_AD-A137 150 ACTA AERONAUTICA ET ASTRONAUTICA SINICIA (SELECTED 11 -
ARTICLES)>(U) FOREIGN TECHNOLOGY DIY WRIGHT-PATTERSON
. AFB OH R SICONG ET AL. B84 JAN 84 FTD-ID-(RS)T-1693-83
UNCLASSIFIED F/G 17/7 NL




y - : . .
L et LM M AL CR T SRS M

R
I
FEEFE EEE

EEEE
EEE

——
—
.
Er
T
FE

==
[ ]

i MICROCOPY RESOLUTION TEST CHART
. - NATIONAL BUREAU OF STANDARDS-1963-A

= .
. s
:
.
N
hE
Yy
)
;

=
.
PR

St

A LA 4 4T TN ST



‘2
ol
;

i
.

"“ ‘.

L/ ;‘»_"._

oot 2o v v o

o' IIORRRRY

R 1 J..J;JA'

DTIC FILE copy

MAL137150

- -
....................................

FTD-ID-(RS)T-1693-83

FOREIGN TECHNOLOGY DIVISION

ACTA AERONAUTICA ET ASTRONAUTICA SINICIA

(Selected Articles)

s E

Approved for pubtlic release;
distritution unlimited.

84 01 24 062

|
|
|
(

.

IR R I T N S St S ‘Lj



- RS B S - - - - - - 1
A i R AU bl T B T e \

At Juh i s S i

.......
T Taso

FTD -1D-(RS)-T-1693-83

EDITED TRANSLATION

FTD-ID-(RS)T-1693-83 4 January 1984
MICROFICHE NR: FID-84-C-00011

ACTA AERONAUTICA ET' ASTRONAUTICA SINICIA
(Selected Articles)

English pages: 38

Source: Hangkong Xuebao, Vol. 3, Nr. 4, 1982
PP- 61~765—7F1t83

Country of origin: China

Translated by: LEO KANNER ASSOCIATES
F33657-81-D-0264

Requester: FTD/SDBS

Approved for public release; distribution unlimited.

THIS TRANSLATION IS A RENDITION OF THE ORIG!.
NAL FOREIGN TEXT WITHOUT ANY ANALYTICAL OR
EDITORIAL COMMENT. STATEMENTS OR THEORIES PREPARED BY:
ADVOCATEDORIMPLIED ARE THOSE OF THE SOURCE
AND DO NOT NECESSARILY REFLECT THE POSITION TRANSLATION OIVISION
OR OPINION OF THE FOREIGN TECHNOLOGY Ot FOREIGN TECHNOLQOGY DiVISION
VISION, wP.AFB, ONIO.
FTD  -ID(RS)T-1693-83 Date & Jan 1Q 84

TRy SN O AP ARV




- -t

L A A AU CalvA AU B A A Y o ‘.-"_:‘__."'_.‘_ SO T N S 4 _v_'c'_j

Table of Contents

Graphics Disclaimer .

An Azimuth Rate Inertial Navigation System, by
R. Sicong and 2. Yongkang

................................................ 1
et ——

Optimal Guidance Laws for Missiles with Second Order Links,

by L. Z@gpgying ...... R I 19

Accession For
[wT1s™ GRA&I
DTIC TAB

Unannounced
Justificatio

mjm). «

BY.
Distribution/

Availability'Codes
Avail and/or
Dist Special

A!




e wre e WAVt aV, e Ao o O RO I i a9 R o M e B A L A R I A A NP

£

S EE

GRAPHICS DISCLAIMER

<
Tx

»
4

i

All figures, graphics, tables, equations, etc. merged into this
translation were extracted from the best quality copy available.

e A M

i

-~

o

g st A

ittt S e oo G L

PR Y A

RRENEA

16 S S R N g R L A S S R Sk U o (R Sty i

< TN o
A < \«'._!._. <



-------

AN AZIMUTH RATE INERTIAL NAVIGATION SYSTEM

Ren Sicong (Northwestern Polytechnical University) and

o Zhao Yongkang (Baocheng Instruments Factory)

ng Abstract

:Sﬂ This paper proposes a new inertial navigation system com-

{ﬁ bining the platform type and strap-down type inertial

;?3' ) navigation systems. 1In this system, the azimuth rate platform
without azimuth stabilized loop, azimuth coordinate resolver

2N and synchronizer are used. The azimuth angles of the platform

é{ and vehicle are obtained by an integrator from azimuth rate

Ti signals measured by an azimuth gyroscope supported'on a hori-

B zontal gimbal. This type of inertial navigation system is

”;3 suitable for vehicles without large angle pitching maneuvers

.éa such as transports, aerodynamic and ballistic missiles etc.

ﬂﬁﬁ This paper discusses the operational principles of the azimuth

rate platform, mechanization equations, distinguishing features
of initial alignment, and the calibration and compensation for
drifts of gyroscopes; at the same time, error propagation

characteristics caused by various major error sources for navi-

gation positioning, velocity and attitude are simulated on a

)

computer. In the conclusion, we point out that the simplicity
of the platform structure, small volume and weight, high relia-

; bility, and the possibility of calibration and compensation for
drifts of the azimuth gyroscope are the outstanding advantages

ﬁﬂ of this inertial navigation system. Furthermore, if we use a

jg special optical system coordinated with known azimuth angles

f: ) and latitudes of land marks, it is not only possible to realize

fb fast alignment but also the calibration and compensation of

jiﬁ horizontal gyroscopes.

. I. Putting Forward the Problem and Brief Introduction of the
Platform Structure
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Even though there are presently many types of inertial
navigation and guidance systems widely used in aeronautics,
marine navigation as well as aerodynamic guided missiles, yet
they can basically be summed up in the two large categories of
the platform type and strap-down type.

The basic distinguishing features of the platform type
system are that it uses a stabilized loop to separate the move-
ments of the inertial device passing the gimbal and the vehicle
thus causing them to be in an excellent operating environment
and their dynamic ranges to be relatively small. It especially
causes the influence of the gravitational acceleration to de-
Crease to minimum when the semi-analytic type system is operating
in a horizontal coordinate system. At the same time, the com-
puted relationship is also relatively simple which proves the
high accuracy of the system. However, the major drawbacks of the
system are that the structure of the system is complex, manu-
facturing costs are very high, the volume and weight are rela-
tively large and at the same time, the number of gimbals and
slip rings are quite numerous so that the reliability is somewhat
affected etc.

The inertial device of the strap-down system is directly
strapped on the vehicle and thus its major advantages are its
structure is simple, reliability good and the attitude information
which does not require an electromechanical component for switch-
ing over has relatively high precision; however, the operating
environment of the inertial device is adverse especially when the
vehicle carries out sharp maneuvers as well as for their dynamic
range which must be very wide and the extremely harsh require-
ments for the gyroscope. Furthermore, because the direction of
the inertial device facing the gravitational field is constantly
changing, the compensation technique for its errors and gravita-
tional force is quite complex; requirements for the word length,
speed and storage capacity of the computer are relatively high.
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Therefore, we encounter very large difficulties in guaranteeing

the operating precision of the strap-down system.

