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ABSTRACT
; ' A compensation scheme 1is presented for the pitch-yaw
‘ control system of a strategic missile vhich maintains
stability and performance vhile the aissile spins. The .T_wﬂ
conventional missile control desiyn for boost has uncoupled ;ﬁﬂ
f pitch, yav and roll channels ideally suitel for a non- ff&
N rolling missile, The effect roll has on the conventional f;j
pitch-yaw controller is discussed and the developsent and .4
siamulation of a modified systea is presented. e
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I. IETRODOCTION

Puture ballistic missiles wmay need the ability to 'spin
during boost ascent through the atmosphere as a counter-
measure agaiast first-generation continuous-duty laser
threats. Since tbhe conveantional missile control design has
uncoupled pitch, yaw and roll chanonels, some performance and
even system stability may be 1lost in rollinj the amissile.
This study evaluvates the performance of a conventional
pitch-yaw controller in the presence of spin. A coampensa-
tion scheme is then proposed to restore systea perforsance.

The block diagram of a submarine-launched ballistic
missile’s pitch-yav control Systea is used as the design
vehicle for this study. Since the physical parameters of
this systems are classified, obnly the block diagram is used
in the analysis and design process. All numerical values
needed tor analysis and simulation are borrowed from other
systeBs or aderived as needed.

The stuay is conducted as followus, First, the basic
laws of wmotion and thrust vector control are introduced.
Together, these sets of equations define the flight dynaaics
ot the missile and the method for controlling the missile.
The pitch-yaw controller for the non-rolling missile is then
designed and simulated. This systems has uncoupled channels
for pitch and yaw control which become coupled when the
missile is rolled. Next, the missile is forced to roll and
the effect cross-coupling has on the systea's performaance is
analyzed. A compensation scheme is then proposed to restore
the systea's performance. Analysis and design are carccield
out using classical and modern controls analysis and
simulation results are presented.




fin S 0l fad Sl A il A A Sl Gl AN B AV BV I - s A A att g ana e ol g ot

A. BISSILE DYNAMICS AND THBUST VECTIOR CCMIROL
1. Motation and Beferemce Axis Systes
1he reference axis system used tc define vector
quantities, dimensions and angles of interest is shown in
Fig. 1-1. The axis system is fixed vwithin the missile tody
with its origin at the wmissile's center of gravity. The
orthaogonal axes, x, y and 2z, will also be referred to as the
roll, pitch and yaw axes, respectively. PFig. 1-1 indicates
that the right~hard rule is used to determipne the fositive
directicn for rotaticnal vector guantities.

CMr !

‘sz Velocity

Fig. 1-1 Reference Axis Systen
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Table 1-1 1lists the symbols used to refer to key
parameters and quantities of interest. Cther systols will
te defined as they arise. The moments of inertia akout the
center of gravity (cg) are defined as:

A =2 dn (y2¢22) (1. 1)
B =2 dn (z2¢x2) (1.2)
C =2 dp (x2+y2) (1.3)

The products of inertia are defined as:

D =2 (dm) yz (1.4)
E = 2 (dn) xz (1.5)
F =2 (dn) xy (1.6)

Where 2Zdn sywmbolizes the sum of differential mass eleaments
which make up the missile Lkcdy.
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TABLE 1-1
NOTATION CEFINITIONS

Roll aAxis | Pitch Axis Yaw Axis
x Y z
Angle of incidence A 6 v
Angular rate p q r
Component of missile
velocity along axis U v w
i Component of force
. s X Y Z
on missile along axis
Moments acting on
. . : L M N
missile about axis
_ Moments of inertia
| about each axis A B C
Products of inertia D E F

2. Euler's Eguations of Motion
The equations of motion for a tody with six degrees
of freedos and a mass, m, are summarized below. A dot (¢)

I over any symbol refers to the time rate of change, d/dt, of
. the guantity indicated. [Ref. 1)
a(l 4+ qu - £v) = X (1.7)
g
. "’-f‘-,“q
a{v ¢+ rU - fw) = {1.8) NP
]
AR
B(W -~ qU ¢ pv) = 2 (1.9) 1
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| Ap - (B=C)gr + D(r2-g2) - E(pger) ¢ E(rg-g) = L  (1.10) f‘

: e
b ::.::‘:-
. . . . A
I Bq - {C-A)Cp ¢ E{(p2-r2) - F(gr+p) + D(pg-r) = 8 (1.11) A
K i

: ct - (A-B)pg + F(g2-p2) - D(rp+qg) * E(gr-f) = §  (1.12)

The first three equations above are force equations

SN IRV

and the second three are pmonment eguaticns. In particular, N
- Egs. (1.11) and {1.12) are those Eros which pitch and yaw N
Ef angular accelerations are found. Note that the second tern '
;f in each of these equations constitutes a cross-coupling tera "
h betseen the two chabnels which is propcrtional to the roll CER
;E rate. 1bis cross-coupling effect is elisinated in the i*ﬁ;
. conventional fpitch-yaw coantroller design by preventing roll o
. and thus setting the roll rate, p, equal tc ze€ro. E,

. Assuping that the nissile body is approxisately

:j rigid leads to the conclusion that the products of ipertia T
- are equal to zero. Thus Egs. (1.11) and (1.12) are reduced

- tc:

o

: Bg - (C-A)Lf = M (1.13)

®

3 i
2 Ct - (a-B)pg = N (1-1%) L
> N

YL 1
.
(V-]

] I
e,
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3. 1hrust Vector Control

The only means used to contrcl the flight of the
missile under study is to deflect the exhaust nozzle as .
shown in twvo dimensions in Fig. 1-2. Ceflecting the exhaust
nozzle causes the driving force of the rocket motor tc te
pointed in a direction other than along the missile‘'s longi-
tudinal axis. This action creates force components
perpendicular to the roll axis which do not act through the
missile's center of gravity. The resulting moments are
about the y- and z-axes and cause the sissile to pitch and :
yav. The moments atout the center of gravity caused Ly the 1ii2

deflected thrust vector are:

ARARALNS.
]

r.'.
S

e
L

[ N

(Tz) 1. (1.15)

’-

{1y)1c (1.16)

Where 1, is the length from the nissile's center of gravity
to the pcint of apgplication of the thrust (exhaust nozzle)

and Ty and T, are the lateral thrust components fparallel to w;
the y-axis and z-axis. 1f dg and dy are the angles of T
nozzle deflection in the pitch and yav planes, then the ;
perpendicular thrust components are related ¢to the tctal "
rocket mctor thrust by the following equatichs: :'}

Iy I-sin(dy) (1. 17)

3
N
"

'I-sin(de) {1.18)

16 -:‘:\" :\




Fig. 1-2 Thrust Vector Control j;i
Assuming that the maximum angle of nozzle deflection ﬁf;
is small, as it must be for any physical system of this S
type, pecrmits further simplification of Egs. (1.15) and -
(1.16) to the linear Egs. (1.21) apnd (1.22). -
sin(dg) ¥ dg (1.19)
sin (dy) ¥ ay (1.20) f

11
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n= 141 (1.21)

Bo= T-dyrle (1.22)

Equations (1.21) and (1.22) give the moments in
pitch and yaw caused by the rocket sotor. Cosbining these
tuwo equations with the general rotational wmotion egquations
in pitch and yaw, Egs. (1.13) and (1.14), persits foraula-
tion of the general differemtial eguations for gitch and

yavu.

