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Abstract: Starting from the model of a slow-rolling missile with six degrees of freedom (6 DOF) in
the body frame, a 6 DOF model in the Resal frame is obtained, which is used to linearize the coupled
commanded motion. Based on the linearized model, we obtain the structural scheme of the
commanded object and define the quality parameters. The obtained parameters have a complex
representation (with real and imaginary parts) due to the coupling between longitudinal channels.
Then, the kinematic guidance equations, the seeker equations and the actuator specific to the slow-
rolling single-channel missile are defined using a switching function. The guidance kinematic
equations, the seeker equations and the actuator model are linearized in the Resal frame, and the
structural diagram of the homing missile is constructed. Starting from this, the characteristic
polynomial having complex coefficients is determined and then analyzed with the Frank-Wall
stability criterion. Based on the analysis, a stability range is determined for the navigation constant
(k) and a minimum and possibly a maximum limit for the time to hit the target (t,,) is obtained.
The stability range defined for the navigation constant on the linear model is finally validated on
the nonlinear model in the body frame.

Keywords: homing missile; slow-rolling missile; single channel command missile; proportional
navigation; characteristic polynomial with complex coefficients; stability criterion; mathematical
model

1. Introduction

In modern weaponry technology, slow-rolling missiles play a significant role in combating close
air targets. In anti-aircraft combat, due to the high angular velocity of the target line-of-site, the
missile is directly self-guided, using a proportional navigation method. This method does not ensure
a direct hit of the target but achieves a sufficient reach to the proximity fuse so that the warhead
destroys the target (because an aircraft does not have armor elements).

If the velocity regime is supersonic, the missiles can use aerodynamic command (canard),
effectively performing the target interception maneuver. The advantage of using slow-rotating
missiles lies primarily in reducing the size and, implicitly, their mass. At the same time, the rotation
cancels the disturbing force and torque due to aerodynamic or gasodynamic asymmetries. Thanks to
rolling rotation, the control can be carried out on a single channel, i.e. through a single pair of canards,
which reduces the size of the control system and the required energy, leading to a portable missile
system known as a man-portable air defense system (MANPADS). From this category, we can mention
the systems: FIM 92 Stinger [1] - USA, 9K32 Strela 2 [2], 9K38 Igla [3], 9K333 Verba [4]- Russia.

The problem of rotationally guided missiles has been addressed in several stages and forms in
the literature. Some of these works refer to two-channel rotation missiles [5-7], and others to single-
channel missiles with time-modulated control [8-11]. Among the two-channel rockets, there is a
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group of papers dealing with double-rotational guided projectiles, in which the projectile body
rotates at a very high velocity in order to ensure gyroscopic stability, and the tip of the projectile,
which rotates at a lower velocity, has a cruciform canard for trajectory control and improved accuracy
[12]. Regarding two-channel rotational missiles, several recent works have proposed the following;:
the design of an autopilot with a single feedback loop [13], double [14] or triple feedback loop [15].
At the same time, other papers aim to assess the stability of precession motion (conical) [5-7] under
erroneous signal conditions introduced by the target tracking system [14,16]. Another category of
papers aims to define sensors with which to determine the attitude, especially the roll angle of the
rocket necessary to form the command signal [17,18]. Since we intend to address the case of the time-
controlled single-channel missile, we will analyze in detail the results obtained in papers [8-11].

In [8], a digital controller is proposed to replace the classic analogue time-modulation controller.
As shown in the paper, replacing the analogue control phase with the amplitude of the digital control
can ensure the decoupling of the yaw from pitch and thereby eliminate the error introduced by the
actuator's delay and noise from the sensors. The proposed solution's disadvantage lies in
complicating the missile's control and implicitly increasing its cost.

In [9], the stability of the commanded motion regarding the rocket with single-channel rotation
is analyzed based on the linear form of the equations of motion with the development of closed
analytical solutions. A feature of the analysis is that it works with the command in the body frame,
while the equations of motion are constructed in the Resal frame (which does not participate in the
roll rotation). The order to command switch is built based on series development, separately
analyzing the ideal case with the rectangular command and the case where the command shape
contains a delay.

The paper [11] analyzes the possibility of controlling an autonomous flight rocket with roll
rotation and single-channel with reactive command. The classic solution, with six reactive nozzles,
ensures complete control of the attitude of the rocket, including the roll, is compared with the solution
with only two reactive nozzles (RCS) that provide attitude control in pitch and yaw, leaving the roll
angle free, which allows roll rotation of the rocket.

In paper [10], starting from the equations of motion written in the Resal frame, a linear model of
the command motion for the slow-rotating rocket is constructed. Due to the coupling between
channels given by gyroscopic and Magnus terms, the linear model is constructed with complex
coefficients, highlighting both nutation and precession motion and defining the flying quality
parameters in complex form. The linear development of the commanded motion ends with
constructing a structural scheme of the commanded object specific to the slow-rolling missile with
complex coefficients. Unlike work [9], which uses serial development, in work [10], the generation of
the switch command for a single-channel missile is done considering the sign of a trigonometric
expression dependent on the roll angle, as shown in [19]. Further in the paper [10] are analyzed two
models of slow-rolling single-channel guided missiles, the portable anti-aircraft single-channel
homing missile and the portable anti-tank single-channel wire-guided missile. Unlike work [9],
which forms the command in the body frame, in work [10], starting from the duration modulated
form of the command, an equivalent command is obtained in the Resal frame with which, in the end,
structural diagrams of the guided missile are built for the two cases: homing missile and a wire-
guided missile. Given that the structural schemes have complex coefficients, the paper was limited
to determining in the case of the wire-guided rocket the location of the roots of the characteristic
polynomial and the phase-frequency / amplitude frequency diagrams, highlighting the differences
from the case of the non-rotating rocket.

In the present paper, we aim to develop the results obtained in paper [10] by analyzing the
stability of the single-channel slow-rolling homing missile using the Frank-Wall stability criterion
[20] used in paper [7] for the case of two-channel slow-rolling of the homing missile. The essential
difference between the two-channel and the single-channel rockets is in how the command is formed.
Thus, if in the two-channel rockets, we have a proportional deflection with both canards, in the case
of the single-channel rocket, we have only one maximum deflection of one of the canards, time-
modulation, by a switching function, oriented by command phase. Unlike paper [7], which develops
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a characteristic polynomial of order 3, we will also consider the time constant of the target tracking
system (seeker), which will lead to a characteristic polynomial of order 4, which introduces an
additional stability condition that will be analyzed in detail. At the same time, the influence of phase
shift introduced by the delay given by the actuator and the imprecision of determining the roll angle
will be analyzed. In order to facilitate the understanding of this paper, a series of essential elements
introduced in the paper [10] will be resumed. For details, we recommend reading the original work
[10].

In the paper, we will distinguish between slow-rolling missiles (max 30 rot/s) aerodynamically
stabilized by tail and gyroscopically stabilized projectiles with fast roll rotation (minimum 300 rot/s).

The novelty of the paper is the analysis of the stability of single-channel homing missiles with
slow roll using the Frank-Wall stability criterion. This analysis follows the influence of the main
parameters in the missile's guidance system, and for some of them, restrictions and stability domains
will be defined.

Figure 1. Slow-rolling single-channel homing missile.

2. Equations of the General Motion in the Body Frame

First, we will build a model with six degrees of freedom (6DOF) in the body frame.

2.1. Kinematic Equations Using Attitude Angles

The orientation of the body frame (0xyz) related to the local (start) frame (0¢XoYoZ,) is
defined according to ISO 1151-75. We will start by constructing the rotational matrix between the
local and body frames to deduce kinematic equations using Euler-type attitude angles. For this
purpose, starting in the local frame (0¢XY(Z,) and ending in the mobile ground frame (0x,y,z,),
a 180° rotation around the 0X, axis is necessary, after which, in order to overlap the mobile ground
frame (Ox4y4z,) over the axes of the body frame (Oxyz) we apply successively three rotations with
angular velocities 1, @ and ¢ around the axes 0z, 0y, respectively Ox:

li’ I'yr! 6 1! ¢
(0x,YyZg) ) = (0x'y'zy) o) o (Oxy'z )@ o (0Oxyz).

The rotational matrix from the local frame to the body frame, is:

cos B cosy —cos@siny sin @
A =|—cospsiny +singsinfcosyp —cos¢pcosy—singsinfsiny —singpcosb|, (1)
sing siny + cos ¢ sinf cosyp sing cosyP —cos¢psinfsiny —cospcosh

Having defined the direct rotation matrix Aj, one can write the connection between the velocity
vector components in the local and the body frames:

[u v W]T=A1[5C0 Yo Zo]".

Multiplying left by the inverse matrix A; yields the relation necessary to express the
translational velocity components from the body frame, connected to the missile, in the local frame.
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[Xo Yo ZO]TzBI[u v w]T, ()

where B, = Al = A.
For determining the connecting matrix between the derivatives of attitude angles and the
components of rotational velocity, starting from the vector relation:

Q={y+06+¢, ©)
Moreover, given that the rotation around its axis does not produce any effect, the relation can
be written as:
p 0 0 0
[q] = A¢’9'l|, 0 + Aq)'e 9 + Aq) 0 = A¢’9 6 + 0 ) (4:)
r Y 0 0 pl Lo
hence the following:
pr [l 0 —sing 1[¢
[q] = [0 cos¢ sin¢cos 0] el . &)
T 0 —sing cospcosbl|y

Determining the inverse of the matrix, we finally get:

) [1 sin¢ptand cos¢tan Hl [p]

o]l =10 cos ¢ —sing q (6)
P 0 singsecO cos¢psecOllr

Developing the relations: (2) and (6) the systems of differential equations sought are obtained:
X, = ucosfcosy + v(singsinfcosyp — cospsiny) + w(cospsinbcosy + singsiny);
Y, = —ucosfsiny — v(singsinfsinp + cospcosyp) — w(cosgpsinfsiny — singcosy); 7)
Z, = —using — vsingcosd — wcos¢pcoso,
respectively:
¢ = p + qtanBsing + rtanbcos;
6 = qcos¢ — rsing; (8)

Y = gsingsech + rcosgpsech.

2.2. Dynamic Equations of Motion in the Body Frame

The main notations and symbols are consistent with the standards [21,22].

Considering the missile as a body with variable mass and applying the momentum theorem and
the angular momentum theorem, the established dynamic equations of motion [23,24] written
vectorially are of the form:

mY-F+6+1;, L=H+U, ©)
dat dt
in which the terms due to changes in mass and moments of inertia are contained in the right member
of the relations.