For a large number of vehicles, because of structurai,
mechanical and other specific reasons, when maneuvering, the
angular rate difference of the roll and yaw movements is very
far. For example, for common aircraft, when the roll angular
rate can reach or exceed 360 degrees per second, the yaw angular
rate is commonly only 2-3 degrees per second. The maximum cannot
exceed 10 degrees per second. In this way, if we say we want to
use a conventional inertial gyroscope to accurately measure the
maximum angular rate of 10 degrees per second and not be able to
have very great difficulties, it will be very difficult to use
it to measure angular rates above 360 degrees per second. For
just this reason, in order to fully bring into play the advan-
tageous points of the platform and strap-down inertial naviga-
tion system, we propose a new azimuth rate inertial navigation
system which can simplify the platform, lower the manufacturing
costs and raise reliability. The platform which it uses elimin-
ated the azimuth stabilized loop, azimuth coordinate resolver
and azimuth synchronizer of the common three axis platform. The
azimuth angles of the platform and vehicle are derived by an
integrator from azimuth rate signals measured by an azimuth rate

gyroscope supported on a horizontal gimbal.

When this type of system was first brought forth in 1978,
it was called the "strap-down azimuth inertial navigation system”
or the "semi-strap-down type inertial navigation system."
Generally speaking, in order to simplify the platform, we can
also have a "strap-down pitching system” and even an "azimuth
and pitching strap-down system" which only has a roll stable
axis. Howevédr, when we consider applying this system, it is
most advantageous in a horizontal coordinate semi-analytical
inertial navigation system with a not very large azimuth angle
rate; it is basically the same as the "rotating azimuth",

3
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"free azimuth", "drifting azimuth" and other systems. Further,
when the platform has attitude errors, the azimuth gyroscope is

also not completely "strapped" with the vehicle. 1In order to
lose the meaning of "strapped-down" we therefore further changed

J".

]2, . i i i i
3?# the name to "azimuth rate" or "analytical azimuth" inertial
A navigation system.

The configuration of the azimuth rate platform is shown in

Fig. 1. 1It can use two dual degrees of freedom gyroscopes or

one single degree of freedom gyroscope. It can also be composed
of one single degree of freedom angular rate and two single
degree of freedom integrating gyroscopes.

'w

Foe,

M o
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-
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a

L)
s

Fig. 2 Scheme of the azimuth rate platform.
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Fig. 2 shows the principle of the azimuth rate plLatform
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composed from two dual degrees of freedom gyroscopes. We can
see from the figure that the two dual degrees of freedom gyro-
scopes 2 and 6 and the three accelerometers 10, 11 and 15

installed on platform 9 form the inertial measuring component

tS _ supported by horizontal gimbal 17 and that the horizontal gimbal
"E; is supported by the stand strapped together with vehicle 1. The

main axis of gyroscope 2 is in the plumb state during normal
operations and it uses corresponding amplifiers 3 and 14 as well
as stabilized electric machines 16 and 13 to realize stabiliza-

tion of the platform's pitch axis and roll axis; the main axis

of gyroscope 6 crosses with gyroscope 2 and uses amplifiers 5
and 8 to realize feedback self~locking and operates in a rate
condition. Because the feedback current of the passage surround-

ing the azimuth axis is the measurement of the azimuth angle

changing rate, integrator 4 can compute the azimuth angle.

X)) Because the supporting axis line of the horizontal gimbal and
(P

qﬂ the longitudinal axis of the vehicle are parallel to eachother,
5

k% angular transucer 7 can put out roll attitude signals; cor-

respondingly, we obtain the pitch attitude signals from angular

transducer 12. It is very clear that this type of structure
simplifies the platform into a simple device which aside from the
azimuth gyroscope only has a horizontal gimbal similar to that of
the vertical gyroscope. However, when in pitch angles larger
than 60 degrees, the maneuvering movements of the vehicle pos-
sibly influence the normal operation of the platform. 1In order
to adapt to this type of situation, it is necessary to increase
the external rolling ring and corresponding stabilizing loop.

If the azimuth rate inertial navigation system is not used

for vehicles which make complete degree of freedom rolling and

pitching movements, the entire platform need not use the conduct-

;ij ing slip ring but completely use the soft lead wire. This not
‘:; only simplifies the structure of the platform and makes main-
Eng tenance cohnvenient but even more important it can also raise
o) reliability.

L’

) 5




2; Because the operating state of the azimuth rate gyroscope
ey
- is similar to that of the strap-down system, when compared wiy<!

the azimuth gyroscope of the common platform, its calibration
system errors and nonlinearity are possibly enlarged because

e

S the dynamic range is relatively large; however, because the

;;ﬁ ‘vibration isolation of the horizontal gimbal and the platform are
- basically in horizontal states, the gravitational effects are

A:ﬂ relatively small and it is easy to guarantee the orerating gra-

?ﬁ cision of the azimuth gyroscope. When we use the pulse rebal-

iﬁ ance loop, this can also avoid the additional switcthing =2rrors.

)

:ﬁ II. Mechanization Equations and Structural Block Diagram

28

A2

-Qﬁ We select the north, west and vector geographical coordinate

?7‘ system NWV. As shown in Fig. 3, ideal platform system Rep¥mZo

’}S follows the vehcile rotating around vertical axis V and the

,E§ included angle of the XT relative meridian N is platform azimuth
" angle a.

¥ S

7’

i n‘;‘l
A dgrty

Fig. 3 Coordinate system.

AN Based on the specific power equation, we determine the
velocity of the platform relative to the earth from the following

differential equations:




Vimfx—(CQr+0n )V + 2Qu+ou)Vy
Vy=fr—(2Qun+0z)Vz+ (2Qc+0x)¥;
V= fr=(QQx+e )V v+ Qv+ )V i— g

In the equations, fi is the specific power measured by <
corresponding axis accelerometer; QBi is the earth's ¢ mvon-
ent; aoi is the angular velocity component of the platf 1
relative to the earth's rotation; g is the gravitation:
acceleration; and symbol b respresents the angular veloc.ty of

the platform driven by the vehicle.

In order to carry out navigation computations, we can use
the relationship of the directional cosine matrix (C) formed
from longitude A , latitude L and azimuth angle & between the
platform and earth system and its change rate, and the ébi

(€)=(C)(w) (2)

In the formula

[ﬁnkﬁna sin A cos a usLaml]
i —sinLcosAcosa sinLcosAsina . -
(C)="' —cosisina . —coshcosa cosLsin} (3)
- —sin Lsin Acosa sin [sin Asina ,
‘cosLcosa —cos [ sina sin L
0 -y 0
[m]=[ ®z 0 ~ @y (4)
—(D' @x 0

It is very clear that CDX and ch are cderived based on VY

and Vx and the earth's curvature is computed by computer and
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bringing pre~sure on the gyroscope causes the platform to main-

tain a control gquantity of a horizontal state. Thus, ODZb

requires that Ssz be deleted from azimuth rate gyroscope

feedback control angular rate w

o7b’ that is

Further, when we consider the independent mixed attitude
system formed from the atmospheric pressure altitude information
and vertical accelerometer information, we can show the mechan-
ization relaticnship of the azimuth rate inertial navigation

system in the block diagram of Fig. 4.

A
= T 3
rz . 5% I U4
Az .Ea = ; mm— V;
4',/}’ Vel 1 Wy - — Vi
- B REE
ix fe. 2y e o R Dy,
¥ - s 1] T 3 o
|
. e | ga)
(L) L | igf;- P =2
—{a] E L
a R
- o, 1= 22 T 1 2
1Ger S > ) t ‘ ?
- 3 iy Q2
=
Gx
_—

Er

Fig. 4 Block diagram of the azimuth rate inertial navigation
system.