- -

a3 T-dg°1l. = Bg - {C~A)rp {1.23)
9

:_:: T:dy*le = Cr - (A-B)pg (1.24)
b .

o

Solving for the angular acceleration components gives:

g = (1/B)[T-dg-1, + (C~A)rf] (1.25)

L= (1/C)(1-dy 1, + (A-E)pq] (1.26)
Equations (1.25) and (1.26) _aoint cut the cross-
coupling effect that the roll rate, s has on the systen,
For instance, if the roll rate is set equal to zero the

equations for pitch and yaw are conmpletely uncougled.

g = (/B T4y 1, (1.27)

T = (1/C)T-dy- 1, (1.28)

12




FPigure 1-3 defpicts the rolling pitch-yav systea just
described in block diagram fors and highlights the cross-
coupling terms introduced Ly roll. The classical sissile
control systes design aprroach assused that the roll rate
vas small and went tc great lengths to emsure this was true.
Making the assumption that the roll rate is negligible
allows the system desigper to separate the pitch and yaw
channels and deal with them independently. This study will
analyze the effect cross-coupling has o¢p stability and
performance and forsulate a compensation scheme for the
cross-coupled systen.

d + 3
2] . q q
-J Tl —-4%?}————————.- 1 o 1 | ©
B + 8 8
T'l' - T = -—v—‘
|
Roll | (a-B)p ||
Cross-Coupl ing l ¢ ‘
!
|
| |
| I
(c-a)p
l ) B |
L | —— —  — ]
+ L ]
d r T v
] T 1, 1 1 )
—> C + s ry
-

Pig. 1-3 1Tbhrust Vector Control Dynamics
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1I. DEVELORNENT OF IHE NOM-BOLLING HISSILE w o

- The strategic missile wvhose pitch-yav control systea
- will be used as the design vehicle for this study. The
~ block diagram of the systea's pitch-yaw control systenm S
(vithout roll) is shown in Fig. 2-1. Since the physical
parameters of this missile are classified, oaly the block
diagram will be used. All system constants and physical

‘: parameter values which are used for analysis and sisulation iA?

will ke taken from other systess or derived as needed. P

The missile is a three-stage booster rocket. Flight of
the missile is controlled by vectoring the exhaust thrust as R
described in the preceding sectioa. Based upon predeter- e
mined flijht trajectories and measured or estimated paraae- RO
ters duriug f£1light, the guidance computer generates pitch :
and yaw commands and transmits these to the pitch-yaw

controller [Ref. 2]. The algorithm which the gquidance B
computer uses to generate the pitch and yav coamands will o
not Le addressed. Only the response of the pitch-yaw

contrcller to a yeneral set of commands will be considered. frf

Table 2-1 1lists the physical parameter values usei at :
the various stages for design and simulation. These parame-
ters Lkear no reseamblance to those of the Trident II missile
but serve oanly to provide actual numbers for the variables
so that sisulation could be done. The parasaters listed in
Table 2-1 were actually taken froa the Saturn V Bocket; also
a three-stage booster rocket. The moments of inertia listed
in Table 2-1 wvere obtained from the other parameters by

assusing that each staye has approximately the same inertial
characteristics as a uniform right-circular cylinder.
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Fig. 2-1 Non-Rolling Pitch-Yaw Control Systes
Figure 2-1 shows the schematic block diagram of the
systea used to control pitch amd yav in the aissile. Siace

the missile does not spian, the pitch and yaw channels are

uncoupled. The system consists of a servo-actuator used to
deflect the exhaust nozzle, the missile dynamics and sensors
The deflec-

a maxiasum aeflection of +

vhich teed back angular velocity and position.
table exhdust nozzle saturates at

five degrees. In this analog system all gains are constant

throughcut operation.
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TABLE 2-1

PHYSICAL PABAMETEE SPECIFICATIONS

18t Stage 2nd Stage 3rd Stage
Initial Mass slugs 1.488x10° | 3.22x10% | 8.14x10%
Mass Rate slug/sec 930 81.49 14.75
Thrust 1b, 7.496x10° | 1.125210% | 2.249x107
Length £t 133 130 100
Burn Time sec 150 359 479
M°:§§:t°£i§2;rxiis slug-t° m(1542.1) | m(1476.4) | m(858.3)
B o vanertla  gjug-rt? | m(1542.1) | m(1476.4) | m(858.3)
o ol aiia  glug-rt? | m(136.1) | m(136.1) | m(50.0)
16
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A. DESIGN OF THE SERVO-ACTUATOR

The transter function of the servo-actuator which
deflects the exhaust nozzle of the aissile is given in Eg.
(2.1). The task is to select numerical values for the
parameters, a, b and f, such that the servo-actuator has
acceptable performance characteristics. Again, the paraa-
eter values will be selected without regard to those used on

the actual missile.

do(s) _ ab2 (2. 1)
E, (s) {s ¢+ a) (s2 ¢+ 2fbs + b2)

It is desired that the actuator's performaance reseable
that cf a vell damped second-order system with sinimum over-
shoot and a short settling time in response to step inputse.
These performance characteristics need to be more strinyent
than those imposed on the entire systea so that the actuitor
does not become a limiting element vhen the entire systea is
considered later. The desiyn specitfications used for the
actuator are suamarized as follows.

1. Pole Locations

Ia order to ensure that ¢this third-order systen
behaves essentially as a second-order system, the real pole
maust have a magnitude sigynirficaantly greater than the real
part of the complex roots o2f the second-order ternm, e.y.

a > 10fb (2.2)

2. Damping
In order to make the dominant coaplex pair of poles
exhibit good daamping, the value of £ w=must approach one.

12f > 0.8 (2.3)

17
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3. Settling 1lime

In order to Kkeep the actuator fros limsiting the
settling time of the entire system, the servo's settling
time must be significantly shorter than that of the pitch-
yav controller. If the desired settling time of the entire
systea is to Lte approximately ten seconds and the actuator's
settling time is 3% of the system's, then the actuator's
settling time will be selected according toc the relaticnship
telow.

< 0.03 ¢t {2.4)

tsettling servo - settling system
4. Eeak Cvershoot

The peak cvershoot of the servo-actuator must be

spall. Otherwise, it may have an appreciakle effect on the

overall system's peak overshoot.
M(servgc) - 1 < 1% {2.5)

Where M (servo) is the peak overshoot of the actuator.
Equation (2.5) permits selection of the appropriate

damping ratio, f. If the system is assumed to exhibit

second-order characteristics, then Eq. {Z2.6) can Le solved

for the damping ratic.