By explaining the absolute derivative of velocity and angular momentum vectors in the body

frame, the previous relations become:

L=F+T+6-m@xV);, Z=H+U-2xK (10)

m
For the further development of these relations, the forces and torques applied by components
according to the axes of the body frame are explained:
F=X2i+Y4+Z%k T=X"i+Y"j+Z"k;
1)
G=G,i+Gyj+ G,k = m(g,i + gyj + 9:k);
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H=LA+MAj+NAk U=LTi+M'j+NTk,
where the components of gravitational acceleration are obtained from the matrix relation:
[9x 9y 9z]" =A,[0 0 —g], (12)

in which the rotation matrix A; was previously defined.
In order to bring the equation to the matrix form, the vectors of velocities and angular
momentum are also explained by projections according to the axes of the body frame:

V=ui+vj+wk Q=pi+qgj+rk K=K.i+K,j+Kk (13)
The components of angular momentum can be obtained from the matrix relation:
(K Ky KJ"=Jlp q 7T, (14)

where J represents the matrix of moments of inertia. Developing the vector products of relations (10)
and considering the components of the previously explicit terms, one obtains the matrix form of the
equations of general motion in the body frame. Thus, the translation equation becomes:

V=m"Y(F+T)+A4,9,—S,V; (15)
where: g, =[0 0 —g]7, and S, is the antisymmetric matrix associated with the angular velocity
vector Q:

0 —-r ¢
Sﬂ = [ T 0 —pl, (16)
- p O

Relations (15) can also be put in the form of:

v

where we defined the components of the applied forces as: X = XA+ X" 4+ G,; Y =Y* +Y" 4+ G,;
Z=7Z+7Z"+G,
Similarly, the rotation Equation (10) acquires the matrix form:

u
_s, H , (17)
w

X
Y
Z

Q=] YH+U) -] 's,]0. (18)
For axially symmetrical configurations, the inverse of the matrix of moments of inertia acquires
the diagonal shape:
1/A 0 0
Jt=10 1/B 0 l, (19)
0 0 1/C
Equation (18) can be put into the form:
p LA™? p
4| =|MB™'|—Sq [q] (20)
7 NC™1 r

where the components of the applied torques are: L = L* +L"; M = M4+ M"; N = N4+ NT.

3. Equations of the General Motion in the Resal Frame

Unlike classical aircraft, with stabilized roll, in the case of rolling rocket, most authors [23-25],
in order to obtain the equations of motion, use a quasi-linked frame, called "Resal" frame, which has
the specificity that it does not participate in its roll motion (Figure 2).


https://doi.org/10.20944/preprints202405.1816.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2024 doi:10.20944/preprints202405.1816.v1

Figure 2. The Resal frame and body frame connected to the rocket.

The advantages of using this frame are that by isolating gyroscopic coupling terms, the equations
of motion are brought to a form similar to that of the stabilized roll equations of an aircraft, allowing
the use of common study methods, at least in terms of their linear form. Next, we will rewrite the
equations of general motion in the body frame, but we will write them this time in the Resal frame.
To reformulate the general equations, we start from the observation that the elements of motion in
the body frame (0Oxyz) are obtained from the quasi-linked frame (0x*y*z*) using the rotation matrix:

1 0 0
0 cos¢ sin ¢l .
0 —sing coso

Ay = @1)

As shown in [10,24], we can express the terms of the dynamic equations from the body frame in
the quasi-linked frame. Thus, the velocity V components in the body frame become:

w v wi'=A44u v* w, (22)

and their derivatives are:

.k

u u aa u* u
b Rt O ey M e MR | @)
w w w W* — wyv

Considering that: 2 = 2" + w,, the components of the rotational velocity in the body frame are
expressed as follows:

P a " =Aglwc+p" g T, (24)
and after derivation become:
HE i g N v
L? =4y q + wx% q = Ay q* + wxr* (25)
r r* r* T — Wyq

Expressing the forces and torques components containing the applied terms (aerodynamics,
propulsion and weight) and the antisymmetric matrix attached to the angular velocity vector 2 in
the Resal frame, as shown in [10], multiplying the relations of the dynamic equations in the body
frame by the inverse of the rotation matrix: Ay, yields:

1:’.* X* u*
[1‘7* =m|y:|-s v*l; (26)
W* Z* W*
p* L*A_l p* Wy
[q* =Mt -8y |q*| - | rweaB | . @7)
7* N*C™1t r* —q*w,AC™?

where:
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Sp = [ r* 0 —p*l, (28)

- p 0
Comparing these equations with the relations (17) (20) obtained in the body frame, it is
observable that in the momentum Equation (27), the gyroscopic coupling term appears between the
longitudinal channels, which is due to the rotational motion in roll. From the first line of the matrix
relation (27), in order to bring the previous relations to a more suitable form, we can write: p = p* +
wy , Euler dynamic equations taking on scalar form:

L . M* A .
T @ =Ep =gy T

*

. N* « x A
p= =L —Pq¢ +qDp. (29)

Regarding kinematic equations, written with elements of the quasi-linked frame (Resal), will
coincide with (7) and (8) for the particular case where the roll angle is null. Thus, from the Euler
kinematic Equation (8) is obtained

0=q"; P=r"sech, (30)

the equation of roll angular velocity becomes a connecting relation between quasi-linked
components:

pr=-r"tgh. (31)

Finally, the other kinematic equations, corresponding to relations (7) expressing the connection
between the velocity components in the local frame and the quasi-linked frame, become:

Xg =u*cos@cosp —v*siny +w*sinb cosy;
Yo = —u*cos@siny —v*cosp —w*sin 0 siny; (32)

Zo=u"sinf —w"cos 6.

4. Basic Movement and Maximum Maneuverability

Determining the basic movement is first necessary to linearize the equations of motion in the
Resal frame.
4.1. Basic Movement

With the notations from Figure 3, equilibrium equations in the vertical plane of the Resal frame
are written as follows:

Figure 3. Basic motion elements in the case of the aerodynamically controlled missile.

a§=%€z+g0059; Cn=0, (33)

EP

where we denoted the lateral acceleration: a, = —q*u”.
In this case, relations (33) becomes
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Fo
ECZ+gcose+q*u*=0; Cn =0. (34)
If a development of aerodynamic coefficients containing rotational terms is considered:
C, =Chea + Czq@* + Co5mbm; C = Cpga + Cmqq* + CnomOm, (35)

furthermore, this development is introduced into the system of equations defining basic motion, we
will obtain:

Coa@ + Cq" + Cosmbin = —Fiocos 0; Cra@+ Cngl” + Consm6in = 0, (36)
where:
2m
Cqg=0Cpq+ oscosa. (37)
As shown in [24], if an angular velocity (q*) and a value of the climb angle (y) are imposed, and
denote:
A% G
R, = (CZSmCmq - Cm&mcq)q - F_OCm6m cos0;
- s, G (38)
Rs = (CmaCq — C2aCimg)d" + F—Cma cos@;
0
R =C3aCnsm — CmaCzom
where:
0=y+aq, (39)

a system of equations is obtained and is solved iteratively for incidence and angular canard
deflection:

@ =Ry/R; 6me=Rs/R (40)
The diagrams of the equilibrium incidence and canard angular deflection according to the Mach
number are presented in Figure A1l and A12 from Appendix B
4.2. Maximum Maneuverability

If the maximum equivalent deflection angle for single-channel missiles is considered known:
2

Smax = ;5max (41)
and a value of the climb angle y is imposed, the system (36) can be put in the form:
G
Coea + qu* = —F_COS 0 — CzsmOmax; Cma + Cmqq* = —CmesmOmax (42)
0
Considering:
i G
R, = (szSqu - Cz6mCmq)6max - F_Cmq cos0;
0
. G (43)
Ry = (Cz6mCma — CnomCza)Omax + F_Cma cos6;
0
R =CyqCing — CnaCqs
where:
0=1y+a, (44)

a system of equations is obtained, which is solved iteratively for incidence and angular velocity of
rotation:

Umax = Ra/R; @"=Ry/R (45)
From that we get the maximum load factor (Figure A17):
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Mmax =47/ 9, (46)
where g = gl/V? is called reduced gravitational acceleration [26]

5. The Linear form of the Equations of Rapid Motion Around the Center of Mass

Using a quasi-linked frame (Resal) for missiles with roll rotation, the equations of rapid motion
in the vertical and lateral planes can be grouped and analyzed. For this purpose, it is assumed that
the elements of slow motion and roll are "frozen" at their equilibrium values, the perturbation
introduced into the system developing only for rapid motion around the center of mass, which, as
we will show later, cannot be analyzed separately on each channel, being, in fact, a unique spiral
evolution.

To analyze this motion, we start from the symmetrisation of the dynamic translation equations
by the axes y”, z" of the Resal frame. For this, it is considered that the components of the disturbing
force given by aerodynamic and gasodynamic asymmetries are cancelled due to rotation. The only
remaining perturbations are those due to gravitational acceleration, which by gyroscopic terms also
affect the lateral plane and those due to wind!. In addition, due to rolling, the aerodynamic
coefficients contain Magnus coupling terms, which appear on both channels. With these
specifications, linearizing (17), we obtain:

2

Fyl
zpoA.B +—

- CoprDAT” + ngmA(s*

. Fyl Fyl F,l
Aw* CzaAa'+( Cyqtu )A + CzaAzx+ -

F, AZ*
- — CzaAsz + 7

(47)
., K Fyl . . Bl . El
Av* = Z yBAﬁ + (W Cyr —-u )AT’ + WCYI?A‘B + chpapA

F,12 F, K, AY;
'8 +mV2 ypquq + — Cyé‘nA(S* yﬁAﬁW i
where the velocity components define the incidences according to the axes of the Resal frame:
a = atan(w*/u*); B = —atan(v*/u*), (48)
and the aerodynamic coefficients are:
CyZY*/FO;Cz:Z*/FO; Cm = M"/Hy; C, = N"/H,. (49)

Considering the basic movement, we have:
D=wy+p = wy
AV = —uwAf Aw* =sina AV +V cos a Ad.
If the incidence in the vertical plane is considered small, the previous relations take on the
approximately symmetrical form:

(50)

AV = —urAB; Aw* = u*dd, (51)
Equation (47) can be brought to the following form:
. K F,l E,l 2 .
Aa = — —— Cpoha + ( ~Cpq + 1) A"+ —— - CoeA + —— V = CoppPAB + —5 *V2 CoprpAr
TV S 2, Y
mu* z&mBAYm mu* za By ( )
52
. F i KL
AR = ——2C,p0p + (1 -G, )Ar B
F,I? E, . E 1.
A" CypqPAq™ — CysnAdp + i — CypABy — WAYP

1 Disturbance due to wind, from the point of view of the analyzed motion, can induce only additional

incidences; the variation in velocity modulus, being specific to slow motion.
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where in the components of the permanent perturbation 4Z, 4Y; are found both gravitational terms
and the remaining terms by the approximation made when symmetrizing the equation of the angle
of incidence a.

