different LPV modeling techniques). In this
Note, the longitudinal LPV model of the UAV is obtained through a
series of approximations in the elements of the state-space matrices
based on an understanding of flight dynamics, thus simplifying the
model and consequently the controller design process. Because the
UAV operates at low Reynolds number and a variation in height is
negligible, LPV modeling and controller design use only speed as the
scheduling variable. The simplified LPV model was also used
in an earlier work [21] for the design of LPV controllers using
/L synthesis.

This paper is organized as follows. In Sec. II, the development
of the longitudinal LPV model of the UAV, design specifications,
and the choice of LPV weights for the loop-shaping problem are
presented. Section III presents conditions for the existence of
static output LPV controllers, and Sec. IV presents the results of
the application of the proposed design methodology on the UAV.
Results from nonlinear simulation are also presented in Sec. IV.
Finally, Sec. V concludes the Note with a summary of the
results.

II. LPV Model and Problem Formulation

With a cruise speed of 22-72 m/s, the aircraft considered in this
paper is a generic model representative of the class of UAVs that
operate at low Reynolds number. The linear longitudinal models of
the UAV are obtained from the local linearizations of the 6-degree of
freedom nonlinear dynamic model and given by
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u X,(V) X,(V) —gcos(6;(V)) X,(V) 0
w Z,(V) Z,V) Zy(V) Z,v) 0
0| = 0 0 0 1 0
q M, (V) M,(V) My(V) M,V) 0
h 0 ~1 1% 0 0
u Xse(V) X5 (V)
w Zs, (V) Zgy(V) s
x| 0|+ 0 0 [5} (1)
q My, (V) My (V) |-
h 0 0
u
q 0 0 01 07|w
h | = 0 0 0 0 1 0 2)
Vr cos(;) sin(e;) 0 O O q
h

The perturbed states in Eqs. (1) and (2) correspond to velocity u
along the x axis of the body-axes coordinate system, velocity w along
the z axis of the body-axes coordinate system, pitch attitude 6, pitch
rate ¢, and height &. §, is the elevator input and é, is the throttle input.
The measurements used for feedback are pitch rate, height, and total
velocity V. Trim velocity V is the independent parameter defined as
the velocity at which the aircraft is in equilibrium. 6, is the trim pitch
angle and ¢, is the trim angle of attack. Note that for straight and level
flight, 6, = «,. The aim of the longitudinal controller design is to
track the height and velocity reference signals. It is worthwhile to
note that the dynamics of the model is independent of height and,
hence, density. Although such an assumption can lead to large
inaccuracies in the modeling of full-scale aircraft, it is perfectly valid
for UAVs that operate in the low Reynolds number region, because
the altitude does not vary significantly during cruise. The polynomial
dependence of the dimensional derivatives on velocity in Eq. (1) is
found through least-squares curve fitting. Although the derivatives
vary in both linear and quadratic fashions as functions of velocity,
only the linear dependence is used to make the problem simple and
tractable. Also, only the parameter dependence of dimensional
derivatives that most influence the dynamics of the UAV is retained
in the final LPV model. This is achieved by varying each coefficient
in turn over the entire range while fixing all other coefficients in
Eqgs. (1) and (2) at their average values. It is thus determined that the
coefficients X, Zg, Z,, M,,, Zs,, and My, are the most significant ones
in the sense that any variation in these coefficients would introduce
large changes in the UAV response in terms of damping, natural
frequency, and response amplitudes.

For purposes of confirming the veracity of the LPV model,
longitudinal models at three representative flight speeds are
compared. Figures 1-3 show the frequency responses of the
linearized plant model and the LPV model at 22, 47, and 72 m/s,
where the measured outputs are the total velocity, height, and pitch
rate. The frequency responses at 22 and 72 m/s show a marked
difference around the phugoid frequency and short-period frequency
whereas the difference is negligible at the flight speed of 47 m/s.
This is again expected, since 47 represents the midpoint of the cruise
speed range, and average values are chosen for most of the stability
and control derivatives. Any variation in the dynamic characteristics
can be treated as uncertainties against which the controller should be
robust.

