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This paper is concerned with the design of an LMI(Linear Matrix Inequality} -based He
controller for a line of sight (LOS) stabilization system and with its robustness performance. The
linearization of the system is pecessary to analyze various nonlinear characteristics, but the
linearization entails modeling uncertainties which reduce its performance. In addition, the
stability of the LOS can be adversely affected by angular velocity disturbances while the vehicle
is moving. As the vehicle accelerates, all the factors that are ignored and simplified for the
linearization tend to inhibit the performance of the system. The robustness in the face of these
uncertainties needs to be assured. This paper employs H. control theory to address these
problems and the LMI method to provide a suitable controller with minimal constraints for the
system. Even though the system matrix does not have a full rank, the proposed method makes
it possible to design a H. controller and to deal with R and S matrices for reducing the system
order. 1t can be also shown that the proposed robust controller has a better disturbance
attenuation and tracking performance. The LMI method is also used to enhance the applicability
of the praposed reduced-order FH. controller for the system given. The LMI-based H..
controller has superior disturbance attenuation and refercnce input tracking performance,
compared with that of the conventional controller under real disturbances.
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sight{hereafier we call it a LOS) stabilization

1. Introduction system mounted on ground vehicles is operated

as both a synthetic sensor package and mec-

Modern military vehicles are have becoming hanical stabilization system. Though a vehicle
ever more sophisticated and automated through may move in a certain direction, its LOS stabili-
scientific and technical advancements. The linc of  zation system enables the operator to fire at a
* Corresponding Author, T target with accurate recognition and tracking.
E-mail : mahlee @ hyowon.sc.kr The LOS stabilization system plays an important
TEL:+82"51’5m'z_33“r"x,'+8,2'51'5'2“9835, role in tracking the target and following the
School of Mechanical Engineering and ERC/Net .
Shape & Die Manufacturing, Pusan Nationul Univer- operator’s handle command in a stable manner.
sy, Pusan 609-735, Korea. (Manuscript Recelved Thus, it is also important to ensure the stability
October 16, 2000, Revised june 26, 2002) of the LOS for the operator and to send the tar-
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get's position into fire-control system{lecovich.
1990). In the guidance system, the LOS stabiliza-
tion system enables the operator to control the
gun and turret by accurately tracking the target
{Tecovich, 1990 : Lee, 1990). The system tasks are
achieved through an angular velocity control loop
that uses the gyro which acts as an inertial sensor.
Moreover, these servo and stabilization functions
of the system are closely related to the magni-
tude of the disturbance and controller. Most stabi-
lization errors of the system usually lie between
0.25 mil and 0.05 mil. There are numerous distur-
hances such us bearing friction, mass unbalance,
spring forcc by sensor and actuator} and othey
forces (by the mament of inertia and geometry!.
The loearing friction deteriorates the tracking
performance at low speed and adversely affects
the stability{Li, et al., 1994} Techniques for
nonlincar control have been studied in the LOS
stabilization system (Keh, et al., 1999 ; Lee, et al.,
1999}, Most nonlinear controllers have some
advantages in that they demand no linear model
and have quick response, but they have inade-
quate robustness against severely varying dis-
turbances and modeling uncertainties. Adeguate
robustness is needed to guarantee that an operator
could aim at a target and fire it accurately under
redl disturbances in the field. The recent study
has focused on attenuating real disturbances, im-
proving the tracking performances and reducing
the necessity for trouble shooting in the velocity
control system(lecovich, 1990 ; Lee, 1990 ; Li, et
al., 1994 ; Jeon, 1997},

2. LOS Stabilization System

The LOS stabilization system is used as an
electro-optical device mounted on the turret not
only for tracking a moving target, but for keeping
the LOS in a stable position. The LOS should
have sufficient stability to satisfy the robustness of
the system. The LOS stabilization system has two
functions : One is a servo function to track the
target in a stable manner while in motion. The
other is a stabilization function to stabilize the
LOS in order to sccomodate the torque input
provided by the operator.