M(servo) - 1 = exf [-‘ﬂf } < 0.01 (2.6)
1-f

Solving for the dasping ratio, f, yields the following.

£ > [1n(0.01) ]2 = 0.826 (2.7)
@ ¢ (1n(o.01) ]2

So, a damping ratic of 0.9 s«ill be used. This selection

also satisfies Eq. (2.3).

1€
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The specification of Eg. (2.4), combined wvith the
above choice of damping ratio, cam Le used to select the
natural freguency of the second-order teras.

£b
Solving for the natural frequency leads to a selection of b

t settling servo = [u ]< 0.3 sec (2.8)

egual to 15.

b > 14.8 rad/sec {2.9)

Equation (2.Z), cowmbined with the above choices of b
damping ratio and natural frequency, leads to a selecticn of
the real pole, a, egqual to 150.

*'xta

' a > 10ft = 135 (2.10) G

The root locus of the system's characteristic equa-
tion, obtained by varying the real pole, a, is shown in Fig.

I 2-2. Highlighted are the root 1locations for the atkave .
choice of parameter values. As shown in Fig. 2-2, all the %ﬁ;i:
roots are well into the left half of the s-plame, a large ‘%:53
phase margin exists for the second-order cosplex pole fair j;ﬁfﬁ

| and the second-order pair is far enough to the right cf the ;éil

single real pole toc achieve dasinance. Figure 2-3 shows the
open-loop frequency response of the actuator and eakes the

large phase margin more evident. Figure 2-4, the clcsed-

loop frequency respcnse, foints out the lizitatioa of the -

actuator to follow iaput signals of frequency greater than l;' h

about 10 radians/second. Pigure 2-% shows the stef resgonse fﬁiﬁ

of the system and as indicated, it peets the design specifi- :'f_
' cations. Note that although the simulatios shown in EFig. Efr;

2-5 is that cf a full step cf unit magnituade, the nczzle
actuator saturates at a sazximsum angle of deflecticn of
0.0873 radians (5 degrees).

19
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Figure 2-2Z shows that the magnitude of the real role
is far greater than the real fart of the ccaplex pair and,
therefore, will have little effect on the systeats perfora-
ance. Also, the dominant seccnd-order pair is well damped
with approximately a 72-degree phase margin and an effective
damping ratio of (0.95. The system is statle as long as the
tera, ab2, remains less than 7.57 x 10S.
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B. DESIGN OF THE PITCH-YAW CONIBROLLER

. The block diagram of the pitch-yaw coantrol systes is
e shown in Pig. 2-1. Since the pitch and yaw channels are
E identical and decoupled only one of theas need be considered.
The parameters K., (K., ) and K, (Ky) will ke selected so

s that the systesm will exhibit winimal cvershoot to step
ii inputs and have a settling tise less than tep seconds. The
v one-channel syster tc be considered is shown in Fig. 2-6.

—

K,oS +1 ]

e +
e Kg 4b2
v (s+a)(92+2fb+b2)

_/]|/5: i Tl @ [T e *
-5 :

Fig. 2-6 Pitch or law Chanmnel Blcck Diagraa
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In order to Llegin the analysis, it is pecessary to
temporarily ignore the nonlinear saturation of the servo-
actuator. The linearized transfer functiocn fcr the fitch-
yaw control systes then becomes that of Eg. (2.11).

gts) = Kgab2Tl, /B {(2.11) o
9c(s) S% + s*(a+2fb) ¢ s3(b2+¢2fba) + s2(ab2?) ﬁfg
+t s(K,, K, tzilc/a) ¢+ K, ab2T1l /E N
- The denocwminator ocf Egq. (2.11), when set egual to zero,
defines the systes's characteristic equaticn. 1he charac- :
hi tecristic equation may be partitioned as follows. DPefine a e
- new variaktle, J. o
!
= 2 .
Jd akt ﬁ;TlC/B) (2.12)
(4
The characteristic equaticn now Ltecones;
sS ¢ sé(a+2fb) ¢ s3(b2+2fkLa) (2. 13)
+ s2(ak2) ¢+ s(Red) +J =0
Rearranging yields the partitioned form shown telow, . f
KpeS * 1 = -1 (2. 14)

S5 ¢ s% (a+2fb) ¢ s3(b2+2fka) ¢+ s2{aL?) J ..

Equation (2.14) is in the form for root locus analysis
where J is treated as the open-loop gain and the left side
of the equality as the open-loop transfer function. Varying
Kre and J together sweefs out a region in the s~-plane into
wvhich the roots of the characteristic eguation can be
located. These "root relocation zones" are shown in Fig.
2-7. [Fef. 3]

Figure 2-7 was wade by varying J and Rre in Eq. (Z2.14) s
and plotting the root locations. For example, if Kre= 0 X
then Eqg. (2.14) contains five finite poles and five zercs at Evl
infinity. The rcot locus will follow the path indicated in '

25

\ -_' R *.' Nt TN \- '.' -- '.. “.' ‘. ‘- ‘-'\\.'_‘.‘

..................................




I

h
L
D]

- . 2
. ;vJ'v:‘- ..

.U
N

N ‘...".

i

rig. 2-7 (as J increases). Note that the real pole at -150
is mot shown in Pig. 2-7. As Kpe is increased incrementally
from zero towards infinity apd the sase fprocedure is used,
i.e., plot the root locus over a large (positive) range of
J, then a family of ioot loci will be swept out. 1The cross-
hatched area in Fig. 2-7 is the area enlosed by the root
loci for J and K, varying from 0 to co.
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Figure 2-7 indicates that the sjysten is unstakle, with
two roots in the right half-plane, for values of K. less
than or equal to zero. The values of K, and J are esti-
pated as 0.8 and 1.57 X 103, respectively. This selection
locates the characteristic equation rocts as shown in Fig.
2-8. 1he open-loop gain, K,, was found, froa the defipnition
of J, to range between the values shown Lelow.

1st Stage 2nd Stage 3rd Stage
1.071-0.07 1.51-0. 14 1.45-0.19

ically since the system contains a nonlimear sataoration
effect which wvas ignored in constructing the roct 1locus.
- Also, K, is a function of system parameters which change
‘ continuously during flight and dramatically at bocster stage
’ separaticus. To fine tune the selection of K, and K.,
“_ simulation studies were conducted using DSL/360 during each
f’ of the three booster stages of operation. The results of
the sinulations, for various values of LS are showan in
Figs. 2-9, 2-10 and 2-11, where @ is given as a function

3
& Exact solutions for K, and K, were not obtained analyt-
3
[
4

time.

