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ABSTRACT This article studies a type of new model strap
down terminal guidance system. It contains a strap down type
guidance head, a set of strap down type inertial sensors, and in
the three speed gyroscope and three line accelerometer are
partially shared measurement components associated with
navigation, guidance, and piloting instruments. The article
presents a strap down terminal guidance design associated with
the estimation of target status relative to missile movements in
inertial coordinate systems, deriving the structures and
mathematical models associated with the types of systems in
question. It puts forward design algorithms for generalized
Karman (phonetic) filters as well as optimal guidance patterns.
Finally, use is made of digital simulations to empirically verify
the feasibility of the systems ir question to handle close range,

highly maneuverable targets.

KEY WORDS Strap down terminal guidance system, Strap
down type guidance head, Generalized Karman (phonetic) filter,

Optimized guidance.




SYSTEM STRUCTURE AND OPERATIONAL PRINCIPLES

_ In orde; to be appropriate to the requirements associated
with countering close range (under 5 kilometers) highly
maneuverable (pormal overlogd reaching 9g) aerial targets, on the
one.hand, use is made of guidance head technology progress
achieved ip the area of expanded instantaneous fields of vision.
It is possible to make guidance heads get rid of universal frames
and fix them directly to missile bodies. This kind of strap down
type guidance head not only makes tracking angular velocities
almost unlimited. It also increases system reliability. On the
other hand, guidance system design bends every effort to present
new structural arrangements, collecting, and, in conjunction with
that, organizing and extracting as much information as possible,
using microcomputers to introduce control systems, and
constructing new models of guidance patterns in order to realize
optimal guidance. The strap down terminal guidance system which
this article studies opts for the use of a strap down type
guidance head as well as a set of strap down type inertial
sensors (including three velocity gyroscopes and three linear
accelerometers) to act as measurement components. It is a new
type of design facing precisely toward future combat.

’ The system structural diagram can be seen in Fig.l. The
three gyroscopic velocity measurements associated with angular
velocities p, q, and r along the X, Yy, and z axes of missile

body coordinate systems go through directional cosine matrix
integration. It is possible to obtain coordinate transform
matrices between missile body coordinate systems and inertial
coordinate systems. Accelerometers measure the three linear
missile accelerations AmXb, Amyb, and Amzb along the three axes
of the missile coordinate system. Strap down type guidance heads
measure the angles of sight Apb and the azimuth angles Ayb of
targets in missile coordinate systems. In all cases, they go
through coordinate transforms to create the linear accelerations
Amxi, Amyi, and Amzi as well as the corresponding angles Api and
Ayi in inertial coordinate systems. Use is made of Amxi, Amyi,
and Amzi to act as input signals. Api and Ayi act as measurement
signals. Going through generalized Karman (phonetic) filters, it
is possible to do estimates--in inertial coordinate systems-—-

of various parameter vectors such as missile-target relative
positions SR , relative velocity VR , as well as target
acceleration AT , and so on. These parameters are needed in the
formation of optimum guidance commands. It is still necessary to
take these parameters and transform them into missile coordinate
systems. Use is made of the X axis components as well as
measured missile acceleration values along missile axes 1n order
to construct a type of relatively accurate flight time remaining
tgo algorithm. The tgo in question is an important parameter in
the formation of optimum guidance commands. Using the missile
guidance commands obtained in inertial coordinate systems, Amcxi,
Amcyi, and Amczi--through coordinate transformations--formation
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is done of guidance commands Amcyb and amczb (missile axis

Fig.l Guidance System Composition Schematic

Key: (1) accelerometer (2) Coordinate (illegible) Transform (3)
Coordinate (illegible) Transform (4) Estimate of Time Remaining
(5) Strap Down Type Guidance Head (6) Coordinate (illegible)
Transform (7) Generalized Karman (phonetic) Filter (8) Guidance
(9) Coordinate (illegible) Transform (10) Amplitude Limitation

(11) Automatic pilot (12) velocity Gyroscope€

(13) Directional Cosine Matrix Integration

[ 23]




directions not controlled) in missile coordinate systems. Then,
amplitude limitation is applied to facilitate the output of the
pitch channel and yaw channel commands Ap and Ay to the automatic
pilot in order to control missile flight toward the target.

