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ABSTRACT

In this paper, based on the topological description method, the kinematic and dynamic equations of the
projectile flight and projectile-artillery coupling system during the whole process of firing are con-
structed. The factors that can affect the projectile burst points, namely the state parameters of the
projectile on the muzzle and state parameters of the barrel muzzle, as well as the factors that affect the
barrel muzzle state parameters, are analyzed. On this basis, the design principle of artillery firing ac-
curacy is proposed. The error analysis and the corresponding inverse problem, the extraction method of
key parameters affecting artillery implicated motion, the conformal and control method of rotating band
are analyzed and presented. Finally, the presented method is verified through a vehicle mounted
howitzer case, and the muzzle state parameter interval is obtained meeting the given firing accuracy. In
addition, the sensitivity analysis of artillery parameters shows that the less the correlation between the
parameters and the barrel, the less the influence on the projectile implicated motion. The analysis of the
coupling effect between rifling and the rotating band shows that the uniform rifling is the optimal form
for the conformal of the rotating band during firing.

© 2022 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Artillery firing accuracy refers to the statistical value of the de-
viation between a group of burst projectile points and the target
point. It is not only one of the core indicators of artillery but also a
difficulty issue in artillery industry research [1—3]. It is becoming
and more important to improve the firing accuracy of artilleries on
the modern battlefield, especially for the demands of covering
targets by first group shooting, hitting the target on the first shoot,
and destroying targets on hitting. Meanwhile, as the primary
combat equipment, the artilleries’ high-efficient strike capability
with low cost is not only the requirement of the industry promotion
but also an important direction for competing development [4].
Artillery firing accuracy design is to analyze the key factors that can
affect the firing accuracy, and to improve the firing stability and
reduce the disturbance of the projectile by modifying these factors
during the overall design stage. However, since the firing accuracy
is caused by the superposition of random factors of all parts in the
artillery weapon system during the whole firing process, there are
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numerous and complex factors affecting the firing accuracy, the
error distribution and transmission law of key factors are difficult to
control, and the lack of methods to obtain the key parameters
during the firing process makes the firing accuracy a major tech-
nical problem that has been perplexing the model development of
artillery industry [4,14].

Artillery firing accuracy is closely related to the development of
artillery dynamics. From the first international ballistic conference
held in the United States in 1974 to the 31st international ballistic
conference held in India in 2019, the motion of projectiles in bore
and artillery dynamics are two important themes in every confer-
ence [5,6]. For a long time, many researchers have done long-term
researches on the load environment, projectile-barrel coupling,
projectile motion property, and so on, and have achieved fruitful
results. Newill [7] et al. developed the artillery system dynamics
analysis software and verified the model through tests. Ray [8]
studied the influence of equipment manufacturing accuracy on
firing accuracy and projectile dispersion in detail. Chen [9] studied
the influence law of barrel bending on nutation motion of pro-
jectiles in bore, and gave specific calculation formulation. Tabiei
[10] et al. studied the coupling motion of the projectile and flexible
barrel in the bore by using Lagrange and ALE methods. Han [11]
systematically analyzed the factors affecting the burst point dis-
tribution of projectile by establishing external ballistic equations

2214-9147/© 2022 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lfqian@njust.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dt.2022.09.001&domain=pdf
www.sciencedirect.com/science/journal/22149147
http://www.keaipublishing.com/en/journals/defence-technology
https://doi.org/10.1016/j.dt.2022.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.dt.2022.09.001
https://doi.org/10.1016/j.dt.2022.09.001

L. Qian, G. Chen, M. Tong et al.

Defence Technology 18 (2022) 2125—2140

Nomenclature

X =X;i € the position vector of the projectile geometric center

0qQuQ the modulus of the projectile geometric center
velocity

V7% the velocity deflection angle

Pas Pp the swing angle of projectile axis

Dar Pp the angular velocity of projectile axis

Y, Y the rolling angle and angular velocity of the projectile

axis
wq = w?iaei the angular velocity of the projectile.
Fp, F, Fy, drag, lift and Magnus force
Mz, Mz, My;, My, M; the static moment, equatorial damping
moment, polar damping moment,
Magnus moment, unsteady damping
moment

tc the moment of the rear end-face of the rotating band
exits the muzzle
O¢ the implicated motion of the barrel

Yo the initial firing condition of the artillery

Y the structural parameter of the artillery

P the generalized load

Iy, the artillery firing accuracy requirement

Bx, the mean value of projectile muzzle state parameters

Zxc the covariance matrix of firing dispersion

Zx. the covariance matrix of projectile muzzle state
parameters

By, Ty, the mean and covariance of key parameters that have
an important impact on firing accuracy

np(xD) the rifling twist

T4 the radius of the land of the rifling

ow, 0&, 6 the angular displacement, angular velocity and
angular acceleration of a point on the rotating band
which relative to the starting point

A, Ad, Aa the angular displacement, angular velocity and
angular acceleration of point x? on the rotating band
relative to point x?q

with different complexity and gave the physical explanation of the
influence of muzzle state parameters on firing accuracy. Guo [12]
established a model of long-range artillery which can analyze the
relationship between the firing accuracy and the state parameters
of the projectile muzzle, and deeply studied the influencing factors
and the test technology. Rui [13] analyzed the firing dispersion
based on the maximum entropy method and obtained that the
distribution of projectile burst point is a quasi-normal distribution
with skewness, which has very important practical value for the
application of artillery firing accuracy. Wang [14] discussed the
factors affecting the firing dispersion of artillery and summarized
the technical means taken to develop artillery weapon models and
improve the firing dispersion. Feng [15] analyzed the sensitivity of
parameters affecting the firing dispersion based on the Latin hy-
percube sample method and range analysis method, and explored
the influence property of structural parameters on firing density.
Wang et al. [16] proposed a random parameter interval analysis
method and gave the final optimal parameter scheme for given
dispersion requirements. Based on continuum mechanics and
modern probability theory, Qian et al. [17] research the motion
characteristics of projectile during the internal and external bal-
listics, and the corresponding uncertain of the state of projectile are
also discussed. The PRODAS ballistic software was used by Dursun
to model the projectile-gun system and identify the effects of the
projectile muzzle velocity, forward and rear bourrelet diameter,
manufacturing tolerance, gun support stiffness and recoil stiffness
on the projectile dispersion [18]. Leonhardt et al. [ 19] measured five
different experimentally bore center lines and analyzes the effect
centerline nonlinearity on projectile exit conditions by using Aba-
qus/Explicit. Wang et al. [20] proposed a nonintrusive interval
uncertainty propagation approach for the response bounds evalu-
ation of artillery multibody dynamics model created in ADAMS/
Solver, and the interval response of the artillery is obtained. Le et al.
[21] investigated the individual and combined effects of distur-
bance factors including trust misalignment, the offset of the center
of gravity and misalignment of the principal axes of inertia on
falling point distribution of a type of unguided rocket. Alosaimi [22]
presented the model-based system engineering methodology to
predict modular artillery charge system performance, and identi-
fied the sources of error that can determine the performance of
MACS in both launch phase and in-flight phase of the projectile. The
research derived the errors in the launch phase and investigated
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their implication to the overall performance (in form of dispersion
and accuracy). Khalil [23] assessed the tabulated FT modeling and
production accuracy, in terms of the input meteorological data, the
elevation and azimuth angles round-off, and Earth’s rotation
approximation. It was validated in a 155M107 projectile. Ding et al.
[24] developed a test method that combines an inertial measure-
ment system with a high-speed photogrammetric system to mea-
sure the muzzle response, and obtained the muzzle response
characteristics of small unmanned ground vehicles with small arms
(SUGVSsSA) during shooting. Kog [25] applied the adaptive neural
fuzzy model to estimate the vibrations at the tip of an antiaircraft
barrel considering different ammunition. Kasahara et al. [26] pre-
sented a seamless calculation of the acceleration phase in the tube
and the full separation process using 3-D computational fluid dy-
namics coupled with rigid body dynamics to investigate the shock-
wave interactions around a railgun-launched projectile. Other re-
searches about fire accuracy, muzzle disturbance and projectile-
artillery coupling dynamics in recent years can be found in
Refs. [27—29]. These researches have systematically formed the
theory of artillery firing accuracy analysis. However, the related
inverse problem, namely the design principle of artillery firing
accuracy, needs to be further investigate.