The controller design problem considered in this paper is
formulated as follows. Given the longitudinal LPV model G(p) in
Fig. 4a and loop-shaping weights W, (o) and W, (), find a static LPV
controller K(p) such that the closed loop system satisfies the
condition ||T., |l <y for a given y, where T, is the transfer
function matrix from the disturbances [w; w,] to the outputs [z; z,]
[8]. To lend a physical interpretation to the disturbance and output

ENGINEERING NOTES 1823

20, Singular Values
60 Actual model
R
T —+— Simplified LPV model
-
of N 2
20
T~

=~ 0
@
= ™ o
e s P
g | TN \\
g8 =
2 \ g
&
3 N
2
&

2 T 2

10 107 10 10

Frequenc‘yo(c:adlsec)
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Fig. 2 Frequency responses of actual model and LPV model at 47 m /s.
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Fig. 3 Frequency responses of actual model and LPV model at 72 m/s.

signals, the loop-shaping problem in Fig. 4a is recast into a
conventional closed loop configuration as shown in Fig. 4b, where K;
is given as K; = W, KW,. w, and w, are reference and plant input
disturbance, respectively, while z; and z, are the weighted error and
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Fig. 4 a) Closed loop system with loop-shaping weights W; and W, and
controller K and b) equivalent closed loop system with physical definition
of signals, with K; = W, KW,.

control signals, respectively. The plant in Fig. 4a is augmented with
strictly proper sensors and actuators at the outputs and inputs to
collect all variations in the plant model in the A matrix of the plant.

In the absence in this study of any guidelines on performance of
the UAVs, the design specifications are based on manned aircraft.
The objective of controller design is to achieve good tracking of
height and total velocity reference signals with fast and well-damped
responses.

The specifications on the singular values of W,GW, include high
values of o(G,) at low frequencies and low values of 6(G;) at high
frequencies. Also, a crossover frequency of 20-30 rad/s is chosen
for fast responses

(1.059V2—131.44V+4126.8)(0.01541) 0
W1 (V) = |: (.v+0(.;)001) 50(0,01s+1)i| (3)
(s+0.0001)
9 0 O
W,=[0 1 0 )
0 0 0.1

The two diagonal elements in W, correspond to the two inputs of G,
and the three diagonal elements of W, correspond to the three
outputs, namely, pitch rate, height, and total velocity of G. The near-
integral terms in W, are required to achieve near zero steady-state
error for step demands on height and total velocity. Figure 5 shows
the open-loop (W,GW)) frequency responses at speeds of 22, 37,42,
57,and 72 m/s.

III. Existence Conditions for Static LPV Controllers

Let the state-space realization of the shaped plant G,(p) =
W1 (p)G(p)W,(p) be given by

._ |A(p B
Gf'_[ c D]

The time-varying parameter p ranges over the polytope

0= {Xr:a,ﬁi: o > O,Xr:cxi = 1}
i=1 i=1

with vertices [}, ¥, ..., ¥,]. A(p) is an affine function and ranges
over the polytope of matrices with vertices A(?;). The problem is
then to find an LPV controller K (6) such that || T, || . < y foragiven
y > 0, where T, is the transfer function matrix from

HERH
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Let P(p) denote the strictly proper generalized plant of the
feedback interconnection in Fig. 4. The strictly proper condition can
be achieved by augmenting the plant with strictly proper actuators.
The state-space realization of P(p) is then

A(p) 0 B B
0 0 0 I

P(p) := c 1.0 0 (6)
cC I 00

Remark I: Note that the variation of G(p) is smooth for most
practical applications and as a result, the variations of W, (p) and
W, (p) are also smooth. In fact, it is possible to select the weighting
functions such that the variations of the dynamics of the shaped plant
are restricted to the A matrix alone.

Theorem I: Given the generalized plant P(p) in Eq. (6), the
existence of a static loop-shaping controller K(p) such that
IT.0]loo <y, where T, is given in Eq. (5) and y > 0, is guaranteed
by the existence of a positive definite matrix R that satisfies the
following inequalities:

A(®)R + RA(®)" —yBB" RC" 0 B
CR I I 0
0 I =y o |Z0D
BT 0 0 —yI

[RA(I?,«)T +A(W)R B

BT _y]<0, fori=1,...,r (8)

Moreover, the static loop-shaping controller is given in terms of the
vertex controllers K; as