2.1 Structure of the LOS stabilization
system

2.1.1 LOS stabilization system

The main system is shown in Fig. | and con-
sists of & gimbal housing, a platform, a mirror,
and an inertial balancer. The gimbal is a belt-
driven system with simple mechanism, and the
inertial balancer is used to enhance the stability of
the LOS inside.

The following assumptions are made:

{1) The rotational friction could be ignored at
each rotation axis,

{2) The stiffness of wire band has an infinite
value and has no slip,

{3) The motion of base structure could be
measured,

{4) Only the elevation motion exists.

Bascd on the alove assumptions, the following
relations can be established

YuWoie = — ImWmit, YmWmit = — YpWput (n

where the subscripts b, m and p stands for the
band, the mirror and the platform, respectively.
The relative angular velocity is defined as follows

Wit = Wa ™ Wt

—_— \
Wpie = Wp— Wy (2)
Wpit == Wa— W

When a kinetic energy of the system can be
obtained by the given geometric relations, the
cquation of motion is expressed by applying the
Lagrange’s method (Kim, et al., 1990, as follows

Fig. 1

A line of sight stabilization system

Copyright (C) 2003 NuriMedia Co., Ltd.



Dynamic Characteristic Analysis and LM{-based H.. Controller Design for a Line of Sight - 1189

/pyﬂ"‘ \7;1@1_ (:Vm‘?’a) (Ul\
i
L Jorm o (rmlm— {rs—rm) )

Yy 2

jwd)m'f’
(3}

Eg. (3; is rearranged into the following equation
of the angular velocity of the mirror

a5 (-0

¥p ¥
EL ) 2_4_ (_’:" )2
Il (2 ) 406 (
The angular acceleration in {4} should have a

value that is one-half of that of base structure in
order to stabilize the LOS.

Csm :"é'd)t (5)

where the ratio of the radius of the drive shaft of
the mirror to that of the platform can be deter-
mined as follows
=2 (6)
¥p
Therefore, /5, the moment of the inertia of inertial
balancer by applying Egs. {4), (5). and {6) can
be represented as follows

[ ]_!'_. — 73
L=, (1)
H) s

where the radius of the drive shaft of the inertial
balancer would be predetermined by geometric
relations, and the variables of the mirror can be
also determined. Hence, the moment of tnertia in
the inertial balancer would be obtained by (7.

Table 1 Design performance of stabilization mode

2.1.2 Stabilization mode

The operation mode can be divided into three
modes ; stabilization, trzcking and auto-drift com-
pensating mode. But, here only the stabilization
mode will be introduced for the experiments. The
stabilization mode includes an angular velocity
control loop as well as an important operation
mode related with the motion of the vehicle.

The specifications of the design are shown in
Table |. The proposed controller can be designed
when all components of the stabilization system
are designed and tested.

2.2 Mathematical modeling

With the kinetic energy of the rigid body and
the elastic energy of wire band included in
deriving the equation of motion. the following
equation can be obtained by applying the
Lagrange's method (Lee, et al.,, 1999).
8)

s
(/7

d (HT-V)) _a(.Ta;V_‘;: o

Before deriving the equation of motion, the
following assumptions should be taken. First, the
center of gravity of the gimbal housing, platform,
mirror and inertial balancer lie on the same plane.
Second, the center of gravity should coincide with
the center of rotation. Finglly, the angular velocity
can be measured.

2.3 Nonlinear equation of motion
The rectangular coordinates attached to each
rigid body are used for deriving simple eguations

Contents

e

Remarks

) L ] Objectivcs“ _ i
Bandwidth ! Over 30H:z :
- S
Velocity of motion at elevation X ng' over 10°/sec . '
T . \:i.m below 0.25 mil/sec ]
Velocity of motion at azimuth . Mfﬂ' over 40°/see . !
! Min. below 0.25 mil/sec
- Stabilization accuracy Below 0.1 mil RMS o
Tric_:_king accuracy ! Below +1.5% or £0.3 mil i _i_._

Drift

Below 0.2 mil/sec

i
i
Lo
i

Acceleration capability

Over 3 rad/sec?
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23.1 Dynamic equations

A. Kinetic energy

The overall kinetic energy of the system can be
represented as (9) by adding up the kinetic ener-
gies of each rigid body(Li, et al., 1994).