Next, we will rewrite the dynamic equations of rotation. We will consider the gyroscopic
coupling terms highlighted by the transition from the body frame to the Resal frame and consider
null the components of the disturbing moment mainly from aerodynamic and gasodynamic
asymmetry. In addition to the conditions imposed on the stabilized roll base motion, we will consider
that the evolution in the vertical plane is translational, i.e. g* = 0. At the same time, as we did in the
case of translation equations, in the pitch moment equation development, the terms corresponding
to the slow mode (4V) will be considered null. Similarly, the yaw moment equation development
will not be affected by the roll motion, which is also considered frozen. Instead, gyroscopic coupling
and Magnus terms arising from rotational movement around the longitudinal axis will be
highlighted. With these additional clarifications, linearizing (20), we obtain:

.. Hg Hyl . Hgl
Ag* = B Cola + WCquq + CmaAzx +—

ol H, 12 A .
BV mpoAﬁ + BV2 Cmpr _E pAr

H, H,
+ F Cm(gmA(sm — F CmaAaW;
53
. Hy Hol Hol o Hol Hol? A *()
A7 =7CnﬁAﬁ+ i CopAT* + —— oy CoplB +—— oy CnpaPAa + W Crpq + pAq +— CnanA5

Ho
- ? CTLBAﬁW'

If the following notations are made:

F, Fyl Fyl & _ Fol Fol

a _ _ Fo al = _ . _ _
ay_mu*cza___ yﬁ/ y 1+mVu* Zq_l_mVu*Cyr’ ay_mVu* Zd__ CJ/B’ =
Folp. lp _ Fpl’p _ Fol®p 5§ _ Fo __ P . _
mvut zpB = Cypoc ; a;_m zpr_m ypq 7 b mu *Czﬁm __chc‘;n ’ ag,r -

(54)
H, _H . q_H_ol Hol . a_H_ol Hol . ﬁ_Hlp _
?Cma _ECnB 7 Oy =3, bmg = —Chr ; A= By Uma = VC".B o Ay =7y CmpB =
lp Hol? A Hol? A\ ,s _H _H
Cnpou w — (ﬁ Cmpr - E) p=- (# Cnpq + E) p; bw - ?O mém — ?OCnSn'
valid for the case where a is small, and complex quantities are defined:
YVi=a—if, w'=q" —ir; 8 =0m—1i0n yw=aw—ify; F =Z,+iY;
(55)
al = af +ia5; ay =al +ia); al, = a% +iaf; a@ = a? +ial,
where: i = v—1, the system can be brought to the form:
Ayt = ayAy* +aydw” + ayAy + b‘sAé‘* —aydyy + AF; /(mu”); (56)

AG* = al Ay* + aBAw* + a%Ay* + b3 AS* — alAy;y.
Its homogeneous form, after applylng the Laplace transform, is:
(1-af)s—a, —af v
—(a&s +al) s—a][ﬁ ] [0] 7
The characteristic polynomial becomes:
P(s) = (1—a¥)s? — (a) + aZ + alay — afaZ)s + ayaZ — ayal, (58)
Alternatively, after separating complex terms:
P(s) = (1—af)s? — [a¥ + al, + a&a) — afal, + L(a +al, + afal, — afay)|s + afad — alad
ftala B — agay). 9)
The characteristic polynomial contains coefficients w1th the real part corresponding to the pitch

motion and the imaginary part given by coupling with the yaw motion. However, due to the
symmetry evidenced by the relations (54), the characteristic polynomial can contain coefficients with

r B B _r :
+ aja, — a,a, + i(afal, — alag,
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the real part corresponding to the yaw motion and the imaginary part corresponding to its coupling
with the pitch motion. This observation remains valid for further motion analysis coupled with slow
roll. However, for the complex form of motion, the relations obtained describe a single motion with
coupling elements from the other.

For analyzing this expression and those that will be elaborated on later, evaluating the order of
magnitude of the main parameters is useful, allowing for keeping only important terms in
approximate relations. For this, in addition to the reference time t* =1[/V, also known as the
aerodynamic second [27], which is a small parameter, in [26], the following dimensionless parameters
are also defined: M = m/(pSl)- called the reduced mass of the aircraft or relative density; iz =
(i, / l)zcalled reduced moment of inertia in pitch, where i,, is the radius of inertia of the aircraft for
the pitch axis being given by the relation i, =/B/m. In this case, the mass and pitch moment of
inertia of the missile shall be expressed as follows:

m = MpSl; B = migl?/m = igpSI3. (60)

As an order of magnitude, it is observed that the reference time t* is small, while the reduced
mass M and reduced moment of inertia in pitch iy are large.

Next, we will rewrite the main coefficients of the equations of motion previously defined, which
we will now include these parameters, obtaining:

C C. ; Cyi p p C
a _ Clza ., q _ C29 o 1. ja _C2a ~ . B __P ~Q0 o7 — P . § _ Cz6m. a _
QG =em = 1+ 2/ Loay = 2/ 0 a = 27t Copp 20, ay = 27 Capri Y T oome @ T
Cma
Zt*ziB, (61)
q _ CSmq @ _ Cma B _ P ~ r o _ (CmPT A ) A~ A A § — Cmém
a; = : = ; =——o0°C =0; a; = — = — ; by, =
T T iy’ @ T pprig’ (@ apr2iy mMPB i 2t*ig  Bt* p se P @ 2t*2ip

and we can use dimensionless angular velocity in roll:

p=pt". (62)
With the above notations, after dropping the secondary terms, the characteristic polynomial can
be approximated as follows:

101 A
P(s) = 52 + t—*{— [1(=Cona) + (~Cmq) + (—Coma)] + iEﬁ}s + 63)

: 1 [(_Cma) + .(_Cza)é 51,
2ig

t2|" 2i; ' 2m BY
6. Quality Parameters of the Motion with Slow-Rolling

If we are in the case of aerodynamically stabilized slow-rolling rockets, where the focus is behind
the center of mass and the notations are entered:

A w i ~ Cma
Wy =phi G =E N =0 X =2y (= (64)

Cza
where w, represents the angular velocity of precession, with dimensionless form @, = w,t* ; ¢

represents static stability (Figure A13) the characteristic polynomial with the coefficient of the free
term having the real part positive can be written in the form:

P(s) =s*+ 20 +ip)s + 2°(1 + iy), (65)
where its natural pulsation 2 and damping factor ¢ have the same significance as a stabilized roll
missile:

0% = Clma) ; - natural pulsation of nutation movement,

- 2t*2ig
1 . .
&= N [M(—Cma) + (—Cig) + (—Cia)] - damping factor of nutation movement.
Sometimes, instead of natural pulsation, its inverse is used:
T =1/ - time constant of nutation movement.

The natural pulsation, damping factor and time constant according to the Mach number are
presented in Figures A14-A16 from Appendix B
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The roots of the characteristic polynomial, so the eigenvalues of the stability matrix, are given

by:

S1p = —E0 —iw, +i0J1 -8+ $p2 +i(x — 28¢), (66)

Alternatively, if it is accepted that y = 2{¢ the roots of the characteristic polynomial can be put
in simplified form:

S12 & —E0 —iw, £ io, (67)

where: ¢ =1— &2+ ¢2.

Note that since the characteristic polynomial has complex coefficients, its roots are not complex
conjugate, the additional complex term given by the angular rate of precession.

To define the command parameter of the rolling missile, we start from the equations of rapid
motion (56) written in the non-homogeneous form:

=A A6* A AF
L ]=a7 [bg e g |18 Avi AR, (68)
the inverse matrix is given by:
1 s—a% ay
A—l — . . ) 69
) P(s) [afgs +a, (1-a))s— a;] (69)

where P(s) is the characteristic polynomial with complex coefficients associated with the previously
analyzed homogeneous system.

In this case the main transfer functions are:
(bg+agb}§—a,‘i‘bg)s+agbf—azbg

) w6 w6
5 _ bys+ay bg—agby Fy
H‘y (S) - P(S) ’ Hm' - P(S) 7 (70)

system (68) may be put in the form of:
Ay* = H(5)468"; Aw = HE(s)A6”. (71)

For the construction of a global structural scheme of the commanded missile system, as was
done in the papers [10,24], from the relations (71), we shall express the angular velocity of the tangent
to the trajectory. For this, we start with the angular relation:

Aw™ = Aw™ — Ay” = Aw™ — sAy”, (72)
where:
W= wy — lwy. (73)
Next, we build a relation of the same type as the system (71) :
Aw* = H3(5)A8" (74)
where:
H(s) = He (s) — sHy (s); (75)

Based on the relations (61), we will seek to bring the angular velocity of the tangent to the
trajectory transfer function with input in canard angular deflection to an approximate, simplified
form.

Thus, we start with the form:
—b}‘?sz+[(1—a$’—a{",‘)bg+(ag+a%)bg]s+aéb$—a¥bg

P(s)

Ho(s) = (76)

7

or, rewriting with the explicit complex terms:
HS(s) = [-bfs? + {[(ad + aZ)b) — (a] + af — 1)bS| + i(af,bf — albd)}s + (a&bf — afbl)  (77)
+i(alb — alb3)]/P(s),
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where the characteristic polynomial is given by (65).
Next, making the notations:
apd_,and T p6_ T8
kS = SZLE, )T, = 208,T, = 2 (78)

apé_ apd 7/
Ay —0yAgy Agby—aybg

the angular velocity of the tangent to the trajectory transfer function with the input in canard

deflection can be brought to the form:

kS (1+iAT,s)
T25242T (§+igp)s+1+iy

Ho(s) = 79)

where k¢ is called the command factor and the parameter T,, means, as in the case of the stabilized
rolling aircraft, the advance time on command or the aircraft's time constant.

Dropping the secondary terms for the aerodynamically commanded missile, the parameters
defined by the notations (78) become:

C
c (1— 25’") om
ké‘ — mém (CmSm .9 = (=Czsm). ~ 2t'm
w0~ 3 ;9 =0n 7w = Coom \"
2t*M Cmem (_Cza)(l_;cz_m)
mém

Next, we will seek to find the connection between incidence (y*), angular velocity (@*), and
angular velocity of the tangent to the trajectory(w*). To begin with, we will establish the link between
incidence and angular velocity, starting from the main transfer functions that express these
parameters depending on the canard deflection. Thus, from (70), one can construct the transfer
function:

HY (s) = Hy (s)/H(s), (80)

which, after eliminating the secondary terms, may take the form of:

Te(1—id)

HY (s) = =1 (81)

which means that the simplified link between incidence and angular velocity has the following form:

ay* _ To(1-id)

Aw* T Tys+1 (82)
Returning to the relation between angular velocities (72) we can write successively:
. _ Ay* ¥~ _ Tu(1-id)s « _ 1+iAT,s .
Adw” = (1 SAw*)Aw - (1 TeS+1 ) O = A", (83)
where in order to obtain the transfer function we are interested in:
w ~ Twstl
Hz (s) = 1+iAT,s (84)
Further, for the expression of incidence, it can be written:
Ty (1—iA
H (5) = H (s)HE (s) = 22 (85)

1+iATy,s

Finally, we can also evaluate the components of the normal complex acceleration on velocity,
which, if we consider the hypothesis of small incidences introduced when symmetrizing longitudinal
motion, have the direction of the axes y* and z* of the quasi-linked frame, being given by the
approximate relation:

Aa* = VAw*, (86)
where:
a’ =a;+iaj. (87)

Based on the resulted relations, one can construct the structural scheme of the commanded
movement for missiles with slow roll rotation, shown in Figure 4.
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Wind Disturbing force  Fy KkF
incidence -

Vi —| HYY

g KS(1 + iAT,S) —l : ' lncidence
§ (] w Tw(l o IA} "
&* (T3s2+2T(& +ig)s + 1 + ix) > >

@' Angular velocity
—

Tus+1
M 1+ iAT,s

1+ iAT,s
Command N ;
a Acceleration
(Canard "
i Commanded object > V e
deflection)

Angular velocity of the
tangent to the trajectory

Figure 4. Structural scheme of commanded movement for slow-rolling missile.