K(p) := Z%‘Ki
i=1
where
p:iot,-z?i, o; >0, X,:a,-zl
i=1 i=1

and K; are found from the solution of the following system of LMIs:

Wp; + QrKiPr + PRK;Qr <0 &)
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AR+ RA®,)T R0 C] [0 B

[o] ., [oo
Wy, = c v I 0 (10)
0 0 I
s o]
Ox=[B" 100, Pr=[CROIO0 ()

Proof: The proof of this theorem follows closely with the proof for
the existence of static loop-shaping controllers presented in [8,16].
From the standard results of [22], we arrive at the following
conclusion. Given a generalized plant with the state-space realization

Ag(lo) Bgl BgZ
P,:=| Cy D1 Dy
Cg2 Dg21 Dg22

where A, (p) is stable for all p and varies over a polytope of matrices
with vertices that are images of the vertices of the parameter
polytope, a static LPV controller K (p) exists if and only if there exist
two symmetric positive definite matrices R and S such that

(NR O)T A (P)R+RA,(p)" RCy By (NR 0)
<0

R -yl D
gl gl1 0 I
01 BL Dgl] —vI
(12)
s
(0 1) BLS —yl Dg”
Cgl Dy, -yl
Ng O
X 0 7 <0 R=S"! (13)

where Ny and N, denote the bases of the null spaces of (B}, DT,) and
(C,, D,;),respectively. For the generalized plant P(p) in Eq. (6), we
have (B}, D},) = [B" I 0] and (C}, D},) =[C I 0]. Taking into
account the size of the matrices and their ranks, the bases of the null
space of [BT I 0]is chosen as

I 0
—BT 0
0o I

and the bases of the null space of [C I 0] are chosen as

I 0
—-C 0
0 I

Applying the LMI conditions (12) and (13) to the generalized plant
P(6), we have

A(p)R + RA(p)T —yBBT RCT 0 B
CR oyl I 0
) A B
BT 0 0 —yI

RA(p)T + A(p)R — RyCTCR + By 'BT <0 (15)

Using the polytopic nature of the varying matrix A(p), inequality (14)
leads to Eq. (7) (see, for example, [23]). However, the presence of the
quadratic term RyCTCR removes any possibility of reducing
Eq. (15) into a finite number of inequalities. This problem can be
circumvented by requiring RA(p)” + A(p)R + BB"y~! < 0, which
leads to inequality (8), with the additional constraint that A(6) be at
least stable for all p. Note that the removal of quadratic term
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RyCTCR in Eq. (15) reduces the necessary and sufficient conditions
into a sufficient condition. To retrieve the loop-shaping controller
K(p), note that the state-space realization of the closed loop transfer

function from
w
1 to <1
W, 2

} A(p) + BK(p)C BK(p) B

in Fig. 4 is given by

= K(p)C K(p) O

Gcl f— |:Acl(lo) Bcl(lo)
C 1 0

Ccl (/0) Ccl (/0)

It is well known from the bounded real lemma (see, for example,
[16]) that the closed loop system in Fig. 4 is stable with || T, ||o, < ¥
for a given y > 0, if and only if there exists an R > 0, such that

Aa(P)"R+ RA4(p) RBu(p) Cua(p)”
By(p)'R -yl Dy(p)" | <0
Cu(p) =D (p) =i

The above inequality can be transformed into the system of
LMIs (9) with Wg;, O, and Py given by Egs. (10) and (11). O

Remark 2: Though the constraint that A(p) be at least stable for all
p is conservative, it encompasses many practical design problems,
including the UAV control problem presented here.

Remark 3: In [8], the static LPV loop-shaping problem is solved
through the solution of two LMIs and an additional optimization
problem. In contrast, the present approach only uses two LMIs.