T=Tc+Tp+Tu+Ts
3

_1_ 3 G _G‘..'_l,
-—-.ZMt;gvx Vi .2,_'2_16

% 3
+‘é_mr’§ | % fp"f“%‘gR'Wfﬂ)fP

G, G
(Wi Wi

9
3
“‘L%’m"é VMV + l»g Miwi o
3

1 eirey 12
+§'Ms§ VEs VE +—2~Z;B;w?wf

B. Potential energy

The potential energy of the system is divided
into two parts : One is an elastic energy Vi due to
the wire band and the other is a potential energy
Vi due to the gravity. The elastic cnergy!Li, et
al., 1994) due to the wire band with its stiffness
can be represented as follows

] 1., \
Vi=—Ki Lyolp— rubn) -+ —2‘1&2'\ rala— 7pbo)®

| {10
+‘-,_4K957uﬁu—7’393)2
_EA L, _EA L, _FEA
K== K=" K=

where F and A are the coefficients of the wire
band and the area, and L;, Lz and L; are the
lengths of the band between the platform and the
mirror, between the platform and the inertial
balancer, and between the inertial balancer and
the mirror, respectively. In addition, the potential
energy due to the gravity [Li, ct al., 1994} can be

given by
Vou=—{mo+m) - mug (— k)
Vic ==~ go-mcg {— k) (1)

Ven=—bo msg (k)
Ver=— (£g+f) 'm;sg(—_kj

Thus, the to tal potential energy 1 of the system
is equal to the sum of {10) and (11).

V=Vt Veu+ Vst Vot Vo (12)

C. Generslized forces
The generalized coordinates g, are the rotation

angles &;, r and @, and the generalized forces
with regard to the generalized coordinates can be
represented as follows

Go= Tnc—trc

Qu=Tw—17p P
{13}

Qa=—118

QOn=—Tn

where Tme and Twe denote the external torques
needed for rotating the gimbal housing in the
azimuth and the platform in the elevation direc-
tion, respectively.

232
The equation of metion can be solved by using

Linearization and simplification

the Lagrange Eq. {8} and the nonlinear equation
of motion for the generalized coordinates Ou, G,
6s and 8¢ is given in {Li, et al,, 1994;. The given
nonlinear equation can be simplified and lin-
earized by the following assumptions.

first, there i1s no motion of a base structure, that
1s,

Vi=u*=0 {14)

Second, the wire band's stiffness is infinite, for the

friction can be identified at low frequency range,

vels=rutlu=rplp 15)

Also, the gimbal can be decoupled in each direc-
tion ; i.c., it can be driven independently. There-
fore, the equation of motion can be simplified as
follows

Jabc+ t56=Tnc 116)

JeOr+ o= Tmp (7
where J4 and Jr are the moments of inertia, and
7rc and tyx are the frictions in each direction. The
moment of inertia for azimuth and elevation can
be represented as follows

Ja=2Ga— By~ Po+ M/ 2+ Mo/ 2+ mpbs
+maé+mum2(Mz+m/\/’i ) {18)
+mppe 2 b)

2

Je=Pitmof+ (Mt mum®) (74

rp
REAY
+Bl< rp )

Only the Coulomb friction f¢ is considered and

(19)
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Fig. 2 Velocity control loop in a LOS stabilization system

its magnitude is proportion al to the moment of
inertia.

The angular velocity control loop can be
shown in Fig. 2.