In general, for the uncontrolled projectile launched by artillery,
the factors that affect the firing accuracy include meteorology and
artillery firing. Among them, the meteorological conditions focus
on the interaction between air and projectile, which is an important
part of exterior ballistics and projectile design; Artillery firing fo-
cuses on how to give the initial conditions for the projectile to fly
and the effect on the shape of the projectile, which needs to be
considered in the process of artillery design, and is also the focus of
this paper. Therefore, in order to more clearly show the effect of
artillery firing on firing accuracy, meteorological conditions are
regarded as a stable process, that is, ideal meteorological condi-
tions, without considering the effect of changes in meteorological
conditions on projectile flight, so as to obtain the effect of various
factors of artillery on firing accuracy in the process of artillery firing
through theoretical modeling and analysis.

In this paper, based on the topological description method, the
kinematic and dynamic equations of the projectile flight and
projectile-artillery coupling system during the whole process of
firing are constructed. The factors that can affect the projectile
burst points, namely the state parameters of the projectile on the
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muzzle and state parameters of the barrel muzzle, as well as the
factors that affect the barrel muzzle state parameters, are analyzed.
On this basis, the design principle of the artillery firing accuracy is
proposed, including the transmission and reverse calculation of the
parameter errors, the extraction of the key parameters affecting the
barrel traction motion, and the rotating band conformal, etc.
Finally, the case study and verification are carried out through a
vehicle-mounted howitzer.

2. Coordinate system establishment

It is assumed that the target coordinates have been determined,
the meteorological conditions are stable, the firing data is accurate,
and the start time of projectile transmission is the same as system
movement, recorded as t = ty = 0, the time when the projectile
exit of shot is recorded as t = t;, and the time when the projectile
reaches the burst point, that is, the time when the flight ends, is
recorded as t = t¢.

The sketch and the coordinate system of a howitzer artillery is
shown in Fig. 1. A, B, C and Dare respectively used to represent the
four generalized parts of the artillery, that is the chassis, upper
frame, cradle, and barrel. The projectile is represented by Q, and the
rotating band is represented by F. In order to describe the motion of
artillery, it is necessary to establish the relevant coordinate system.

(1) Inertial coordinate system og — x{x5x§ is denoted as i, and The

unit base vector of the coordinate axis is ‘G(ej (j = 1,2,3). The co-
ordinate origin o is located on the ground and coincides with the
midpoint of the connecting line between the center of the left and
right spade. (2) The coordinate systems of chassis, upper frame,
cradle, and barrel are respectively recorded as iy, i.e. 0j— xﬁx’zxé J=
A,B,C,D). The origin o4 of iy is located at the midpoint of the front
axle axis of the chassis, and the base vector of the coordinate sys-
tem is represented by ‘Aej (j =1,2,3). The origin og of ip is located
in the lower plane of the upper frame and coincides with the center
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of the inner race, and the unit base vector of the coordinate axis is
represented by iﬂej(i = 1,2,3). The origin o¢ of i¢ is located at the
midpoint of the connecting line of the trunnion on the cradle, and
the unit basis vector of the coordinate system is represented by
ifej(i = 1,2,3). The origin op of ip is located at the intersection of
the barrel axis and the front-end face of the breech, and the unit
basis vector of the coordinate system is represented by l"Jej(j =
1,2,3).(3) The projectile coordinate system iy, thatis oq — x‘lzszxg.
The coordinate origin og is located on the geometric center of the
projectile, and the unit basis vector of the coordinate system is
represented by “oe;(j = 1,2,3), as shown in Fig. 2.

The transformation relationship between different coordinate
systems can be shown in Fig. 3. For example, the transformation
relationship between the ip and i; can be directly given as ip
L; -L; -L; -L; -ic. i, is the velocity coordinate system and L; is the
transformation tensor between the velocity coordinate system i,
and the ig. The detailed of the definition of coordinate system the
transformation relative of the coordinate system is given in
Ref. [17].

3. Flight motion of projectile
3.1. Exterior ballistic motion equation

Fig. 4 shows the state of the projectile in the air. According to the
external ballistic equation of the rigid body with 6° of freedom, the
state of the projectile in the air at any time t can be described by the
following 12 state variables:

X(t) = (Xl ,X2,X3,VQ, lpaz l//b7 Y, ®Pa> Pb> yv (»ba-, (pb) (1)

where, x = xjigtzj is the position vector of the projectile geometric
center oq relative to og; % = Xj“e; = vp™ve; is the velocity of the
projectile geometric center oq relative to the coordinate system ig,

Fig. 1. Coordinate system.
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Fig. 2. Projectile coordinate system ig.
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Fig. 3. Transformation relationship between coordinate systems.

vq = ||*|| is the modulus of the projectile geometric center velocity,
Y, and ¥, is the velocity deflection angle, and ¥e; =
cos Y}, cos Y, e, is the direction of the velocity unit vector; ¢, and
¢y are the swing angle of projectile axis; ¢, and ¢, are the angular
velocity of projectile axis; y and 7 are the rolling angle and angular
velocity of the projectile axis.