IV. Design Results and Discussions

The vertex static controllers are obtained using the loop-shaping
weights and generalized plant model in Eqgs. (3), (4), and (6). The
time-varying parameter in the problem is the total velocity V.
Although W, varies quadratically with V [Eq. (3)], G varies in a
linear fashion with V [Eq. (1)]. As a result the shaped plant W,GW,
varies in a cubic fashion with V, that is,

\%
p=|V
V3

To make the time-varying vector € polytopic, the elements of 6 are
assumed to be independent. Thus,

Vi
p=1|V
Vs
with 22 <V, <72, 222 <V, <722, and 223 < V; <723. The
parameter p then varies in a polytope ® of vertices ¥, i = 1,...,8,
with
22 22 22
19| = 222 N 192 = 222 N 19'; = 722
223 723 223
22 72 72
194 == 722 s 195 == 722 N 196 == 222
723 223 723
72 72
¥, =722 |, vy = | 222
723 223

The static LPV controller K(p) is given by
8

K(p) = Z o;K;
1

where K; represent the vertex controllers. «; is the solution to the
complex decomposition problem
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v (72 - vl) (722 - vz) (723 - v3)
U0 4700 362, 600
o (72 - vl) (722 - V2) (vg - 223)
27U 50 4700 362, 600
. (72 - vl) (v2 - 222) (723 - v3)
T 50 4700 362, 600
(12— V\ [V, =227 (V5 — 22
%= ( 50 )( 4700 ) (362, 600)
(Vi =22\ (V, =227\ (72} — V;
%= ( 50 )( 4700 ) (362, 600)
v (vl - 22) (722 - V2) (V3 - 223)
7 50 4700 362, 600
v (vl - 22) (Vz - 222) (V3 - 223)
750 4700 362, 600

o — Vi =22\ (722 =V, (723 -V,

*7 50 4700 )\ 362,600
The value of y is found to be 2.8. Substituting for V, =V, V, = V2,
and V5 = V3, and introducing the variable V = V /50 (V varies from

0.44 to 1.44 as V changes from 22 to 72 m/s) the controller structure
is determined to be

Ky (V) Kp(V) KlS(‘Z)i|

k()= [sz Kn(V) Kn(V)

where

K, (V) = —2.4857V° + 13.114V°—28.94V* + 33.11V?
—19.146V* + 6.5589V—0.8214

K, (V) = —2.1438V° + 11.891V°—26.179V*
+ 29.764V3—-19.875V?% + 6.365V—0.8789

K3(V) = —0.1631V° + 0.9236V°—2.0387V* + 2.418V°
—1.587V2 + 0.5169V—0.0879

Ky (V) =39.641V°—213.65V° + 467.1V*
—530.84V° + 329.9V>—107.3V + 14.2

Ky (V) =2.183V°—12.29V° + 27.903V*
—33.159V° + 21.479V>—7.235V + 0.9539

Ky (V) = 0.0048V°—0.0693V° + 0.2396V*
—0.3785V° + 0.2481V2—0.08379V + 0.017903

Itis to be noted that the final controller is obtained by augmenting the
static controller K(V) with the loop-shaping weights W, (V) and
W, (V). In other words, the controller K (V) is static in the sense that
the controller parameters are not explicitly dependent on time, but the
controller does depend on the varying parameter V, thus indirectly
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changing with time. The singular value plot of output sensitivity is
shown in Fig. 6 for the representative velocities of 22, 47, and
72 m/s. As can be seen, the closed loop system exhibits good
disturbance rejection properties at low frequency for the controlled
channels, that is, height and total velocity at all trim speeds.

Remark 4: The assumption that V, V2, and V3 represent
independent parameters leads to a conservative design. However,
this also simplifies the computation of the controller using the
method in Sec. V.

Nonlinear simulations: The efficacy of the controller is tested in a
nonlinear setup with complete UAV dynamics replacing the LPV
model. The aircraft is first trimmed at an operating speed of 27 m/s at
an altitude of 1000 m. A step reference signal of 30 m s applied to the
altitude channel at the start of the simulation. To introduce changes in
the scheduling variable, the operating speed is increased in steps of
5 m/s at 20, 30, and 40 s. Though such sudden changes in velocity
are impractical, they help us understand the behavior of the closed
loop system in extreme conditions. The controller exhibits good
robustness as can be seen from the height response in Fig. 7. The
steady-state error of 2 m is acceptable considering the fact that the
controller is designed for an LPV model that is an approximation of
the linear model. Figure 7 also shows the elevator deflection and
corrective action is initiated whenever there is a change in the
scheduling parameter.
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V. Conclusions