A. Gyro

The gyro is one of two-axes DTGs{dynamic-
ally tuned gyro) and is represented with a dotted
line in Fig. 2. The reference mode with a large
bandwidth is used in this system. Its precession
scale factor K) converts 10 V into 40°/sec and
10V into 10°/sec respectively. Its dynamics and
integrators are also shown in Fig. 2 and its
transfer function is obtained from the magnitude
and the phase information for given frequency
range by curve-fitting each transfer function.
Moreover, the output of the integrator has an
anguler scale of 30 Vu./deg as

’e 4901463072.8
Gels) = —g—mi oo e
§7+2419.35°+ 4544462 85 +49167562.8 .
(20;
17188
S
B. Motor

The motor is one of the actuators which drive
the plant by the control output with the high
bandwidth, the small ripple, the linear gain
characteristics and the sufficient torque. The
bandwidth and its gain can be obtained by des-
igning a power amplifier. However, its dynamics
may be ignored, for its bandwidth is set up 10
times as that of the system. In other words, it can
be considered as a constant gain in Fig. 2.

Gals) =17

C. Plant

tem is a gimbal, which has large stiffness and low
ratio of the friction to the moment of inertia. In
particular, the friction can be regarded as a torque
disturbance. The characteristics of the friction is
time-variant and the moment of inertia may be
just considered with the controller design.

) 1
TS, S, 21}
GP(S, 4825424 21;

D. Controller

The controller in the stabilization mode is
designed by considering the bandwidth and the
relative stabilily of the system, where the band-
width is 30 Hz and the values for the relative
stability are 3.3 dB and 25.5° for the gain and
phase margin, respectively. The structure, in gen-
eral, can be represented as a PI-Lead controller
and the output of the integrator should be con-
strained at 2V of the controller to prevent the
windup.

_1279{s+0.63) (s +8.2)

(s it (22)
Gels s{s+4317.3) \es)

3. Analyses and Experiments on
Stabilization Performance

Figure 3 shows the experimental device setup
for obtaining step responses of the stabilization
and the tracking modes and the experimental dala
can be shown on the oscilloscope and the plotter.
The following step response with amplitude | V
and duty cycle 50% illustrates each step response
in the stabilization and the tracking mode. The
settling time in the stabilization mode is smaller
than that of the follow mode as seen in Fig. 4 and
Fig. 5, and also the stabilization mode has a

eosys-Ltdpeuer performance at low frequency range.
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Fig. 3 Equipment sctup for acquiring the experi-

mental data TAPE RECORDER
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' 1
;,. S H . 3 1 : Gyro signal at an azimuth
?{"‘\/\’ , }f e ""T“kﬁ‘__‘f\‘-* 2: Gyro signal at an elevation
i ] i 1 3: Vehicle Gyro signal at an azimuth
é o L + : : 4 ; Turret Gyro signal at an elevation
B : i
, ) MWW“ oy 1590 5. DC_‘T sx-gnal at an aamu.th
17:09:36 & : DCT signal at an elevation
Fig. 4 Step response al an azimuth in the tracking Fig. 7 Signal flow for signal ucquisitions
mode
wo standard driving courses ; i.e., it would be
oK QN S00 S/ Y conducted on paved and bumpy courses. The
T T T i & dtme vehicle used is one of the prototypes of military
t oo o L3em p ype
) LR o] cLimq Korean tank and the target is a square mark with

! P i { "’*""'0", the length of 2.3 m und is far away the forward
1‘_"‘*"’_“_ o — REn distance of 1200 m. The measuring devices arc

used with the vehicle's battery as a power supply

: and are linked with recorder and other measure-
C ﬂ/w T el ment devius. The experimental setup is illustrated
2 {(vavw} 3o l{\mwml ¥ in Fig. 6.

The tests of the stabilization performance while

i moving are conducted for both the paved and
Z4 NHY 1990

-y WWMJ
PR bumpy courses, and are also measured for the
Fig. 5 Step response al an azimuth in the stabiliza- output of the gyro in the reference mode and for
tion mode the input of the angular velocity disturbance.

A tape recorder is used to obtain the experi-
3.1 Experimental device setap mental data, and the experiments are performed
The experiment is supposed to be canducted on at 20 KPH and 40 KPH in the paved course and
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16 KPH and 32 KPH in the bumpy course. Each
signal is acquired as in Fig. 7.