In addition, there is a pair of dependent state variables, namely
the angle between the projectile axis and the velocity axis, called
the attack angles 6; and d,. The attack angles §; and d, have the
following relationship with the deflection angles v, and vy, , and
the swing angles ¢, and ¢},

The angular velocity of the projectile relative to the coordinate
system ig is given by Ref. [17]

wo =wZee; = (7 + g sin gp)ioe;
+(— @ COS 7 + g Sin 7y €OS p) e,

+(¢p SIN ¥ + ¢4 COS v COS @p) 23 (3)

For any point on the projectile Og, the position vector
XQ = XJQ"er of the point in the coordinate system ig, and the po-
sition, velocity and acceleration vector in the coordinate system ig
are respectively as

rQ=X+Xq (4)

I;Q:?;’—FQ)QXXQ (5)

(;J’ j))ief'y

(‘;Oa’ q)b" qba" r'bh)

Fig. 4. The degrees of freedom of projectile.
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(6)

Once the projectile flies in the air at a certain Mach number and
attack angle, a certain pressure will be generated on the surface of
the projectile, formed aerodynamic force and aerodynamic torque
which can be simplified to the geometric center o of the projectile.
Aerodynamic force can be decomposed into drag Fp, lift F; and
Magnus force F);. Aerodynamic moment can be decomposed into
static moment M, equatorial damping moment M_;, polar damp-
ing moment My, Magnus moment My, unsteady damping moment
M,, etc. The detail expression of these forces and moments can be
found in Ref. [11].

Based on the virtual power principle, the differential equation of
projectile can be obtained as

{

fQ=k+(;)Q X Xg +wq X (waxQ)

Q v Q o _
M]]'X+M12'&)Q =R

(7)
Q it M2 i —
MY, %+ M%-0g = M

where
{R:RX +Ry +Rz — ngigez — meQ X (O)Q X XQL;) (8)
M:MZ+MZZ+MXZ +My +M(X7(I)Q'1Q'&)Q

in which

T
Q _ Q _ (M2 = oAl
M =mol3.3, M, = (M$;) =mox),

Mg, = JPQ*Q - (%)"dV =1 9)

Qq

where, Qg is the volume domain of the projectile, mg is the mass of
the projectile, xq, is the eccentricity, I is the moment of inertia,
and X, is the second-order cross product tensor of vector x.

3.2. Muzzle initial condition

The instant when the rear end-face of the rotating band exit the
muzzle is defined as the moment t = t; as shown in Fig. 5. At this
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time, the initial conditions for the projectile exit the muzzle are as
follows:

{l//a(fc) =610 +¥1c {@a(fc) = b0+ o1c {%(tc) =916
Up(tc) = o + Y2’ | ep(tc) = a0 + 026" | ¢b(tc) = P26
(10)
where
{ b10 = 01(to) {‘//10 =V1(tc) { v16 = ¢1(tg) {d’m = ¢1(tc)
b0 = 02(to) " | ¥ac = V2 (tc)* | @26 = 92(tc) " | 926 = ¢2(tc)
(11)

When t = tg, the motion state of the projectile at the muzzle is

Xc=X(to) (12)
vg =vq(tg) (13)
and attack angle and velocity of attack angle are
01 = 01(tg) {51 = 01(tg) 14
{ 62 = 62(tG) ’ (52 = 52 (tG) ( )
The angle of the barrel at time t = t; is
{010151(%)‘{{91(;:‘:91(%) (15)
bac = 02(tc) " | byg = B (tc)

By solving Eq. (7) with Eq. (12) and Eq. (13), the general
expression of the following solution can be obtained:
X(t):a(xcha t) (16)
where, F is the force and moment given by Eq. (8).

If Eq. (16) takes value at time t = tc, the position vector of burst
point can also be obtained

Xc=X(tc)=a(Xq,F,tc) (17)

Fig. 5. Muzzle state variables of projectile.
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3.3. Factors affecting the position of projectile burst point

It can be seen from Eq. (18) that the position coordinate x of the
projectile is related to the initial condition X of the muzzle and the
aerodynamic load F. Assuming that the plastic deformation and
conformal performance of the projectile, especially the rotating
band is consistent during in bore, then x is only related to X;. The
factors in X¢ that have an important impact on x are discussed
below:

(1) By observing the specific composition of X, we can find that

X; = X(tg) is very small compared with the position coordi-

nate X = X(t¢) of projectile burst point, so its influence can

be ignored.

vg has an important influence on x¢, but from the perspective

of artillery overall design, vg is determined by charge struc-

ture and interior ballistic design. In the overall design process
of considering firing accuracy, the effect of charge structure
on vg error or burst point dispersion needs to be analyzed
separately. For the artillery structure design, the effect of
charge structure on vg error and burst point dispersion can be
considered as a fixed part. So, it may not be considered in this
paper. The detailed of the vz and other muzzle state param-
eters error to the burst point dispersion can be found in

Refs. [30,31].

(3) v and ¥ will affect the drift of the projectile, but when the
projectile flight meets the stability conditions, the dispersion
of v and 7 has little effect on the dispersion of x¢, so its in-
fluence can be ignored.

(4) In this way, from the perspective of the overall design of the
artillery, the muzzle factors that have an important effect on
xc are only:

~—

Xc=Wic Va6, 916, 9265 9165 926) (18)

Obviously, it can be seen that the factors that have an important
impact on X¢ in X are the amount of angular motion. According to
the synthesis principle of angular motion, the angular velocity of
the projectile is the sum of the implicated angular velocity of the
barrel and the angular velocity of the projectile relative to the
barrel. Therefore, y;; and Y are related to the muzzle transverse
velocity of the barrel, and ¢1¢, ¢2c, @16, 92¢c are related to the
muzzle transverse angular motion of the barrel.

Therefore, the overall design task of artillery firing accuracy is.

(1) Control the muzzle transverse angle motion and transverse
velocity of the barrel;

(2) Control the coupling between the projectile and the barrel,
so as to control the relative angular motion of the projectile;

(3) Control the plastic deformation and conformal consistency of
rotating band to ensure the consistency of aerodynamic
force.

Since vg has an important influence on x¢, the influence of vg
should be considered in Eq. (18) in the subsequent discussion, i.e.

X¢ = (vg, V16, Y26, 916, P26 9165 926) (19)

4. Projectile-artillery coupling motion
4.1. Basic agreement

Let r;, ¥; and #/(I = A, B, C,D) are the position, velocity and ac-
celeration vector of the local coordinate system origin o; on the
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vehicle-mounted howitzer component I relative to the inertial co-
ordinate system origin o¢; w; and w; are the absolute angular ve-
locity and angular acceleration of component I respectively; Record
S = {w,T,t‘,T}T, S = {d)}-,f,T}T; ry. fy and Fy are respectively the
position, velocity and acceleration vector of the origin o; of the
coordinate system on part J relative to the origin o; of the coordi-
nate system on part I; wy. @y is the angular velocity and angular
acceleration of component J relative to component I; Record

Sj:{wE ';E}Tandéj :{(‘.)—IS f}S}T'

4.2. Projectile-artillery coupling motion equation

Considering components B and components A, the following
relationship exists:

Wp =Wa + WaB (20)

Then, the position, velocity and acceleration vector of any point
xp on the component B can be expressed as

Up=ry+7rsp+Xp (21)
UB :BBSB = TASA + Bgsp (22)
ﬂB :BBSB + Dp = TASA + BBgB + dB (23)
where, By = (x5 13.3], Ta= [(Fap+%) 13.3), ds =

WAWA(TAR + Xp) + 2WaT4p + WABWABXE.