The problem of designing longitudinal LPV controllers for UAVs
is dealt with using a loop-shaping approach. To simplify the
implementation of such controllers, a new approach is presented for
designing static output feedback loop-shaping LPV controllers. The
present methodology transforms the loop-shaping problem into a
four-block problem and the resultant controller is then expressed in
terms of the solution of two simultaneous LMIs. To reduce the LMIs
into a finite number of inequalities, three assumptions are made: all
parameter dependence is restricted to the A matrix; A is at least stable
and the scheduling parameters V (velocity), V> and V* are
independent (the time-varying vector is polytpoic). The first
assumption can be achieved by using parameter independent
actuators and sensors, whereas the second assumption reduces
sufficient and necessary conditions into sufficiency only conditions.
It is also assumed that V can vary infinitely fast. Nonetheless, the
method proposed in this paper is applicable to many design problems
encountered in practice for fixed-wing aircraft. Information on the
rate of parameter variation can potentially be used to achieve less
conservative designs and is the topic for future research. Nonlinear
simulations show that the static LPV controller performs well even in
the presence of extreme changes in the scheduling parameter. The
work is part of a larger program of research, which will design and
build a UAV for testing new technologies such as fluidic thrust
vectoring, circulation control, and the LPV approach described in
this Note.

Acknowledgments

This research work is supported by BAE Systems and the U.K.
Engineering and Physical Sciences Research Council. The authors
would like to thank Emmanuel Prempain for his assistance during the
course of this work and the reviewers, whose comments have helped
to improve the paper.

References

[1] Barker, J., and Balas, G. J., “Flight Control of a Tailless Aircraft via
Linear Parameter-Varying Techniques,” AIAA Guidance, Navigation
and Control Conference, Vol. 1, AIAA, Washington, D.C., 1999,
pp- 941-950.

[2] Lee, L. H., and Spillman, M., “Control of Slowly Varying LPV
Systems: An Application to Flight Control,” AIAA Paper 1996-3805,
1996.

[3] Apkarian, P., Biannic, J-M., and Gahinet, P., “Self-Scheduled H,

Control of a Missile using Linear Matrix Inequalities,” Journal of

Guidance, Control, and Dynamics, Vol. 18, No. 3, 1995, pp. 532-538.

Biannic, J.-M., and Apkarian, P., “Missile Autopilot Design via a

Modified LPV Synthesis Technique,” Aerospace Science and

Technology, Vol. 3, No. 3, 1999, pp. 153-160.

doi:10.1016/S1270-9638(99)80039-X

[5] Shamma, J. S., and Cloutier, J. R., “Gain-Scheduled Missile Autopilot
Design Using Linear Parameter Varying Transformations,” Journal of
Guidance, Control, and Dynamics, Vol. 16, No. 2, 1993, pp. 256-263.

[6] Biannic, J.-M., Apkarian, P., and Garrard, W. L., “Parameter Varying
Control of a High Performance Aircraft,” Journal of Guidance,
Control, and Dynamics, Vol. 20, No. 2, March—April 1997, pp. 225—
231.

[7] Papageorgiou, G., Glover, K., Mello, G. D., and Patel, Y., “Taking
Robust LPV Control into Flight on the VAAC Harrier,” Proceedings of
the 39th IEEE Conference on Decision and Control, IEEE, Piscataway,
NJ, 2000, Vol. 5, pp. 4558-4564.

[4

[inar)

ENGINEERING NOTES 1827

[8] Prempain, E., “Gain-Scheduling H,, Loop Shaping Control of Linear

Parameter-Varying Systems,” Proceedings of the 5th IFAC Symposium

on Robust Control Design, 2006 (to be published) [available on CD-

ROM].

Kucera, V., and De Souza, C. E., “A Necessary and Sufficient Condition

for Output Feedback Stabilizability,” Automatica, Vol. 31, No. 9, 1995,

pp. 1357-1359.

doi:10.1016/0005-1098(95)00048-2

[10] Geromel, J. C., de Souza, C. C., and Skelton, R. E., “LMI Numerical
Solution for Output Feedback Stabilization,” Proceedings of the
American Control Conference, IEEE, Piscataway, NJ, 1994, Vol. 1,
pp. 40-44.