7. The Guided Flight Model

As shown in [24], the guidance kinematic equations will be constructed into a frame linked to
the target's line of sight called the guiding frame (Figure 5). The guiding frame MX;Y;Z; originates
at point (M), which represents the position of the missile, the axis X; pointed target (T), the axis Zr
is in a vertical plane facing downwards, and axis Yr horizontally, it follows from the condition of the
right frame. The guiding frame is non-inertial.

Figure 5. Orientation of the guiding frame with respect to the local frame [28].

The angles defining the orientation of the guiding frame with respect to the local frame are given
by the relations:

ZT0—20
x0)?+Wr0o~Y0)%

YT0—Yo
)
XT0~X0

Yy = —arctg 0y = arctg N (88)

where x,,y, and z, were the coordinates of the rocket in the local frame, respective xr¢, yro and
Zr target coordinates in the local frame.

With the help of these two angles, the rotational matrix is formed, which makes the transition
from the local frame to the guiding frame:

cosOy cosyy, —cosOy sing,,  sinfy
sinfy cosypy —sinby cosyP, —cosOy
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Next, we will obtain the guidance kinematic equations in the guiding frame, which is a non-
inertial.

7.1. Kinematic Guidance Equations

Figures 6 and 7 show the decompositions of velocity and acceleration of the missile and target
according to the axes of the guiding frame. Given the general relations of derivation, in a non-inertial
frame, one can write:

Figure 7. Decomposition of accelerations in the guiding frame.

iy R R Ot R R R
Url{=10|+Su|0|; |Gr|=]0|+25,|0|+R,]|0] (90)
wrl 1o ol fa,r] Lo 0 0
where the relative velocities and accelerations were expressed in the guiding frame:
Uy = Up — Uy; Up = Vr — Uy; Wr = Wr — Wy
~ . s oD
Axr = Qxr — Qxppy Ayr = Ay — Ay Ay = Az — Qzp5
i.e. matrices resulting from vector products:
0 -w, —(W5 4+ 0f) wwy— @, ww,+ao,
S,=| w, 0 —wyl; R, =|wew,+0, —(07+w) ww,—al (92)
Wy Wy 0 Wy — By Wy, + 0, —(WF+ w))
in which:
wy = =Py Sinb; wy, = Op; w, = Yy cos O
* oo (93)

Wy = =Py Sin @ — Oy Py cos 6; Wy = Op; @, = Py oSO — Oy sin 6
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Based on these relations, the components of relative velocity and relative acceleration in the
guiding frame are:
iy = R; Uy = Rw,; Wr = —Rwy, (94)
respectively:
der = R — (w2 + wZ)R;dyr = 2w,R + R(&, + wywy); @yr = —2w,R — R(0, — w,w,) (95)
relations from which the components of rotational velocity and acceleration of the guiding frame can
be expressed, relations which represent the kinematic equations of guidance:
wr

(Uy = _?/ a)z = ?T, (96)

respectively:

h o= —2 azr C D= =2 ayr
W, = — —(uy——+(uzwx, w, =—2—-w, +

Gyr _ 97
TR R R R~ O &7

7.2. Linear form of Kinematic Guidance Equations

The basic motion in proportional navigation is a parallel approach, which is characterized by the
fact that the absolute angular velocity of the line of sight and the derivative of the absolute angular
velocity of the line of sight are null:

(uy=0; (uz=0;(i)y=0; w, = 0. (98)

Because in the basic movement the guidance parameters are null (@, =0; w, =0), the
guidance components for basic movement shall also be null:

u, =0; u, =0 (99)

In order to linearize the angular velocity equations of the line of sight, one can start from the
relation (96), obtaining:

Ady] _1 —AWT] _1 —AWT] 1 —AWM] _ur AyT] _uy AyM] R Aay] 100
Ac,l ~ R| ATy | T R| Avp r| dvy |~ rR [Axrl R lAxuml  rldo,l (100)
Denoting the input due to launch error:
Afly] Ur AVT]
= , 101
Aflz Uy AXT ( )
we obtain:
ot P R i R v R
UM AdZ +uM AJZ - AXM - Aflz . (102)

If the complex components are introduced:
a” =0y_i0'z,19* =ym—Xw fi =f1y_iflz/ (103)
the equation of the absolute angle of the line of sight in complex form is obtained:

R «x R * * __ *
EAO' +EAU + 49" = Af. (104)
Next, we start from the Equation (97), which, by neglecting the product of two small terms w,w,,
becomes:
A(A') R A(D R AO_ 1 _Aa T 1 _Aa T 1 _Aa M u A(D T
y RIG%y L [R_ (2 2 y| 1|7 A%r| 1 ZT| _ 1 zM | _ ur [E%yT]
A(j)z] + 2R [sz] + [R ((uy + wz)] [Aaz] R| Adyr ] R| dayr ] R| dayy ] R szT]
(105)
uy Aa)yM]
R Awy )

Neglecting the small terms %— (w2 + ®?) and denoting the input function due to target
maneuvers:

Afzy] _ur AwyT]

Afz, uy LAw,r (106)
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we obtain:

R Aa)y]Hi Awy]+ AwyM]_ Afzy]

uy ldw, uy ldw, Aw,y B Afz, (107)

If we define complex components:
6" =V = wy — Wy 9" = w* = Wyy — LW f2 = foy — if2z (108)
the equation of the angular velocity of the line of sight in complex form is obtained:
R R
— AV 42— AV + Aw* = AfS (109)
Uy Uy
Considering the coefficients of the guidance equation frozen at the values corresponding to the

base motion and the current missile-target distance (R) changing slowly with respect to the guidance
parameters, the Laplace transform can be applied to Equation (109), obtaining:

x« UM * *
do” = r (A =497, (110)
where the input function is:
Af* = Af; + A5 (111)

Considering that distance R is constant and equal to the value at a given moment, the transfer
function of the kinematic block becomes:

—__uM
He(tgo,s) = (egos—2)uc * (112)
where tg, = —R/R, is considered a frozen parameter corresponding to the distance R to the target.

7.3. Target Tracker Equations
The equation of the target tracker (seeker) provides guidance commands in two planes is:
uy] - _ 1wy, R oy
[uz T, [uz] * T, wz]’ (113)
where the control parameters are angular velocities w,, w, in the guiding frame defined by the line

of sight.
If we linearize, considering that in basic movement the guidance signal is null, we get:

A 1 [Au k3 [Aw
P R v s ol o
Defining the complex component of the guidance command:
ut =uy, —iu,, (115)
the equation of the target tracking device in complex form is obtained:
Au* = —%Au* + ’:_—ZAV*, (116)

and after application of the Laplace transformation, the transfer function of the target tracker (seeker)
can be obtained:

Au* — k‘lti)s *

1+7cs

, 117)

function that will be used for the guided missile system diagram.

7.4. The Command for Slow-Rolling Single-Channel Missile

In [10], two guided models were built, one for the homing missile and the other for the remote-
controlled missile, but for which no detailed analysis was made. In section 3. equations of motion in
the Resal frame were presented. The rapid motion around the center of mass was analyzed by
linearizing these relations, and the quality parameters of the commanded longitudinal motion,
specific to the slow-rolling missile, were defined. In paragraph 7.2, we built the linear form of the
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guided kinematic and seeker equations. Starting from these results, we will build a guided flight
model for the homing missile and will do a detailed analysis of the stability. For this, we start from
the expression of the two-channel command, which, considering only the guiding terms, has the
following form:

[“r]=[0 1 0

T
Uy 0 0 1]A’AM

| 8] Indt (118)
0 1

Since in the basic uncoupled guidance equation, it is assumed that the head angle of the rocket
coincides with that of the guiding frame: ¢ = v, 8 = 6), and neglecting the angle of incidence in
the vertical plane, in order to be able to achieve the symmetrisation of the two guiding planes, the
command can be put in the following form:

[Um  un]" = K4y U7, (119)
where the following notation was made:
0 0 .
[0 1 0 _[cos¢p sing
Ky = [0 0 1] Ay (1) 2] - [—sind) cos ¢ (120)

with Ay being the direct rotation matrix with roll angle.

Next, we will seek to bring matrix expressions to complex form by using a polar coordinate
system that highlights the module and phase of the guidance command. Thus, if the commands are
put in the complex form:

U= Uy — Uy, U = Uy — Uy, (121)
The relation (119) becomes:
u=u"e?. (122)
On the other hand, as seen in Figure 8, the guidance command can be expressed in polar
coordinates:
Y, | ¥
P
T
Yy
T
Figure 8. Expression of the guidance command in polar coordinates.
u* = pe'?, (123)
where:
p = \/uj + uZ —is the command module; ¢ = arctg_u—uz — is the command phase.
y
In this case, the command for the two channels (pitch and yaw) in the body frame becomes:
u = pel@+é+e) (124)
where ¢ is phase shift error:
E=0—150, + AP (125)

In this relation, we introduce: 6 - command advance angle intended to cancel out the delay
effect; 75 - command delay time; A¢ -roll angle error.

The phase shift value ¢, thus introduced, may be due both to the choice of a constant value for
the delay compensation angle 6 (which in the case of rotational velocity w, variation during the
trajectory leads to an erroneous phase) and to the poor assessment of the roll angle ¢ (required to
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form the command, with deviation Ag¢). Since this phase shift is due to rolling angular velocity, being
specific to rolling missiles, we shall eliminate it in the case of the stabilized roll missile analysis.

To obtain the time modulation of the command in duration, for single-channel missile, it is
necessary to use a switching function of the form [19]:

f(@,x) =sin® (x + cos P), (126)
where x, called the fill factor, is given by the relation:
X = p/Umaxs (127)

in which p is the command module, u,,,, is the maximum guidance command, and the argument
®, called relative roll angle, is given by:

P=p+od+mn/2+e¢, (128)
where ¢ represents the command phase (Figure 8), ¢ is the roll angle (Figure 2), and ¢ is the phase
shift error.

The switching function (126) is applied instantaneously through a nonlinear element, relay-type,
the pitch canard deflection angle expression being:

O (P, %) = Smaxsign(f (P, x)). (129)

To check how the function f(®,x) generates a canard angular deflection correlated with roll

rotation, it is necessary to determine the zeros of this function that coincide with the deflection
switching points. For this, the expression (126) is put in the form of an equation:

sin® (x + cos ®) =0, (130)
the solutions of which are obtained by imposing, in turn, the conditions:
sin® =0 and cos® = —x. (131)

For the interval [0,2m] in which @ get values, we have a group of switch points due to
condition sin ® = 0, whichare ® =0, w, 2m.

From the condition cos ® = —x, the second group of switch points are obtained. For extreme
values of the fill factor x =1 we obtain ® = m, which is the maximum command after a certain
direction, and for x = 0, results ® = /2, 37/2, which means the null command.

For better understanding, in papers [10,24], the equivalent deflection was determined for the
particular case when the control phase is = 0 (Figure 8), with a null phase shift error £=0, which
drives a positive pitch command.

Based on dynamic equations of motion in the body frame (17), (20), kinematic Equations (7) and
(8) and kinematic guidance Equation (96) as well as target tracker Equation (113), switching function
(126) with the relative roll angle definition relation (128) and expression of pitch canard deflection
angle (129), the nonlinear model of guided flight of the single-channel, slow-rolling, homing missile
is obtained. This will be used later within the paper in order to validate and verify the linear results.