Similarly, the displacement, velocity and acceleration vector Uy,
Uy, Uk of any point x¢ on component K(K = C,D, Q,F), and the
corresponding By, Tx and d can be obtained.

. ) . . ) . T
S={sy Sy Sc Sp So wi} (24)

s={si s} st s sh wj }T (25)
where wr and W are respectively used to represent the elastic-
plastic deformation and deformation velocity of the rotating band.

According to the system topology described in Fig. 3, the system
kinematics equation can be obtained through configuration
synthesis
S=Hs,H=(H, — H;) 'H, (26)
where, H, and H3 are 6 x 6 block matrix; Among them, the diag-
onal elements of H, are By, Bg, B¢, Bp, By and 1, the only off di-
agonal element is located in row 6 and column 5, with the value B,
and the other elements are 0; The values of Hs in row 2, column 1,
row 3, column 2, row 4, column 3, row 5, column 4 and row 6,
column 5 are Ty, Tg, Tc, Tp and T respectively, and the other el-
ements are 0.

The dynamic equation of the projectile-artillery coupling system
can be established by applying the virtual power principle

Ms=P (27)

where
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M=>" JpK(HZH)THZHdV (28)
K O

P=P1+P2+P37Pg (29)

in which

P=3 J (HyH)'fdV (30)
K o

P, = ZJ'(HZH)der (31)
K T

P3= -3 [PK(HZH)T [Hz(Hz —H3) '(d; —dy) +d2} dv
K

QK
(32)
T
di={d} dj d\ d} d d} (33)
T oT pT pT pr pTll
d,={p} b} bl b} by D}} (34)

where, Pf is the equivalent load generated by the elastic-plastic

deformation of the rotating band, and f and f are the physical
force and traction force acting on the system respectively.

In addition to the above relative motion relationship, there are
some additional constraints in the projectile-artillery coupling
system, such as the constraint of rifling equation. To this end, the
constraint equation is written as follows:

®(s,1)=0 (35)

Then the dynamic equation of the whole system with con-
strained is

T ..
o o){1)-{¢} 9
¢s 0 c
where c is the component of the acceleration constraint equation
and A is the corresponding constraint force.

5. The key parameter identification

By solving Eq. (36) and using the kinematic relationship similar
to Eq. (21)—Eq. (23), the displacement Uy, velocity Up and angular
velocity wp and the direction pointed ip of the barrel can be ob-
tained. Based on this, the angle and angular velocity of the barrel in
Eq. (15) can be calculated by using the transformation relationship,
which is recorded as follows:

O¢ = 0(tc) = (016, b2, b1c. b20) (37)

On the other hand, In Eq. (19), except vg, X¢ is the sum of the
implicated motion of the barrel ®; and the and its relative barrel
angular motion. According to the analysis in Section 3, O is a
function of the initial firing condition Yy of the artillery, the
structural parameter Y of the artillery and the generalized load P,
which can be expressed as

@G:@(Y7 YO7P7 tG) (38)

Defence Technology 18 (2022) 2125—2140

The influence of artillery parameters Y on artillery firing accu-
racy is reflected by effecting barrel implicated angle motion Q.
Analyzing the key artillery parameters Y, which has an important
impact on O is one of the important issue of artillery dynamics
simulation analysis.

The Morris trajectory method based on the basic effect has the
characteristics of global and local sensitivity analysis. Compared
with other methods, the Morris trajectory method has a lower
computational cost and it is still effective for parameters with very
small sensitivity [32]. It obtains the sensitivity of parameters
through the statistical calculation of the local gradient (called basic
effect) on the trajectories which are distributes in the parameter
space. Morris trajectories are generated by randomly ergodically
changing the values of each variable in a group of sample points.
Such repetition can generate many trajectories in the parameter
space, as shown in Fig. 6. For each trajectory, the basic effects of
each parameter can be calculated, and the relative importance of
the parameters can be judged by counting the mean and standard
deviation of the basic effects formed by many trajectories.

The specific steps are as follows:

(1) Determination of artillery angular motion parameters O (Y,
Yo.P), (k=1,2,---,6);

(2) Generate M initial Morris trajectories;

(3) Calculate the muzzle response of each point on the Morris
trajectory O¢i(i = 1,2,--- M + 1);

(4) Calculate the basic effect of each point on the Morris trajec-
tory, Ej(j = 1,2,--,N), N is the number of the Y;

(5) Obtain the mean value u(Ej) and standard deviation o (Ej) of
the basic effects statistically;

(6) Obtain the key parameter Y, that has an important impact
on O(Y, Yy, P, t) through comparing the statistic parameters.
ie.

1) If u(Ej) is larger, the important of the parameter is larger;

2) If o(Ej) is larger, it means the parameter and the response
have stronger nonlinear correlation or strong interaction
with other parameters [34].

This leads to

X, ‘

T T
Trajectory |

AN

Trajectory 3

Trajectory 2
). 4 |

Trajectory 3
| J

Ty

Fig. 6. Schematic diagram of Morris trajectory.
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Xc=X(Yp,Yo,P, tc) (39)

6. Firing accuracy design
6.1. Basic principles

According to the definition of firing accuracy, the covariance
matrix Yy, of firing accuracy can be represented as follows:

Yx :E((XC —Xy) + (Xc — XM)T> =Xy + Iy (40)

where, E( +) is the expectation of the variable ( -), and there are

Ex. = E((xc — E(xc)) - (xc — E(xc)") (41)

My = (E(Xc) — Xm)* (E(xc) — X)) (42)
where =y, is the covariance matrix of the dispersion of a group of
projectile burst points, and Ily. is the covariance matrix of the
dispersion center of a group of burst points to the target point.

Firing accuracy design is a core problem in the design of me-
dium and long-range artillery. Its basic principle is to find the key
factors affecting firing accuracy according to the firing accuracy
requirement, and improve the firing accuracy of artillery through
restricting or control these factors.

Eq. (16) and Eq. (39) respectively give the mapping relationship
between the position coordinates of the projectile burst point and
its muzzle state variables, and the projectile muzzle state variables
and the key parameters of the artillery. These expressions are the
basis of the design principle of artillery firing accuracy.

Assume the mean of the dispersion of projectile burst point is
iy, = E(xc), the mean and the covariance of projectile muzzle state
parameter are ux_ and =y, which can be obtained from Eq. (42)

— X)) (Mg, — XM)T (43)

The above formulation shows that u,. is given by Iy, that is

Iy = (l‘xc

l"‘xc =81 (ch) (44)

On the other hand, if the mean and covariance of Eq. (17) are
calculated, the following relationship is established.