The simulations illustrated that the gain, K . has
little effect on the systeama’s performance. This is because
it is "upstreaa” from the saturated nczzle actuater amd, as
such, can only shorten the time required for the actuator to
reach maximum deflection. Since this time is already ssmall
compared to the systea's response, K, has negligilkle effect.
To simplify the fprotlen, Ke ¥was set equal to cne. The
velocity feedback gain K., has a pronounced effect om Loth
the overshoot and the settling time of the system. Frcz the
simulatioas, K. was selected to be 1.5. 1This choice
ensures the specified settling time of ten seconds during
all stages and results in overshoot only during stages one
and tvo, where it is less than ten fercent.
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1II. BREECT OF BOLL

#hen the nopn-rolling pitch-yaw control system Jjust
designed is forced to roll, the system Lecomes cross-coupled
as shown in Fig. 3-1. The mechanism® which creates and main-
tains the rolling motion will not be considered. It is
assumed that a coatrol sjystem outside the pitch-yaw
controller and independent of the main thrust sotor amain-
tains an approximately constant roll rate, p. Furthersore,
it is assumed that the roll rate can Le measured during
flight or estimated from seasured parasetexrs with reasonable
accuracye. The gurpose of this section is to analyze the
effect roll has on the ©[previously ncon-rolling Ggitch-yaw
controller,

The Laplace transforsations of the 1linearized non-
rolling systea's governing differential equations can te
written as two separate equations; one for the pitch channel
and one for the yaw channel.

S28 ¢+ GK .. s@ ¢ GO = GO, {(3.1)
s2y + HK.,sY + HY = HY, (3.2)
where G and H are defined as:
G = Kg(T1,/B) [ ab? ] (3.3)
(sta) (s2+2fLks+t?2)
H = Ky(T1lg/C) [ at2 ] (3.4)
{s+a) {(s2+2fbs+L2)
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Equations (3.1) and (3.2) can be rearranged and put iato
matrix form as shown in Bg. {(3.5). Note that the eguation
has only diagonal non-2zero elements and is, therefore,

uncougled.

$24GK ros+G 0 ][e] - [s o] {&,} (3.5)
0 S24HKy S+H ¥ 0 B Y

Rolling the ©@gissile leads to the addition of cross-
coupling terms betveen the egquations governing pitch and yaw
response. The transformed differential eguations governing
the responses of the rolliang system are:

s29 ¢+ GK,s8 + Go + gsY = GO, (3.6)

sy HKrySlV + HY ¢+ Bs® = RYe (3.7)

Where G and H are defined in Egs. (3.3) and (3.4) and ¢ and
R are defined in Egs. {(3.8) and (3.9).

C= (A - C)psB 3.8)

R = (E - A)p/C (3.9)

Rearranging BEgs. (3.6) and (2.7) iato matrix foram as tefore
leads to the coupled forms:

S2¢GK,, 546G cs HQJ _ e 0][e (3.10)
Bs  s2enk_ sen)lY) [0 ] v,

Equation (3.10) <chows that the introduction of roll has
affected the transfer fupctions which detersine the input-
to-output relationships of the system in twc ways. Eicst,

au

P S )




it has changed the direct g[path transfer functions of
pitch-to-pitch and yav-to-yaw command-to-output. Secoand,
roll has introduced pitch-to-yaw and yaw-to-pitch comsand-
to-output transfer functions which were =zero before the
missile was forced to roll. The effect that these changes
have on the systea®'s stability and perforsance will ke exan-

inped next.

A. EBEFFRCT OF ROLL OB SYSTEN STABILITY

As pointed out, the rolling systes is govermed ty four
transfer functions (2 inputs x 2 qQutputs). Consider cnly
the pitch-to-pitch input-to-output transfer functionm, i.e.,
hold the yaw-command input equal to zeroc and igncre the yaw
output. Under tbese conditions, the block diagram of the
system may be reatrranged as shown in Pig. 3-2. 1The transfer
function obtaiped from the diagram is givem in Eq. (3.11).
As indicated, the [fitch resgonse of the system is influenced
by a variety of systenm fpacrameters, as it was Lefore the
missile was rolled. Nov, however, the root locations of the
systen are also affected ty the roll rate.

8(s) = BosSeN,SO+R;S34N,52¢N, 54N (3.11)

8, is) sl°0D9590n8500n7s'006s000555004s‘
003 53002 520n1 s#Do

where;

{ab2/B) ‘Ich 2]

=
H

(ab2/B) 11 {a+2fk)

CRO

(ab2/B) T1,K, (t2+2£ba)

=
]

(ab2/B) T1, K, (ak2)

w
-
#“

(ab2/B) T1.K o (K, Kyak2T1, /C)

=
(]

(at2/B)T1_K_(Kyab2Tl, /C)

2(a+2fh)

e od
]
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D= 2{bZe2fba) + [(A-B) (A-C)E2/CB] ¢ (a+2€E)2 = Dg, ¢ Dg, p2
Dy= 2abz ¢ 2(a+2fb) (b2+2fba+[ (A-B) (A-C)p2/CB]) = D71 + D72 p2

Dg= (b2e2fba) (b2¢2fba + 2[ (A-E) (A=C)p2/CB])
+ (ab3T1,)[ (K K, /C)+ (K, K /B) ] ¢ (at2ab) (2ab2)
+ [ (A-B) (A-C) p2/CB](as2£L)2 = Dgy ¢ [y F2

Ds= (ab2T1.)[ (Ke/B) ¢ (Ky/C) ] ¢ 2[ (A-B) (2-C)f2/CB](ak?)
¢ 2(b2+2fba) (ak2) + 2[ {(A-B) (A-C)p2/CE ](b2+2fDba) (a+2£fDd)
+ (a®2fk) (at2Tl; ) [ (Kry Ky/C) ¢ (Rro Ke/B) ] = D51 ¢ D52 p2

D,= (at2Tl)[ (Rv/C)+ (K /E) J{as2£b)
+ 2[ (A-B) (A-C) p2/CB](a*2£b) (ab2?)
+ [ (RpyRy/C) ¢ (Kpe Ke/E).](ab2T1;) (E2+2fba)
+ [ (A-B) (A-C) p2/CB](E2¢2fba)2 ¢ (ak2)2 = D,y ¢ L, p2

[ (EysC) + (Ko /B) ](ab21l,) (L2+2£fba)
+ 2[ (A-B) {A-C) p2/CB](ak2) (t2¢2fLa)
+ [ (RpyKy/C) ¢ (Ko Ro/E) ]{(ab2T); )ak2) = D34 ¢ L32p2

(=]
(%]
L]

[ (Re/C) + (K /E) ](ab2) {ab211 )
¢+ [ (A-B) (A-C) p2/CE]{aL2)2
+ (K yKyKog Ko /BC) (T1,ak2)2 = Dpy ¢ Dy p2

f\P
[]]

X
)

o
L]

[ (KyR,) (ab2T1 )2 ])/CB
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the denominatcr of Eg. (3.11), when set egqual to zero,
defines the characteristic egquation cf the systen.
Examination of Eg. (3.12) (in which Eg. (3.11) defines the
cocfficients) shcws that as the roll rate is increased froa
zero, the roots of the characteristic equation will sove as
a functicn of the squared «rcll rate. For analysis, the
region of operation will ke restricted to the beginning and
end of each booster stage. At these instants, the charac-

