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Abstract: This paper proposes an effective algorithm to work
out the linear parameter-varying (LPV) framework autopilot for
the air defense missile so as to simultaneously guarantee the
closed-loop system properties globally and locally, which evidently
reduces the number of unknown variables and hence increases
the computational efficiency. The notion of “robust quadratic stabi-
lity” is inducted to meet the global properties, including the robust
stability and robust performance, while the regional pole place-
ment scheme together with the adoption of a model matching
structure is involved to satisfy the dynamic performance, including
limiting the “fast poles”. In order to reduce the conservatism, the
full block multiplier is employed to depict the properties, with all
specifications generalized in integral quadratic constraint frame
and finally transformed into linear matrix inequalities for tractable
solutions through convex optimization. Simulation results validate
the performance of the designed robust LPV autopilot and the
proposed framework control method integrating with the full block
multiplier approach and the regional pole placement scheme, and
demonstrate the efficiency of the algorithm. An efficient algorithm
for the air defense missile is proposed to satisfy the required global
stability and local dynamical properties by a varying controller ac-
cording to the flight conditions, and shows sufficient promise in
the computational efficiency and the real-time performance of the
missile-borne computer system.

Keywords:. linear parameter-varying (LPV), full-block multiplier,
integral quadratic constraint, regional pole placement, linear ma-
trix inequality.
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1. Introduction

Modern high-performance flight vehicles, including the
highly agile missiles and aircraft, operate over awiderange
of flight conditions, resulting in substantially varying of
dynamic response characteristics during a typical mission
[1]. The highly nonlinear dynamics with uncertain, large-
scale and rapidly varying parameters are coupled with sig-
nificant constraints on controller bandwidth, chalenging
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controller the design of autopilots [2]. Consequently, syn-
thesis problems are fain to face the widely time-varying,
strongly nonlinear and parameter-dependent dynamic sys-
tems instead of traditional linear time invariant (LTI) sys-
tems.

Although the classical so-called “gain scheduling” ap-
proach has been widely applied, obvious drawbacks may
ruin the further application. This approach to developing a
varying controller is to design severa LTI controllersat a
finite number of fixed operating points and connect them
with certain blending or interpolation algorithm [2,3]. Due
to lack of theoretical guidance, global performanceand ro-
bustness are not guaranteed, even though the individua |o-
cal point design may have excellent robustness and perfor-
mance properties [3,4]. Meanwhile, it is also a time con-
suming and tedious process [3]. Similar problems might
occur in sliding mode control, variable structure control
and dynamic inverse control, etc.

Fortunately, with the development of the control the-
ory, in particular robust control theory, a promising lin-
ear parameter-varying (LPV) control approach with afirm
theoretical basis has emerged since 1990s [5,6]. While the
use of parameter-dependent Lyapunov functions[7,8] pro-
vides some advantages over the integral quadratic con-
straint (IQC) frame, they will not extend to very different
types of perturbation blocks by the multipliers [9,10]. For
the sake of convenience of analysis and synthesis, the dy-
namic multiplier is adopted to release the constraints of
the rate of the varying parameters [11,12]. There are two
central ideas behind the multiplier approach: (i) pull the
time-varying parameters of the plant out and treat them as
one uncertainty block of the uncertainties, and (ii) assume
that the controller connects with the time-varying parame-
ters under a linear fractiona transformation form. Many
well-known results, including system analysis and control
synthesis [6,13,14], can be viewed as specia cases of the
|QC approach.

Despite profound researches on the global performance
of the IQC based system, the local properties, especially
the dynamic properties, are not evidently demonstrated
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in the 1QC frame. However, the basic motivation of gain
scheduling techniques, that is, to ensure the local robust-
ness properties, is ineffaceable, which is the fundamental
characteristic different from other methodologies such as
adaptive control. Particularly for high-performance flight
vehicles, in order to satisfy the requirements of the task
in the presence of environmental variations, system per-
turbations and disturbances, the system dynamics and the
system gain errors are dtrictly confined. It is indicated
that despite global properties, critical aspects of high-
performance flight vehicles handling qualities have to be
taken into account, which is mainly concerned with the dy-
namics of theinitial, or transient response to controls.