) )T

The above formulations give the mapping relationship between
the py_, Tx, of the projectile muzzle state parameters X¢ and g,
=x. of the burst point x- of the projectile. Investigation the first

formulation of Eq. (45) and Eq. (44), it can be seen that uy_ is
determined by the I,

ﬂxc = a(ﬂx@R tC)

o aa(ﬂxchv tC)
T aXe

(45)
Exc

oa (MXC ) F7 tC
Xe: 0X¢

px, =82 (Mx.) =82(81(ILx)) (46)

The inverse problem of the second formulation of Eq. (50), the
solution can be expressed by the following general expression:

EXC =83 (”’XG7”‘XC72XC) (47)

Record the mean and covariance matrix of the artillery key
parameter are py, and 2y, and calculate the mean and covariance
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of Eq. (39), then

bx, = G(H<Y07 My, tG))

_ aG(H(Yo,ﬂyp,t(;)) !

Xe oY,

Y,

- <GG<H(YO,Hyp»fG))

(48)

Finding the inverse problem of the first formulation in Eq. (48),
the general solution can be obtained.

By, =84 (ﬂxc) (49)

Solve the inverse problem of the second formulation in Eq. (48),
the general solution also cans be obtained.
Zy, =85 (ﬂyw Bxg Exc) (50)

If the artillery firing accuracy requirement Il is given, the
mean value uy_ of projectile muzzle state parameters can be ob-
tained from first formulation in Eq. (45); if the covariance matrix
Xy of firing dispersion is given, the covariance matrix Zx, of pro-
jectile muzzle state parameters can be obtained from the second
formulation in Eq. (45); if pux, and Zx, are given, the mean py, and
covariance =y, of key parameters that have an important impact on
firing accuracy can be obtained from Eq. (46) and Eq. (47). There-
fore, Eq. (43)—Eq. (47) constitute the basic method of artillery firing
accuracy design.

In practical engineering, many practical constraints and realiz-
able problems should be considered. The following basic methods
are often used.

Due to the limitation of structural design, the mean By, of ar-
tillery key parameter Y, has the following constraints:

oy, < [u, 4 (51)
where u%,p and u% are the lower and upper limits of py
respectively.

The constraint in Eq. (48) can be expressed by the following
constraint relationship:

ga(ny,) =0 (52)

Due to the constraints of the actual manufacturing process
conditions, the upper and lower limits of the key parameter Y,

covariance matrix are E%,’ and Eﬁ, respectively, i.e.
p p

Sy, [zg,p, 23})] (53)

Assume that the relationship between the py, and Zy, of the
key parameters Y, is as follows:

g (ny, Zv,) =0 (54)

Simultaneous solutions Eq. (47)—Eq. (49) can obtain the mean
Ry, and Zy, of the artillery key parameters Y, that meet the firing
accuracy requirements. The detail discussion about the inverse
problem can be seen in Ref. [17].

6.2. Rifling twist design

The rifling twist nD(x’f) restricts the rotation of the projectile
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around the barrel axis in the bore, and its constraint relationship is
as follows:

o(8) = [1(0) ~¥(%)] (55)
o() = (<) (56)
. 1 D D\ 2

B(0) = [y ()8 +v () ()] (57)

where, 14 is the radius of the land of the rifling, xJ, is the coordinate
of the starting position of the rifling, y(x?) is the expansion function
of the rifling, which has the following relationship with the rifling
twist 7p(xP):

™
Y(®R)=—oy (58)
( ) 1p(x7)

The rifling twist directly affects the rotational motion of pro-

jectile around barrel axis. If y'(x) is constant, the motion of ¢(x?)
and i,i)(x’f) is directly proportional to the velocity )é]D and acceleration

X? of the projectile, and the proportional coefficient y/(x’f) / 1qis
both constant, and the projectile meets the condition of rigid body
motion; If y'(xP) is not constant, ie. y'(x?)+0, the rotational
angular velocity and angular acceleration of the projectile around
the barrel axis are not equal along the width of the rotating band,
which does not meet the conditions of rigid body motion. y" (x?) =
0 causes the rotating band in the process of contact with the rifling,
and the forced plastic extrusion along the circumferential direction
of the rotating band is not uniform, which makes the rotating band
deformation inconsistent, resulting in inconsistent air resistance of
the flight motion of projectile. These result in increased the
dispersion of ¢ and reduced the firing accuracy of the artillery.
The angular displacement, angular velocity and angular accel-
eration of x? on the rotating band which relative to the starting

point xJ, are

da = arctgy’ (x?) — arctgy’ (x?()) (59)
Yy (DY
bir— IS;)X? (60)
p 2
Y () LY ()Y (xD) py2
i = Ha] X =2 ip (Xl) (61)

o

where, Hy = 1+ y"(xD).

The maximum deformation angle damax of the rotating band
squeezed by the rifling in the circumferential direction during the
transportation of the projectile in the bore can be calculated by Eq.
(59).

dotmax = arctan (y’ (x?c> ) — arctan (y’ (x?o) ) (62)

Obviously, if y’(x?) is constant, damax = 0.
The influence of rifling twist on the extrusion of rotating band in
the width direction. As shown in Fig. 7, the angular displacement,

angular velocity and angular acceleration of point x? on the rotating
band relative to point x’fq are respectively:
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AQZMAX (63)
o
" (D D )y (xD
e LR o
(D /(D \v" (D
Aaz—yS;q) [l - JWX?"} &

72y” (%) {yﬂ (x0,) [1 _ 43%

H2 lq H,

X7+ (X0 ) %% } AX
(65)

At present, the rifling can be divided into three types according
to the twist form: uniform rifling, gradual rifling and mixed rifling.
The muzzle twist 1p(xP;) is determined by the gyro stability and
tracking stability of the projectile flying in the air.

The expansion equation y = y(xll)) of uniform rifling is in linear
form, which is characterized in that y’(x?) is a constant on the
whole rifling, that is, from the starting point x? = xJ, to the muzzle
point x? = xP-. The analytical expression of rifling is

yBa(s8 %) ©

The expansion equation of the gradual rifling is typical in
quadratic form, which is characterized by the linear change of
¥'(xD) along the barrel axis in the whole rifling, that is, from the
starting point x? = x%; to the muzzle point x? = x?-. The analytical
expression of rifling is

y=Ag (%0 —xBp) + B (8 — %) (67)

Mixed rifling consists of gradual rifling and uniform rifling;
Generally, gradual rifling is adopted from the rifling starting

BF
-
Warhead direction -
e} _—
o . 02 :
I M h— f, I
™
\Qla, Ag, NG
0, |
’ ° * -
WAl )
g X ,!
/
/
- —__|
7 \
Lower Upper Projectile
rolaling band  rotating band body

Fig. 7. Schematic diagram of the relationship between rotating band and rifling. .
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position (x? = x)) to a position (x¥ = X?n) on the barrel, and
uniform rifling is adopted from x?

analytical expression of rifling is

) D _ 4D
= X1, to muzzle (x{ = x7¢). The

<xP

2
D_ D D_ D\ D oD
Ad<xl —xw) + Bay (xl —Xw)»xw S X7 S Xy

D _ D D _ D D
Bga (X1 —X1o> +Ca, X1y <X < Xig

y= (68)

The coefficients Ay, By, Bg1, Bgp and Cy in Eq. (66)—Eq. (68)
determine the geometric form of rifling, and the design of rifling
twist is to determine these coefficients.