.
&

teristic eguation is as given in Eq. (3.12) with punmerical
values for the coefficients given in Table 3-1. 1he end of
stage three is not considered because the aissile is no
longer performing fpowvered flight at the end of the final

stage.

s190 + [Dgs® ¢ (Dgqy¢D gyp2)s® ¢+ (D ¢DqyF2)s? 3.12)
+ (Dgq+Dgop2)se ¢ (D51 +Dg9 F2)sS ¢ (341 +1342 F2)s¢
+ (D 31#D33 [2)S? + (D14l p2)S2 ¢ D45 ¢ = O

The "migration" of the system's roots as the rcll rate
increases from zero is shosn in Figs. 3-3 thbrough 3-12.
Figure 3-4, for exasmple, shows that two roots of the systenm
sove into the right-bhalf plane at a roll rate of approxi-
mately 1Z.2 radiass/second. Since the linearized character-
istic equation was used to construct the rocot loci shown in
Figs. 3-3 through 3-12, the precise value cf roll rate which
causes instability cannot te determined frcm the figures.
What the figures point out is the general emigration cf two
system roots into the right-half plane in all ghases of

operaticn as the roll rate is increased.
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TABLE 3-1

CBABRACTIERISTIC EQUATION COEFFICIENIS

NANLS AT aMC Y g

Cat el e ghican

- ——

T

— - -

1st Stage 2nd Stage 3rd Stage
Beginning End Beginning End Beginning
Dy [354.0 354.0 354.0 354.0 354.0
Dy, {39,879.0 39,879.0 39,879.0 39,879.0 39,879.0
Dy, |0-9755 0.9755 0.9401 0.9401 0.8869
6 6 6 6 6
D [1.5809x10° [1.5809x10 1.5809x10° (1.5809x10 1.5809x10
D,,|345.33 345.33 332.80 332.80 313.96
7 7 7 7 7
D, [3-0355x10"  |3.0725x10 3.0368x10° |[3.0751x10 3.0549x10
D, |38,902.0 38,902.0 37,490.0 37,490.0 35,368.7
8 8 8 8 )
D, |3-1199x10°  |3.7781x10 3.1434x10° |3.8236x10 3.4650x10
6 6
D, |1.542x10 1.542x10° 1.486x10°  |1.486x10° 1.402x10
9 9 9 9 9
D,,|1:7182x10°  |3.3458x10 1.7764x10° |3.4584x10 2.571x10
7 7 7 7 7
D,,|2-9483x10"  |2.9483x10 2.8413x10°  [2.8413x10 2.6805x10
Dy, 4.8252x10°  |1.8385x10°0 [s5.310x10°  [1.9324x10'° |1.1920x10"°
D, 2.815x10°  [2.815x10° 2.7128x10°  [2.7128x10° | 2.5593x10°
D, 7.311x10°  |8.2761x10°° |8.5265x10° ls.1567x10'° | 3.389x10'°
D,, 1.11x10° 1.11x10° 1.0708x10° |1.0708x10° | 1.0102x10°
D, 5.794x10°  9.5278x10%° |7.0162x10° |9.292x10'° | 3.s410x10%°
4 | 1.931x10° J3.l76x1010 2.3387x10°  |3.0972x10'° | 1.1803x10%C
._Q —— s — ——— — ——— L_. —————————— e e P ——— b e e - —J.-—.——..———_—J
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FPigures 3-3, 3-5, 3-7, 3~9 and 3-11 showv how the roots
of the characteristic equation of the rclling wmissile smove
as the roll rate is increased. A close-up view of the
migration around the imaginary axis 1is shown ia Figs. 3-4,
3-6, 3-8, 3-10 and 3-12.
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B. RFFECT OF ROLL ON SYSTEN PEEFORBAINCE
As shown, the introdaction of roll intc the pitch-yaw
) controller causes a wmigration of two system roots into the
I right-half of the s-flane. As the roots approach the isagi-
. nary axis (as the roll rate is increased) the system tegins
to show more transient oscillation due +to the decreased
damping ratio. The settling time of the system is also
I increased. Since the system contains the nonlinear satura-
tion effect of the nozzle actuator and is of such high crder
(tenth), not such more than this qualitative observaticn was
. done apalytically.
i To study the effect c¢f roll on system performance, a
» series of simulation studies was conducted with the satura-
tion effect present. The sisulation studies were performed
N by subjecting the system to three sets of step-input
L coamands and constant roll rates. The first study consisted
of giving the system a step-pitch input and a zero-yav input
and observing the transiest response at six roll rates
. between 2.5 and 15 radians/second. The results of these
i sipulaticns are plotted ia Figs, 3-13 through 3-18. The
second study involved subjecting the system to a zero-pitch
input and a step-yaw input and conducting the same tests as
) the first study. The results of the second study are
‘ plotted in Figs. 3-19 through 3-24. Finally, the systea was
- given both a step-pitch command and a step-yaw ccmmand and
the tests were repeated. The¢ responses of the system ta the
conditions of the third test are shown in Figs. 3-25 through
' 3-30. Unlike the non-rolling simulations which were rum at
separate booster stages (Figs. 2-9 tbrough 2-11), the
rolling simulaticns were run over several copnsecutive
R booster stages. This is because the settling time <cf the
: rolling missile system vas often greater than the burn time
of a single stage.
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Figures 3-13 through 3-18 show the system's fpitch and o
yav responses to a pitch-step input and a zero-yaw input at
the specified roll rate. Rote the dramatically increased -
'_ overshoot, oscillation and settling time ccapared toc the the
pon-roelling simulations, Figs. 2-9 through 2-11. Figure iﬂ;:g
3-18 shows shows the unstable response cbtained at a roll f?ﬁéﬁ

rate equal of 15 rad/sec. i
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FPigures 3-19 through 3-24 show the systes®s fpitch and
yav responses to a yaw-step input and a pitch-zero input at
the specified roll rate. In these simulations, as in the
previous ones, the overshoot and settling time are increased
above that observed in the ncn-rolling sisulations of Figs.
2-9 through 2-11. Figure 3-28 shows the unstakle resgounse
at a roll rate of 15 rad/sec.
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Pigures 3-25 through 3-30 show the system's pitch and
yav responses to pitch~ and yaw-stef inputs at the specified
Under these conditions, the under-damped oscil-

gore

roll rate.