With attractive peculiarity, the LPV gain scheduling ap-
proach draws peopl€’s attention immediately in aircraft
control field once it is proposed. For example, the ap-
proach was utilized to design a robust gain scheduling au-
topilot with flight atitude and Mach number as schedul-
ing variables for F-18 aircraft [15]. The approach was im-
plemented to design a robust gain scheduling autopilot
with dynamic pressure as a scheduling variable for a high-
performance aircraft and F-16 VISTA aircraft respectively
[1,3]. Then a robust gain scheduling autopilot with flight
velocity as scheduling variable for a helicopter unmanned
aerial vehicle (UAV) was constructed [16], and the ap-
proach was used to design arobust gain scheduling autopi-
lot with the flight atitude, Mach number and angle of at-
tack as scheduling variablesfor an air defense missile [17].
However, without exception, the multipliers adopted by all
of these applications are block-diagonal, and the obtained
gain scheduling autopilots show obvious conservatism.

Thedesired performance properties can be achievedto a
certain extent by amodel matching structure. The required
performance specifications are embodied into asimple ref-
erence model, and then the reference command is input to
the reference model and the design loop respectively. Fi-
nally, the difference between target loop output and design
loop output fulfills the requirements indirectly. In many
literatures, this schemeis employed [18].

However, this model matching schemeis unableto limit
the fast modes of the designed controller [19]. Indeed, for
the rea control system, especialy for high-performance
flight vehicles, the existence of fast modes in the con-
troller will put forward high demand for the capability
of the vehicle-mounted computer, executive instruments
and sampling rate, which will impairs the real time per-
formance of the control system. By performing Gramian-
based model state balance reduction analysis, it is indi-
cated that the fast mode is the last one which can be
removed. Moreover, the cost of the rising controller di-
mension is inevitable. In order to achieve practical en-
gineering application, the fast modes of the LPV frame-
work controller must be limited, and the system dimen-

sion should be decreased with the best endeavor. As Chi-
lali and Gahinet [20,21] pointed out, fast controller dy-
namics can be avoided by prohibiting large closed-loop
poles in a prescribed region. Compared with the disabil-
ity of model matching approach, regional pole placement
scheme demonstrates fair pertinence to the two problems,
particularly the capability to limit fast modes.

Consequently, it is well worth the effort of determin-
ing the location of polesin certain regionswith the utiliza-
tion of areference model for local propertiesbased on 1QC
frame in the practical engineering application. In addition,
the 1QC approach is always regarded as a reformul ation of
the multiplier approach to a large extent [7]. The choice
of the multipliers affects the conservatism of the approach
directly. On account of practical application, the regional
pole placement problem and the effort to reduce conser-
vatism via an appropriate choice of multipliers have to be
integrated into a whole consideration. Three main reasons
are analyzed. Firstly, the employment of full block multi-
plier isobligatory for conservatism reduction. Secondly, in
order to adopt the multiplier theory, i.e., appropriate mul-
tiplier depicting regional stability should be introduced in
the whole consideration to exhibit both global properties
and local properties. Thirdly, the computational efficiency
should be always under consideration.

Yet few present literatures consider this problem, except
for [22]. Although an effort has been made to reduce con-
servatism by introducing the varying rate of parameters,
the really employed multiplier is not a full block type as
claimed in the paper, which destines to limit the extents of
conservatism reduction [22]. In our previous trial of set-
tlement [23], a frame dealing with both global and local
properties has been presented, in which the full block mul-
tiplier with none additional assumptionsis employedto re-
duce conservatism.

The present work makes contributions mainly to practi-
cal engineering application. On account of the implemen-
tation of the exact local properties, amodel matching struc-
ture is employed. And the fast modes of the controller are
restrained viathe pole assignment scheme. An effectiveal-
gorithm that avoids complicated construction of starting
point and highly reduces the number of variables is pro-
posed in this paper to improve computational efficiency.