A; and G are the accelerometer and gyroscope of the
corresponding axis; hy is the ztmospheric pressure
altitude information: &p and Op are the pitch and
roll state information; A, and Lo are the initial
longitude and latitude; & is the rotation angle rate
of the earth.

III. Special Features of the Initial Alignment of the Azimuth
Rate Platform

If we do not consider the structural errors, the azimuth of
the ideal platform system is also the parking position. For

just this reason, when we refer to the runway's middle line or

8
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the special aircraft parking markers placed on the aircraft
parking area to determine the parking position of the aircraft,
we not only possibly realize fast speed alignment but can also
carry out calibration and compensation of the drifts of the
gyroscopes. In order to conveniently explain the problem, we
must first establish the attitude error equation. It is consid-
ered that when the attitude error angle is small in number we

can obtain

5=5P—C_i’5r _ (5)

In the equation,‘? is the attitude error angle vector;
- = é;? T . - :
U>T= §?=[§2X v QQZ] is the angular rate vector of the ideal
platform system;
1 0 — @y \‘
Ci= [ 0 1 Px i
Py -0, 1 2

w—

is the attitude error matrix; cOP= &3c+ @ +E is the angular

PP
rate vector of the platform system's rotation and
55c=[ Wy, Dy O]T is the control added to the platform;
T T
= - @ i 1
@Dy, [0 0 @ZDP] (00 &, Qx Py QY+ QPZ]_ is the ;ngular
rate of the vehicle with platform rotation; E=[EXEYO] is the

shift angular rate of the platform.

By substituting the corresponding relationship into forrula

(6) we obtain

Px=®,,—Qcos Lcos a +¢,0sin [, +E;
Py =@y, —PxQsin L + Qeos Lsina + F, (7)
O =Qzr—PyQcos Leos @ +P,Qcos Lsina — Qsin L

This formula shows that when the azimuth rate platform is in
initial alignment, the azimuth attitude errors do not produce

any changes. It also clearly reflects the basic special features
of this system's initial alignment. We can display formula (7)
as the block diagram shown in Fig. 5. 1In it, coefficients

9
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Kl’KZ and K3 directly determine the dynamic characteristics of
the leveling process. We shouia rationally make a selection
based on the transient time and the basic requirements of anti-

interference.

Under stable conditions, from formula (7) we obtain

Or (o) =Er—QcosLcosa
(8)

Oy (0)=E;+ QcosLsina

From this, we can find the azimuth angle

4 QeosLsina + £,

1= Dve(0)
QCOSLCOSQ-E. (9)

® o)

= t

= tg.
It is very clear that the platform drift has direct influence on
the calculation precision of the azimuth angle. Assuming

ac=a+ Aa, and letting dJXc(oo)= Qcochosa and w__ = QcosLsinac,

Yc
from formula (8) we can obtain

Qcos [sinaAa=F,
(10)

Qcos Lecosapa=E,

If we separately multiply this formula by sina and cosa and add
them to eachother, we then find the calculation error of the
azimuth angle is

E,sina.-f-E;COS". __E« 11
sa= Qoos L = QoosL an

In the formula, EW=EXsina+EYcosa is the equivalent western drift
of the platform. This conclusion is completely identical to

other systems.

In order to calculate the compensation quantity of the drift,
we can use the angular rate to calculate the earth's rotation

and carry out compensation. Afterwards, we can £ind the

10
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equivalent northern shift to be

Es.-mx,(“)cos_a.+my.(oo)sina,~E,msa,4-E,sina, (12)

We then project it on a corresponding axis and obtain the com-
pensation quantity of the shift

Ex=Eyco8a,~ L oeta. - F nac08a,

. (13)
Ev= — Ejxsina,~ £ sin*a, - E cosa,sina, _ .

The errors after we use the above mentioned method to carry
out compensation are

3L = Ex—E = —(Esina, + E(cosa,)sina,
(14)
BEy= Ey—Ev=— (E sina, + E ycosa, ) cosa,

The compensated errors are related to the equivalent western
drift which cannot be measured.

After the leveling of the platform, S?Zb= CsinL is a
known quantity. When the gyroscope's precision coefficient KG is
known, based on the balance relationship l‘(oo)=KG Sazb-Ez of the

control current and azimuth angle rate, we can obtain the compen-
sation quantity of the platform's azimuth drift.

Br=K.Qsin [ — [ (o) (15)

When we determine the accurate position of the runway or
other land marks beforehand, by using a level viewing device,
sighter or other special optical systems, we can determine the
vehicle's longitudinal axis or the azimuth angle of the platform.
In this way, we cannot only carry out fast speed alignment but
the possibility also exists of calibrating the drift of the plat-
form along the horizontal axis. In reality, when we assume the

azimuth angle measured and introduced by computer is a_ Srom

11
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formula (8) we can then obtain

Bx=®0x,(0) + Qcos L cos a — Qcos [ cosa,
(16)

Ev=®v,(o0) = Qcos Lsin @ + Qcos Lsina,

It is very clear that if there are no errors in the azimuth
angle, the control value cof the balanced state is equal to the
drift of the platform. When the position error is Aa, we can
obtain the compensaticn error of the drift quantity by using
the relationship of a_=a+ A4 a

dEx= Qoos Lsinaia

(17)

3Ev= Qcos L cosaAa

Naturally, when the precision of the moment device is very high
and the structural errors of the platform are very small, the
compensation quantity is equal to the drift of the gyroscope.

It is very obvious that the precisicn of the platform's position
and drift compensation are mainly determined by the measuring
precision of the vehicle's longitudinal axis opposite the runway
or land mark position as well as the measurement precision of

the runway or the position of the land mark itself and the
installation precision of the platform opposite the vehicle. It
can be seen ffom formula (17) Fhat when a=0, 6‘§X=O; when a=90°,
6’EY=O. This is completely  the same as when carrying out
calibration of common platforms. Further, the precision of the
latitudes introduced by the computer is also related to the pre-
cision of compensation. For example, in overlooking the latitude
errors, when L=a=45°, in order to cause dqik and CYE& to not be
larger than 0.02°/hour, it is necessary to guarantee that azimuth
error Aa  12'. This data shows that only if the distance of
the runway or land mark is not very short and the assembling

12
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precision of the platform on the vehicle is also relatively high

will this method have certain significance. Naturally, when
we use optical methods and are able to cause the measurement
precision of the azimuth angle to reach about 6', we can
compensate the platform's drift close to 0.01°/hour.

= S Ex_-Q—coEc;a—?;;— ___}

i = .;. P L ;Y- . Px
3 -IT .‘, l._..l '
- § p Qeosl.an2

‘ 4 Qsinl '—‘
' '! Qs;nL ‘:—

[ Wihetieds
 , Qcosleosa
|

LPT1 | ]
1-5[? -1 !

._Q—”s;nL

Pr

Fig. 5 Block diagram of initial alignment loops.