observed even

lation in the two frevious test is

pronounced.
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The simulation studies showed that the systes begins to
reach instability at a roll rate of approximately 12
radians/second. However, at roll tates as 1low as 2.5
radians/second the systea's performance has keen severely
degraded from the non-rolling case (Figs. 2-9 through 2-11).
In all cases, the maximum feak overshoot is increased Ly a
factor of at least five and the settling time by a factor of
at least eight. The systewn's performance is approximately
that of an under-damped oscillator. This response is caused
by the two roots vwhich have moved close to the imaginary
axis as the roll rate was increased and are dominating the
systea's transient response. In the next section, a compen- . :;g
sation scheme is proposed which increases the damping >f the i
system and partially cancels tbe cross-coupling acceleration
teras introduced ty roil.
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In the preceding chapter it was ncted that rclling the 3ggﬁ
missile had the effect of introducing cross-coupling teras ) Ekig
into the pitch and yav angular acceleratiom eguations (Egs. :jj;
(3.6 and (3.7)). In order to completely restore the : DB
systen's pérfornance to its non-rolling condition, it is ;iﬁg

necessary to eliminate or cancel out the cross-cougling
terms. Equation (3.10) can ke rearranged into the foram:

sz gs| [0 ]=[c(8, - K58 - 0) (4.1)

Bs s2 Y By, = Kpys — ¥) ‘
The left side of Eg. (4.1) coptains the "dynamics" of the :
systen. In other words, it gives the acceleration and

velocity terms which determine the angular acceleration in
the pitch and yaw channels. The only way to eliainate the
cross-coupling terss directly would be to make changes to E&j;
the left side of Eq. (4.1) which would cancel the teras, Qs
and Bs6. This would involve dramatic chamges to the missile .
body, thrust vector control system and flight performance i;ig
and, therefore, will not Le attempted. _ﬁ':
The right side of Eg. (4.1) constitutes the 1‘"elec- .
tronics" of the systen. It contains a sum of those teras
which are added at the feedtack junction then passed through :
the nozzle actuator. This side of the equation can be IE;j
changed easily by altering the electronic network that makes n>:]

up the feedback lcop.
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A. CROSS-CHANMNEL FEEDBACK

Assume that the pitch rate and yaw rate can be accu-
rately measured or estimated at any time during flight.
Also, assume that the terss, G; H; ¢ and K, all functions of
system parameters, can be measured or estimated accurately.
Then, addition of the feedtack termss of pitch-rate-to-yaw-
input and yaw-rate-to-pitch-infut permit cancellation of the
cross-coupling terss. The block diagram realization of the
proposed change is shown in Fig. 4-1. Equation (4.2) gives
the compensated system's transformed differential egquation

in matrix fors.

s2 Qs] LGJ = [c(ec - K, eS8 - 8 + CSY/G) (4.2)
Rs s2 ¥ H(Y, - K,,s¥ - ¥ ¢ Bsé/H)

Equation (4.2) can Le reduced to Eq (4.3) by canceling
the cross-coupling terss, (s and RsC, from both sides of
the eguation. Coerparison of Eg. (4.3) with Eg. (3.5) shows
that the transformed differential equation of the rclling
system has been reduced to its original non-rolling foram.
Note that all that was done in this compensation schese was
to subtract the cross-coupling term from the command input
to the nozzle actuator so than when it is added back on
dovnstrean the result will te no effective cross~channel
terms into either ccntrol path.

s? 0 9 ]=[G(8c - Kre s@ - 0) (4.3)
0 s2 v H(fc = Krys¥Y - ¥)
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Unfortunately, the probles is not as simple as Eq. (4.2)
isplies. The wain problem is that the amount of control
which can be used to force the systea's response is lisited
by the maximum deflection angle of the exhaust nozzle. This
nonlinear saturation of the actuator is not present in Eq.
{4.2). Pigure 4-2 sumparizes the problen.

Pitch ,_/_‘ R
o] Pit h T-.' .-".-
Control g h T 01 a4 o 1 |- B
Signal + 8 s T

C~A >y
B
A-B v,
c
Yaw R
Control
Signat—» = )-E % 3 1l | Taw

Fig. 4~2 Plant Dynamics and Comtrol Input Limitations

Figure 4-2 shows that no matter what feedback scheme is
employed to generate the pitch and yaw angular acceleration
control signals, they are limited and, therefore, so is the
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region of operation over which the perforsance of the systen
can be controlled and the degree of control possitle.

Pigure U4-3 shows the cross-coupling terss and the
atteapted cancellation of them by the cross-channel feedktack
teras under the cospensation schese Just proposed. The
simulation shown was performed during the first stage of
operation with the system subject to a pitch-step cosmand
and a zero-yaw cosmand. Note how the magnitude of the
cross-channel feedback term is effectively saturated Ly the
nozzle actuator and cannot follow the cross-coupling ters
outside a small region of ofperation. 1he simulaticn was
made by subtracting the error ters generated by the differ-
ence in cosmand and feedback so that only the cross-channel
feedback term is fed-through the nozzle actuator.

B. NONLINEAR FPEEDBACK

Examination of Figs. 2-5, 2-9, 2-10 and 2-11 shows that
the time the nozzle actuator takes to reach maximum deflec-
tion when given a large input command (>> wsaxisum deflec-
tion) is insignificant (0.05 sec) when ccampared ta the
settling time of the entire pitch~yaw contrcl system. Thus,
the actuator is functioning almost like a switch in all
regions of operation except near the cosmand input (steady
state). For example, Fig. U4-~4 shows the nozzle deflection
in the pitch plane during a simulation when the system was
subject to a pitch-step input and a roll rate of 2.5
radians/second. 1The conclusicn to be drawn fros Fig. 4-4 is
that since the asplitude of the effective control infput to
the plant cannot be increased above saturation, the only
alternative is to "throw the switch" a little sconer.

1The cross-channel feedback compensation scheme Just
proposed will cause a reduction in the effective servo
cosmand and result in earlier removal of the sazximus nozzle
deflection (turning off the switch). However, this agprroach
can at best only follow the cross-coupling terms and caa not
"apticipate" the need to switch the deflection angle froo

(L]




positive maximum to negative saxisus. Ancther method to
acconplish the objective of switching the nozzle earlier is
to vary the velocity feedback gains, Kre and Kpy .
' Specifically, it is desired that the velocity feedback gaiams
: be low during the initial phases of operation shen the error
between command and position is 1large and increase as the
system approaches the comsanded value. This will result in
l the same basic system operation that was preseat lLefore
cospensation (dominant complex-pair oscillation) but with
lov damping when the error is high and higher damping as the
system agproaches steady state.
' The nonlinearity of the system prevents the use of most
N analytical tools which might ke used to determine algorithss
for Ky and Kypy « Instead, a trial and error apfroach was
used based on the observations of the system's performance
! during earlier sisulations and simulation studies perforned
specifically to determine appropriate fparameters.
Assume that the algorithm for determining the velocity
feedback gain consists of a constant which is reduced Lty an