2. Moddl descriptions

The main goal of this section is to present an LPV model
of the air defense missile with scheduling variables. And
alinear fractional transformation (LFT) of the closed-loop
system is constructed to design an autopilot to satisfy per-
formance properties.

Consider the air defense missile model adopted from
[18] and illustrate our algorithm in the sequel for the model
matching structurein Fig. 1. Air defense missile dynamics
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are highly dependent on the flight Mach number M a and
the dtitude H, which undergo wide variations during ope-
ration. The nonlinear dynamics are described in the follow-
ing state equation:

ay | | Za Zg| |ay Zs
FIR AT AL
where a,, is the normal acceleration, g is the pitch rate and
d. isthe elevator deflection. Dynamic coefficients Z,, Z,,,
Zs, Mg, M, and Ms are nonlinear functions of Ma and
H . For the sake of transforming (1) to LFT model, the dy-
namic coefficients are expected to be expressed as a poly-

nomial function of Ma and H. The dynamic coefficients
have the expressions as follows:

Z, = —0.921 + 8.505 x 107°H — 0.374Ma+

2.704 x 10°MaH,
Zy=-939.14+0.107H + 1 038.5Ma — 0.103M aH,
Zs = 40.688 — 4.447 x 1073 H—
107.480Ma + 0.015MaH,

M, = —0.267+1.354 x 107*H — 0.291Ma—
1.122 x 10~*MaH + 0.081Ma?,

M, = 0.467 + 2.646 x 10~*H — 3.908 M a+
0.479Ma? + 2.751 x 107 Ma’H,

Ms = 193.240 — 0.028 H + 104.781Ma—
3.528 x 1073 MaH.

By linearly interconnecting all these components de-
picted in Fig. 1, an equivaent structure is obtained as
shownin Fig. 2. G, G, W), denote respectively the ac-
tuator dynamics, the reference model and the weighting
function, and the expressionsare presented in detail in Sec-
tion4. a,. isthe normal acceleration command, and e, and
a,r arethe outputsof W, and G,.

Fig.1 Model matching structure of the autopilot

A

2 W,

Ac

Fig. 2 Equivalent design structure of the autopilot

Consider the plant and controller described by (2) and
(3) with the scheduling block A and A .. in Fig. 2, which
are both LFTs composed of the LTI part and the uncertain
part.

x(t) [A| B, B, B[z

Z(t) . Cz Dzw Dzr Dz ’U)(t) 2

p)| |G | D Dy D[ || @

y(t) C| D, D, O] |ut)
w=Az

CCC(t) |—Ac | Bcl B02—| CCC(t)

u(t) | = {Cd D11 Dc12J y(t) (©)

zc(t) Ceo | D2t Deza | [we(t)
we = Az

where the time-varying parameters M a and H are lumped
into the uncertain block A. The col(z,w,r,u) €
RXmxnexnu gnd col(z, p,y) € RF*™ X"y respectively
denote the collection of state, exogenous input, reference
command, control input and output corresponding to “un-
certainties’, output in performance channel and measure-
ment output channel. Similar denotation is for (3) with the
subscript “¢” standing for the controller.

Then, the closed-loop system is denoted as (4) with
xg = (2T, 287Y, 2z = [V, 207, wy = [wh,wl]T

and A.; = diag(A, A,).

Cbcl |— Acl | Bcl Bcl -l Tl
Zcl = \‘ Ccl Dcl Dclr J Wy (4)
p Cclp Dclp Dclpr r

Wep = Aclzcl-

Thus, the autopilot design problem is converted into the
synthesis of an LPV controller that dynamically processes
the measurement output y and scheduling variablesto en-
sure control input w that robustly stabilizes the intercon-
nection system in Fig. 2, and rendersthe H .-gain from r
to p lessthan v > 0 while the poles of the controller are
restricted in the logical region to avoid the “fast modes”.
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3. Efficient algorithm