IV. Analogue Computations of Navigatioa Errors

In order to obtain an even more concrete understanding of
the operating performance of the azimuth rate inertial naviga-
tion system, based on the fundamental relationship of formulas
(1) and (2) as well as the corresponding error relationship,
the calibration coefficient error of the gyroscope and
accelerometer is AK_= AlKa=lxlO_4; structural error 6\i=20";

G

gyroscope drift Ex= £&=0.0l°/hour and £Z=0.02°/hour; the
accelercmeter's zero position deviation ‘Vk= V&=lxlo_4g;
" xo=Vyo=07 initial state error ‘pxo= ‘PYO=
5x10 radian; the theoretical position's initial wvalue
Lo=40°05', iLo=116°36', ao=45°00'; and when the computation

= ° 1 / = o ' =430 '
co=40°07", AL _,=116°38", a_,=45°03",
we assume that the flight locus can be described by the

initial velocity V

position's initial value L

following parameters:

13
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_— \
ey @ , ((;’/)w ((;y))

3.3 0<1<30 0.0 0< t <60

2.0 30< 1 <60 1.5 60< t <240

ax=| 1.0 60< ¢ <200 op=| 240< 1 <4170
3 0.0 200< 1 <4284 -1.5 4170< t <4290
-1.0 4284< t <4464 L 0.0 1290< { <4500
: [ -3.3 4464<< t <4500
% (7)  (8)
&l (5) (8) ( (%/B) (B)
3 (*/8') (B) 0.0 0<t <30
; 0.0 0< t <60 Vtg3.5" 30< t <60
3 o= oulx  60< t <240 V.= Vigl.0" 80< t <490
3 " 1o.0 240< t 4170 0.0 490< t <2970
:5 oxV 4170 1 <4290 —Vagl 2970 t <4248
gf 0.0 4290< t <4500 ~Vig3  4248< t <4464
0.0 4464< t <4500

. ) \

Key: (1) Meters/secondz; (2) Seconds; 4{3) Degrees/
h second; (4) Seconds; (5) Meters/second ; (6) 3Seconds;
(7) Meters/second; (8) Seconds.

% The main computation results obtained are shown in Figs.
¥ 6-10.

»

] a
S
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Lo » 46.5
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Fig. 6 Flight course.
Key: (1) Degrees; (2) Degrees.
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Fig. 7 The time history of position errors.
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Fig. 8 The time history of attitude errors.

Key: (1) Degrees; (2) Seconds.
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e Fig. 9 The time history of azimuth errors.
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Fig. 10 The time history of felocity errors.
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Key: (1) Meters/second; (2) Seconds.

Fig. 6 shows the flight loci of aircraft taking off
from an airfield runway, spiral climb, cruising, final return-
ing and landing as well as other corresponding calculation
values. It is very clear that the errors between the calcula-
tion ané theoretical values change with the different courses
and distances. '

Fig. 7 gives the relational curve of the time history of
position errors. We can see that basically they oscillate using
the Schuler period; at the same time, the range of longitudinal
error A/l is larger than latitudinal error AL. This is because
when increasing with the latitude, the longitudinal value cor-
responding to the same type of distance error must be large.

Fig. 8 giveé the relational curve of the time history of the
platform's attitude errors. It can be clearly seen that because
of the maneuvering flight of takeoff and landing, the attitude
errors of the platform produce relatively intense changes with
the different azimuth angles yet the maximum value is still
within the allowable range. During the linear rate cruising

stage, its law of oscillation coincides with the Schuler period.

The relationship of the time history of the azimuth angle

16
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errors is shown in Fig. 9. It can be seen that the changes of }
the azimuth angle errors are quite slow and their maximum value |

4

does not exceed 0.06 degrees; when we consider that the initial

error is 3', the real change value is even smaller. When the

% 5 ._f.
rs

latitude is relatively high, the change gquantity of the errors

o
>

is somewhat larger. This also tallies with the common laws.

To sum up, the output power here must be higher than when using

3

4

synchronizers and other electric .machine transforming devices.

3% This also explains well the conclusion that the attitude arrors
=Q of the strap-down system must be smaller than when using the
output of the electric machine device for the platform system.

e

Fig. 10 gives the relational curve of the time history of

the velocity errors. We can see from the figure that during
takeoff and landing, because the velocity error is related to

the spiral angular rate, the changes are relatively intense.
However, calculating from the error changing curve of the
cruising stage, its period also coincides with the Schuler period.

V. Concluding Remarks

Based on the preceding discussion, we can see that the

azimuth rate inertial navigation system is relatively suitable
for vehicles with not very large changes in pitch and yaw atti-
tudes. It combines quite well the advantages of the platform
type and strap-down type inertial navigation systems and avoids
certain of their individual drawbacks. This type of platform
structure not only has few components, is simple in structure,
light in weight, has good reliability but moreover can provide
angular rate signals of the pilot's course damping channel.
Thus, it omits a course damping gyroscope and it can also give

course information with relatively high precision.

During each alignment, we can carry out calibration and com-

pensation of the azimuth drift of the platform. This is another

17
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j&g special advantage of this system. Moreover, if we use a known
?g runway or land mark position and draw support from the level
™

viewing device or other optical systems, we can also possibly

realize fast speed alignment and the calibration and compensa-

ij tion of the horizontal drift. This is an area worthy of serious
P

7 attention.

R

o Because the azimuth angular rates of most vehicles are close
'2: to the angular rates of platform rotation in present rotating
pasH azimuth inertial navigation systems, there are no special condi-

tions proposed for the requirements of the system's computer.

%4 Naturally, the software system is also close to the common semi-
52% analytical inertial navigation system.

%)

e,

Finally, it should be pointed out that, relatively speaking,

zf, the drawbacks of the azimuth rate inertial navigation system

{l: / . . . . .

$§ are that it is not very suitable for fighters which perform

o
Noared stunt flying; because the platform itself does not have a degree

of freedom around the azimuth axis, it is thus not convenient

~ to carry out calibration and alignment of double positions but
§~- can only carry out single position alignment.

4,
xR
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OPTIMAL GUIDANCE LAWS FOR MISSILES WITH SECOND ORDER LINKS

Ra 2

Li Zhongying
Beijing Institute of Aeronautics and Astronautics

Abstract

L MR AL A & s

This paper studies the optimal guidance laws for missiles q

with second order links aimed at targets. It uses the prin- )

ciple of the minimum to separately research: 1) when the target
miss quantity is zero, the optimal guidance laws of the
minimum control energy index; 2) when the final state is a zero y

control intercept curved surface, the optimal guidance laws of

VY PR W

the minimum energy index. Finally, we obtained results similar

to those for missiles with first order delay links.

L.