MATHEMATICAL SYSTEM MODELS

I. Coordinate Systems Used and Their Transform
Relationships

As far as missile fuselage coordinate systems are concerned,
they are firmly connected to the missile body. The origin point
lies on the center of mass of tte missile. x is the longitudinal
axis along the missile. The 2 axis lies perpendicular to x in a
plane of symmetry longitudinal along the missile. See Fig.2.
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Fig.2 Missile Body coordinate System as well as Angles of Sight
and Azimuth Angles

As far as inertial coordinate systems are concerned, they
are fixed immovable relative to the ground. They are a reference
system associated with the movements of missiles and targets.
Here, option is made for the missile body coordinate system at
the instant of launch to act as inertial coordinate system.

Setting the coordinate transform matrix T} from inertial
coordinate system to missile body coordinate system at the
instant t to be (£, £, Zs "

T = my Dz Ws
5, =n: B, (1)
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the.three lines of 1 stand respectively for the directional
cosines associated with the three inertial coordinate system
axes in the missile body coordinate system. Therefore, they
have the designation of direction cosine matrix. Giving
cgnsideration to microrotational movements associated with the
missile body, it is possible to deduce the microequations which
should be satisfied by direction cosine matrices

!(-0 T —q‘.
‘x. - 1
T r 0 pJT, » T‘,ltuoal, (2)
q =D 0 "

/5-3
In the equations, p, 4, and r are measured by velocity
gyroscopes. Making use of fourth order Longge-Kuta (phonetic)
methods to make solutions, it is possible to obtain (7% for
any instant. '

II. Strap Down Type Guidance Heads

As far as measuring angles of sight and position angles of
targets in missile body coordinate systems is concerned, see
Fig.2. Apb is the included angle between the projection of
target-missile relative position vector RTM in the plane xoz and
the missile body longitudinal axis x. Ayb is the included angle
petween the projection of RTM in the plane xoy and x. By
geometrical relationships, one has '

=R
-t zb
Apb tg Rx-b +Vpb
= (3)
-y YD
Xb

In equations, Rxb, Ryb, and Rzb are the various axial projections
of RTM in missile body coordinate systems. Vpb and Vyb are

measured noise.

IIT. Conversion of Guidance Head and Linear Accelerometer
Information

Completelv, or making use of Karman (phonetic)filters to
calculate estimates for missile-target relative motion states in
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inertial coordinate systems, it is necessary to take information
measured by guidance heads and linear accelerometers in inertial
coord@nate systems and convert it into information in inertial
coordinate systems. Due to the orthogonal nature of direction
cosine matrices, the coordinate transfer matrix T? from missile
body coordinate systems to inertial coordinate systems is nothing

else than
(£ m, nii
wd= (THT = £ m, Xz , (4)

Lls mg I3

the vectors Amb and RTMb in missile body coordinate

Therefore,
systems—-in inertial coordinate systems-—=—are
A .;TB'AMb S
M ] 1 (5)
)]
Rzui‘:Tl *Rrup

The three component vectors associated with RTMi and RTMb are

R:wi=CBxi Hyi _Rzil’
(6)

=S
Rruwp= CBxr Ryp Fzv’

Therefore, one has
Ryj =< Byp +ZiByp ¥R 1Rzp

Ryl=£ngb+ngyb+n2sz g (7)

Ry 3 =4 ,Bxp +0sRyp +0 3Ry .

angles of sight and position angles measured by

Because of this,
oordinate systems are

guidance heads in inertial c
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-1 "Rzi

pi=%e TR *Vpi
=t —£5-mstghybRotepd |
© £s+m:°tgkyb—nx'tgkpb plk
N T -
hypstoog T Ve (8)
L ZesmectghypmTactehpy /5-4
=t _ 2 P27+ Vyy

b fz‘i‘:ﬂ;'ig."\yb’n,‘tg;\pb

By the same reasoning, the three components of AMi and AMb are,
respectively

Ayi = Chuxi  Aueyi Ayzid® (9)