The global properties can be described in robust quadratic

performance and local propertiesin regional stability.
Lemma 1 [24] Robust quadratic performance is

achieved for (4) if there exist X > 0 and a symmetric

multiplier R = { SI,DT S] such that (5), (6) hold true:
(o)TR ﬁd] >0, VAy (5)
1 o0 o
[0 X i Acl Bcl Bclr
X O o I B
T
(.) R Ccl Dcl Dclr <0
L R, | o o I
L Cclp Dclp Dclpr i
(6)
Lemma 2 [20] Robust D-stability is achieved for

(4) if there exist Xp > 0 and a symmetric multiplier

Ry — [P D SD] such that (7), (8) hold true:
SD QD
Acl

(¢)"Rp { T ] >0, VAgy (7)

MT @ (XpB.)" I®(Pp—-SpQy'SH)

[ Mp (A, Xp) M ® XpB,
I®(Da+Qp'SE)

I®Ccl

I®C)
I® (DL +SpQpY) | <0 (8)
~I12Q,

where
Mp(Ay, Xp) =

LoX+M®e(XpAa)+ Mo (XpAa)T.

In Lemma 1 and Lemma 2, multipliers R, =
|: PP SP
Sg Qp
and their forms can bereferred to [20] and [24]. Our goal is
to enforce the robust quadratic performance with the poles
constrained in arbitrary linear matrix inequality (LMI) re-
gions. Directly combining Lemma 1 with Lemma 2, the
robust quadratic performance and the regiona stability are
guaranteed.

An accessible settlement is to decompose the solving
process into two stages. The first action is to calculate ap-
propriate R and R p. Secondly, given the worked-out R
and Rp as known variablesto solve the controller K, A .,
and Lyapunov matrices X and X p via(5), (6), (7) and (8).
Based on that thought, we have the following algorithm.

], L and M denote performance properties,

539

Step 1 Judge whether there exist controller(s) such that
robust quadratic performance and performance properties
could be achieved.

Enforcing the convexity by seeking a common Lya
punov matrix X = Xp > 0 and a common multiplier
R = Rp, we have the following theorem.

Theorem 1  The robust quadratic performance is
achieved for the closed-loop LPV system (3) with the
regiona pole constraints satisfied if there exist Uy, Us,
Vi >0, Va <0, Wy, Wy, T, T5, and a couple of sym-
metric matrices X p and Y p such that (9) —(19) hold true:

- O YD -
Xp O
(o)F Vo Wy
wl U,
L R, |
(1 O O]
3 BIw BOT ker C
Cz Dzw DZT' lf{eez‘gw <0 (9)
[0 1 ’
_Cp Dp’w DpT'_
— O ?D -
Y, O
(o)F u, w,
W v
L R,
B _AT _CT _C7T
z P
I [0) B
—BT _pT —pT ker BT
0" 7o e DT || <0 (10)
T T T ker DT
-BTY -DI -DY P
e o I
T ’l,[)l ¢12 I X ker BT O
o { L waH 0  IgkeD?| "’
(11)
T | $1 P12 I X ker C (0
(*) [cplTQ <p2} [ 0 IokeD,|~"
(12)
A"VoA + A™Wo+ WA+ U, >0 (13)
AVIAT + AWT + WAT U, <0 (14)
Xp I
— >
{ 7 YD] >0 (15)
Vi-T, I
>
ARy (19)
Vo Ty I
{ I UJ <0 (17)
T W,
>
{WzT U, ] >0 (18)
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Uu, W,
<
{WF T, } <0 a9
where
WD(A,YD) =1L ®?D + MR (A?D)+
MT & (A?D)T7

Y1 =Mp(A,Yp) - (MM") @ (B,U1B,),
Yo =10Y,,CT — M ® B, (U DY, + W),
Yy = —I® (Vi + D,,U DL, +W'D! +D,, W),
P11 = HD(A’YD) +I® (CEU2Cz)a
w12 =M ®@XpB, +12CHUsD,,, + W),
w2 =1® (V2 + WoD.,, + D W, + D}, U,D.,).
Proof  See references [23—25] and the references
therein. d
Indeed, the assumption X = Xp, R = Rp isa
compromise between computational efficiency and conser-
vatism. If it isremoved, no conservatismwill beintroduced
into the theorem. On the other hand, to distinguish among
X, R and X p, Rp will introduce more unknown vari-
ables, which in consequence highly increases the difficulty
in solving the problem.
Step 2 Work out an R (or Rp as well) such that (5)
holds.
Denote