L\ B

amount proportiomal to the error between ccsmand and fosi-
tion. 1his will result in low damping if the error is high
and increased damping as the error decreases. For exasfle,
if v and W are ccanstants, the pitch-channel velocity feed-
. back gainm can be determined froa:
Rpg =V - H‘Q: - BI (4.4)
g Purthermore, the simulations shown in Figs. 3-13 through
3-30 indicated that the system becomes more underdamped
_ {roots migrate toward the isaginary azxis) as the rcll rate
) is increased. So, the velccity feedback gains were made
] .
proportional to the roll rate. Normalizing the algorithm so
3 that the relationship does not hecome zeto if the rcll rate
- is zero yields Egs. (84.5) and (4.6).
i
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Pigure 4-5 shovs sample results of sisulation studies
which were conducted for variocus values of V and W and over
various stages of operation and roll rates. The sisulations
showed that accefptable performance was obtained for v =4

and R = 3.
Figures 4-6 through 4-14 show simulaticm results which

were made by using the cross-channel feedtack and variable
velocity feedback gain compensation schemes together. For
comparison, the unccapensated respoases are also shown. The
compensated simulation responses were obtained under the
same operating conditions as those shown in Figs. 3-13
througk 3-30.
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Fig. 4-5 sSample Algorithms Fesponse Test Simulation

78

.............................




g -
LACE A A MR AR ol G i e dae e sty e Bt Jhehs Mbe i i a3 m e an o o o —t v v
. . . I e X AP T AT S e e G S e it e 20 Aiiectn /e Ao o A ia et A eSS

. e e e T - o
.
",
.
»
-3

W

—y
.

N “ . R —

- ; _~Uncompensated Pitch

o~ . , .Compensated Pitch

e ",'"'"‘)‘/""" ,Uncompensated Yaw

" : ' " Compensated Yaw
q | .
-

“8iesessetacnniioisennens

-

T,, v

H
.
.
.
H

RESPONSE (RADIANS)
0.8

1 :
- ?
e
\g - : i
§ v U \J
] 20 80 100

40 $0
TIME (SEC)

v
P

.

, . .
AT
PRIV

Fig. 4-6 Pitch-Step Response Boll Fate of 2.5 rad/sec _- LG

Tad
.
.

£ o sy

v

.
PPREPUEA

— e
L s
e e
o
.
.

mnVe
‘ "' ‘e ‘.- "- ot

79

St
S S

T vy w
Y
. \
v
’ '

PRI ¥
ni
1

, . ol e .
- T Nt T . P S LI I I R e A A A R e T SR A ) RN RO
Y T I e TR G T W R ST T R S U ST S O TPy —.‘_.A.J'_."}-\A'-‘ e a’ st a"a




} > Lr : :
4 D e e ; . A KR
1 : S : - ,
5 ! ot ‘. v . t t
.
.
[.
A
S
A
A
. bt
p . b
2 {
. N
b’ .. H . . s m o
L M M
o’ : : <
. ESUIIIR .
; : -
Jo” :
y= B
3 Sl °
z e R
3 oy S T o bt
3 oM e +
. S ET =
. + o on e
d oS o
s nm+ O 0 -
£ o g —
_ 2288 <
£®0E (3} =
o ag o
O EDO nnu )
-. “nv ﬂw // e R R R D SLERERE TP T D P S I UM( Muu
1 \ \ “ n.or
“ u
P L e
. o
3 (<9
e, -
W. L 4
k', ° i
; : T :
o : o
p : M
3 : n
1 m :
“-. “ - - 1 i . . N P =
4 ot 1 o0 0 o~ - o
. (SNVIQvY) asNOodSaY - ;
p’ n
‘h< V-.nw
- .
.-. ....
y ...L
\ »




Dl el Ak g A

yd
'
81

v.
p .
-.
‘-
T. - .-
(] ..\A
.- -!\.
L ;
; .
p ;
5
4 : B
'
. .
. .
4 i
: r
-
b o B m
3 S o > M 3
§ hal R - I 3
. i+ o .
3 g ]
. TR R -
, [ 0+
g LR
b 2oz
: 5858
: S85E
r_. o DO
85
2o
\
Y

.......... e e

TIME (SEC)

1 PO baver 2t PO 7.4

- -
P 2

Pitch-Step Response Roll Rate of 7.5 rad/sec

4-8
al

LI

H

2

Fig.




v s ot e b e o _ a—— o v -
Sl . e A R e = N R T T T T | E o oty Y e Ty Yy T gy,

“ . . - - . .
! i Uncompendated Yaw
: ; : : _Compensated Yaw
. i i “peestfeo/” Uncompensated Pitch e
: : I Compensated Pitch
I

B -y . . . . . . -
] T T ™ Y
0 40 a0 a0 100 - - ¢1
TIME (SEC)
Pig. 4-9 VYaw-Step Respomse Roll Rate of 2.5 rad/sec .
: 82
B e R I R S, SOy T T T o MUt § C S SR D VOV j

b




~ v

v, .

TR T T Tt Cex

ol d
.

A Of

e T T T TR

NN T TG T T

M IaERCRENLRE RS A Y

RARR AN AT Al ‘-v"‘_"".\".‘-"_‘\vfm"_-"_‘T‘_\‘_\*_?"jf'.‘f"_\-"‘_ AR B et Bod At et gt § A gt Ron a

AN At ' s gl g

R AN S Skt AL A Mg Sal tad ey ‘el tat aie ot ot Se g R S a A

M (A
: ]

v
.

—~Uncompensated Yaw
_ Compensated Yaw
" Uncompensated Pitch
Compensated Pitch

'y

RESPONSE (RADIANS)

L]

-0.8

100
TIME (SEC)

Fig. 4-10 VYaw-Step Response Roll

83

R A T I t e
. NN

Rate of £.0 rad/sec

DY tate"a
. e N,

- b - . - - ~ - - .- .
e e L. - . . . - ot .. Sy T e . Y. " o e e e T B e T W
e e . L PRE W W W P OO, T . S P O P VL S i L P al ._'\kn_\‘;_fl";\

- »~ . . - ....-I
PR PA PPN PR YOO



Py

o,y e, o

V.0

%)
w
s L 3
S :
-~ © b
E e
S e o ©
o o .
T T r~
2oas
oo :m
M+ O !
C g &R
owE O o
&g o &~
=285 v
OEDO -]
§8 \°
o -
\ ! tgg 3
ﬂ =
A4 @ >
) @ ©
. o
= =%
w
@ KA
o
[- ] [o% .....4
2 " Ko
+ s
1
= <
o N
: N/ 3
: - .,
".,
’ v
¥ T . B4 T o
3 ot 1 oo ° g0~ - o
(SNviavy) asNodSTd 2

L.

. r
a2

'S




TR

. . N
aAlalaPrarara s away L

3

4

,

a 5

v.

4 s

b M M : H

2 : : i ; : i i = -
H H H : H H H "

g

-t

AN AL AT o

e 22 L ond

-
-

L)
™y
e

T )

.
oy

-

e VUK

w
ey

_a'l\-.‘ *
S

. Compensated Yaw

Uncompensated Pitch
_-Compensated Pitch

.