Next, we obtain the expression of the single-channel command for an equivalent canard
deflection in the Resal frame that will be used to define the linear form of the actuator necessary to
build the structural scheme of the guided system. For this, we start from the shape of the canard
deflection in one rotation period given by the relation (129).

For the single-channel case, considering only pitch deflection &,,, we have:

8y = 6e'?, (132)
where § is the equivalent instant deflection in the Resal frame.

The relation can be reversed:

8 =8pe” = §,,e” (PP=e/2) = 5 o~iPpilete) (133)
In this case, the average equivalent canard deflection over one rotation in the Resal frame shall
be given by:
v _ 1 c2m g L i+ 2m —id
8§ = Efo Sdd = Ee‘("’ D[ Spe”dd . (134)

Considering command parity for a full rotation, the average equivalent canard deflection
becomes:
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. i 1 2 ;
§* = elle+e) ;fo " 8, sin @ d. (135)
The integral in this relation can be calculated with the diagram from Figure 9 , obtaining
successively:
Figure 9. The shape of the canard deflection for one period of missile roll.
1 2m
P | Oy Sin®ddod =
S Dy T n+®, 2m

= ’"“"U sinCDdCD—f sinCDdCD+f sinCDdCD—f sinCDdCD] (136)

2n 0 Dq T T+®;

= —‘S"IJ[COSCD1 —cos d,] = —26$coscl>1 = Z‘S%x.

Thus, having the integral determined from the relation (135) and the relation defining the fill
factor (127), average equivalent deflection becomes:

6* — zsmaxxei((p+g) _zsmax eigu* , (137)
T TUmax

hence the linear form of the actuator is obtained:

AS* = k¥etAu” (138)
where:
Jeyp = Zomax (139)
OBSERVATION

Given that the average equivalent deflection " is carried out in a full period of rotation, it can
be considered that it follows the command signal u* in steps, the duration of a stage corresponding
to the rocket's rotation period. If the rocket's rotation frequency is high enough (over 10 Hz), the
output of the actuator may be considered smooth enough to be approximated as continuous.

If the actuator (138) is also added to the transfer function of the kinematic block (112), the transfer
function of the target tracker (117), and the commanded object (Figure 4), the structural scheme for
the homing missile with a single channel and slow roll rotation can be obtained (Figure 10).
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Figure 10. The structural scheme for the homing missile with single-channel and slow roll rotation.
8. The Guided Flight Stability on the Linear Model
8.1. Determination of Stability Parameters
For system stability analysis, the transfer function of the open system is required:
_ k(1+iATys)(cose+isine)
H(s) = (tgos—2)(Tcs+1)(T2s2+2T (E+id)s+1+ix) (140)

where we highlighted the modified navigation constant [29], which we will now call the navigation
constant:

k = kgkgkg% =K (141)

Uc

In this case, the transfer function of the closed system becomes:

kQZ(1+iATys)(cose+isine) [(tgotc)

Ho(s) = (5-2/tgo)(s+1/T)[s2+20(E+ig)s+O2 (1+ix)]+kQ2 (1+iATys) (cose +isine) [ (tgoTc) (142)

To check the stability, we develop the characteristic polynomial from the denominator of the
transfer function:

P(s) = s*+ [2Q(¢ = T/t,,) + 1/7. + i20¢]s®
+[Q2(1 - 48T /ty,) + 2Q(& /7. — T/(tgot.)) + i(xQ? — 409 /t,, +20¢ /7,)]5?
+ [Q2(1/7, —4ET /(t40Tc) — kAT, sine/(tgot.)) — 29%/t,4, (143)
+i(Q2(x /. +kAT, cose /(t40T.) — 4T/ (tg0Tc)) —2X0%/t4o)]s
+ 02 (kcose — 2)/(tgo‘rc) +i0? (ksine — 2x)/(tgorc)

Next, we will proceed similarly with [7], based on the work [20], which indicates a method for
establishing the conditions that the roots of the characteristic polynomial have the real side negative,
which ensures the stability of the system. The method is similar to the Routh-Hurwitz stability
criterion and consists of checking the sign with a number of parameters equal to the degree of the
characteristic polynomial.

Thus, the characteristic polynomial is put in the form:

P(s) = s* + (p1 +iq)s® + (p, +iq2)s% + (p3 +iq5)s + (P4 + iqs) (144)
where:
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p1=2(§ = T/tgo)Q+1/7; q; = 209
P2 = (1= 48T /tgo)0% + 208 /7. — 2/ (tgotc); G2 = (X — 4T P/ tgo +2T/7.)Q%;
ps = [1/7. —4ET/(t407c) — kAT, sine/(t5oT,) — 2/t 40|02 (145)
as = [(x/7c +kAT, cose/(tgot.) — 4T/ (tg0Tc)) —2X /40| Q%

py = Q% (kcose — 2)/(tgotc) ; qu = Q2 (ksine — 2x)/(tgo7c )

Stability conditions for systems with characteristic polynomials with complex coefficients are
formulated by two theorems in the paper [20]. The first theorem shows that the nt" order polynomial
with complex coefficients to have all the roots with the negative real parts, it is necessary and
sufficient that the parameters a4, a,; ...; a,, be positive and that b, ... b, be pure complex numbers
or null. The second theorem shows that the nt order polynomial with complex coefficients has as
many roots with the positive real part as many as the number of negative a,; ...; a,, parameters.

In the same work, an algorithm for obtaining parameters ay, ...; a,, by, ... b, is indicated, the
algorithm presented in Annex D of the paper. These conditions will be referred to next as Frank-Wall
(F-W) stability conditions after the authors' names.

Given the 4th order polynomial from (144), by denoting:

D = (pip, — P1P3 + 1142 — 45) (P1P2P3 — P5 + P1G392 + P1410a—PaDi — 244q2) —
(pa3 — P1qaP3 + P3qz — P1Ga)%;

5 (146)
E= _a_Z(Z + 2_3+2 _3_2 +2)( 2+ _ )
qs p6 P1P292 T P19192 — 42 T P191P3 — P193 P1P3q2 T P194)\P4aP1 T P19194 — 4294),
1
F-W stability parameters are:
a=r: a,= pi caq,=2Lp1 .
Yp? 2T plpa-pavstriaaz-af C a3 ’
(147)
=2 [p4pf+p1q;q‘;—qzq4 n (p%qs—p1q4—p1q31p3+113qz)a3azE _afay Ez]_l’
asaz p1 pi P1
respectively:
b, = . (p191—92) . b, = -(Z’%Z’zqz—Z?1P3‘hﬂh‘hqg—qg—Pf%+P%q4+P%q1P3—P1P3QZ)a2_
1=l 02=1 2 _ 2 7
i (P3P2-P1P3+P149142-95)P1
_ . |(p3a5-P194—P191P3+P392)—aspiE]P3
b; =i o L1 (148)
b Ep}
s =1
(p4p12 + 119194 — 9294)01 + (p12‘I3 — DP19a — P1Q1Ds3 + P3q2)azazE — a%azprz
From previous relations, by;...; b, are pure complex numbers in all cases, which, depending on

the values p;,p,, p3, P4, and qq,qz, g3, g4, can be null. The only conditions to be verified or imposed
are a; > 0,a2 > 0,a3 > 0,and a, > 0, which, based on relations (147), translates into the following
four conditions:

p1>0; pip2 — P1P3s + P14:192 — 45 > 0; D > 0;
(149)

(PaP? + P101Gs — 429)P1 + PTGz — P14s — P1G1P3 + P392) a3 E — piaja,E? >0

8.2. Non-Rotational Case Analysis

For the case of a non-rotational rocket, in which the phase shift is considered null ( e =0 ),
conditions (149) become:
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p1>0; PiP2 — D3 > 0; p1p2ps — P5—Pabi > 0; py > 0; (150)

relations that coincide with Routh-Hurwitz (R-H) conditions for polynomials with real coefficients.
Next, we are looking for analytical solutions for stability conditions in the case of non-rolling missiles,
and numerical solutions in the case of rolling missiles.

The first condition (150) provides the lower bound for the remaining interception time (t4,), i.e.,
the minimum distance to which the missile can approach the target:

2(§ = T/tg0) @+ 1/7¢ > 0; tg, > T/(§ +50); (151)

The second condition, since it does not contain the navigation constant, may introduce an
additional restriction on the remaining interception duration (t4,):

PPz —p3 >0 =
(152)
(tgo — 27c + 2Q87.t4,) [P 40T, + 208 (84, — 27.) — 2] — Q(tg0 — 27,)Q — 4€](tgo7.) > 0
To impose the condition, we construct a quadratic polynomial in ty, and look for its roots:
Q8 (0272 + 2087, + 1)t2, — (2087, + 1)2t,, + 27,(2067, + 1) = 0. (153)
we make the notations:

e, = 21,08 +1 ; e, = 2081, (7202 + el), (154)

from which the roots derive:

e £ VA
tgol,z =T L e (155)
2
with the discriminant:
A= e} — 4eje,. (156)

If we develop the first root, we get an approximate solution:

Lo elz—\/Z_ e? L ) 4eje, | ef L 1+2€2 T 1 157
go1 = T¢ e =T e ef =T e, 313 - e; N Q& +1/21, (157)
relation that represents the first condition R-H (151).
It follows that the value of interest is given by the second solution of the Equation (153) :
e? + VA
tgo2 = Tcle— (158)
2

relation, which can be interpreted as a decrease in stable guided time until ty,,, which means an
increase in the minimum distance the missile can approach the target.

On the other hand, given the form of the polynomial (153), with the second derivative positive
(the coefficient of the quadratic term is positive), if A< 0, then the roots are complex, so the second
condition is fulfilled all the time. The sign of discriminant A depends on the value of the time
constant 7. and, if we increase its value, A becomes negative.

The third R-H condition limits the upper navigation constant k:

2
Pib2Ps = p3—papf > 0 = p, <2E - f,—‘}i = (159)
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2
k<ot (tgoTe = 4TST, + 2Tty — 2T%)[(tg0 — 22)2* — 408]  (tgo7)[(tg0 — 27.)0 — 4¢]
(Zﬂftgorc +igo — ZTC) (Zﬂftgo‘fc + g0 — ZTC)Z
Finally, the fourth R-H condition sets the navigation constant k lower bound:
Py =% (k—2)/(tzotc) >0 >k >2 (160)

The first condition, the limitation of the duration of interception, since it does not depend on
complex terms, also applies to the rolling missile. For the other conditions, in the case of the rolling
missile, we will make a numerical analysis based on a calculation model that we present below.

9. Calculus Model

In order to obtain numerical results, we will further specify the data of the calculus model.

9.1. Aerodynamic Characteristics

The aerodynamic characteristics were determined using the configuration from Figure 11, which
is typical for the class of missiles analyzed.

Xa=1337
L=1336
Cmac=31
L
Xc=232}i A
1
e - i ! — R — o p— © — 1 ¢ —— ¢ —— B | SR EE R g o ¢ —
P = 1
35

92

Xaxc=244

Figure 11. Airframe sketch (all dimensions are in mm).