32 Time signal analysis
This section provides the magnitude of real
disturbances and the characteristics of stabiliza-

tion performances for time signal analysis, and

the experimental data are shown in Fig. 8§ and
Fig. 9. The errors and the disturbances in the

stabilization are

shown in Table 2.

Heve, P-P means the difference between the

maximum and the minimum valuc, and RMS
stands for the root mean square.

3.3 Frequency signal analysis

The acquired duta arc analyzed to determine
the stabilization performance and the angular
velocity disturbance in Table 3 and Table 4, and
the frequency responses in the elevation direction
10 and Fig. 11. It can be
observed that electrical noises are pusent at 30 Hz
and 60 Hz as seen in all figures.

are shown in Fig.

Table 2 Angular velocity disturbances and stabilization error

e e e e - - S
T No. ! Paved Course Bumpv Course
Contents \_\_*h _20km/h | d0km/h 16 km/h 32 km/b
Stabilized ! Mean 0.007 0.009 0.009 0.009
i”g ' RMS 0031 0.030 0.068 0.091
{mil} I P-P 0.176 0.192 0.330 0.547
) Mean 0.269 1.628 —-2.235 , 3.084
Disturbance - RMS r 5.315 7.823 64.982 70.684
{mil/sec) —
' P-P . 29.329 43.417 301.702 321. 378
Table 3 Frequency signal analysis in xhe elevation dlrecuon the paved course
Contents . 20 KPH 40 KPH

Stabilization |

Dominant Peak
: 188, 252, 296, 516, 960, 1280 Hz
- High Power at 62.3~64.5 Hz

- Dominant Peak !—
1 30.3, 60, 89.5, 188, 304, 516, 960, !
1280 Hz

(TURRET F/F G.}

ngh Powcr below 60 Hz - ngh Power below 60Hz

EL DTG) I~ High Power at 30~60 Hz and at 30~60 Hz
* - High Power in low frequency ".- High Power in low frequency
Angular ! - Dominant Peak ' - Dominant Peak
velocity ! 1 30. 60, 90, 400, 800 Hz : 256, 400, 628, 800 Hz
disturbance ; : 800~ 1000 Hz : :800~ (000 Hz
i - Low Power in overall frequency | :625~64.5Hz
L

SO __J

Contents

i
i
i

Table 4 Frcquency 5|gnal anal)sn in lhc elcvauon on thc bumpy course

T

16 KPH 3" KPH

i
Stabilization

- Dominant Pcak
: 1, 108, 300, 400, 516, 596, 640, 680, 964,

- Dominant Peak
- 0.75, 192, 304, 336, 400, 516, 960,

. 1280 Hz 128G Hz
( )
\EL DTG i :124~28 Hz ~ High Power at 37~ 48 Hz
- High Power at 25--55Hz , - Some Power below 100 Hz
Angular - Dominant Peak ‘ .
, - D t P
velocity {:0.75, 252. 400, 800, 1280 Hz i 10'2(‘)'(1)‘";00"";‘;00 1600 He
disturbance i - High Power below 23~28 Hz s ' ' !

(TURRET F/F G.)
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4. LMI-based H. Controller Design

4.1 LMl-based H. control

A set of H,. controllers with closed-loop per-
formance y can be implicitly parameterized by the
solution (R. S) of a system of LMI{Gahinet, et
al., 1994). The matrices R and S play a role
analogous to that of the Riccati solutions and X
and Y. in classical Riccati-based H. control
{Doyle, et al., 1989). Useful applications include
LMI-based H. synthesis, mixed Hy/H. design,
and H. design with a pole-placement constraint
{Zhou, et al., 1994;. This section is concerned
with a reliable computation of H. controllers
given solution (R, S} of the characteristic system
of LMlIs.
Given a linear time-invariant plant P(s} with
state-space equations

x=Ax+Byw+ Bau
2=Cx+Duw+ Dieu (23]
y=Cowux+ Dyt

consider a proper continuous-time plant P(s]
of order n and realization (23) and let N2 and
N.1 denote orthonormal bases of the null spaces
of (Bf, DL), {C, Da) respectively. The sub-
optimal H. problem of performance y is solvable
if and only if there exist two symmetric matrices
R, SER™" ying the following system of LMIs.