__~Uncompensated Yaw

(At s o)

B e e atl
T )

-- 'h‘
P P )

=y
A

T Y

W ] H o
) (SNVIavY) 2SNOdSTH

LA

Fig. 4-12 pitch~ & Yaw-Stef Response Boll Eate 2.5 rad/sec
88
.A:"\'

e
' 1
X Yol
', o
I4 ,hl
l R
. o
v B
"
! Té

e ot 1
e $d .‘.uH.F»L,




TR een

R Tl e g

1)

400

T
200

Compensated Pitch
TIME (SEC)

Uncoﬁpensatéd Pitch
86

Uncompensated Yaw

4 o2 3 . 3 50 ° so- i- i

q.wzﬁng ASNOJISTY

Pig., 4-13 Pitch- & Yaw-Step Response Roll Rate 5.0 rad/sec




:
! : : : : -
enrere vessierasneg atuerenngers ceievesres ll.\l.!..l..!.uv.......

=
[3] -+
N X!
G
o
L= - 2}
QO
L P g
g S o
o og
I~ -
[CEC "]
EES
o 00D
g 5
= =]

................................................................................

300
TIME (SEC)

s 2z o1 1 70 ° o0~ i-
(SNVIQVY) ASNOdSTY

5 rad/sec

Fig 4-14 Pitch- & Yaw-Step Response Boll Rate 7.

]
o]
«
w
@
N
Q
18
=]
©
[ ]
[¥]
o)
L]
[¥]
(1}
Q
~4
©
o
-
o
(-]
Yl
7/}
F-1
2
0w
Pe)
-]
<
e
[}
+
[, ]
3]
ol
o
[~}
4
7]
a
Q
ed
el
[}
-4
=
n
ed
(]
Q
oo
[

cosgensation scheres.

possible with the proposed

ration is

complete and is still auch

the restoration is not
in teras

However,

than the

time,

ing

cf overshoot and settl

vorse,

non-rolling missile.

87

o it il




e e A et Al Sal L Sl el A St fediy

V. CONCLUSIONS

The compensation schepe proposed p[partially restores the
pre~-roll performance of the wmissile. Table 5-1 summarizes
the level of perfcrmance degradation caused by roll and the
restoration which was obtained with this compensation schenme
under pitch- and yaw-step ioputs and a roll rate of 2.5
rad/sec. As indicated, the degradation is significant even
at this relatively low (and stable) roll rate. The comgen-
sated systea's performance is still far worse than that of -

PR A S RO A

the non-rolling systen. )

The compensation scheme relies primarily on the nonli-
near damging effect of the variable velocity feedback gains
which "anticipate" the approach of the coazmanded fposition.
Since the cross-coupling terms introduced Ly roll are not
directly cauncelled by the proposed modification, the region
of stable operation and the degree tc which the system‘'s
pecformance can Le restored is directly controlled ty the
roll rate. Purthermore, the saturation caused ty the nozzle
deflection vwill prevent any compensation scheme, shich only
. modifies the ccntrol input, from fully restcring the
" systen's performance. To completely restore the system to

its pre~-roll performance at any roll rate, additicnal
control inputs to the system [Fflant dynamics (such as, side
thrusters or additional vectoring of the main rocket motor)

are necessary.
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TABLE S-1

.-

LA ]

PERFORMANCE CCMPARISON

13
«7a

& Non-Rollimg | Unconpensated Congensated
X Systen Folling Systen Systen

i (f = 2.5 rad/sec)

Settling Time 9 sec 140 sec 80 sec

. Peak Cvershoot 8.5% 170% 70%
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ABRENDIX A
NON~BOLLING BISSILE SIBULAIION

The DSL/360 fprogram used to simulate the non-rolling
missile is shown below. 1he prograa consists of three
stages, initial, derivative and terminal. The initial
segment is used to define <constants and calculate functions
of the constants wshich will oact change throughout the simu-
laticn run. The derivative section is where the actual
integrations required to perform the simulations are
conducted. This program is constructed to follow the Lklock
diagram of Fig. 2-1 directly. Note that the nozzle actuator
transfer functiocn was broken dowan into a three-step integra-
tion. 1he terminal staqge determines the end condition of
the simulation run and the output data. This data vas
formed into a data file and a fackaged graphics rprograam
{DISSFLA) was used to construct the figqures shown in the
text. The parameter values listed in this exaaple progran
are those during stage one.

* INITIALIZE CONSTANTS
CONST TST=7496000,L=363,J1=11048.8 ,KTH=1. 0 KBIH=1.75,0..
. WA=150,WB=15,PB=0.98, RATE=930.0,m81=189%40
* CONPUTE SET VALUES
INITIAL
ONE=HA® (NB¥+2)
THO=WA + 2%PB*WE
. THREE=2%PB*KB#*RA ¢ WB##2
* BEGIN SIMULATION
DERIVATIVE
8ASS=M1-BATE*1IME
ECCN=STEP (0)
* ERROR SIGNAL
ESECOM-P
zx=x~éxurnt51nox)
CHN=KTH*EI
* SERVO TRANSFER FUMNCTION
svo=zurcanéo sv1n01£
SV1D0T=INTGEL(0,SVZboT
SV2DOT=INTGRL {0, SV3IDOT
SV3DOT=0NE* (CB-5VC) ~ TWO*SV2DOT - THREE*SV1DOT
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ABPENDIX B
BOLLING NISSILE SINULATICH

the rolling
over

Unlike the non-rolling system simulations,
required ta
This required the addition of a
*dypamic' segment of sisulatiocn. The *IF' statements, shown
in the example sisulation below, are used to switch fros one
burns off and

run several

missile simulations vwere

consecutive baoster stages.

set of parameters to ancther as one stage
another starts. The switching is controlled by the elagsed

time of the simulation rum cospared to the Lurn time of each

stage.
* SET CONSTANIS
SCNST KTB=1.0,KRTH=1.5,WA=150,WB=15,PB=0.9,RCLL=7.5
* INITIALIZE SET VALUES
INITIAL
A = WA® (WE%%2
B = WA + 2%FB
C = 2%PE*HE*RA + WB*%2
EBSET=0.0
*INITIALIZE FIBRST STIAGE VALUES
TST=7496000
1=3613
J1=11048.8
J2=136,.1
FATE=930.0
. M1=189140
* DECIDE WHICH STAGE OF FLIGH1 .
DINARIC ¥
* ENTEE STAGE TNQ o0
IP (TINME.LT.150) GO TIC 10 e
T5T=1125000 . e
L = 230 U
JI1=4476.4 S
RATE=81.,49 el
81=4034Q e
RESET=150 ol
*# ENTER STAGE THREE S
IF (TINE.LT.509) GO IC 10 4
T5T=224900 . 8
L=100° _ T
J1=858,3 Il
J2=50.0 KoL)
RATE=14.75 N
M1=814Q
RESET=509
10 CONTINUE
9z o
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