In current flight dynamics applications or in the analysis and synthesis of guided systems, it is
necessary to know the values of aerodynamic coefficients for certain given situations characterized
by Mach numbers, incidences, rotational velocities, canard deflections, or flight altitude.

For this purpose, functions are sought to approximate the aerodynamic coefficients in relation
to the system's state variables, functions that, for simplicity, can be chosen by the polynomial form
[30,31]. The state variables considered will be small (incidences, angular deflections, rotational
velocity), and to highlight the advantages of configuration symmetry, thus, polynomial development
will be done around zero. Obviously, the coefficients of polynomial development terms remain
dependent on the Mach number and possibly the Reynolds number or height.

In the following, considering the specifics of the configuration and the wide range of flight
regimes, starting from the aerodynamic coefficients indicated in [30] we introduce additional terms
in the development. These terms shall contain rotational and non-stationary motion and
combinations with incidences and angular canard deflection.

Using the reference time: t* = [/V, rotational velocities and non-stationary translational
variables can be considered dimensionless, the notations being according to the standard [22]:

p=ptq4=qt;f=rt;a=at;f=pt". (161)
In addition to these, this paper also uses the dimensionless height defined by the relation:
2o = zo/L. (162)

Thus, the development of aerodynamic coefficients in the body frame for the slow-rolling single-
channel airframe from Figure 11 is given by:
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Cy=a; + 021‘1’2 + azzﬁ2 + a6672n + a;3(Zp — Zoc)
Cy = byaf + by B — by, — bgy + byspa + by4pg
C; = b11@ + by @® + by1§ + b8, + b (@® + ?)8 1 +bo1 @ + by3Pf + byap? (163)

Cl =C + C3pA
Cpn = dya + dyya® + dy§ + dsSpy + de(a? + )8 +do @ + di3PP + dyypT
Cn = dizB + dpaf° + dypf — dop P — dyzpar — d1aPg
The main terms of development of aerodynamic coefficients are presented graphically against
the Mach number in Appendix A.
9.2. Mechanical and Reference Characteristics

The mechanical characteristics of the model are indicated in Table 1

Table 1. Mechanical characteristics.

Mass Center of Mass Roll Inertial Yaw/Pitch

Phase mike] X [m] Moment A Inertial Moment Time [s]
& o [kgm?] B [kgm’]
Initial 9.85 0.707 0.00748 1.39 0
Intermediate 6.72 0.615 0.00589 111 2
Final 5.48 0.579 0.00526 1.00 7

After finishing the booster.

For the considered configuration, the reference length is [ = 1.336 m, the reference surface is
S = 0.003848 m?, and the maximum angular canard deflection is 8,4, = 20°.

9.3. Thrust Characteristic

The thrust characteristic of the model is shown in Figure 12.

o
1

T [kN]

LA N LA L

=

t[s]

Figure 12. Thrust diagram.
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Given the thrust diagram and the table of mechanical characteristics, the missile will have two
flight phases: a first phase of acceleration (boosting) and a second phase of marching flight, with
approximately constant velocity, as shown in the velocity diagram Figure 31.

9.4. Time Constants and Controller Gains

As basic data for the linear model, the following parameters were considered:

e Constant navigation k = 3 indicated as the optimal value for the PN method [32]
e  The time constant for the target tracker 7. = 0.05 [s]
e  Time to reach the target starting from the second phase of flight t;, = 5 [s]

rad rot

¢ Rolling rotational velocity close to that indicated in Figure 32 p = w, = 140 [ =22 [
e  Calculation altitude H = 1.5 [km]

. Phase shift € = 20°

N N

10. Stability Analysis of the Single Channel Homing Slow-Rolling Missile
10.1. Organization of Results

Appendix B presents the incidence and equilibrium deflection angle of the canard and the main
flight quality parameters for the initial and final moment of the second phase of flight (marching
mode) according to the mechanical data from Table 1. Given the velocity diagram (Figure 31), the
field of analysis was chosen Mach = [1.1,...,1.5], and the height H = 1.5 km, corresponding to the
field of altitude to this phase of flight.

Based on the relations (145) and quality parameters from Appendix B, the characteristic
polynomial coefficients were determined, which are also indicated at the beginning and end of the
second phase with respect to the Mach number and altitude. The characteristic polynomial
coefficients, both real and imaginary, are shown graphically in Appendix C. Based on the relations
(147) and the characteristic polynomial coefficients, the Frank-Wall coefficients (a,, a,, as, a,) were
determined and graphically shown in Appendix C. For the basic input data considered, stability
criterion F-W is met: a; > 0; a, > 0; a3 > 0; a, > 0, as we can see from Figures A26-A29.

10.2. The Root Locus

Next, we will analyze the root locus of the characteristic polynomial.

To begin, we shall consider the basic test case set out in section 9.4 for the second phase of flight
at two points, at the beginning (Figure 13) and the end of the phase (Figure 14). The analysis is done
on the range of Mach numbers corresponding to phase 2 (Mach = [1.1,...,1.5] ) and height H =
1.5 km. A first observation of a general nature is that the roots do not have a symmetrical distribution
with respect to the real axis, as in the case of stabilized roll rockets, where the characteristic
polynomial has real coefficients. There are four roots of the polynomial, thus:

Roots 1 and 2 are close to those of the characteristic polynomial of the commanded object (66),
which has a negative real part and a large complex part in modulus, almost conjugate.

- Big root 3 in the module, with a negative real part and a small complex part, due to target
tracker response time.

- Root 4, small in module, with negative real part, with small complex part due to guidance loop.
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Figure 13. The roots of the characteristic polynomial in phase 2-initial (k = 3; 7, = 0.05 [s]; ¢ =
20°%tg, =5 [s]).
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Figure 14. The roots of the characteristic polynomial in phase 2 -final (k =3; 7. = 0.05[s]);e =
20%tgo = 5 [s]).

In Figures 15 and 16, the position of the four roots is shown when an increased navigation
constant (k = 30) is used. There is a shift to the left of root 4, while roots 1 and 2 move to the right
and may have real positive values initially but negative values in the end. It will be shown that the
chosen value for the navigation constant, in this case, is greater than the permissible limit resulting
from the third condition F-W for the initial moment.
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Figure 15. The roots of the characteristic polynomial in phase 2 -initial (k = 30; 7, = 0.05 [s];& =
20% tg = 5 [s]).
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Figure 16. The roots of the characteristic polynomial in phase 2 -final ( k = 30; 7, = 0.05 [s];& =
20% tgo = 5 [s].

Figures 17 and 18 analyses the influence of increasing the time constant of the target tracker.
Thus, if the time constant value is doubled (t. = 0.1 [s]), displacement to the right of the third root is
obtained without significantly affecting the other roots.
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Figure 17. The roots of the characteristic polynomial in phase 2 -initial (k = 3; 7, = 0.1[s];¢ =
20°%tg, = 5 [s].

Figure 18. The roots of the characteristic polynomial in phase 2 -final (k =3; 7, =0.1[s];¢ =
20°%tg, = 5 [s].

In Figures 19 and 20, the influence of phase shift (¢) on the root location of the characteristic
polynomial is analyzed. Thus, if the phase shift is cancelled (& = 0°), a symmetrization of roots 3 and
4 is obtained, that are on the real axis (the imaginary part is null) while roots 1 and 2 remain
asymmetrical with respect to the real axis due to precession, as follows from the relation (66).
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Figure 20. The roots of the characteristic polynomial in phase 2 -final (k =3; 7, = 0.05[s]; ¢ =
0°; tgo = 5 [S])

In Figures 21 and 22 the influence of the parameter t;, on the location of the roots of the
characteristic polynomial is analyzed. Thus, if this parameter is subtracted from tg, =5 to tg, =1
at both calculation points (initial and final), a small displacement to the left of the fourth root and to
the right of the other roots is obtained. Note that initially, root one may have the real part positive
(Figure 21), which leads to instability, but finally it cancels out, with root 1 having the negative real
side (Figure 22).
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Figure 21. The roots of the characteristic polynomial in phase 2 -initial (k = 3; 7, = 0.05 [s];& =
20%t,, = 1[s]).
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Figure 22. The roots of the characteristic polynomial in phase 2 -final (k =3; 7, = 0.05[s]; ¢ =
20% tgo = 1[s]).

10.3. Constraints due to Stability Conditions

Next, we will analyze the constraints on the target's time to hit (t4,) and the navigation constant
(k) due to the stability conditions F-W.

Time to hit the target

The first stability condition of F-W is identical to the first R-H condition for the non-rolling rocket
and refers to the lower limit tg,. It is found that the limit at the final moment is lower than that at the
initial moment and increases with velocity.
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Figure 23. The lower limit tg, from the first condition F-W, 1. = 0.05 [s].

Since the lower limit depends on 7., we must evaluate its influence. So, if we double the value
7, = 0.1 [s], we get the results from Figure 24 for the lower limit tg,. It is observed that doubling the
time constant 7. leads to approximately doubling the lower limit of ty,.

tgo1

Figure 24. The lower limit ty, from the first condition F-W, t. = 0.1 [s].
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As for the second condition F-W, similar to the R-H case analyzed for the non-rotating rocket,
an upper limit for ty, is obtained, which fortunately disappears at the end of the phase, as can be
seen from Figure 25.

06
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L tgo2_f

S # tgo2_i
203 P
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0.1f

1 1 L 1 I 1 1 L 1 I 1 1 1 L I L 1 1 L I
1.1 12 1.3 14 15
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Figure 25. The upper limit ¢y, from the second condition F-W, 1. = 0.05 [s].

If we double the time constant T, = 0.1 [s], the upper limit of ¢,, disappears completely, as can

be seen from Figure 26.
04
B —— tgod_f
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Figure 26. The upper limit ty, from the second condition F-W, t. = 0.1 [s].
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Synthesizing, increasing the time constant of the target tacker 7, leads to an increase in the
lower limit tg,,

target. However, it can also have a beneficial role by eliminating the upper limit of ¢y,

which is bad because it increases the distance to which the missile can approach the

Navigation Constant

The third stability condition of F-W gives the upper limit of the navigation constant indicated in
Figure 27. It is higher at the flight phase's end and slightly decreases with velocity. For comparison,
they are presented in the same diagram cases without rolling, marked with ak2h_i, ak2h_f, and
rolling cases marked with ak2_i, ak2_f. It can be noted that at the beginning of the flight phase, the
values with rolling are very close to those without rolling, while at the end of the phase, the values
without rolling are higher than those with rolling.

M5, o e =TT T T T T T S, e L,
= B
40
L35
) —_— ak2_i
S =30 ak2 _f
o — — — — ak2h_i
i - = = = ak2h_f
o5

Figure 27. The upper limit of the navigation constant k (¢ = 20°).

For the fourth stability condition of F-W, in the case of a rolling rocket, the minimum value of
the navigation constant is also obtained (Figure 28). It can be seen from the diagram that in the case
of rolling, the minimum value is slightly higher than in the case without rolling, in which case the
minimum value is k = 2. It is also noted that, for the field of interest, the final value becomes higher
than the initial one with increasing velocity. However, on the whole, it does not depend significantly
on the velocity (Mach number).
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ak1

Figure 28. Lower limit of the navigation constant k.