(3

Main Symbols

relative position vector of missile and target

[a e

relative velocity vector of missile and target
relative acceleration vector of missile and target

F SN ‘o -
TaTa AN A MNEERAL &

rate of change of relative acceleration vector

the missile control vector

gl 8 X X

the missile's optimal control vector
the missile 's relative damping coefficient

the missile body's intrinsic freguency

conjugate state vector of state system
k Lagrange multiplier, undetermined constant vector
e separately the opening and final times

time to reach the zero control intercept curved surface

RS B gw

time from reaching the zero control intercept curved
surface to hitting the target

A

angular velocity of line of sight between the missile
and target

55 rate of change of angular velocity of line of sight

4&,(? real numbersselected according to requirements
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‘): There has been a great deal of research [1,3,4,5] done
; {’0 . . .
{?. both domestically and abroad on the optimal guidance laws for
A Y
: missiles. A great many beneficial results have been obtained
‘$= which have had very good effects on realizing accurate guid-
AL
;; ance. However, the selected missile mathematical models have
xg‘ been too simple and generally all of them use particles with
. instantaneous response for processing. Reference [l] re-
D searched the optimal guidance laws of missiles with first order
oy . . .
X delay links. The results were composed of proportion guidance
34; with a variable coefficient and correction items related to
A rate of change €O of the line of sight angular velocity and
i* acceleration a. However, the actual missile has non-
‘53 instantaneous response particles and is not a first order delay
3§ link. The aim of this paper is to study the optimal guidance
laws of missiles with second order links. Because its mathe-
;ﬁ‘ matical model is close to the real thing, the obtained results
_?f are beneficial for raising the guidance precision of the
h
p./ . missile.
;j I. Formulation of the Problem
!
o
5§ The relative motion dynamics model of the missile and target
is
y
't'>
"X
A .
) .
j ::: Xy ™=y x, () = %4
¥ . .
— X=Xy 2y (1) =244 (1)
i X *S-zd xs(fo) =Xs
f::: X, = -CD’X:—ZECDJ‘H'“’”‘ xo(fn) =
X
3! _.c
- The performance index is
.
\), .
N
N t 1
s TOTEINERTINes 2 /Y ) (2)
[}
.?g .

Key: (1) u” indicates the transition position.

|
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3 . .
In the formula, u& R” and t_ were given in advance. We

assume the target group is

£

{ gltxl(tl)' x:(2), %{())=10 (3)

gz(xl(‘{)v k:(f!)‘ ()10

The present problem of finding the optimal control laws of
dynamic system (1) so that the system is guided from the given
initial state to final state (3) and moreover cause perform-

ance index (2) to adopt a very small value.

Below, we will seek the optimal guidance laws fcr two dif-

ferent types of target groups.
II. The Zero Miss Minimum Energy Guidance Law

The target group is

The other parameters of the terminal are free.

Based on the principle of the maximum (2], the problem's
Hamiltonian function H is:
H=%u’-u+H-x,+H-x,+}.§-x‘—f-kf(—m’x,—zswx,-f-m’u) (4)

In the formulz, ;Ll"aﬁ' A% and 7L4 are the conjugate state

vectors ~° the dynamic system {1). J

¢t ,(t)=0 .
4=(t)=—\;(! . (59 .
A(t)=—= () =w0h (1)

Ca(t)=—=a, (1) =250A( ¢ )

Their cross section condit.ons are
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.
[P A

S8
X
)'-
-':'\ M) =V
! . ' fv)= 0
- el ()
o I AE)=0
“:} l‘ ;\A(ff)= 0
\'
{\ . . « . . -
- Based on the principle of the minimum, the optimal control laws
iy and corresponding conjugate state parameters should cause the
N H function to take the minimum value and from
.’:\.
o oH
. =
Ny .
% we obtain
&
&
N a(t)==0%,(t) (7)
o
W We can see from formula (7) that to determine the optimal
;;5 control laws, we must determine conjugate state vector /14(t).
£
}}, From the first two equations in equation group (5) and the
‘.
) corresponding boundary conditions, we can solve
AAY
'n".‘
::4': : NG )=V
. )‘!(t)z-‘l(f,.—'t)
-
A Therefore, we have
{n’ ) . T
RS B 1) ==V (= 1)+ (1) (8)

We then seek a derivative of the fourth eguation of eguation

group (5) and obtain

A t)==2a(t)+2501,(1)
' 22 we substitute in formula (8) we obtain

ht)=280i,( )+ ()= v (- t) (9)
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We can know from formula (7) that to find the optimal control
laws it is only necessary to solve ;L4(t). In ecguation (9),
we let

f:t_
ft

and therefore equation (9) becomes
..A“(f)+_2§0;1‘(.7)+033)“(T)=V‘t (9)’

When 7T =0, t=t. has 7L30)=0 and moreover we suppose
7L4(0)=0. Formula (9)' is a second order non-homogeneous
linear differential equation with a constant coefficient. We

can find its solution by using the Laplace transformation:

vt 2kv vet*r £1_
()= o " (;3 + o7 (ZEG)SQT-{-‘(IZ;_;’T{TSWQT] (i9)

In the formula,

Q=w(1-8)"

By substituting formula (10) into formula (7), we can obtain

the optimal control law:

- £
u(t)=—v {(ff" t )—%’—+—:}-e"°“f"’ [zgeosQ(f,— t)
.- .

For the final determination of the optimal control law, we
must determine constant vector v and for this reason we must
substitute formula (ll) into the system's state equation group
(1) to solve the state parameters.

From the third equation in equation group (l) we have

ﬁ". K ‘\“-';S'ﬂ-'- ...‘.--:‘-4“-:‘.(“'1:‘- .. -._. ._:. .~:. - . ._'-,.". .‘:_._:‘ N P "
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When we substitute the fourth egquation in equation group (1)

into the above equation, we obtain
%,( 1 )‘==-co‘x,( t)=2tox,(t)+oMu( 1)

We then substitute the third equation in equation group (1)

into the above eguation and obtain

%,( t_)+25mu( t )-HD’.!,( t)=w%(t)

We substitute formula (l1l) into this equation and obtain

X, +2t0x, + 0 x, =-V0)"(f -t)- ng-ﬁ-—ol)—e"'“’") [ZECOSQ(f,— t)

-~

+—(—125:%,—)1‘—,r5in9(1,— t)J} (12)

Thais is also a non-homogeneous linear differential equation
with a second order constant coefficient which can still be

solved by the Laplace transformation. Finally, we obtain

MT 2 -tes

x:(‘)"" v“l(ft- ‘)—[f;‘i' oF sin (Qf + ¥,)

P TI e OL LAMCICIORR DRSS

— (a*+6%)! 2t cos (Qf + ) CrNSin(Q (1 — 1)+ 4,)

1
ED_( 1 _"az)' 173€

JECD"(I E,)“,e‘t-(q-')cos[Q(q~ H )+¢.J}+x,. 15" etoos(Qt+v,)  (13)

In the formula
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________

b
N
)
b1
]
- . zt 1_52)! $~|
A =t == Sl
' be tg 2872 1 ]
4 - Qf' }
= t
\3‘ W =tg [ o+ 1
1) Mt
d w5
b ]
% b=ty (et + 1)
~ -s )
= _____Q L
a = Eo(1 _ag)uzcos(Qt' = 1ho)
| __(1+8HQ "
b2 b= o (1 _Eg)mam(Qf,+ ¥,)
3
b4 They are all the missile body's known characteristic parameters
:’g and & as well as the function terminal time tf. When tf
N is given, it is an unchanging constant.
Based on the first equation in equation group (1) and its
; initial conditions, by substituting in formula (13) and inte-
’j grating we can obtain
*y
¥
% (1) =2y +—3T%-Ee""°m(9ﬁ + o+ b,) —e*'cos(QF + by + 1))
: # o GOL+12YE et
(=) [ GO € g 0
L]
x B+ e gt .
o - +L—m)——e ety ’cos(Q1+‘b,+¢‘)+WsmEQ(f,- £ )+ 9~
‘ et o . Qe-;orr,-n
- -4ml(l_§2)l,’lmcg(ff t)+‘b0+¢6j+ 450);(1_5;)‘;\‘303(Q(1‘,— t)
3 2 )
. Fhrid = (th=L-)+Ciltuty, &, 0] (14)
4 - . .
g In the formula
4
. 25
by
l
rF]
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3
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g
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&
P
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LR )
4 0

e-gnl,,

. -+ $y1/8 .
Cultnty &, @)= =[ s+ GREDIN £20 gty 9,414

U 2+63 2 ~i@(8 vl “tO (L, [,
g —Sc__crl—e 18ty o’COS(Qfo+1b,+¢‘)~4—mz(~li—a:)T;(et “rsin(Q (¢ —1,)