'
\

byp=CAuxp Auyp Fuzpd’

By contrast, the various components associated with linear
accelerometers in inertial coordinate systems are

. A T
AMX;L=£l“u:{t-+“tﬁ°sx}'b+nx -A-u:b \
i

A.“yiBZ‘.A.nxL'F:‘_Z ‘A_qué-nz,A.“zb (10)

buyq=dsbunp T Ayyp*Bs Auzyp

Iv. Designs Associated with Generalized Karman (phonetic)
Filters

In order to satisfy the creation of optimum guidance, there
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is a peeq for information associated with all the various vectors
for m}sglle—target relative positions SR (SR = RTM), relative
velocities VR , as well as target accelerations AT . Moreover,
these status variables are not able to be measured by systems on
missiles. There is a need for additional calculations. Use is
made of strap down guidance head linearization as well as
information measured by linear accelerometers in inertial
coordinate systems. Moreover, giving consideration to the
existence of noise, there is a need to design generalized Karman
(phonetic) filters in order to calculate these states in inertial

coordinate systems.
the three vectors SR , VR , and AT

The micro equations which
which await solution, satisfy are determined by missile-target
relative motion equations. That is, equations of state

associated with generalized Karm¢n (phonetic) filter problems are

Sy =V,
VH = -‘A-Z Ay T "'l.u
° (11)

Ar = -ALz T T'.g-

WM and WT are, respectively, acceleration
ijated with missiles and targets. Here,

hanical characteristics are shown using first
Written as matrices, one

In the equations,
process noises assocC

described target mec
order Maerkefu (phonetic) processes.

forms
Y eFv+0A,+T 7 (12)
In equations,
/SRa x/o :] 0 .“I
i
X = Ve . T = 0 0 I, |
\"AX 0 0 "')\I; i
0 6 0 O ,
(WMI
C= -Ls I'= I, ] W=
W
- 0 N ] I’/ \ 'r,
/5-5

In order to facilitate digital control, the particularized state
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equation is

v (13)
XCR+1)=pck+1, KIXCKI+GCk+1, K)Ax (X))

+(k+1, KOWck)




In eqguations,
~AeAt
I I-At Iece +AeAt=-1)/A¢
, =AeA
pck+1l, k)= | 0 I I.Ccl-€ t:;,/A

0 6 Iae—}\oAt

Gex+1, kd)=(=-I°At2/2 ~-I-At 03¢

(I.At3/s lecl—)\eAti-?\zaAtz-e_AﬂR)As 0
Feksd, X>m |IoAL Tocagshentee A Az 0!
i\ 0 Tecime A5 0
-fAmr,Q"vvn .
Atntkq&_a"tksz (%#ﬁ% ’
. Ly Q.

of convenience, take the state vector

From the point of view
tion with that, record it simply as

x and expand it. In conjunc

X = g g ez o S .
€57V, A;37=0Ssx; Siys Bazi Vexi Veyy
Vazi.Arx Az-y Arzjx

A
= L[X 3 Xa X3 o X,)°%

(14)

Moreover,

(Sexj Szyi Sszid =C{Bxi Ry; Rzid (15)

Because of this, strap down type guidance head equations can be

written into the matrix form
(16)

Z=h(x)+V
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In equations,

, —X
PR Poexd. Tty —
Pi | g x,
Z= 5 hecx) = =
A
yi -, X
i) h,CxX) 7! -2
; A
/ \ . .
V=
- \VYi)

For the sake of its linearization and particularization, around

FaN
predicted state X ck+1/X) expand a Taylor
series, and, in conjunction with that, omit the various second
and higher order terms. It is possible to obtain the
observational equation

ZCk+1)=H(K+1)Xck+1)+Yck+1)+vck+1) (17)