In addition, the shape of the rotating band has an important
influence on the aerodynamic characteristics of the projectile. Fig. 8
is the picture of the existence and falling off of the rotating band
after the launch. Fig. 9 shows the aerodynamic force diagram of the
projectile with and without the rotating band during external
ballistic. The research of Ref. [35] shows that the existence of the
rotating band increases the resistance area of the projectile,
resulting in a difference in the resistance coefficient compared with
the projectile without the rotating band, and this difference has a
greater effect in the small angle of attack and low Mach number. At
low speed, due to the existence of the rotating band, the pressure
disturbance near it is great, and then extends backward, affecting
the pressure distribution on both sides of the tail and the bottom of
the projectile, making the derivative of Magnus moment coefficient
higher than that of the without rotating band of projectile. When
the flight speed of the projectile increases to a certain extent (Ma is
1.10—1.30), the rectification effect of the rotating band on the air
flow is more obvious. At this time, the derivative of Magnus
moment coefficient of the projectile with rotating band is lower
than that of the projectile without the rotating band.

7. Case analysis
7.1. Design of muzzle state parameters of projectile

A 155 mm vehicle-mounted howitzer launches an uncontrolled
projectile with the maximum range angle and full charge. The
maximum range is ||sy, || = 30 km. The position coordinate of the

given target point is Xy = 29000%e; + 60%e3(m), and

|

The distribution of burst point is considered as normal [13,32],
and the dispersion is taken as the following three working
conditions:

22500
0

0

Eqr = 150 m, EA3 =30m, ch = [ 900

21981
0

0
969

(1) Ay, = 3hpAs = 0.7 mil Ty

|
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. 12363 O
(2) Ax, = A%, = 0.6 mil, =y, = [ 0 712}

. 7912 0
(3) Av = shgAa = 0.5 mil,y = [ A 495}

The task is to obtain the mean uy_ and standard deviation oy, of
the state parameters at muzzle X that meet the above firing ac-
curacy requirements.

According to the requirements of given target point and Ilx., we
can draw a circle with target point oy, as the center and radius R =

/1502 4 302/0.6745 = 226.79 m. Any point on the circle meets

the requirements of Il.. As shown in Fig. 10, there are four center

points on the circle, oc1, 0c, 0c3 and oc4 all meet the requirements.
Taking oc, as an example, the coordinates of this point are

My = (29000 + 222.29)%e; + (60 + 44.48) e3 = 29222.29% ¢,
+ 104.48% e
(69)

According to the dispersion center coordinates u,_ given above,
the mean uy_ of projectile muzzle state parameter can be calcu-
lated inversely by applying the external ballistic equation Firstly,
and then the standard deviation oy, of the projectile muzzle state
variable can also be obtained. Assuming that the distribution of
muzzle state parameters is normal, the range of uy_ and oy, are
shown in Table 1.

Three groups of results of projectile muzzle state variables
meeting the firing accuracy requirements are obtained, as shown in
Table 2. It can be seen that the projectile muzzle state parameters
and their errors which meet the firing accuracy requirements is a
solution set in the envelope space, which needs to be further
optimized in combination with structural constraints,
manufacturing process constraints, economic constraints and other
conditions.

7.2. Identification of artillery key parameters

Also, a 155 mm vehicle-mounted howitzer launches a projectile
with full charge is considered. The projectile-artillery coupling
dynamics model with many artillery parameters Y can be estab-
lished. To verify the effectiveness of the model, the comparison of
the natural frequency, the recoil displacement and the vertical
displacement at muzzle of the barrel with experiment result is
carried out. During the experiment, the modal of the tube was
measured by hammer, and the displacement of the tube was
measured by laser acceleration sensor [35,36]. The natural fre-
quency result is show in Table 4 in which the natural frequency is
dimensionless by

(b)

Fig. 8. The rotating band after launch: (a) Rotating band is complete; (b) Rotating band falls off.
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(a)

Fig. 9. Cloud diagram of interface pressure distribution at the location of the rotating band: (a) With rotating band; (b) Without rotating band.

(b)

o . Table 3
Z X o X The dimensionless natural frequency of barrel.
M - 1
0(_-4 3 i Experiment Simulation Relative error/%
1 12.23 12.25 0.16
M 2 34.58 34.15 1.24
Gt p 3 69.65 68.91 1.06
N 4 116.37 115.38 0.85
5 172.82 170.78 1.18
6 240.49 235.50 2.07
7 320.17 311.92 2.58
. " O 0. 8 408.10 397.47 2.60
3 2 9 504.85 487.36 3.46
10 609.44 584.63 4.07
Fig. 10. Relationship between dispersion center point and target point.
Table 1
The range of py_ and oy, .
Parameter vgf(m-s71) ¥4 /mil ¥, /mil o1 /mil @2 /mil @1/(rad-s™") @of(rad-s1)
Range of py, [910,950] [-60,60] [-33] [-60,60] [-60,60] [-9,9] [-9,9]
Range of o, [0,2.4] [0,20] [0,0.86] [0,23] [0,23] [0,3.1] [0,3.1]
Table 2
Projectile muzzle state variables.
vg/(m-s™") Y1c/mil Yac/mil #16/mil %26/mil #cl(rad-s™") @ac/(rad-s™")
Accuracy Mean value 913.78 0.03 —0.02 0.04 -0.00 —-3.63 —1.48
Dispersion #1 Standard deviation 0.99 5.66 0.18 6.47 12.96 1.87 0.75
#2 Standard deviation 0.54 6.07 0.10 143 15.43 0.75 0.30
#3 Standard deviation 0.04 10.72 0.01 0.32 12.22 0.15 0.06

Qi =wiL2\/pAo/Elg (70)

where Ag and Iy are the area and moment of inertia of the back
surface of the barrel, E and p are the elastic modulus and density of
the barrel respectively, Ls is the length of the barrel, w; is the ith
order circular frequency of the barrel.

From Table 3, we can see that the natural frequency of barrel is
consistent with the experiment results.

The recoil displacement and the vertical displacement at muzzle
of the barrel is shown as Fig. 11 and Fig. 12. It can be seen that the
response of barrel during launch process is also agree with the
experiment.