_ | V2 W, = | Ur Wi
S B e
With eigenvalue decomposition, R — ﬁ;l can be decom-
posed as

r-m-r[ 50 2

where ¥ _, ¥ > 0. Then, for an arbitrary and invertible
U, thefull block multiplier R can be reconstructed by

e[ 54 8w

/2 o I O
Re=T\"6 g2l RQ{O I}
I Oo|lo o
;_|0 0|1 O
E{OIOOJ'
0O 0|lo 1

Step 3 For that specified R, K and A . can be calcu-
|ated such that (5), (6) and (8) hold.
P S
ST Q
blockdiag{O, P, P,}, § = blockdiag{ X, S, S,}, Q@ =
blockdiag{Q, Q,},

R can be parted as { ] and denote P =

O B O
I, 0 O
Eys=|0 D, O
o 0 I
O D, O
o1, O O O
FK=|C O D, O D,
o o o 1, O
A O | By, 0] B,
o o.| o o o
gO = Cz Dzw (0 Dzr

Go

Then we have the following theorem for controller
synthesis.

Theorem 2 There exist controller(s) such that original
the robust quadratic performance with regional pole place-
ment constraints problemisfeasibleif thereexist X; > 0,
Y: > 0,and matrices A g, Bi1, Bi2, Ck1, Ck2, D11,
D15, D51, Do such that (22)—(25) hold true:

H,+H} H, H,, HT H!
HY P 0 HY + SQ~! H)
H (0] P, Hj, Hj, +5,Q,"| <0 (22)
Hc Hd +Q715T Hdr 7Q71 o
Hcp Hdp Hdpr +Q;15§ o 7Q;1
X1 I T T T
L® I v +MeoH,+M"®9H, <0 M ® H, I®H,
1

M@ Hf
I®H.

I®P-SQ'SY) I®(H]+SQ™)
I®(H;+Q 'S8T

<0 (23)
-I® Q—l
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|:X1

I Y

[0 I)(Go+E\KF)

with the shorthand notation
o _ [ X1A+BiC Ak
*~ | A+ BD.,C AY' + BCk,
H — XB, +Bgi1D,, Bk>
*~ | By +BD.1D, BD.;

Hb'r‘ _ |:X1-Br + BKlDr:|

BT‘ + BDcllDr

H. = |:Cz+DzD011C CZYET+DzCK1:|

Dc2lc CK2
H.,=|[C,+D,D.:C C,Y\" +D,Ck:|

Dzw + DchllDw

_ DdeQ
Hd N |: DleDuJ :|

D022
Hdp = [Dpw + DpDcllDw DpDcl2]

Hdr _ |:Dzr + DchllDr:|

D1 D,
Hdpr = Dpr + DpDcllDr-

Proof Transforming the quadratic inequalities (6) and
(5) into linear/bilinear form, we have

Q+ALS+STA, A}
[ Ay _p-1| > 0. (26)

Then, (8), (25), and (26) are al linear/bilinear. At the
same time, appropriate variable replacement will rewrite
the bilinear inequalities into linear form. Define the new
controller variables as

By = X1BD 1 + X2B;

Bio = X1BD 12 + X2Beo
Ck1=D.11CY)" + CaYy'
Cro = D1 CY,' + CYs

Ax = X1(A+ BD.,0)Y;" + X2B,CY; +

X:BC,Y," + X,A.Y," 27
2 2

1

P+ 8(Go + EoKFy) + (Gy + EcKFy)"ST  (Gy + EyKF)T {O}

541

]>0 (24)
) I <0 (25)
-Q

_ X1 Xo _ -1 _ Y Y
whereX_[XQT Xg]andY_X _[YQT YJ
X, I} {I Yl} .
Let IT; = , Iy = . Obvi-

! [XQT o) 2 O Y,

ously, IT; and IT, areinvertible,and X = IT, IT, ', thus
X > 0 equals (25).