S
3 ?-‘ + 4y —b,) =6 sin(Q (tr‘fo) + o +b,J} _4£c§%e( 1 _: ;l)l/lcos': Q (ir—t')

+ ‘bﬂ+ ¢4J

Based on the first equation in equation group (1) and its
initial conditions, we substitute in formula (14), integrate

or2= and obtain

B =t =10+ G [0 =)@t 40+ )

.'?:: e".'ﬂ . , MLl
::: — o cos(Qfy + by +2%,) ~:-eTeos(Qf+ bo+ 21,) J
oy
T (f, 1 ©t,+1) 12 et
- _(a2+'02)XI$ taltyen e'!.(',*') L ' ,
.:j;.‘:: T——e “os(QE U +9,) + o (1 —ED" T sin(Q(f—= t )+~ 29,
.:..._: _—e-toul-n . . Qe"'“'"’ 3 ' .
’_: 4mswsm(9.(ff— t )'r\ba+2‘bd+mze0m Q= 1)+ 9g+29.
) ] . R
~(tt=d)rrCtt g o) 1+ (M s, 0] (9)
A ’ o
*
o
W
A% In the formula
1
'3 ’ o Ewf, + 1) Y2 poten
\i.j Coltss 1, E.o)==C(nt, &, @)+ [ﬂ‘*‘gL éz 1 ] emz
:;:: 2 2 ]
E . . . t ,
NM x sin(Qf, + ¥, +2¢,) +(L%)——e""""°’cos(§2‘l.+¢s+w.)
[
" eogwu’uo) L e-t-(',-ta» .
- —45QT:§51ﬁmLQ(ﬂ—h)+¢r-%hJ+;qu:?57ﬁmEQ(h—h)+¢c+2%3
"z‘: ~R@(rs=1g)
o Qe t=''1"%
! -'::; “4;0_)4( 1 _az)n.zm(Q(fr‘fo)+¢c+2‘haJ
7 \‘
~.~-.'
e
R \.:.
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From xl(tf)=0 we can determine constant vector v.

v = ‘t X+ %, (3 —1,) + m—(il“_T;)[e""'(f, —1,)008(Qty + by + ¥,)

-tesy ) ~-tor 4 3
— o cos(Qf+ b+ 28) + L con(Qt+ 4y 20} x [ LT
Ewf, + 2 Y12 otes ;
~ [+ CREEDT) T in at 4+ 280 - CEEN i (0t 4, - )
+ e 1t in (4, ~ 1 . Q
40)3( 1 _,;t)l 2 31“( o z‘bo) —4‘01(1_El)x-’xan(¢|+2¢¢)+4a®o( 1 _Ez): B
xm(¢|+2¢a)+cl(thfu E’ m)”"'ct(th ’n ;o m)>.l (16)

Ve substitute the v value into formula (l11l) and obtain

- ( ‘
u(t)= "(3|u+‘:o (f'—f.)‘*"m—(:’-—"_—g-;)-[e'“ 8(3y—1,)c08(Qf, + b, + ¥,)
-Le1y “tor
— Lo (Qfy by 20 + T cos(Qy+ W F 29| X (= 1)
2t “tedyn £~ . 3 =t
--m—+—’—m——[2£cusQ(h— f)+’ Ci__?;—l—;ist(f,— H )j}x{ L 3")
Lot +1) 1V et . e
~ [+ GEEIT™ € in (qty t 29 = EEE e tiicon(at, 4+ 9)

e 1% . 1 . ' o
S P DL s‘n(‘bo“z‘bc)—4m:(1_§z)t.'x sxn(¢.+2w.)+;$(1—_=z—)rz

X8 (y+260+ Ciltp fo &, @)1y +Cyltntn &, 0D} an

Letting

' . /8 -tot N1/
F (nt &, @) == 1+ G 00 g gr 44,429 - (EE

w? [

~3t@¢

ties ! . 1
X e 8% 1cos(Qt + by + 4,) +;m—,(e1_§z)x,~z5m(¢o —-2%)— (1 <y

X sin(by+2%) ﬂ—arf’__-?;mws(!b&sz.ﬂcl(m f &, 0
+C°(f” fn Ev CB)

When tf is given, F(t‘,to, é. ¢ ) 1s a constant guantity
e

________

determined by the missile bcdy's parameters & , e and time t,-

In this way, formula (17) can be simplified into

27
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i( ¢ )=' ' { X4 +-‘u(’f"o) +m[ °(f;—f,)COS(Qf. + ‘bo + \(’.)

et

+‘bn+2‘b> X (fr t)

= £ cs(Qty+ b+ 28,

-%—+-‘¥[25m0 (i~ t )-I-Z—lzs—_;-)—sm(} (4= ¢ )}
x{ﬁ'—;’—ﬁi+ Flnts, &, m)}" (13)

“hen t=to, the optimal guidance law is

u(ty) = -{ X4+ %20 (8, —1,) +m[e""°(t,—f,)cos(9h +¢,+ 1)

he #2004 con Q8+ 280} X {1 —10)

25 ‘-Qo(trcu) &:_ _ ‘, (f
—T+—a-)——[2&cer(f, W+ gt @ (=) | < {
+F(fh ‘n E’ m)}.l (19)

We let
( 2t e“"'f"°’
K('htﬂ! 5.“’)"(1"-1")‘- Cl; + CD(I )Jln Q(by‘f)*»b]
x (G=hd 4 pryt, 800}
et
Lt t, m)’mj[e 0(4) —1,)cos(Qt, + ¥, 4
X C8(Qy + ¥y + 290 + Lo cos(Q, + 90+ 20.) | x {(f,-:, if

~le(tgety) - !
+—-——me( 1 ! “)smEQ(h—fa)-l-'b. }X{QLTL-*-FO" fes &, 0))}

In this way, formula (19) is simplified into
E(to)-_K(fh f@, E ’ m)[x,°+23,(f,—f,,)] - L (‘f’ tOO Ec m)xgo (20)

The guidance law shown by formula (20) can use the appro-

priate selection time te-ty which can change it into proportional
guidance with a variable coefficient (in proportion to the line
of vision angular velocity) and the guidance law {l] composed of

28




correction items with one item related to the acceleration and

line of vision angular acceleration.

When & —> oo, the dynamic response nrocess of the missile
is last, that is, the response of the system is without oscilla-
tion as well as without delay. At this time, F(tf,to, E ,©)=0.

K(fhf!v Eo CD)= (:,—3“)
L(fhtnv E,(D)SO

Therefore

- 3 Exm';'x:l(ff—fo)]
“(fe) == (ff—fn): (21)

This is the optimal guidance law of the instantaneous response

particles. After selecting the different t -to values, we can

£
obtain the proportional guidance law of the various different

systems [3].