HARYRAT RCT T B oy,

/‘. .t I Loy
.:_‘“il_‘—_( GR -1 i D }ff'-—--o—)m.
SRR o =7 LRR]
- i A5+SA SB o \ \
L s R
‘0[1‘,‘. G [)\15“7[;.()]1,

R I,

(1 s)"o

Considering the solutions (X, S, of the LMI
system, {23)- {24} is a convex optimization prob-
lem. Efficient polynomial-time algorithms are
now available to solve this LMI feasibility prob-
lem. Any feasible pair (R, S} determines a set of
full-order y-suboptimal controllers as follows.

First compute via SVD two invertible matrices
M., NER™" such that

MNT=[-RS (25)

The bounded real lemma matrix X, is then
uniquely determined by the following equations.
7S N 4. (R M
xom (5 M= (2 M)
R. S, M. NeR™"

Specifically, X is the unique solution of the
lincar equation

Xelye o)=(0 ar) @
Note that (23, ensures that X >0. Once X is
determined, an adequate full-order controller is
any solution of the controller LMI. In muny
linear control problems, the design constraints
have a simple reformulation in terms of LMI, and
especially Lyapunov techniques play a central
role in the analysis and control of linear systems.
The H. control problem is a good illustration
of this point. The /1. constraints can be expressed
as a single matrix inequality via the bounded
real lemma{BRL). The instrumental role of this
lemma was first recognized in its inequality form.
Even though the Hw. control problem has an
analytic solution in terms of Riccati equations,
the LMI approach remains valuable for several
reasons {Gahinet, et al., 1994 ; Iwasaki, et al.,
1994, and the references therein).

First, it is applicable to all plants without
restrictions on infinite of pure imaginary invar-
iant zeros. Second, it offers a simple and insight-
ful derivation of the Riccati-based solvability
conditions. Third, it is practical thanks to the
availability of efficient convex optimization algo-
rithms. Finally, the LMI approach yields a e-
dimensional parameterization of all He. contro-
llers with clear connections between all free
parameters and the closed-loop Lyspunov func-
tion. Consequently, it offers numerically tractable
means of exploiting the remaining degrees of
freedom to reduce the controller order, to hundle
additional constraints on the closed-loop poles,
and to design stable controllers, etc. Explicit
formulas have been derived for LMI-based He
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controllers in continuous time contexts. These
formules are particularly suited for numerically
stable implementation and bring insight into the
controller structure{Zeren, et al., 1999}, They
have been successfully implemented in the LMI
Control Toolbox in MATLAB{Gabhinet, et al,
1995).

4.2 Requirements for controller design

The H. controller for a given system is des-
igned to satisfy the design specifications. In par-
ticular, the angular velocity should clesely follow
the operator’s command. In addition, the H.
controller is necessary to attenuate umnexpected
disturbances and parametric changes in the stabi-
lization system.

A. Angle of gimbal’s motion

The range of gimbal’s motion should be bet-
ween — 10° and 20° in the elevation direction on
the side of the mirror, and should be between —3°
and 3° in the azimuth direction,

B. Static position accuracy of mirror in
tracking mode
In the case that the mirror is attached to the
turret, the accuracy of the static position from the
electrical signal to the LOS should be constrained
as follows.

Elevation : —10° < e<20° error
Ae:Max. 0.25 mil

Azimuth : —3°<%3° error
An:Max. 0.20 mil

C. Velocity of the LOS motion

The mirror should provide the minimum 10°/s
in the elevation and the minimum 40°/s in the
azimuth direction.