Pre- and postmultiply (25) by the block-diagonal matri-
[ T3 (0] ] II, (0] ]
| O  Iapy i2n,12m | O Dy ion,42m
respectively, and trim the result, thus (25) is obtained. And
pre- and postmultiply (22) by the block-diagona matri-

[Ty (0] ] I, () }
L o I2mc+2m+2m i o I2mc+2ni+2m ,
respectively, thus (23) is obtained. |

Step 4 Construct the controller.

Firstly, work out X5 by singular value decomposition.
LetU,S, V. = X; —Y; ' Itisobviousthat S, > 0.
Then, X, = U,S+'%. Secondly, solve B.,, Bes, C.,
Ce, and A, by X, X, and Ag, By, Bra, Cki,
Cro via(27). Thirdly, solve A inreal timevia (26) while
A varying. Finally, the LTI part of controller K is con-
structed by A., Bc1, Bea, Ce1, Ce2, D11, Dei2, Do,
D5 via (2), and the varying part of controller A . is ex-
hibited via (3).

ces and

ces and

4. Autopilot design example

In this section, an air defense missile autopilot designed
by the proposed agorithm is exhibited. The prescribed
region is chosen as [—1 000, Q] for the real axis and
[-1 000, 1 000] for the imaginary axis so as to restrain
the controller fast modes. The response of the closed-loop
of the missile including settling time and overshoot spec-
ifications is captured in a reference model G,.. The error
ep is weighted with W), and the H.-gain ay,. — e, is
minimized to force the controlled system to resemble the
reference model as closely as possible. The transfer func-

170
. ¢ ‘ h =—
tionsof G, G, and W), arecl Osjenasc;a(S)( s+ 150’
G, =— _andW, = . .a -
(3> $2 4 565 -+ 1600 p(8> s+ 3

4.1 Static smulation

The parameter of the plant described by (2) is asfollows:
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—1.432 1307.129 | —466.459 1.789 500.638 332.344 —3.465 —140.640 |
0.550 —3.897 5.802 84.087 5.103 —15.520 —74.197  353.470
0.001 -1.354 | -3x107* —-3x107° —-3x10"* -0.111 —0.007 0.120
—1x1074 0.089 —0.004 5x 1074 —0.004 —0.025 —0.069 0.991
G=| 6x107* 0.005 | -2x10"* 3x107% —-3x10"* 0.251 —0.029 —6x10*
0.001 —1.388 0 0 0 0 0 0.273
—3x1074 0.273 0 0 0 0 0 1.388
1 0 0 0 0 0 0 0
i 0 1 0 0 0 0 0 0 ]
The step response of the normal acceleration a,, is il- 18
1.6

lustrated in Fig. 3 and the contrastive simulation using the

classical autopilot [26] is shown in Fig. 4. The classical Lar| \17(\\/\,_.

control theory has proved itself to be a valuable and ef- ~ 1.2 I T T T T
ficient tool for autopilot design, and still represents the 2 LOF-] /'.:"". p

state of the art in control system design for the applications ?0.8 I ; /

[2,4]. Compared with Fig. 4, the specifications of the nor- 0.6 k

mal acceleration step response in terms of gain, overshoot 0.41¢
and settling time of the controlled missile match those of 0.2 II,-", /
the reference model very well independently of the para- >
meter valuein Fig. 3.

The poles map in Fig. 5 clarifies that closed-loop poles
are restricted in the aforementioned region, which limits
“fast modes’ of the controller indirectly. On the contrary,
in Fig. 6, the contrastive method [18] without limiting the

0.05 0.10 0.15 0.20 0.25 0.35
Time/s

——: Response at Ma=1.8, H=6 000 m;

——-: Response at Ma=3.6, H=6 000 m;

---------- : Response at Ma=1.8, H=500 m;

— .- Response at Ma=3.6, H=500 m.