Summarizing the last two cases, it is found that in the rolling case, the range of the navigation
constant decreases both in terms of the lower limit, which is slightly higher (Figure 28) and in terms
of the upper limit, which is significantly lower (Figure 27).

Note that this difference in the upper limit is mainly due to phase shifting ¢; in its absence, the
limits with rolling are almost identical to those without rolling, as can be seen in Figure 29.

ko [
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Figure 29. The upper limit of the navigation constant k without phase shift (¢ = 0°).
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10.4. Stability Analysis Based on the Nonlinear Model

The objective of the nonlinear model analysis is to verify the limits of the navigation constant
(k) set out in the previous point, such as the lower limit of the parameter t;,. We will consider
parameters similar to linear analysis: € = 20°; 7, = 0.05 [s] and a tactical situation with a fixed target
placed at a distance of 2.5 km and height of 2.5 km. The choice of a fixed target was made in order to
simplify the construction of the navigation gain, in which case uy/u. =1, and the navigation
constant coincides with the modified navigation constant:

k=K = kOkikS (164)

From the relation (164), only the first factor k{ can be imposed because it is related to the
constructive solution of the target tracker, possibly by an additional amplification constant. At the
same time, the second factor is constant k¥ = 28,4/ (TUma,) and the third-factor kS depends on
the dynamics of the missile, being difficult to control. In this case, we will choose k;; so that, when
multiplied by the other two gains, a value close to the desired k is obtained. Given the objectives of
this section of the paper, we will seek to obtain three navigation gains, the first less than 2.0,
representing the defined lower limit of condition 4 F-W; the second close to 3.0, a value used in linear
analysis, and the third larger than the upper limit resulting from condition 3 F-W. As previously
stated, these values will be determined as a function of time simultaneously with the integration of
nonlinear equations of motion that will be done in the body frame. Obviously, due to the variation of
the third-factor k$, the navigation gain will vary over time, as can be seen in Figure 30. The analysis
is performed considering three identical missiles but with different navigation gains, the first below
the lower limit, the second within the limits defined in the linear analysis, and the third above the
upper limit.
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Figure 30. Navigation gain.

For the three rocket models defined above, Figure 31 shows the velocity diagram that was
previously used to define the analysis range on the linear model Mach = [1.1,...,1.5], which
corresponds to the second phase of flight. There are no major differences between the three cases
analyzed.
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Figure 31. Velocity diagram.

Figure 32 shows the angular roll velocity diagram based on which the rotational velocity of p =
22 [r?ot], corresponding to the second phase of flight used in linear analysis, was chosen. It is observed

that the roll velocity follows the velocity profile and does not differ substantially between the three
cases.

25
20 = Missile 1
i Missile 2
m St
2 Missile 3
3
a
15
10
1
0 4 8
t[s]

Figure 32. Roll velocity diagram.

Figures 33 and 34 show the vertical and horizontal projection of the trajectories for the three
analyzed cases. From the horizontal projection (Figure 34), it can be seen that all trajectories have a
slight deviation to the left of the shooting plane, a phenomenon specific to aerodynamically stabilized
slow-rolling rockets. Note that for case 1, with the navigation gain below the limit, the trajectory is
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more curved than the trajectory in case 2, which is considered a reference case. In contrast, for case 3,
with the navigation gain above the maximum limit, the trajectory is less curved than for case 2. From
the horizontal projection it can be seen that for case 1 the trajectory of the missile does not reach the
target.
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Figure 33. Target interception — vertical view.
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Figure 34. Target interception — horizontal view.

Figures 35 and 36 show the command fill factor and the command phase. Figure 35 shows that
for case 1 with a low navigation gain, the fill factor saturates before reaching the target, which leads
to the missile's inability to continue the guidance process to the target. On the other hand, in case 3,
with a large navigation gain, oscillations of the fill factor in the final phase occur, which, in the end,
will also lead to the loss of the target. In contrast, in case 2, reference case, the fill factor increases
progressively, reaching a unit value at the moment of reaching the target.
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Figure 35. Command fill factor.
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Figure 36. Command phase.

As for the command phase (Figure 36), it varies around 20 degrees due to the fact that the main
maneuver is in the vertical plane to which a phase shift (¢ = 20°) has been added. It is observed for
cases 1 and 3 very large phase oscillations in the vicinity of the target, which will ultimately lead to
interruption of the guidance process for the two extreme cases. In contrast, in case 2, the command
phase progressively decreases until the target is hit.

Figure 37 shows the variation of the parameter t;, along the trajectory. It ranges from high
values (100 s) in the initial phase of the trajectory when the rocket velocity is low; at the entrance to
the second phase of flight (after second 2), its values decrease to 5 s, being very low at the end of the
second phase, as indicated by stability criterion 1 F-W. Note that the diagram ¢, is unaffected by the
navigation gain values in the three cases analyzed.
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Figure 37. Time to hit the target.

Figure 38 (detail) shows that while for nominal case 2, the evolution of the parameter tg4, is
linearly decreasing towards 0 at the end, in extreme cases 1 and 3, the evolution shows jumps due to
oscillations of the command parameters presented above.
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Figure 38. Time to hit the target — detail.

11. Conclusions

Several items were covered in the analysis of the stability of the homing missile with single-
channel slow-rolling. Thus, in paragraph 2, the equations of general motion were constructed in the
body frame, and in section 3, the equations of general motion were obtained in the Resal frame.
Paragraph 4 defined the basic motion and maximum maneuver that a single-channel slow-rolling
rocket with aerodynamic command can achieve. Next, in paragraph 5, the coupled linear form of the
commanded motion of the rolling missile was obtained. Based on the symmetry of the configuration,
symmetrical terms were highlighted on the two channels (pitch and yaw), as well as coupling terms
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as complex quantities. Based on these coupled equations, in paragraph 6 the quality parameters of
the motion were highlighted, obtaining the structural scheme for the commanded motion in the case
of the rolling missile. Due to the coupling of the two channels, the scheme contains complex
parameters specific to this type of missile. Next, in section 7, the guided flight model was built. For
this, the kinematic equations of guidance and the equations of the target tracker, in nonlinear and
linear form, are defined. Next, the actuator was analyzed, particularly the way the command is
formed for the single-channel rolling missile, highlighting the phase and amplitude of the command,
thus linking the guidance signal coming from the seeker to the commanded object by the complex
form of the actuator. Given the specific mode of forming the command with time-modulated
maximum deflection, the command switching function has been defined based on the relative roll
angle obtained from summing the control phase and the current roll angle value. Given the possible
errors in determining the roll angle and the imprecision in defining the advance angle in
compensating the actuator response time to the relative roll angle, an additional phase shift was
considered, and the analysis was carried out taking this angle into account. Based on this
development, in section 7 the guidance equations that complete the nonlinear 6 DOF model resulted
in the body frame, obtaining the model of nonlinear guided flight. On the other hand, the structural
diagram of the commanded object obtained in section 5 and the transfer functions for the kinematic
guidance block of both seeker and actuator were connected through the guidance loop, obtaining a
closed-loop structural diagram of the homing missile. Within this scheme, two parameters are
highlighted, namely the time to hit the target (t,,) and the navigation constant (k), parameters that
will be the main object of analysis in the following sections. In paragraph 8 we start from the
established structural diagram and build the characteristic polynomial of the transfer function
associated with the closed-loop scheme. Since the scheme contains complex elements (with real and
imaginary parts), the characteristic polynomial obtained will also contain complex coefficients. For
this reason, the Frank-Wall (F-W) criterion, equivalent to the Routh-Hurwitz (R-H) criterion, was
applied to verify the stability of the system polynomials with complex coefficients. Since the obtained
characteristic polynomial is of 4" order, the stability criterion defines four parameters whose value
must be positive to guarantee stability. Because these parameters have complicated expressions and
are difficult to handle analytically, rolling was neglected, obtaining the R-H parameters with much
simpler expressions that were analyzed analytically. The analysis of the four R-H parameters resulted
in four system limitations. Thus, from the first condition R-H resulted a lower limitation ty,, from
the second condition an eventual upper limitation ¢,,, depending on the values of some parameters.
The third condition resulted in an upper limitation for the navigation constant (k), and the fourth
condition imposed a lower limitation of the navigation constant. If analytical expressions were
obtained for the R-H parameters that could be analyzed, the more complicated F-W parameters were
solved using numerical solutions. For this, section 9 defined a calculation model similar to a rocket
of the analyzed category for which aerodynamic, mechanical, thrust, time constants and
amplification constants were provided, including a value for the time to reach the target (t,,) and
for the navigation constant (k). With this model data, in section 10, the four F-W parameters that
checked the stability conditions were evaluated. At the same time, the influence of the main
parameters (k; T.; €; t,,) on the location of the roots of the characteristic polynomial was evaluated.
Next, the analysis was resumed, but this time was performed numerically for the F-W stability
parameters, identifying the two limits of the duration of hitting the target (t,,) and the two limits for
the navigation constant (k). The comparison of the results obtained with the two criteria (R-H and
F-W) shows that the stability range obtained for the navigation constant is reduced for the case of the
rolling rocket by comparison to the case of the no-rolling rocket, especially at the upper limit. In order
to verify the results obtained on the linear model with the stability criterion F-W, a tactical situation
was built on the fixed target with the nonlinear model in which the flight parameters and the
guidance parameters were evaluated for three cases: the first case where the navigation constant was
less than the minimum defined limit condition 4 of F-W, the second case where the navigation
constant is similar to the value used in linear model analysis within the stability range, and the third
case where the navigation constant is greater than the maximum permissible value in condition 3 F-
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W. The results of the nonlinear model confirmed the limitations obtained with the F-W criterion. In
the first and last cases, with the navigation constants out of range, the missile could not hit the target,
having large oscillations of the guidance parameters (phase and fill factor) near the target. Instead, in
the second case, with the navigation constant in the prescribed range, the missile hit the target, the
guidance parameters having an asymptotic behavior up to the vicinity of the target. In parallel with
the guidance parameters, the behavior of tg, for the three cases was analyzed, finding that in case 1
and 3, it shows jumps in the vicinity of the target. In contrast, for case 2, it is asymptotically close to
0.

Synthesizing, the paper starts from a 6 DOF model in the body frame from which a 6 DOF model
in the Resal frame is obtained, which is used to linearize the coupled commanded motion for the case
of the slow-rolling missile. The commanded object's structural scheme is obtained, quality parameters
are defined, and the quantities obtained have a complex form (with real and imaginary parts) due to
the coupling between longitudinal channels. Then, the kinematic guidance equation, the seeker
equations and the actuator specific to the slow-rolling single-channel missile are defined by using a
switching function. The guidance kinematic equations, the seeker equations, and the actuator relation
are linearized in the Resal frame, and the structural diagram of the homing missile is constructed.
Starting from this, the characteristic polynomial is determined, which, having complex coefficients,
is analyzed with the F-W stability criterion. Based on the analysis, a stability range is determined for
the navigation constant (k), and also minimum limit and possibly maximum limit for the time to hit
the target (ty,) are obtained. The stability range defined for the navigation constant on the linear
model is finally verified on the nonlinear body frame model.