/5-6
In equations, the observational matrix H(k+1l) is

oh (x>
HCk+1) m e |A
ox* xCk+1/K)2
h h
(a } 0 o0 0 « 0
- oX 2%
- 2h h
a 2 a 2 o 0 . 0
OXs o 09X, 2x9
oh Xs oh, X,
ox; xi+xi ' 5%, xi+xi
oh, _ X2 oh, Xy
ox. xi+x} ' 9x, xi+x}

A A
YeR+1) mh(X(X+1/K))=-HcK+1)X(K+1)/XK)
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After obtaining linearized and particularized equations of
state and observational equations, on the basis of the theory of

optimization calculations, it 1is possible to obtain the
generalized Karman (phonetic) filter equations possessing input

signals (AM (k)) as the equation set presented below

A A
Cxck+1/%) =g ck+ 1, Kaxck/K)

. +Gek+ 1, X)Au (KD

| Pck+1/K) =P Ck+1, KOPCK/KIFF k+1/K)D
J +F£K+19K)ri’(K+zsk;
KCX+1) =PCX+1/KIH CE+1)

C[HC(K+I)PCE+1, X)H® CK+1)+Ryy 37"
(18)

A A
xCk+1/K+1) =XCK+ 1./K)

A
+KCK+1)(Z2CK+1)=hck+1/K)]

\pek+ 1K+ 1) = (I-K(k+IDHCX+1)) e PCR+1/K)

In equations |
H x .
Qup =ECWxWye) » Ry=ECVy « V)
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V. Derivation of Optimum Guidance Patterns

In order to facilitate initial research--when deriving
optimum guidance patterns--automatic pilots and missile body
inertias are temporarily ignored. Because of this, equations of
state associated with controlled objects are then nothing else
than target-missile relative motion equations. Taking the vector
microequations in question and expanding them, it is possible to
obtain 9 scalar equations. They are capable--in accordance with
the three axes of inertial coordinate systems—-—of being divided
into three microequation sets associated with solution pairs. 1In
all cases, each set of equations has the general form /5-7

N / \ (19)
§, fo 1 075, b0
i i | | A
ﬁl = !0 0 1,’V, + l-li ep=FX+Gu
| ‘
sl oo -a)le. .y

Selection is made of the second order form of performance index
function set out below :

! . 1ty (20)
J-;{ ctf)Pttf)xctf)4-rG u‘Rudt

In equations,

—
=
c——————t

It is possible to solve for optimum control as

-)\'tgo

3ktgo e +Aet
stgo-1
Sarors S D e
&° : (21)
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That is nothing else than to say that i !
: : optimum guidance comman
along the three inertial coordinate system axes are as

3k 'tg‘o

A —————T———

34Kt
(=]
e At

Auji =

o
2

Sy hetoo—1
+ g0

A&

JaX, ¥e 2

In order to make target miss quantities as small
¢ Therefore,
guidance patterns which are

selection should be made of k —> .

for the use of optimum

.Esxji+tg°.vlji+

*Ary;)

(22)

as possible,
option is made

Aoty (24)
= S!ji vxji e - Y JAES |
Ay ji 3Eta +—£——"+ Y " =2 ’AtjiJ
g g° 2etgo

j‘xs Ys 2

In equations, tgo = tf - t,

When consideration is given to missile
as far as optimum guidance patterns are

pilot inertias,

designated flight time remaining.

pody and automatic

concerned, there still exist functional relationships with

variables of state related
pilots. Expressions associated with Amji

complicated.
vIi. Estimates of Time Remaining
From the derivations

there is a close

remaining tgo of

During the derivation

discussed above,
relationship petween guidance

to missile podies and automatic

will be much more

it is obvious that
commands and time
guidance commands, 1if

one takes target—missile relative motion equations and-—in

accordance with the three axes of missile

pody coordinate

systems-—divides them into three microequation sets associated

.

with solutioll pairs,
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similar guidance patterns 1in missile body coordinate systems
which are /5-8 '

gb tg@
e“"?\otF °+}\atg°"§
& o A p | 24
}\z°téo 3'jb ( )

getting out the equation along missile axis x, it is a one
dimensional quadratic equation in tgo . It is possible to solve
for the calculation formula for tgo as

25 1xp o (25)

tg 0o =
4 ’
-anbﬂ/‘;{xb*“;“snxb“ Ch,xp~ 3K+ shrxp?