D. LOS tracking sccuracy

In the range of gimbal's sngles between —10°
and 20° in the elevation direction, and between
—3° and 3° in the azimuth direction, the error
betweer the velocity input command and the
actual LOS velocity should not exceed the maxi-
mum ; i.e., it should be smaller than 0.3 mil/s

{or 1.5%).

E. Drift of the LOS

The drift in the gyro is adjusted on each axis
within 5 minutes after the power is turned on
and then the mean of drifts which are measured
after the subseguent 5 minutes have elapscd
should not exceed ==0.025 mil/s. The range of
the drift adjustment should not be smaller than
=1 mil/s.

F. Bandwidth of stabilization mode loop
The bandwidth shouid not be smaller than 30
Hz or both axes.

G. Bandwidth of follow mode loop
The bandwidth should be at least 10 Hz in both
axes.

43 Formulation of LMI-based H. control-

ler problem

As previously constructed the design spec-
ifications given for H. controller, the generalized
plant is shown in Fig. 12.

Where Gols) is the nominal model with the
motor and the gimbal as the control plant, Wi{s)
and W.(s) are the weighting functions for the
input and output of G,(s) respectively, and
K(s) is a designed H. controller. Also, let »
be the reference input and w, and ws be the plant
input disturbances serving as the external input,
and 2z, and 2 be the control objectives serving as
the error between the outputs and the control
inputs 2. In addition, let Gro(s) be a closed-loop
transfer function from wi, @: and « to 25, 2

and y.
w2
5

Gol$)

= K(s)

Fig. 12 The generalized plant for [{s controller
design
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z| | Wiisi Wils)Es) WisiG(s)] [
2 0 0 28 we] {28)
¥y ] Eis; Gls)

=

where E (s) is the transfer function from the dis-
turbance w» to the plant output. By realizing the
state variables for Go(s), E{s}, Wi(s) and W
{s) into (24), the given gencralized plant can be
represented as the following state space model.

G An Ba 1 b= Aa Bo
0 \St =y 1", S “_‘[_
CD 5 Da J Co o

Aw : Be Ap: B
Wiis)= [ —u—‘J Wa(s) = {_;;m_]
Con | | Do

(29)

{Anl 0 —BHICO Bu! 0 01

=0 Am 0 |x—| 0 Ba|uw~|0{u (30)

'Lo 0 A 0 E| |8

C 0 leCa R Dm i 0

[0 o x+[ 0 OJw [Dm]u(.ﬂ)
=00 —~ Ca|x+ 10w (32)

4.4 Simulation resolts and remarks

The simulations are conducted as follows: Let
w; be the mngular velocity as a reference input
triggered by an operator’s handle input in Fig. 12,
and wy be the step disturbance in Fig. 14. Also.
actuel angular velocily disturbances measured
from both the paved and bumpy courses are used
in all simulations. To compare the performance of
the proposed controller with that of the conven-
tional controller, two cases could be considered in
the elevation dircction : One is the case with real
disturbances and the other is with no disturbance.
Figure 13 shows the step response of the proposed
H.. controller, compared with that of the conven-
tional PI-Lead controller with no disturbance.
The maximum overshoot of H. controller is 38%
and the settling time is 0.09 second, while the
maximum overshoot of PI-Lead controller is 60%
and the settling time is 0.3 second. Thus, it can be
known that the proposed f{. controller has better
step response performance with no disturbance.
The step response is also considered with some
disturbances. Figure 14 presents step responses of
Pl-Lecad controller and Hw. controller when the
angular velocity step disturbance of 0.5 mil/s is

Velocity{mivsec)

]
/] o.08 Q.1 B.y6 0.1 LR} L] 0% D4 o.M 0.8
Time(sec)

Fig. 13 Step response with no disturbance

Velocity\mi/sec)