The Morris sensitivity analysis method given in Subsection 5.2 is
used to identify the key parameters Y, that have an important
impact on @; = O(t;). The basic process is as follows: (1) All model
parameter intervals are mapped and uniformly distributed to
generate the initial Morris trajectory. (2) The quasi-optimal

trajectory is obtained by using the Euclidean distance criterion
between maximum and minimum trajectory. (3) The absolute
mean and variance of the basic factors of each parameter were
obtained by combining the dynamic model. (4) Identify the key
parameters that affect the motion of barrel muzzle [36]. According
to the experience and results of previous researchers [37], the pa-
rameters of elevating equilibrator, large frame oil cylinder and seat
ring, and the parameters of recoil part, cradle and overall structure
are selected. 41 parameters in the model of vehicle-mounted
howitzer are determined as the sensitivity analysis parameters, as
show in Table 4. Among them, No. 1-2 are recoil parameters, No.
3—9 are cradle parameters, No. 10—14 are overall structure pa-
rameters, No. 15—25 are elevating equilibrator parameters, No.
26—35 are seat ring parameters, and No. 36—41 are parameters of
large frame oil cylinder.

The above parameters are sampled to form a serial of trajec-
tories, the basic effects are calculated, and the sensitivity to the
muzzle motion parameters of barrel is measure by the mean value
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Table 4
List of artillery parameters.

Defence Technology 18 (2022) 2125—2140

Number Parameter

Interval radius/

Number Parameter Interval radius

mm
1 Vertical eccentricity of centroid of recoil part 1 22 Working area of cavity B of elevating equilibrator 0.25 x 103 m?
2 Transverse eccentricity of centroid of recoil part 1 23 Expansion stiffness of oil cylinder A of elevating 0.5 x 10’ N-m~!
equilibrator
3 Distance from the axis of the recoil brake to the axis of the 30 24 Expansion stiffness of oil cylinder B of elevating 0.2 x 10’7 N-m™"
cradle equilibrator
4 Distance from the axis of the counter recoil to the axis of the 30 25 Damping of elevating equilibrator 1.0 x 10* Nesm™!
cradle
5 Force coefficient of recoil brake 0.75 26 Stiffness coefficient of upper and lower rollers 1 x 10’ Nom™"
6 Distance between front and rear bushings 200 27 Nonlinear index of upper and lower row rollers 0.05
7 Clearance between front bushing and barrel 0.5 28 Upper and lower row ball damping 0.2 x 10° N-s-m™!
8 Clearance between rear bushing and barrel 0.5 29 Stiffness coefficient of middle row roller 1.0 x 10’ Nem™"
9 Distance from upper fulcrum of elevating equilibrator 300 30 Nonlinear index of middle row roller 0.05
10 Firewire height 150 31 Middle row roller damping 0.2 x 10° N-s-m™!
11 Longitudinal offset of vehicle centroid 300 32 Axial clearance of seat ring 0.02 mm
12 Vertical offset of vehicle centroid 100 33 Radial clearance of seat ring 0.02 mm
13 Transverse offset of vehicle centroid 100 34 Ruler side clearance of traversing gear 0.1 mm
14 Horizontal distance from reassembly axis to front axle 200 35 Contact stiffness of traversing gear 1.0 x 10°
N-m™!
15 Gas content of oil in cavity A of elevating equilibrator 0.15% 36 0il gas content of oil cylinder of large frame 2.0
16 Gas content of oil in cavity B of elevating equilibrator 0.15% 37 Initial volume of oil cylinder of large frame 0.1 x 1072 m?
17 Initial volume of cavity A of elevating equilibrator 1.0 x 103 m? 38 Initial pressure of oil cylinder of large frame 0.5 MPa
18 Initial volume of cavity B of elevating equilibrator 015 x103m?® 39 Working area of oil cylinder of large frame 0.1 x 1072 m?
19 Initial pressure of cavity A of elevating equilibrator 0.6 MPa 40 Expansion stiffness of oil cylinder of large frame 0.2 x 108 N-m™!
20 Initial pressure of cavity B of elevating equilibrator 1.25 MPa 41 Damping of oil cylinder of large frame 1.0 x 10*]N-s-m™"
21 Working area of cavity A of elevating equilibrator 0.25 x 1073 m?
0 0.4
03
30 }
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£ 2
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= 5

Z &

a a

Simulation
90 .
-——--——- Experiment
_‘l 20 1 1 1 1 _O‘ 1 1 1 1 1
0 3 6 9 12 15 0 3 6 9 12 15

i/ms

Fig. 11. The recoil displacement of the barrel.

p(Ej) and standard deviation o(Ej) of the basic effects through
statistical method. The normalization results are shown in
Figs. 11-16, and the larger the value of w(Ey) and o(Ey), the
parameter is more important.

Although the accuracy of the basic effect method is not high, and
cannot accurately rank the importance of parameters, but it can
distinguish important parameters from non-important parameters,
and can identify important parameters robustly. If we specify the
parameters whose normalized parameter value is greater than 0.2
as important parameters, we can obtain the key parameters from
Figs. 13—18, and the key parameters for the muzzle state parameter
are listed in Table 5. From the above results, it can be seen that the
key parameters affecting the barrel angular displacement, barrel
angular velocity and transverse velocity are similar, and the key
parameters affecting the barrel elevation angular displacement,

2136

tms

Fig. 12. The vertical displacement at muzzle of barrel.

barrel elevation angular velocity and vertical velocity are also
similar, and there are many key parameters. Some parameters of
recoil part, cradle, overall structure, elevating equilibrator and seat
ring have a great influence on the motion state of barrel, and the
parameters of large frame oil cylinder have no obvious influence on
each motion parameter of barrel.

In order to facilitate the analysis, the key parameters identified
above are sorted according to the components, as shown in Table 6.
A total of 18 key parameters affecting the motion state of the barrel
are obtained in the summary table, and the farther away from the
barrel, the weaker the influence of the parameters.

7.3. Rifling twist design

(1) Influence of rifling twist on projectile rotation
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Fig. 15. Muzzle angular velocity 915 sensitivity.

Defence Technology 18 (2022) 2125—2140

1.0 *
34 o
2
08
*
33
0.6 |- *
& 32
® Recoil
04 ® Cradle
7a "< * QOverall
* : 2 Elevating
95 >§513 equilibrator
' * % Seat ring
6’#* ¢ Large frame
LY 1 1 1
0 0.2 0.4 0.6 0.8 1.0
'
Fig. 16. Muzzle angular velocity f- sensitivity.
1.0
1
08}
*
06 11 5
[
© 33
* AZ() ® Recoil
041 = 6 = Cradle
” * Qverall
4 & FElevating
02 34 _;ﬁA g x m equilibrator
' .*ﬁﬁf 1: 1o > % Scat ring
P, & Large frame
é:ﬁ i 1 1 1
8] 0.2 0.4 0.6 0.8 1.0
'

1.0 .
2 k.
* 13
2
08P
¥
0.6 33
© o Recoil
m Cradle
o4 * Overall
7 & Elevating
s equilibrator
02 35 ¥ Seat ring
X © Large frame
% 1 1 L
¢ 02 04 06 08 10

I

Fig. 18. Muzzle lateral velocity v,¢ sensitivity.