[11] Iwasaki, T., Skelton, R. E., and Geromel, J. C., “Linear Quadratic
Suboptimal Control with Static Output Feedback,” Systems and
Control Letters, Vol. 23, No. 6, 1994, pp. 421-430.
doi:10.1016/0167-6911(94)90096-5

[12] Benton, R. E., Jr., and Smith, D., “Static Output Feedback Stabilization
with Prescribed Degree of Stability,” IEEE Transactions on Automatic
Control, Vol. 43, No. 10, 1998, pp. 1493-1496.
doi:10.1109/9.720516

[13] Mattei, M., “Sufficient Conditions for Hoo Fixed Order Controllers,”
International Journal of Robust and Nonlinear Control, Vol. 10,
No. 15, 2000, pp. 1237-1248.
doi:10.1002/1099-1239(20001230)10:15<1237::AID-RNC512>
3.0.CO;2-K

[14] Apkarian, P., Noll, D., and Tuan, H. D., “Fixed-Order H,, Control
Design via a Partially Augmented Lagrangian Method,” International
Journal of Robust and Nonlinear Control, Vol. 13, No. 12, 2003,
pp. 1137-1148.
doi:10.1002/rnc.807

[15] S. Ibaraki, and Tomizuka, M., “H-inf Optimization of Fixed Structure
Controllers,” DSC-Vol. 69-1, Proceedings of the ASME, Dynamic
Systems and Control Division—2000, Vol. 1, ASME New York, 2000,
pp- 229-236.

[16] Prempain, E., and Postlethwaite, 1., “Static H,, Loop Shaping Control
of a Fly-by-Wire Helicopter,” Automatica, Vol. 41, No. 9, 2005,
pp. 1517-1528.
doi:10.1016/j.automatica.2005.04.001

[17] Gadewadikar, J., Lewis, F. L., and Abu-Khalaf, M., “Necessary and
Sufficient Conditions for H_, Static Output Feedback Control,” Journal
of Guidance, Control, and Dynamics, Vol. 29, No. 4, 2006, pp. 915—
920.

[18] McFarlane, D., and Glover, K., “A Loop Shaping Design Procedure
Using H,, Synthesis,” IEEE Transactions on Automatic Control,
Vol. 37, No. 6, June 1992, pp. 759-769.

[19] Balas, G., Fiahlo, 1., Packard, A., Renfrow, J., and Mullaney, C., “On
the Design of the LPV Controllers for the F-14 Aircraft Lateral-
Directional Axis During Powered Approach,” Proceedings of
American Control Conference, Vol. 1, IEEE Press, New York, 1997,
pp. 123-127.

[20] Marcos, A., and Balas, G., “Development of Linear-Parameter Varying
Models for Aircraft,” Journal of Guidance, Control, and Dynamics,
Vol. 27, No. 2, 2004, pp. 218-228.

[21] Natesan, K., Gu, D-w., Postlethwaite, 1., and Chen, J., “Design of Flight
Controllers Based on Simplified LPV Mmodel of a UAV,” Proceedings
of the Conference on Decision and Control, [CD-ROM], Vol. 1, 2006,
pp- 37-42.

[22] Iwasaki, T., and Skelton, R. E., “All Controllers for the General H_,
Control Problem: LMI Existence Conditions and State Space
Formulas,” Automatica, Vol. 30, No. 8, 1994, pp. 1307-1317.
doi:10.1016/0005-1098(94)90110-4

[23] Apkarian, P., Gahinet, P., and Becker, G., “Self-Scheduled H,, Control
of Linear Parameter-Varying Systems: A Design Example,”
Automatica, Vol. 31, No. 9, 1995, pp. 1251-1261.
doi:10.1016/0005-1098(95)00038-X

[9

—



http://dx.doi.org/10.1016/S1270-9638(99)80039-X
http://dx.doi.org/10.1016/0005-1098(95)00048-2
http://dx.doi.org/10.1016/0167-6911(94)90096-5
http://dx.doi.org/10.1109/9.720516
http://dx.doi.org/10.1002/1099-1239(20001230)10:15<1237::AID-RNC512>3.0.CO;2-K
http://dx.doi.org/10.1002/1099-1239(20001230)10:15<1237::AID-RNC512>3.0.CO;2-K
http://dx.doi.org/10.1002/rnc.807
http://dx.doi.org/10.1016/j.automatica.2005.04.001
http://dx.doi.org/10.1016/0005-1098(94)90110-4
http://dx.doi.org/10.1016/0005-1098(95)00038-X