0.4
P T Reference
-t e Pi-L ead
H-inftnity
nll 8.2 X} 6.8 0.8 1 12 1.4 .8 19 2

Time(sec)
Fig. 14 Step response with 4 step-type output
disturbance

triggered at 1 second. For both controllers, the
magnitudes the step response are decreased by
0.5 mil/s at that time. However, the H., controller
cuse shows almost error after 0.06 seconds, while
PlI-Lecad controller cese still has a steady state
error after 0.21 seconds. Therefore, it can be seen
that the proposed H. controller has superior
disturbance attenuation performance,

The stabilization performance of the proposed
LMI-based H. controller and the conventional
PI-Lcad verified with
disturbances. The simulations to determine robust

controller s actual
performances such as disturbance attenuation and
reference input tracking can be conducted for the
elevation direction. Figure 15{a) shows that the
maximum overshoot of the proposed controller is
smaller than that of PI-Lead controller, but they
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Fig. 15 Angular velocity response with the paved
course disturbance ({a} 20KPH (b) 40
KPH)

both have an overall response at 20 KPH on the
paved course.

However, the faster the velocity of the vehicle,
the worse is the response of PI-Lead controller.
Moreover, Fig. 15/b) shows that the response of
He controller is guite satisfactory, the responses
of both controllers in Fig. 16 tend to deteriorate
for faster motion and on ill-shaped courses,
because the nonlinear effects of the system become
more pronounced for faster motion. [n addition,
Since the ill-shaped courses have worse effects on
the motion of vehicle, the controller can not have
a good stabilization performance. Compured with
the PILead controller, the proposed H. controller
has better robust ncss performance under dis-
turbances and nonlinear uncertainties.

Consequently, the results indicate that the pro-
posed H. controller has a better tracking per-
formance for the reference input than that of the
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16KPE(E, 1at-§)

Velotay(maficc)

. ---- PI-Land
— H-infinity
<.y
a o2 o.¢ cs D& A L ] LY 18 LR ?
Tuxa(sec)
ey
32KPH(E, 1st-£)

Velocay(m/sec)

0e 1] ==~ PI-Land
— H-mbnty
nﬂ o3 D.¢ os ca 1 AR 1.4 15 e 2
Time(sec)
{b)

Fig. 16 Angular velocity response with the bumpy
course disturbance {‘{a) 16 KPH {b} 32

KPH;
conventiona]l PI-Lead controller.

5. Conclusions

It is necessary to design the robust controller
to overcome disturbances and modeling errors of
the system, so that the LOS stabilization system
can achieve both a servo function and stabiliza-
tion function independently. In this paper, non-
linear characteristics of the system are inves-
tigated through measured response characteristics
such as the bandwidth, transient responsc and
mirror chattering. The effects of the angular
velocity disturbance are apalyzed in both the time
and frequency domains. In a controller design, the
dynamics of the system needed to be accuratdy
determimd in order to maintain a better LOS
under a variety of disturbances, and the proposed
control algorithm is reritied by numerous sim-
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ulations with actual disturbances. In addition, the
LMI-based H. controller is designed to improve
the robust ness performance against parametric
changes, modeling errors and various distur-
bances. Also, the simulations have been con-
ducted with actual disturbances. The following
results have been obtained from the proposed
robust control algorithm.

First, it can be confirmed that the proposed
controller has better robust ness performance
against nonlinear parametric changes and model-
ing errors. Second, the bandwidth in the azimuth
direction is larger than that of the elevation direc-
tion and has a somewhat smaller relative stability,
while it has a good tracking and mirror chattering
performance for the step input transient response.
Third, the stabilization performance has numer-
ous effects on the targer-hitting rate while in
motion. It has a stable tracking performance for
an input command of the bullistic trajectory
calculator for both the angular velocity control in
the stabilization mode and the angle control in
the tracking mode, and has superior stabilization
performance in the azimuth direction with dis-
turbances. Fourth, excellent stabilization per-
formance in the time and frequency domains can
be obtained from the experiments for both the
paved and bumpy courses. Finally, the proposed
LMI-based H. controller shows a good distur-
bance attenuation and reference input tracking
performance, compared with that of the conven-
tional controller under disturbances.
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