Starting from the results obtained, in the future paper we intend to analyze the stability of the
slow-rotating single-channel remote guided missiles, used to combat armored vehicles

The paper contains four Appendixes, as follows: Appendix A presents in graphical form the
main terms of development of aerodynamics coefficients; Appendix B presents in graphical form the
linear model flight quality parameters used for the characteristic polynomial of the transfer function;
Appendix C presents in graphical form the real and imaginary part of the characteristic polynomial
coefficients as well as the four stability parameters F-W; Appendix D detailing the calculation of
stability parameters F-W.

Notations
References Frames

00XoY¢Zy- The local frame (start frame) with the fixed origin located at sea level, where the axis
X, is in a conveniently chosen direction, and the axis Z is oriented vertically upwards. The local
frame is considered an inertial frame.

Ox,4y 4z ,—The mobile ground frame, with a movable origin, is located at the missile's center of
mass. Its axes are parallel to those of the local frame, but the z, axis is oriented vertically downwards.
The mobile ground frame is considered an inertial frame.

Oxyz—The body frame with the mobile origin is situated at the missile's center of mass. The axis
x coincides with the configuration's axis of symmetry, pointing towards the missile's top. The axes
yand z are in the configuration's symmetry planes. The body frame is considered a non-inertial
frame.

Ox*y*z" - The Resal frame is a quasi-linked body frame that does not participate in its roll
motion;

The Equation of Movement Parameters

u,v,w — The components of velocity V in the body frame.

p,q, v — The components of rotation velocity © in the body frame.

Y -yaw angle; 8 — pitch angle; ¢ —roll angle.

a - Angle of incidence (attack angle) in the pitch plane; f - the angle of incidence (attack angle)
in the yaw plane;
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m - Mass;

K - Angular momentum;
F - Aerodynamic force;
H - Aerodynamic torque,

T - Thrust;
U - Gasodynamic torque;
G - Weight;

g - Gravitational acceleration.

u*,v*,w*- The components of velocity V in Resal frame;

p", q",r"- The components of rotational velocity 2* in Resal frame;

¢ = w,- The velocity of rotation of the body frame connected to the rocket in relation to the Resal

frame.

The Guidance Parameters

MT - Line of sight (LOS);

R - Range;

gy, 0,- Absolute angles of the line of sight;

Ym, Xu — Missile climb angle and flight path azimuth angle;
¥r, xr- Target climb angle and flight path azimuth angle;
Vy — Missile velocity;

Vr —Target velocity;

a,; - Missile acceleration;

ar - Target acceleration;

wy, w,- Angular rate of LOS;

wy - Missile angular rate of the velocity vector;

wr - Target angular rate of the velocity vector.

K - Proportional navigation constant (gain);

k - Modified proportional navigation constant (gain);
tgo- Time to go.

Appendix A. Aerodynamics

The aerodynamic coefficients are obtained in the body frame.

The reference surface for all coefficients is the cross-section of the fuselage;

The reference length used for torque coefficients is the length of the fuselage;

The momentum coefficients were related to the final position of the rocket's center of mass
without fuel.

The main terms in the development of the presented aerodynamic coefficients have been
obtained according the work [33] and corrected by dedicated experimental results in the wind tunnel.
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Figure A1l. Term of axial force coefficient at zero incidence.
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Figure A2. Terms of development of the coefficient of axial force with squares of incidences.
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Figure A3. The term of development of the coefficient of axial force with the square of the canard
angular deflection.

Figure A4. Terms of development of coefficients of normal forces with incidences.
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Figure A6. Terms of development of normal force coefficients with angular canard deflection.
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Figure A7. Terms of development of the torque coefficients in pitch and yaw with incidences.
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Figure A8. Terms of development of pitch and yaw torque coefficients with incidence cube.
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Figure A9. Terms of development of the torque coefficient in pitch with angular canard deflection.
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Figure A10. Terms of development of the roll torque coefficient.

Nonstationary and rotational terms, including Magnus terms, were determined using apparent
mass theory from the work [30].
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Figure A11. Equilibrium incidence.
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Figure A12. Equilibrium angular canard deflection.
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Figure A13. Static stability.
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Figure A14. Natural pulsation of nutation.
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Figure B39. Command factor.
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Figure A17. Maximum load factor.
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Appendix C

Coefficients of the Characteristic Polynomial. i - Initial; f - Final
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Figure A18. Coefficient of the cubic term - the real part.
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Figure A19. Coefficient of the quadratic term — the real part.
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Figure A20. Coefficient of the term of the first order — the real part.
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Figure A21. Free term coefficient — the real part.
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Figure A23. The coefficient of the term square - the imaginary part.
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Figure A25. Free term coefficient - the imaginary part.
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Stability Parameters F-W. i-Initial; f- Final
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Figure A26. First parameter F-W
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Figure A27. Second parameter F-W.
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Figure A28. Third parameter F-W.
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Figure A29. Fourth parameter F-W.
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Appendix D. Frank-Wall Stability Criterion for the 4th Order Polynomial
Let the polynomial of order 4 with complex coefficients be:
P(s) = s*+ (p1 +iqy)s® + (po + iqz)s? + (ps + iq3)s + (pa + iqy). D1

In order to verify that the real part of the roots is negative, according to [20], an associated
polynomial of the form is constructed:

Q(s) = p15® +iq28° +pss +iqu, (D2)
After which, the ratio of the polynomials is put in the form:
Q) _ 1
P(S) as + bl +1+ 1 1 (D 3)
a,s + b, + 1
azs + bz + a5 15,

The stability condition F-W is formulated by two theorems in the paper [20].

The first theorem shows that for the polynomial of order n(D 1), with complex coefficients, to
have all its roots on the negative real side, it is necessary and sufficient thata; > 0;...; a, > 0 and
that by, ... b, be pure complex numbers or null.

The second theorem shows that the polynomial of order n, with complex coefficients, has as
many roots on the positive real side as values ay; ...; a,, are negative.

In the same work, an algorithm for obtaining parameters a, ...; a,, by, ... b, isindicated, which
will be briefly presented below.

Thus, the coefficients of the two polynomials are denoted by:

P(S) = 0[0054 + 0[0153 + a’0252+0l035+0l04; Q(S) = a’nS?’ + a’1252 + a’13$+0l14 (D 4)
After which, for the 4th order polynomial is obtained successively:

P11 = o1 — aoo 312 = Qo2 — aoo 313 = Qo3 — aoo 514 = Qo4/

Azz = Pz — P11 a_lz/' az3 = P13 — P11 a—13 ; Qpa = Pra — P11 f’

Bz = @12 — a11 323 = Qi3 — a11 524 = Q14/
a3 o
a33 = oz — P2z a_; U34 = Pos — ﬁzz — (D5)
B33 = az3 — azz ; Baa = Ay

a34
gy = P3a — .833

Bas=034

Based on these intermediate parameters, the parameters of interest can be determined:

%oo a11 az2 a33
A =—: A, =—: A, = —: Ay = —
a2 a3 azs’ * T aug (D 6)
respectively:
B11 1322 533
b =—=—-1; b, = b ; by =— D7
1 Q11 r 2 az L 3 4= L2} ( )

Based on the algorithm described above, for the 4th order polynomial, the following expressions
were obtained:

Qoo =1; gy =p1 +iqy; Aoy =2 Tiqy; Qo3 = P3 +iq3; Aos = Patiqs; A1 =P1; QA =
iqz; Q13 = P35 Aqa = iqs; (D 8)

pi+i(p191-92) _ P1b2—p3tiqapy | _ p1p3+i(p1G3—qa),
Bll - ; Bl - 7 B

= + i
1 2 - 13 = - 5 Bia = Da q4;


https://doi.org/10.20944/preprints202405.1816.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2024 doi:10.20944/preprints202405.1816.v1

60
_ p%Pz—p1P3+p1Q1qZ—Q%, _ -(P%q3—p1q4—p1q1p3+173¢h), _ (P4P%+p1Q1Q4—42¢14) .
Uz = pZ ; O3 =1 P) ; 04 = 2 ;
1 Pi b1
, a;
B2z = i(PiP2q2 — P1P3q2 + 19195 — 45 — Pigqs + Piqa + DiquDs — plpsqz)p—g;
1
2 2 2 3 2 az
B2z = (PiD2p3 — P1P5 + P19192P3 — Q2P3—DPali + Piq1qs — p1‘12‘14)p—3}
1
Bas = iqa;
2 2 _ _ _ 2
Qgs = %D; sy = iE; ﬁ33 — i(P1q3 P1d4 P1Q12P3+p3q2) azpiE
i b1
_ (0apf + 119194 — 2q4)
34 — 2 )
P1
Uy = p4P%+l’1Z;q4—qZQ4 + (P%q3—P1Q4—P1Q31P3+p3qz)a3a2E _ aﬁaz Ez; 344= iE;
1 141 p1
where it was denoted by:
D = (pip; — p1Ps + 10192 — 45)(P1P2P3 — P35 + P1q3q2 + P1419a—DPaPi — 2q492)
— (P45 — P1q1Ps + P3q2 — P194)*
(D9)
a3 2 2 3 2 3 2 2
E=gq,— F(plpzqz +P19193 — 45 + Pi91P3s — P19 — 2P1P3q2 + P1q4) (PPt + P1q194 — q294)
1
Hence the following:
1 P} St
a,=—; a,= ;a3 ==D7";
T, 2 p2pr—p1p3+p1a142-03 374
4,= v} [p4p%+p1q1q4—qZQ4 " (p%qs—mqrmq;ps+p3qz)a3az E— a%azEz]_l
asaz P1 p1
. (p191—92) . (pP2d2-P1P392+P19195 43 P} 43 +P394+P3 01P3—P1P392) a2
by =i———=, b, = ;
1= 2=t (p?p2-P1P3+P10102—-03)P1 (D 10)
b = ; (P143-P104-P101P3 +p305) —aspiE]p],
3 a3D /
b Ep}
s =1
(p4p12 + 014194 — 9294)P1 + (p12‘I3 — DP1Gs — DP1G1DP3 + P3q2)a30,E — a%azprz
From the previous relation, it is observed that b;; ...; b, are pure complex numbers in all cases,

which, according to the values py, p,, 03, P4, and qi, g2, g3, q4, may be null. The only conditions to be
verified or imposed are that a; > 0,a2 > 0,a3 > 0,and a, > 0.

Check for non-rolling case

For the case without rotation, the four parameters become.

_1. __n} L (p1p2-p3)* | _ D1 _ DP1Pap3—P3-pap}
M 2T s BT pioiwars—pi-pad) M paasa Pa(1p2-p3) (D11)
Which leads to the following stability conditions:
P1 > 0; pip2 — Ps > 0; pipaps — PE—papi > 0; py > 0. (D12)

On the other hand, the Routh — Hurwitz conditions for the 4th order polynomial with real
coefficients are obtained from the matrix of coefficients constructed as follows:

pp p3 0 O
1 p, pa O
D13
0 po p3 O ( )
0 1 p, pa

The condition is that all determinants in the table are positive.
In this case, it follows:
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P1 > 0; p1p; — p3 > 0; pipaps — P5—papi > 0; py > 0. (D 14)

conditions identical to conditions F-W (D 12)for the case of real coefficients.
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