III. Guidance Laws of the Target Group as a Zero Control
Intercept Curved Surface

When dynamic system (1) is guided towards zero control
intercept curved surface L, its target groups is [(1,2]:

3|(T)+p'x:(T)’ 0, =0
{ (22)

% (T)=0

It is assumed that the introduced time T of the zero control
intercept curved surface L is already selected; time A¢ from
entering the zero control intercept curved surface to hitting the
target is undetermined.

The main reason why x3(T)=0 is necessary is because it is

29




required that we cause the system to be able to be maintained
within this curved surface after bringing the system into the
zero control intercept curved surface.

The performance index is still formula (2) and at this time
Hamiltonian function H of the system does not change. Thus,
the conjugate state set of equations of dynamic system (1) is
still described by formula (5). However, the cross section

conditions change to

t M(T)=v
).g(T)=Vu (23)
ks(T)’ k

In the formula, v and k are Lagrange multipliers which are
undetermined constant vectors. Based on these boundary condi-
tions solving conjugate state set of equations (5), we obtain:

CA(t)=v
A(t)=v(T+H—-1)
L(t)==v(T+Br~t)+0™,(1)
L(t)=250i,(1) =@\ (t)+v(T+r~1)

Based on the results in Section II, we obtain

1

M) = (T b= )= By Loeamnpemeq(r o u - 1)
28'-1 _ .M
s (T 4 k- )] (29)

When we substitute 7L4(t) into formula (7), we obtain the

optimal guidance law

- " — __2_;_ _1_ ~tQ(Tre-0)
u(f)-—'(z(j'-'-ﬂ t) -+ ettt {zacosQ(T+u—1)
-h-(-—l‘—_—)l—— sinQ(T+4r~-1) ]‘»

E )

(25)
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When we substitute formula (25) into dynamic system (1),

just as in Section II we can solve x3(t) , xz(t) and xl(t) .

+w)+1)2
Qz

m()==v (T+r=D)=[(r+wy+ &I ] esincar+4)
e'i’(?“‘ﬂ ' . , .

o=l QUT + B = 1) +d) = (a7 +67) AT

~te(T+e=-9)

< —Eryrrsin(Q(T + 4 = 1)+,

XM(Qf-l-tbs)— 4(0(1

Qe-te @0

B R D L

(Q(T+8=1t)+ -boj}ﬁ-—%e"-"cos(fzf—.-d:,) (26)

(1) =x,+ T(%t?)—[e.“"m(mn + 9y +P,) —e cos(Qf + By + i)

s L Go(T+u)+ 1)2]1;: Rty
A 2

—vilremye=Fer+m Sin(Qt 9+ b

Q
(@)Y eizenre ‘ PRLYe ST
+——'—m € cos(Qé +ds +19,) + -403( L =gt
“tB(Tou-0)

xsin(Q(T+ 1B —¢)rp,—9)— -

e —gryrrsin(Q(T + B = 1)+ 9+

, Qe'iO(N-O _ r _ f:

TW(QCT+U—t)+¢°+¢,] L(T+I~'~)1, 3 }

+C(T + 8,1, &, @)} | )
(1) =20+ %( "“)'*'T(%’—:.ﬁ[e.t"o( t —t,)co8(Qty+ by + b))

{mig

——eos(Qty + Y+ 20+

o

e'!
w

c08(Qf + e 29,) |

- {[(T + u)—;—x—%’]—[(T +uyy BT gzu ) +1)z]m e(; n(QF = b, < 290
- (42+bl)l/3 e-‘.l(r-‘un)

.18 (THRre) —
> COS(Qf+\b3+‘b.)+4m:(1 —g)ie

4@ (T+u-0)

¢ gryrsin(Q(T + 1 = )+ +24,)

xsin(Q(T + B = 1) +4—29.) —~ (g

-{e(Ten
+ & Q‘e £231.2
15@ ( 1-3 )

2
os(Q(T + B — £ )+ +29,) ‘( (T +#0t,- l’2“ ] :

(T+w)ts _ 4 )

+C(T+u,t, E,0)t + 5 3 TC(T + 1,1, &, 0)y (28)
From formula (28), letting t=T we can obtain
- - ) - s —-4.)2
a(Ty=st(T) = v (L5004 B n, 8, 00) (o9
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2 In the formula

3 _

. AT =2+ 21T =)+ G571y [‘-’"“”’( T = 1,)c08(Qty + o + )

. € oS (O, < by 20 )+ 8 s (QT = 4o +29,) )

':.? —TCOS.Q' e T EAVUT T 'o-;J

X

xﬁ ~ -

= £ : 2 e oter

AX(T, 1, 80 @)= =((7 4wy LETED LD €050 (T 4 4, +20,)

LY 2 2\1/2 - i@ (2Te8)

\ __(a_tog_)_e-l.-(zrw)cos(QT-i' ¢3+¢‘)+40—3EI_"—52_5T’?

" -tes

3 X SN QW+ bo— 290) — s T pryTTSIn(QR + ¥+ 29)

Qe-l_.u . i ' ) .

; +4;®4( 1 _§Z)x,zc°s(Q-ll+‘l‘n—-'2‘b‘)"C:(T TR, 5, CD) T
a +C0(T+ B, 1, ¢, o)

;

%

! Prom formula (27), letting t=T, we can obtain

A

4 .

—t )2
% (M=) = (I cw(r—yraxr e 500} G0
In the formula

A

5 -

:: xg(T)=x,.+m—(%[e"""cos(9f,+¢.+\b.)—e“"eos(QTﬂ'- \bo_"‘j")]
) < ' 2 ] -teT

AXTom b0y =[(T +u )+ BT EDTT €8 g0 (0T 4y, +4)
é-i-(rrﬂ)

IV ‘
+ .(__TaJ_)___e AT g (QT + tb,ﬂ-\b.)-f‘m

et

X sin(QH+thy—,) — 10 (1 —E513 5in(Q“f‘-' bo+¥,)
ston
: + TS (@ h BT + Bty £, @)
3 Because the system should reach the target group when t=T,
d it should satisfy
T =
LN
..!
= From Formulas (29) and (30), we can obtain
2
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A(T)+1x3(T) = HT—}’—)i+ B(T ~1) +R(T =1) #AX (T, B, £, ©)

+RAXL(T, 8, ¢, @)} =0

We can £ind v from this fqrmula.
X(T)+bux3(T)

= I il s (T 1)+ 0 (T 1)+ AX (T, 1,3 ©) +u3 X, (T, &, 5. 0)

When we substitute formula (31) into formuria .2,

obtain the optimal control law:

2‘; + le-g.(roc-n

G(1) == (AT +0(T)-{(T+u— )= 24

€ _ —:.)8
x[25emQ(T + 8 = O+ B rmsma(r +w - 0]} (LI

+ B (T =t )BT =)+ AX (T 4, 5, @) +uAX (T, B, &, co)}"
(32

wnen t=to, the optical guidance law is

u(i,) = —(-zn(T)'F“xa(T)]! (T +1—f)— 28 -t (Tea-tg)

1
+0(1 -

FAX(T, B, &, @) +BAK(T, B, &, m)}" (33)

The above formula can be rewritten as

E(’l)-“KL(T’ B, &, @)fxu‘*'x:.(T'!- [
‘f!))-LL(Ty k, £, Q))x“ (34)

In the formula
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Ku(T, &, 0)={(T+» —fa)—%+ﬁl—l_—;z—)e"“’“"°’

(T —fo)

xsin(Q(T + 1 =)+ |} {~FF b (T =r) 4037 -1

-1
FAX(T, 8, 5, @) +BAX(T, b, §, 0}

LL(T; ®, &, 03)=m(1_1_§,,)—(e'“'°(7’ + 4 —fQ)COS(Qf,J"\b.,'P'\b‘)
1

= Letrrcos(Qty + by + 20 + 3

E)-e‘amTCOS<QT‘+‘ ‘bn + 2“1.)