. At
In equations; , e 5°+xetgo—1 |
Kz ® *
g Az.téo tgn“tf-t+At
that is, 1in K; , the tgo uses the tgo calculated for the

instant before it to replace it. Therefore, after generalized
Karman (phonetic) filters calculate SR , VR , and AT in inertial
coordinate systems, it is necessary to go through coordinate

16



transformations into corresponding components in missile axis
directions. Again making use of acceleration values measured in
missile axis directions, it is then possible to calculate tgo .
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VII. Formation of Control Commands

Control commands obtained in inertial coordinate systems
need to go through coordinate transfer matrix i; to be control
commands in missile body coordinate systems. In conjunction with

this, consider the missile's largest normal acceleration to be A.
Then, amplitude limited control commands outputted to automatic

pilots are

aﬂ%l@ﬁ) ) (26)
L‘-&Hﬁs.f
A o,
Ay = A o —ppil ¢ fBREE
VAgyb+AHz (. (\fi\ll.é}
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NUMERICAL SIMULATION RESULTS

~In order to study the performance of the strap down terminal
guidance design in question, ballistic numerical simulation
cglculations were carried out on a few typical target motion
situations. 1In simulations, it is assumed that automatic pilot
and missile body inertias are not calculated. Velocity gyroscope
outputs are regarded as a white noise process. During
simulations, following along with alterations in missile-target
relative distances r, guidance system sampling cycles At are

pe02 s r>100m
At= 0005 s 10<r<100m

00005s r<10m

On the basis of reference [1], the power spectrum density
matrices R(t) and Q(t) associated with observation noise and
process noise in generalized Karmen (phonetic) filters are

selected to be /5-9
i Pct'gd ‘(0'25 Ue
Mt mdjes {———t56025x10" 3 +5625x1(0 %}
r >’ r
Rct
Rck) = 2

QCtI)=diag{l I 1 2500 2500 2500}

t
QCXx) -Q 2

Initial values for relative missile-target positions as well
as relative velocities are replaced with actual values. Target
velocity initial values are 0 (illegible), A = 1. The initial
value P(%) of calculation error variance matrices is

p(3) = diag {0 00111 2500 2500 2500}

Two typical target movement situations are presented here.
Situation I. Target is in linear flight at uniform speed in
inertial coordinate system. Velocities along X, y, and z axes
are, respectively, 300, 50, and 50 m/s. The launch distance is
2500m. Situation II. Target is in high maneuver flight within
inertial coordinate system. Accelerations along y and z axes
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are both 50m/s2 Initial velocity is 300 m/s. In the two types
d along the x axis.

of situations, missiles are aimed and launche

Missile speed is 800 m/s.
Target miss quantity calculation results in inertial

coordinate system are

4 @) &

X=0o06m Yy=056m

o[ gk

1 60720

z=0e4d5m

)i 2:00m |XxX=0e41ID Y=le5im 2z =Ja 25D

(1) Situation (2) Overall Amount (3) Components
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Fig.3 presents estimated value curves associated with
Situation I generalized Karmen (phonetic) filters. In order to
facilitate comparison, actual values are drawn on the same graph.
Situations of change associated with missile control commands are
also given. Fig.4 is calculation results corresponding to
Situation II.

Conclusions. The strap down terminal guidance design in
question is appropriate for countering close range, highly
maneuverable targets. The digital models are reasonable.
Generalized Karmen (phonetic) filters are capable of relatively
accurately estimating missile-target relative movement states as
well as target movement states. Methods for estimating time
remaining are comparatively good. Optimum guidance patterns are
workable. With regard to optimum guidance problems associated
with the consideration of automatic pilot and missile body
inertias, it is planned to carry out research in another article.

Fig.3 (a) Key: (1) Actual Value (2) Estimated Value
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Fig.3(c)

Fig.3(d)

Fig.4(a)
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Fig.4(d)
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