2137



L. Qian, G. Chen, M. Tong et al.

Table 5
Sensitive parameters.

Output state parameter

Key parameter number

Muzzle angular displacement 6,
Muzzle angular displacement 6,5
Muzzle angular velocity ¢
Muzzle angular velocity ¢
Muzzle vertical velocity vy
Muzzle lateral velocity v,

2,7,32,33,34
1,2.34,5,6,8,11,13,14,32,33,34
2,5,7,13,32,33,34,35
1,23.4,5,6,8,11,13,16,20,32,34
2,3,4,5,6,13,32,33,34,35
1,3,4,56,8,10,11,16,18,33,34

It is assumed that the radius of a barrel is ry, the starting point of
twist is x5, the middle point is XIlJn and the end point is x2.. The
variation law of ¢(x9), ¢(x?) and §(xP) of uniform rifling, gradual
rifling and mixed rifling with projectile stroke x? is shown in Fig. 17.

(1) It can be seen from Fig. 19(a) that among the three different
types of rifling, the angular displacement of projectile rotating
around the barrel axis at the muzzle are 14.31 rad, 10.02 rad and
10.41 rad respectively. The initial twist angle of uniform rifling is
6.92°, which is larger than that of gradual rifling and mixed rifling
by 3.59°; In terms of angle growth, the growth rate of gradual rifling
is slower than that of mixed rifling, and the growth rate of mixed
rifling is slower than that of uniform rifling. The angle of mixed
rifling at xP = x]Dn is continuous and smooth. (2) It can be seen from

Fig. 19(b) that the growth rate of the uniform rifling on the pro-
jectile rotation angular velocity starts to be fast, and the follow-up
is relatively stable; The increasing speed of the gradual rifling on
the angular velocity of projectile rotation is relatively stable. The
action trend of the mixed rifling is similar to that of the gradual
rifling before x? = x?n. However, at the point x? = x’fn, due to the
action of the rifling, the angular velocity has a break point, which
forcibly cuts into the uniform rifling, and then is similar to that of
the uniform rifling. (3) It can be seen from Fig. 19(c) that the growth
rate of the angular acceleration of the projectile rotation caused by
the uniform rifling starts to be fast, and then decreases steadily; The
growth rate of the other two rifling on the projectile rotation
angular acceleration increases nonlinearly, but there is a sudden

change in the angular acceleration of mixed rifling at x? = x?n. The

reasonisy’ (xD) = 2A;# y"+(x’13n) = 0, that is the second deriva-
tive is discontinuous, and the sudden change of angular accelera-
tion will have an impact on the projectile motion, resulting in
plastic deformation of the rotating and the decrease of conformal
performance. (4) Based on the above analysis, in addition to the fact
that the twist angle of the rifling at the initial section of the rifling is
60% higher than that of the other two rifling, the effect of uniform
rifling on the projectile is the best, which is conducive to improving
the conformal performance of the plastic deformation of the
rotating band; The resistance of rifling with high twist angle when
cutting into the rotating band is large, but the projectile motion
speed in the initial section is low. This resistance can be overcome
by improving the rifling strength and enhancing the toughness of
the rotating band.

Table 6
Sensitive parameters of components.

Type Key parameter number
Recoil 1,2

Cradle 3,4,56,7,8

Overall structure 10, 11,13, 14
Elevating equilibrator 16, 20

Seat ring 32,33,34,35

Large frame
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Fig. 19. Comparison the ¢, ¢ and ¢ of rifling: (a) Angular displacement; (b) Angular
velocity; (c) Angular acceleration.

(2) Effect of twist on circumferential deformation of rotating
band

Under the three rifling conditions, the variation law of the
angular displacement Ja, angular velocity 6& and angular
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acceleration 6@ squeezed by rifling at any point on the rotating band
calculated by Eq. (64) with the projectile stroke x? is shown in

Fig. 20.
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Fig. 20. Circumferential extrusion éa, é& and o6& of rotating band: (a) Angular
displacement; (b) Angular velocity; (c) Angular acceleration.
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® déa =0, 6& =0 and o6& = 0 on the whole course of uniform
rifling indicates that they squeeze the rotating band evenly;

® The 6a=0, 6&+0 and 6a=+0 in the whole process of the
gradual rifling show that it has an obvious squeezing effect
on the rotating band. The maximum value of ¢« is 4.6°, the
maximum value of d& is 11rad/s, and the maximum value of
6d is 1400rad/s2. The large da, 6@ and 6@ will reduce the
contact width between the rotating band and the vaginal,
reduce the radial stiffness of the rotating band, and reduce
the anti-nutation ability of the projectile;

® The mixed rifling is da#0, 6&=0 and 6@ =0 before x’fn and

0 =0, 0& = 0and oa = 0 after x?n. The maximum value of 6«
is 4.6°, the maximum value of & is 6& = 12 rad/s and the
maximum value of d& is é& = 1500 rad/s2. The extrusion
angular velocity d& and extrusion angular acceleration da at
x’f = Xll)n are not smooth, which will cause the impact in the
rotating band and increase the nutation velocity of the
projectile;

@ Based on the above analysis, the uniform rifling has the best
effect on the projectile, which is conducive to improve the
conformability of the plastic deformation of the rotating
band, and the other two types of rifling will reduce the
conformability of the plastic deformation of the rotating
band.

8. Conclusions

In this paper, the dynamic equations of artillery during the
whole firing process are constructed by using the topological
description method. The factors that can affect the burst point of
the projectiles, namely projectile on the muzzle and the state pa-
rameters of the barrel muzzle, as well as the artillery factors that
affect the state parameters of barrel muzzle, are analyzed. The
principle and method for improving the artillery firing accuracy are
proposed, and the method is demonstrated and verified by a case of
vehicle-mounted howitzer. In fact, the design principle proposed in
this paper has been verified and applied in the practice of several
types of artillery. The main conclusions are as follows:

(1) The key factor affecting the firing accuracy of the artillery is
to control the implicated angular motion of the system
before the projectile exits the muzzle during the artillery
firing process, the control of the angular motion of the pro-
jectile relative to the barrel, and the control of the consis-
tency of the plastic deformation of the rotating band during
the coupling process of the projectile and the artillery (no
flanging phenomenon).

(2) The key to control the coupling motion of projectile and ar-
tillery is to control the mechanical characteristics of the
contact interface between the rotating band and the rifling.
Therefore, the rifling twist has a very important influence on
the coupling motion performance of projectile and artillery
and its air flight performance. The inducement for the in-
fluence on the above performance is the initial condition of
rotating band driving.

(3) As the inverse problem inherently existential multiple solu-
tions, the application of constraints (including structural
constraints, manufacturing process constraints, economic
constraints and other conditions) needs to be combined with
specific practice. In fact, there is no best design result for
artillery firing accuracy, but only how to match the actual use
of the system more closely.
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