Y ( (T =¢,)°

il 3 + B (T =i )= (T —-¢,)

—ueTeos(QT + ¥+ ¥,)

+A‘YL(Tv B, i» m)'i'l"'AX:(Tv ¢, 5: CD)}-

The 7Vl, 7f3, a, b and the tf in this section should all be
replaced by T t.ic.

In optimal control law formula (33) or (34), the At is
still undetermined. Only when the g€ is determined can we cal-
culate and completely determine the optimal control law. For
this reason, we used the condition of x3(T)=O. Although this
condition has already been considered in the limit value con-
ditions, yet because it is established in the optimal control
process, this optimal control law is unrelated to ﬁb3 and there-
fore the condition of x3(T)=0 is still not really used. In
order to guarantee not separating from this curved surface again
after introducing the system into the zero control intercept
curved surface, we must select the 4¢ in this way so that
x3(T)=0. From formula (26), letting t=T, we can obtain:
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e L e(T=w) =N
#(T)== v s —(T=0)- == | errsin(@T - w)

i 2Tew)

—_—_-——-—e-:‘u
W=

2, 1B02T )

sin(Qu+y,) = (3F~0%)" %e

"¢
i
.
I‘J
i
.

“tas
«tow S

€ L sSIn(QU ) T T e TTyi e
fo(1=39)° 101 —35%)

x cos(QT + p.) —

xwﬁQu—%)}+ 1f¥,e*”w%QT+wJ=o

By substituting in formula (31l), we can obtain

- (Co(T + u)=1)*

b . . Lo
— (T +1a8(T) 1u—[<r ] Terrsinc@r + v

. Q*
,:' “tw(2AT*u) cta(1Tu
R (TS (QU o) = (a8 167 e oos(QT + vy)
e-k_ou Qe~gou " )‘
BT Ll G - SEFO L S
2 x (LTl o (T =) (T —1) + X (T, 1, 8, @)
3

f" -1 -
‘ HRAKLT b, 8, @)} B s (QT + ) = 0 (35)
E This is a high order transcendental equation which can use a
3 numerical sol tion to solve i&. There are possibly many ¢
: values to satisfy equation (35). At this time, we should take
» the smallest one among the A¥ which is larger than zero.
N Naturally, it is also possible that no ¢ exists which can
N satisfy equation (35). Under these conditions, the system is

guided to the zero control irtercept curved surface, yet it .
§ cannot cause the system to be maintained in this curved surface. N
} At this time, it loses significance for the guidance of the zero .
‘3 . control intercept curved surface. However, physically, control N
- to cause the relative acceleration be zero exists and therefore !
a the equation should have a solution. -
; When & ~%o0, the characteristic loss of the missile's p
‘ second order link becomes particles with instantaneous response. !
; At this time, K (T,r¢, ,®) an¢ L (T, i, &, &) of formula (34) :
X become
¢ 35 1
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et oya T+ —t,
K(T.®. 5.0 —(T;:Q)_;%- u(T—in)z“'“’:(T—fo)

v, AN
' &
B 2 AP P

LL(Tq u'y Evm)_—-'o

Sh'S

Optimal guidance law E(to) changes to

- "‘v- on T+ ‘J' —:0) T L 4
u(f°)=—(T "fox).: . - < 3oyl -« ( o —‘°> (36>
M2 w (T =1, BT —iy)

X c.’(f‘.{‘.‘, L4 o~

3

;j This is the result obtained by guiding the instantaneous re-
ii sponse particles toward zero control intercept curved surface
o< L [3].
'Eq IV. Concluding Remarks
é; Above, we obtained the optimal guidance laws of formulas
{20) and (34) for missiles with second order characteristics
:ﬁ' for two types of target groups. These two formulas are sim-
;i ilar in form. If themissile's acceleration is expressed by
éi the rate of change of the line of sight rota ton angular vel-
| ocity and angular velocity, and we let
o
b
i PRSI ACENCY: )
= EXCER ™
: xi(2x,, + Bx.
% R v ]

>
-

2k

then formulas (20) and (34) can be expressed as [1l]:

a .

"
-
"

)
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N
o
\:_ .
:-': U(xi4y Xyg9 @9, @y, &, g, &, o, u)
T . xiy
_.} =—L.(x4 %00 &, B, &, o, ») m
D b .
| ~:";‘ X [{:n_@i«j:zis_d“:_o)_ X9 J'ao X (axll+Bx:B)] -+ [KL(-:'.M Xagy &, B ’ ‘E @, u )
:}n: 10
.ij X‘r_—i‘{o———zLL(xm’ Xegy &, B’ Ey D, ”')
x5 (@x,0+ Bxsc) )
Hakie 1, X (ax,+Bxe) )
x1;(ax,, +Bx:0) ’ 1 )
|
In the formula, & and & are separately the angular velocity
i
' of the line of sight and the angular acceleration; a and ﬁ?
are real numbers and can be selected according to reguirements.
-
) It can be seen from formula (37) that the optimal guidance
o
Pt law for missiles with second order characteristics is composed
-~
j& of proportional guidance with a variable coefficient and a
?* correction item related to the acceleration and line of sight
i.: angular acceleration under specified transit time conditions.
:;: Naturally, to realize this type of guidance law, aside from
e £ g3 i
e needing to measure the angular velocity of the line of sight, it
l"‘i
z is also necessary to measure the rate of change and acceleration
‘¢i of the line of sight angular velocity. Although the computation
b . . . . .
O of its coefficient is relatively complex, yet they are already
e known functions of-xlo, Xo0t a,f?, Z ,© and M . We believe
SN
- they are not difficult to complete in today's flourishing of
oo electronic technology. Because the mathematical models selected
S
- for the missiles went a step further than the mathematical
ﬁﬁ? models provided by the listed references, we will thus have even
= higher guidance precision.
'3{ References
- (1] Wang Chaozhu, Optimal Intercept Guidance Laws, Journal of
N Aeronautics, No. 4, 1979.
e, (2] ©Systems Institute of the Chinese Academy of Sciences, Extreme
o Value Control and the Principle of the Maximum, Science
LA
te.s Press, 1980.11.
- 37
\ L

«¥ ot e e’ o T
OB

4 Ve P T e TN L e T T e e
A AN IR .

.........



L LA, ARG AN RS A ...--: ‘-;—"7" '.r‘:,‘.‘?'a(,—’-f_' —',.r v w

e

v
L)

“‘l ‘

‘1'_'
a :'

References (continued)

’fn:"“.v
§$J (3] Han Jingging et al, The Guidance Laws in the Problem of
Lo Interception, Defense Industries Press, 1977.6
[4] R. G. Cottrell, "Optimal intercept guidance for short-Range
tactical Missiles" AIAA J9:7 (1971).
(5] Garber, V., "Optimum intercept laws of acceleratary target"
AIAA J Vol 6, No. 11 (19 68).
o
L~
::{ .
'::"«
‘:'.1
38
Wy
A %
f