0.30

Fig. 4 Step response ay using the classical autopilot

fast modes will introduce “big poles’ in the closed-loop 200 —
system.
2] *
8 100 -
12 g 0 *
L1t )
1.0} re £ -100 o
0.9+
i ~200L—*
0.8 / =500 —400  -300 200  -100 0
Real axis

0.7} /
0.6F /
> 05F /

Fig. 5 Polesmap using the proposed algorithm

/(m/s?)

1000

S
o4r [ !
0.3+ y 500
02t f .

A E
0lr / i 0 * *

1) 2 L I 1 1 5
0 0.05 0.10 0.15 0.20 0.25 'ch
Time/s g

— —— : Response at Ma=1.8, H=500 m; = 7500

------------ : Response at Ma=1.8, H=6 000 m; -
—— : Response at Ma=3.6, H=6 000 m; 1000

: Response at Ma=3.6, H=500 m;

_ -1.5%10% ~1.0x10% -5.0x10° 0
: Response model response.

Real axis

Fig.3 Step response ay using the proposed algorithm Fig.6 Polesmap using the contrastive method
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4.2 Dynamic simulation

A set of nonlinear dynamic simulations are exhibited
to validate the autopilot performance under parameter-
varying condition. An assumption is made that the missile
to be controlled is guided by certain guidancelaw to attack
atarget. The curves that flight atitude and Mach number
vary with time during the controlled stage of the missile
are shown in Fig. 7 respectively. In this case, the designed
controller can be directly used in the simulation. The simu-
lation results are shown in Fig. 7.

w A
=)

Schhouhho o n
N

Mach number
S =N W W

=
—
S}
w
~
Wl
=)
-
3
©

Time/s
(a) Mach number
6 000
. 5000
g 4 000
3000
= 2000
1000
%— 1 2 3 4 5 6 7 8 9
Time/s
(b) Altitude

Fig. 7 Scheduling variables

Fig. 8 obvioudy indicates that the normal acceleration
response closely follows the reference command. It also
can be noticed in Fig. 8 that the settling time lasts about
0.3 sand the overshoot is lower than 10%.

60

40[ |

20+

N

Accelerotion signals/(m/s?)
S

0 1 2 3 4 5 6 7 8 9
Time/s

— : Normal acceleration; —-—: Reference model response;

——=: Reference commands.

Fig.8 Normal acceleration response curves

The pitch rate response, angle of attack response and
elevator deflection response are shown in Figs. 9—11 re-
spectively. From the response of angle of attack and eleva
tor deflection, we can note that the trim state varies with
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scheduling variables. Compared with the steady state with
small Mach number and low altitude, angle of attack and
elevator deflection are greater than that with large Mach
number and high altitude under the same command.
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Fig.9 Pitch rateresponse curve
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Fig. 11 Elevator deflection response curve

5. Conclusions

The efforts in this paper are directed at deriving an effi-
cient algorithm to work out a varying controller that guar-
antees global and local properties, which brings in ailmost
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no conservatism. In order to achieve engineering applica-
tion for high-performanceflight vehicles, this algorithm is
employed with certain design structure adopted in a robust
LPV framework controller design. A certain air defense
missile is set as the example to demonstrate the efficiency
of the proposed L PV control approach with full block mul-
tiplier and regional pole placement.

The local properties, particularly the dynamic charac-
teristics, are incarnated via the location of all the poles.
A model matching structure is adopted to fulfill the des-
ignated dynamic performance specifications. The refer-
ence model involved in the autopilot design composes the
generalized plant together with the missile dynamics and
the actuator dynamics. And the regional pole placement
scheme is involved to restrain the controller fast modes
by clustering the closed-loop poles in a desired rectan-
gleregion. The global propertiesincluding robust stability
and robust performance are both comprised into the no-
tion of “robust quadratic performance”. All property spec-
ifications are generalized in the 1QC frame, and then rep-
resented in proper form with full block multiplier adopted
to reduce the conservatism. Finally, the representations are
transformed into LMIs to design robust LPV controller
in the proposed iteration so that the origina problem is
easily solvable through convex optimization. Static and
dynamic simulations validate the performance of the de-
signed robust LPV framework autopilot. Overall, the ap-
proach shows sufficient promisein the LPV framework au-
topilot design for high-performance missile.
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